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Preface

Artificial Intelligence (AI) has become an important part of our everyday life, and
it will continue to grow in importance in the future. Therefore, managing further
developments in Al theory, and its applications in complex systems, is a matter
of urgency. The most important research is in the domains of the human brain and
powerful computers endowed with strong software. These are studied both separately
and together. As Alan Turing said, “What we want is a machine that can learn from
experience.” Machine Learning (ML) is a branch of artificial intelligence, and is
the study of computer algorithms that allow computer programs to automatically
improve through experience.

The present book is an up-to-date collection of 18 chapters, written by internation-
ally recognized experts in the fields of Al and environmental research. It is related to
the project ATLAS, https://ai.ipb.ac.rs/, and completed in collaboration with leading
scientists in the fields of Al and environmental research.

The volume centers on two main subjects, and is therefore organized into two
parts, theory and applications, although all chapters contain both approaches.

Part I of this book is devoted to theoretical issues which are mostly mathematically
based.

The chapter “Mathematical Foundation of Artificial Intelligence” is devoted to
some of the mathematical tools used in Al which are largely related to decision-
making. Among the main tools are general aggregation functions (operators) with
some important special cases, such as triangular norms and copulas. A significant
extension of classical mathematical analysis is pseudo-analysis, which is illustrated
with a short overview of some of its important applications. General fuzzy measures
and the corresponding integrals, including a number of many different generalizations
of the Choquet integral, are also presented.

The chapter “Collection and Decomposition Integrals in Multicriteria-Decision
Support” focuses on recently introduced collection and decomposition integrals, and
covers the Choquet, the Shilkret and the PAN integrals, among others. It discusses
some properties and contains several examples of these integrals, in particular
ones extending the Lebesgue integral. Possible applications in multicriteria-decision
support and domains containing imprecision and uncertainty are shown.
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The chapter “A Refinement of the Jensen Type Inequality for the Pseudo-integral”
presents new results related to the Jensen-type inequality for the pseudo-integral,
using the Fubini type result for pseudo-integral. The fact that the pseudo-product
of two pseudo measures reduces to repeated pseudo-integrals, enables obtaining a
refinement of the Jensen-type inequality.

The chapter “Convolutional Neural Networks Hyperparameters Tuning” discusses
image classification with convolution neural networks. In this early stage of CNN
development, the common method of tuning CNN is by guessing and estimating,
also known as the guestimating method. Since this is a hard optimization problem,
there is a chance for optimization metaheuristic to be applied. One of the promising
approaches is the application of swarm intelligence algorithms.

In the chapter “The Case for Quantifying Artificial General Intelligence
with Entropy Semifields” it is supposed that Information Semifields are the under-
lying calculi that brains operate on, and it is postulated that strong artificial intel-
ligence should try to imitate them. These semifields emerge from pseudo-calculus
by the rational choices of generator functions that respect the classical postulates of
information theory, and align with the Renyi entropy and divergence. The chapter
provides relevant evidence from he fields of Neuroscience, Machine Learning,
Cognitive Computation, Information Theory and Complex Systems Theory.

The chapter “Fuzzy Metrics and Its Applications in Image Processing” is devoted
to fuzzy metrics and analyzes their application in image processing. Two applications
of fuzzy metrics related to image processing are illustrated: Image filtering and
Copy-move forgery detection in images. The aim was to improve the sharpness
and the quality of the image, as measured by the image quality indices UIQI and
CPBD. Fuzzy metric parameters that give the best image quality and sharpness are
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determined experimentally. Copy-Move Forgery Detection (CMFD) is one of the
methods used to detect forgeries.

The chapter “Aggregation Operators and Distributivity Equations”™ is devoted to
the issue of distributivity of aggregation operators, which is crucial in many different
areas such as decision-making theory and integration theory. The characterization of
all pairs (F; G) of special aggregation operators that satisfy the distributivity law are
given.

The chapter “The Use of Fuzzy Logic in Various Combinatorial Optimization
Problems™ presents how fuzzy logic can be used for modeling uncertainties in a
number of combinatorial problems and improve their quality. The focus is on the
Location Set Covering Problem (LSCP), the Maximal Covering Location Problem
(MCLP) and the Minimal Covering Location Problem (MinCLP) as a special modi-
fication of MCLP. These problems are applicable in searching optimal places for
desired and undesired facilities under given conditions. Firstly, small dimensional
instances of problems will be solved with an exact algorithm and using the CPLEX
optimizer tool. When the dimensions of the problem become too large for exact solu-
tions, the instances will then be solved with the Particle Swarm Optimization (PSO)
metaheuristic.

The chapter “An Improved BAT Algorithm for Solving Job Scheduling Problems
in Hotels and Restaurants” is an improvement to the original Bat Algorithm (BA)
to speed up the convergence has been made. Each solution consists of many param-
eters. To conduct a comprehensive comparative analysis between the original BA,
the modified BA proposed in this chapter and other state-of-the-art biol43inspired
metaheuristics, the performance of both approaches is evaluated on a standard set
of 23 (unimodal, multimodal and fixed-dimension multimodal) benchmark func-
tions. Subsequently, the modified BA was applied to solve real-world practical job
scheduling problems in hotels and restaurants.

Part II of the book presents a number of important applications of Al

In the chapter “Patterns of PCB-138 Bioaccumulation in Small Pelagic
Fish from the Eastern Mediterranean Sea Using Explainable Machine Learning
Prediction” is examined the impact of 17 Fatty Acids (FAs) and 36 toxic organic
and inorganic contaminants on the behavior patterns of the indicator congener PCB-
138 in marine fish using eXtreme Gradient Boosting (XGBoost), SHapley Additive
exPlanations (SHAP) and SHAP value fuzzy clustering. XGBoost indicated non-
linear relationships between PCB-138 and the other examined variables that were
explained by SHAP values. The ten fuzzy clusters of SHAP values that were obtained
revealed that a higher intake of saturated myristic-C14:0 and margaric-C17:0 acids,
followed by the intake of nutritionally beneficial eicosadienoic acid (C20:2n-6),
mostly doesn’t result in higher bio-accumulation of PCB-138.

In the chapter “Patterns of PCB-138 Occurrence in the Breast Milk of Primiparae
and Multiparae Using SHapley Additive exPlanations Analysis”, a novel SHapley
Additive exPlanations (SHAP) method was used to examine the key parameters
that govern the distribution of PCB-138 in breast milk. According to the results,
PCB-156, PCB-180, HCB, HCH and PCB-118 have a major impact, while PCB-28,
PCB-52 and PCB-189 have a minor impact on PCB-138 distribution in breast milk.
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Similar contaminant behaviors, which belong to both the indicator congener group
(—28, —52, —180) and the toxicologically relevant PCBs (—118, —189), were also
noted.

In the chapter “What Information on Volatile Organic Compounds Can Be
Obtained from the Data of a Single Measurement Site Through the Use of Arti-
ficial Intelligence?”, an innovative integrated methodology for the spatio-temporal
characterization and concentration forecasts of various pollutants was used. Toxic,
mutagenic and carcinogenic representatives of volatile organic species—benzene,
toluene, ethylbenzene and xylene, commonly referred to as BTEX—were studied.
Increasing air pollutant concentrations over the last few decades have been the focus
of contemporary scientific research due to their adverse effects on public health, the
environment and climate change. The methodology is based on receptor-oriented
air circulation modeling and artificial intelligence, implemented through machine
learning and explainable artificial intelligence methods. The correlations and ratios
between BTEX compounds were used for estimating their interrelationships and
presence in the air, which contributed to the identification of their origin. XGBoost
was efficient at forecasting BTEX levels, with low estimated errors (6—15%) signif-
icantly below the uncertainty obtained by conventional models for the evaluation of
average annual pollutant concentrations.

The chapter “The Linear Fuzzy Space: Theory and Applications™ covers the
main theoretical results of the linear fuzzy space. It also analyzes its capabilities
to model spatial and spatio-temporal systems using representative examples of real-
world problems. It contains a brief, yet comprehensive, presentation of linear fuzzy
space theory. The third section presents an analysis of fuzzy linear space theory
concerning the modeling of spatial and temporal systems using two examples which
present its applications in modeling application topology and time series.

The chapter “Image Fuzzy Segmentation Using Aggregated Distance Functions
and Pixel Descriptors™ is a review of recent research on image fuzzy segmentation
using afuzzy c-means clustering algorithm based on the distance function constructed
by applying an aggregation function on the sequence of the initial distance func-
tions and pixel descriptors. In image segmentation algorithms, distance functions
compare pixels and represent a decision criterion for classifying the pixels into image
segments. The segmentation criterion is determined based on the information fusion
process, where the application of the appropriated aggregation function enables the
adjustment of the segmentation criteria according to the intuitively expected decision.

The chapter “A Generative Model for the Creation of Large Synthetic Image
Datasets Used for Distance Estimation” presents a generative model for the creation
of large synthetic image datasets. The model is implemented as a 3D scene, repre-
senting an urban environment in Blender. The images are rendered using the Cycles
rendering engine which allows for the creation of high fidelity data. The data was
used for end-to-end training of a convolutional neural network, designed to estimate
distances from stereoscopic images. The evaluation of the neural networks’ perfor-
mance showed that the generative model presented in this chapter is a viable tool for
the generation of large image datasets for training predictive models.
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The chapter “Appraisal of Apartments in Belgrade Using Hedonic Regres-
sion: Model Specification, Predictive Performance, Suitability for Mass Appraisal,
and Comparison with Machine Learning Methods” presents a Bayesian hedonic
regression model for the appraisal of apartments located within the metropolitan
area of Belgrade, Serbia. Nested random effects are used to model the hierarchical
structure present in the location identifiers, and thin-plate spline functions are used
to capture non-linear effects. Major factors affecting prices include area in m2, floor
number, the total number of floors in the building, the availability of an elevator and
condition. The model achieves a Mean Average Percent Error (MAPE) of 13.06%
in the validation set. Its predictive performance is compared to that of three popular
Machine Learning (ML) methods, and its suitability for mass appraisal is examined.

Chapter “The Role of Chatbots in Foreign Language Learning: The Present Situ-
ation and the Future Outlook™ is devoted to chatbots, computer programs developed
to engage in conversations with humans. The most natural and potentially powerful
application of chatbots is related to their fundamental nature—language practice.
However, their role and outcomes within both formal and informal language learning
is currently tangential the best. Existing research in the area has generally focused
on chatbots’ comprehensibility and the motivation they inspire in their users. In
this chapter, an overview of chatbots for learning languages is provided, existing
approaches are critically analyzed and major challenges for future research are given.

The chapter “Intelligent Interactive Technologies for Mental Health
and Well-Being” presents intelligent technologies used to automate the assess-
ment and evaluation of psychological treatments and mental well-being and
functioning. The technologies include different types of robots, video games and
conversational agents. The chapter critically analyzes existing solutions with future
research implications.

The book is intended for researchers in Al, and researchers in environmental
sciences as well as for Ph.D. students.

The editor is grateful to the authors for their excellent contributions. Many thanks
go to proofreaders Profs. Jasna Petrovi¢ and Luke Deighton Chrisostomides for their
effort to help the volume reach its present form. This book was supported by the
Science Fund of the Republic of Serbia, #Grant No. 6524105, AI-ATLAS.

Belgrade, Serbia Endre Pap
February 2021
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Abstract Fish consumption, especially consumption of oily marine species, is
increasing globally due to its recommendation by dieticians. This is due to high
polyunsaturated w-3 and w-6 (PUFAS) fatty acid content in the tissue of the fish.
The health benefits of PUFA ingestion coincide with the risk of intaking haz-
ardous lipophilic persistent pollutants including organochlorine pesticides (OCPs)
and related polychlorinated biphenyls (PCBs). We examined the impact of 17 fatty
acids (FAs) and 36 toxic organic and inorganic contaminants on the behavior patterns
of the indicator congener PCB-138 in marine fish using eXtreme Gradient Boost-
ing (XGBoost), SHapley Additive exPlanations (SHAP), and SHAP value fuzzy
clustering. XGBoost indicated non-linear relationships between PCB-138 and other
investigated variables that were explained by SHAP values. The ten obtained fuzzy
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clusters of SHAP values revealed that a higher intake of saturated myristic-C14:0 and
margaric-C17:0 acids followed by the intake of nutritionally beneficial eicosadienoic
acid (C20:2n-6) mostly do not increase the bioaccumulation of PCB-138. Important
effects on PCB-138 behavior patterns were also recorded for the chemically allied
indicator congeners (—153, —180, —118 and—101) and organochlorines’ metabolite
p.p’-DDE. Associations between the target congener and the toxicologically relevant
PCBs (—123 and —170) were less prominent.

Keywords Persistent organic pollutants (pops) - (omega-3-6) fatty acids - Heavy
metals - Shapley additive explanations (shap)

1 Introduction

Whether intentionally or unintentionally, anthropogenic activities have led to the
release of numerous man-made synthetic chemicals which continuously harm human
health. The contaminants have also caused several global, regional, and local envi-
ronmental problems related to air, water and soil pollution, a gradual decrease of
the stratospheric ozone layer, a decrease in biodiversity, etc. Organic and inorganic
contaminant emissions and dispersion caused by human activities refer to different
classes of polychlorinated biphenyls (PCBs), polycyclic aromatic pollutants, trace
metals, and natural radioactivity. Organochlorine pesticides (OCPs) and PCBs are
well-known persistent organic pollutants (POPs). They are long-lived contaminants,
which resist photolytic, biological, and chemical degradation to differing extents.
Because of their resistance to metabolic breakdown and high lipid solubility, POPs
are bioaccumulated in the fatty tissues of living organisms and cause numerous
adverse effects [20]. Although their production and use are limited or prohibited in
most countries, investigating the behavior of POPs is still challenging as long-term
monitoring of their impacts was not mandatory during their early use. Recognized
as hydrophobic, POPs bind to particles in soil and sediment tightly, which can act as
a secondary source of contamination for environmental media (water, air and living
organisms).

At a global level, the final sink/destination of POPs are marine environments,
which are polluted via coastal outfalls, rivers, and deposition from the atmosphere.
Oceans act as a secondary source of contamination because POPs are slowly degraded
and adsorbed on suspended particles or bioaccumulated in benthic marine organisms,
which are at the bottom of the food chain and represent a source of toxins in human
nutrition. The assessment of environmental exposure to marine toxins is based on
data on the concentrations of POPs in samples of water, plants, and food, surrounding
conditions (e.g., salinity, temperature), the pollutant physico-chemical properties and
biotic factors (e.g., organisms’ feeding modality, trophic position). Heavy metals
can occur naturally in marine environments and some of them are essential to living
organisms. However, levels are increased by anthropogenic activities and all of them
can be toxic above threshold levels.
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Small pelagic oily fish are a highly recommended source of nutrients worldwide
due to their content of protein, minerals and healthy fats, including long-chain omega-
3 (w-3) and 6 (w-6) polyunsaturated fatty acids (PUFAs), such as eicosapentaenoic
(EPA) and docosahexaenoic acid (DHA) [8]. According to FAO [2018a] small pelagic
fish are considered low-priced fish, which means they are an important food source
in many developing countries, whereas in other countries they are largely processed
into fishmeal and fish oil. The Mediterranean Sea is an important commercial fishing
ground whose catches are primarily small pelagic fish, accounting for around 50% of
all catches [9]. However, it is a semi-enclosed sea, which is particularly vulnerable to
chemical contamination from the surrounding heavily industrialized and agricultural
countries. The benefits of fatty acid consumption are associated with normal growth
and development, the prevention of cardiovascular and inflammatory diseases, as well
as the prevention of cognitive decline and dementia. However, these FAs represent
a suitable matrix for the bioaccumulation of highly lipophilic xenobiotics such as
POPs. More than 90% of human exposure to POPs is through food; mainly meat,
dairy products, fish, and shellfish [24].

Although the profiles and organochlorine content of FAs have been evaluated in
numerous marine fish species worldwide, there are few data on their interrelations. In
our previous studies, a preliminarily investigation was conducted on the presence of
OCPs and PCBs in different edible fish species [12], followed by elaboration on the
joint use of advanced algorithms (Kohonen self-organizing maps and Decision Tree
Learning) to study the spatio-temporal distribution of POPs in fish from the Croatian
Adriatic [23]. In this study, the presence of OCPs and PCBs was examined in small
pelagic edible fish species: sardine Sardina pilchardus (Walbaum, 1792), anchovy
Engraulis encrasicolus (Linnaeus, 1758), round sardinella Sardinella aurita (Valen-
ciennes, 1847), chubmackerel Scomber japonicus (Houttuyn, 1782) and horse mack-
erel Trachurus trachurus (Linnaeus, 1758). We applied eXtreme Gradient Boosting
(XGBoost), SHapley Additive exPlanations (SHAP), and SHAP value fuzzy clus-
tering aiming to obtain a detailed insight into the distribution of the indicator con-
gener PCB-138 in the fish species. The impacts of the following factors including
the level of OCPs, PCBs, saturated fatty acids (SFAs), monounsaturated fatty acids
(MUFAs), PUFAs and heavy metals were evaluated using SHAP since the method
offers uniquely consistent and locally accurate solutions that have been confirmed in
previous studies of environmental phenomena [22]. An earlier version of this paper
was presented at the International Scientific Conference on Information Technology
and Data Related Research (Sinteza 2020), Singidunum University [21].
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2 Materials and Methods

2.1 Sampling

Fish samples were collected along the Croatian part of the Eastern Adriatic Sea in
2014 and 2016. Details about sampling were described previously [23]. A total of
107 fish samples were collected in various fisheries in coastal (A, E, and F) and off-
coast (B and C) zones. Approximately 50 specimens were sampled randomly using
purse seine catches (mesh size: 8 mm/bar length) totaling 107 pooled samples from
the fillet of the specimens.

2.2 Chemical Analyses of POPs

The chemical analysis of POPs was described previously elsewhere [12, 23]. In
brief, from each pool approximately 5g of two aliquots was ground with 2g of
sodium sulphate in a glass mortar and extracted with 40mL of n-hexane. After
passing through filter paper (Whatman No. 1) into a pre-weighted test tube, the
extract was reduced under a nitrogen steam. The lipid extracts were dissolved in 5 mL
of n-hexane and purified three times with 4 mL of 96% sulphuric acid; the solvent
was evaporated under a gentle nitrogen stream. Finally, the tissue lipid content was
determined gravimetrically.

Seven OCPs (HCBa-, -, and y-HCH, p,p’-DDT, p,p’-DDE, and p,p’-DDD),
six indicator PCB congeners (PCB-28, PCB-52, PCB-101, PCB-138, PCB-153, and
PCB-180), eight mono ortho congeners (PCB-105, PCB-114, PCB-118, PCB-123,
PCB-156, PCB-157, PCB-167, PCB-189) and PCB-60, PCB-74 and PCB-170 were
analyzed. The extracted residues were dissolved in 1.0mL of n-hexane and 5 L of
the sample was injected. The pollutant content was determined by high-resolution
gas chromatography with an electron capture detector (s) performed on a CLARUS
500 chromatograph [23]. Two capillary columns (Restek, Bellefonte, PA, USA) were
used simultaneously: (1) 60m x 0.25mm, Rtx-5 film thickness of 0.25 . m, and
(2) 30m x 0.25mm, Rtx-1701 film thickness of 0.25 p. m. The column temperature
was attained after the following steps: (1) initial heating from 100°C to 110°C at
4°C min~!, (2) isothermal heating for Smin at 110°C, (3) heating from 240 °C at
15°Cmin~", and (4) 50 min of isothermal heating at 240 °C. Nitrogen was used as the
carrier gas. The injector and detector temperatures were 250 and 270 °C, respectively.
Only compounds identified on both columns were evaluated.

The certified reference material CRM 430 (Community Bureau of Reference,
Commission of the European Communities, Brussels, Belgium) was used to deter-
mine the relative accuracy of the method. The results agreed with the reference
range. The concentrations of analytes in blanks were below the detection limit of the
instrument.
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To test the recovery and reproducibility of the method, standard addition was
used. A known amount of all of the analyzed compounds (between 0.61 and 0.68 ng
g~ ! of fresh weight for OCPs and between 0.42 and 0.7 ng g~ of fresh weight for
PCBs) were added to the five aliquots of homogenized samples before extraction.
The recoveries for the PCBs ranged between 75% and 89% while a relative standard
deviation (RSD) of 1% to 11% was obtained. The recoveries for OCPs ranged from
76% to 86%, with RSD from 1% to 11% for both PCBs and OCPs, while the determi-
nation limits were 0.01 ng g~! of fresh weight. The presented data were recalculated
based on the recovery values.

2.3 Chemical Analyses of Elements

Sixteen macro- and micro-elements including toxic metals (Na, Mg, K, Ca, As, Cd,
Co, Cr, Cu, Mn, Fe, Hg, Ni, Zn, Pb and Se) were analyzed using the previously
described procedure [S]. Prior to analysis, the frozen fish samples were thawed at
4°C. The homogenized fish samples (0.5 g) were basted with 5mL of nitric acid
(67% TraceMetal grade, Fisher Scientific, Bishop, UK) and 1.5 mL of hydrogen per-
oxide (30% analytical grade, Sigma-Aldrich, St. Louis, MA, USA). Subsequently,
microwave digestion (Start D Microwave Digestion System, Milestone, Sorisole,
Italy) was performed under the following conditions: maximum power (1000W);
heating ramp to 180°C in 5min; hold at 180°C for 15min; cooling in an oven for
20min and then at room temperature for 15 min. After cooling at room temperature,
the digests were diluted to 100 mL with deionized water into polypropylene volumet-
ric flasks. Analysis of the elements was performed by inductively coupled plasma
mass spectrometry (ICP-MS), (iCap Q mass spectrometer, Thermo Scientific, Bre-
men, Germany). The operating conditions were: RF power (1550 W); cooling gas
flow (14L min~'); nebulizer flow (1L min~"); collision gas flow (I mL min~');
operating mode (Kinetic Energy Discrimination-KED); and dwell time (10 ms). The
most abundant isotopes were used for quantification.

For five-point calibration, solutions of Fe, Zn, Cu, Mn, Se, Cr, Co, Ni, Na, K,
Mg, Ca, Cd, Pb, Hg and As were prepared from standard stock solutions (VGH labs,
Manchester, UK) containing 1000mg L~ of each element. The concentration of the
calibration-solution for Fe, Zn, Cu, Mn, Se, Cr, Co, Ni, Na, K, Mg and Ca was in a
concentration range of 0.2-2.0mg L™, for Cd, Hg and As, it ranged from 0.2 to 2.0
pg L~! and for Pb it ranged between 2.0 and 20.0 pg L.

To check the accuracy of the analysis, the certified reference material NIST SRM
1577c¢ (bovine liver, Gaithersburg, MD, USA) was analyzed in the same manner as
the fish samples. For all elements, the obtained results were within a satisfactory
range of the certified values.
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2.4 Chemical Analyses of Fatty Acids

The concentrations of 6 SFAs (myristic, pentadecylic, palmitic, palmitoleic, mar-
garic, and stearic acid), 3 MUFAs (oleic, paullinic and arachidonic acid) and
8 PUFAs, w-6 and w-3 families (linoleic, a-linolenic, eicosadienoic, dihomo-y -
linolenic, eicosatrienoic, eicosapentaenoic, docosapentaenoic and docosahexaenoic)
were determined according to the previously described procedure [18]. Prior to anal-
ysis, the samples were partially thawed at +4 °C. To determine the total lipids for
fatty acid content, accelerated solvent extraction (ASE 200, Dionex, Sunnyvale, CA),
using a mixture of n-hexane and iso-propanol (60:40 v/v) was applied to an extrac-
tion cell heated at 100°C and under nitrogen pressure of 10.3 MPa. The samples
were analyzed as fatty acid methyl esters (FAME) obtained by transesterification
using trimethyl sulfonium hydroxide (ISO 2000 standard). Afterwards, gas-liquid
chromatography (Shimdzu, Japan) was performed. A fused silica cianopropyl HP-
88 column (length 100m, i.d. 0.25 mm, film thickness 0.20 p m, J&W Scientific,
USA) and a flame ionization detector (GC/FID) were used. Hydrogen was used as
a carrier gas at a 1.3 mL flow rate and an injector split ratio of 1:50. The follow-
ing temperature program was used: (1) heating from 125°C to 175°C at a rate of
10°C min~—', (2) isothermal heating at 175°C for 10min, (3) a temperature increase
from 175°C to 210°C (rate 5°C min~"), (4) isothermal heating at 210°C for 5min,
and (5) final temperature incline to 230°C at a rate of 2°C min~"'. The injector and
detector temperatures were 250°C and 280°C, respectively. The chromatographic
peaks were identified and quantified using Supelco 37 Component mix standard and
internal standard (heneicosanoic acid methyl ester), respectively.

The chromatographic peaks were identified and quantified using Supelco 37 Com-
ponent mix standard and internal standard (heneicosanoic acid methyl ester), respec-
tively.

2.5 Data Analysis

The relationships between PCB-138 and all the other measured parameters were
modeled through XGBoost regression. Details on the method were given elsewhere
[23]. Briefly, it is a decision-tree-based ensemble machine learning algorithm that
applies a gradient boosting framework. The method boosts weak learners by sequen-
tially correcting the errors made by existing models. XGBoost is based on a gradient
descent algorithm, used to minimize loss when adding new models. The algorithm
includes system optimization and algorithmic enhancements through parallelized
sequential tree building, tree pruning, regularization, weighted quantile sketch algo-
rithm implementation, cross-validation, etc. In this study, we used Python XGBoost
implementation. The dataset was split into training (80%) and validation (20%) sets.
Hyperparameter tuning was implemented using a brute-force grid search and 10-fold



Patterns of PCB-138 Bioaccumulation in Small Pelagic Fish from the Eastern ... 181

stratified cross-validation. The best performing hyperparameter values were used for
the final model.

The explainability of the produced XGBoost model, that operates with high-
dimensional input data in a non-linear fashion, was obtained using the explainable
artificial intelligence method SHapley Additive exPlanations (SHAP) [2, 13]. Based
on game theory, Shapley explanations represent the only possible locally accurate
and globally consistent feature attribution values. In this study, we applied fuzzy
clustering of absolute SHAP attributions to identify and characterize the relations
among the measured parameters responsible for PCB-138 behavior.

3 Results and Discussion

3.1 Fatty Acid Content

Descriptive statistics of the content of the FAs in the examined fish species is pre-
sented in Fig. 1. The molecules of FAs are classified according to the presence and sum
of double bonds, which determine their physico-chemical properties, functional char-
acteristics, and metabolic fate in living organisms. The most prevalent and equally
abundant FAs in sardine, anchovy and mackerel species were palmitic acid (C16:0),
which is an SFA with no double bond, and oleic acid (C18:1n-9), a MUFA, which
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has a single double bond. In the studied fish, the highest percentage of these acids
are usually found in the form of free FAs in which they are transported to the large
intestine and extracted. In addition, the absorption of palmitic acid by human ente-
rocytes is limited since the best absorption rate of SFAs is achieved when they are
presented as sn-2 monoacylglycerols [16, 17].

Although some SFAs and MUFAs can be produced in the human body from carbon
groups, which are constituents of carbohydrate and protein macromolecules, humans
cannot synthesize some w-3 and w-6 PUFAs since they lack the delta 12 and delta 15
desaturase enzymes, which arrange a double bond at the n-3 and n-6 positions of FAs.
These PUFAs are known as essential FAs and their uptake must be provided via food
intake including fish and seafood. From the parent acids, -3 a-linoleic (C18:3n-
3) and w-6 linoleic (C18:2n-6) acid, 20 carbon long-chain (or more) FAs could be
synthesized through successive reactions of desaturation and elongation [11]. The
possible products are dihomo-y -linolenic acid (20:3n-6), arachidonic acid (20:4n-6),
EPA (20:5n-3) and DHA (22:6n-3). However, the metabolite-conversion efficiency
is low and the consumption of EPA- and DHA-enriched food is recommended to
ensure an optimal level of FAs in human blood, which reflects both dietary intake
and metabolic production [4].

Eicosapentaenoic acid and DHA are the most recognized n-3 PUFAs with two
or more double bonds because of their nutritionally and physiologically beneficial
effects for healthy adults, pregnant women, and children. As presented in Fig. 1, the
content of DHA was significant in the studied marine fish and varied from 10.4% to
21.3% while EPA was less abundant, from 3.3% to4.6%. The accumulation pattern of
both FAs was as follows: sardines>anchovy> chub mackerel>horse mackerel while
the DHA:EPA ratio was approximately 2.5:1 implying that a variety of different fish
species should be consumed to gain a sufficient supply of nutritionally relevant FAs.
A considerably higher amount of EPA and DHA has been reported in the class of
phospholipids compared to other classes including monoacylglycerols, diacylglyc-
erols, free fatty acids, triacyl-glycerols, sterol esters, neutral lipids, and glycolipids.
In this way, EPA and DHA are more bioavailable and less susceptible to oxidative
degradation whereas EPA and DHA free forms of FA are less efficiently absorbed
than other lipid classes and are easily eliminated from human intestines where they
are dispersed into mixed micelles and bound to soluble lipid-binding proteins [3, 17].
Among the other essential FAs, the content of linoleic acid (1.5%-2.2%) was three
times higher than the levels (0.4%—0.7%) of a-linoleic acid while the metabolite of
linoleic acid, dihomo-y-linoleic acid, where levels of up to 1% were found (Fig. 1).

Many previous studies have indicated that the @-6 to -3 PUFA ratio in the human
dietevolved from 1:1 to the current 20:1. While increased amounts of w-6 PUFAs can
cause the pathogenesis of many diseases, high levels of w-3 PUFAs show suppressive
effects [15]. In this study, the @-6 to w-3 ratio ranged from between 0.025 to 22.63
(average value = 1.80) and showed pronounced maximums in sardines and chub
mackerel. As the results demonstrated, small pelagic fish species are a good source
of FAs and their nutritional benefits are comparable to those of Atlantic salmon [14]
or Atlantic Bluefin tuna [19].
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3.2 Pollutant Toxicological Profile

Small edible pelagic fish live briefly at the bottom of the marine food chain
(plankton<sardine species, anchovy<mackerel species), and are expected to bioac-
cumulate low levels of environmental contaminants. The transfer of accumulated
toxins to the human body via fish intake is generally considered to be low. As the
results of the study indicated, inorganic compounds, macro-elements, and toxic heavy
metals, were notably more abundant in fish tissue than organic xenobiotics, OCPs
and PCBs (Fig. 1).

The biological effects of inorganic elements depend on processes which include
absorption, accumulation, elimination, and biotransformation into less or more toxic
metabolites. Several minutes after absorption in the gut, the elements reach the inter-
nal organs such as the heart, liver, kidney, and the brain, while their penetration into
the muscles and adipose tissue may take up to several hours [1]. However, when they
are present in low concentrations in aquatic environments, their accumulation is also
less common. In the studied fish species, the concentrations of macro- (K > Na > Ca
> Mg) and micro-elements (Fe > Zn > Cu) were within the normal physiological
range, below levels that could potentially cause pathological changes in tissues and
organs, because of the absence of leading sources of pollution. In addition, levels of
the following elements: Hg, Pb and Cd, were lower than the maximum thresholds
prescribed by existing EU regulations [6].

Among POPs, p,p’-DDE, PCB-153, PCB-138 and PCB-180 were the most preva-
lent. Although it is expected that larger, longer-lived species that are at higher trophic
levels, such as chub mackerel and horse mackerel, will uptake more organic contam-
inants than sardine species and/or anchovy. Toxicological parameter values, such as
the total quantity of indicator PCBs and WHO-dioxin-like PCBs toxic equivalents,
were below the threshold concentrations of 75 ng g~! w.w. and 6.5 pg g ! [7]. There-
fore, it can be concluded that the examined fish species appear to be safe for human
consumption.

3.3 PCB-138 Patterns

As demonstrated by the Pearson’s correlation analysis (Fig.2), significant linear
correlation coefficients (r>0.90) were found between the following pairs of inves-
tigated variables: p,p’-DDE-PCB-118; p,p’-DDE-PCB-138; p,p’-DDD-PCB-105;
p.p’-DDD-PCB-180; PCB-138-PCB-118; PCB-138-PCB-153; PCB-153-PCB-118;
PCB-153-PCB-170 and PCB-156-PCB-180.

The correlations between pairs of POPs: y-HCH-PCB-170; y-HCH-PCB-156;
y-HCH-PCB-118; y-HCH-PCB-114; y-HCH-PCB-180; p,p’-DDE-PCB-153; p,p’-
DDT-PCB-170; p,p’-DDT-PCB-156; p,p’-DDT-PCB-118; p,p’-DDT-PCB-153;
PCB-138-PCB-170; PCB-180-PCB-170; PCB-180-PCB-156; PCB-105-PCB-180;
PCB-105-PCB-156 and PCB-105-PCB-170 ranged from 0.80 to 0.90. The listed
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species with similar chemical structures and common origins display similar behav-
ior patterns, as discussed below. Since OCPs and PCBs are highly liphophilic chem-
icals, their toxicodynamics are considered to be dependent on the amount of adipose
tissue and various fatty compounds in living organisms. No significant Pearson’s cor-
relation coefficients were observed between the 18 FAs and the studied POPs(Fig. 2).
Therefore, we assume that methods other than the typical correlation matrices could
be utilized to describe the associations between POPs and FAs or inorganic contam-
inants in more detail.

Inthis study, XGBoost was utilized for the investigation of non-linear relationships
between PCB-138 levels and key variables that shape its behavior patterns in marine
fish tissue. The predicted/observed calculated relative error was 11.2%, while the r2
was 0.99 (Fig. 3).

The fuzzy clustering of SHAP values extracted ten groups (relative error < 10%)
of similar variables that shape the dynamics of PCB-138 (Fig.4). The constituents of
six clusters, C2 and C6-C10, had ahighly positive impact on PCB-138 concentrations
from the mean to maximum values (0.6-1.9 ng g~'). Prominent impacts, described
by relative SHAP values (%), are attributed to the following compounds: p,p’-DDE
(C2: 23, C6: —10, C7: 33, C8: 25, C9: 31, and C10: 23), PCB-153 (C2: 39, Cé6:
36, C7: 13, C8: 34, C9: 25, and C10: 28), PCB-118 (C2: 8, C6: 13, C7: 10, C8:
7.8, C9: 10, and C10: 12), PCB-180 (C2: 6.3, C6: 5.3, C9: 3.9, and C10: 5.0), and
PCB-170 (C2: 6.0, C6: 4.3, C8: 6.6, C9: 5.0, and C10: 6.2). Less significant effects
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were recorded for PCB-101 (C2: 1.2 and C9: 2.1) and PCB-123 (C2: 1.8, C8: 1.8,
and C9: 2.0). The average and high PCB-138 concentrations were accompanied by
levels (ng g~ ') of listed pollutants, which ranged from the median and 75th percentile
values to the upper fence values: p,p’-DDE (C2: 1.3, C6: 0.3, C7: 0.7, C8: 0.9, C9:
0.8, and C10: 0.5), PCB-153 (C2: 2.5, C6: 1.4, C7: 1.0, C8: 1.7, C9: 1.4, and C10:
1.2), PCB-118 (C2: 0.4, C6: 0.2, C7: 0.2, C8: 0.2, C9: 0.2, and C10: 0.1), PCB-180
(C2: 0.8, C6: 1.0, C9: 0.4, and C10: 0.3), PCB-170 (C2: 0.4, C6: 0.3, C8: 0.1, C9:
0.2, and C10: 0.2), PCB-101 (C2: 0.2 and C9: 0.1), and PCB-123 (C2: 0.4, C8: 0.2,
and C9: 0.2). Although indicator congeners (—28, —52, —101, —138, —153, and
—180), which are often classified as non-dioxin-like PCBs, overshadowed dioxin-
like PCBs, both classes were significant in the evaluation of PCB-138 patterns. The
relationships between PCB congeners and their presence at higher concentration
levels are due to their rigid molecular structure and number of attached halogen atoms,
and consequently, their persistence and prolonged half-lives in marine environments.
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The more chlorinated congeners are also more resistant to endogenous metabolic
degradation in fish in comparison with less chlorinated congeners.

In addition, similar pollution sources contribute to the relationships between
“heavy” long-lived penta- to hepta-chloro congeners. The studied fish species live
in the epipelagic zone of the Adriatic Sea, which extends from the surface to 200m
depth and shows similar trophodynamics. Although certain differences in nutrition
cycles were reported between the species investigated in this study, the main prey of
all small pelagic fish include: calanoid copepods, fish larvae, decapod larvae, copepod
eggs, amphipods and isopods [10]. Both the overlapping diet, which contains low-
niche marine organisms, and inputs from the surrounding environment contributed
to the POP burden in the fish samples. In addition, the presence of p,p’-DDE refiects
the metabolic degradation of toxicology relevant persistent xenobiotics.

Of the 17 examined FAs, saturated myristic (C14:0) acid impacts the PCB-138
bioaccumulation patterns represented in C2 and C6-C10 the most, followed by the
nutritionally beneficial eicosadienoic (C20:2n-6) and dihomo-y -linolenic (C20:2n-
3) acids. The interrelations between PCB-138, and the SFA and PUFAs were indi-
cated by relative SHAP values (%): C14:0 (C7: —0.6, C9: —0.4, and C10: —0.5),
C20:2n-6 (C6: —0.8, C8: —1.5, and C10: —1.2), and C20:3n-6 (C10: 1.3). We have
noted that these FAs were not the most abundant in the studied fish species, and the
prevalence of other FAs was recorded in the following order: palmitic > oleic >
docosahexaenoic > stearic > myristic > eicosapentaenoic > palmitoleic > linoleic
acid. Saturated acids such as C14:0 predominantly occurred as esterified polar phos-
pholipids and therefore, SFAs are more bioavailable than FAs in non-esterified free
form. However, negative relationships indicated by relative SHAP values imply that
low content (%) of FAs (C14:0-C7: 6.5, C9: 6.1, and C10: 8.0; C20:2n-6-C6: 0.4,
C8: 0.7, and C10: 0.8; and C20:3n-6-C10: 0.07) do not increase PCB-138 uptake.

Eicosapentaenoic acid and DHA are widely known as the most nutritionally rel-
evant w-3 PUFAs in oily blue fish such as mackerel, sardines, and anchovies, but
they appear to have no impact on PCB-138 accumulation. Chub mackerel has been
known to contain high percentages of PUFAs in the bioavailable phospholipid form,
which is of nutritional and physiological relevance [17]. Therefore, consumption of
the studied fish species, which ensure a continuous supply of dietarily beneficial
levels of EPA and DHA, does not coincide with POPs burden in humans.

Fuzzy clustering identified four clusters (C1, C3-C5) representing groups of the
variable interrelations associated with low to minimal levels of PCB-138, from 0.013
t0 0.1965ng g~! (Fig. 4). The same parameters as discussed above shaped the clusters,
but their negative influences on PCB-138 distribution were recorded: p,p’-DDE (Cl1:
—22, C3: -25, C4: —25, and C5: —27), PCB-153 (Cl1: —42, C3: —36, C4: —30,
and C5: —8.5), PCB-118 (C1: —7.8, C3: —8.4, C4: —8.7, and C5: —5.4), PCB-180
(Cl: —6.2 and C3: —5.2), PCB-170 (C1: —7.7,C3: —6.7, and C4: —7.8), PCB-101
(C3: —1.0 and C5: —1.6), and PCB-123 (C1: —1.8, C3: —2.0, and C4: —2.3). Low
concentrations of PCB-138 were related with POPs levels, which ranged from the
mean to minimum values (ng g~'): p,p’-DDE (C1: 0.056, C3: 0.117, C4: 0.023, and
C5: 0.212), PCB-153 (C1: 0.125, C3: 0.279, C4: 0.408, and C5: 0.660), PCB-118
(Cl: 0.023, C3: 0.041, C4: 0.057, and C5: 0.079), PCB-180 (C1: 0.031 and C3:
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0.055), PCB-170 (C1: 0.028, C3: 0.047, and C4: 0.071), PCB-101 (C3: 0.026 and
C5:0.030), and PCB-123 (C1: 0.023, C3:0.034, and C4: 0.048). The results indicate
that the uptake of POPs from different sources is found to have variable impacts
depending on the sampling time, season, and other fishery zone-related factors.

Asdiscussed above, the negative impact of myristic (C14:0) and margaric (C17:0)
acids was also evident in clusters C1, C3—C5. The negative relative SHAP values,
%, (C14:0-C1: —0.54 and C5: —0.85; C17:0-C4: —0.76 and C5: —1.7) were accom-
panied by the following concentrations (%): C14:0 (C1: 3.8 and C5: 5.5) and C17:0
(C4: 1.3 and C5: 1.3).

The plot in Fig. 5 shows the impact each cluster has on the output of the model.
High levels of the constituents of clusters (C2, C6-C10) primarily PCB-153, p,p’-
DDE, PCB-118,PCB-170, PCB-180 and myristic acid, had a high and positive impact
on PCB-138 patterns, as shown by the right-oriented long distribution tail. Lower
concentrations of these variables, grouped in C1 and C3-C5 clusters, are negatively
correlated with the target variable, as indicated by the negative relative SHAP value.
To a lesser extent, the influences are also of importance for bioaccumulation fate
of p,p’-DDE, PCB-118, PCB-170, and PCB-180, while their relevance is weaker
for describing environments which shape the occurrence of volatile POPs such as
y-HCH and FAs.

4 Conclusion

Small edible fish species can be considered both a nutritionally valuable food source
and a source of hazardous organochlorine pollutants which negatively affect human
health. Significant indications of the relationships between the uptake of POPs and
fatty acid in fish tissue have been reported worldwide. In this study, we presented
a promising methodology, explainable artificial intelligence methods (XGBoost and
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SHAP), with the aim of gaining a better understanding of the specific interrela-
tions between the fatty acid content and contaminants in consumable marine fish
species. Out of 17 fatty acids, two saturated (myristic and margaric) and two w-3
and 6 (eicosadienoic and dihomo-y -linolenic) acids were identified as crucial for the
bioaccumulation of PCB-138 in sardine, anchovy, and mackerel species. However,
nutritionally beneficial EPA and DHA are assumed to have no impact on the uptake
of contaminants. The content of macro-elements and heavy metals is not related to
PCB-138 chemodynamics in fish tissue, while the influences of p,p’-DDE and both
indicator and toxicological congeners (—101, —118, —123, —153, and —180) were
evident. Finally, the methods have been successfully verified as a reliable means for
examining the relationships between POPs and FAs that improve upon commonly
employed statistical approaches.
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Abstract Breastfeeding provides numerous health benefits for newborns by meet-
ing infants’ nutritional needs and supporting associated immunological protection.
Maternal milk is high in fat, and therefore, represents a very suitable medium for the
bioaccumulation of lipophilic pollutants, such as organochlorine pesticides (OCPs)
and polychlorinated biphenyls (PCBs). This makes breast milk the infant’s primary
source of postnatal exposure to persistent toxic xenobiotics. In this study, we applied
anovel SHapley Additive exPlanations (SHAP) method to examine the key parame-
ters that govern the distribution of PCB-138, an indicator of non-dioxin congeners, in
the mother’s milk. According to the accuracy metrics, the eXtreme Gradient Boost-
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ing regression was employed successfully, with a predicted/observed relative error
below 20% and a high correlation coefficient (r = 0.97), for modeling the relation-
ships between PCB-138 and other non-dioxin congeners, the mother’s age, and the
number of births. According to the results, PCB-156, PCB-180, HCB, HCH and
PCB-118 have a major impact, while PCB-28, PCB-52 and PCB-189 have a minor
impacton PCB-138 distribution in breast milk. Similar contaminant behaviors, which
belong to both the indicator congener group (—28, —52, —180) and the toxicolog-
ically relevant PCBs (—118, —189), were also noted. The SHAP conclusions were
only partially consistent with the results of the correlation analysis suggesting that
POPs exhibit non-linear dynamics and interrelations. Therefore, current knowledge
on the contamination of complex biomatrices would benefit from further detailed
analyses of pollutant intermittent relationships.

Keywords Human biomonitoring - Persistent organic pollutants (POPs) -
Organochlorine pesticides (OCPs) - Polychlorinated biphenyls (PCBs) - SHapley
Additive exPlanations (SHAP)

1 Introduction

Persistent organic pollutants (POPs), including organochlorine pesticides (OCPs),
polychlorinated biphenyls (PCBs), polychlorinated dibenzodioxins (PCDDs) and
polychlorinated dibenzofurans (PCDFs), have posed an environmental and health
threat for over a century. Due to their common properties such as persistence, bioac-
cumulation, toxicity, and their ability to be transported through the air over long
distances, the production and use of POPs was prohibited and/or restricted by the
Stockholm Convention from 2001. Because of their persistence and lipophilic prop-
erties, they accumulate and biomagnify in the food chain, mainly in the lipid-rich
tissues of humans and animals.

Research has shown that organochlorine compounds, such as endocrine modula-
tors, affect human health. The toxic potential of individual compounds is different,
but the overall toxic effect is additive. According to epidemiological and laboratory
studies, depending on the compound, these toxins can increase mortality and the risk
of cancer, cause allergies and hypersensitivity, damage the central and peripheral
nervous system, cause reproductive disorders, and immune system disorders [35, 7].
Humans and wildlife are exposed to PCBs and OCPs in the polluted environment
via air, water, sediment soil and food; though ingestion, inhalation, or skin contact.
Previous studies suggest that more of these compounds are introduced into the body
through food intake than by inhalation or through the skin. It is also known that chil-
dren are prenatally exposed to organochlorine compounds that pass from the mother
to the fetus through the placenta. Prenatal exposure to organochlorines has been
linked to impaired fetal development, reduced cognitive and neurological progress
and negative effects on the function of respiratory organs [3, 8].
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Biological monitoring of POPs in the body requires invasive techniques involving
the surgical extraction of adipose tissue. The alternative monitoring approach, and
one of the most commonly used non-invasive methods for the assessment of human
exposure, is the analysis of human milk’s POPs content. Human milk, as the natural
and superior food for newborns, meets infants’ necessary nutritional requirements
and provides numerous health benefits associated with immunological and psycho-
logical advancement. However, the high fat content of human milk makes it a suitable
matrix for the accumulation of toxic lipophilic chemicals such as POPs, which is a
result of the dietary habits and occupational exposure of the breastfeeding mother.
Since 1987, the World Health Organization (WHO) has carried out six global sur-
veys on POPs in human milk to evaluate in utero and lactational exposure to these
compounds and identify the measures which should be taken to limit or minimize
the impact of organochlorines on humans and the environment. Although the studies
indicated that the presence of POPs in the environment has decreased, and conse-
quently that their intake by humans has declined, evaluation of the risk factors and
determinants of breastfed infants’ exposure to POPs is still a challenge [26].

A number of literature sources have reported on POPs levels in breast milk regard-
ing regional and global quantitative differences and time-trends and/or their depen-
dence on parameters like the mother’s age and weight loss, childbirth, dietary habits
and occupation [6, 14, 20, 25]. Maternal age and parity are among the most frequently
considered parameters. The concentration of organochlorines has been anticipated
to increase in the fatty tissues of older mothers, whereas parity is expected to reduce
their levels since lactation is recognized as the main pathway for the elimination
of POPs from the body. Our previous research aimed to investigate the presence of
OCPs and PCBs in human milk as well as their mutual interrelations and associa-
tions with the mother’s age and parity using machine learning (ML) algorithms [10,
12, 13]. In this study, we applied the additive feature attribution method—SHapley
Additive exPlanations (SHAP), which offers uniquely consistent and locally accurate
attribution values in comparison with the conventional attribution methods and has
become an increasingly popular tool for predicting environmental phenomena [21,
24]. We aimed to obtain a detailed insight into the parameters, including organochlo-
rine pollutants, the mother’s age, and parity, that shape the PCB-138 distribution in
the mother’s milk and to offer a promising methodology for the evaluation of the
observed interrelations. We chose PCB-138 since among the PCB6 group, it has
been considered as an indicator PCB behavior patterns in various samples and has
been also taken as the most suitable target compound for evaluating non-dioxin-like
PCBs. The classification of non-dioxin- and dioxin-like congeners is used in Euro-
pean food and feed regulations where dioxin-like PCBs resemble biochemical and
toxicological characteristics of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). The
present chapter is an extended version of the study presented at the International Sci-
entific Conference on Information Technology and Data Related Research (Sinteza
2020), Singidunum University [23].
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2 Materials and Methods

2.1 Sampling

Breast milk samples were collected from 150 healthy primiparae, secundiparae, and
multiparae (having delivered three children), aged between 19 and 45 living in Zadar
(Croatia). The sampling was performed three times between 2011 and 2016 and the
second and third campaigns were part of the WHO survey on POP levels in breast
milk. The samples were gathered when mature lactation was achieved, from 2 to
38 weeks postnatally. Milk was manually expressed into pre-cleaned glass bottles
and stored at —20°C until analysis.

All of the mothers were aware of the aim and relevance of the study and signed
informed written consent forms to confirm their participation. The mothers completed
an enclosed questionnaire and according to the results, the participants had no history
of accidental or occupational exposure to the analyzed POPs. The collected samples
and the personal and clinical data were only used for the purposes of the research.
The study and the sampling were approved by the local Zadar County Health Centre
Ethics Committee (01-745/2011 and 01-405/2014). More details about the sampling
were given previously [10].

2.2 Chemical Analysis of PCBs and OCPs

The analytical procedure has been described in detail previously [13]. Briefly, two
subsamples of each unfrozen milk sample (5 g) were extracted twice with a mixture of
chloroform and methanol and dried under a nitrogen flow. Subsequently, the milk fat
was dissolved in n-hexane and purified with sulfuric acid. Adsorption chromatogra-
phy was additionally performed on a multilayer silica column using 4% diethyl-ether
in n-hexane as a solvent. As a final step prior to the chromatography analysis, the
organochlorine compounds were fractionated on carbon commercial tubes (ENVI-
Carb SPE tubes, Supelco, the USA), eluted with n-hexane/toluene (99:1) mixture,
reduced to dryness and dissolved in n-hexane.

Seven OCPs [hexachlorobenzene (HCB), hexachlorocyclohexane isomers
(a-, B-,and y-HCH), 1.1, 1-trichloro-2,2-di(4-chlorophenyl)ethane (p,p’-DDT), 1.1-
dichloro-2,2-di(4-chlorophenyl) ethylene(p,p’-DDE), 1,1-dichloro-2,2-di(4-chloro-
phenyl)ethane (p,p’-DDD)], 17 PCB congeners [PCB-28, PCB-52, PCB-101, PCB-
138, PCB-153, PCB-180 (six indicator congeners), PCB-105, PCB-114, PCB-118,
PCB-123, PCB-156, PCB-157, PCB-167, PCB-189 (eight mono ortho congeners),
PCB-60, PCB-74 and PCB-170] were analyzed. High-resolution gas chromatogra-
phy with an electron capture detector was performed on a CLARUS 500 chromato-
graph using two capillary columns (Restek, Bellefonte, PA, USA) simultaneously:
(1) 60m x 0.25 mm, Rtx-5 film thickness of 0.25 um, and (2) 30mx 0.25 mm, Rtx-
1701 film thickness of 0.25 wm. The column temperature was programmed as fol-
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lows: (1) a gradient increase from 100°C to 110°C with incremental changes of 4°C
min~!, (2) isothermally heating at 110°C for 5min, (3) a gradient increase to 240°C
with incremental changes of 15°C min~', and (4) isothermally heating at 240°C
for 50 min. Nitrogen carrier gas was used with injector and detector temperatures of
250°C and 270°C, respectively.

The LODs for the analyzed compounds were 0.5ngg™" milk fat for PCB con-
geners, 0.1ngg~" milk fat for «-HCH and HCB, 0.2ngg~" milk fat for p,p’-DDE,
0.3ngg~! milk fat for 8-HCH, y-HCH and p,p’-DDD, and 0.6ngg~" milk fat for
p.p’-DDT. The average recoveries for PCBs ranged between 58 and 86% and for
organochlorine pesticides between 59 and 92%. The reproducibility of the method
expressed as a relative standard deviation was between 6% and 22%, and 7% and
24% for PCBs and OCPs respectively.

2.3 Data Analysis

The relationships between PCB-138 in breast milk and all other measured parameters
were modeled using XGBoost regression. Details on the method are available else-
where [4]. Briefly, XGBoost is a highly effective machine learning method based on
a sequential tree-growing algorithm, where each decision tree tries to complement
all others and correct for residuals in the predictions made by the previous trees.
Due to its core advantages concerning computational efficiency, excellent predictive
performance, competitive accuracy, highly optimized multicore, and tree complex-
ity penalization that was not widely used in previous additive tree models, XGBoost
has been successfully applied in various domains [9, 18, 19]. In this study, we used
Python XGBoost implementation. The dataset was split into training (80%) and vali-
dation (20%) sets. Hyperparameter tuning was implemented using a brute-force grid
search and a 10-fold stratified cross-validation. The best performing hyperparameter
values were used for the final model.

The explainability of the produced XGBoost model, that operates with high-
dimensional input data in a non-linear fashion, was obtained by using the explain-
able artificial intelligence method SHapley Additive exPlanations. This method is
capable of providing a straightforward and meaningful interpretation of machine
learning model-derived decisions, which is now focused on user-readable logic rules
[15]. Based on game theory and Shapley values that provide distributed payouts
among the cooperating players (features) depending on their contribution to the joint
payout (prediction), the SHAP values, as a measure of feature importance, represent
the only possible locally accurate and globally consistent feature attribution values.
SHAP overcomes the main drawback of attribution inconsistency and minimizes the
possibility of underestimating the importance of a feature with a certain attribution
value. In this study we used Python SHAP implementation (SHAP Python package).
The captured attributed importance of a feature is visually presented as a SHAP
summary plot.
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To clearly indicate a change in the absolute SHAP value relative to other feature
attributions, we obtained relative SHAP values [22]. Relative SHAP values, defined
as the share of absolute SHAP in the total attributed importance of all features for the
case, show the relative influence of a feature on the prediction. To test the stability
of the obtained absolute and relative SHAP values, they were evaluated with a 50
times-replicated bootstrap method.

3 Results and Discussion

3.1 Pollutant Profiles

The concentrations of organochlorines found in the milk samples of primiparae,
secundiparae and multiparae aged between 19 and 45 (with an average age of
30years) are given in Fig. 1.

The most abundant pollutants were from the DDT group, exhibiting concentra-
tions in the following ranges: 0.15-77.75 ng g~ (average: 8.34ngg~") forp,p’-DDE,
0.10-49.48ngg " (average: 2.67ng g~") for p,p’-DDD and 0.30-92.64ng g " (aver-
age: 5.58ng g~!) for p,p’-DDT. The levels are comparable or even lower than the
contamination reported in the investigations from Europe and the rest of the world [1,
2, 6]. The occurrence of p,p’-DDT in breast milk primarily depends on the mother’s
diet or direct occupational contact with this compound and therefore, high levels
of p,p’-DDT may be associated with recent exposure to the xenobiotic. However,
during active exposure, humans metabolically dechlorinate p,p’-DDT to p,p’-DDE
or p,p’-DDD and increased values of p,p*-DDE indicate enhanced metabolic con-
version. The p,p’-DDE compound is the most persistent metabolite with the longest
half-life in the environment in comparison with its counterparts, but individual lev-
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Fig. 1 Obtained parameter box-plot
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els of p,p’-DDE in the mothers” body, which are the result of p,p-DDT breakdown,
are difficult to distinguish from direct ingestion of the already presented p,p’-DDE
metabolite in the environment. To imply fresh inputs of p,p’-DDT in the organism
as well as the rate of its transformation or excretion, some researchers suggest using
the ratio p,p’-DDT/p,p’-DDE as an indicator [11]. The values of this marker were
higher than 1 in approximately 30% of the samples collected in this study, indicating
that one third of the mothers were recently exposed to p,p’-DDT via diet including
home-produced free-range eggs [1] or that their metabolism is limited at reducing
levels of this pollutant. In addition, since p,p’-DDT and p,p’-DDE bind to different
hormone receptors, dissimilar biological effects are expected to occur in the mothers’
body with different p,p’-DDT/p,p’-DDE ratios and consequently, to affect breastfed
infants in another manner.

Among the other POPs, the most prevalent were by-products of lindane, y-HCH
and HCB, occurring in ranges from 0.10 to 19.31ngg™" (average: 2.86ng g~!) and
from 0.31 t030.85ng g~ (average: 2.01 ngg™"), respectively. Among potential non-
dietary (e.g., mothers age, nursing history, parity, residence) and dietary (e.g., fish
consumption and its frequency, inclusion of milk products, intake of meat and eggs)
predictors that could affect accumulation of HCH compounds and HCB in the moth-
ers’ organism, fatty fish and the reception of breastfeeding were suggested to be the
most influential determinants [1].

The PCB contamination profile was dominated by PCB-153 (average:5.76ngg™")
followed by other non-dioxin like congeners: PCB-138 (average: 3.04ng g~!), PCB-
180 (average: 3.06ngg~"), and PCB-170 (average: 2.06 ngg~"). This distribution
represents a likely pattern of congener accumulation in the milk samples around the
world reflecting the stronger resistance of heavy hexa- and hepta-chlorinated PCBs
to biological degradation. However, individual concentrations are higher than those
reported in the region [29], but lower than the congener levels around the world [1,
6, 16].

Significant linear correlation coefficients (r > 0.90) were found between the
following pairs of investigated variables: PCB-170-PCB-138; PCB-170-PCB-153;
PCB-170-PCB-180; PCB-153-PCB-180 and PCB-153-PCB-138 (Fig. 2). The results
indicate that the listed pollutants have similar molecular structures and metabolic
pathways, which is discussed below. However, we assumed that advanced methods,
other than commonly applied correlation matrices, could be employed to deepen
current understanding of PCB-138 behavior patterns in breast milk.

3.2 Interrelations of Pollutant Patterns

For investigating the non-linear relationships between PCB-138 and other congeners,
the mother’s age, and number of births, XGBoost regression analysis was used, with
a predicted/observed relative error below 20% and a high correlation coefficient (r =
0.97) (Fig. 3). As shown by the highest positive (up to 4) and negative (up to —1.5)
SHAP values, the most important variables that shaped PCB-138 behavior patterns
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Fig. 2 Obtained parameter correlation matrix (*x’—p-value > 0.1)

in the examined milk samples were PCB-170 and PCB-153 (Fig.4). The strongest
influences were observed to be related to elevated concentrations of the listed pol-
lutants, suggesting that “heavy” congeners substituted with chlorine atoms at 2’ and
6 ortho positions are more prone to bioaccumulation in human milk compared to
other PCBs. The position of the halogen substituting bipheny! ring of PCB-153 and
PCB-170 provides the molecules with a structure and rigidity such that PCBs are
able to pass from the blood to the breast milk. Other molecular descriptors including
lipophilicity (octanol-water partitioning coefficients-logKow), molecular diameter
and weight, the number of hydrogen-bond acceptors and the number of attached
halogens appeared to be less determinative for PCB partitioning between blood and
milk [27].

Several studies reported on the high serum/milk ratio of congeners with six or
more chlorine substitutes suggesting that an increase in molar size, polarizability,
and hydrophobicity cause a low rate of partition between blood serum and milk [17].
When considering compounds with the same number of attached chlorines, higher
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Fig. 3 XGBoost evaluation

mean serum/milk ratios were recorded for the toxicologically relevant dioxin-like
PCBs compared to the indicator non-dioxin-like PCB, although a twofold differ-
ence between the lowest and highest serum/milk ratio of an individual congener
was reported. The observations suggested a significant role is had by other chem-
ical properties, but which one directly determines the serum/milk ratio is difficult
to establish because of the collinearity of PCB molecules. The PCDD/Fs, with a
molar volume comparable to PCBs and polybrominated diphenyl ethers, exhibited
a higher serum/milk ratio that confirms a reduced transfer of molecules with more
rigid structures and higher hydrophobicity from serum to milk [17]. The compari-
son of the PCB serum/milk ratio from different studies is limited by the different
methodologies used for the ratio calculation, an inconsistent number of PCB serum-
milk pairs included in the studies, and analytical uncertainties associated with the
determination of congeners. Further research is needed to support the conclusion of
our study and provide valid information on the complex characteristics that influ-
ence PCB patrtition kinetics between human serum and milk. In addition, data on
the chemical characteristics alone are insufficient to predict the serum/milk partition
of PCBs and descriptors such as metabolic breakdown through dechlorination or
binding to different protein sites in serum and milk should be considered.

The SHAP analyses revealed less significant impacts of PCB-156, PCB-180 and
PCB-118 on PCB-138 behavior patterns in milk samples. The pollutants belong to a
non-dioxin-like/indicator congener group (—138, —153 and —180) and the toxico-
logically relevant PCBs (—118 and —156), which elicit aryl hydrocarbon receptor-
mediated biochemical and toxic responses and resistance in the food chain. A minor
negative dependency was observed between PCB-138 and elevated levels of low-
chlorinated congeners (PCB-52 and PCB-28), which are more volatile and suscepti-
ble to metabolic breakdown and excretion, and organochlorine p,p’-DDT.

Numerous studies reported that POPs are eliminated from the body during breast-
feeding, which results in the lower level of pollutants in the breast milk of multipara,
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while the review of PCB changes during lactation emphasized non-consistent elim-
ination rates of pollutants [16]. In addition, it is usually reported that the milk of
older mothers contained higher concentrations of organochlorine xenobiotics. The
positive associations may be related with the higher cumulative exposure of older
mothers to POPs, and possibly a higher body mass index associated with increased
fatcontent [1]. In the present study, the following age ranges were considered: 19-24
(N=22), 25-30 (N=53), 31-36 (N=52) and 3745 (N = 13; three mothers were
above 40years old). The pollutant levels were largely unaltered by the age of first-
time mothers whereas their content increased in the breast milk of older multiparae.
A slight decline in OCPs, the indicator and toxicologically relevant congeners, was
shown in the milk of 29- and 30-year-old secundiparae, but the contaminant maxi-
mums were achieved in the samples of 35-year-old mothers. For the mothers with
third child delivery, similar patterns were confirmed only for the toxicologically rele-
vant congeners and PCB-74. However, as indicated by low SHAP values approaching
zero, the mother’s age and parity had no significant influences on the PCB-138 pat-
terns (Fig.4). Although the dataset is limited, it is comparable to the number of
samples in other studies where a positive association between age, parity and POP
levels was reported. For predicting the bioaccumulation of POPs in breast milk, infor-
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mation on exposure routes including dietary habits, residence, working environment,
and the mother’s childhood nursing is required.

Ten clusters, representing groups of variable interrelations associated with certain
PCB-138levels, were identified through fuzzy clustering of the SHAP values (Fig. 5).
Two of the clusters (C7 and C9) with the highest PCB-138 concentrations (up to
12ngg™") were the most differentiated ones. Congeners PCB-153 and PCB-170
explain the higher PCB-138 concentrations in breast milk and their impact, which is
characterized by relative SHAP values, and accounts for 69% and 75% in total of C7
and C9respectively (relative error < 7.7%). Positive interrelations between PCB-138,
and PCB-153 and PCB-170 were indicated by the SHAP (PCB-153: 0.4-2.8; PCB-
170: 0.5-3.5 ngg") and relative SHAP values (PCB-153: 19.8-44.7%; PCB-170:
23.8-44.7%). The higher and extreme values of PCB-138 are related to the higher
and extreme values of PCB-153 (3.6-8.2ngg™") and PCB-170 (7.4-22.9ngg™ "),
which are mostly above upper fence values. The impact of the congeners —170 and
—153 increase as their concentration increases as well.

Fuzzy clustering identified three clusters (C1-C3) representing groups of vari-
able interrelations associated with medium PCB-138 levels (relative error < 12%).
Medium PCB-138 levels were associated with PCB-153 and PCB-170 concentra-
tions above their mean values, 5.6 and 1.9ngg ™" respectively. Apart from C2 and
C3, the negative impact of PCB-153 on the PCB-138 pattern is evident in C1. Since
the concentration of both congeners is low compared to other clusters, the outcome
could be the result of differing intakes of PCB contaminants through differences
in the mothers’ diets. The CI cluster is also characterized by the higher concentra-
tions and influence of p,p’-DDT, a-HCH, and HCB as well as by the lower levels and
impact p,p’-DDE. In some participants, fresh inputs of pollutants from the OCP group
are evident, but some of the mothers could possess a limited capacity to metaboli-
cally transform and eliminate organochlorine xenobiotics as well. Overall, the result
indicates a similar origin of OCPs and PCBs in the maternal body and/or similar
metabolic pathways as discussed in detail in previous paragraphs.

The overall implication is that compounds such as DDT and lindane, which were
previously thought to have exclusively agricultural uses, may have also been used in
cities for insect control and these cities may be significant sources of the compounds
in the atmosphere. As indicated by the relative SHAP values given in brackets,
the occurrence of high (up to 7.7ngg~") and medium (up to 5.3 ng —') PCB-138
concentrations are explained by the following pollutants: p,p’-DDE (C1: 1.9%, C2:
4.4%, C3: 7.5%, C7: 3.2%, and C9: 2.8%), PCB-118 (C2: 2.5%, C3: 5.3%, and
C7: 1.9%), PCB-156 (C9: 4.8%), PCB-180 (C1: 3.8%, C2: 4.8%, C3: 3.9%, C7:
3%, and C9: 2.6%) and a-HCH (C1: 3.4%). In the clusters, the listed compounds
exhibited the following concentrations (ngg™'): p,p’-DDE (C1: 7.5, C2: 16.3, C3:
12.0, C7: 14.7, and C9: 30.4, which ranged from mean to above upper fence values),
PCB-105 (C1: 0.7, 75th percentile value), PCB-118 (C2: 0.8, C3: 0.9, and C7: 1.3,
which ranged from 75th percentile to upper fence values), PCB-156 (C1: 0.5, and
C9: 1.8 as referred to above mean and upper fence values), PCB-180 (C1: 2.6, C2:
5.1,C3:2.9,C7: 7.5 and C9: 12.8, above mean and upper fence values). The listed
clusters are characterized by excessive concentrations of POPs which imply similar
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exposure to the pollutants because of fresh inputs or metabolic transformation and
degradation.

Low PCB-138 concentrations (<4ngg~") are distributed in five clusters (C4—C6,
C8 and C10) (Fig.5) and the same constituents as discussed above determine the
clusters (relative error < 20%). The low concentrations of PCB-138 are related with
the occurrence (ngg") of: PCB-170 (C4: 1.7, C5: 1.2, C6: 1.0, C8: 0.3, and C10:
0.45), PCB-153 (C4: 3.6, C5: 3.1, C6: 3.0, C8: 0.4, and C10: 1.7), PCB-118 (CS5:
0.3), PCB-180 (C5: 2.1 and C8: 0.4), PCB-156 (C5: 0.3 and C8: 0.3), p,p’-DDE
(C5: 6.0, C6: 5.5, and C8: 1.2), -HCH (C4: 2.0 and C6: 0.2), PCB-52 (C4: 0.56),
and p,p’-DDD (C5: 4.8). The strength of the effects is described by the following
relative SHAP values (%): PCB-170 (C4: 9.5, C5: —33,C6: —42,C8: —44, and C10:
—44), PCB-153 (C4: —25, C5: =27, C6: —20, C8: —29, and C10: —25), PCB-118
(C5: —3.1), PCB-180 (C5: —3.3 and C8: —3.9), PCB-156 (C5: —4.1 and C8: —2.5),
p.p’-DDE (C5: 2.0, C6: 1.3, and C8: —5.1), «-HCH (C4: 1.6 and C6: 1.8), PCB-
52 (C4: 1.6), and p,p’-DDD (C5: 2.1). The results imply the congener uptake from
different sources related to variations in the mothers’ occupational exposure and
dietary habits. The low positive SHAP relative values of p,p’-DDD and p,p’-DDE
suggests intensified metabolic degradation of the POPs. Out of the extracted groups,
the clusters characterized by excessive concentrations of POPs could be considered
the most influential for the observed high levels of PCB-138 as indicated by the
absolute (Fig.6) and relative SHAP values (Fig.7), which indicate the impact of
each cluster on the model’s output.
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4 Conclusion

The health burden of organochlorines in breast milk represents an issue of global
concern because of the adverse impact of POPs on human health, particularly on
sensitive sub-populations such as women and children. In this study, we presented
a promising explainable artificial intelligence methodology (XGBoost and SHAP)
with the aim of investigating organochlorine patterns as well as the dependence of
PCB-138 onthe mother’s age and number of births. According to the results, similarly
structured molecules, which belong to both non-dioxin-like/indicator congener group
(—28, —52, —180) and toxicologically relevant PCBs (—118, —189, —156) as well
as p,p’-DDT metabolite (p,p’-DDE) have an impact on PCB-138 distribution. No
significant functional dependencies of PCB-138 patterns and maternal age and parity
were observed, suggesting that the impacts of dietary habits and the health burden
of POPs in residential and working environments should be investigated further in
the future. The herein applied analyses could serve as a promising methodology for
future epidemiological investigations and human health protection.

Acknowledgements The authors acknowledge the funding provided by the Institute of Physics,
Belgrade, through a grant by the Ministry of Education, Science, and Technological Development of
the Republic of Serbia and the bilateral scientific research project between the Republic of Serbia
and Croatia 2019-2021 (No. 337-00-205/2019-09/22) “Persistent Organic Compounds in breast
milk and their effects on the level of primary DNA damage in human cells”. Also, this paper was
financed by the Science Fund of the Republic of Serbia #GRANT No. 6524105, AI—ATLAS.

References

1. Aerts, R., Van Overmeirea. 1., Colles, A., Andjelkovi¢, M., Malarvannan, G., Poma, G., Den
Hond, E., Van de Mieroop, E.. Dewolf, M.C., Charlet, F., Van Nieuwenhuyse, A., Van Loco, J.,
Covaci, A.: Determinants of persistent organic pollutant (POP) concentrations in human breast
milk of a cross-sectional sample of primiparous mothers in Belgium. Environ. Int. 131 (2019)

2. Antignac, J.P, Main, K.M., Virtanen, H.E., Boquien, C.Y., Marchand, P., Venissieux, A., Guif-
fard, L., Bichon, E., Wohlfahrt-Veje, C., Legrand, A., Boscher, C., Skakkebak, N.E., Toppari,
J., Le Bizec, B.: Country-specific chemical signatures of persistent organic pollutants (POPs)
in breast milk of French, Danish and Finnish women. Environ. Pollut. 218, 728-738 (2016)

3. Berghuis, S.A., Van Braeckel, K.N.J.A., Sauer, PJ.J., Bos, A.E.: Prenatal exposure to persistent
organic pollutants and cognition and motor performance in adolescence. Environ. Int. 121, 13—
22 (2018)

4. Chen, T., Guestrin, C.: Xgboost: a scalable tree boosting system. In: Proceedings of the 22nd
ACM SIGKDD International Conference on Knowledge Discovery and Data Mining, pp. 785-
794 (2016)

5. DeCock. M., DeBoer, M.R., Govarts, E., Iszatt, N., Palkovicova, L., Lamoree, M.H., Schoeters.
G., Eggesbg, M., Trnovec, T., Legler, J., Vande Bor, M.: Thyroid-stimulating hormone levels in
newborns and early life exposure toendocrine-disrupting chemicals: analysis of three European
mother-child cohorts. Pediatr. Res. 82, 429437 (2017)

6. Fang, J., Nyberg, E., Winnberg, U., Bignert, A., Bergman, A.: Spatial and temporal trends of
the Stockholm convention POPs in mothers’ milk—a global review. Environ. Sci. Pollut. Res.
22, 8989-9041 (2015)




Patterns of PCB-138 Occurrence in the Breast Milk of Primiparae ... 205

q

8.

21.

22,

24,

25:

Fry. K., Power, M.C.: Persistent organic pollutants and mortality in the United States, NHANES
1999-2011. Environ. Health 16, 105 (2017)

Govaerts, A., Verhaert, V.. Covaci, A., Jaspers, VL.B., Berg, O.K., Addo-Bediako, A., Jooste,
A., Bervoets, L.: Distribution and bioaccumulation of POPs and mercury in the Ga-Selati
River (South Africa) and the rivers Gudbrandsdalsligen and Rena (Norway). Environ. Int. 121,
1319-1330 (2018)

. Hartmann, J.: Classification using decision tree ensembles. Available at SSRN 3484009 (2019)
. Jovanovié, G., Herceg Romanic, S., Stoji’c, A., Klini’c, D., Matek Sari’c, M., Grzunov Letinié,

J., Popovi¢, A.: Introducing of modeling techniques in the research of POPs in breast milk—a
pilot study. Ecotoxicol. Environ. Saf. 172, 341-347 (2019)

. Kezios, L.K., Xinhua, L., Cirillo, M.P., Cohn, A.B., Kalantzi, L.O., Yunzhu. W., Petreas, X.M.,

Park, 1.S., Factor-Litvak, P.: Dichlorodiphenyltrichloroethane (DDT), DDT metabolites and
pregnancy outcomes. Reprod. Toxicol. 35, 156-164 (2013)

. Klini¢, D., Herceg Romani¢, S.. Bri¢ Karaonji, I., Matek Sari¢, M., Grzunov Letini¢, J., Bra-

jenovic, N.: Organochlorine pesticides and PCBs (including dI-PCBs) in human milk samples
collected from multiparae from Croatia and comparison with primiparae. Environ. Toxicol.
Phammacol. 45, 74-79 (2016)

. Klini¢, D., Herceg Romanié, S., Matek Sari¢, M., Grzunov, J., Dukié, B.: Polychlorinated

biphenyls and organochlorine pesticides in human milk samples from two regions in Croatia.
Environ. Toxicol. Pharmacol. 37, 543-552 (2014)

. Lignell, S., Winkvist, A., Bertz, E, Rasmussen, K.M., Glynn, A., Aune, M., Brekke, H.K.:

Environmental organic pollutants in human milk before and after weight loss. Chemosphere
159, 96-102 (2016)

. Lundberg, S.. Lee, S.: A unified approach to interpreting model predictions. Adv. Neural Inf.

Process Syst. 4765-4774 (2017)

. Man, Y.B., Chow, K.L.. Guan, H.X., Janet, K.Y.C., Sheng, C.W., Wong, M.H.: A pilot study

on health risk assessment based on body loadings of PCBs of lactating mothers at Taizhou,
China, the world’s major site for recycling transformers. Environ. Pollut. 227, 364-371 (2017)

. Mannetje. A., Coakley, J., Mueller, EJ., Harden, F., Toms, L.-M., Douwes, J.: Partitioning of

persistent organic pollutants (POPs) between human serum and breast milk: a literature review.
Chemosphere 89, 911-918 (2012)

. Mitchell, R., Fank, E.: Accelerating the XGBoost algorithm using GPU computing. Peer]

Comput. Sci. 3, e127 (2017)

. Nielsen, D.: Tree boosting with XGBoost. NTNU Norwegian University of Science and Tech-

nology (2016)

. Polder, A., Skaare,J.U., Skjerve, E., Loken, K.B., Eggesbg. M.: Levels of chlorinated pesticides

and polychlorinated biphenyls in Norwegian breast milk (2002-2006), and factors that may
predict the level of contamination. Sci. Total Environ. 407, 4584-4590 (2009)

Stanisic, S., Perisi¢, M., Jovanovié, G., Milicevi¢, T., Herceg Romanié, S., Jovanovic, A., Sos-
tari¢, A., Udoviié, V., Stoji¢. A.: The PM2.5-bound polycyclic aromatic hydrocarbon behavior
in indoor and outdoor environments, part I: emission sources. Environ. Res. 193, 110520 (2021)
Stoji¢, A., Jovanovié, G., Stanisi¢, S., Herceg Romanié, S., Sostarié, A., Udoviié, V., Perisié,
M.: The PM2.5-bound polycyclic aromatic hydrocarbon behavior in indoor and outdoor envi-
ronments, part II: explainable prediction of benzo[a]pyrene levels. Submitted for publication
(2021)

. Stoji¢, A., Matek Sari¢, M., Herceg Romani¢, S.: SHapley additive explanations of indicator

PCB-138 distribution in breast milk. In: Book of Proceedings of International Scientific Con-
ference on Information Technology and Data Related Research (Sinteza 2020), Singidunum
University, pp. 3540 (2020)

Stojié, A., Stanié, N., Vukovié, G., Stani§ié, S., Perisi¢, M., Sostarié, A., Lazi¢, L.: Explain-
able extreme gradient boosting tree-based prediction of toluene, ethylbenzene and xylene wet
deposition. Sci. Total Environ. 653, 140-147 (2019)

United Nations Environment Programme.: Results of the global survey on concentrations in
human milk of persistent organic pollutants by the United Nations Environment Programme



206

26.

27.

28.

29.

G. Jovanovic et al.

and the World Health Organization. In: Conference of the Parties to the Stockholm Convention
on Persistent Organic Pollutants, Sixth meeting, Geneva, 28 April 2010 ( 2013)

Van den Berg, M., Kypke, K., Kotz, A., Tritscher, A., Yong Lee, S., Magulova, K., Fiedler, H.,
Malisch, R.: WHO/UNEP global surveys of PCDDs, PCDFs, PCBs and DDTs in human milk
and benefit-risk evaluation of breastfeeding. Arch. Toxicol. 91, 83-96 (2017)

Vasios, G., Kosmidi, A., Kalantzi, O.1., Tsantili-Kakolidou, A.. Kavantzas, N., Theocharis, S..
Giaginis, C.: Simple physicochemical properties related with lipophilicity, polarity, molecular
size and ionization status exert significant impact on the transfer of drugs and chemicals into
human breast milk. Expert Opin. Drug Metab. Toxicol. 12, 1273-1278 (2016)

Vigh, E.,Colombo, A., Benfenati, E., Hakansson, H., Berglund, M., Bédis, J., Garai, J.: Indi-
vidual breast milk consumption and exposure to PCBs and PCDD/Fs in Hungarian infants: a
time-course analysis of the first three months of lactation. Sci. Total Environ. 449, 336-344
(2013)

Vukavié, T., Vojinovi¢ Miloradov, M., Mihajlovi¢, L., Ristivojevi¢. A.: Human milk POPs and
neonatal risk trend from 1982 to 2009 in the same geographic region in Serbia. Environ. Int.
54, 4549 (2013)



What Information on Volatile Organic ®)
Compounds Can Be Obtained from the
Data of a Single Measurement Site

Through the Use of Artificial
Intelligence?

Svetlana StaniSi¢, Mirjana PeriSi¢, Gordana Jovanovi¢, Dimitrije Maletic,
Dusan Vudragovi¢, Ana Vranié, and Andreja Stoji¢

Abstract Increasing air pollutant concentrations over the last few decades have
been a focus of contemporary scientific research due to adverse effects on public
health, the environment and climate change. In this chapter, we used an innovative
integrated methodology for spatio-temporal characterization of sources and con-
cenfration forecasts of toxic, mutagenic and carcinogenic representatives of volatile
organic species—benzene, toluene, ethylbenzene and xylene, commonly referred to
as BTEX. The methodology is based on receptor-oriented air circulation modeling
and artificial intelligence implemented through machine learning and explainable
artificial intelligence methods. The study covered two years of data obtained from
a single monitoring station located at 54a Despota Stefana Boulevard (44°49°68”
N, 20°28°04” E). This station was selected from the local and state network for air
quality monitoring in the territory of Belgrade. The receptor-oriented modeling was
effective for classifying sources of BTEX and the assessment of BTEX concentra-
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tions in the Belgrade urban area surrounding the receptor site that was not regularly
monitored. The correlations and ratios between BTEX compounds were used for
estimating their interrelationships and presence in the air, which contributed to the
identification of their origin. Also, this study evaluated the possibilities of BTEX
spatio-temporal forecasts based on the integrated methodology. For this purpose,
XGBoost was efficient at forecasting BTEX levels, with estimated errors (6-15%)
significantly below the uncertainty obtained by conventional models for the evalua-
tion of average annual pollutant concentrations. The results suggest that temperature,
wind speed and wind direction represented the main parameters which explain the
spatio-temporal distribution of BTEX, while the impact of other factors showed
significant variations depending on the locations of the receptor and the compound.

Keywords BTEX - Volatile organic compounds - Machine learning - Explainable
artificial intelligence (xai) - XGBoost

1 Introduction

Growing urban populations, economic development, and transport have a significant
impact on environmental pollution. Air pollution constitutes a major underestimated
cause of non-communicable diseases, being responsible for 19% of all cardiovascu-
lar deaths and 23% of lung cancer deaths globally [19]. Around 91% of the world’s
population lives in areas where air pollution levels exceed the World Health Orga-
nization’s recommended values [43]. People often perceive air pollution as an issue
that affects people living in middle- and low- income countries or people living in
megacities. However, it has been estimated that out of 8.8 million global deaths asso-
ciated with air pollution in 2015, 8% were citizens of high-income countries, mostly
those living in small urban areas where the topography and climate contribute to high
air pollutant concentrations [3, 7]. Holgate [17] emphasizes that annually, 40,000
excess deaths in the UK can be attributed to low air quality. Society might be much
more aware of this issue if the mortality was a result of drinking polluted water. Air
pollution inhouseholds has decreased since the 1990’s as new fuels such as petroleum
gas and renewable sources of energy have replaced biomass. In developing countries,
residential combustion of solid fuels for cooking and heating remains a significant
source of air pollution and a major concern due to its detrimental health effects, par-
ticularly in rural areas [9]. In contrast, in developed countries, indoor air pollution is
less important because adverse health effects are associated with exposure to outdoor
pollutant concentrations that have decreased over previous decades. However, it has
also been estimated that the rapid expansion of metropolises, industrial production,
increasing pesticide use, toxic chemicals and motor vehicles will offset the effects
of air pollution mitigation measures [13].

Among the air pollutants that are of interest for current and future research due
to their detrimental effects on both human health and the environment are volatile
organic compounds (VOCs). VOCs are a heterogeneous group of organic species
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with boiling points <250°C. Their representatives are benzene and its alkylated
derivatives toluene, ethylbenzene and xylene, commonly referred to as BTEX. Over
the last few decades in developed countries, reducing BTEX levels has been a chal-
lenge [26]. This is due to their abundance, their numerous emission sources, their
complex atmospheric chemistry, insufficient funds for the establishment and main-
tenance of monitoring networks, and the fact that abatement programs might have
negative impacts on economic output because they are among the most abundantly
produced compounds worldwide. They are used as feedstock for several materials
and products upon which modern society has become dependent. These compounds
are naturally found in crude oil, while in urban and suburban areas they originate
from traffic emissions, commercial and industrial uses of petroleum, gasoline, adhe-
sives, coatings, degreasers, solvents, detergents, explosives, pesticides, resins, ink,
paints, and varnishes [30, 33, 35]. With the exception of m-/p-xylene, concentrations
of BTEX were mostly reported to be higher in indoor air than outdoor air [4].

The health effects of BTEX are wide-ranging. Studies have shown that BTEX
can be found in cord blood and the blood of children and adults, particularly adults
that are occupationally exposed [18]. Research has shown that long-term exposure
to high benzene concentrations increases the risk of developing malignant blood
disorders, while long-term exposure to high toluene concentrations causes renal
tubular acidosis [42]. Some studies have shown that after benzene concentrations
in industrial and urban areas are reduced, lifetime cancer risk decreases by one
order of magnitude [20]. In addition, exposure to ambient levels of BTEX, which
in many cases were orders of magnitude below the reference concentrations, can be
dangerous. This is particularly true during the susceptibility period when exposure
can lead to the disruption of endocrine signaling (which is essential for the growth
and development), immune responses, reproduction, cardiovascular function and
aging. Therefore, populations in highly industrialized areas, the socioeconomically
deprived, as well as children, pregnant women and elderly people, appear to be
more susceptible to pollution-related morbidity and mortality [5, 32]. While traffic
emissions are known to be the main source of outdoor BTEX, converting to alternative
renewable energy sources will not reduce demand for consumer products, and the
replacement of benzene with safer alternatives, such as toluene and xylene, might
ultimately be a poor solution once long-term toluene and xylene exposure scenarios
are considered [4]. According to a United States Environmental Protection Agency
[40] report, ethylbenzene is sixth on a list of the top 20 chemicals used in children’s
products, primarily food packaging, toys, sport equipment, arts, crafts and hobby
materials. Toluene, on the other hand, is the seventh most used chemical in consumer
products, primarily fuels, paints, and coatings. Although toluene and xylenes are less
harmful than benzene, it should be kept in mind that the products of photochemical
reactions in which BTEX are involved often have more harmful effects on human
health than their precursors [14]. It should be also mentioned that limited ventilation
in closed premises can often be the reason why indoor BTEX levels are higher than
outdoor levels [29].

Apart from their impacts on human health, BTEX and other VOCs are associ-
ated with increases in the oxidation capacity of the atmosphere, as well as with the
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generation of secondary pollutants, such as tropospheric ozone, polycyclic aromatic
hydrocarbons and secondary aerosol through photochemical reactions [8, 36]. As
regards the impact on global warming, not only do volatile species directly and indi-
rectly contribute to climate change, but their emission and fate are expected to be
influenced and increased by global warming.

Despite vast changes in the development and integration of different approaches
in the field of environmental science, spatio-temporal air pollution modeling remains
a challenge. Two main approaches are typically utilized to forecast air quality and
to identify the factors that govern the concentrations of certain pollutants. The first
approach relies on atmospheric diffusion models, while the second refers to sta-
tistical models that capture the essential relationships between the variables [24].
Multidimensionality and the size of data sets, as well as the complexity of air pol-
lutant processes and interactions, set requirements that exceed the capabilities of
conventional statistical methods. For this reason, machine learning (ML) methods
and explainable artificial intelligence (XAI), subfields of artificial intelligence (AI)
that enable automatized big data analysis and the development of learning algo-
rithms, have been introduced into environmental science research. In this paper, we
used an innovative and integrated methodology based on artificial intelligence and
implemented through ML ana XAl methods for the modeling of spatio-temporal air
pollution and the characterization of BTEX sources in a wider region surrounding
the receptor site that was not covered by regular monitoring. The obtained BTEX
correlations and ratios were used for estimating the interrelationships between the
species in the air, while XGBoost was utilized for efficient spatio-temporal BTEX
forecasting. The present paper is an extended version of the study presented at the
International Scientific Conference on Information Technology and Data Related
Research (Sinteza 2020), Singidunum University [38].

2 Materials and Methods

Nowadays, there are a large number of libraries implemented in different program-
ming languages (R, Python, JS) that deal with interactive display (plotly, leaflet) and
spatial data analysis. In addition to various spatial autocorrelation possibilities, the
analysis of spatial data patterns, the interpolation of data by statistical methods such
as Kriging, Spline or Inverse Distance Weighting, and machine learning methods
such as Random Forests are increasingly used. Furthermore, spatial distributions of
air pollutant sources can be estimated using general and local hybrid receptors, as
well as by analyzing clustered data [9, 33, 34].

Significant improvements to the general hybrid receptor modeling approach have
been made in recent decades. Receptor-oriented methods, based on conditional prob-
ability and analyzing the residence time of pollutants in an area, have become widely
accepted both for studying the dynamic processes and circulation patterns of pol-
lutants in the atmosphere and for investigating the spatial distribution of potential
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emission sources and their impact on the receptor site without relying on an emission
inventory.

The identification of potential emission sources at a local level, as well as their
contribution to the measured concentrations of pollutants at the receptor site, can be
determined by models analogous to the general hybrid receptor model such as the
Potential Source Contribution Function (PSCF), Concentration-Weighted Trajecto-
ries (CWT), sQTBA (Simplified Quantitative Transport Bias Analysis) and RTWC
(Residence Time Weighted Concentration). The general models, which are based on
the analysis of trajectory end points, can be improved by using local wind parameters.
This way it is possible to determine pollution circulation patterns very accurately in
the area around a given measuring point. A local three-dimensional hybrid receptor
model similar to the 3D CWT model was developed for the purposes of this paper
[34]. The study involved two-years of regular measurements of BTEX, suspended
particles, inorganic gaseous oxides, and meteorological parameters within the Bel-
grade City Institute for Public Health’s automatic monitoring network (44°49°68”
N, 20°28°04” E).

Machine learning is an area of artificial intelligence that involves the development
of algorithms that can learn based on input data and can thus be trained to predict value
variations. Machine learning algorithms are based on the extraction of patterns and
the selection of specific attributes from a large number of data, while eliminating
irrelevant information. Through identifying most important prediction attributes,
machine learning methods acquire knowledge and define the substantial relationships
that exist between input and output parameters by focusing on the aspect of the data
that is the most useful for efficient forecasting.

Forecasting the concentration dynamics of BTEX in the air was done using the
Xtreme Gradient Boosting (XGBoost) method [11], with meteorological data used as
predictors. XGBoost is a general-purpose ensemble method of supervised machine
learning which combines the results of many decision trees and achieves high accu-
racy in a wide range of practical applications. It usually outperforms support vector
machines, random forests, and deep learning neural networks [31]. The main advan-
tage of the XGBoost method is its obtainment of more precise predictions than those
provided by single constitutive decision algorithms. XGBoost is based on a boosting
technique that sequentially defines a series of decision trees for classifying input data
into two or more attribute-defined classes. Each consecutive decision tree is trained
through iterations, taking into account the previously registered classification errors.
The datasets from each of the grid cells used for spatio-temporal BTEX forecasting
was splitinto training (80%) and validation (20%) sets. Hyperparameter tuning was
implemented using a brute-force grid search and a 10-fold stratified cross-validation.
The best performing hyperparameter values were used in the final model.

Methods based on decision trees, such as Gradient Boosting and Random Forests,
have been shown to provide inconsistent attribute contributions. This has led to the
development of SHAP (SHapley Additive exPlanation), a method that estimates the
contribution of each instance of an attribute, which enables interpretation of the
model’s outputs [15, 21, 31]. To explain the contribution of each feature to the
individual XGBoost prediction, the SHAP method was utilized [21]. It is based on
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coalitional game theory and provides a distribution of each prediction among the
features represented as additive attributions. In this study, we used Python SHAP
implementation (SHAP Python package). The captured importance of a feature is
visually presented as a SHAP summary plot.

3 Results and Discussion

Previous studies have demonstrated strong gradients and pronounced intra-urban
spatial variability of pollutant levels. This depends on traffic density, street con-
figuration and prevailing wind direction [41]. In addition to this, Ning et al. [27]
emphasized the importance of terrain complexity for air quality because topographic
features can, to a certain extent, limit pollutant dispersion under different weather
conditions. The results indicate that BTEX concentrations were significantly higher
in areas with dense traffic, in the vicinity of busy streets and intersections, where
traffic emission sources have a high impact, where local topography limits natural
ventilation and vertical dispersion of pollution, and in areas with narrow streets lined
by tall buildings and trees.

3.1 BTEX Levels Surrounding the Receptor Site

Benzene concentrations were estimated to range from 1.2 to 2.6 g m—>, with an
average level of 2.6 g m—. In a few locations, estimates of pollutant concentrations
were extremely high, exceeding the recommended limit of 5 jug m™>. Extreme ben-
zene levels in areas distant from the receptor site should be taken with caution. This
is due to a relatively small number of events and therefore limited data produces the
calculated values. It has been estimated that the area surrounding the receptor site
was mostly influenced by traffic emissions. Other studies have reported that similar
average benzene concentrations are sometimes discovered in urban areas where traf-
fic is the predominant source of pollutant emissions [2]. Concentrations of toluene
were estimated to range from 0.9 to 8.9 g m—> with an average value of 8.7 pgm—3,
while the average m/p-xylene concentrations were assessed to be several times higher
(84 g m_3) than the concentrations of o-xylene (1.8 pg m ). Concentrations of
ethylbenzene were estimated to range from 0.2 to 2.1 jug m— with an average value
of 1.8 ug m=3. As predicted, TEX levels were highest in the city center and the north
of the city. The assessed TEX levels were also consistent with the reported values for
outdoor TEX concentrations in various studies published over the last two decades
[1, 10, 16, 23, 25], with somewhat lower levels of toluene than typically expected
in an urban area.
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3.2 Seasonal and Daily BTEX Variations

While the intensity of BTEX emission sources tend to be higher in winter, evapo-
rations in warmer parts of the year make an important contribution to total pollu-
tant concentrations. On the other hand, the stability of atmospheric conditions and
decrease in chemical reactivity of BTEX in winter results in longer retention in ambi-
ent air [29]. Furthermore, BTEX are known to exhibit variations on a daily basis. For
instance, a previous study that contained a risk assessment of an accidental benzene
release in an urban area using an atmospheric dispersion model, showed that benzene
spreads over a much larger area during the nighttime due to a stable boundary layer.
In contrast, enhanced vertical mixing results in limited dispersion of the pollutant
over the study area during the daytime [39]. Similar results were obtained in our
study.

3.3 BTEX Forecasting Based on Meteorological Variables as
Predictors

As can be seen in Figs. 1 and 2, high correlation coefficients between predicted and
observed values (>0,80) were obtained for most of the analyzed data, it can therefore
be concluded that XGBoost was a successful and efficient method for forecasting air
pollution in an urban area. It should be emphasized that the estimated method errors
(6-15%) were significantly lower than the uncertainty (50%) which is required for the
evaluation of average annual pollutant concentrations using conventional modeling.

It should be also emphasized that due to the relatively short atmospheric lifetimes
of BTEX, the area that can be affected by BTEX emissions is approx. 15-20 km
[29], but the consistency of meteorological conditions significantly affects the extent
of volatile pollutant dispersion.

The results of this study suggest that low temperatures and weak to moderate
wind represent the main parameters which govern the spatio-temporal distribution
of benzene in a majority of locations. The impacts of other factors display significant
variation depending on the characteristics of the receptor’s location (Fig. 1). Namely,
one can note that the horizontal axis marked with wind speed is the longest, which
means that benzene concentrations were mostly affected by this parameter. Each
axis is composed of a series of points that represent the measured values of the
predictor. As can be seen in the example for wind speed, extremely high wind speeds,
represented by points located on the far right of the axis, have relatively little impact
on benzene concentrations in the air. This suggests that benzene concentrations were
mostly influenced by weak to moderate wind, which further suggests that emission
sources located in the vicinity of the selected receptor site have the highest impact.

Furthermore, the importance of a certain wind direction for pollutant level pre-
diction is related to the position of the emission source which affects the receptor
location the most. Namely, in cases where a single pollutant emission source has a



214 S. Stanisic et al.

P =
denccsny G . ] 3 !
3 !”‘, -0 sy w 2 ‘.._.. ?

PN T

Wind direction
Pressure
| Relative humidity
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Fig.2 Toluene (a), m,p-xylene (b), o-xylene (c), and ethylbenzene (d) relative error [%] forecasts
based on meteorological parameters

major effect on the receptor area, the importance of wind direction as a predicting
factor is particularly accentuated. Additionally, the importance of wind direction is
evident in situations where tall buildings and trees along the roadside form a corri-
dor that either hinders or assists polluted air masses from the surrounding emission
sources, which was the case in this study as well. The importance of relative humid-
ity as predictor for benzene concentrations was predicted to be high in the event of
extreme benzene levels. This is because benzene and TEX are partially water-soluble
compounds, which suggests that both high and low levels of relative humidity can
impact their ambient air levels [28].

The presented figures displaying TEX distributions can be interpreted in the fol-
lowing manner. Atmospheric pressure and wind parameters appear to be the major
predictors of TEX behavior in general. The impacts of air temperature and pressure
were significantly lower for forecasting toluene levels (Fig.2) than for forecasting
benzene levels, which can be explained by the fact that benzene evaporates at sig-
nificantly lower temperatures than toluene.

The correlations between the observed and forecasted concentrations of benzene
ranged from 0.70 to 0.95, but most often ranged from 0.80 to 0.85. At the location
where the correlation was the highest (0.95), benzene concentrations were forecasted
with a relative error of 8%, while the most influential SHAP-revealed factor was wind
direction. The correlations between the observed and forecasted concentrations of
toluene ranged from 0.65 to 0.95, but mostly around 0.80.
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Atthe location where the correlation was the highest (0.95), toluene concentrations
were forecasted with arelative error of 9%, while the most influential SHAP-revealed
factors were wind speed and direction. The correlations between the observed and
forecasted concentrations of m/p-xylenes ranged from 0.65 to 0.95, but averaged
approximately 0.75. At the locations where the correlations were highest (0.97 and
0.98), the concentrations of m/p-xylenes were forecasted with relative errors of 6%
and 15% respectively, while the most influential SHAP-revealed factors were wind
speed, direction, and air pressure. The correlation between the observed and fore-
casted concentrations of o-xylene ranged from 0.60 to 0.90, with an average of
approximately 0.85. At the locations where the correlations were the highest (0.94
and 0.95), o-xylene concentrations were forecasted with relative errors of 12% and
8% respectively, while the most influential SHAP-revealed factors were wind direc-
tion and air pressure. The correlations between the observed and forecasted con-
centrations of ethylbenzene ranged from 0.60 to 0.95, but averaged approximately
0.80. At the location where the correlation was the highest (0.95), ethylbenzene con-
centrations were forecasted with a relative error of 11%, while the most influential
SHAP-revealed factors were wind speed, wind direction, and air pressure.

Although the results demonstrate the capacity of an innovative methodology to
identify the importance of certain meteorological factors as predictors of air pollutant
concentrations, the fact that variations of meteorological parameters cause changes
in other related parameters makes it difficult to distinguish their actual impact on
air pollution phenomena. Thus, the impact of meteorological factors should not be
observed as the isolated effect of a single parameter and its variations, but as the
effect of a certain type of weather. For instance, Liao et al. [22] identified ten typical
air circulation types within one of the most polluted areas of China and explored
how their synergetic relationship with topography affected the local air quality.

3.4 The Importance of Other Pollutants as Predictors for
BTEX Levels

Apart from meteorological parameters, other analyzed factors can be considered
important for predicting BTEX concentrations. Namely, for forecasting benzene lev-
els, high CO concentrations appear to be the most important (Fig.3), with the impor-
tance of the other predictors stated here indecreasing order: toluene > ethylbenzene >
m/p-xyneles> o-xylene> PM 3 > NO,; > NO; > NO> SO,.

As regards forecasting toluene levels, high m/p-xylenes, o-xylene and CO con-
centrations appear be the most important, with the importance of the other predictors
stated here in decreasing order: ethylbenzene> benzene> PM;y > NO> NO, >
SO, > NO». As regards forecasting m/p-xylenes levels, high toluene, o-xylene,
ethylbenzene and CO concentrations appear to be the most important, with the
importance of the other predictors stated here in decreasing order: benzene> NO, >
NO, > PM,; > SO, > NO. As regards forecasting o-xylene levels, high m/p-
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Fig. 3 SHAP summary plot for benzene

xylenes, toluene, ethylbenzene and NO concentrations appear to be the most impor-
tant, with the importance of the other predictors stated here in decreasing order:
NO, = benzene> CO> PM, > NO, > SO,. As regards forecasting ethylbenzene
levels, high m/p-xylenes, o-xylene and benzene concentrations appear to be the most
important, with the importance of the other predictors stated here in decreasing order:
toluene> NO; > SO, = CO=> PMy > NO> NO,.

3.5 The Interdependence of BTEX Level Predictors

As part of forecasting pollutant concentrations, an examination of the interdepen-
dence between individual predicting factors and their combined effect on BTEX
concentrations in the air was performed. As shown in the Fig. 4, during the cold part
of the year, when temperatures were below 14 °C, concentrations of benzene are bet-
ter predicted by toluene levels. Conversely, on days when the temperature exceeded
14°C, benzene and toluene didn’t share the same emission sources. Furthermore, dur-
ing the cold part of the year, benzene concentrations are either significantly higher or
lower than average, depending on whether the location is affected by the burning of
fossil fuels for heating or not, while during the warmer part of the year benzene con-
centrations at different locations tended to be more uniform. This is because higher
temperatures cause benzene to evaporate at all locations.
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In addition to temperature-toluene interactions, the results suggest that the con-
centrations of benzene in the ambient air depended on interactions between tem-
perature and carbon monoxide as well. While the effects of interactions between
ethylbenzene-m/p-xylenes, ethylbenzene-toluene, ethylbenzene-carbon monoxide
and m/p-xylene-carbon monoxide were found to be of minor importance as regards
shaping benzene concentrations (Fig.5).

3.6 Pollutant Correlations and BTEX Origin

The results show moderate correlations between toluene and NO, and CO concen-
trations throughout the city. The locations with toluene-NO, correlations exceeding
0.7 are considered to be affected by burning-related emissions and not by toluene
evaporations (Fig. 6).

Relatively high correlations between benzene and carbon monoxide were reg-
istered throughout the city, with the notable exception of the south (Fig.7). The
correlations between benzene and SO,, NO, and PM,y were lower in the eastern,
and higher in the western, part of the urban region. These results suggest that benzene
in the eastern area of the city is associated with evaporations and emissions from the
petrochemical industry such as the Panevo Oil refinery and the Petrohemija chem-
ical plant. Furthermore, high correlations (r > 0,70) between benzene and inorganic
oxides in the western region of the city may suggest that traffic emissions, as well as
remote air pollution sources such as TPP Nikola Tesla A and B in Obrenovac, have
a detrimental impact (Fig. 7). The significantly lower correlations between benzene
and inorganic oxides, that can be considered indicators of combustion processes in
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the southern part of the city center, probably reflect the impact of gasoline evapora-
tion. This conclusion appears more likely when we take into account that benzene
concentrations were assessed to be the lowest in the southern area.

The m/p-xylenes exhibited the highest correlations with NO,, somewhat lower
correlations with CO, while the correlations with SO, and PM tended to be sig-
nificantly lower throughout the city. A similar calculation was obtained for o-xylene
and ethylbenzene.

3.7 BTEX Ratios

The benzene-to-toluene (B/T) ratio is often used as an index for identifying emission
sources, while xylenes-to-benzene (X/B) and ethylbenzene-to-benzene (E/B) ratios
are generally applied as indices of photochemical reactivity [12]. According to the
literature, a B/T ratio below 0.5 suggests that vehicle emissions are the predominant
source of BTEX, while X/B and E/B ratios below 1 suggest that sampled air masses
are photochemically aged. As the results show, the B/T ratios were approx. 0.3, while
the X/B and E/B ratios ranged from 0.7 to 4 with lower ratio values calculated for
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the central area of the city where narrow streets and tall buildings restrict pollutant
dispersion and support the photochemical aging of the emissions. Buczynska et al.
[6] showed that B/T ratios ranging from 0.22 to 0.26 for locations that were affected
by traffic emissions, while the authors mentioned that ratios below 0.1 reported
in previous research suggest additional emission sources of toluene, like industrial
emissions, that contribute tohigh values. It could be concluded from the results that in
most locations, BTEX concentrations in ambient air are a result of recent emissions,
while traffic emissions might be the major contributor to BTEX concentrations in the
analyzed area. Furthermore, BTEX have a similar chemical structure, but there is a
difference in the reactivity of these typically unreactive compounds. Namely, benzene
is more stable and has a longer atmospheric lifetime [14] which can significantly
modify the starting BTEX concentration ratios, and thus another possibility indicated
by the B/T ratio is related to aging air masses. Namely, after being emitted from a
common source, toluene is about 5 times more reactive than benzene, which is why
a high B/T ratio is an indicator of aged air masses. The results suggest that the
examined area can be divided diagonally into two segments:

e The north-western and north-eastern area which covers the old city center where
the B/T ratio is relatively high. The north-western partis subject to emissions from
the industrial area, which includes the petrochemical industry comprised of the
Pancevo Oil refinery and the Petrohemija chemical plant. The north-western part
is subject to the retention of aged air masses in narrow streets which form an urban
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canyon. The south-western part is subject to the influence of aged air masses from
Obrenovac.

e The southern area, covers a large area of the city which displays a relatively low
B/T ratio. This indicates the predominant effect of traffic emissions.

Although diagnostic concentration ratios are a commonly used tool for identifying
and distinguishing emission sources, they should be used with caution since the cal-
culated values often exhibit seasonal variations and can be susceptible to distortions
from a number of environmental factors [37].

4 Conclusions

Identifying pollutant emission sources, investigating the temporal dynamics and spa-
tial distributions of pollutant concentrations, and estimating the contribution of cer-
tain emission sources to local air quality are of great importance. They can help to
develop an essential understanding of the impactkey factors have on processes within
natural and anthropogenic ecosystems and their resilience, but are also crucial for
defining strategies aimed at improving air quality, resolving environmental issues,
and improving human health. While soil and water pollution is mainly of local sig-
nificance, air pollution can affect very remote areas given meteorological conditions
that enable the transportation of pollutants. In addition to this, a number of other
factors can contribute to the final effect of meteorological conditions on air pollu-
tant concentrations, including the distribution of pollutant emission sources, local
topography, street geometry and the distribution of all elements and surfaces that
can be of significance for the air flow regime, pollutant dispersion conditions, their
transport pathways and thus, the spatio-temporal variability of their levels. The mul-
tidimensionality of modern data, the scope of time series, as well as the complexity of
processes and interactions in which air pollutants participate, are too demanding for
conventional statistical methods. For this reason, recent decades have seen research
conducted to find alternative methods for data analysis. One of the approaches that
has proven effective in many professional and scientific fields, including environmen-
tal protection, is machine learning which provides the tools for automated analysis
of a large amount of data.

As can be concluded, we have demonstrated the use of an efficient methodol-
ogy for spatio-temporal BTEX concentration modeling in the Belgrade area, based
on receptor-oriented air circulation modeling and artificial intelligence implemented
through machine learning and explainable artificial intelligence methods. The esti-
mated method errors ranged from 6 to 15%, which is significantly lower than the
required uncertainty for conventional models. The presented methodology has the
potential to provide a basis for the establishment of a unique and sustainable system
for identifying sources of air pollution and enhanced air pollution data coverage that
does not require additional investments in monitoring equipment. In the long term,
the results of such an approach would provide a solid basis for establishing a sustain-
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able system for improving the management and control of air pollution. As the results
show, temperature, pressure, wind speed and wind direction were the main parame-
ters which governed the spatio-temporal distribution of BTEX, while the impact of
other factors showed significant variations depending on the characteristics of recep-
tor’s location and the compound. In addition, spatial correlations and ratios between
different air pollutant concentrations were considered for determining their origin in
all the locations covered by our analysis. All examples illustrate how the application
of SHAP and other supplemental methods can provide a systematic insight into the
impact of emission sources and environmental factors on the presence of BTEX in
the air.
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URBAN AIR POLLUTION: AN INSIGHT
INTO ITS COMPLEX ASPECTS

Andreja Stoji¢"", Gordana Vukovié', Mirjana Perisié’,
Svetlana Stanisi and Andrej Sostarié
Institute of Physics Belgrade, National Institute of the
Republic of Serbia, University of Belgrade, Belgrade, Serbia
’Singidunum University, Belgrade, Serbia
‘Institute of Public Health of Belgrade, Belgrade, Serbia

ABSTRACT

The increase in population, economic development, urbanization,
industrialization and transport, has raised the issue of air pollution as one
of the pressing concerns for contemporary society, primarily because of
the harmful effects of elevated concentrations of polluting species on
public health, environment and climate system which are still
insufficiently understood. Despite the perennial intensive theoretical and
experimental research, identifying and parsing the environmental factors
that affect complex ecosystems with numerous inputs and outputs in
subtle or severe ways, remain a challenge. The main reason lies in the

* Corresponding Author Email: andreja.stojic@ipb.ac.rs.
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fact that continuous burden on urban environment is governed not only
by the increasingly intricate pollutant load, but also by pollution
transport, dispersion and deposition processes, atmospheric chemistry,
meteorological factors, topography, natural processes, etc. Moreover,
containing not only gases, but also suspended particles and clouds, the
atmosphere behaves as a colloidal medium. In this regard, researching the
pollutant wet scavenging by atmospheric water is very important for
revealing the environmental fate of air contaminants in atmospheric,
terrestrial and aquatic systems.

The development of innovative measuring and modelling techniques,
as well as the exploration of new scientific approaches, methods and
technologies, are already underway with the aim of studying the
interrelations of air pollution and its association with geophysical
parameters. Over the last years, our research has been focused on the
utilization and development of measurement methods capable of
simultaneous real-time detection, monitoring and quantification of air
pollution, as well as statistical and machine learning methods that can
provide critical information regarding spatio-temporal pollutant
variability and the non-linear nature of air pollution phenomena. This
chapter presents the advances in machine learning application and
fluctuation analysis aimed at capturing pollutant non-linear dynamics,
non-stationarities and their relationships with relevant environmental
factors: source apportionment methods for individual source
characterization in broader areas; three-dimensional hybrid receptor
modeling for the detection of pollution circulation patterns and its altitude
distributions on various spatial scales; and environmental multiphase
system analysis for the investigation of the mechanisms related to the
pollutant particulate matter-water-gas transfer and distribution.

Keywords: air pollution, urban environment, environmental multiphase
systems, machine learning, hybrid receptor models

INTRODUCTION

The environmental impacts of urbanization and climate change are
probably two of the most pressing issues modern society is facing (WHO,
2016; UN, 2016). The unpredicted rate and the diversity of urbanization,
including rapid geographical expansion and population growth, industry
development, the increasing need for support infrastructure, and pollution
and waste generation, lead to unprecedented change in the environment
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which needs a deep understanding of its nature and of the responses it
requires. For many key parameters, such as the variety of determinants,
spatio-temporal dynamics and interconnections, urban systems are already
moving far beyond the patterns which sufficient description would
consider simple starting points. Micro-climates, green and built
environment, the significant flows of people, energy, materials, resources,
and pollutants, make the unlimited set of pathways for urban-ecosystem
interactions which reflect the complexity of the urban environment.

Environmental pollution, encompassing air, water, soil, radioactive,
light and thermal pollution, and noise, depends on complex interactions
driven by a variety of forces embedded in numerous environmental factors.
A broad spectrum of relationships being generated and operated on
numerous levels, requires multiscale approach to understand the growing
body of evidence on pollution impact on the environment, climate system,
biodiversity and human health.

The recognition of the complexity of urban environmental factors
moved analytical concepts towards a more sophisticated and synergistic
modeling. An effort is made not only to identify key factors which shape
the urban environment, but also to gain the convergence on the obtained
facts, no matter if they are mutually complementary or in agreement.

In this respect, consideration of the air pollution issues from different
viewpoints relies on the application and development of specialized
methods and their assembling and hybridization for capturing pollutant
statistical and spatio-temporal distributions, fluctuations, lag and
cumulative effects, their interrelations and relationship with relevant
environmental factors on various scales, etc. This chapter systematizes
advances made in several case studies aimed at revealing some urban air
pollution aspects of complexity. We place the focus on analytical tools
capable of providing significant scientific information gain based on the
characterization of the processes that generate pollution, govern its spatio-
temporal dynamics and determine its environmental fate. Beside the
application of statistical and machine learning methods for characterization
of pollutant interrelations, non-linear dynamics, non-stationarities and
singularities (Stoji¢ et al., 2016, 2017a; PeriSi¢ et al., 2015, 2017a;
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Todorovi¢ et al., 2016), this chapter presents their potential for air
pollution forecasting (Stoji¢ et al., 2015a; PeriSi¢ et al., 2017b), as well as
for the identification of mechanisms underlying wet scavenging
phenomena (Sostari¢ et al., 2016; 2017). Furthermore, the source
apportionment advances presented herein shift the focus from dominant
sources to a large number of individual, locally specific emissions (Peri§i¢
et al., 2017a). Finally, in addition to generally accepted statistical methods
for potential remote emission source identification, we present an
improved air pollution transport analysis based on three-dimensional
hybrid receptor models for the identification of volumetric pollution
circulation patterns and pollutant altitude distributions on various spatial
scales (Stoji¢ and Stanisi¢ Stojic, 2017).

METHODS

The data used for the analyses presented in this chapter were obtained
from the Institute of Public Health Belgrade regular monitoring network
and measurement campaigns conducted at sites located in Belgrade
(Serbia) urban and semi-urban areas. The dataset comprises of volatile
organic compound (VOC) measured at 39 molecular mases, inorganic
gaseous pollutants (CO, SO., NO, NO;, NO« and tropospheric O:),
particulate matter (PMo and PM:5) and its chemical constituents (As, Cd,
Cr, Mn, Ni, Pb, BaP, CI, NOsy, NH;*, SOs*, Na*, K*, Mg* and Ca*),
rainwater physico-chemical characteristics (rain temperature, turbidity, pH,
UV extinction, total organic carbon, electric conductivity, F-, CI, NO»,
NOs, SO, Na', NH4", K', Ca’* and Mg”"), rainwater concentrations of
benzene, toluene, xylene and ethylbenzene (BTEX), and meteorological
parameters (wind speed and direction, relative humidity, pressure and
temperature).

Statistical analyses, including bivariate polar plot and bivariate cluster
(k-means clustering, grouping similar conditions together) analysis, were
performed with the statistical software environment R (Team, 2014), using
the Openair package (Carslaw and Ropkins, 2012). Multifractal detrended
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fluctuation analysis (MF-DFA) (Stoji¢ et al., 2016) and multiscale
multifractal analysis (MMA) (Stojic et al., 2017a) were used to investigate
the presence of fractal behavior in complex PM2s and PM,o time series.
MMA is a generalization of the standard MF-DFA, which adds the
dependence on scale, providing a broader analysis of the fluctuation
properties, as well as more general and stable results (Gieralttowski et al.,
2012).

Apportionment of dominant sources was obtained by the use of Unmix
and Positive matrix factorization (PMF) (USEPA, 2007). The detailed
descriptions of the models are presented elsewhere (Henry, 2003; Paatero,
1999). On the other hand, source apportionment of individual, locally
specific emissions and information about pollutant relationships were
obtained by means of the advanced bivariate polar plots coupled with
pair-wise statistics applied to distinguish specific sources and to gain
information about pollutant relations (Grange et al., 2016). The method
includes weighted Pearson correlation, linear regression slope and
Gaussian kernel to locally weight the statistical calculations on a wind
speed-direction surface together with variable-scaling.

Time series decomposition into the additive components of the
multiyear and seasonal trends, as well as the remainder was conducted
using the Loess smoothing decomposition model (LSD) (Li et al., 2014),
while hourly, daily, weekly and seasonal periodicity was analyzed by the
use of Lomb-Scargle method (Ruf, 1999; Team, 2014).

Random forest (RF) and Guided regularized random forest (GRRF)
were applied (Deng and Runger, 2013) for the selection of features that are
most relevant for PMjp concentration (Stoji¢ et al., 2016) and BTEX
enrichment factor (EF) prediction (Soétarié et al., 2017). Random forest
consists of decision trees which every node represents a condition on a
single variable designed to split the dataset in two parts so that similar
responses end up in the same set. Variable importance, a measure based on
which the optimal condition is chosen, measures how much each variable
decreases the weighted impurity across the trees. GRFF uses the
importance scores from a preliminary RF to guide the feature selection of
regularized RF and has several advantages: it is robust and computationally
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efficient, it can select compact feature subsets moderating the curse of
dimensionality, it avoids the effort to analyze irrelevant or redundant
features, and it has competitive accuracy performance.

Machine learning algorithms used for the environmental multiphase
system analyses (the relationship between EF and features that are
considered most relevant for EF prediction) are implemented in Weka 3.8
(Frank et al., 2005) and include: Alternating model tree which grows an
alternating model tree by minimizing squared error (Frank et al., 2015);
Conjunctive rule which induces a small as possible set of rules from data
that captures all generalizable knowledge within that data (Cohen, 1995);
Decision stump which represents one-level decision tree (Zhao and Zhang,
2008); Decision table, a majority classifier which evaluates feature subsets
using best-first search (Witten and Frank, 2016); Elastic net, a
generalization of the lasso method for linear regression which uses
penalization methods that introduce additional constraints into the
optimization of a predictive algorithm that bias the model toward lower
complexity (Zou et al., 2006); Gaussian processes which use lazy learning
and a measure of the similarity between points for prediction based on
collection of random variables with consistent joint Gaussian distributions
(Rasmussen, 2006); IBk and IBKLG which are a types of instance-based
learning (k nearest neighbors — k-NN) (Aha et al., 1991; IBKLG, 2015);
Isotonic regression which implements the method based on pair-adjacent
violators approach by picking the attribute that results in the lowest
squared error (Witten and Frank, 2016); K* which is an instance-based
classifier predicting by entropy-based distance similarity function (Cleary
and Trigg, 1995); Least median squares regression which is an utilization
of the existing Weka linear regression (Rousseecuw and Leroy, 2005);
Linear regression method which minimizes the sum of the squared
difference between the observed and the predicted values creating a line for
optimal data separation (Shi and Tsai, 2002); Locally weighted learning
(LWL) which uses an instance-based algorithm to assign instance weights
where a linear regression model is fit based on a weighting function
centered on the instance for which a prediction is to be generated (Frank et
al., 2002); M5P which is based on decision trees containing a multivariate
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linear regression model at each node (Graczyk et al., 2009); M5 rules
which generates a decision list using separate-and-conquer by building a
model tree in each iteration and making the “best” leaf into a rule (Wang
and Witten, 1997); Multilayer perceptron which is a feed forward neural
network model with one or more hidden layers between input and output
layer trained by the back-propagation algorithm that uses gradient descent
to minimize error and adjust the weights to each connection between the
hidden and output layer (Haykin, 1994); Pace regression which consists of
a group of estimators that are either overall optimal or optimal under
certain conditions, the method provably optimal under regularity
conditions when the number of coefficients tends to infinity (Wang and
Witten, 2002); Random forest which is an ensemble of unpruned trees,
induced from bootstrap samples of the training data, using random feature
selection in the tree induction process (Breiman, 2001: Zhao and Zhang,
2008); Random tree which constructs a tree that considers randomly
chosen attributes at each node (Zhao and Zhang, 2008); Radial base
function which is an artificial neural network which implements a
normalized Gaussian radial basis function network and uses the k-means
clustering algorithm to provide the basis functions and learns either a
logistic regression (discrete class problems) or linear regression (numeric
class problems) on top of that (Frank, 2014); REP tree which is a fast
decision tree based on reduced-error pruning (with backfitting) (Kalmegh,
2015); Simple linear regression which picks the attribute that results in the
lowest squared error; and SMOreg which is a Support vector machine
implemented using the Sequential Minimal Optimization Regression
(SMOreg) algorithm (Shevade et al., 1999).

Machine learning algorithms used for the VOC source contribution and
PM,o concentration forecast are implemented in Toolkit for Multivariate
Analysis (TMVA) (Hoecker et al., 2007) within the ROOT framework
(Brun and Rademakers, 1997) and include (Stoji¢ et al., 2015a): Boosted
decision trees (BDT, BDTG); Artificial neural network Multilayer
perceptron (MLP); MLP with Bayesian extension (MLPBNN); Support
vector machine (SVM); Linear discriminant (LD) which provides an
intermediate solution to the problem with the aim to solve relatively simple
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or partially nonlinear problems.; Fisher discriminant (Fisher) which
determines an optimal separating function in the multivariate space of all
input variables analytically for the linear case; Multidimensional
probability density estimator range search (PDE-RS) which is a variant of
the k-nearest neighbor, Likelihood method and function discriminant
analysis (FDA) which extends the linear discriminant to moderately non-
linear correlations that are fit to the training data and Function
discrimination analysis with genetic algorithm converger (FDA-GA).

Trajectories used for hybrid receptor modelling were calculated 72-h
backward by the use of HYSPLIT model (Draxler and Rolph, 2014) for
each hour UTC above the sampling sites at the half of the planetary
boundary layer (PBL) height calculated from GDASI using Meteolnfo
(Wang, 2014), as described in Stoji¢ et al. (2016) and Stoji¢ and Stanisi¢
Stoji¢ (2017).

RESULTS AND DISCUSSION

Spatio-Temporal Dynamics

In the atmosphere, air pollutants are prone to dynamic changes which
do not occur as linear or single-compartment processes due to mutual
interactions of numerous factors that drive their temporal fluctuations, such
as meteorological parameters, type and intensity of emission sources, etc.

Temporal Variations and Periodicity

Atmospheric pollution levels exhibit variations on different time
scales, from short-term diurnal fluctuations to long-term seasonal and
annual deviations. Moreover, once emitted into the atmosphere, polluting
species undergo a number of physical and chemical processes including
atmospheric transport and deposition at a range of local and regional
scales. At a city-scale, a variety of pollution sources, meteorological
regime, urban microclimate and local topography, such as building
distribution and street geometry, anthropogenic heat fluxes and planetary
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boundary layer prominently affect the dispersion and dilution of air
pollutants (Monks et al., 2009). While the studied urban areas in Belgrade
(urban canyon avenue — UCA and urban boulevard — UB) are mostly
affected by vehicle exhaust emissions, the suburban sites (urban industry —
UI and rural industry — RI) are affected by emissions from fossil fuel
burning for industry and heating purposes.

According to the results, spatio-temporal dynamics reveals annual
cycle as the dominant mode of PM;q (Figure 1), NO and SO- (Figure 2)
variability at each sampling location. The annual variations show
pronounced winter maxima likely due to an increase of emissions from
combustion processes and low PBL height, as well as the summer minima
which could be attributed to the enhanced dispersion and dilution due to
the expansion of daily PBL. At smaller temporal scales, a decrease of
anthropogenic emissions during weekend reduces the amplitude of
pollutant concentrations. Furthermore, the development and break-up of
the nocturnal inversion layer, as well as the morning and afternoon
rush-hour peaks shape diurnal variations, especially in an urban area.
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Figure 1. Daily, weekly and seasonal variations of PM o mass concentrations.
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Figure 3. Lomb-Scargle periodogram.

Spectral analysis (Figure 3) indicates the importance of periodicity for
the air pollution dynamics. At the scale of 12 and 24 h, 7 days and one
year, the variability is mostly governed by meteorological conditions and
anthropogenic emissions, while at the scales below 12 h, as in the case of
NO, the additional peaks can be attributed to the local traffic-related
emission sources.

Fluctuation Analysis

The constitutional characteristics of the pollutant time-series, i.e., their
changes over time, could not be revealed by conventional approaches, but
fractal (Mandelbrot, 1977) and Hurst rescaled analyses (Hurst, 1951;
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Mandelbrot and Wallis, 1969) allow to quantify its structure via self-
similarity and scale invariance. In brief, self-similarity and scale-invariance
are the properties which characterize the pollutant long-term memory, i.e.,
fractal behavior, and the complexity of their concentrations. In other terms,
the obtained results describe the effects of past patterns on future
concentration or the extent to which time-series are nonrandom in
behavior. The multifractal approach has been widely for the estimation of
long-range correlations and forecasting of the PM,o, PM» s, NO,, SO», and
O; time-series (Windsor and Toumi, 2001; Dong et al., 2017; Plocoste et
al., 2017; Stoji¢ et al., 2017).

In our studies investigating PMjo and PM2s time-series in Belgrade
urban area (Stoji¢ et al., 2017), the strength of multifractality was
presented by the value of multifractal singularity, Q. The bigger the Q. the
more the time-series is influenced by small or large fluctuations in negative
or positive direction of Q interval while Q=0 reflects the absence of
fluctuations and a monofractal behavior (He et al., 2017). Apart from Q,
the following values of Hurst Exponent (H) were considered for searching
for the time-series persistence level (lhlen, 2012; Molino-Minero-Re et al.,
2015):

e H>1.5 represents Brown noise uncorrelated processes with infinite
memory;

e H=1 is pink noise, the most well-known, firm and adaptable fractal
phenomena with long memory;

e H>0.5 and H=0.5—-1.5 illustrates random walk processes with long-
range correlated and persistent structure;

e  H=0.5 represents white noise, such uncorrelated random variables
with no memory exhibited;

e H<0.5 reveals the anti-persistent increments and anti-correlated
structure.

In addition, the span of multifractal singularity (A@ = Omax - Omin) 18
widely used as an alternative way to study the strength of multifractality
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(Stoji¢ et al., 2016). The bigger Aa is, the stronger the multifractality
degree is (He, 2017).

Both PMj, and PM,s fluctuated nonrandom over time and were
characterized by non-stationary signals with long-range dependent
structure that reflects their multifractal behavior. It is shown that the source
of multifractality, examined by PM time series randomization, originates
both from nonlinear correlations and a fat-tailed probability distribution
(Figure 4). More specifically, long-range correlated time series of PM; are
evident (H: 1-1.5), but their multifractality weakened over time and
approached to the “healthy complex system” of pink noise (Figure 5).

As can be seen, PM o patterns occasionally referred to a Brown noise
(H>1.5) at temporal scales below 90 that could be associated with
oscillation in emission sources that are sensitive to meteorological
influences. In general, the PM persistence could be understood in terms
of the steady temperature, humidity and general atmospheric circulation;
the relationship between meteorological factors and PMyo is obvious since
PM | represents a mixture of microscopic solid or liquid suspended matters
involved in inherent condensation and nucleation (He, 2017; Zhang et al.,
2015). Furthermore, multifractal approach applied for studying PMio
seasonal dynamics indicated the coincidence in the maximum of autumn
and winter spectra suggesting that similar sources and processes were
underlying the concentrations observed in both periods (Stoji¢ et al., 2016).
Similarly, spring and summer spectra led to no significant differences in
the origin of the observed PM o loadings.
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Figure 4. MMA derived Hurst surfaces for randomized PM time series.
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Figure 5. MMA derived particulate matter Hurst surfaces.
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Figure 6. Generalized PMo/PM3 5 Hurst surface distance.

In accordance to PMo, the PMas time series were persistent as shown
by the local Hurst exponent in the interval between | and 1.5, but slightly
affected by the concentrations occurring randomly. However, unlike PMq,
clear crossover was evident at the scales below 44, which corresponds to a
period of about 2 days, denoting significant impact of random events that
emerges at this scale. These indications support the findings of Xue et al.
(2015) who reported dissimilarities among PM of different sizes in urban
areas. More specifically, the authors recorded a strong multifractal nature
of PM size below 5 pm, and a weak and/or monofractal stochastic behavior
of PM>5 pm. In addition, generalized distance coefficient (0.069) between
PM fractions Hurst surfaces exceeded the threshold value (0.065) that
implies the PM,s and PMy time series to be considered statistically
different (Figure 6); the difference is particularly pronounced in the area of
small fluctuations and medium scales.
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Contribution Decomposition

Concentration Decomposition

Discriminating the relative importance of background, local sources
and transport processes and estimating their shares in pollutant
concentrations can be considered as one of the key issues in air pollution
analysis. We can assume that in urban areas, dominated by local emissions,
transport and background jointly contribute to gradual variations of a
concentration base level, whereas the superimposed pronounced peaks in
pollutant time series occur as a result of local emissions (Figure 7).

Thereby, the differentiation between the contributions of local and
remote emissions can be obtained by a two-step procedure, as described in
our previous studies (Stoji¢ et al., 2016: Stoji¢ and StaniSi¢ Stoji¢, 2017).
In brief, excluding the contribution of local sources from the time series
and obtaining a baseline can be performed by a number of functions
available for baseline extraction (Kneen and Annegarn, 1996).
Subsequently, Trajectory sector analysis (TSA) can be applied to the
derived baseline to distinguish between the contributions of background
and transport, and to obtain a transport time series, further used as an input
for hybrid receptor modelling. In addition to TSA, background levels can
be obtained by the use of 3D hybrid receptor models, which will be shown
below.
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Figure 7. PMa 5 concentration decomposition (Stoji¢ and Stanisi¢ Stoji¢, 2017).
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Time Series Decomposition

Figure 8 illustrates the decomposition of PM;, temporal cycles
indicating moderate impact of trend. significant impact of the seasonal and
very large variance of the remainder components. In general, the
remainder, expressed as irregularity, neither explained by the trend, nor by
the seasonality, in the urban areas can be associated with anthropogenic
processes which induce chemical and dynamical changes in the pollutant
concentrations (Chehade et al., 2014).
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Figure 8. PM; time series decomposition [pg m™].
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Figure 9. Bivariate polar plot of PM;, concentrations (left) and its remainder
components: negative (middle) and positive (right) [ug m™?].

To further examine their origin, the remainder shares can be subjected
to the bivariate polar plot analysis, separately applied on positive and
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negative values. As shown in Figure 9, the episodes of the highest
variations in Belgrade mainly occur during the colder part of the year — the
positive ones are locally originated, or related to SW winds, while the
negative ones are caused by strong NW winds.

Environmental Impacts

Local Sources

Investigating the influences of the surrounding emission sources by the
use of bivariate polar plot and bivariate cluster analyses (Figure 10) reveal
the dominant average contributions of the sources associated with
restricted pollutant dispersion in an urban area (UCA), and by direct
exposure to the emissions from the proximate industrial activities (Ul and
RI). At urban sites such as UB, PM;y concentrations tended to elevate as a
result of S and SE winds during the episodes of unstable atmospheric
conditions (wind speed higher than 8 m s'). Higher concentrations occur
under the impact of heating plant emissions and nearby intersections with
intensive traffic. Moreover, seasonal polar plots show the highest
concentrations during low wind speed periods and the colder part of the
year, which is expected as a result of more pronounced local emission
sources and reduced advection.
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Figure 10. The relationship between PM o concentrations and wind characteristics:
bivariate plot (frequency [%] and average contributions [pug m]) for the entire period
in Belgrade.
Air Pollution Transport

Over the last decades, significant improvements in general hybrid
receptor modeling have been made. Receptor-oriented models based on
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conditional probability and residence time analysis became widely
accepted not only for studying dynamical processes and pollutant
circulation patterns in the atmosphere, but for investigation of spatial
distribution of potential emission sources and for the assessment of their
impact on the receptor site without using emission inventories (Brereton
and Johnson, 2012; Bycenkiene et al., 2014; Sen et al., 2016; Li et al.,
2017). Hybrid receptor models consider residence time of (trajectory
segment endpoints in a potential source area, accounting for the above-
threshold pollutant concentrations at the receptor site, as in the case of
Potential source contribution function (PSCF) (Ashbaugh et al., 1985), or
accounting for concentration gradients, as in the case of Concentration
weighted trajectory model (CWT) (Hsu et al., 2003).

The conventional approach of hybrid receptor modelling has several
drawbacks basically related to the concentration and trajectory inclusion in
the model based on their representativeness. In order to obtain more
realistic transport analysis, the innovative three-dimensional approach was
introduced in Stoji¢ and StaniSi¢ Stoji¢, 2017. The concept relies on
concentration and backward trajectory preprocessing, which enables more
accurate inclusion of pollution levels in the transport model, and
accounting for meteorological factors that govern the vertical distribution
of air pollution, respectively.

Namely, by accounting the concentrations greater than the arbitrary
chosen value (e.g., mean) it is implicitly assumed that individual peaks in
the pollutant time series arise mainly as a result of transport (Kassomenos
et al., 2006; Grivas et al., 2008) which may be considered appropriate only
for the background sites. However, suburban and urban areas are
dominated by many local emission sources implying that pronounced
peaks in pollutant time series originate from local emissions and are
superimposed on gradual variations of a concentration baseline level,
encompassing both transport and local background contributions. The
concept of concentration preprocessing which provide transport time series
is described in the previous section, and the trajectory preprocessing
concept will be explained in brief herein.
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The lowest part of the troposphere, PBL, directly responds to surface
forcing (Stull, 1988), by trapping and dispersing air pollution emitted from
the ground, so the near-surface pollutant concentrations could correspond
to atmospheric concentrations only within the PBL. To account PBL height
fluctuations, the three-dimensional improvement of the conventional PSCF
and CWT models, as well as new hybrid receptor model, Concentration
weighted boundary layer (CWBL), that uses a two-dimensional grid and a
PBL height as a frame of reference, are presented.

The contribution of a specific emission source to pollutant
concentration at the receptor site is considered to be directly related to air
mass residence time over the grid cell where the source is located
(Dimitriou and Kassomenos, 2014). The probability of event A; when n
trajectory endpoints fall into the jjth cell is given as:

P[Ay) =22 (D

where N is the total number of endpoints (Hopke et al., 1993). However,
the probability of high concentration event Bj, when only a subset of m;;
grid cell endpoints for which the corresponding trajectories reach the
receptor site when the transported concentrations are higher than the
criterion value, is given as:

mij

FlBy] === (2)

The two-dimensional PSCF value for the jjth cell can be defined as:

_ P[By] _ my
Fij = Plaj] — nyj )

where the cells with higher PSCF values have a higher probability of
containing emission sources.

We define three-dimensional PSCF as the ratio of a subset of m
endpoints in the kth volume vy of the predefined height above jjth cell for
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which the corresponding trajectories arrive at the receptor site when the
contribution of transport to the measured concentrations are higher than the
criterion value and the total number of endpoints in the ijth cell (n;):

_ P[Bijk] _ mijk
k= play] - my 4)

The threshold for the selection of trajectories, which reflects the
highest pollutant injection point, can be PBL height, which we consider
appropriate for urban areas, or any altitude in the 3D grid map at each
trajectory endpoint.

The major drawback of PSCEF is related to high values that may occur
as a consequence of a small number of grid cell endpoints corresponding to
poor air quality at the receptor site. The problem can be overcome by the
use of arbitrary weighting functions based on point count multiplied by the
local PSCF (Zeng and Hopke, 1989) or by weighting trajectory endpoints
(CWT) obtained by averaging estimated transport contribution at the
receptor site that corresponds to the trajectories passing across the grid cell
(@)):

L
. Yi=1 CiTiji
J Ti=1Tijl

CWT; (5)

As in the case of 3D PSCF, 3D CWT for each volume cell v can be
defined as:

L -
CWTy = 2t ©

Zi=1Tijl

where C) is the pollutant concentration corresponding to the arrival of back
trajectory /; 7 is the number of trajectory segment endpoints in a grid cell
(i,j) for back trajectory /; zju is the number of trajectory segment endpoints
in kth volume cell vy for back trajectory /; L is the total number of back
trajectories. As a result, the sum of altitude CWT distribution for each ijth
cell amounts to the conventional 2D CWT solution.
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Figure 11 illustrates main source regions altitude distribution that
contributed to the elevated concentrations of PMa2s in Belgrade, while
Figure 12 illustrates the altitude distribution of transported PMo:s
concentrations and VOC industrial emissions according to CWT analysis.

Both 3D PSCF and CWT can be employed only for identification of
potential source regions defined by longitude, latitude and altitude, and not
for the analysis of pollutant altitude distribution along the transport
pathway. For this reason, Concentration weighted boundary layer hybrid
receptor model, which uses a 2D grid and a PBL height as a frame of
reference, is introduced to obtain the vertical profile of pollutant
concentrations above the receptor site and each grid cell along the transport
pathway. The method relies on the fact that pollutant altitude distribution
does not exhibit significant variation within the largest part of the PBL,
except for the very top and very bottom layer (Stull, 1988; Gan et al.,
2011). The CWBL value at each 2D grid cell (Figure 13) is calculated by
averaging the transport contribution to pollutant concentrations that
correspond to all endpoints falling into the selected cell (i) within the
corresponding PBL heights as:

s e
CWBLjp = mean(CllpBLHfﬂzh) @)

where C/ is the concentration attributed to each endpoint e of trajectory /,
and PBLH; refers to the PBL height at each endpoint in the moment when
the air parcel passed grid cell (i, j). Figure 14 illustrates the results of
CWBL-derived VOC industrial emissions altitude distribution as seen from
the receptor site located in Belgrade urban area (UCA).

Moreover, CWBL is not limited to trajectory endpoint analysis — it
provides pollutant altitude distribution above the receptor site (Figure 15).
As can be seen, PM g concentrations remained high in the ground layer of
the troposphere and exhibited a rapid decline with height, reaching the
minimum values for the highest PBL, which is in compliance with the
aerosol altitude distribution described by Stull (1988), as well as with the
findings of some recent empirical studies obtained by combining a charge-
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coupled device (CCD) side-scatter lidar with simultaneous ground level
measurements (Tao et al., 2016).

Altitude profiles obtained by the use of CWBL provide an
insight into the complexity of several factors that govern pollutant
spatio-temporal distribution. Namely, PM) concentrations in the ground
layer are directly influenced by spatial distribution of emission sources,
primarily consisting of anthropogenic emissions (Bravo-Aranda et al.,
2017).

On the other hand, concentrations and residence time of particles in the
upper layers are additionally affected by meteorological conditions,
topography and complex atmospheric reactions, which further leads to the

formation of secondary aerosols.
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Figure 11. 2D PSCF and 3D PSCF derived maps indicating main source regions
altitude distribution that contributed to the elevated concentrations of PM; s in Belgrade

(Stoji¢ and Stanisi¢ Stoji¢, 2017).
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Figure 12. Two-dimensional CWT derived map for PM; s [pug m*?] (a), and VOC
industrial emissions (average = 1) (b). and three-dimensional CWT
longitudinal/latitudinal altitude distribution of pollutants during transport within the
PBL (Stoji¢ and Stanisi¢ Stojic, 2017).
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Figure 13. The concept of CWBL hybrid receptor model (left) and CWBL graphical
illustration (right) (Stoji¢ and Stanisi¢ Stojic, 2017).
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Figure 14. CWBL derived map for VOC industrial emissions (average = 1)
representing its altitude distribution above the receptor site and above remote source
regions as seen from Belgrade urban area (Stoji¢ and Stanisi¢ Stoji¢, 2017).
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Figure 15. CWBL derived PM, altitude distribution in Belgrade (Stoji¢ et al., 2017).

Moreover, concentrations at greater heights could be representatives of
regional background which cannot be measured directly (Wu et al., 2015;
Han et al., 2015), so the contribution of the methods, like CWBL, which
provide its assessment is of vital importance.

Environmental Multiphase Systems — Rainwater Scavenging

The relevance of rainwater in the air pollution studies is striking since
it has a significant role in the spatial and temporal balancing of pollutants
as well as their exchange between different environmental compartments
through the process of wet deposition. Once the air pollutants are emitted
into the atmosphere, they undergo atmospheric transport in particle-bound
form or deposit via precipitations (rainwater, snow, fog and/or mist). The
rainwater scavenges the pollutants present in the vapor/gaseous, aqueous
and particulate phase involving two mechanisms: rainout (incloud
scavenging) and washout (below-cloud scavenging) (Kajino and Aikawa,
2015). The rainout involves cloud condensation nuclei activation of
aerosols above the cloud base, whereas washout is the collection of
aerosols formed by falling hydrometeors, such as liquid precipitation in the
form of rainwater. Our research regarding rainwater influences on air
pollutants in urban areas focused on VOC, particularly BTEX (Sostari¢ et
al., 2016, 2017), which are xenobiotics widely recognized for their
detrimental effects on human health and urban environment (Mar¢ et al.,
2015; Stoji¢ et al., 2015b).
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In natural environment, the incorporation of VOC in atmospheric
water and their washout is a complex process, which is governed by a
variety of factors. According to the available literature, the VOC uptake is
primarily dependent on Henry’s law constant (Kg) and consequently, on
temperature and the “salting in/out” effects that are induced by different
constituents of water such as dissolved salts, organic material and acids
(Kampf et al., 2013; Kurtén et al., 2015; Okochi et al., 2005; Sander,
2015). The non-negligible aspects are: the VOC susceptibility to
photochemical radical- and ozone-reactions as well as aerosol formation in
the presence of suspended solids (Shen et al., 2013; Stominska et al., 2014;
Starokozhev et al., 2011); gas-water surface interactions including
hydrogen bonding, surface adsorption and van der Waals forces (Furutaka
and Ikawa, 2002; Goss, 2004; Roth et al., 2004); physico-chemical
properties of the rainwater (Allou et al., 2011); as well as the sources of air
masses (Mullaugh et al., 2015). To better understand the fate of BTEX in
multiphase systems, our studies discussed BTEX partition and distribution
in ultra-pure water and urban-environment rainwater samples by
considering surface interactions (Sostari¢ et al., 2016), physico-chemical
properties of rainwater and meteorological parameters (Sostarié¢ et al.,
2017). For this purpose, in-laboratory dynamic dilution system coupled
with Proton Transfer Reaction Mass Spectrometer (PTR-MS), a tool for
real-time measurements of VOC with high sensitivity, fast time response,
and low detection limit (de Gouw et al., 2003), was used.

The following physico-chemical properties of BTEX were considered
to be relevant for investigating the rainwater washout process: Ky, water
solubility, octanol-water partitioning coefficient (Kow), ionization potential
and van der Waals surface areca. Herein we will only elaborate on the
parameters which were through pointed out in our experiments providing
its brief theoretical background and main findings. In atmospheric
chemistry, Henry’s law constant is the most common way to describe the
distribution of VOC in a multiphase system. There are many variants many
variants of Henry’s law constants, but all of them essentially represent the
proportionality factor, which describes the relationship between the
amount of gas dissolved in the aqueous phase and its partial pressure in the
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gas phase (Sander, 2015). Therefore, the distribution equilibrium of a
compound could be fundamentally characterized with a unit (8) or
dimensionless (9) Henry solubility:

Ky= S—" [M (mol dm?) atm ] (8)
9
€
Ku= C—‘Z 9)

where C, is the compound concentration in the aqueous solution (refers to
concentrations of less than 5-50 g L' for a compound with a molecular
weight of 100 g mol™") and P, is its partial pressure in the gas mixture
(Sostari¢ et al., 2017), C, and C, are the appropriate molar concentrations
in the gas and water phases (Gorgényia et al., 2002). These simplified
equations could be used when reporting about measurements at constant
temperatures, but for the real-world samples, it is important to introduce
Ku dependence on the temperature as expressed by the alternative form of
the van’t Hoff equation (Sander, 2015):

KT = Ky (29815)exp {2 (5= - Tl)} (10)

where Kp is Henry's law constant at 298.15 K for pure water, 4H is the
enthalpy change of air-water transfer, 7, is the temperature of real
rainwater sample, and R is the universal gas constant (8.314 ] K mol™").

In addition to the above-described functionalities, Ky plays an essential
role in quantifying the EF of VOC together with the distribution coefficient
Dogps, which is defined as the ratio between aqueous concentrations C,
[nM] and gas phase mixing ratios VMRi [ppmV, ppbV] (Okochi et al.,
2004):

_ Dogs
EF——K (11)

H
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Our in-laboratory study indicated that Dgps and EF values of BTEX
significantly exceeded the value predicted by Henry’s law in pure water at
25°C, independently of the pollutant water solubility, volatility and
ionization potential (So§tarié et al.,, 2016). Furthermore, adsorption is
probably the principal phenomenon that explains the mechanisms of BTEX
partitioning between the gaseous and the aqueous phase as suggested by
highly positive correlation between calculated EF and parameters
characterizing interfacial adsorption, such as Kow and van der Waals
surface. The presented laboratory experiment served as a step forward to
the clarification of the phenomenon in urban-environment samples.
Thereby we examined the functional dependency of BTEX enrichment
factor on their gaseous concentrations, physico-chemical properties of
rainwater (pH, turbidity, UV extinction, electrical conductivity, total
organic carbon, anions: F-, CI', SO,*, NO, and NOjs, and cations: Na®,
NH4*, K*, Ca** and Mg*) and meteorological parameters (temperature,
relative humidity, pressure, wind speed, wind direction, and rainfall
intensity/amount) during summer and autumn rainfall events (Sostari¢ et
al., 2017).

As assumed by Stominska et al. (2014), BTEX concentrations in
rainwater are expected to be low due to their small Ky values. However, in
the Belgrade urban area, the BTEX levels, expressed by EF, are
significantly above the values theoretically predicted by Henry’s law
constant. In addition, the BTEX enrichment was prominent during the cold
part of the year that corresponds to the less intense photochemical removal
and widely triggered emission sources during autumn (Figure 16). The Ky
values and consequently EF for benzene, ethylbenzene and xylenes
exhibited similar patterns across different altitudes; as the raindrop falls to
the ground, EF decrease and vice versa. We note that the fluctuations
between calculations using the average air and rainwater temperatures were
in the range of *£20%, which suggest that the rainwater temperature
measured at the ground level can serve as a good indicator of atmospheric
conditions under which BTEX undergo changes. The findings support the
available observations regarding the distribution of aromatic hydrocarbons
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between air and rainwater (Okochi et al., 2004; Sato et al., 2006) as well as
between air and urban dew (Okochi et al., 2005).

1500 Henry's constant 1500 Enrichment factor

Altitude [m]
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Figure 16. Toluene Henry’s constant and EF altitude distributions (Sostari¢ et al.,
2017).

The enhanced BTEX enrichment in the rainwater samples proved to be
not associated with its physicochemical properties since the significant
correlation was only shown between the benzene concentrations, and
F (-0.72) and NH4" (0.83) ions. Furthermore, aromatic compounds in the
gaseous form were apportioned to an Unmix-derived factor apart from the
other chemical constituents with relatively high shares (99%, 44.5% and
52.2% for BTEX, respectively). Toluene, ethylbenzene and xylenes also
exhibited moderate Unmix-shares together with SO, and NO; anions,
being recognized as the aerosol constituents. Beside gaseous oxides (SO2
and NO), BTEX susceptibility to photo-oxidation with ozone and OH
radicals along with NOy and SO», is well known and leads to the formation
of secondary organic aerosol (Shen et al., 2013). As enabled by on-line
PTR-MS measurements (please see Sostari¢ et al., 2016; 2017 for detailed
explanation of the method performances), the extended BTEX exsufflation
times for rainwater compared to pure water additionally suggested that not
only the physico-chemical properties are affecting BTEX enhanced
retention, but also the aerosol fraction have certain impact (Figure 17). The
contributions of individual BTEX compounds to the aerosol formation
should further be investigated as they behave differently in the atmosphere
due to differences in the methyl chain substituent and the alkyl chain
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length, e.g., benzene is less prone to the heterogeneous reactions compared
toluene and xylenes (Stominska et al., 2014).

Finally, the interfacial adsorption is assumed to be the major
mechanism that governs BTEX washout from the atmosphere, and the
process is more efficient for lower gaseous concentration of pollutants.
Equal surface available for smaller number of molecules and the prolonged
contact time between the two phases when wind-driven raindrops were
falling under a certain angle appeared to be the main contributors to such
result. More specific, details/examples of environmental factors that
synergistically influence spatio-temporal BTEX distribution in the
multiphase system, including ambient mixing ratios, physico-chemical
properties of rainwater and meteorological data are given below.

= Pure water Rain Headspace ™ Aerosol
S
3
Q
2
e 2
o
=
o
b
c
al
v]
c
S Toluene
0
0 1000 2000 3000
Time [s]

Figure 17. Toluene exsufflation from ultra-pure water and rainwater (SoStari¢ et al.,
2017).

Environmental Factor Interrelations

Air pollution system is a complex being influenced by multi-
interrelations between various components that include numerous sources
of air pollutants and the xenobiotics mutual interaction coupled with
meteorological regime and atmosphere self-purification. In an open and
dissipative system such as atmosphere, understanding the relevant factors
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and their correlations on different spatio-temporal scales are the essential
task for estimation of adverse health effects and air pollution control policy
(Stanisi¢ Stoji¢ et al., 2016b, 2016¢, 2016d, 2016¢). Therefore, a more
meticulous attention in statistical research has been paid to the analysis of
combined effects of environmental and anthropogenic factors beginning
with factor analysis, principle component analysis, latent class analysis that
provides information on the correlation among the investigated variables,
etc. However, all these methods cannot assess the interaction of different
air pollutants and the corresponding combined effects, particularly
for the potential non-linear exposure-response relationship (Tonga et al.,
2018).

Recent advances in modeling enabled extracting information relevant
for addressing complex air pollution issues (Stoji¢ et al., 2015a; Perisi¢ et
al., 2017a; Perigi¢ et al., 2017c; Sostari¢ et al., 2017). Machine learning is
widely used methodology where non-linear associations between a target
variable and a potentially unlimited number of explanatory predictors can
be revealed without explicit knowledge of underlying processes by “letting
the data speak for itself” (McCabe et al., 2017). In the section below, we
presented the way to explore non-linear interconnections between different
air pollutants using GRRF method.

Variable Importance

In addition to the usual interpretation of the effects of exposure to a
single pollutant, it is crucial to understand the relationships between multi-
pollutant mixtures to which people are inevitably exposed (Braun et al.,
2016). In order to demonstrate how the complexity of pollutant
interrelation can be esplored, we applied correlation and advanced
supervised learning algorithms (GRRF) on the dataset comprising PM;
concentrations, its chemical constituents (As, Cd, Cr, Mn, Ni, Pb, BaP, CI,
NOs, NH4*, SO4*, Na*, K, Mg?* and Ca*"), and gaseous pollutants (CO,
SO,. NO, NO,, NOy, benzene, toluene, o- and m-, p-xylene) (Perisic¢ et al.,
2017a). According to the results which refer to the measurement site in the
city center, the highest relative importance of As, Cd, BaP, CO and
benzene as indicators of PMo concentrations were observed, which is in
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accordance with the highest Pearson’s correlation coefficients obtained
between PM o and its constituents: BaP (0.83), As (0.81) and Cd (0.79), as
well as for CO (0.56) and benzene (0.46). The results suggest that
environmental burden in urban area is mainly associated with fossil fuel
combustion and that the GRRF could be considered as reliable as
traditional statistical methods for exploring the potential origin of
pollutants. In this analysis, inconsistency between correlation and GRRF
analysis was observed for toluene which had higher importance for PMq
prediction than nitrogen oxides, but its correlation coefficient was among
the lowest (0.25), indicating strong non-linear relationship between the
two.

Source Characterization

Characterization of Dominant Sources

Widely applied receptor models Unmix and PMF, used to estimate
contribution of different pollution sources in a densely populated central
urban zone with heavy and slow traffic (Stoji¢ et al., 2015a; Stoji¢ et al.,
2016), start from the assumption that in a complex pollutant mixture,
species emitted from the same source are statistically interrelated. Two
different datasets were considered: the first consisting of VOC (29
compounds) and five inorganic gaseous pollutants (Stoji¢ et al., 2015a),
and the second consisting of PMp concentrations, its chemical constituents,
and inorganic gaseous pollutants (Stoji¢ et al., 2016).

The results of Unmix and PMF were in agreement, both showing a six-
factor solution as the most feasible. Estimated source contributions were
the highest for the profiles attributed to vehicle exhaust and industrial
activities, followed by profiles identified as aged plums, solid fuel burning
and biomass emission. Traffic-related (TR) profiles were distinguished by
the highest loadings of ethylbenzene and xylenes, whereas the presence of
gaseous oxides, NOx, NO;, NO and CO, indicated the association with
combustion processes. The commonly used indicator of this source
category, toluene to benzene (T/B) ratio higher than 2.2 for traffic-related
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profiles was in a good agreement with the previously reported values for
vehicle exhaust emissions (Lough et al., 2005). Also, the diurnal pattern of
profile contributions reflects the variations in traffic density, with
pronounced peaks in the morning and evening rush hours, and decreasing
trend at the weekends (Figure 18, up). Bivariate cluster analysis for this
source profile resolved dominant portion of locally generated emissions,
which is expected in the urban areas with heavy, slow traffic and low
ventilation (Figure 18, down).

Beside the identification of traffic emissions, both model solutions
suggested gasoline evaporations, oil refinery emissions and petrochemical
industry as sources with notable impacts on air quality in the studied urban
area. Coupled with bivariate polar plot analysis, model results enabled the
identification of the main regional industrial petrochemical complex,
located only 13 km from the measurement site, as a potential source of
pollutants. Regarding specific pollutants, certain shares of propylene,
benzene, toluene, styrene, methacrolein, acetic acid and propionic acid
produced by ethylene hydrocarboxylation characterized all profiles. As
shown for the traffic emissions, minimum in daily contribution variations
of all profiles was registered in morning hours, with small exceptions from
the observed pattern in some cases. The minimum was followed by the
increase during working hours. Furthermore, the profiles attributed to solid
fuel burning was characterized by the highest contribution of SO,, and low
T/B ratios, as expected for biofuel, wood and coal burning (Johansson et
al., 2004), while main contributions to aged plums were related to species
with longer atmospheric lifetimes (Kwak and Baik, 2012).

According to the Unmix, four source profiles for particulate and
inorganic gaseous pollutants were obtained as the most feasible model
solution (Figure 19). The profile assigned to solid fuel burning with the
highest is distinguished by the dominant shares of BaP and As. Occasional
wood- and coal-burning for heating purposes during cold season in the
vicinity of the receptor site was also reflected in daily variations of the
profile contributions. The second profile assigned to industrial emissions
comprised of significant shares of Cd and Pb originating from industrial
activities (Pacyna, 1984). Typically for anthropogenic activities, the
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significant weekday/weekend differences in contributions of this profile
were also observed. The profile identified as traffic and particle
resuspension comprised high portions of EC, gaseous oxides, and soot.
The seasonal pattern of particle resuspension showed decreased
contribution in the cold season due to higher precipitation and snow cover,
while the highest contribution was registered in summer, when the soil is
dry and loose. High shares of NH4*, SO4* and NO: ions were apportioned
to the secondary aerosols, with highest profile contributions during the
cold season, when the concentrations of their precursors (NOy and SO»)
typically reach their annual maximum.
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Figure 18. Diurnal dynamics (up) and relationship between source contributions and
wind characteristics, together with bivariate cluster plot (percentage and average
contribution) for traffic related profiles (Unmix and PMF) (down).

The presented receptor models applied at different databases have a
good performance in the reproducing the dominant sources which affect air
quality. In both cases, models extracted pollution associated with heating,
traffic and transportation, and industrial activities as the main contributors
affecting air quality in Belgrade urban area. As can be noted, additional
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analysis including bivariate polar plot are required for reliable
identification of air pollution sources in complex urban environment.

Solid fuel burning ™ Industrial emissions
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Figure 19. Monthly and weekly variations of Unmix-resolved source contributions.

Characterization of Individual Sources

In order to improve the source identification derived by receptor
models and bivariate plot analysis, as well as to distinguish between
individual potential emission sources based on the information of pollutant
interrelationships, combined bivariate polar plot analysis and pair-wise
statistics were applied. For this purpose, we used the dataset comprised of
PMio and gaseous pollutants (CO, benzene and toluene) concentrations
observed at the sampling site in the city urban zone (Peri§i¢ et al., 2017a).

As presented in Figure 20, high correlations of PM o, CO and benzene
concentrations (r = 0.7) during the episodes of NW winds indicate towards
several common sources of the pollutants in the vicinity of the sampling
site. Moreover, the source composition obtained from slope diagrams of
PMo contribution to CO could be associated with various biomass
combustion processes (traffic activities, heating plants and individual
heating units in Belgrade urban area) (Yokelson et al., 2007).

The polar plot of the slope between PMjo and benzene demonstrates a
similar surface pattern to the correlation polar plot (Figure 20), with
maximum contributions during the periods of low wind speed. This clear
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and consistent PMy — benzene ratio of 1:12 in the NW quadrant can be
interpreted as a contribution to pollutant concentrations dominated by local
traffic sources (Ielpo et al., 2014). In addition to the sources in the vicinity
of the sampling site, prominent sources of the PM and toluene are located
in SW, S, NE and SE directions (r > 0.8, wind speed > 4 m s'). Unlike
sources in S and W, characterized by PMy to toluene ratio of 1:1 which
could be assigned to mineral oil and gas refineries, the source located in
the NE is characterized by the ratio of 1:6, which indicates the impact of
chemical industry, particularly production of basic organic chemicals
including aromatic hydrocarbons (EPER, 2006).

Described methodology, which includes commonly used pair-wise
statistics and bivariate plots, illustrate how the information on pollutant
sources and processes could be enhanced by overlapping pollutant
concentrations and wind characteristics. This unequivocally provides a
better understanding of the relevant factors and processes in a complex
urban environment.

r

PM,, | Toluet

Figure 20. Bivariate polar source apportionment (PeriSi¢ et al., 2017a).
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Regression Analysis, Prediction and Forecast

Nowadays, the forecasting of air pollutant concentrations in urban
areas is of enormous importance given that air pollution has been a
concern, particularly present in modern times due to the explosive
development of urban infrastructures, industrial activities and population
growth. Although forecast by itself cannot reduce the city’s air pollution, a
reliable and satisfactory forecast is essential as part of an air quality
management system with respect to the issues of health alerts and public
warnings, and as a supplement to the existing emission control programs
and operational planning. Most of the research of air pollution forecasting
has been initiated over the last 20 years, and it has dramatically evolved
from diagnostics and empirical techniques to the latest advances in forecast
resolution, more sophisticated data processing, online and statistical
models along with the improvements in deterministic meteorology-
chemistry approaches (Ryan, 2016). As a more economical alternative to
computationally expensive and time-consuming deterministic models, the
parametric or non-parametric statistical approaches to interpreting the
underlying specific dependencies between pollutant concentrations and
their routine prediction of accidental high concentration episodes have
been investigated (Feng et al., 2015). From the numerous statistical
methods reported in the literature, such as regression, artificial neural
networks, fuzzy algorithms and models, multilayer perception etc., many
techniques were successfully applied in forecasting air pollutants including
SO», NO,, CO,, NO, CO, NOy, PM3 5, and PM, (Bai et al., 2018; Coman et
al., 2008; Domanska and Wojtylak, 2014; Hrust et al., 2009; Siwek and
Osowski, 2012). In regards to the described research initiatives, our studies
demonstrated successful application of various machine learning
algorithms for forecasting the contributions of industry emissions and
vehicle exhausts to VOC (Stoji€ et al., 2015a; StaniSi¢ Stoji¢ et al., 2016a)
and PMjp (PeriSi¢ et al.,, 2017b) levels in the urban area relying on
meteorological data and the concentrations of inorganic gases.

As noted previously, VOC are hazardous air pollutants that induce
chronic toxicity even in small concentrations (Stoji¢ et al. 2015b) and they
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commonly originate from both biogenic and anthropogenic emissions that
are dominated by petrochemical industry and incomplete fossil fuel
oxidation (Stoji¢ et al., 2015¢, 2015d). The abundance and spatial
distribution of VOCs are mainly driven by their atmospheric lifetimes,
emission intensity and meteorological factors (Liu et al., 2012). Part of our
VOC-related research aimed at enhancing knowledge and understanding of
pollutant variability has been focused on the assessment of the impacts
which traffic- and industry-related sources have on VOC levels in urban
area (Stoji¢ et al., 2015a). Please see Stoji¢ et al. (2015b) for detailed
explanation of the VOC measurements and the basic statistics for selected
pollutants, which is beyond the scope of this chapter. We employed several
machine learning algorithms for classification and regression to: i)
differentiate pollution indicators of high and low significance for the
source contribution dynamics, and i) forecast source contribution
dynamics of the petrochemical/chemical industry (PC) and vehicle exhaust
emissions (VE) relying on meteorological parameters and the
concentrations of inorganic gaseous pollutants (NO,, NO, NO,, SO and
CO).

For the prediction of potentially health-damaging events of both PC
and VE source contributions, extracted by Unmix and PMF receptor
models, two arbitrary limits were considered: the levels above 60% as the
increased level of caution and those exceeding 75% as extremely high-
alarm triggering values. Among the meteorological variables, for both
pollution sources, wind speed and temperature along with pressure
appeared to have significant influence on source contributions in the urban
canyon avenue (UCA). However, the method performances were not
irrespective of input variables and the receptor model type used for the
pollution profile selection. For instance, BTD method exhibited the best
accuracy for VE-Unmix prediction of higher values based only on
meteorological data, but not on the concentrations of the inorganic gases,
whereas poorer predictions were observed for the other sources. This
variability in method performances suggests that input of additional
variables, which were not considered in our study, could possibly improve
the method predictions. Raised to the general level, the machine learning
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method forecast is more precise when using Unmix-derived source
contributions relying exclusively on the input data.

Discussion on the dependency of the source contributions on the
examined meteorological data and inorganic gases concentrations, BDT,
BDTG, MLP, LD showed the best regression performances (with absolute
errors lower than 0.50), particularly when both meteorological data and
inorganic gases were used as input variables (Stoji¢ et al., 2015b).
Similarly to the classification methods, regression forecasting was
sensitive to the receptor model selected to derive pollution sources as well
as input variables. In general, forecasting of PC-related contributions was
more accurate when both meteorological data and gaseous concentrations
were used, whereas higher absolute errors were recorded based on
meteorological data exclusively. Nevertheless, in both cases less accurate
predictions were still satisfying. In regards to the particular VOC, isoprene,
MLP was selected as the best performing method with relative error of
6.94% and the correlation coefficient of 0.99% based on highly correlated
VOC (1,3-butadiene, isoprene oxidation product at m/z71 and styrene),
inorganic gases and meteorological data (StaniSi¢ Stoji¢ et al., 2016a).
Contrary to this finding, the other machine learning methods, SMO and
LR, exhibited the relative error of only 3% based on the meteorological
data whereas the input of inorganic gases and other VOCs resulted in an
increase in the relative error.

To conclude, the best regression methods, with relative errors starting
at 6%, could provide satisfying forecasting of hourly source contributions
of traffic-related VOC emissions as well as of industry-related sources,
which are prone to the regional transport. Thereby, although highly
dependent on the precise public meteorological forecast, the advanced
machine learning methods represent a promising mean for the prediction of
the episodes of dangerous pollutant concentrations.

Forecasting PM ;o Concentrations

In the study of PeriSi¢ et al. (2017b), presented herein in brief, we
evaluated the performances of machine learning methods for forecasting
PMo concentrations and prediction of related health-damaging events
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based on 5-year (2011-2015) dataset comprising hourly concentrations of
PMio, SO; and meteorological data (atmospheric pressure, temperature,
humidity, wind speed and direction). Four sampling sites: urban canyon
avenue (UCA; urban traffic), urban boulevard (UB: urban traffic), urban
industry (UI) and rural industry (RI), were chosen from the regulatory
monitoring network of air quality across the city of Belgrade to reflect
substantial differences in air quality due to specifics in topography,
residential structure and prevalent source of pollution.

Out of the 12 examined regression machine learning methods, BDTG
and MLP with absolute and relative errors in the range between 10.6 to 24
pug m=, and 25.2 to 37.9%, respectively, appeared to be the most satisfying
to interpret the relationships between PM,¢ and the SO: and meteorological
input data. However, the prediction quality was partially affected by the
site characteristics such as microclimate conditions and topography as well
as by the presence of emission sources. The weakest predictability of PMo
levels in urban canyon avenue (UCA) is probably caused by the
complexity of urban environment where the wind flow not only facilitates
pollutant suspension, but also attenuates its dispersion (Vardoulakis et al.,
2003). Moreover, the emission sources in the central city zone are
numerous and primarily refer to traffic congestions, as well as to intense
combustion processes in local fireboxes and heating plants during autumn
and winter seasons. Conversely, a strong influence of a single dominant
pollution source, such as an industrial facility, and the regularity of
prevalent emissions on a daily, weekly and seasonal basis, led to the most
accurate machine learning air quality forecast at the industrial sites, Ul and
RI. In addition to the regression purposes, the certain methods (BDTG and
MLP) enabled reliable classification of the PMy levels which require a
high degree of caution (50 ug m™).

The PM¢ time series evaluated by the machine learning regression
methods correlated very well with the observed concentrations (Figure 21)
at all sampling sites (RI, UB, UCA and Ul). This result implied that
relevant input variables were selected for the forecasting process.
However, beside BDTG and MLP, the other methods exhibited the
significant PMg forecast errors when being used for regression compared

Complimentary Contributor Copy



Urban Air Pollution: An Insight into Its Complex Aspects 107

to classification, at least based on the observed input variables that
emphasize the need to investigate more appropriate variables to improve
the method forecasting quality.
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Figure 21. The comparison of the observed and best performing machine learning-
predicted PM; mass concentrations [ug m~] (Perisic et al., 2017b).

Finally, the presented errors for both VOC and PM forecasting in
urban area suggest that the pollutant concentrations can be successfully
predicted using the machine learning algorithms. What is of the utmost
importance, the accurate forecasts could support the air quality
management system assisting in health alerts for susceptible categories,
operational planning along with reduction of regulatory monitoring
expenses.

Enrichment Factor

Figure 22 illustrates an increase of EF for toluene, ethylbenzene and
xylenes during summer as a function of the compound ambient gas mixing
ratios (Sostari¢ et al., 2017). The amplified enrichment might be associated
with higher temperature during summer causing a decrease of the surface
tension and favoring an interfacial adsorption (Bruant and Conklin, 2002),
that has been proposed as the main mechanism for BTEX distribution in
the aqueous phase (Sostari¢ et al., 2016). More importantly, Figure 22
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showed that higher rainwater enrichment by toluene occurred for low
gaseous toluene concentrations, which is in accordance with previous
studies (e.g., Sato et al., 2006).

As presented in Figure 23, higher enrichment of toluene, ethylbenzene
and xylenes was mostly related to a higher wind speed at the sampling site
(up to 30 m s!) and air masses coming from SW area, whereas the lowest
rainwater enrichment was observed under relatively stable atmospheric
conditions (wind speed<5 m s') (Sostari¢ et al., 2017). A possible
explanation for this phenomenon is the prolonged contact time between the
aqueous and the gaseous phases, during the period when strong wind-
driven raindrops were falling obliquely. Similarly, bivariate plots revealed
that gaseous organic and aerosol Unmix-derived factors were mostly
associated with northern wind of moderate speed (<10 m s'), which clearly
reflects their local origin.
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Figure 22. The relationship between T and EX enrichment factors and their gaseous
concentrations (Sostari¢ et al., 2017).

Feature selection uncovered the rainwater gaseous pollutant
concentration and the presence of aerosol constituents to be more
important for the prediction of toluene, ethylbenzene and xylenes
enrichment than meteorological parameters such ambient temperature,
wind speed, pressure and relative humidity. Furthermore, it became evident
that BTEX concentrations associated with the ground level-emissions have
higher impact on the pollutant partition to the aqueous phase than the
polluted air masses coming from the greater atmospheric heights. Finally,
out of the 24 examined machine learning regression methods, RF, IBk and
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IBKLG provided the most accurate predictions of toluene, ethylbenzene
and xylenes enrichment with relative errors of approximately 20% and
correlation coefficients around 0.95 and 0.87.
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Figure 23. The relationship between BTEX air mixing ratios (ppb) (a), rain
concentrations (nM) (b) and enrichment factor and wind characteristics (c) (So3tari¢ et
al., 2017).

CONCLUSION

Investigation and understanding of the coupled processes that govern
the pollutant fate in a dissipative and complex system such as an
atmosphere still remain a challenge for contemporary scientific community
and environmental policy makers. Despite significant progress having been
made, there are deep and possibly insurmountable levels of uncertainty in
understanding the interconnectivity of the environmental factors, which
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arises from uncertainty in air pollution modeling and understanding the
extent of changes in environmental factors. This chapter strives to
demonstrate how a joint application of statistical tools could enable a
valuable interpretation of the aspects concerning urban air complexity, and
enhance the current knowledge drawn with respect to: i) spatio-temporal
dynamics of pollutants, ii) decomposition of background, local and remote
sources and its contribution to the pollutant levels, iii) three dimensional
hybrid receptor modeling for the detection of pollution circulation patterns
and its altitude distributions on various spatial scales, iv) the mechanisms
governing pollutant distribution between the air-water multiphase system,
v) source apportionment for source characterization across wider
geographical area, and vi) possibilities for the forecasting and prediction of
the pollutant non-linear interrelations. Specifically, air quality
management, which aspires to the ambitious goals to face less pollution
and lower risks of premature death and other serious health effects, as well
as to reduce environmental damages from air pollution could greatly
benefit from complementary rather than competitive assembling and
hybridization of the advanced methods presented herein. Beside commonly
used methods of statistical analysis and source apportionment, the
improved transport and multifractal analysis presented herein could reveal
specific transport pathways of pollution and support relevant industry
sectors to control the pollutant release and distribution. Given the fact that
timely information on occurrence of dangerous air pollutant levels is very
important for prevention of hazardous health effects and implementation of
early warning systems, classification and regression machine learning
methods capable of supporting forecasting system of dangerous pollutant
episodes depending on the meteorological regime are of high relevance in
the contemporary environmental science.
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The previous research, aimed at exploring the relationships between the indoor and outdeor air quality, has
evidenced that outdoor PM, s-bound polycyclic aromatic hydrocarbons (PAH) levels exhibit significant daily and
seasonal variations which does not necessary corresponds with PAH indoor dynamics. For the purpose of this
study, a three-month mensurement campaign was performed simultaneously at indoor and outdoor sampling
sites of a university building in an urban area of Belgrade (Serbia), during which the concentrations of Oz, CO

S0, NO., radon, PM; 5 and pmude constituents including trace metals (As, Cd, Cr, Mn, Ni and Pb), ions (CI™,

Na’, Mu

'mnlvsxs luded 31

,Ca*' K, NOs, so, and NH:) and 16 US EPA priotity PAHs were determined. Additionally, the

out of which 24 were obtained from Global Data Assimilation

System (GDAS1) danbase The Unmxx and PAH diagnostic ratios analysis resolved the source profiles for both

indoor and

which are 1n terms of their apportionments and pollutant shaves,

although it should be emphasized that ratio-implied solutions should be taken with caution since these values do
not reflect emission sources only. The highest conmributions to air quality were attributed ro sources identified as
coal combustion and related pyrogenic processes. Noticeable correlations were observed between 5- and 6-ring
high molecular weight PAHs, but, except for CO. no significant linear dependencies with other investigated
variables were identified. The PAH level predictions in the indoor and outdoor environment was performed by
using machine learning XGBoost method.

1. Introduction

Polycyclic aromatie hydrocarbons (PAHs) are a complex group of
pollutants generated during incomplete combustion of organie material.
Only a small quantity of PAHs in the atmosphere originates from natural
sources such as volcanic emissions, forest, and grassland fires. Their
origin in ambient air of urban areas is associated with many emission
sources, including fossil-fuel buming for power generation, trans-
portation and heating, while in indoor environment, elevated concen-
trations of PAHs are related to tobacco smoke, the use of gas, coal or
electric stoves, and candle buming (Gao et al, 2019). PAHs have
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received most attention as a major public health concern globally
because a vast number of studies has confirmed that the increased
exposure to high-molecular weight (5-ring and more) PAHs is associated
with altered mirochondrial dynamies and ecumulative oxidarive cellular
damage (Brehmer et al, 2020). Eight PAHs have been dassified by
USEPA (1997) as carcinogenic or potentially carcinogenic, including
benzlalanthracene, chrysene, benzo[alpyrene, benzo[b]fluoranthene,
benzo[k]fluoranthene, dibenz[a,hlanthiacene, indeno[1,2,3-cd]pyrene,
and benzo[g.h,ilperylene. Among them, benzo[a]pyrene belongs to
Gmup 1 of hazardous species — carcinogenic to humans (lntemational

arch on Cancer, 2012), and its emissions are regulated
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by the Directive 2004/107/Elie et al. (2015). Additionally, benzo[a]
anthiracene is assigned as probable carcinogenic to humans (Group 24),
and chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, dibenzfa,
hlanthracene, and indenol1,2,3-cd]pyrene as possibly carcinogenic to
humans (Group 2B) (International Ageney for Research on Cancer,
2012). The reactive PAH metabolites, emitted from combustion pro-
cesses ot formed in the heterogeneous reactions with atmospheric oxi-
dants are also evidenced to have mutagenic and genotoxic potential
(Elie et al,, 2015).

Due to their sources and physico-chemical characteristies, PAHs are
ubiquitous, found in all environmental compartments. Partitioning of
PAHs between the gas and particulate phase has an important impact on
their atmospheric fate, transport and chemical transformations of these
compounds. It determines the extent of photo-degradation and photo-
oxidaton, and relative amounts of deposition that can oceur by wer
scavenging, dry deposition of particles, and by gas exchange between
the air and water interface (Tasdemir and Esen, 2007). Generally,
low-molecular weight PAHs are presented in a gas phase, while
high-molecular weight PAHs are either sorbed to airbome coarse PM
fraction and deposited close to the emission sources, or more often
bound to fine suspended particles, PMy g (Alves er al, 2014), which
persist for a longer time in the atmosphere and penetrate deeper in the
respiratory svstem. Beside the chemical complexity of PAHs, the gas/-
particle partitioning of these species also depends on their vapor pres-
sure and ¢ ations, i p e and type of particles
present in the atmosphere (Ieyte et al.. 2013).

The previous studies have shown that the concentrations of PAHs can
be found within the relatively wide range of values and show large
variations on a daily and seasonal basis, depending on the vicinity and
strength of sources and sinks (Pehinec et al, 2020). Since the major
emission source of PAHs is fossil fuel buming, the reports mostly
confirm that PAH concentrations reach their maximum during cold
season, both indoors and outdoors (Majd =t al., 2019; Sarigiannis et al,,
2015). Besides increased emissions associated with residential heating,
PAH levels in winter season are expected to be high due to reduced
vertical air mixing caused by inversion, less intensive atmospheric re-
actions and enhanced sorption to particles at lower temperature, as a
result of reduced vapor pressure and/or shifting in the gas/particle
distribution induced by ambient temperature variations (Ravindia et al,
2006).

A number of studies have also reported a strong correlation between
indoor and outdoor concentrations of PAHs, as well as their indoor-to-
outdoor (1/0) ratio <1, which indicates that indoor PAHs mostly orig-
inate from the outdoor environment (Krugly =t al.. 2014; Uchiyama
el al, 2015). In these cases, the conuibutions of outdoor sources to in-
door air concentrations were expected to follow seasonal variations, as
shown in the study of Shi (2018, who estimated that indoor benzo(a)
pyrene concentration in typical Beijing residence were outdoor
source-affected by 72.3%, 60.3%, 65.2% and 82.9% in spring, summer,
autumn and winter, respectively. However, there is also a number of
studies which reported the 1/0 ratios of PAHs exceeding 1. For instance,
the combustion of binuminous coal and unprocessed biomass in house-
holds in China, India, and other rural regions of Asia, remains the major
source of indoor air pollution and PAHs, being present both in particle
and gas phase (Wang et al., 2015b; Yao et al, 2019).

In this study, we have identified potential emission sources and
investigated the relarionships between meteorological parameters and
indoor and outdoor 03, CO, SO,, NO,, radon, PM, 5 nnd particle con-
stituents including trace metals (As, Cd, Cr, Mn, Ni and Pb), ions (Cl ,
Na',Mg®',Ca®',K',NO5, SO} and NH:) and 16 US EPA priority PAHs
were determined, simultaneously colleeted at indeoor and outdoor sites
of a university building, located in the urban area of Belgrade (Serbia).
At this loeation, lectures are visited by approximately 4000 students in
total, and the indoor air sampling was conducted in an amphitheater
having the capacity of 350 people. For this purpose, we used Unmix and
eXtreme Gradient Boosting, the method that is highly adaptive to non-
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parametric data distributions, less sensitive to error term assumptions,
and tolerable to noise, chaotic compenents and heavy tails (Sostaric
et al., 2017; Stojic et al., 2019). As shown, the PAH level predictions in
the indoor and outdoor envi were st fully performed by
using machine learning XGBoost method and the obtained results will be
considered by using explainable artificial intelligence methods in the
succeeding parts of this paper.

2. Materials and methods
2.1. Study variables

For the purpose of this study, a three-month (March 1st - May 31st)
measurement campaign was performed simultaneously at indoor and
outdoor sampling sites, during which the concentmations of inorganic
gaseous pollutants, radon, PM; ; and particle constituents including
trace metals (As, Cd, Cr, Mn, Ni, and Pb), ions (C1 ,Na', Mg*', ca®', K’
NOs, 505 , and NH{) and 16 US EPA PAHs were regularly analyzed. For
the analysis, several meteorological parameters were registered,
including outdoor ambient air temperature, outdoor relative humidity,
outdoor air pressure, wind and rain characteristics, indoor ambient air
temperature, indoor relative humidity and indoor air pressure, while 24-
parameter data were additionally obtained from Global Data Assimila-
tion System (GDAS1). Additionally, the number of people in an
amphitheater and the time they spent indoor was registered hourly.

2.2, Study area

Air sampling was performed at the rooftop and inside of the Singi-
dunum University building (44°45'33.8"N, 20°29'47 6"E). At this loca-
tion, lectures are visited by approximately 4000 students in total. The
indoor air sampling was conducted in an amphitheater having the ca-
pacity of 350 people, and the number of students in the amphitheater
during the study period most often ranged from 50 to 80. The University
building is surrounded by lar, idential areas from W, SW and NE
side, some of which encompass households with individual fireboxes,
while small scale industry referring to the Road Institute of Belgrade, a
building company and beverage factory stockroom are located in the
nearest vicinity. Additionally, confectionery factory, footwear factory,
and several small-scale chemical plants are locared 600 min the NW and
S direcrion, respectively. Around 800 m to the W and SW from the
measurement site a large district heating plant and fuel oil heating plant
of urban forestry organization, used for the purposes of planting mate-
tial production, are situated. A boulevard with public wansport and
moderate vehicle flow passes by approximarely 250 m in the SW di-
rection, while a road with intense traffic is about 500 m away in the
W-NW direction. The old city center and river confluence are located at
the distance exceeding 2 km in the NW direction, while the air quality at
the sampling site was occ Ily affected by the emissions from twe
large city municipalities situated just across the river.

2.3. Experimental settings

The outdoor PM,s and air sampling, as well as meteorological
measurements were performed at the rooftop of the building, around 10
m above the ground. The indoor air sampling inlet and PM, 5 sampling
device were placed at a height of 6 m and 2 m from the floor,
respectively.

Air sampling system comprised diaphragm vacuum pump Pfeiffer
MVP and manifolds with openings for measuring inorganic gaseous
pollurants (03, CO, SO,, and NO,) by using Horiba APOA, APMA, APSA,
and APNA, 370 series, and electronically controlled valves, which
operated in altemating indoor/outdoor air sampling mode in the 10-min
cydes.

The PMys sampling was performed by using Svan Leckel LVS6-RV
devices operating at a nominal flow rate of 23 m* h'!, over 24 h-
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sampling period. The concentrations of PM, 5 and their constituents,
including trace metals, ions and PAHs were determined at the reference
laboratory of the Institute of Public Health of Belgrade. The limit of
detection was 1 pgm >

The outdoor meteorological data were obtained by using Vaisala
WXT530 menitoring station set at the building rooftop, while the indoor
radon concentrations, ambient air temperature, relative humidity and
air pressure were detected by SN1029 radon monitor (Sun Nuclear
Corporation, NRSB approval code 31822) and corresponding integrated
sensor devices, placed in the center of the amphithearer, ar a height of 1
m from the floor.

2.4. Chemical analysis

PM, ; was collected on quartz filters (Whatman QMA, 47 mm) daily,
each morning before the start of daily indoor activities and weighted, as
described in the Standard SRPS EN 12341:2015 (Ambient air - Standard
gravimetrie measurement method for the determination of the PM,o or
PMa.s mass concentration of suspended particulate matter, 2015). The
filters were pre-fired to remove organic impurities, and rthe pre-
conditioning of both non-exposed and loaded filters was performed prior
to gravimetric measurements. After gravimetric measurements, the
surface of each filter, amounting to 13.85 em?, was cut in two pieces —
approximately 1.76 cm” each, which were used for the analysis of anions
and carions, while the remaining 12.09 em? were divided and used for
the analysis of trace elements and 16 US EPA PAHs.

For ion ration the sample pieces underwent
an ultra-pure water extraction for 24 h and the aqueous extiacts were
further analyzed by standard ion chromatography using a Dionex DX-
500 IC system according to the MDL 064 Standard operating proced-
ure. The method detection limits are presented in Table 2.

The concentrations of As, Cd, Ct, Ni, and Pb as PM, 5 constituents
were determined as described in the SRPS EN 14902:2008/AC:2013
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extraction, solution volume was reduced by rotary evaporation under
reduced pressure (55.6 kPa and with 0.2 ml isooctane) to 1 ml. After-
wards, the n-hexane solution was reduced to 0.25 ml under a nitrogen
streant, Known quantities of internal standards were added to estimate
the method recovery. PAHs were analyzed using gns chromatography
coupled with mass selective detector (Agilent GC 6890,/5973 MSD) ac-
cording to EPA compendium method TO-13A with a DB-5 MS capillary
column (30 m x 0.25 mm x 25 pm). The oven temperature program
started at 70 “C (dutation 4 min), ramp 8 °C min ' to the end temper-
ature of 310 °C (duration 5 min). The solvent delay was 5 min and the
time of run was 46 min. The calibration curves for all 16 PAHs were
obtained by spiking seven different quantities of each PAH, all with an
R? of the calibration curve above 0.995. Recovery values ranged from
85% to 110% for all the PAHs contained in the internal standard, The
method detection limirs are presented in Table 2.

Inorganic gaseous pollutant indoor and outdoor measurements were
conducted by using Horiba 370 series devices which enabled continual
pollutant concentration monitoring with a 2 min-resolution data and
detection limit of 1 pg m > for all species except of CO with detection
limit of 0.1 mg m . More specifically, the CO concentrations were
determined by non-dispersion cross modulation infrared spectroscopy
method using APMA-370 device, as described in the SRPS EN
14626:201 3 Standard. The concentrations of SO, were measured by UV
fluorescence method using APSA-370 device, as described in the SRPS
EN 14212:2013/AC:2015 Standard. The APNA-370 device was used for
NO, NO., and NO; concentration by a combination of
dual cross-flow modulation type chemiluminescence principle and the
referential calculation method according to the SRPS EN 14211:2013

Standard (Ambient air quality - Standard method for the
of Pb, Cd, As and Ni in the PM fracrion of suspended particulare matter,
2008). Firstly, CEN/TC 264 N779 procedure was applied for the
extraction of the trace elements. In brief, the pieces of exposed quartz
filters were treated with an acidic mixture of HNOs(¢)/30% H202/H20
(3/2/5) using analytical grade reagents (Merck) and distilled/deionized
water (MiliQ, 18.2 MQ). The filters were digested in closed 100 ml
Teflon vessels in the Anton Paar 3000 microwave accelerated reaction
system and the concentrations of trace elements were determined by
inductively coupled plasma-mass spectrometty (ICP-MS) (device Agi-
lent 7500ce with Octopole Reaction System). Quality eontrol and veri-
fication of the applied procedures for microwave digestion and
multi-elemental trace analysis using ICP-MS was conducted by 2783
NIST (National Institute of Standard and Technology, MD, USA) stan-
dard reference material analysis containing a PM»s fraction of urban
dust from a mixed industrial urban area of Vienna, collected on a pol-
yearbonate membrane filter. The recovery values were within satisfac-
tory range of --20% from the reference value. The method deteetion
limits are presented in Table 2.

Sixteen US EPA priority PAHs induding naphthalene (Nap), ace-
naphrhylene (Ace), acenaphthene (Ane), fluorene (Flu), phenanthrene
(Phe), anthracene (Ant), fluoranthene (Fla), pyrene (Pyr), benz[a]
anthracene (B[a]A), chrysene (Chy), benzo[b]fluoranthene (B[b]f),
benzo[k]fluoranthene (B[k]F), benzo[alpyrene (B[a]P), dibenz[ah]
anthracene (Db[ah]A), benzo[gh.ilperylene (BighilP), and indeno
[1,2,3<dlpyrene (In[cd]P) were determined by the procedure
described in the SRPS ISO 12884:2010 Standard (Ambient nir —
Determination of tomal (gas and particle-phase) polyeyelic aromartie
hydrocarbons — Collection on sorbent-backed filters with gas chroma-
tographic/mass spectrometric analyses, 2010}

Parts of the exposed filters underwent microwave extraction pro-
cedure with a solvent mixture of n-hexane and acetone (12.5 ml n-
hexane:125 ml acetone) nccording to EPA method 3546. After

Table 1
Outdoor meteorological data used in analyses.
Outdoor meteorological data Origin ~ Meaning
RS

WD Vaisala ~ Wind direction

WS Vaisala  Wind speed

Temp Vaisala  Temperature

Rh Vasala Relative humidity

Pressure Valsala  Pressure

Rain duration Vaisala  Rain duration

Rain total Vaisala  Rain intensity

Prss GDAS1  Pressure at surface

Mslp GDAS1  Pressure reduced to mean sea level

Tppb GDAS1  Accumulated precipitation (6 h
accumulation)

Mofi GDAs1 momentum flux intensity (3- or 6-h
average)

Mofd GDASI  momentum flux direction (3-or 6-h
average)

Shif GDAS1 Sensible heat net flux at surface (3- or
6-haveraze)

Dowf GDAS1  Dowmward short-wave radiation flux
(3- or 6°h average)

Rh2m ODAS1 Relative Humidity at 2m AGL

WD 10m GDAS1  wind directionat 10 m AGL

WS 10 m GDAS1  wind speed at 10 m AGL

TO2m GDAS1 Tempermture at 2m AGL

Tod GDAS1  Total cloud cover (3- or 6-h average)

Cape GDAS1  Convective available potzntial enecgy

Cinh GDAS1  Convective inhibition

Lisd (DAS1  Standard lifted index

Lib4 GDAS1  Best 4-layer lfted Index

Pblh GDAS]  Planetary boundary layer height

Tmps GDASI  Temperature at surface

Salm GDASL Volumetric soil moisture content

Crai GDAS1 Categorial min (yes — 1, no = 0) (3-ar
6-h average)

Leld GDAS1  Low cloud cover (3- or 6-h average)

Lhtf GDASL Latent heat net flux at surface (3- or 6-h
average)

Meld GDAS1  Middle cloud cover (3- or 6-h average]

Held GDAS1  High cloud cover (3- or 6-h average)
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Standard. Continuous monitoring of O3 concentrations was performed
by the cross-flow modulated ultraviolet absorption method using APOA-
370 device according to the SRPS EN 14625:2013 Standard.

The indoor concentrations of radon (Bq m™) were measuted by
using SN1029 radon monitor (Sun Nuclear Gorporation, NRSB approval-
code 31822). The device consists of two diffused junction photodiodes
which serve as a radon detector and is equipped with sensors for tem-
perature, barometric pressure and relative humidity. The device was set
to simultaneously record radon concentration, temperatwe, atmo-
spheric pressure, and relative humidity with a time resolution of 30 min.

2.5. Meteorological data

The outdoor meteorological data (air pressure, temperature, hu-
midity, rainfall, and wind speed nnd direction) were obtained by using
Vaisaln weather station (Weather Transmitter WXT530 Series). Addi-
tionally, 24-parameter meteorological data for the sampling site loca-
tion were obtained with a time resolution of 3 h from Global Data
Assimilation System (GDAS1) database, by using Meteolnfo software for
meteorological dam visualization and analysis (Wang, 2014), Table 1.

2.6. Data analysis

After the excdusion of outliers and incomplete cases, a total of 74
samples were used for data analysis. Deseriptive staristies (including box
plots), probability density functions, correlation analysis (including hi-
erarchical clustering) and time series analysis were obtained and pre-
sented by using R packages ‘ggdendro’ (de Viies and Ripley, 2016),
‘Hmisce’ (Harrell, 2019), ‘ggplor2’ (Wickham, 2016), and ‘plotly” (Sie
vart, 2020).

For the purpose of source apportionment, the Unmix receptor model
was applied (US EPA Unmix 6). The species were selected for the
analysis by using an initial species function. Other pollutants were
subsequently added to test stability of the minimal solution and explore
whether any of them can lead to a better solution. Finally, a rotal of 14
and 11 pollutants were chosen as Unmix input variables resulting in a
four-factor solution for both indoor and outdoor environments. The
concepts underlying Unmix have been described in a geometrical and
intitive manner, and the mathematical details ave presented elsewhere
(Henry 2003).

Regression analysis by means of XGBoost was implemented for
estimating the relationships between each PAH concentrations and all
other PAHs, inorganic gaseous pollutants, radon, PM, s and particle
congtituents (trace metals and ions), meteorological parameters
(measured and GDAS1-modeled), the number of people in the amphi-
theater and the time they spent indoors, trend, weelday and weekend
(39 and 64 parameters in total for indoor and outdoor environment,
respectively).

XGBoost refers to a highly effective ML technique of building a
complex prediction model by iterative combining ensembles of weak
prediction models into a single strong learner. In the tree growing al-
gorithm used by XGBoost each decision tree serves to complement all
others and correct for the residuals in the predictions made by the
previous ones (Sheridan et al, 2016). The XGBoost was successfully
applied in a number of studies due to its core advantages being related to
handling sparse darta, excellent predictive performance, highly opti-
mized multicore and the complexity penalization of the trees that was
not commonly used for previous additive tree models (Mitchell and
Frank, 2017; Nielsen, 2016). In this study, we used Python (Python
Software Foundation) XGBoost implementation (XGBoost Python
Package). The dataser was split into training (80%) and validation
(20%) set. Hyperparameter tuning was implemented using a brute-force
grid search and stratified 10-fold cross-validation that was replicated ten
times. The best performing hyperparameter values were used for the
final model. The obtained results will be considered in details by the
application of explainable arrificial intelligence methods in the
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succeeding parts of this paper.

Beside conventional images, we present all the relevant findings as
interactive plots produced by using R package ‘plotly” hosted at the web
page designed to support this paper at www.envplipb.ac.is/papers
/20/PAHs/.

3. Results

Ascan be seen in Table 2 and Iz |, mean indoor PM; s-related PAH
concentrations (4.68 ng m ) were lower than the corresponding out-
door values (5.40 ng m 7), although occasional extreme PAH concen-
tration events were shown to reach almost two times higher values in the
indoor compared to the outdoor environment (45,79 and 27.49 ng m >,
respectively). Concentration distribution of all investigated PAHs,
inorganic ions and trace elements in the indoor and outdoor environ-
ment, except CO, Cr and radon, appeared to be unimodal and positively
skewed with a noticeable long right-sided tail (Fig. 2), which indicates
that the majority of the measured pollutant concentrations are distrib-
uted within the first quartile of the registered range (Table 2). A sharp
symmetrical bell-shaped curve of Rncan be inferred as a result of nanural
emissions, while the Cr concentration distribution suggests its levels are
less affected by human activities (Pongpiachan and lijims, 2016). Un-
surprisingly, in both the indoor and outdoor environment, the coneen-
trations of higher molecular weight (5-ring and more) PAHs in PM fine
fraction exceeded the levels of volatile and semi-volatile low weight 2-
and 3-ring aromatics, which are under normal ambient conditions
almost entirely distributed in a gas phase (1able 2, Fig. 1),

Considering the meteorological factors, the same applies to the rain/
precipitation parameters, convective potential energy, and low cloud
coverage, whereas convective inhibition data exhibited the opposite,
negatively skewed distribution with a long left-sided tail. The uniform to
normal distabution of the relative humidity, temperature and PBL
height data is evidenced, while wind direction, soil humidity, as well as
relative humidiry and temperature at 2 m data followed bimodal value
distribution patterns implying two distinet ambiences which ook rurns
over the study period. The beginning of the sampling campaign was
marked by frequent cyclonic activity, mean daily temperatures below
12 °C, strong wind episodes and frequent precipitation events. A high-
pressure system was established over the Balkans in mid-March (17th
to 21st), bringing calm weather without precipitations and more sun-
shine hours, although mean daily temperature did not exceed 12 °C. The
last days of March were marked by variable weather conditions, occa-
sional precipitations and strong wind. An upper-level ridge in pressure
prevailed in the first days of April eausing the arrival of warmer and
drier air masses. From April 8th recurrent changes in weather were
caused by penetration of cold air fronts and frequent lowering of mean
daily temperature. Changeable weather and temperatures below 12 “C,
caused by the upper-level trough in the pressure field continued over the
first few days of May. Calm and dry weather in the middle of May was
followed by a sudden change, when a passage of a cold front led to
intense rainfall, significant wind gusts and sharp decrease in tempera-
ture. The end of the study campaign was marked by the penetration of
warmer and dder air masses from S direction. Details on meteorological
conditions are presented in the Supplementay Fig. 1.

According to our results, total PAH concentrations exhibit sharp
decrease from the start of the study enmpaign (March 1sr) till April 1st,
followed by a slower decline till the end of May. The total PAH con-
centrations exhibited weekly dynamics with the lowest values in the
outdoor environment on Wednesday, which increased to their maximum
levels on Priday and subsequently declined on Saturday and Sunday
(Supplementary Tig: 2). It should also be nored that outdoor PAH weekly
behavior pattern corresponded to indoor air quality variations, with an
exception of weekend period, when the increase in outdoor concentra-
tions preceded the nse in indoor PAH levels. The weekly dynamics of
PAH levels suggest that the anthropogenic activities were intensified
over the working days, particularly on Monday and Friday, while on
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weekend, pollurant levels declined due to the decrease in industrial and
traffic emissions, and the outdoor emission sources took on the role of
major pollutant contributors.

As represented by correlation matrix (Fig. 3), significant linear cor-
relation coefficients (r > 0.90) were found between the indoor con-
centrations of B[alA, Chy, 1[edIP, B[ghilP, B[KIF, B[bIF, BlalP, and Fla,

linear could be further investigated ro describe associations between
PAHs and inorganic pollutants or meteorological variables, which will
be considered in details in the succeeding parts of this paper.

The Unmix resolved profiles are presented together with their con-
tributions to the total observed pollutant concentrations in Tuble 3. A
detailed descriprion of profile identification-relevant factors is provided

and the same applies to the outdoor environment. The correlations be- in the following text.
tween the indoor and outdoor levels of the listed PAHs was in the range Also, | PAH diagnostic mtios are ealculated and idered in
from 0.50 to 0.70. These results suggest similar behavior and commeon the following text.

sources of the listed contaminants, being discussed in details below.
Considering other investigated variables, the correlations were only
registered between the indoor and outdoor levels of PAHs and €O (r =
0.60-0.80). We assumed that other functional dependencies apart from

The XGBoost provided successful and reliable predictions of Pyr, I
[ed]P, BlghilP, BIKIF, B[bJF, B[alP, and Chy in indoor and outdoor
ambient with relative errors (normalized mean gross error, NMGE) in
the range from approx. 10%-20% and correlation coefficients higher
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Table 3
Unmix-resolved source profiles [96].
Indoor Outdoor
Species Source | Source 2 Source 3 Source 4 Source 1 Sowrce 2 Source 3 Source 4
PE ‘cpe 'pp 'YTE ‘o °TE/PE “PE PP

504 o o o 100 7.6 74.1 18.3 o
NH, 1.7 o o 98.3 - - e =
Flu 90.4 8.1 15 0 - = —
Phe 74.6 25.4 0 0o 0 0 Lo0 0
Fla 38.6 20.2 216 19.6 0 28,0 56.9 150
Pyr 285 15.5 318 242 = = - =
BlalA 3.1 8.2 887 0 277 0 12 711
Chy 3.3 5.3 80.1 10.9 75 0 1.8 60.8
BLbIF 3.9 44.6 349 16.6 29. 169 5.6 483
B[LIF 5.5 398 39.0 15.8 152 230 73 505
B[a]P 6.9 49.0 44,1 ] 87 187 o 726
I[cdlP o 79.5 155 5.0 40.1 18.1 o 418
D[ah]A o 100 o 0 846 13.7 17 o
B[ghi]P o 79.6 188 1é 380 218 o 402
Average contribution 18.4 33.9 26.8 20.9 25.7 195 184 36.4

*! — indoor, ° - outdoor,

*“PE - petrogenic emissions, CPC - coal and petrol; b PP-p [/TE - industrial and traffic CC - coal b TE/PE-

traffic and petrogenic emissions.

than 0.95 (Tabl~ 2). Satisfactory predictions were also evidenced for Fla,
D[ah]A, and B[a]A, as described by model parameters (NMGE == 30%, r
> 0.95). An effective model performance for the listed PAHs is indicated
by the high values of coefficient of efficiency (COA = 0.83-0.88; a
perfect model has a GOA = 1) and index of agreement (IOA > 0.90; the
values approaching 1 represent good model performances), as well as
low values of mean bias and mean gross error. The prediction of 2- and
3-ring low molecular weight PAHs (Ane, Nap, Phe, Ace, Ant, and Flu)
was less accurate (relative error = 35 96-70%; and 1 = 0.80-0.90), which
is expected since those compounds are highly volarile and more gas-
phase distribured.

4. Disscusion

As regards PM2s-related organic e , thestudy of Jedynska eral
(2014), aimed to invesrigate the levels of PAHs in fine particle fraction ar
street, urban and regional background, has shown that total PAH con-
centrations did not exceed 2.1 ng m ? for all ten investigated sites in
Europe. On the other hand, the studies performed in Asia have shown
thar the total PMas-bound PAH concentrations were up to 50 ng m
(Wang et al., 2017), and even 70 ng m™> (Xu et al., 2015). While the
majority of studies have shown the outdoor PM, ;-bound PAH levels to
be higher than the corresponding values in the indoor environment in
the same season, some studies have shown the opposite (Wung et al,
2020). In comparison with the previous reports, it becomes evident that
PAH concentrations in Serbia are significantly higher than it would be
expected, considering the air quality in neighbouring eountries and air
pollution in Serbia can be attributed to a rise in the number of vehicles
over the last two decades, the use of outdated technologies in all pro-
duction sectors, high number of local fireboxes and long-mnge transport
of pollutants from surrounding industrial countries (Stojic et al.. 2015,
2016; Perisic et al., 2017). The study of Cverkovic et al. (2015) has
investigated source contributions to the registered high concentrations
of PAHs in Belgrade area, and shown that all sites were heavily influ-
encel by diesel and gasoline emissions, as well as by stationary sources
(combustion of oil, industry, residential heating).

The dominant shares of Flu (90%) and Phe (75%) considered to be
associated with petrogenic emissions (‘PE) were apportioned to indoor
Source 1, together with 2-3 times lower contributions of Fla and Pyr and
negligible shares of other pollutants. Petrogenic PAHs mostly originate
from the low temperature-combustion of crude oil and its products,
including kerosene, gasoline, diesel fuel and lubricating oil, and their
contributions was estimated to account for 18.4% of the total indoor

10

pollumnt concentrations. The highest contribution to the observed in-
door pollutant concentrations, amounting to 33.99%, was associated with
the indoor Sowrce 2 dominated by D[ah]A (100%). The significant
shares of other PAHs in the following order I[«d]P—B(ghilP > Bla]P > B
[bIF > B[k]F 3> Phe > Fla > Pyr suggest thar the source can be atributed
to the coal and petroleum combustion (‘CPC). Apart from the dominant
portions of Chy (88%) and B[a]A (80%), a smaller share of less alkylated
and more stable PAHs including B[a]P, B[k]F, B[b]F, Pyr, Fla, B[ghi]P,
and 1[ed]P was apportioned to indoor Source 3. Considering the profile
composition, this source with the estimated contribution of 26.8% was
attributed to high temperature (350-1200 * C) pyrogenic processes (‘PP),
which can be related to incomplete combustion of fossil fuels and
biomass in power plants and local fireboxes, industrial coal and petio-
leum buming and taffic 18. At high combustion temperatures
organiec compounds are cracked to reactive radieals that form stable
gaseous high-weighr PAHs during pyrosynthesis, which subsequently
cool and condense on particles. The contribution of the indoor Source 4
attributed to a mix of industrial and traffic emissions ('I/TE) accounted
for 20.9% of total registered indoor pollutant concentrations. The spe-
cies assigned to this source comprise dominant portions of inorganic
ions SOF~ and NHj, assigned together with several times lower shares of
Fla, Pyr, B[b]F, and B[k]F, suggesting dual emission origin.

The dominant portion of D[ah]JA (84.6%) and significant shares of
other PAHs in the following order 1[cd1P=BIghilP > B[b]F = Bla]A =
Chy > BIKIF suggest that the outdoor Source 1 with the estimated
contribution of 25.7% can be attributed to the coal combustion (°CC).
Apart from the dominant portion of SOF (74.1%), followed by Fla
(28%), a smaller shares of B[k]F, B[ghi]P. B[a]P, 1[cd]P, B[b]F, and D
[ahlA was apportioned to the outdoor Source 2. Considering the profile
composition, this source with the estimated contribution of 19.5% was
attributed to a mix of taffic and petrogenic emissions (°TE/PE). The
contribution of the outdoor profile 3 attribured to petrogenic emissions
(°PE) was estimated to 18.4% of the registered pollutant concentrations,
with the assigned species contributing in the following order Phe
(100%) > Fla > SOF and the absence of B[a]P. The outdoor Source 4
attributed to pyrogenic processes (“PP) had the highest contribution of
36.4% to the toml ourdoor pollutant concentrations, and was distin-
guished by significant portions of B[a]P (72.6%) — B[a]A > Chy > B[k]F
= B[bJF > I[cd]P = B[ghi]P, and the absence of D[ah]A. The origin of
outdoor PAHs is mostly dependent on sampling location and sut-
rounding emission sources, In industrial areas, such as the ones explored
in the study of Kermani et al. (2019), industrial activities were identified
as the main contributor to air quality deterioration. On the other hand,




S. Stanisic et al.

Table 4

XGBoost model evaluation statistics,

Outdoor

Indoor

DA FAG2 MB MGE NMB NMGE RMSE r COE 10A

COE

MGE NMB NMGE RMSE

FAG2

0.817 0.525 0.763

0.016
0.011

0.511
0.541

0.451

0.183
0.127
0.139
—0.064
0.036

0.010

0.004

0,002

0.593

0751
0711

0.503
0.491
0.566
0.631
0.844
0.851
0.887
0.877

0.002 0.004 0193 0.399 0.006 0.874
0.016 0.038
0.810

0.780

0.591

Ace

0.703
0.750
0.917

0.405

0747

0.007

0010

0746

0.807
0.926
0.967

0.242 0610
0198
0256

0.006

Ane

0.501

0,798
0.985
0.

0.015
0.131

0.727 0,003

0783

0012
0.081

0.387

0.008
0.042
0.044
0.058
0.035

0.004

0.035

0.192
0.158
0.109
0.149
0.158
0.212
0.293

0.125

0.695

0.058

0.798

0.757

0840
0922
0941

0311

0.846

0.851

Bla]A

0.937
0.949

0.918

03874

933

0.098
0.148
0.118
0.196

0.048

0011

0.985

0.071
0.

0154
0127
0.102
0.126
0.186
0.266
0.307

0.066

0.019

0.897

0992
0.989
0.987
0.985

0.945

0.017
-0.118
—0.104

0.089
0.062
0.097
0.120
0.025
0.021

0.014
—0.049

—0.064

0.838
0.5850
0.850

0.838

0.987
0.995

108

0.029

0.013

0915

0.856
0.844

0.827

0943

0.055

0.048

0.016

04919

0.922

0.913

0939

0.990
0.979
0.969
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the study of Liu et al (2011) has shown that traffic emissions can be
considered the most important PAH source, imrespectively of the sam-
pling season, while some researchers (Zhung et al., 2020; Wung et al.,
201510) reported the dominance of coal combustion in colder part of the
year.

As can be seen in Fig. 3, the linear correlations exceeding r = 0.70
were obtained for the following profile pairs: source profiles with
smallest contributions to total indoor and outdoor PAH concentrations
assigned to petrogenic emissions ('PE and °PE); indoor and outdoor
source profiles related to tmffic emissions CI/TE and °TE/PE); and
outdoor source profiles attributed to coal combustion and other pyro-
genic processes (°CC and °PP). Our results suggest that coal combustion
and related pyrogenic processes are the dominant sources of PAHs in the
study area, while the impact of traffic, industrial and gasoline emissions
appear to be less significant. All Unmix resolved profiles with the
exception of those associated with traffic exhaust, exhibited a sharp
decreass in contributions in the range from 55 to 90%, from the start of
the study campaign till the first days of April. In the period that fol-
lowed, the source shares declined more slowly, while the contributions
of profiles attributed to waffic emissions exhibited a continual decline
over the enrire study period reaching 40% and 70% of their initinl shares
for "I/ TE and °TE/PE respectively, Supplementary Fig. 3.

As shown in the Supplementary Fig. 2, the contributions of almest all
sources to the registered PAH concentrations decreased from the March
to May. Thereby, the sharpest decline in emissions in the first weeks of
the study period exhibited the indoor and outdoor sources related to conl
combustion and other pyrogenic processes. The impact of traffic and
industrial emissions remained relatively stable till the very end of
measurement campaigi.

The PAH isomeric pairs, ie the species with the same atomic
structure such as Ant and Phe, are expected to behave similarly in the
environment and thus, their concentration ratios are a commonly used
tool for emission source identification and distinguishing of PAH
pollution originating from pyrogenic and petrogenic processes, Le.
diesel and gasoline combustion emission, erude oil processing products
and biomass or eoal burning (Daviseral | 2019). For instance, the study
of Yin and Xu (2018) has applied a diagnostic ratio to the particle-bound
PAH source apportionment results, and identified diesel, gasoline, and
coal combustion as the main emission sources affecting air quality, and
the study of Khan et al. (2015) reported similar findings that were
confirmed by the source apportionment analysis. Nevertheless, previous
research, based on theoretical considerations and laboratory experi-
ments, have suggested that, although different PAH ratios can be
considered as valuable source apportionment indicators, the ratio-based
conclusions should be drawn with caution since these values are often
noticed ro exhibir seasonal variations and ean be affected by a number of
environmental factors, such as the presence of free radicals, meteoro-
logical conditions which favor photoreactions, and particle size and
characteristics (Tobiszewsk: and Namiesnik, 2012). Limited information
in the literature regarding the specific conditions of partial or entire
removal of PAHs from the environment can be found. However, it has
been evidenced thar their persistence increases with the molecular
weight, which can be explained by the fact that higher molecular weight
PAHs are mostly particle-bonded, predominantly (83-88%) found in
fine fraction (Hassanvand et ul., 2015) and more resistant to solar ra-
diation and free radicals under natural conditions (Oliveir et al, 2019,

The Ant/(Ant | Phe) mean ratio higher than 0.1 with steady increase
towards the end of the study period and oceasional penls reaching 0.5
indicated the dominance of pyrogenic sources over the three-month
campaign, except the first days of April during which the warmer and
drier air masses arrived and the conesponding ratio values were
significantly below 0.1, suggesting the contribution of petrogenic
emissions (Supplementary Fig. 2). However, the study of Kim et al
(2009) has shown that the Ant/(Ant + Phe) ratio could range from 0 to
1, depending on the extent of Ant photodegradation caused by the
irmadiation of different thickness layer-soot samples.




S. Stanisic et al

The B[a]A/(B[a]A + Chr) mean ratio just below the value of 0.35 for
the major part of the study period indicated the impact of coal com-
bustion with occasional contributions of vehicular emissions. In
compliance with the aforementioned, in the warmer period around April
1st, the ratio values were lower which could be atmributed ro the impacr
of traffic emissions, but also to the fact that B[a]A decays faster when
adsorbed on particles, which can add to BlaJA/(B[a]JA + Chr} ratio
decrease. From Aptil 8th recurrent changes in weather were caused by
penetration of cold air fronts and frequent lowering of mean daily
temperamure. It should be noted that indoor-outdoor BlalA/(B[alA +
Chr) ratios exhibit stronger correlation (0.71) than other indoor-outdoor
ratio values (I'ig. 3), which suggests that, over the major part of study
period, air quality in the indoor environment was strongly affected by
the outdoor emissions related to coal combustion and traffic emissions.

The Fla/(Fla + Pyr) mean ratio in the range from 0.3 to 0.5 suggests
the impact of petrogenic sources and combustion of fossil fuels other
than coal. The significant decrease in the outdoor Fla/(Fla + Pyr) ratio
values over the second part of the study period can be attributed to the
changeable weather and temperatures below 12 °C, which caused less
intense photoreactions that could otherwise lead to faster decay of
particle-adsorbed Pyr (Kim et al.. 2009).

The FL/(Fl + Pyr) mean ratio bellow 0.5 can be attributed to gasoline
emissions. In March, the Fl/(Fl + Pyr) mean ratio had the highest
decrease in value of all ratios, which can be associated with calmer
weather without precipitations and more sunshine hours, yet mean daily
temperature did not exceed 12 °C, which resulted in shorter atr heric
life time of Fl.

The 1[ed]P/(I[cd]P + B[ghi]P) mean ratio of 0.43, suggesting the
impact of petroleum combustion and pyrogenic sources, was more or
less steady throughout the entire study period, although some studies
have shown that atmospheric lifetimes of these species and their ratio
can be affected by UV radiation and ageing of particle fraction they are
sorbed to.

As can be conduded, functional prediction of PM, s-bound PAHs in
the indoor and outdoor environment can be achieved by using ML
methods and further research of the pollurant dynamics and its de-

y on meteorological factors or particle chemical composition
would significantly benefit from the apphcauon of ML algouthms The
explained predictions of the obtained regression ls by means of
explainable artificial intelligence methods will be provided in the suc-
ceeding parts of this paper.

5. Conclusions

In this study, 16 US EPA priority PAHs were investigated in indoor
and outdoor environment based on n three-month measurement
campaign which included the concentrations of inorganic gaseous pol-
lutants, radon, PM2s and particle-bound trace metals, ions, and PAHs,
along with 31 meteorological parameters. The correlation analysis
showed noticeable relationships between 5- and 6-ring high molecular
weight PAHs, but, exeept for CO, no significant linear dependencies with
other investigated variables were identified. The Unmix source appor-
tionment analysis resolved four source profiles for both indoor and
outdoor environment, which are comparable in terms of their appor-
tionments and pollutant shares. The highest contributions to air quality
were attributed to sources identified as coal combustion and related
pyrogenic processes. Except the impact of traffic and industrial emis-
sions, which remained relatively stable over the study period, the con-
tributions of other sources to the registered PAH concentrations
decreased towards the end of the measurement campaign. The analysis
of PAH diagnostic rarios revealed the emission sources similar ro those
identified by source apportionment, although it should be emphasized
that ratio-implied solutions should be taken with caution since these
values are not a reflection of pollutant sources only, but also point to the
impact of environmental factors on air quality. As shown by the evalu-
ation parameters of the XGBoost-obtained models, the prediction of PAH
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levels in the indoor and outdoor environment appears to be promising
and their levels are partly determined by their molecular structure and
physico-chemical properties including volatility and gas-particle phase
partitioning. Although the presented methods are relevant for diserim-
inating the origin of PAH emissions, supplementary approaches, such as
machine leaming and explainable artificial intelligence, are required to
enhance the understanding of PAH dynamics and their functional re-
lationships with influential factors in complex indoor and outdoor en-
vironments. The major contribution to air quality deterioration and high
PAH concentrations in the study area was shown t be associated with
coal combustion for heating purposes and other pyrogenic processes. It
would be advisable to male a shift towards alternative heating sources
which would be eco-friendlier.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a complex mixture of
congeners originating from pyrogenic and petrogenic, as well as
anthropogenic and natural sources (Velazquez-Gomez and Lacorte
2020). Among PAHSs, benzo[a] pyrene (B[a]P) has been recognized as a
marker of carcinogenic potency of the air pollutant mixture (Liv et al,
2020). According to the [ARC (201 2), it has been assigned to a group 1 of
hazardous species - genic and earcinogenic to humans irrespective
of the environment, and its emissions are regulated by the Directive,
2004/107/EC. While two-three ring low molecular weight PAHs mostly
occur in the gas phase, the compounds with four aromatic rings and
more, including BlalP, are semi-volatile and 70-90% of their emitted
content is adsorbed on particulate matter, overall on the fine inhalable
particles with nerodynamic dinmeter less than 2.5 pm — PMz s (Lin et nl
2014; Azari =t al.. 2020). Previous studies have been focused on levels,
spatial and seasonal distribution, sources, local and regional source
contributions, personal exposure, Bla]P equivalent toxicity and cancer
risks of PM2.s-bound PAHs (Liu et ul., 2017; Han et al., 2019; Yan el al,,
2019; Zhang et al., 2019, 2019b, 2019¢; Du et al, 2020; Luo er al,
2020; Ali-Taleshi er al, 2020; Gope et al, 2020). Some of the studies
have also reported contrasting findings about carcinogenic potential of
PAH mixture depending on the Bla]P content (Brefuner et al, 2020), A
study aimed at characterizing indoor air quality in kindergartens located
in urban and rural area of Poland has shown that no statistically sig-
nificant differences exist in the concentrarions of total PAHs in indoor
versus outdoor air, although the mutagenic effect of outdoor PM; 5
samples was twice as high as the effect of indoor samples (Blaszezyl
et al., 2017). The review of Ma and Harrad (2015) has shown that even
though rthe concentrations of both PAHs and B[a]P were higher in the
indoor environment, indoor sources emitred proportionally less earci-
nogenic species than outdoor sources, which was implied by the com-
parison of 1/0 ratics for YPAH and BlalP toxicity equivalents.
Nevertheless, some studies proved the opposite (Oliveiin et al,, 2016;
Sangioigi et al., 2013). The previous studies also showed that, depend-
ing on a sampling location and environmental factors, B[a]P concen-
trations can be found within the relatively wide range of values (onklo
et'al, 2020).

BlalP aunospheric transformations and persistence are strongly
affected by meteorological conditions, including temperarure, precipi-
tation, moisture, and solar radiation, as well as the presence of particles
and oxidant species, e.g., ozone, nitrate, and hydroxyl radicals (Liu
et al, 2017). In addition to this, the particles’ chemical content a.nd
stucture have significant impact on the BlalP chemody
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Gradient Boosting — XGBoost and SHapley Additive exPlanations —
SHAP) for studying ¢ eous, and non-linear interactions
between indoor and outdoor B[a]P levels and PM, s, PAHs, inorganic
gaseous pollutants, trace elements, ions, radon, 31 meteorological pa-
rameters, the number of people in the amphirheater, and the time they
spent indoor that could not be addressed by traditional approaches. The
methods have become increasingly recognized and successfully applied
when predicting environmental phenomena (Blair et al. 2019; Gibert
etal., 2018; Stojic et al.,, 2019; Stanisic et al., 2021; Ye et al., 2020). The
study aims to provide an insight into the B[alP behavior by attributing
environmental factor importance (SHAFP values), impacts (SHAP de-
pendency), mutual relations (relative SHAP values), and interactions
(SHAP interactions). Moreover, we aim to identify and characterize
goveming environmental conditions responsible for shaping the levels
of B[a]P concentrarions in both environments (SHAP force).

2. Materials and methods
2.1. Measurement campaign

The measurements of inorganie gaseous pollumnts, radon, PM; ; and
particle constituents including trace metals, ions, and PAHs were per-
formed from March 1st — May 31st in a building of Singidunum Uni-
versity (44°45'33.8"N, 20°29'47.6"E), situated in the wban area of
Belgrade, Serbia. In the ial area surr ling the
site, there is a large number of households with individual fireboxes
using coal and wood, while approx. 1 km in the W/SW direction and W/
NW direction, there are two heating plants operating with the total
production capacity of 230 MW and 50 MW, respectively, mainly fueled
with natural gas and crude oil. During the three-month study campaign,
the outdoor pollumnts were sampled at the rooftop of the University
building, at the open space 10 mabove ground. For the indoor sampling,
sampling inlets and PM s sampling device were placed at a height of 6m
and 2 m off the floor in an amphitheater with a capacity of 350 seats
where lectures for often 50 to 80 students were given. During the study
campaign, the number of people and the time they spent in the
amphitheater was registered houtly.

PMs,5 was collected daily on quartz filters (Whatinan QMA, 47 mum)
by Svan Leckel LVS6-RV devices with a flow rate of 2.3 m’ h ! over 24 h
sampling period. Inorganic gases (Os, CO, SO, and NOy) were measured
by Horiba devices APOA, APMA, APSA, and APNA, 370 series, for the
continuous monitoring of pollutants with 2-min resolution using ulwra-
vwlet abso:ptxon, infrared spectioscopy, ultraviolet fluorescence, and
ct methods, respectively. The measurements were

Considering PAHs" heterogenous reactions with oxidizing agents such
NO2 and O3, B[a]P has been reported to be among the most reactive PAH
congener when bound to soot, silica, diesel, or graphite particles
together with pyrene (Pyr), anthracene (Ant), benz[a] anthracene (B[a]
A), and dibenz[a,l]pyrene (DB[al]P) (Keyte et al. 2013 and the refer-
ences therein). Conversely, on the soot and ammonium sulfate particles
a formation of monolayer coverage males BlalP less exposed to surface
reactions and thus, more persistent.

The study of Lodovici et al [2003) showed that the level of total
particle-bound B[alP was as low as 0.02 ng m  at the regional back-
ground site locations, while the study of Hassanvand et al. (2015)
registered B[a]P concentrations of 5 or more ng m™ %, depending on the
season, traffic impacrt, type of sampling location, and particle fracrion.
As regards PM; s-related organic content, the study of Jedynska =t al
(2014), aimed at investigating the levels of PAHs in fine particle fraction
at street, wrban and regional background, showed that mean BlalP
levels were below 0.2 ng m > for all ten investigated sites in Europe. On
the orher hand, the studies performed in Asia showed that the roral
PM, 5-bound B[a]P concentrations considerably exceeded the maximum
permissible risk level of 1 ng m ® (Yury et al., 2018).

In this study, we present promising advanced machine learning (ML)
and explainable artificial intellig (XAD methadol (eXtreme

&'

performed according to the following Ewopeun Standards EN
14211:2012, EN 14212:2012, EN 14625:2012 and EN 14626:2012. The
limit of detection (LOD) for O3, SO, and NO, was 1 pgm > while for CO
it was 0.1 mgm >.

The outdoor meteorological data were obtained by using Vaisala
WXTS530 monitoring station, while the indoor radon concentrations,
ambient air temperature, relative humidity and air pressure were
detected by SN1029 radon monitor (Sun Nuclear Oorpomnon NRSB
approval-code 31822). The LOD for radon was 0.1 Bq m *. More details
on the study area, pling paign and chemical analyses are

described in the Part 1 of tlus paper (bl'uusu etal, 2021).

2.2. Chennical analyses of PM; 5 constituents, quality assurance and
quality control

In brief, gravimetric measurements of PMzs were conducted ac-
cording to the European Smndard EN 12341:2014. Prior to gravimetric
determination, the pre-fired and preconditioned non-exposed filters
were measured representing control blanks. After preconditioning for
48 h in a Class 100 clean room with automatic temperature and pressure
regulation, the filters were weighed twice using a micro-balance (Precisa
XR 125 SB). Mass concentrations of PM; ; were calculated as average



A, Stoji¢ er al.

values. Loaded filters were stored in a cool room at 4 °C prior to
chemical analysis. After gravimetric measurements, the surface of each
filter amounting to 13.85 cm® was cut in two pieces - approximately
1.76 am® each, which were used for the analysis of anions and cations
(cl",ca®", K',NO;, 5047, and NH, "), while the remaining 12.09 cm®
were divided and used for the analysis of trace elements (As, Cd, Cr, Mn,
Ni, and Pb) and 16 US EPA PAHs.

The inorganic PM constituents were determined by the standard
methods for elements (Ewropean Sundards (EN) 14902:2005). The
extracrion of the trace elements was performed by a mixture of HNO;
(3096):H,05:H,0 (3:2:5) using analytical grade reagents (Merck) and
distilled/deionized water (MiliQ, 18.2 MQ) (CEN/TC 264 N779). After
microwave accelerated digestion (Anton Paar 3000), the concentrations
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2.3. Data analysis

2.3.1. Machine learning

The relationships between indoor and outdoor levels of BlalP (74
samples) and other investigated parameters (other PAHSs, inorganic
gaseous pollutants, radon, PM; : and particle constituents including
trace metals and ions, meteorological parameters incuding measured
and GDAS1-modeled, the number of people and the time they spent
indoor, trend, weekday and weekend - 39 and 64 parameters in total for
indoor and outdoor environment, respectively) were explored by the
regression analysis, impl d by eXtreme Gradient Boosting. Briefly,
XGBoost is a highly effective ensemble method of supervised machine
leaming based on a sequential tree-growing algorithm. Iteratively

of trace elements were determined by inductively coupled pl mass
spectrometry (IGP-MS) (Agilent 7500ce with Octopole Reaction Sys-
tem). Quality control was conducted by 2783 NIST standard reference
material (National Institute of Standard and Technology, MD, USA). The
recovery values were within satisfactory range of £20% in relation to
the reference value while method LOD was: 0.4 ng m "~ for As, 0.05 ng
m3 for Cd, and 2 ng m”? for Gr, Mn, Ni, and Pb.

For the derermination of ion concentrations, the filter pieces were
extracted by ultra-pure water for 24 h. The aqueous extracts were
further analyzed by dard ion ch graphy (Dionex DX500 IC
system, MDL 064 Standard operating procedure). The LOD was: 2 pg
m " for CI" and NO;, 1 pg m > for $0,27, 0.2 yg m 7 for NH,', 2 pg
m > for K" and 8 pygm "~ for Ca®'.

The concentrations of priority PAHs including naphthalene (Nap),
acenaphthylene (Acy), acenaphthene (Ace), fluorene (Flu), phenan-
threne (Phe), anthracene (Ant), fluoranthene (Flt), pyrene (Pyr), benz
Lalanthracene (Bla]A), chrysene (Chry), benzo [blfluoranthene (B[b]F),
benzo[k]fluoranthene (B[k]F), benzo[a]pyrene (B[a]P), dibenz[ah]
anthracene (DB[ah]A), benzo[g,h.ilperylene (B[ghi]P), and indeno
[1,2,3cd]pyrene (1[cd]P) were determined following the Standard 150
1 2884:2010. Further details have previously been illustrated in the
studies preceding this one (Stanisic et al., 2021; Cvetkovic et al, 2015).
The filters were microwave-extracted by a solvenr mixture of n-hexane
and acetone, 12.5 mL:12.5 mL (US EPA, 2007). Solution was rotary
evaporated to 1 mL under reduced pressure (55.6 kPa and with 0.2 mL
isooctane) and to 0.25 mL under a nitrogen stream. The PAHs were
analyzed using gas cluomatography coupled with mass selective de-
tector (Agilent GC 6890/5973 MSD) with a DB-5 MS capillary column
(30 m ¥ 0.25 mm x 25 pm) according to EPA Compendium Method
TO-13 A. The oven temperature was attained by applying the following
steps; (1) isothermal heating for 4 min at 70 °C, (2) heating from 70" C to
310 °C at 8 “C min"', and (3) 5 min of isothermal heating at 310 °C,
Solvent delay was 5 min and the rime of run was 46 min. Helium was
used as the earrier gas. The injector was set to 300 “C. Prior to the
analysis, calibration curves (R* > 0.995) were obtained using Ultra
Scientific PAH Mixture PM-831, which contains 16 priority PAHs. The
concentration of calibration solutions was between 5 and 200 ng mL 1.

We used Ultra Seientifie PAH Mixture PM-831, which consists of 16
compounds, each of 500.8 + 2.5 pg/mL concentration as extemal
standard for ealibration curve. We d ined rations of 16
priority USEPA PAHs: Nap. Acy, Ace, Flu, Phe, Ant, Flt, Pyr, B[a]A, Chry,
B[bIF, BIKIF, BlalP, llcd]P, DBlahlA, and BlghilP.

To estimate method recovery, Ultra Seientific Semi-Volatiles Internal
Standard Mixture ISM-560 containing: Ace-d,o. Chry-d,o, 1,4-dichloro-
benzene, Nap-dy, Perylen-d,,, and Phe-d,, was used as internal stan-
dard. Recovery values ranged from 85% to 110% for all the PAHs in the
internal standard. The LOD was calculated as three times signal/noise
and it was 0.01 ng m° for all PAH species. The limit of quantifieation
was determined as 3.3 times of LOD. Field and laboratory blank were
also prepared and analyzed, and all dara were corrected with reference
to the blanks.

reweighing the training data to improve regression performance, each
decision tree aims to complement all the others and eorreet for residuals
in the predictions made by the previous trees. XGBoost is based on a
gradient descent algorithm, used to minimize loss when adding new
models. The method includes system optimization and algorithmic en-
hancements through parallelized sequential tree building, tree pruning,
regularization, weighted quantile sketch algorithm implementation,
cross-validation, etc. Ourperforming standard deep neural network
models on tabular-style datasets, XGBoost was successfully applied
across various domains especially due to its core advantages refemring to
computational efficiency and competitive accuracy, even when data is
sparse and unstruetured (Hartmann, 2019; Lundberg et al,, 2020). In
this study, we used Python (Python Software Foundation) XGBoost
implementation (XGBoost Python Package). The data were split into
training (80%) and validation (209%) sets. The criterion for splitting the
data set into training and test set was that both data subsets should
follow the same probability distribution. In this study, we have identi-
fied the PAH outliers according to the tradeoff between the splir eriteria
and the necessity to maximize the total size of the data. The same indoor
and outdoor events were used for training/testing. Hyperparameter
tuning was implemented by using a brute-force grid search and 10-fold
suatified cross-validation whieh was replicated 10 times. The best pei-
forming hyperparameter values were used for the final model.

2.3.2. Explainable artificial intelligence

The explainability of ML model behavior which operates with high-
dimensional input data in a non-linear and nested fashion is crucial for
understanding the process being modeled. Unril recently, the inability to
explain the predictions from accurate, but complex models, posed a
serious limitation in understanding the governing factors that shape a
prediction. For this purpose, we employed the advanced explainable
artificial intelligence methed, which is capable to avoid the uade-off
between accuracy and inrerpretability and provide the straightforward
and meaningful interpretation of the ML model-derived decisions, now
being shifted towards userreadable logic rules to match human
intuition.

2.3.2.]. Shapley additive exPlanations. SHapley Additive exPlanations
(SHAP) is a method based on Shapley values, calculated as a measure of
feature importance using a game-theory approach. that provide an
impact of features on individual predictions (Lundberg and Lee, 2017).
The Shapley value method provides fairly distributed payouts among the
cooperating players (features) depending on their contribution to the
Jjoint payout ( prediction). It perfectly apportions the difference between
the prediction and the average prediction among the features (Molnar,
2019). Thus, SHAP assigns each feature the importance as a measure of
its conrribution o a particular prediction and interprer the impact of
having a certain value for a given feature in comparison to the prediction
of a model if that feature took some baseline value. The SHAP expla-
nations represent the only possible locally accurate and globally
consistent feature contribution values (Chen et al., 2019; Swjic et al.

2019). The merhod provides valuable insights inro a model’s behavior
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by overcoming the main drawback of inconsistency and minimizes the
possibility of underestimating the importance of a feature with a certain
attribution value, capturing feature interaction effects based on gener-
alization of Shapley values, and interpreting the model’s global behavior
while remining local faithfulness (Lundberg er al., 2020),

In this study we used Python SHAP implementation (SHAP Python
package) and the TreeExplainer which reduces the complexity of exact
Shapley value computation from exponential to low-order polynomial
time by leveraging the internal stucture of wee-based models (Lundbery
et al., 2020). The captured attributed importance of a feature, the
change of n feature importance over its value range, as well as its
interaction effects with other features are visually presented as SHAP
summary plots, SHAP dependency plots, and SHAP interaction plots,
respectively.

A change in the absolute SHAP value of a feature does not clearly
indicate its relationships with other features. To gain an insight into
relative relationships among feature attributions for each individual
prediction, we introduced the relative SHAP values. They show the
relative influence of a feature to the prediction and are defined as a share
of absolute SHAP in total attributed importance of all features for the
particular ecase.

The stabilities of the obtained absolute and relative SHAP values
were evaluated by 50 times-replicated bootstrap method. The stabilities
are presented in figures as error bars.

2.3.2.2. Puzzy clustering. The fuzzy clustering of absolute SHAP attri-
butions was performed to identify and characterize indoor and outdoor
ambient conditions responsible for B[a]P behavior. It was chosen
beeause ench B[a]P concentration will not necessarily belong to a single
class of environmental conditions which shapes it. Fuzzy clustering was
performed by using R (R: A language and environment for statistical
computing) ‘cluster” package (Maechler et al., 2019). The obtained re-
sults were presented as force plots. A detailed analysis of each cluster
was performed based on the smaristical character of its absolute and
relative SHAP values, as well as the measured parameter values.

Beside conventional images, we present all relevant findings as
interactive plots by using R package ‘plotly” (Sievert, 2020) hosted at the
web page designed to support this paper at www.envplipb.ac.as/popers
/20/PAHS/.

3. Results and discussion

The mean PM, s and BlalP levels in the indoor and outdoor envi-
ronments were 16.2 vs. 17.5 pg m " and 0.50 vs. 0.48 ng m >, respec-
tively, while both indoor and outdoor B[a]P mean concentrations were
below the recommended level of 1 ng m 3 (Directive, 2004/107/EC).

As it can be seen in Fig. 1, extreme concentration events (ranging
from 2.0 to 6.8 ng m %) were mostly registered over a few days in March
and May, when mean daily temperature did not exceed 12 °C. As a
higher molecular weight PAH, B[a]P is almost completely particle-
bonded which makes it less reactive vs. solar radiation and free

Concentration [ng m~']
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radicals, and its affinity towards particle phase increases with ambient
air temperature lowering and decrease of vapor pressure. Beside the

fossil fuel cc ion for heating purposes, the described gas-
particle phase distibution additionally contributes to higher BlalP
concentrations in cold season and significant seasonal differences in
mean pollutant levels. For instance, the study of Jedrychowski et al
(2007 showed that winter B[a]P concentrations were 4.3 ng m > and
6.1 ng m %, while summer levels were 0.8 ng m * and 0.9 ng m 2 for
indoor and outdoor environment, respectively.

Similarly to the study of Jedrychowski et al. (2007), our results
showed that indoor/outdoor (1/0) B[a]P ratio was mainly below 1, with
a few exceptions when the calculated values were in the range from 2 to
10 (Fig. 1). Conversely, some studies (Romagnoli et al., 2014) reported
the outdoor Bla]P concentrations to be significantly lower throughout
the year than the corresponding indoor levels. For instance, the study
nimed at chamecterizing levels of PAHs at preschool environment in
Portugal and ing the exp lated health risk, showed that
careinogenic risk due to indoor PAH-related exposure was 4-18 times
higher than for outdoors (Oliveits et al, 2016), In compliance with this,
the research focused on the impaet of outdoor environment on indoor air
quality in office buildings in Milano (Imly) throughout the year
confimed a strict correlation between indoor and outdoor PM concen-
trations. However, the reported B[a]P concentrations were higher in-
door (1/0 = 2.3) suggesting that indoor sources did not contribute to
higher PM mass emissions but significantly affected human health
through the apportionment of the particles enriched by earcinogenic
species (Sangiorgi etal., 2013).

According to our results, the extreme B[a]P 170 ratio values (Fiz. 1)
were detected in the days when the indoor BlalP remained concentrated
while the frequent changes in the weather conditions, followed by sig-
nificant wind gusts, precipitation events and sunshine hours consider-
ably affected the outdoor air quality (Part 1 of this paper, Stnisic et al.,
2021). The differences between reported B[a]P 1/0 ratio values can be
explained by the fact that vaiiable meteorological conditions govem
more rapid outdoor concentiation variations, while indoor air quality
remains less affected. This further suggests thar the long-term 1/0 ratio
calculations excluding the extremely low or high pollutant values could
better reflect an environment in which B[a]P pollution occurs.

In this study, XGBoost was successfully employed for exploring
complex, heterogeneous, and non-linear relationships between BlalP
concentrations and key factors which shape their indoor and outdoor
distribution including inorganic gaseous pollutants, radon, PMys and
their constituents including trace metals, ions, all other US EPA priority
PM, 5-bound PAHs, 31 meteorological variables, the number of people
and the time they spent indoor, wend, weekday, and weekend. The
predicted/observed calculated relative errors were 15.1% and 14.5%,
while the r* were 0.96 and 0.95 for indoor and outdoor, respectively
(Fig. 2).

The data analysis revealed a correlation of 0.67 (p<0.05) between
indoor and outdoor BlalP levels (Figui= 51). Fusther, both the indoor
and outdoor B[a]P concentrations exhibited correlations above 0.9 with
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Fig. 1. Benzo(a)pyrene concentrations and indoor/ontdoor ratio.
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B[alA, Chry, 1[cd]P, BghilP, B[b]F, and B[k]F levels from the corre-
sponding environment, while also significant correlations of 0.89 and
0.82, respectively, were found with indoor and outdoor Pyr. The
petsistent influence of the listed pollutants on Bla]P behavior was also
confirmed by the correlation of SHAP values higher than 0.8
(Figure 522). However, relative SHAP value correlations, slightly above
0.8, reveal a more varnable impact of Bla]A, B[b]F, B[k]F, and Chry
(Figure 525), and even more for indoor and outdoor Pyr (<0.7). It is
known that Chy and Pyr can be distributed between gas and particle
phase upon emission, which distinguishes them slightly from B[alP, B
[alA, BLKIF, 1[ed]¥, BlghilP, and B[b]F, which exhibit high mutual
correlations because they are found to be mostly PM-bonded (Oliveira
etal, 2016).

Yet, according to absolute and relative SHAP values (Fig. 3), Chy
appears to be the most important B[alP predictor in the indoor envi-
ronment (absolute SHAP: 0.11 ng m > relative SHAP: 18.23%), fol-
lowed by B[b]JF, CO, BlalA, I[cd]P, B[k]F, Flt, D[ah]A, Pyr, B[ghi]P, Cr,
and PM; s, while in the outdoor environment B[a]P levels could be more
accurately predicted by B[b]F concentrations, although the significance
of Bla]A, BIKIF, BlghilP, 1[cd]P, Pyr, CO, As, and Flt, as well as the
signifieance of Chry (absolute SHAP: 0.01 ng m > relative SHAP:
3.61%) were also evidenced. It can be assumed that in the indoor
environment, semivolatile Chry is more particle-bonded and has similar
fate to BlalP, while outdoor Chry has been shown to be less important
for BlalP level prediction probably since it is, unlike Bla]P, more
distributed in the gas phase, as well as more resistant to atmospheric
reactions with oxidative species (Estave et al., 2004; Perraudin et al,
2007). On the other hand, Pyr has a comparable influence on B[a]P
levels in both indoor and outdoor environment, which is supported by
the fact that these species have very similar molecular stucture and
environmental behavior, and thus, they exhibit equal reacriviry with
hydroxyl and nitrate radical species. Also, the increased levels of Chry,
Pyr, and B[a]P suggest that these species share the same source in both
indoor and outdoor environment, which can probably be attributed to
fuel-burning for heating purposes as identified by Unmix source
apportionment and PAH diagnostic ratios (Part 1 of this paper, Stanisic
etal., 2021), or more specifically to coal combustion, when considering
the association between outdoor As and B[a]P levels. In the indoor
environment, the evidenced relationship between B[a]P and Ct levels
indicates the contribution of diesel and gasoline emissions, which are
the major source of PAHs in the warm season. Namely, the study area
was located 80 m from the main road, and thus, the impact of motor
vehicle emission on indoor air quality could be registered. Unsurpris-
ingly, SHAP values suggested no associations between indoor and out-
door Bla]P levels and highly volatile PAHs including Nap, Acy, and Ace,

Relative error: 15.1% Relative error: 14.5%
r%:0.96

% 0.95
@ Predicted
@ Observed

Concentration [ng m?]

QOutdoor

Fig. 2. XGBoost model evaluation.
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which are normally distributed in a gas phase.

The results of SHAP analysis revealed that the impact of PM2 5 on B
[a]P levels is less evident in the outdoor than indoor environment which
can be explained by the inconsistent matrix-specific interactions of PAHs
and particles at the molecular level. Namely, B[a]P is mostly entirely
found within the fine particle fraction, but the chemical nature and the
amount of bonding varies with particle composition and environmental
factors (Lanunel et L, 201 0). To particles with higher organic content, B
[a]P is most often bonded by solvation, and this process is enhanced in
the presence of moisture and usually less temperature dependent
compared to the weaker bond of adsorption type that accurs on particles
with higher inorganic content. It appears that adsorption was the
dominant mechanism involved in pollutant particle distribution in the
outdoor environment, which made B[a]P more prone to transformations
and oxidation with free OH radicals and less resistant to UV decompo-
sition that also takes part in the outdoor environment.

The low SHAP values (Fiz. J) and dependence plots (Figures 53)
showed that neither indoor nor outdoor B[a]P behavior exhibit signifi-
cant weekend dynamic pattemn o1 meteorologically-driven trend. While
previous studies (Jung et al, 2014) mostly reported that B[a]P atmo-
spheric persistence and levels were affected by the seasonal variations of
temperature, relative humidity, and pressure, our results (the SHAP
values from 0.2 to 0.4, Fig. 3, and SHAP dependencies, Figures 53)
showed that only the increase in soil moisture (Solm>>0.3) was positively
associated with the increased outdoor Bla]P levels (1-3 ng m 7). Beside
remperatures below 12 °C, changeable weather conditions with pre-
cipitations, and consequently increased soil moisture, characterized the
episodes of high B[a]P levels in the beginning and the end of March
along with mid-April and May (Fig. 1). As already mentioned, B[a]P and
other high-weight PAHs are hydrophobie and almost entirely found
within the fine particle fraction, which implies thar their atmospheric
removal is regularly affected by dry deposition (leyte ot al.. 2013). After
being deposited in the soil, B[a]P decay on particles via heterogenous
reactions is reduced with the increase of soil moisture, which leads to
higher Bla]P levels in the soil and thus, larger pollutant pool for vola-
tilization. Although the volarility of B[a]P is generally low (vapor
pressure, p — 7.9 10 ° Pa at 298 K) and its tendency to volatilize upon
being bond to solid surfaces is limited, volatilization from the particles’
surfaces still occurs and appears to contribute up to 9% to total Bla]P
emissions as shown by the study conducted in the Ewopean region
(Keyre et nl, 2013), which can explain the positive association between
soil moisture and outdoor B[a]P levels. In addition, soil moisture is
recognized as one of the most important factors for controlling partic-
ulate/dust resuspension because it enhances the strength of
inter-particle bonds by p ing the develop of a humid film
between soil grains thar makes soil an important secondary emission
source of particles depending on the texture and mechanical composi-
tion (Nieder er al.. 2018). We note that the SHAP analysis indicated that
the indoor levels of B[a]P were independent of the number of attendants
and employees, as well as the time they spend indoors.

As shown by the dependence plot (Figue: 53), the non-proportional
relationships are evident: the elevated outdoor and indoor B[a]P con-
centrations are followed by increased levels of the main predicting
species (B[a]A, B[b]F, 1[cd]P, Chy, B[ghi]P, B[k]F, and Pyr). According
to the relative SHAP values (Fig. 3), BlalA (21%), B[bIF (21%), and B[k]
F (15%) isomers are recognized as the main compounds whieh explain
the outdoor B [a]P dynamics, i.e., contribute to the environment which is
associated with B[a]P specific behavior and fare. The relationships be-
tween B[a]P and other PAH species are less evident, as shown by relative
SHAP values below 10%. The non-proportional relationships are also
confirmed between Bla]P and other considered parameters in the
following order: CO, As, Cr, PMzs, and Rn (Fig. 3). Considering the
relative SHAP values, their significance appears to be more evidenr in
the indoor than outdoor environment. The main compounds which
explain the indoor BlalP dynamics were Chry (18%), BIk]F (17%), and
CO (10%).
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The impact of B[bIF on BlalP levels is very similar in both envi-
ronments and increases with BIbIF concentrations (Figure §3.3). Its
share to the other governing factors decrenses above B[b]F concentra-
tion of 2 ng m * which menns thar other factors overtake the leading

high levels outdoors, but we have not found the explanation for this
observation.

The impacts of Chry and Bla]A on BlalP levels are very similar in
shape (Figures §3 6 and $3.2), with relative SHAP 18% and 21% in the

role in shaping B[a]P levels above 0.8 ngm °. The influenceof B[k]JFon  indoor and outdoor envir ts, respectively. This implies that,

BlalP tal fate is more pi ] for low levels indoors and although semi-volatile, Chry is more prone to be particle-bound in the
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conditions of limited photo oxidative reactions. This is confirmed by
SHAP dependency analysis which reveals two types of environmental
conditions interrelating these compounds characterized by Cluy levels
below/above 0.9 ng m * corresponding to the occurrence of this com-
pound predominantly in a gaseous/particulate phase.

‘C1-C4 refers to four clusters being identified for indoor environ-
ment by the SHAP value fuzzy clustering, while °C1-°C8 refers to eight
clusters that were identified for outdoor environment. Most of the
investigated days were assigned to °C6 (Figs. 4 and 5), The predictors
used for cluster differentiation in this study (13 for indoor and 9 for
outdoor environment) explain the appr ly 90% of B[a]P level
dynamics in total. The number of clusters indicate the complexity of the
ambient, diversity of emission sources, and abundance of environmental
influences. As can been seen in all clusters, mostly particle-bound 4-, 5-
and 6-ring PAHs (B[alA, B[b]F, BIKIF, D[ah]A, and I[cd]P) character-
ized the environment in which both low and high concentrations of B[a]
P were registered, but non-negligible is the impact of 4-ring semi-
volatile PAH congeners Chry and Pyr, which show ambivalent chemo-
dynamics depending on the molecular structure, and CO (absolute value
of relative SHAP ranging from 6.3 to 9.3%). The pollutants Dlah]A, Cr,
As, Rn, and PM, 5, for which low SHAP values (<0.1) were observed,
had minor potential for explaining the indoor and/or outdoor environ-
ment that shaped B[a]P level dynamics.

During the 60 days in total, being attributed to 'C4 (3rd April - 31st
May) and ‘C1 (4th March - 26th May), the investigated parameters
defined the indoor environment in which low concentrations of PAHs
and particularly B[a]P were registered (mean B[a]P concentrations 0.07
and 0.36 ng m * for clusters 'C4 and 'C1, respectively). The range of the
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lowest concentrations ('C4: 0,03-0.24 ng m ) is well-separated from
the others (fuzzy cluster membership 88%), indicating that the specific
environmental conditions goveming their occurrence were associated
with the dominant influence of Chy > B[b]F > CO > BlalA > I[cd|P > B
[KIF (relative SHAP ranging from 7.4 to —18%). Indoor low levels
clustered in ‘G4 were ohserved during the warmer part of the mea-
surement campaign and thus can be predominantly attributed to the
reduction of the intensity of the outdoor emission sowces related to
heating and enl 1 photodeg of PAHs. The range of slightly
higher concentrations (‘C1: 0.2-0.54 ng m %) is nor well differentiated
(fuzzy cluster membership 69%), which ean be probably attributed to
the influences that do not originate from the features used in this study.
The decrease of B[a]P concentrations was mostly affected by Chry = B
[alA > BIbIF (in average 18.9, 10.3, and 8.5%, respectively).
Conversely, during the period attributed to ‘G2 (7th March - 9th May)
and ‘€3 (10th March - 28th March), the investigated parameters domi-
nantly defined the indoor environment in which high concentrations of
Bla]P, Bla]A, B[b]F, B[k]F, Chry, D[ah]A, and I[cd]P (0.5-3ngm" 3),as
well as CO were registered (>-0.35 mg m ), whereas the concentrations
of Cr were noticeably lower (<6.5 ng m™®) than during the events
assigned to 'C4 and 'C1. The 'C2 and 'C3 periods were associated with
changeable weather, low temperature, occasional precipitations, and
pronounced cold front breakthroughs that led to the intensified PAH
emissions from heating sources and reduced Bla]P ambient decompo-
sition by photolytie reactions. The observed Bla]P mean concentrations
and ranges were ‘C2: 0.90; 0.6-1.2 ng m % and 'c3: 2.48; 1.4-2.4 ng
m >, Both clusters were characterized by the dominant impact of B[b]F
(relative SHAP 18.9 and 25.3%) and differentiated by the impact of Chry
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and CO which is negative for 'C2 negative, and positive for 'C3. We did
not observe the cause of differentiation within the features used in this
study.

During the days atuibuted to elusters °C2, “C3, "C4, and °C5, the
elevated concentrations of predictors including I[cd]P, Chry, BghilP,
and B[K]F (>>1 ng m" %), B[a]A, B[b]JF, and particularly Pyr (0.5 ng
m ), As (>1.2 ng m ?), and CO (0.35 mg m ) shaped the outdoor
environment (Figs. 4 and 5) in which high B[a]P concentrations were
registered (0.8, 2.3, 1.0, and 1.4 ng m >, respectively). Over the 14 days
assigned to °C1 (4th March - 20th May), the increase of Bla]P levels was
mostly affected by 1[ed]P concentrations, although its impaet was not
dominating. Over the days assigned to °C6 (22 days in total in the period
26th March - 31st May), °C7 (16 days in the period 30th March - 24th
May) and °C8 (7 days in the period 8th April - 3rd May), the concen-
trations of investigated parameters inchuding As (<0.7 ngm %), BlalA, B
[bIF, B[ghilP, Pyr, B[KIF, Chry, and I[ed]P (<1 ng m ) defined the
environment in which low B[a]P levels were registered (0.1, 0.3, and
0.2 ngm °, respectively). Additionally, the attributions of all predictors
to the observed BlalP concentrations were low, as implied by negative
SHAP values and high errors calculated for °C6 (absolute error 0.09 and
relative error 97.8%) and °C8 (absolute error 0.09 and relative error
46.6%). This further indicates that other environmental factors (e.g.. UV
PAH degradation or photochemical formation of PAH derivates initiated
by the presence of peroxides, Os, and nitrate and hydroxyl radicals)
played an important role in Bla]P environmental fate over the corre-
sponding days.

Based on the absolute SHAP interaction values (Figure 54), the in-
teractions between the following pairs of pollutants: PM, s—Chry,
CO-DB[ah]A, CO-Ru, CO-BIbIF, Chry-BIKIF and As-Chry appeared to
be the most prominent features that shape the indoor environment while
B[a]A-B[ghi]P and B[a]A-B[b]F were extracted as the most significant
interactions in the outdoor ambience. Additionally, the SHAP relative
values point to CO-D[ah]A indoor as the most influential interaction,
and the potential explanation has been already discussed in the previous
fext.

4. Conclusions

The indoor air quality has attracted growing attention since the
research has shown that it does not represent a simple reflection of the
outdoor pollutant concentrations. Additionally, the findings that some
pollutants, including carcinogenic B[a]P, can be more concentrated in-
doors emphasizes the significance of the intemal air quality for human
health and well-being. In this study, the machine learning and
explainable artificial intelligence merhods were snceessfully employed
(relative errors <15.1%) for exploring the sources of indoor and outdoor
B[a]P in a university building, and examine its relationships with other
air pollutants and meteorological factors. According to the results, Chry
and B[b]F concentrations were found to be the main factors which
explain the environment, associated with Bla]P specific behavior and
fate, followed by other long-lived particle-bound PAHs, including Bla]A,
I[ed]P, BLKIF, Flt, D[ah]A, Pyr, and B[ghi]P. Less important associations
were recorded between B[a]P concentrations and the levels of inorganic
contaminants (CO, As, and Cr), PMa s, as well as soil moisture, whereas
the impacts of other investigated parameters appeared to be negligible.
As can be coneluded, the ongoing developments and advances in ma-
chine learning and artificial inrelligence in general, have resulted in
complex modeling which have the potential to enhance our under-
standing of air pollution and related environmental processes.
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Current research suggests that, apart from photochemical reactions, toluene, ethylbenzene and xylene (TEX) re-
moval from ambient air might be affected by atrmospheric precipitation, depending on the concentrations and
water solubility of the compounds, Henry's law, physico-chemical properties of the water, as well as the fre-
quency and intensity of precipitation events, Nevertheless, existing knowledge of the role that wet deposition
plays in biogeochemical cycles of volatile species remains insufficient, and this topic requires more scientific ef-
fort to be explored and understood. In this study, we employed the eXtreme Gradient Boosting tree ensemble for
revealing TEX transfer from ambient air to rainwater, and applied a novel SHapley Additive exPlanations feature
attribution framework to examine the relevance of the monitored parameters and identify key factors that gov-
ern wet deposition of TEX. According to the results, main impacts, including ambient air TEX concentrations, and
rainwater and air temperatures, and occasional, but less important impacts, including wind speed, air pressure,
turbidity, and total organic carbon, NO3, €I~ and K™ rainwater concentration, shaped TEX partition between gas-
eous and aqueous phases during rain events.
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1. Introduction

The behavior and distribution of volatile organic compounds (VOCs)
in ambient air and atmospheric precipitation has attracted considerable
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scientific attention over recent years, due to the abundance and envi-
ronmental effects of VOCs, as well as their evidenced toxic and carcino-
genic nature (Stoji¢ et al., 2015). Theoretically, the partition of volatile
species between the gaseous and aqueous phases in the atmosphere
might be described by Henry's law and an enrichment factor (EF)
(Kampf et al., 2013; Kurtén et al., 2015; Okochi et al,, 2005; Sander,
2015). However, some empirical findings suggest the process of wet de-
position appears to be more complex and also dependent on other fac-
tors, including physico-chemical properties of atrmospheric water and
surrounding air, as well as on the rainwater dissolved aerosols contain-
ing VOCs (Sostarié et al,, 2017), Therefare, the important topic of air pol-
lutant deposition requires more scientific effort to be explored and
understood.

Over recent years, the application of artificial intelligence imple-
mented in machine learning has become evident in the field of environ-
mental science, and supported by the great availability of high-
dimensional data. Nevertheless, tremendous advances in prediction of
air pollutant distribution and behavior in the environment remained
somewhat limited and underexploited due to the fact that complex
models' performances and interpretability are in apparent conflict
(Alvarez-Melis and Jaakkola, 2018a, 2018b). While the best explanation
of a simple model is the model formulation itself, understanding and
correctly interpreting models parameterized with a large number of
variables, such as random farest or an extreme gradient boosting ma-
chine (XGBoost), can be challenging (Staniak and Biecek, 2018). Like-
wise, a single simple decision tree is easy to interpret, but ensembles
of hundreds and thousands of trees, which would have superior predic-
tive capabilities, are not interpretable (Tan et al,, 2016).

Although some authors consider the tendency to explain complex
models with a single point-wise approach too optimistic
(Alvarez-Melis and Jaakkola, 2018a, 2018b), simple approximations
provide valuable insight into understanding causality, features that
drive the model’s prediction, the prediction's accuracy and finally, pro-
vide opportunities for robust validation procedures and model im-
provement (Fong and Vedaldi, 2017). In other words, interpretation
methods have been developed to shed light on scientific problems
where human intuition and domain knowledge are often limited
(Montavon et al,, 2017). The goal of current interpretation methods
which are able to mimic the behavior of machine learning algorithm is
not to explain the logical concept behind the black box, but to provide
feasible reasons for the choice of a particular instance (Guidotti et al.,
2018). As shown by Lundberg et al, (2018}, current interpretation
frameworks lead to inconsistent results and often contradictory expla-
nations for machine learning algorithms. Therefore, Lundberg and Lee
(2017a) recently developed SHAP (Shapley Additive exPlanations), an
additive feature attribution method, which they showed has a unique
solution in the class of explanation models aimed at post-hoc
interpreting machine learning methods, and which is more aligned
with human intuition. Unlike approaches that provide a specific global
predictor, the SHAP framework provides an explanation of the tree
ensemble's overall behavior in the form of particular feature contribu-
tions. As well as other methods for interpreting machine learning
predictions, SHAP is becoming increasingly popular as a tool in
predicting natural and social phenomena. For instance, the recent
study of Janizek et al. {2018) combined SHAP and an XGBoost tree-
based approach to predict and explain the synergy of novel drug
combinations for precision cancer treatment.

Our previous studies were aimed at exploring the contribution of at-
mospheric precipitation on benzene, toluene, ethylbenzene and xylene
(BTEX) removal from ambient air and mechanisms of BTEX partition be-
tween aqueous and gaseous phases through field experiments and lab-
oratory simulations (Sostari¢ et al,, 2016, 2017). In this study, we used
the SHAP algorithm to obtain a more detailed insight into the factors
that govern toluene, ethylbenzene and xylene (TEX) environmental dis-
tribution and transfer from ambient air to rainwater. Beside the accu-
racy and consistency of the results achieved by SHAP analysis, the

present study reveals in which respect the predictors affected the inves-
tigated variables,

2. Materials and methods

A detailed description of the sampling and measurement campaign,
as well as the obtained dataset used in this study, is given in our previous
paper (So3tari¢ et al., 2017). In brief, TEX concentrations in air and rain-
water were measured simultaneously during several rain events in the
summer and autumn of 2015 in a suburban residential area in Belgrade,
Serbia, where there were a number of local TEX emission sources, mainly
solvent-related or winter-active fireboxes, The measurements were ob-
tained by proton transfer reaction mass spectrometry (Standard PTR-
quad-MS, lonicon Analytic GmbH, Innsbruck, Austria). Beside TEX con-
centrations, the dataset contained rainwater physico-chemical parame-
ters including major inorganic anions (F~, CI~, SO, NO; and NO3 ),
dissolved cations (Na™, NH,, k', Ca®" and Mg? "), total organic carbon
(TOC), electrical conductivity (EC), UV extinction, turbidity (NTU), pH,
rainwater temperature and meteorological parameters (rain intensity,
wind speed and direction, pressure, humidity and temperature).

Regression analysis by means of XGBoost was implemented for esti-
mating the relationships between TEX rainwater concentrations and
EFs on one hand, and TEX ambient air concentrations, and physico-
chemical and meteorological parameters, on the other (Chen and
Guestrin, 2016). Gradient boosting is a technique implemented in a
complex prediction model by iterative combinations of ensembles of
weak prediction models into a single strong learner., Regarding decision
trees, gradient boosting builds a sequential series of smaller trees,
where each tree tries to complement each other and correct for the re-
siduals in the predictions made by all previous trees (Sheridan et al.,
2016). XGBoost is a general-purpose supervised machine learning
method achieving high accuracy in a wide range of practical applica-
tions, usually outperforming random forests, support vector machines
and deep learning neural networks. In this study we used Python
(Python Software Foundation) XGBoost implementation (XGBoost
Python Package). The dataset was split into stratified training (80%)
and validation (20%) sets. Hyperparameter tuning was implemented
using a brute-force grid search and stratified cross-validation that was
replicated ten times, The best performing values were used for the
final model.

The ability to accurately interpret a model's prediction supports
deeper understanding of the process being modeled. A widely accepted
interpretation approach is the Single tree approximation, which induces
asingle tree as a comprehensive global predictor that approximates the
concept represented by the algorithm, covers the highest possible
number of correct training examples, and minimizes the error of the re-
maining examples. The Decision Rules is another commonly used un-
derstandable method for extracting and refining the set of rules, and
which capture only the most significant clauses without duplicating
information from the trained models. Furthermore, the Feature Impor-
tance and Saliency Mask methods are designed to identify the smallest
patch which exposes most clearly the central properties of the dataset
and removal of which would affect the error of the model significantly
(Dabkowski and Gal, 2017). There are also other currently employable
interpretation methods, the description of which is beyond the scope
of this brief summary.

Nowadays, a variety of statistical tools including tree-based model-
ing packages can be implemented to compute a measure of feature im-
portance and provide information regarding the features that govern a
model's prediction. Unlike the conventional attribution methods, such
as those implemented in gradient boosting machines and random for-
ests, which are not individualized for each prediction and because of
this, are prone to inconsistency, the SHAP method offers uniquely con-
sistent and locally accurate attribution values (Lundberg et al,, 2018},
Based on unification and additive attribution algorithms, SHAP values
attribute to each feature the change in the expected model prediction
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when conditioning on that feature (Lundberg and Lee, 2017a). SHAP
overcomes the main drawback of inconsistency, suppressing the possi-
bility of underestimating the importance of a feature with a certain at-
tribution value.

The SHAP runs from exponential to O(TLD?) for unbalanced trees
and O(TL log? L) for balanced trees, where T is the number of trees, L
is the maximum number of leaves in any tree, and D is the maximum
depth of any tree (Lundberg and Lee, 2017b). The idea of the polynomial
time algorithm for SHAP values instead of an exponential time algo-
rithm is to recursively keep track of what proportion of all possible sub-
sets flow down into each tree leaf. The exponential reduction in
complexity provides alternatives to traditional partial dependence and
feature importance plots (Friedman et al., 2001), termed SHAP depen-
dence and SHAP summary plots, respectively, Namely, since they are in-
dividualized feature attributions unique to every prediction, SHAP
values enable better capture of interaction effects. Unlike partial depen-
dence plots, which represent the dependency of a model on a subset of
features with all other features fixed, SHAP dependence plots capture a
feature's attributed importance, and changes as the feature's value
varies. Moreover, contrary to standard partial dependence plots which
only produce lines, SHAP dependence plots capture interaction effects
in the model, representing them as vertical dispersion. The combination
of SHAP dependence plots and SHAP interaction and SHAP main effect
values (representing the impact of a feature after all interaction effects
have been removed) can reveal global interaction patterns which
could not be identified otherwise. In this paper we used supervised clus-
tering based on SHAP feature attributions, SHAP summary plots and
partial SHAP dependency and interaction plots to explore the interac-
tion effects between relevant factors.

3. Results and discussion

The role of different forms of atmospheric water in TEX's environ-
mental fate is still an issue of scientific research. In theory, the capacity
of rainwater to scavenge TEX could be determined by a distribution
coefficient, Henry's law constant, and the ratio of these two factors (de-
fined as EF, Supplementary material). However, existing studies dealing
with wet deposition of volatile species and their transfer from gaseous
to aqueous phases are not only scarce, but produced contradictory evi-
dence and conclusions (Okochi et al., 2005; Sato et al., 2006; Allou
etal, 2011).

In general, BTEX concentrations in water are expected to be low due
to the small Henry's law constant values of aromatic compounds. How-
ever, Delzer et al. (1996) were among the first to show that, in spite of
their low solubility, toluene and total xylenes were the most frequently
detected volatiles in urban stormwater, In the study that compared
shallow groundwater BTEX concentrations with the values estimated
on the basis of their atmospheric concentrations, assuming Henry's
law constant at 15 °C, the authors reported that the observed BTEX con-
centrations in water samples were higher than expected (Baehr et al.,
1999). Furthermore, those authors claimed that BTEX presence in shal-
low groundwater is directly related to their atmospheric concentrations
only at estimated aqueous levels below 0.1 ug L', Some years later,
Okochi et al. (2004, 2005) also reported the concentrations of volatile
species in rainwater and dew exceeded the values predicted by Henry's
law. In addition to this, the laboratory study of Sato et al. (2006) demon-
strated that dissolved organic compounds, including humic acids, might
act as co-solvents, enhancing VOC transfer to atmospheric water. Fi-
nally, our recent findings (So3tari¢ et al,, 2016, 2017) confirmed that
levels of BTEX in both deionized water in laboratory simulations and
rainwater exceeded theoretically calculated values of BTEX transfer be-
tween phases, Moreover, our studies contributed to the existing knowl-
edge by elaborating how meteorological conditions govern BTEX
partition, as well as by exploring the relationships between the wet de-
position process, the main inorganic constituents of rainwater, and

ience of the Total Enviromment 653 (2019) 140-147

rainwater's physico-chemical properties (pH, EC, NTU, UV extinction
and TOC).

In contrast to this, Mullaugh et al. (2015) propose the wet deposition
process is of less significance for the removal of aromatic hydrocarbons
from the lower layers of the atmosphere due to the high volatility, hy-
drophobic nature and relatively short atmospheric lifetimes of the com-
pounds. Furthermore, the authors identified that rainfall intensities and
amounts were not controlling factors for BTEX concentrations in the
rainwater, as the results presented herein have also confirmed.

An XGBoost tree-based method was successfully employed for ex-
ploring nonlinear relationships between rainwater TEX concentrations
and EFs based on TEX concentrations in ambient air, rainwater
physico-chemical properties and meteorological conditions during
rain events. As can be seen in Table 1, the predicted/observed calculated
relative errors were below 20%, while the correlation coefficients
exceeded 0.93. The gain XGBoost F score, as ane of the indicators of fea-
ture importance (Fig. 1), suggested that the ambient air TEX concentra-
tions appeared to be far the most important predictors of toluene
deposition in rainwater. Additionally, XGBoost weight scores showed
that TOC and wind direction might also affect toluene rainwater con-
centrations. In contrast to this, the cover feature attribution score
showed that a number of other factors, including wind speed, rain in-
tensity, air and rainwater temperature, TEX ambient air concentrations,
and concentrations of rainwater constituents, such as Na*, 07, K™,
Ca®* and €1~ could be influential attributes for rainwater scavenging
of toluene.

Similarly, inconsistent results and highly variable XGBoost F scores
were registered for ethylbenzene and xylenes (Fig. 1, Supplementary
material). As noted by Lundberg et al. (2018), the commonly employed
interpretations of XGBoost methods provide contradicting conclusions
on the relevance of examined features for prediction of TEX rainwater
concentrations and EFs.

According to the results, the mean SHAP value distribution (Figs. 2,
S1 and S2, Supplementary material) and supervised clustering analysis
(Fig. 3) demonstrated the way ambient air TEX concentrations, together
with rainwater and air temperatures, governed the process of TEX wet
deposition and rainwater enrichment. These were also impacted by con-
tributions from TOC, wind speed, air pressure, NTU and NO3, NO; , Na*,
Cl™ and K" concentrations. As indicated by the long-tailed distribution to
the right (Fig. 2), increased toluene concentrations in rainwater were
mainly associated with high ambient air TEX concentrations (ranging
from 144 t0 249 ngg ' and from 34 to 5.0 ng g ' for toluene and eth-
ylbenzene/xylenes, respectively) and NO3 concentrations (Fig. 3). The re-
lationship between toluene and nitrates was particularly evident
(represented by significant red feature cluster attributions) when the ni-
trate ion concentrations exceeded 2 mEq L™, as well as during NW/N
wind episodes (Fig. 3), probably being associated with the arrival of pol-
luted air masses which resulted in higher NO; concentrations in rainwa-
ter. Moreover, these species could be emitted from the common pollution
sources, such as fossil fuel burning and traffic exhaust. Under stable atmo-
spheric conditions with wind speed below 5 m s~ ', NO3 concentrations
dropped below 2 mEq L™, and the relationship of NO; to toluene trans-
fer to rainwater weakened (as indicated by blue cluster attributions;
Fig. 3). On the other hand, ethylbenzene and xylenes transfer to rainwater

Table 1
XCBoost performance.
Variable Predicted/observed
Correlation Absolute  Relative
error error [%]
Rainwater toluene [nM] 094 973 17
i hy xylenes [nM] 094 5.30 1
Toluene enrichment factor 097 759 17
Ethylbenzene/xylenes enrichment 093 16.57 20
factor
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was additionally affected by meteorological conditions (rainwater tem-
perature, wind speed and direction, as well as air pressure in a few rainfall
events) and TOC (Fig. S2). Unsurprisingly, increased air and rainwater
temperatures, which cause the solubility of gases to decrease, as well as
high wind speed and air pressure negatively affected ethylbenzene/xy-
lenes transfer to rainwater (Figs. 2 and 3). Namely, high wind speed

Rainwater toluene

leads to enhanced dispersion of volatile species and short-lasting contact
between gaseous and aqueous phases during rain events.

The fact that other features including Na*, K™, €1~ and NO;™ concen-
trations, as well as NTU and UV extinction were arranged in non-
gradually decreasing order of importance to the left suggests that they
could also occasionally exhibit some impact on TEX rainwater
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concentrations (Figs. 2 and 3, $4-540). Theoretically, the impact of Na™*,
K* and CI™ presence on gas behavior in aqueous solution can be ex-
plained by the salting out effect. This effect refers to the observation
that the solubility of gases in a single or mixed electrolyte solution is de-
creased compared to that in pure water under the same conditions
(Sander, 2015). As shown by Allou et al. (2011}, Henry's constants for
formaldehyde and benzaldehyde in 35 g L' NaCl salt solution were
27-66% and 12-21% lower, respectively, than the corresponding values
in deionized water. While our results mostly comply with this theoreti-
cal background, in a few cases, increases of Na*, K* and €1~ concentra-
tions in rainwater were associated with higher TEX transfer to rainwater,
and correspondingly, higher Henry's constant values (Figs. S4-540).

Diverse properties of the compounds themselves control the distri-
bution of toluene and ethylbenzene/xylenes between environmental
compartments. These properties include differences in solubility, vola-
tility and other physicochemical properties, and the fact that ethylben-
zene/xylenes are more chemically inert than toluene due to longer alkyl
chain and methyl substitutions (Odermatt, 1994). Thereby, the diversity
of properties is reflected in both the diversity of identified features that
control TEX distribution and SHAP values which are an order of magni-
tude higher for toluene than for ethylbenzene/xylenes, as can be seen in
Fig. 2.

Besides exhibiting an inverse relationship with TEX solubility, rain-
water temperature decline is accompanied with less intense molecular
vibrations, increasing the tendency of water molecules to form hydro-
gen bonds, so lowering the concentration of H' ions, and therefore, in-
creasing the pH. Furthermore, this basification is associated with lower
acid-base dissociation of chemical species that produce SO3 ~, NO3 and
NO, and which originate from the gaseous oxides SO, and NO,, and/or
their acidic products (Wang et al., 2015). In compliance with this, dur-
ing several rainfall events with neutral to alkaline rainwater (Fig. S5,
S6, S25 and S26), TEX transfer to rainwater was favored, particularly
under stable atmospheric conditions (wind speed <6 m s~—') when lim-
ited wind-induced dispersion of particles and/or gas enabled prolonged
contact between gaseous and aqueous phases. It is also worth mention-
ing that TEX scavenging by rainwater was more pronounced immedi-
ately after the rain began, i.e. during the first 1-2 h of a rain event
(Fig. S6 and 526).

Intense UV extinction can be considered a good indicator of conju-
gated systems, which can refer to the presence of monoaromatic volatile
species. However, the almost negligible associations between the TEX
concentrations and UV extinction, as well as TOC, suggest the UV factor
could be associated with the occurrence of VOC in rainwater in general,
rather than particularly with toluene and/or ethylbenzene/xylenes
(Figs. S5, 59, $21, $29). Similar conclusions can be drawn for turbidity
and electrical conductivity. For example, the highest TEX rainwater con-
centrations were associated with lower NTU values (1 to 3), ie. the
highest TEX transfer from ambient air to rainwater occurred in cases
when rainwater contained negligible amounts of particulate matter
that theoretically should enhance TEX transfer (Figs. 3 and S5, $9, S21,
§25). Therefore, the observed relationship between NTU, EC and TEX
deposition in rainwater is rather indirect, probably caused by the pres-
ence of ions and/or suspended particles in rainwater and the aforemen-
tioned salting out effect (Figs.$12, 515,537, $39), What is common to all
parameters (TOC, UV, EC and NTU) is that their maximum values were
associated with high wind speed (20-30 m s~ ') and wind direction
below 2507, during the intensive summer rainfall events, probably be-
cause intense wind enhances air transport and suspension of organic
and inorganic particles in rainwater, Otherwise, in the majority of obser-
vations, W, NW and N winds predominated, which corresponded to
lower feature values (Figs. $13, S17, $36, $38) and presumably smaller
impacts of local pollutant sources that has been confirmed in our previ-
ous study {Sostaric et al., 2017).

As shown by SHAP interaction plots and zero SHAP values (Figs. S18,
540,572,573, 576), the TEX deposition process in rainwater is indepen-
dent of mutual interactions between the physico-chemical parameters

of rainwater. On the other hand, the interactions between ambient air
toluene and ethylbenzene/xylene concentrations or meteorological
conditions were noticeable for toluene transfer to rainwater, although
with significantly lower impact on the model output in the SHAP depen-
dence plot, as indicated by the lower SHAP values. The conjoint interde-
pendencies of the examined features (SHAP values: ambient air
ethylbenzene/xylenes—NO3 (—4 to 6); ambient air ethylbenzene/xy-
lenes—NTU (—3 to 3); ambient air toluene—TOC (—2 to 2); ambient
air toluene—wind direction (—0.5 to 1.5); ambient air ethylbenzene/
xylenes—EC (—0.5 to 1.5); ambient air ethylbenzene/xylenes—NO3
(—1.5to 1.5); ambient air toluene—ambient air ethylbenzene/xylenes
(—3 to 1); ambient air ethylbenzene/xylenes— rainwater temperature
(—3 to 1); ambient air toluene—NO3 (—1 to 1)) appeared to have a
slight/moderate impact on toluene rainwater concentrations, whereas
the rest were irrelevant for the toluene wet deposition process
(Figs. 4, and S18, §72). We also speculate that the interconnections
among the following feature pairs: ambient air toluene—NTU (~1.5
to 2), K™ -air temperature (—2 to 2), rainwater temperature-air pres-
sure (=3to2), K"-NO; (—04to 1), K" -ambient air ethylbenzene/xy-
lenes (—0.4to 1), NO7 —NO3 (—0.4 to 1), rainwater temperature-TOC
(—0.75t0 1), K*=NTU (—1 to 1), K" —ambient air toluene (—1 to 1),
K*-EC (—1 to 1), wind speed-CI~ (—1.5 to 1), ambient air
ethylbenzene/xylenes-NO; (—1.5 to 0.5), wind speed-UV extinction
(—0.6 to 0.8), wind speed-Ca®" (—0.6 to 0.8), ambient temperature-
NO; (—1.5 to 0.5) and ambient temperature-NO; (—0.4 to 0.4)
could be of interest for further investigations of ethylbenzene/xylenes
transfer to rainwater (Figs. S40, S73).

The results revealed that toluene enrichment factor (EF;) variations
were governed primarily by the dependencies of ambient air toluene
concentrations on the other variables (SHAP = 80, Figs. S41-544), to-
gether with the significantly lower impact of rainwater constituents
and their associations with K™ (6), pH (1), NO3 (0.10), CI™ (0.5), TOC
(0.4), rainwater ethylbenzene/xylenes (0.4) and toluene (0.2) concen-
trations, as well as with meteorological parameters: rainwater (2) and
ambient air (0.75) temperature, and air pressure (4) (Figs. S45-S53).
The conjoint interdependences of the noted variables (SHAP values:
ambient air toluene-K™: up to 6; ambient air toluene —rainwater
temperature: up to 1; ambient air toluene—air pressure: up to 1) ap-
peared to have a slight influence on EF; values, whereas other interrela-
tions could be considered irrelevant due to their zero SHAP values
(Figs. S54, S74, §77).

It is important to add that high SHAP vales characterizing mainly
lower air and rainwater toluene concentrations were accompanied by
increases in TOC, NTU values and concentrations of polar species
(Figs. S42 and $43). These polar species are heterogeneous products of
fossil fuel burning and traffic emission compounds (K™ and NO3"), but
they are also precursors of secondary organic aerosois (NO; ). These
findings could be expected since K™ and NO; ions are more soluble
than aromatic hydrocarbons, which lack the capability of forming strong
hydrogen bonds with polar water molecules. Secondly, TOC and NTU
are indicators of particulate matter presence in rainwater, and these
solid particles are able to modify gaseous-aqueous TEX partition by
creating new solid-liquid interfaces. In these three-phase systems,
suspended particles, which can originate from urban aerosols, diesel
soot or mineral dust, are able to reduce the gaseous and aqueous levels
of toluene and ethylbenzene/xylenes by 10% to 20%, respectively
(Starokozhev et al., 2011). In addition, the reduced amounts of TEX in
rainwater could be a consequence of heterogeneous reactions of NO,
which are facilitated by particulate cations, and result in large amount
of particulate nitrite (Wang et al,, 2015).

The SHAP results, which shape the prediction of ethylbenzene/xy-
lene enrichment factor (EFgx) in rainwater depending on TOC (2), UV
extinction (0.4), and NTU (0.3), were complementary to those obtained
for EFy, and illustrate the ethylbenzene and xylene partition in the
three-phase system. Regarding the meteorological conditions, the
most influential were rainwater temperature and air pressure, whereas
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Fig. 4. SHAP interaction summary plot of the most important features for rainwater toluene prediction.

air temperature and wind characteristics were found to be insignificant
for describing EFgx in rainwater. As discussed in detail for EFy, we noted
that interrelationships among pressure and the other variables, as well
as between the following pairs of variables: CI~ —ambient air toluene,
K*-rainwater ethylbenzene/xylenes, K -ambient air/rainwater tolu-
ene, TOC-ambient air toluene, TOC-gaseous ethylbenzene/xylenes
and NTU-rainwater temperature could be of interest for further investi-
gations that would require new measurements and larger datasets
(Figs. S71,575, S78).

4. Conclusions

Elevated ambient concentrations of toluene, ethylbenzene and xy-
lene as a result of anthropogenic activities in urban areas are an issue
of scientific and practical concern due to their impacts on both the envi-
ronment and human health. Due to the fact that advances in machine
learning have resulted in numerous applications of complex algorithms
for predicting environmental processes and concentrations of pollutant
species in environmental samples, it is critical researchers gain insight
into the way such algorithms arrive at their predictions. Recently, sev-
eral methods for interpretable approximations of sophisticated models
have been developed, with the focus on producing a posteriori explana-
tions and introducing simpler formulations able to capture the input-
output behavior and preserve certain key features. In this study, the ex-
treme gradient boosting tree-based method was successfully employed
(with relative errors lower than 20%) for predicting TEX concentrations
and corresponding enrichment factors in rainwater, based on their con-
centrations in ambient air and rainwater, physico-chemical properties
of rainwater and meteorological conditions, Furthermore, a novel fea-
ture attribution framework was applied to examine the relevance of
the monitored parameters for the modeled predictions, and enabled in-
sight into the main factors that govern deposition of TEX in rainwater,
while overcoming the usually inconsistent and contradictory interpre-
tations derived from commonly applied machine learning algorithms.
As the modeling showed, ambient air TEX concentrations, and rainwa-
ter and air temperatures were the main features that shaped TEX parti-
tion between gaseous and aqueous phases during rain events.
Occasional, but far less important impacts were assigned to wind
speed, air pressure, turbidity, and total organic carbon, NO; , CI" and
K™ rainwater concentrations, whereas the impacts of other measured
parameters proved to be negligible. Moreover, the current knowledge

on TEX deposition in rainwater would benefit from further in-depth ex-
ploration of the interaction effects between the examined features.
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Abstract: Phosphinothricin (PPT) is one of the most widely used herbicides, PTT targets glutamine
synthetase (GS) activity in plants, and its phytotoxicity is ascribed to ammonium accumulation and
reactive oxygen species bursts, which drives rapid lipid peroxidation of cell membranes. In agricultural
fields, PPT is extensively sprayed on plant foliage; however, a portion of the herbicide reaches the soil.
According to the present study, PPT absorbed via roots can be phytotoxic to Arabidopsis, inducing more
adverse effects in roots than in shoots. Alterations in plant physiology caused by 10 days expo-
sure to herbicide via roots are reflected through growth suppression, reduced chlorophyll content,
perturbations in the sugar and organic acid metabolism, modificationsin the activities and abundances of GS,
catalase, peroxidase, and superoxide dismutase. Antagonistic interaction of Nepeta rtanjensis essential
oil (NvEO) and PP'T, emphasizes the existence of complex control mechanisms at the transcriptional
and posttranslational level, which result in the mitigation of PPT-induced ammonium toxicity and in
providing more efficient antioxidant defense of plants. Simultaneous application of the two agents in
the field cannot be recommended; however, NYEO might be considered as the PPT post-treatment for
reducing harmful effects of herbicide residues in the soil on non-target plants.

Keywords: BASTA; phosphinothricin; Nepeta; essential oil; glutamine synthetase; ammonium toxicity;
antioxidant defense; Arabidopsis; antagonism

1. Introduction

Herbicides remain the primary tool for implementing weed management to main-
tain high yields of economically important crops. Phosphinothricin (PPT), also known
as glufosinate (commonly used in the form of glufosinate-ammonium), is the major ac-
tive ingredient in many non-selective herbicide formulations, including BASTA® (BASF SE,
Germany; previously Bayer Crop Science AG, Germany). It acts by inhibiting glutamine
synthetase (GS) activity in plants [1-5], thus disabling the utilization of ammonium [2,6,7].
Accumulation of ammonium is highly phytotoxic, it provokes growth inhibition, leaf chloro-
sis and root atrophy [4,5-11], and induces oxidative stress, which is accompanied by the
production of reactive oxygen species (ROS) [12,13] and increased activities of antioxidative
enzymes [14]. Takano et al. [15] proposed that GS inhibition provokes the disruption of
photorespiration and light reactions of photosynthesis, which leads to the photoreduction
of molecular oxygen, and subsequent generation of ROS [16]. Actually, the equilibrium
between the production and scavenging of ROS is disturbed when GS is inhibited [15].

Plants 2021, 10, 142. https:/ /dovorg/10.3390/ plants10010142
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Takano et al. [15,17] further suggested that the production of ROS, which drives the harmful
lipid peroxidation of cell membranes and rapid cell death, is the major cause of rapid PPT
toxicity. PPT provokes detrimental effects on the overall plant physiology and biochemistry,
causing plant cell death within a few hours of treatment.

Under low concentrations of PI'T, its uptake by plant leaves is probably driven by an
active transporter, and it is suggested that PPT and glutamine may compete for the same
transporter [15]. Under common field conditions, absorption mostly occurs by cell-to-cell
diffusion due to high PPT concentrations [15]. After PPT is absorbed, it is translocated by
the apoplast in the xylem, which is dependent on the transpiration rate [18]. During its
foliar application under field conditions or when the affected leaves fall off on the soil
before harvesting, a part of the herbicide reaches the soil. Phosphinothricin does not remain
in the soil for long because it is rapidly degraded by the soil microorganisms via oxidation,
transamination, and acetylation reactions [16]. According to estimations, the half-life of
PPT and its residues varies from 1 to 25 days [16,19-22], depending on the type of soil and
environmental conditions. In sterile soils, the half-life of PPT is longer. However, PP'T is
susceptible to leaching from the soil surface [19], but it is degraded before it reaches the
lower soil layers and aquatic ecosystems [23]. As PPT is highly soluble in water it might
also be absorbed by plants via roots [24]. The absorption and translocation mechanisms,
as well as the mode of action of PTT entering the plant via roots is not well understood,
but it could contribute to the overall toxicity of the herbicide.

Mixtures containing PPT and other herbicides offer opportunities to improve the effi-
cacy of PPT. For example, synergistic effects of PPT and 2,4-D or PTT and dicamba are well
known [25-27]. However, in some cases, antagonistic effects were described. PPT efficacy
was reduced in mixtures with monosodium methyl arsenate [28], or with the essential oil
(EQO) of Nepeta rtanjensis [4], which is an interesting bioherbicide for weeds. This EO, rich in
iridoid monoterpenoids nepetalactones, was phytotoxic for Ambrosia artemisifollia [29],
Stellaria media (L.) Vill, Rumex crispus L. [30] and Arabidopsis thaliana L. Heynh [4]. Joint foliar
application of BASTA and Nepeta rtanjensis EO (NrEO), resulted in the preservation of
GS activity in Arabidopsis along with the maintenance of sub-toxic and/or sub-lethal
ammonium concentrations in tissues [4]. In search for more explanations of the described
phenomenon, we hypothesized that the PP'T present in the Arabidopsis root surrounding
also displays herbicidal effects, which can be mitigated by NrEO. We further hypothesized
that antagonistic interaction between the two agents involves not only GS activity preser-
vation, but also the perturbations in the antioxidant system of Arabidopsis. In order to test
the postulated hypotheses, we prepared an in vitro experimental setup that enabled PPT
supply through the culture medium, and exposure of Arabidopsis to NrEO volatiles via
the atmosphere of culture vessels.

2. Results

The in vitro experimental setup enabled the 10-day exposure of Arabidopsis roots
to BASTA (B5 and B10), while NrEQ (2NrEO and 4NrEQ) components were present
in the atmosphere within the glass vessels (Figure 1A). We examined the changes in-
duced by BASTA and NrEO in shoots and roots individually, in a dose-dependent manner.
Organic volatiles present in the atmosphere of the glass vessels, released from the surface of
the filter paper moistened with NrEO 2NrEO and 4NrEQO), were quantified using PTR-MS
(Figure 1B). The amount of nepetalactones (cis,trans- and trans,cis-nepetalactone) with
[M+1]" at m/z 167, and of total monoterpenoids with the protonated masses at m/z 137
and m/z 153 were traced. Compounds with [M+1]" at m/z 205 were also analyzed. All these
compounds were previously identified in NvEO by GC-MS and GC-FID analyses [29,31-33].
Concentrations of NrEO (2% and 4%) at the beginning of the experiment resulted in
~1700 and ~3400 ppbV of nepetalactones in the atmosphere of glass vessels, respectively.
However, the nepetalactone concentration in the atmosphere of the glass vessels was
severely decreased after 10 days: the concentration of nepetalactones in treatments with
2NrEO was around 18 ppbV, while these compounds reached 29 ppbV in treatments with



Plants 2021, 10, 142

3o0f20

4NrEO (Figure 1B). As expected, nepetalactone was not detected in the control group of
plants nor in the treatments with BASTA alone (Figure 1B). The same trend was observed
for other traced compounds. Interestingly, 10 days after the beginning of the experiment,
nepetalactones (with the m/z 167) were the second most abundant group of analyzed ter-
penoids. More abundant were monoterpenoids that exhibited [M+1]* at m1/z 137 (Figure 1B),
which might be, at least partially, the result of the accumulation of compounds with the
same masses released from the surface of the Arabidopsis leaves.
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Figure 1. The effects of herbicide BASTA (B5 and B10, with 5 and 10 mg L~! glufosinate am-
monium, respectively), and N. rtanjensis essential oil volatiles (2N7EO and 4NrEO with 2% and
4% NrEO, respectively) and their combined application on Arabidopsis plants. (A) in vitro grown
Arabidopsis exposed to different combinations of BASTA and/or NrEO, as well as non-treated
(nt) plants. BASTA was supplied through culture medium, while NrEO volatiles were present in
the atmosphere of the glass jars. (B) Values of the relative abundances (ppbV, parts-per-billion-
volume) of organic volatiles present in the atmosphere of the glass vessels after 10 days of the
treatment, revealed by the PTR-MS measurements, are presented relatively as a heat-map: [H+1]~ at
m/z 167—cis trans-nepetalactone + franscis-nepelalactone; [M+1]= at m/z 137 and m/z 153—total
monoterpenoids (11/z 137—x- and B-pinene, n1/2 153—a-campholenal, neral and geranial); [H+1] ™ at
m/z 205—total sesquiterpencids (y- and §- cadinene, cis- and trans-caryophyllene, and o-humulene).
(C) Arabidopsis shoot fresh weight (FW) and root FW. Values are presented as means + SD.
Significant differences according to Tukey’s HSD post-hoc test at p < 0.05 are indicated with
a compact letter display. (D) Content of chlorophylls (Chl a, Chl b, Chl a+b), organic acids
(succinie, oxalic, malic, isocitric and fumaric acid) and soluble sugars (glucose, fructose and su-
crose) in shoots. Maximal values on the colour scales represent maximal values recorded for each
parameter. Abbreviations: nt- non treated plants; NP- culture vessels containing no plants; B- BASTA;
NrEO- Nepeta rtanjensis essential oil.
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2.1. Growth and Metabolism of Arabidopsis as Influenced by BASTA and/or NrEO

BASTA-exposed Arabidopsis was characterized by the highly significant reduced
fresh weight (FW) of shoots and roots (Supplementary Materials Table S1), and this de-
crease was dose-dependent in shoots (Figure 1C). However, FW of Arabidopsis shoots and
roots were not significantly affected by N*EO treatments, while the simultaneous appli-
cation of the two agents (BASTA /NrEQ interaction) had a significant effect on shoot FW
(Supplementary Materials Table S1). Post-hoc analysis suggested significant growth re-
duction of Arabidopsis shoots by NrEO, which was also dose-dependent and more pro-
nounced at higher N*EO concentrations (Figure 1C). Simultaneous application of the two
agents did not induce additional FW reduction compared to separate treatments with each
factor, and in the case of 4NrEO+B10 treatment, a slight but not significant increase in
shoot FW was observed compared to separate 4NrEO and B10 treatments (Figure 1C).
Chlorophyll (Chl) content was the highest in non-treated Arabidopsis shoots, where
the Chl a+b concentration reached ~450 pg g ' FW. Exposure of plants to BASTA via-
roots resulted in visible discoloration of in vitro grown Arabidopsis shoots (Figure 1A),
which was most likely accompanied by chlorophyll (Chl) degradation or its reduced syn-
thesis. The reduction of Chl content was dose-dependent and more pronounced at higher
BASTA concentrations, where around 125 pg g ' FW of Chl a+b was recorded (Figure 1D).
The observed BASTA effect was statistically significant (p < 0.001) (Supplementary Mate-
rials Table S1). However, N. rtanjensis EO (both 2N7EO and 4NrEO treatments) had no
significant effect on Chl content in Arabidopsis shoots (Supplementary Materials Table S1).
Simultaneous application of BASTA and NrEO induced a discoloration effect similar to
that observed in BASTA treatments. The exception was the treatment with 4NyEO+B10,
where plants exhibited a slightly lower reduction in Chl a, Chl b and Chl a+b content,
in comparison to those treated with B10 alone. Non-treated Arabidopsis were character-
ized by the presence of high amounts of isocitric (~3.5 ug mg ' FW) and fumaric acid
(~2.9 pg mg ' FW). Malic (~1.9 ug mg ' FW), succinic (~1.6 pg mg ' FW) and oxalic acid
(traces) were present in significantly lower amounts. Our results revealed that BASTA
treatment altered the amount and ratio of organic acids in Arabidopsis shoots. It induced
the increment in the content of oxalic, malic and isocitric acid, while succinic and fumaric
acid content in Arabidopsis shoots decreased (Figure 1D). These trends were especially
obvious in B10 treatments. However, application of NrEO significantly increased the con-
tent of 1socitric, malic, and succinic acid. The contents of oxalic, isocitric, malic and
fumaric acids in Arabidopsis shoots simultaneously treated with BASTA and NrEO,
followed the trends observed in treatments with BASTA alone. Succinic acid content
in shoots increased significantly following joint B5 and NrEO (both 2% and 4%] treatments,
as compared to B5-treated plants. ANOVA indicated significant effects of BASTA on oxalic,
isocitric, malic, succinic (p < 0.001) and fumaric acid (p < 0.05) content in Arabidopsis
shoots, while NrEO significantly affected succinic (p < 0.001), malic and isocitric acid
(p <0.05) content (Supplementary Materials Table S1). Significant interaction (p < 0.01) of
the two agents was only recorded for succinic acid (Supplementary Materials Table S1).
The main sugars identified in Arabidopsis shoots were sucrose (Suc, ~387 mg 100 mg‘1 FW),
glucose (Glu, ~138 mg 100 mg ! FW) and fructose (Fru, ~126 mg 100 mg ' FW). The content
of Suc increased upon treatments with BASTA, in a dose-dependent manner (Figure 1D).
At B10 treatments, the Suc concentration reached 911 mg 100 rng‘l FW.
Nevertheless, application of NrEO resulted in a slight decrease in Fru (~98 mg 100 mg ™! FW)
and Suc (~300 mg 100 mg~! FW) content in Arabidopsis shoots. As growth was pre-
vented, carbohydrate accumulation in shoots could be attributed to the lack of their utiliza-
tion. Joint action of BASTA and NrEO induced a slight decrease in Fru and Suc content,
when compared to BASTA-treated plants. ANOVA statistical analysis indicated the signifi-
cant influence of BASTA and NrEO on Fru and Suc content in Arabidopsis shoots, while the
concomitant effect of the two agents was not significant (Supplementary Materials Table S1).
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2.2. Ammonium Metabolism in Arabidopsis Shoots and Roots as Influenced by BASTA and/for NrEO

The activity of GS was generally higher in Arabidopsis roots than in shoots (Figure 2A).
While the application of BASTA significantly reduced GS activity in both shoots and
roots, NrEO showed no significant effect. Simultaneous application of BASTA and N*EO
slightly mitigated the inhibitory effect of BASTA on GS activity in Arabidopsis roots;
but still, this effect was not statistically significant according to Tukey’s HSD post-hoc test,
except for 2NrEO+B10 treatment. In terms of GS activity, analyses of variance indicated
a significant effect of BASTA in both shoots and roots, while NrEO was only effective
in roots (Supplementary Materials Table S1). Native-PAGE zymograms of Arabidopsis
proteins from shoots and roots (Figure 2B), stained for GS activity, displayed multiple
GS activity bands. In shoots, the activities and mobility of individual isoforms varied in
response to BASTA and NrEO treatments. In the non-treated plants and in plants treated
with NrEO, GS isoforms in shoots with higher mobility were more active in comparison to
low-mobility isoforms. Application of B5 and B10, and simultaneous application of BASTA
and NrEO increased the activity of some low-mobility isoforms in shoots (Figure 2B).
BASTA increased the activity of highly mobile GS isoforms in roots, while N7EO decreased
their activity (Figure 2B). Immunoblotting analysis of GS proteins in shoots and roots
of in vitro grown Arabidopsis (Figure 2C) revealed two distinct GS bands, which were
assigned to GS1 (40 kDa) and GS2 (44 kDa) according to literature data [34]. GS1 pro-
teins were proved to be more abundant than GS2 proteins in both shoots and roots.
However, GS1 proteins were more abundant in roots, than in shoots. Following BASTA
treatments, the amount of GS proteins in shoots and roots increased, and this increment
was more pronounced at higher BASTA concentrations (B10) in roots (Figure 2B). The ap-
plication of NyEO decreased the amount of GS1 proteins in Arabidopsis roots, while in
shoots their amount was unchanged compared to already low amounts in the control.
Interestingly, simultaneous application of NYEO and BASTA in shoots, led to increased
amount of GS1 proteins compared to non-treated plants; however, this increment was
lower than in treatments with BASTA only, with the exception for 2NyEO+B10 treatment.
The results indicated an obvious suppression of BASTA-induced changes in GS1 abun-
dance. This phenomenon was evident in both shoots and roots. Abundance of G52 was also
slightly increased in roots upon BASTA treatments, but it was not affected when BASTA
was applied simultaneously with NrEO (Figure 2C).
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Figure 2. Dose-dependent effects of BASTA (B5 and B10, with 5 and 10 mg L=}, respectively), N. rtanjensis essential oil (2NrEO and
4NrEO with 2% and 4% NyEQ, respectively), and their mixtures (NFEO + BASTA) on in vitro grown Arabidopsis plants. (A) Total GS
activity in shoots and roots. Values are presented as means + SD, and significant differences according to Tukey’s HSD post-foc test at
p < 0.05 are indicated with a compact letter display. (B) Distribution of CS isoforms activity from shoot and root extracts, stained after
native PAGE (50 pg total protein per well). Arrows indicate a mobility shift of GS bands. (C) Immunoblots conducted with specific
GS antibodies. Heat-maps show relative abundances of GS proteins. Maximal values on the color scales represent maximal values
recorded for each immuno blot, independently. (D) Ammonium content in shoots and roots. Values are presented as means + SD.
Significant differences according to Tukey’s HSD post-hoc test at p < 0.05 are indicated with a compact letter display.

The reduction in GS activity in BASTA-treated Arabidopsis shoots and roots were
accompanied by a significant increase in ammonium accumulation (Figure 2A,D, Table S1).
Volatile organic compounds (VOCs) of N7EO present in the glass vessels showed no effect
on ammonium accumulation in shoots and roots, while the BASTA /NrEO interaction
was significant (p < 0.05) in shoots (Supplementary Materials Table S1). The effect of the
interaction can be observed since the simultaneous application of B5 and NyEO resulted in
a reduced ammonium accumulation in shoots, when compared to B5-treated Arabidop-
sis (Figure 2D), but this reduction was not statistically significant according to Tukey's
HSD test.

Expression of GST and GS2 genes in Arabidopsis shoots and roots was analyzed.
in vitro grown Arabidopsis accumulated different levels of GST and GS2 gene transcripts,
Le., transeripts of GST genes were more abundant than those of GS2, in both i vitro-grown
shoots and roots (Supplementary Materials Figure S1). Among the GS1 genes, transcripts
of GLN1,2 were the most abundant in shoots and roots, and were followed by GLN1;3,
GLN1;1, and GLN1,4. The expression of plastid GLN2 isoform was low in both shoots and
roots (Supplementary Materials Figure S1).

The expression patterns of all analyzed GS genes in Arabidopsis treated with BASTA,
NrEO, NrEO+BASTA, and in the control group of plants, displayed rather opposite trends
in shoots and roots (Figure 3). Both BASTA treatments (B5 and B10) induced a slight
increase in GLN1;2, GLN1,3, and GLN1;4 expressions in shoots, while the expression of
GLN2 was slightly decreased. Treatment with B10 significantly enhanced the expression
of GLNI;1 in shoots. Changes observed for GSI genes were dose-dependent, and were
particularly pronounced upon B10 treatments (Figure 3). However, BASTA treatment
clearly down-regulated all five tested genes in roots (Figure 3), with GLN1;1, GLN1;2
and GLN1;3 being significantly affected at higher BASTA concentrations (B10). The appli-
cation of 2NrEO or 4N7EO induced no significant changes in the expression of GLN1;1,
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GLNI;2, GLN1;3, GLN1:4, and GLN2 in shoots of Arabidopsis, while in roots it resulted
in slightly decreased expressions of all five genes; these changes were statistically signifi-
cant for GLN1;1 and GLN1,3 at 2NrEO treatment (Figure 3). Simultaneous treatment with
BASTA and NrEQ followed the trends observed in BASTA treatments for all analyzed
genes in Arabidopsis shoots. However, simultaneous application of NrEO (especially of
4ANrEO) with BASTA, reduced the inhibitory effect of BASTA on the expression of GLN1;1,
GLN1;2, GLN1;3, GLN1;4 and GLN2 in roots (Figure 3, Supplementary Materials Table S1).
Therefore, BASTA and N7EO interaction was not statistically significant for the expression
of five analyzed genes in Arabidopsis shoots, while in roots it significantly affected the
expression of all GS genes according to the analysis of variance (Supplementary Materials

Table S1).
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Figure 3. The effects of BASTA applied at two concentrations BS (5 mg L=') and B10 (10 mg L"), N. rtanjensis essential
oil applied at two concentrations 2% (2NrEO) and 4% (4NrEQ), and of their combinations on the relative expression of
GS coding genes in Arabidopsis shoots and roots, measured 10 days after the beginning of the treatment, grown i vifro.
Values are presented as means + SD. Letters above the bars denote significant differences according to Tukey’s HSD post-hoc
test at p < 0.05. The expression of GLN1:5 was not detected.
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2.3. Antioxidant Enzymes Activity in Arabidopsis Shoots and Roots as Influenced by BASTA
andfor NrEO

The activities and abundance of antioxidant enzymes, catalase (CAT), peroxidase (POX)
and superoxide dismutase (SOD), were used as biochemical markers of the stress resistance
capacity of in vitro grown Arabidopsis to BASTA (B5 and B10) and /or Nepeta rtanjensis
essential oil (2NrEO and 4NrEO).

Three CAT isoforms were detected in Arabidopsis shoot and root samples (Figure 4A,B).
A strong decrease of CAT activity was recorded in shoots and roots of Arabidopsis treated
with NrEO (2NrEO and 4NyEO) for 10 days, when compared with non-treated plants (nt)
(Figure 4A,B). Treatment with NrEO reduced the activity of all three CAT isoforms, and this
effect was more pronounced in shoots (Figure 4A) than in roots (Figure 4B). BASTA treat-
ments (B5 and B10) only induced a slight decrease in CAT activity in shoots (Figure 4A).
In the roots the activity of CAT was increased (Figure 4B), probably because of the induced
activity of the low mobility CAT1 isoform, which is the major contributor to the overall
activity of this enzyme. Joint application of BASTA and N»EO resulted in the decline of
CAT activity in shoots, with the exception of 4ANrEO+B5 treatment, which induced no
changes. Increase in the activity of high mobility CAT3 isoform and decrease in the activity
of CAT1 were recorded on B10 treatments with 2NrEO and 4NrEO (Figure 4A), when com-
pared to the B10 treatment. In roots, both NrEO+B10 treatments increased the CAT ac-
tivity, especially of CAT1 isoform, when compared to the non-treated plants (Figure 4B).
Changes in the activities of CATs in Arabidopsis shoots and roots influenced by BASTA
and/or NrEO treatments, are followed by changes in the abundance of this enzyme in
plant organs (Figure 4C,D). Treatments with BASTA increased the abundance of CATs in
roots, while NrEO decreased the abundance of this enzyme in both organs. Abundance of
CAT in Arabidopsis shoots and roots exposed to NrEO+B5 action was decreased when
compared to B3-treated plants. In roots, on treatments with B10 and 2NrEO or 4NrEO,
the abundance of enzyme was increased, when compared to B10 treatment (Figure 4D).

shoot
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Figure 4. Catalases (CAT) activity in Arabidopsis grown i vilro, measured 10 days after treatment with BASTA applied at
two concentrations B5 (5 mg L=Yyand B10 (10 mg LY, N. rtan jensis essential oil applied at two concentrations 2% (ZNyEQO)
and 4% (4NrEO), and of their combinations. (A,B) CAT activity stain after native-PAGE separation (5 pg per lane of total
protein), in shoots and roots, respectively. The detected activities were measured densitometrically and presented as relative
CAT activity (% of control) in comparison to non-treated plants (nt). (C,D) CAT immunoblot (20 ug of soluble proteins per
line) in shoots and roots, respectively. Heat-maps show relative abundances of CAT proteins, Maximal values on the color
scales represent maximal values recorded for each immunoblot.
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Native-PAGE gels stained for POX activity, after 10 days of BASTA and N7EO treat-
ments, revealed changes in Arabidopsis shoots and roots. In shoots, POX activity
(especially that of the high mobility POX3 isoform) was increased by the application
of B10, alone or in combination with 2NrEO or 4NrEQ (Figure 5A). When applied sepa-
rately, 2NrEQ induced around a 20% decrease in POX activity in shoots. In roots, B5 and
B10 treatments induced significant increase in total POX activity, while 2NrEO and 4NrEO
treatments reduced the activity of this enzyme (Figure 5B). Both POX1 and POX2 isoforms
were equally affected. Exposure of Arabidopsis to 2NrEO+B5 and 4N7EO+B5 treatments
decreased the POX activity in roots, when compared to B5 treatment. Treatment with
4NrEO+B10 slightly decreased the activity of the enzyme, when compared to B10-treated
plants (Figure 5B). Treatments with 2NyEO+B10 and 4NrEO+B10 significantly increased
POX activity, when compared to the non-treated plants (Figure 5B). Based on immunoblot
analysis eight isoforms in shoots (POXs) and seven in roots (POXr) can be distinguished
(Figure 5C,D). In shoots, the most abundant isoforms were POX4s and POX6s, while in
roots POXér, POX7r and POX3r prevailed. The highest total POX abundance in shoots
was recorded on treatments with BASTA (B5 and B10), while the 2N/EO treatment was
the most efficient in reducing the abundance of this enzyme (Figure 5C). This is especially
visible for the most abundant POX isoforms in shoots (POX4s and POX6s). It was demon-
strated that application of NrEO (both 2N7EO and 4NrEO) simultaneously with BASTA
(B5 and B10) reduced the abundance of POX isoforms, in comparison to appropriate controls
(B5 and B10, respectively) (Figure 5C). In roots, on the other hand, BASTA treatments re-
duced the abundance of the majority of POX isoforms, while NrEO treatments increased the
abundance of this enzyme (Figure 5D). The exception is the abundance of POX7r isoform,
which was increased following B10 application. Joint application of BASTA and NvEO
generally reduced the abundance of POX isoforms in roots when compared to appropriate
BASTA treatments.

Native-PAGE in-gels assays for SOD activity revealed that Arabidopsis exposed to
BASTA (B5 and B10) and/or NrEO (2NrEO and 4NrEO) treatments for 10 days,
demonstrated unchanged activity in all shoot samples (Figure 6A), whereas the SOD
activity was decreased following 2NyEO and 2NrEO+B5 treatments in roots (Figure 6E).
Three SOD isoforms were detected in shoot samples, and five in roots. Based on different
sensitivity to corresponding inhibitors, Mn-, Fe-, and CuZn-SOD isoforms were demon-
strated in Arabidopsis shoots and roots (Figure 6B,F). In Arabidopsis shoots, CuZn-SOD
isoform was the major contributor to the overall SOD activity, and was followed by Mn-
SOD and Fe-SOD isoforms. In roots, one Fe-SOD and one CuZn-SOD were recorded,
as well as three Mn-SOD isoforms (Figure 6E,F). The abundance of Mn-50OD and Fe-SOD
isoforms in Arabidopsis shoots and roots was evaluated using immunodetection assay
(Figure 6C,D,G,H). All treatments, except 2NrEQ, induced a decrease in Mn-SOD abun-
dance in shoots, in comparison to non-treated plants (Figure 6C). The opposite model of
action was observed in root samples, since all treatments, except 2NrEO and 2NrEO+B5,
increased Mn-SOD abundance in comparison to non-treated plants (Figure 6G). The in-
crease was the most pronounced on B5 treatment. Interestingly, the application of NyEO
(2NrEO and 4NrEO) simultaneously with BASTA (B5 and B10) in shoots mitigated the
inhibitory effects of herbicide on Mn-SOD abundance (Figure 6C). In roots, NrEO miti-
gated the stimulatory effect of B5 on Mn-SOD abundance (Figure 6G). As for the Fe-SOD
isoform abundance, it was increased on all treatments, with the exception of B10 treatment,
where changes were not observed (Figure 6D). In roots, a similar trend was observed as in
shoots (Figure 6H), and FeSOD abundance was especially increased on B5 treatment. The
results of immuncdetection assay revealed significant amounts of Fe-SOD protein in both
shoots and roots (Figure 6D,H).
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Figure 5. Peroxidases (POX) activity in Arabidopsis grown in vitro, measured 10 days after treatment with BASTA applied
at two concentrations B3 (5 mg L -1) and B10 (10 mg L-1), N. rtanjensis essential oil applied at two concentrations 2%
(2NrEO) and 4% (4N+EO), and of their combinations. Total soluble proteins were extracted from shoots and roots and
loaded (20 ug per lane) on 10% gel, separated by native-PAGE and assayed for POX activity. (A,B) The detected activities
were measured densitometrically and presented as relative POX activity (% of control) in comparison to non-treated plants
(nt). (C,D) For SD5-PAGE 20 ug of soluble proteins per line from shoots and roots were loaded on 10% gel, transferred to
nitrocellulose membrane and immunoblotted using primary antibodies antisheep horseradish POX. Corresponding heat-
maps show relative abundances of POX proteins. Maximal values on the colour scales represent maximal values recorded
for each immunoblot, independently. Abbreviations: s—shoot, r—root.
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Figure 6. Superoxide dismutase (SOD) activity in Arabidopsis shoots and roots grown in vifro,
measured 10 days after treatment with BASTA applied at two concentrations B5 (5 mg L.=') and B10
(I0mg L. Iy N rtanjensis essential oil applied at two concentrations 2% (2NrEO) and 4% (ANTEO),
and of their combinations. Total soluble proteins were extracted from shoots and roots and loaded
(5 pg per lane) on 10% gel, separated by native-PAGE and assayed for SOD activity. (A E) The detected
activities were measured densitometrically and presented as relative SOD activity (% of control) in
comparison to non-treated plants (nt). (B,F) Identification of SOD isoforms based on differential
sensitivity to hydrogen peroxide and potassium cyanide. (C-H) For SDS-PAGE 20 pg of soluble
proteins per line from shoots /roots were loaded on 10% gels, transferred to nitrocellulose membranes
and immunoblotted using primary antibodies antirabbit MnSOD (C,G) and antirabbit chloroplastic
FeSOD (D, H). Corresponding heat-maps show relative abundances of SOD proteins. Maximal values
on the color scales represent maximal values recorded for each immunoblot, independently.

3. Discussion

Phosphinothricin can be absorbed via roots, and further efficiently transported through
the xylem sap to the above-ground parts of plants [24]. Information regarding PPT root
uptake are scarce, therefore our intention was to describe the effects of PPT absorbed via
roots on physiology and metabolism of Arabidopsis, and thus to get an insight into its
contribution to the overall herbicidal action. in vitro experimental setup enabled the direct
exposure of roots to BASTA incorporated in the sterile culture medium, where metabolizing
by microorganisms is excluded. We further aimed to investigate whether the phenomenon
of NrEQ-mediated mitigation of the BASTA-induced ammonium toxicity in Arabidopsis,
observed during their simultaneous foliar application [4], can also be achieved when plants
are exposed to herbicide via roots. It was possible to expose Arabidopsis to the atmosphere
enriched with volatiles of N. rtanjensis EO, and to trace their amount by appropriate con-
temporary methodology, such as PTR-MS. Nepetalactone amount in the atmosphere of
in vitro culture vessels was obviously dependent on the applied concentration of NrEQ,
and it decreased gradually over 10 days of in vitro cultivation. As previously suggested
by Dmitrovi¢ et al. [29], this decrease might result from VOCs transitions between liquid
and gas phases, and their degradation, transformation, precipitation, or leakage from
the glass vessels to the ambient air. Either way, the amount of this monoterpenoid was
sufficient to induce nepetalactone-expected effects on Arabidopsis, when applied alone or
in combination with BASTA.

Apparent BASTA-induced effects, similar to those induced by foliar application of
herbicide [4], were visible within the present experimental setup, which indicated efficient
PPT translocation from roots to the above ground plant parts. Arabidopsis displayed clear
ammonium toxicity symptoms in the form of leaf chlorosis and reduced plant growth,
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accompanied by decreased GS activity and increased tissue ammonium content in shoots
and roots. Lietal. [11] demonstrated that shoot tissues of Arabidopsis are hypersensitive to
ammonium exposure, compared to roots that store ammonium in vacuoles, thus avoiding
ammonium toxicity. This is in accordance with our findings that the reduction in GS
activity was more prunuunced in Arabidopsis roots, where a less pronounced increase in
ammonium content was recorded when compared to the shoots. The most severe BASTA-
phenotype was observed following B10 treatments. Leaf chlorosis was accompanied by
a decline in Chl a, Chl b and Chl a+b content, as well as by perturbation in the content
of other traced metabolites (soluble sugars and organic acids). Treatments with NrEO,
however, induced expected changes in Arabidopsis growth, chlorophyll content, sugarsand
organic acid content. As in our previous study that adopted foliar NrEO application [4],
Arabidopsis shoots exposed to 2NrEO and 4NrEQ via atmosphere displayed growth reduc-
tion and a decrease in soluble sugars content, but no significant changes in organic acids
content. Applied in a similar way, this EO has previously been reported to induce growth
inhibition of ragweed (Ambrosia artemisiifolia L.) shoots [29], and garden cress seedlings
(Lepidiunt sativunt) [35]. Regardless of the method of application (foliar or via-atmosphere),
NrEO induced a decrease in Chl a, Chl b and Chl a+b content in Arabidopsis [4], but also
in ragweed shoots [29]. The result of BASTA and NrEO joint application was the reduced
growth of Arabidopsis shoots when compared to the non-treated plants, while roots were
not affected. Generally, the recorded values of changes in chlorophyll and organic acids
content in Arabidopsis shoots following NrEO+BASTA treatments, are the mean values of
the two agents applied independently.

As the PPT mechanism of action is based on its inhibitory effects on GS activity,
we traced the effects of BASTA on GS activity and GS-coding genes expression, as well as
on the content of ammonium in Arabidopsis shoots and roots. There are two classes of
GS isoforms in plants: cytosolic GS1 and plastidic GS2, GS1 isoforms are located in the
cytoplasm and are encoded by a multigene family (GLN1;1, GLN1;2, GLN1,3, GLN1;4 and
GLN1,5), while GS2 is encoded by the GLN2 gene in Arabidopsis [34,36]. Opposite to the
greenhouse-grown Arabidopsis, where GLN2 expression in leaves was higher compared
do GS1 genes [4,37], transcript levels of GS1 (especially GLN1;2) were more abundant
compared to GLN2 in plants grown under in vitro conditions. This suggested that GS1
is the major isoform responsible for ammonium assimilation in both shoots and roots of
Arabidopsis grown i vitro. Taking into account in vitro mixotrophic growth conditions,
which include external carbohydrate supply through culture medium and lowered photo-
synthetic rate, it was not surprising that the expression of plastidic GLN2 isoform was low
in both shoots and roots. However, it is well documented that expression levels of GLN1;1
and GLN1,2 in Arabidopsis are modulated in response to abiotic stresses, including ammo-
nium toxicity [4,37], low and /or high N [38], and salt stress [39]. Ammonium accumulation
induced by BASTA treatment within the present study induced the expression of GSI
(GLN1;1, GLN1,2, GLN1;3, and GLN1;4) in Arabidopsis shoots, which was positively corre-
lated with the amount of GS1 proteins, but negatively correlated with the activity of GS.
This indicated, on the one hand, the existence of transcriptional regulation of GS expression
by BASTA, probably via accumulated ammonium, but also the potent inhibition of GS
activity by the herbicide. Such a mode of action was also recorded in Arabidopsis leaves
during foliar application of herbicide [4]. As previously suggested, PPT irreversibly, but not
covalently, binds to the active site of GS and inhibits its activity [1,40,41]. The result of
reduced GS activity is the accumulation of phytotoxic ammonium in tissues, which alters
the overall physiology of Arabidopsis. The activity and abundance of GS are generally
higher in Arabidopsis roots, than in shoots, and BASTA-induced reduction in GS activity
was more pronounced in roots. However, Arabidopsis shoots experienced more exten-
sive ammonia accumulation than roots. Roots have efficient mechanisms for ammonium
detoxification, which, as previously suggested [11], might include its storage in vacuoles.

The application of NrEO induced no significant changes in the expression of GLN1,1,
GLN1,2, GLN1,;3, GLN1;4, and GLN2 in Arabidopsis shoots, on GS1 and G52 abundance and
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activity, as well as on ammonium content. This is in accordance with our previous study,
when foliar application of NrEO was adopted [4]. Furthermore, no obvious differences
between BASTA and NYEO+BASTA treated plants were visible at the level of GST and
G52 gene expression in shoots. However, GS abundance in shoots was higher in BASTA
treatments than in NrEO+BASTA treatments, with the exception of 2NrEO+B10 treatment.
The reason for such a discrepancy might be the induced expression of GLN genes earlier
during the treatment which results in the increased amount of GS proteins and subse-
quent reduction of gene expression to the control values, which is visible after 10 days of
treatments. This presumption is in accordance with our previous study, which revealed
that changes in GS genes expression are more pronounced 1 day after the beginning of
BASTA and/or NrEO treatments than after 10 days [4]. In roots, the situation was even
more complex. ANOVA indicated that the exposure of plants to NrEO induced significant
down-regulation of all analyzed genes. Post-hoc analysis indicated that GLN1;1 and GLN1;3
were significantly down-regulated following 2NrEO in comparison to non-treated plants.
In contrast to shoots, all GLNT genes except GLN1:4, as well as GLN2 were down-regulated
by BASTA, and the inhibitory effect was dose-dependent. Simultaneous application of
BASTA and NrEO severely reduced the inhibitory effect of BASTA on GS gene expression
in roots, indicating the regulation on transcriptional level. Such gene expression profiles
were not reflected at the protein level through GS1 and GS2 abundance in roots, which was
increased in BASTA treatments. In roots, NrEO-induced decrease in GS1 abundance was
recorded. Simultaneous application of BASTA (B5 and B10) and NrEO (2NrEO and 4NyEO)
reduced GS1 amount in roots. Again, a strong suppression of BASTA-induced effects,
following its simultaneous application with N7EO, was observed 10 days after the treat-
ment. However, the possibility that the increase in GS expression occurs earlier in treat-
ments with BASTA, which is followed by the increase in GS abundance visible at 10DAT,
should not be neglected. After that, the expression of GS probably decreases.

Ammonia accumulation in response to GS inhibition is often considered to be the
driver of phosphinothricin toxicity. Along with the inhibition of GS, BASTA action also
leads to oxidative stress in plants, which is most probably a secondary effect of the altered
metabolic pathways [42]. It has recently been suggested that glufosinate is toxic to plants,
not because of ammonia accumulation or carbon assimilation inhibition, but the production
of ROS, which drive the lipid peroxidation of the cell membranes and cell death [16,17].
Plants have developed mechanisms to cope with oxidative stress induced by ROS accumu-
lation, which include enzymatic and non-enzymatic antioxidants [43]. Thus, our intention
was to investigate alterations in the antioxidant system of Arabidopsis grown in vitro,
induced by the application of BASTA and/or NyEO. BASTA (B5 and B10) and NvEO
(2NrEO and 4NrEO), when applied independently for 10 days, altered the activity and
abundance of CAT, POX and SOD in Arabidopsis shoots and roots. Induced changes were
more pronounced in roots than in shoots. BASTA induced significant increases in both CAT
and POX activity and abundance in roots, while SOD activity was not affected. The increase
in CAT and POX activities indicated that application of glufosinate induced the increasing
ROS level in Arabidopsis roots, and that enzyme activities increased correspondingly in or-
der to eliminate excess ROS. In shoots, B10 treatment induced decrease of CAT activity and
abundance, while POX activity was increased. Superoxide dismutase activity in Arabidop-
sis shoots was not significantly affected by BASTA treatments. While the total SOD activity
in shoots and roots remains unchanged in response to applied BASTA and N7EO treat-
ments, the contribution of individual isoforms to the overall activity is variable, depending
on the BASTA treatment. Mn-SOD abundance in shoots was decreased following BASTA
treatment, while in roots, the abundance of this isoform increased when B5 was applied.
In Arabidopsis shoots and roots B5 treatment increased the abundance of Fe-SOD isoform.
Tt has been recently suggested that glufosinate affects the balance between ROS generation
and scavenging in Amaranthus palmeri, and induces the increase in CAT, POX and SOD ac-
tivities in an attempt to quench the nascent ROS burst [15]. SOD participates in the removal
of Oz:~ by conversion to HyO; and Oy, and its activity reflects the readiness of plants to



Plants 2021, 10, 142

4 of20

scavenge cellular free radicals. CAT and POX can effectively remove intracellular H>O»
and translate it into H,O and O,. The increased activity and abundance of CAT and POX
following BASTA treatment indicated that these two enzymes are the major responsible for
ROS quenching. Similarly, activities of antioxidant enzymes (CAT, POX, SOD) increased in
the leaves of maize seedlings treated by PPT [44]. Savi¢ et al. [45] demonstrated that BASTA
induced an increase in POX activity (about 42%) and appearance of new POX isoforms in
Lotus corniculatus plants. In Chlorella vulgaris PPT increased CAT and SOD activity about
2.9 times, four days after application compared to control [46].

Interestingly, the effect of NrEO on the activity of antioxidant enzymes in Arabidop-
sis shoots was opposite to those recorded for BASTA. Decrease in CAT activity in both
Arabidopsis shoots and roots was followed by a decrease in CAT abundance in these
organs. The same trend, which was more pronounced in roots, was observed for POX
activity. These results are in accordance with previous studies, which described NrEO-
induced alterations in the antioxidative defense system of ragweed (Ambrosia artemisifolia)
shoots, characterized by increased POX activity and decreased CAT and SOD activities [29].
Furthermore, reference [35] showed that nepetalactone-rich EOs decreased POX, CAT, and SOD
(Fe-SOD and CuZn-SOD) activities in cress seedlings. The decrease in POX, CAT, and SOD
activities in Arabidopsis roots was recorded for 2N7EO treatment, which might be the
result of decreased ROS formation and further studies are necessary to confirm this hy-
pothesis. However, SOD activity was increased in Arabidopsis roots treated with higher
concentrations of NrEO (4N7EO), which suggests that this enzyme is active in scavenging
O, inroots, It is well documented that components of essential oils display phytotoxic
effects by generating ROS, and inducing oxidative stress [29,47,48]. Singh et al. [47] demon-
strated that the content of H;0; was increased, as well as the activity of CAT, POX and
SOD, in Cassia occidentalis roots after a-pinene application. a-Pinene induced oxidative
stress in C. occidentalis roots, which was visible through the disruption of membrane in-
tegrity, lipid peroxidation, H>O: generation, proline accumulation, and increased activities
of SOD, ascorbate peroxidase (APX), guaiacol peroxidase (GPX), CAT, and glutathione
reductase (GR).

Simultaneous application of NrEO and BASTA, two agents inducing opposite effects
on the Arabidopsis antioxidant system, especially in roots, mitigated the effects of the two
agents applied independently. This was evident for CAT and POX activities, which were
significantly lower on NrEO+B5 treatments (both 2NrEO and 4NrEO) than on B5 treatments,
and higher than on NrEO treatments. However, simultaneous application of BASTA and
NrEO significantly increased SOD activity in Arabidopsis roots, which suggests that this
enzyme is more active in scavenging O,  than on BASTA treatments. NrEO preserves
the GS activity and maintains subtoxic ammonia levels in Arabidopsis leaves during
simultaneous BASTA and NrEO application [4], and it most likely acts by inducing SOD
activity in roots and thus more efficient ROS scavenging, which contributes to mitigating
the phytotoxic effects of BASTA. Our further work, involving sophisticated methods and
tools (e.g., ROS tissue localization, analysis of other antioxidant enzymes activity at the
protein and gene expression level, metabolomics, tracing PPT uptake and metabolism in
Arabidopsis), will help us to comprehensively explain the phenomenon of antagonistic
interaction between PPT and NrEO. In summary, NyEO has elicited considerable agronomic
interest, and future efforts directed towards unraveling the mechanism by which these
two agents interact will contribute to the possible utilization of NrEO as an eco-friendly
bioherbicide and an agent for mitigation of the effects of PPT residues in the soil on
non-target plants.

4. Materials and Methods
4.1. Chenticals and Reagents

Commercial herbicide BASTA® (containing 150 g L ! of active ingredient glufosinate-
ammonium) was purchased from BASF SE (Germany). Solvents for HPLC-MS analyses
(acetonitrile, acetic and formic acids) were of LC-MS grade (Fisher Scientific, Loughborough, UK).
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Methanol for metabolites extraction and preparation of EO dilutions (HPLC grade) was
purchased from AppliChem (Cheshire, CT, USA). Ultrapure water was generated by
deionization (Millipore, Billerica, MA, USA). Standards for sugars and organic acids deter-
mination were purchased from Sigma-Aldrich (Sigma Co., St. Louis, MO, USA).

4.2. Preparation of Essential Oils

Nepeta rtanjensis Dikli¢ & Milojevi¢ plants were cultivated at the experimental field of
the Institute for Biological Research “Sinisa Stankovi¢”—National Institute of the Republic
of Serbia, University of Belgrade, Serbia. Aerial parts of flowering plants were harvested,
air-dried and used for the isolation of EO by hydrodistillation, as previously described by
Skori¢ et al. [31]. To obtain 2% (v/v) and 4% (v/v) final EO concentrations, N. rtanjensis EO
(N¥EO) was diluted in 99.8% methanol.

4.3. Joint Effect of BASTA via Roots and NrEO on A. thaliana Plants—In Vitro Phytotoxic Assay

Seeds of Arabidopsis thaliana (L.) Heynh, accession Col —8 (N60000), were obtained from
the Nottingham Arabidopsis Stock Centre (http:/ /arabidopsis.info). Arabidopsis seeds
were surface sterilized in 20% solution of commercial bleach in ethanol (0.8% active chlorine)
for 1 min and subsequently rinsed 5 times in sterile deionized water. Seeds were transferred
into 9 cm Petri dishes containing 20 mL of basal medium (BM), a modified Murashige
and Skoog [49] medium, supplemented with half-strength macro elements, 20 g L1
sucrose and 7 g L~ agar. The pH of the culture medium was adjusted to 5.8 before
sterilization by autoclaving at 114 °C for 25 min. Seeds were stratified for 3 days at
4 °C in the dark. Petri dishes were subsequently transferred to a growth chamber at
25 + 2 °C, under 16/8 h light/dark regime with a photon flux density of 70 pumol m =2 s~ %,
After 11 days, Arabidopsis seedlings were transferred into 250 mL Erlenmeyer flasks
containing 100 mL BM, and grown under the same light regime.

After two weeks, five well-developed seedlings were placed in 350 mL glass jars contain-
ing 75 mL BM, with or without dissolved BASTA at final concentrations of active ingredient
(glufosinate ammonium) 5 mg L=1(B5) or 10 mg L1 (B10). Fifty pL of diluted NyEO (2 or
4% solution in methanol) was applied to the filter paper (2.5 x 2.5 cm) which was subse-
quently rolled up, placed on a sterilized metal holder, and stuck into the culture medium
with care not to contact the plants. Volatile components of the EO evaporated from the
filter paper surface into the atmosphere of glass jar, where Arabid()psis Scedlings were cul-
tivated. For the negative control, filter paper was moistened with 50 pL of 99.8% methanol.
Thus, 9 experimental groups were prepared: (1) non-treated plants (nt, plants exposed to
methanol only), (2) methanol + BASTA 5 mg L ! (B5), (3) methanol + BASTA 10 mg L !
(B10), (4) 2% EO (2NrEQ), (5) 4% EO (4NrEO), (6) 2% EO + 5 mg L~ BASTA (2N*EO+B5),
(7) 4% EO + 5mg L™ BASTA (4NrEO+B5), (8) 2% EO + 10 mg L~! BASTA (2N7EO+B10),
and (9) 4% EO + 10 mg L' BASTA (4NrEO+B10). All glass jars were closed with poly-
carbonate caps, and placed in a growth chamber at 25 4+ 2 °C, under 16/8 h light/dark
regime, with a photon flux density of 70 umol m~2 s~1, After ten days, A. thaliana shoots
and roots were separately pooled, weighed, frozen in liquid nitrogen (LN), and stored at
—80 “C until further use. Plant material for protein analysis (Native-PAGE electrophoresis
and GS activity determination) was weighed and immediately used in assays. The results
were obtained using three biological replicates. Each biological replicate represented a pool
of tissues collected from five plants grown in the single glass jar.

4.4. Determination of Volatile Organic Compounds (VOCs) Concentration in the Atmosphere of
Culture Vessels

Concentrations of NyEO VOCs in the atmosphere of glass vessels used for Ara-
bidopsis cultivation were measured by Proton Transfer Reaction Mass Spectrometer
(Standard PTR-quad-MS, Ionicon Analytik, GmbH, Innsbruck, Austria). Concentrations of
VOCs were recorded at the beginning of the experiment, and after 10 days of treatments.
Analysis was targeted towards compounds displaying molecular ions [M+1]" at m/z 137,
153, 167, and 205 (0.1 s dwell time), and were obtained in 1.8 s cycles. Drift tube parameters
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included: pressure 2.11-2.13 mbar; temperature 60 “C; voltage 600 V; E/N parameter
145 Td; and reaction time 90 ps. The count rate of H3O" /H,O was 2.1-14.1% of the
count rate of H3O" ions, which was in the range 2.1 x 10°—6.1 x 10° counts s~ !. The cal-
ibration was done according to Taipale et al. [50], using TO—15 Supelco gas mixture
(m/z 57, mfz 79, m/z 93, m/z 107, and m/z 121), diluted with ASGU 370-p HORIBA
system zero air to five concentrations ranging from 0.5 to 100 parts-per-billion (ppb).
For the calculation of transmission coefficients above m /z 170, the logarithmic extrapo-
lation was used. Calculated normalized sensitivities were 2.23, 1.77, 1.52, and 1.33 npcs
ppb‘l form /z 137,153, 167, and 205, respectively. Nepetalactones (cis, trans- and trans cis-
nepetalactone) showed [M+1]" at m/z 167. Compounds with [M+1]* at m/z 137 most likely
corresponded to monoterpenoids a- and f-pinene, while x-campholenal, neral and geranial
showed [M+1]" at m/z 153. Sesquiterpenoids showing protonated mass in PTR analysis of
[M+1]7 at m/z 205, corresponding to y-cadinene, o-cadinene, cis- and trans-caryophyllene,
and a-humulene, were also analyzed. Measurements were performed in triplicate for each
of the treatments. Values are presented as parts-per-billion-volume (ppbV).

4.5. Metabolic Profiling of Sugars, Organic Acids and Chlorophyll

HPLC analyses of soluble sugars (sucrose-Sug, fructose-Fru, and glucose-Glu) and or-
ganic acids (oxalic, succinic, malic, fumaric and isocitric acid) were performed as described
earlier by Dmitrovi¢ et al. [4]. Values recorded for soluble sugars are calculated as mg
100 mg_1 FW, and for organic acids are ug mg_1 FW. Chlorophylls (Chl) were extracted
from Arabidopsis shoots following the modified method of Porra et al. [51] and described
in detzlail by Dmitrovi¢ et al. [4]. The content of Chl a, Chlb, and Chl a+b is calculated as
ugg ' FW.

4.6. Quantitative RT-PCR Analysis of GS-Coding Genes Expression

RNA extraction and the subsequent cDNA preparation were performed as described
in Dmitrovi¢ et al. [4]. Quantitative RT-PCR (qRT-PCR) was conducted by using primers for
GLN1:1, GLN1;2, GLN1;3, GLN1;4 and GLN2, as described before [4]. 185 *RNA was used
as a reference gene. Relative quantification of gene expression was performed, as described
by Livak and Schmittgen [52]. The results are presented as log2 fold change in expression
compared to control treatments.

4.7. Determination of GS Activity and Ammoniwm Content

Protein extraction, native polyacrylamide gel electrophoresis (Native-PAGE) separa-
tion and activity staining of GS (EC 6.3.1.2) isoforms was performed as described by Drag-
icevi¢ et al. [33]. Total GS activity in protein extracts was assayed as described by Nikoli¢
etal. [5]. Total ammonium content in leaves was determined by the phenol-hypochlorite
method described in detail by Dmitrovi¢ at al. [4].

4.8. Determination of CAT, POX and SOD Activities

Antioxidant enzymes extraction and the activity determination were carried out
as described by Dmitrovi¢ at al. [29]. Detailed procedures for Native-PAGE used for
CAT (EC 1.11.1.6), POX (EC 1.11. 1.7) and SOD (EC 1.15.1.1) activity determination were
described by Dmitrovic at al. [29], with some modifications. POX activity was visualized
after incubation of gels in staining solution containing 10% 4-chloro-a-naphthol and 0.03%
H,0; in 50 mM K-phosphate buffer pH 6.5.

4.9. SDS-PAGE Electrophoresis and Imntunoblotting

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and subse-
quent transfer of proteins onto nitrocellulose membranes were performed, as reported
by Dmitrovi¢ et al. [29]. Immunoblot analysis was conducted using rabbit polyclonal
antibodies GLN1 GLN2 (AS08295), CAT (ASD9501), MnSOD (AS09524), FeSOD (AS06125),
or sheep polyclonal antibodies for POX (AS09548), all purchased from Agrisera, Sweden.
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Primary antibodies were used in dilutions of 1:2500 (GS), 1:1000 (CAT), 1:2000 (POX),
1:1000 (MnSOD), and 1:1000 (FeSOD). In the case of GS, CAT, Mn-SOD and Fe-SOD goat
anti-rabbit IgG-peroxidase conjugated (A0545, Sigma-Aldrich, USA) secondary antibodies
were used, while goat anti-mouse IgG HRP conjugated (AS111772, Agrisera, Sweden)
antibodies were applied for POX. Goat anti-rabbit IgG-peroxidase antibodies were diluted
to 1:20,000 (z:v), and goat anti-mouse IgG HRP were diluted to 1:5000 (v:v). After intensive
washing in PBS buffer, protein signals were visualized using an enhanced chemilumines-
cence detection system (ECL). Densitometric analysis of band intensities was performed
using Image] 1.32j software (W. Rasband, National Institute of Health, Bethesda, MD), USA).
The obtained signal intensities were normalized to the highest value, and the results are
presented as the relative abundances.

To confirm equal loading in immunoblots, membranes were incubated for 2 h in primary
Actin-11 antibodies (Anti Mouse monoclonal IgG2b lyophilized, AS10702; Agrisera Antibodies,
Sweden) diluted to 1:1000 (z:v) and goat anti-mouse IgG horse radish peroxidase conju-
gated secondary antibodies (AS11 1772, Agrisera Antibodies, Sweden) diluted to 1:50,000
(v:v) using the procedure described above. The obtained signal intensities for GS were
normalized to the actin values, and the obtained results were normalized to the highest
value and presented as relative abundances.

4.10. Statistical Analyses

Statistical analyses were performed using R [54]. The data were subjected to “sequen-
tial” sum of squares (type | SS ANOVA) factorial ANOVA by testing the main effect of
BASTA, followed by the main effect of NrEO after the main effect of BASTA, followed by
the interaction effect NrEO+BASTA after the main effects. For the analyses of gRT-PCR
data log2-fold change was used as a response variable in factorial ANOVA. For all other
models, the homoscedasticity and normality of the residuals were checked graphically,
and if these assumptions were violated, the data was transformed prior to the statistical
analyses using Box-Cox power transformation [55] incorporated in the R library MASS [56].
ANOVA was followed by Tukey's post-hoc test at the p < 0.05 significance level using the R
library emmeans [57].

Supplementary Materials: The following are available online at https:/ /www mdpi.com /2223-774
7/10/1/142/<1, Figure S1: Copy number of GLN1 (GIN1;1, GLN1;2, GLN1,3 and GLNT1;4) and GLN2
transeripts in shoots and roots of non-treated Arabidopsis grown under in vifro conditions, Table S1:
Results of factorial ANOVA on quantities obtained in Arabidopsis shoots and rots, measured 10 days
after in vitro treatment with BASTA, N. ranjensis essential oil, and of their combinations. The asterisks
denote the level of statistical significance: ¥ < 0.05,* < 001 and *** < 0.001. B—BASTA, NrEO—Nepeta
rtamjensis essential oil.
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Simple Summary: Severe environmental changes, such as drought, can delay growth, the develop-
ment of plants, and induce injury to their tissues. However, a group of land plant species, called
resurrection or desiccation-tolerant plants, is able to lose 95% of their cellular water and still remain
viable for long periods, resuming full metabolic activity upon rehydration. Recovery from near-
complete water loss is complex and requires the coordination of physical and chemical processes in
the resurrection plants. Under stress conditions plants also synthesize and release a wide variety of
volatile organic compounds with diverse biological and ecological functions. The rehydration process
in resurrection rustyback fern (Asplenuim ceterach) resulted in complete plant recovery within 72 h,
accompanied by high emission of volatiles, mainly belonging to the group of fatty acid derivatives.
These findings could have significant implications from biotechnological and ecological perspectives
since the rustyback fern has been recently recognized as a valuable source of bioactive compounds.

Abstract: When exposed to stressful conditions, plants produce numerous volatile organic com-
pounds (VOCs) that have different biological and environmental functions. VOCs emitted during
the rehydration process by the fronds of desiccation tolerant femn Aspleniton ceterach L. were inves-
tigated. Headspace GC-MS analysis revealed that the volatiles profile of rustyback fem is mainly
composed of fatty acid derivatives: isomeric heptadienals (over 25%) and decadienals (over 20%),
other linear aldehydes, alcohols, and related compounds. Aerial parts of the rustyback fern do not
contain monoterpene-type, sesquiterpene-type, and diterpene-type hydrocarbons or corresponding
terpenoids. Online detection of VOCs using proton-transfer reaction mass spectrometry (PTR-MS)
showed a significant increase in emission intensity of dominant volatiles during the first hours of the
rehydration process. Twelve hours after re-watering, emission of detected volatiles had returned to
the basal levels that corresponded to hydrated plants. During the early phase of rehydration malon-
dialdehyde (MDA) content in fronds, as an indicator of membrane damage, decreased rapidly which
implies that lipoxygenase activity is not stimulated during the recovery process of rustyback fern.

Keywords: Aspleniuni ceterach; rehydration; volatile organic compounds; lipid peroxidation

1. Introduction

Certain plant species, termed desiccation tolerant or resurrection plants, have evolved
the remarkable ability to withstand extreme dehydration (to just 10% of their water con-
tent or less) and resume normal metabolic and physiological activity after rehydration of
vegetative tissues without cell damage. Such rapid and ecologically beneficial changes
allow a plant to survive equilibrium with 0% air humidity until water becomes available.

Biology 2021, 10, 574. hitps:/ /doi.org/10.3390/biology10070574
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Upon re-watering, dried resurrection plants quickly revive and become fully photosyn-
thetically active within 24 h [1]. Furthermore, drying and rehydration processes cause
only limited damage to resurrection plant tissues, due to a number of morphological,
physiological, biochemical and genetically different mechanisms, developed not only for
diminishing damages suffered during severe water loss, but also during rehydration [2].
Controlled regulation of physical and metabolic processes enables the minimization of the
stress associated with desiccation and allows full recovery once the plant is rehydrated.
These adaptations apparently separate resurrection plants from desiccation-sensitive plant
species [3]. The desiccated state is correlated with multiple obstacles at the cellular level,
such as photo-oxidative stress caused by reactive oxygen species, the metabolic require-
ments of resurrection, and the mechanical stress of cell and tissue deformation [4,5].

Under stress conditions plants synthesize and release a wide variety of volatile or-
ganic compounds (VOCs) with diverse biological and ecological functions. Plant volatiles
are usually complex mixtures of diverse organic compounds, including saturated and
unsaturated hydrocarbons, esters, aldehydes, ketones, amines, oxides and sulfur com-
pounds, derived from various biochemical pathways [6]. Fatty acid derivatives, including
Cg green leaf volatiles and their esters, may derive from enzymatic or non-enzymatic
reactions [7]. The first response of plants to any environmental changes is closely related
to cell membrane structures. Fast and nonspecific response of the membrane is based on
the transformation of the cell membrane structural components to signaling compounds.
Polyunsaturated fatty acids (PUFAs) are incorporated in cell membranes and together with
enzyme lipid peroxidase (LOX) through a series of chemical reactions that give rise to a
great variety of products which represents the “nonspecific biological signals” and do not
require preceding activation of genes. They are produced as responses to environmental
stresses and /or stimuli without requiring any speciﬁc gene expression, or long downstream
signaling cascades to evoke them [8,%]. Maintenance of membrane integrity is of critical
importance to ensure survival upon cellular dehydration. Desiccation stress can result in
lipid destruction and membrane damage due to free radical production. It is well known
that products of lipid peroxidation (LP) such as malondialdehyde (MDA) are often used as
a marker for oxidative stress in plants [10]. The majority of studies on resurrection plants
are focused on their strategies to cope with desiccation damage during dehydration, and
less attention has been given to the process of rehydration, although the mechanisms for
preventing and /or repairing cell damage upon rehydration are of great importance for the
desiccation tolerance of resurrection plants [11].

Rustyback fern (Asplenium ceterach L.) belongs to the resurrection species and is
widespread in Western and Central Europe, including the Mediterranean region. The
adult fern (sporophyte) is a perennial herbaceous plant with leathery fronds (species name
originates from the dark brown and densely scale-covered lower surface of fronds), which
grows in limestone rock crevices and stone walls and may survive long dry periods between
wet spells, passing quickly from anabiosis to full biological activity. Although A. ceterach
belongs to a group of poikilohydric fernsand could sustain different rates of desiccation,
recovering uninjured from complete dryness [12], this desiccation tolerant plant still prefers
shaded sites with excellent drainageand suitable humid conditions (especially high air
humidity) in its habitat, while becoming quiescent when water is unavailable.

Detailed phytochemical analysis of A. ceferach and other species from the family
Aspleniaceae have been performed recently [13-17]. Froissard et al. [13] reported lipid
derivatives as important volatile compounds in A. ceterach. The experiments presented
here were aimed to study VOCs emission from the rustyback fern sporophyte following
transition from dormant (desiccated) to an active, rehydrated state. This was achieved by
using coupled Headspace GC-MS and online PTR-MS analysis of the VOCs. Since the
first response of plants to any environmental changes is closely related to cell membrane
structures, we have also postulated that the rehydration process in A. ceferach would disrupt
maintenance of membrane integrity. Therefore, we have measured the changes in the lipid
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status of the fern fronds during rehydration as evidence for the involvement of LOX in the
plant cell membrane damage and /or formation of VOCs.

2. Materials and Methods
2.1. Plant Material

Dormant (desiccated) mature sporophytes of rustyback fern (Aspleninum ceterach L..)
were collected in East Serbia near the Monastery Gornjak (44°15/52.66" N 21°32/40.21" E)
and stored in paper bags at room temperature until use. Species was authenticated by the
authors and the corresponding voucher specimens have been deposited at the Department
of Plant Physiology, Institute for Biological Research “Sini%a Stankovi¢”—National Institute
of the Republic of Serbia, University of Belgrade, Serbia.

2.2. Headspace GC-MS Analysis of Volatiles

Headspace GC-MS technique was used to identify and quantify volatile organic
compounds (VOCs) present in the injected headspace sample. Rustyback fern fronds
(dry and fresh) were placed in a closed sampling vessel and deionized water was added.
Samples were heated at 80 °C and the vapor in the vessel was sampled for analysis by
using a heated gas-tight syringe (Agilent Technologies, Santa Clara, CA, USA). The GC-
MS analyses were performed on a Hewlett Packard G1800C-GCD Series Il apparatus
equipped with a HP-5MS column (30 m x 0.25 mm, 0.25 pum film thickness). Carrier gas
was helium (1 mL-min ') and the transfer line was heated to 260 °C. The mass spectra
were acquired in EI mode (70 eV) in the m/z range of 40-400. Identification of individual
components was accomplished by comparison of retention times with standard substances
and by matching mass spectral data with those held in the Wiley 275 and NIST libraries of
mass spectra. Confirmation was performed by using AMDIS software (AMDIS ver.2.1.,
National Institute of Standards and Technology-NIST, Standard Reference Data Program,
Gaithersburg, MD, USA) and the available literature data [18].

2.3. Online PTR-MS Measurements of Volatiles

Desiccated rustyback fern sporophytes similar in size were selected and placed into
350 mL glass jars two hours prior to the experiment and allowed to adapt. Rehydration was
initiated by adding 50 mL of deionized water into each jar. Measurements of the ambient
level of the VOCs in the atmosphere of glass vessels during the rehydration process were
conducted continuously during the next 24 h by using Standard Proton Transfer Reaction
Quadrupole Mass Spectrometer (PTR-MS, loniconAnalytik, GmbH, Innsbruck, Austria).
The identification and quantification of VOCs by PTR-MS was based on protonated parent
ion masses (molecular mass plus one atomic mass unit), yielded in proton transfer reaction
with H3O" ions, and the relative abundance of ions was obtained by the use of quadrupole
mass spectrometer and secondary electron multiplier. Detailed descriptions of the PTR-MS
technology can be found elsewhere [19,20]. In this investigation masses in the range from
m/fz 21 to m/z 300 (including five control parameters m/z 21, m/z 25, m/z 30, m/z 32, and
m/z 37) were measured, with dwell time of 200 ms and for the time period of 24 h. Drift tube
parameters included: pressure in range from 2.13 to 2.15 mbar; temperature 60 °C; voltage
600 V; E/N parameter 145 Td and reaction time 90 us. The count rate of H;O" /H,O
was 2.1 to 14.1% of the count rate of H3O" ions, which was in the range 6.1 x 10° to
9.7 % 10° counts . Measurements were conducted on five independent plants. In order to
avoid the possible deviations in experimental data caused by the changes in water content
of plant tissue during rehydration, all results are normalized to the dry mass values (DW).

2.4. Determination of Relative Water Content

Plant material for measurements of relative water content (RWC) and LP was main-
tained in the same conditions as described for PTR-MS experiments and separately pre-
pared from three independent plants each at different points of rehydration. RWC was
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determined in detached fronds at specific time intervals during rehydration process (every
two hours) and calculated by using the equation.

RWC (%) = [(FW—DW)/(TW_DW)] x 100 (1)

FW-fresh weight of fronds was measured immediately after sampling and then the
fronds were left in distilled water for the next 24 h at 25 °C in the dark (TW-turgid weight).
DW-dry weight was determined after lyophilization of fronds for 24 h (Lyovac GT2, SRK-
Systemtechnik GmbH, Riedstadt, Germany).

2.5, Measurement of Lipid Peroxidation

LP was determined by MDA or thiobarbituric acid-reactive-substances (TBARS) assay
as described by Hodges et al. [21] with some modifications. Briefly, 0.2g of fern fronds
were homogenized in 5 mL of 80% ethanol and then centrifuged at 12,000 ¢ for 20 min
(Thermo Scientific Heraeus Biofuge Stratos, Heraeus Holding GmbH, Hanau, Germany). A
1-mL aliquot of sample extract was mixed with 1 mL of either (i)—TBA solution comprised
of 20% (w/e) trichloroacetic acid and 0.01% butylated hydroxytoluene or (ii)+ TBA solution
containing the above plus 0.65% TBA. Samples were then mixed vigorously, heated at 95 “C
in water bath for 25 min, and then quickly cooled on ice. After centrifugation at 12,000x g
for 20 min, the absorbance of the supernatant was recorded at 440 nm, 532 nm and 660 nm
(HP Agilent 8453 spectrophotometer, Agilent Technologies, Waldbronn, Germany). MDA
equivalents were calculated by using the following equations.

[(Asz + TBA — 3A600+ TBA) — (As32-TBA — A0 - TBA)] = A ()]
[(Agg0+ tBA —As00+ TBA) * 0.0571] =B 3)
MDA equivalents (nmol mL ™) = [(A — B)/157000] x 10° @)

Results were expressed as MDA equivalents per g of dry weight (nmolg ' DW). Three

biological replicates of each treatment were used for evaluation.

2.6. Statistical Analysis

Statistical analyses were performed by using STATGRAPHICS software, v. 4.2 (Stat-
graphics Technologies, Inc., The Plains, VA, USA). The data were subjected to the analysis of
variance (ANOVA), and the comparisons between the mean values of treatments were made
by the least significant difference (LSD) test calculated at the confidence level of p < 0.05.
Linear regression analysis was performed; correlation coefficients (R) and coefficients of
determination (R%) were calculated by using Statisticav. 10 software (StatSoft. Inc. 2011,
Tulsa, OK, USA).

3. Results and Discussion
3.1. Relative Water Content Analysis

Resurrection plants have the remarkable ability to survive extreme loss of water
(desiccation) while staying dormant for a long period of time. Once the water becomes
available again, the rehydration process starts and plants revive quickly and regains full
metabolic activity in a few hours or days. In order to tolerate desiccation, resurrection plants
must be able to limit the possible damage associated with drying in order to maintain
physiological integrity during dehydration and to activate specific mechanisms upon
rehydration in order to repair the damage caused during desiccation and subsequent
rehydration [22]. Desiccation tolerant rustyback fern (A. ceterach) is capable of shifting from
an active metabolic to anabiotic state, and vice versa, several times during, its life cycle
without permanent structural and/or functional damage [22]. Morphological changes in
the form of frond folding and in-curling represent one of the main responses to desiccation
stress. In the present study dormant sporophytes of rustyback fern (RWC 6%) were
rehydrated in glass vessels until they regained full turgid state (RWC 82%) after 72 h of
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rehydration (Figure 1). The addition of water to desiccated ferns triggered the resurrection
process and resulted in a gradual increase in RWC, accompanied by the unfolding of fronds.
The rustyback fern sporophytes regained 40% of their RWC after 12 h of re-watering. The
rehydration speed in the first 12 h was ~3% per hour and then the process slowed down
slightly (between 12 h and 20 h of re-watering). One more boost in rehydration speed
was observed in the last 4 h of the 24-h cycleand, afterwards, the process slowed down
significantly (~0.3% per hour).
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Figure 1. Rehydration response of rustyback fem (A. ceferach). Relative water content (RWC%)
was determined during 72 h at the indicated time intervals and presented as the mean value of
three independent measurements -+ SE. Values with the same letter are not significantly different at
the p < 0.05 level according to the LSD test. Three distinct phases of rehydration are shown at the
bottom and correspond to dry plants at the beginning of experiment (0 h) and partly rehydrated
(after 12 h) and rehydrated plants (24 h following rehydration).

It should be noted that the recovery time of dry resurrection plants during rehydration
varies widely, depending greatly on plant size and age, methods of rehydration, drying
rate, desiccation extent, and duration before rehydration [23,24].Indeed, during the mea-
surements of experimental parameters presented here, light conditions have changed with
the day /night rhythm and, therefore, when the jars were illuminated, the temperatures
inside were slightly higher than in the surroundings (up to 5 °C). Moreover, due to water
evaporation and transpiration of the plants during the experiment, the humidity inside the
jars was quite high (reaching almost 100%), which most probably affected the course of
the experiment and behavior of the plants. Nevertheless, these light/temperature varia-
tions are in accordance with the frequent environmental changes in the natural habitat of
A. ceterach, especially during the rainy season.

Similar results were obtained for resurrection plants from the family Gesneriaceae,
such as Haberlea rirodopensis and / or species within the genus Rasmonda, of which the latter
often shares the same natural habitat with A. ceterach [25]. Slow water uptake during the
initial hours of rehydration process could be considered as an adaptive defense mechanism
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for avoiding cellular damages by rapid water uptake upon rehydration [2]. Raki¢ etal. [26]
stated that, at the beginning of rehydration, desiccation recovering plants go through an
unstable and vulnerable short period, but then regain complete stability after 6 days of
rehydration. Completely dried resurrection plants Boea hiygrometrica restored their RWC
very quickly upon rehydration, reaching 50% and 95% RWC within only 12 h and 24 h,
respectively [27].

3.2. Emission of Volatiles during Reltydration

Plants emit a wide variety of VOCs, mostly lipophilic compounds with low molecular
weight, which could easily cross cellular membranes and be released into the surrounding
environment [28]. According to their biosynthetic origin, VOCs can be divided into several
major groups: terpenoids, phenylpropanoids /benzenoids, fatty acid derivatives and amino
acid derivatives [29]. VOCs are engaged in plant growth and protection and their emissions
are strongly dependent on the environmental conditions and developmental stages of the
plant tissue. Plants exposed to abiotic and biotic stresses emit numerous compounds
from almost all vegetative parts. Among the volatiles emitted from stressed plants, the
enhancement of LOX pathway volatiles, which is a mixture of various Cj aldehydes and
alcohols and their derivatives, represents atypical reaction. Many of these compounds are
synthesized from the degradation of cellular structures and are used as indicators of cellular
wall degradation or membrane denaturation [30]. The accessibility of Headspace GC-MS
sampling together with PTR-MS analysis enabled research and examination of the changes
in temporal and spatial emissions of VOCs [30-32]. Within the 40 compounds detected in
rustyback fern during rehydration by Headspace GC-MS analysis, a pool of 30 volatiles was
identified which represents 94.6% of the total VOCs composition (Figure 2, Table 1).
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Figure 2. Headspace GC-MS chromatogram of VOCs detected in rustyback fern (A. ceferach). Peaks
corresponding to the most abundant compounds are labeled.

The volatile pattern of A. ceterach was dominated by isomeric heptadienals (>25%):
(E,E)-2,4-heptadienal (17.66%) and (E,Z)-2 4-heptadienal (8.43%), followed by decadienals
(>20%): (E,E)-2,4-decadienal (15.03%) and (E,Z)-2,4-decadienal (5.68%). Significantamounts
of other fatty acid derivatives (alcohols and aldehydes) were also found, i.e., (2E)-heptenal
(11.54%; intense green fatty odor), (E)-2-undecenal (4.51%; fruity waxy odor), 1-hexen-3-ol
(4.48%; ethereal rum-like odor), n-nonanal (4.24%; hay odor), 3-octen-1-ol (3.05%; fatty
fruity odor), (E)-2-decenal (2.81%; waxy fatty odor), 1-Octen-3-ol (2.37%; sweet, mushroom
like odor), and n-heptanal (2.32%; bitter odor). On the other hand, aerial parts of rustyback
fern showed a markedly lack of green odor Cg-compounds, as well as monoterpene-type,
sesquiterpene-type, and diterpene-type of hydrocarbons and/or corresponding terpenoids.
Similarly, Froissard et al. [13] reported that VOCs profile of A. ceterach is dominated
(77.4%) by lipid derivatives, mainly (E)-2-decenal, nonanal and (E)-2-heptenal, while
significantly lower content of shikimic compounds (21.3%) and carotenoid derivatives
(0.8%) was detected. The 1-octen-3-ol has also been reported from many mushrooms [33,34],

7

ferns [35,36], and angiosperms [37]. (2E)-decenal, a natural plant and mushroom VOC
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with a plastic fatty odor, was also previously detected in some ferns (Adiantunt capillus
veneris, Blechnumspicant, and Asplenfum trichomanes) [35,36]. In addition, (2E)-decenal was
an abundant component of the strong “stink bug” scent together with (2E,47)-decadienal
and (2E,4E)-decadienal [38]. These VOCs were also found in Equisetum ramosissimum
and E. scirpioides together with the (2E)-heptenal, while (2E 47Z)-heptadienal and (2E 4E)-
heptadienal were detected in E. scirpioides and E. tyemale [39]. 1t has been reported that
n-heptanal, 2,4-decadienal, and 2,4-heptadienal exhibit fishy odors [40] and represent the
main metabolic products of some algal species [41].

2,4-decadienal has been known, for a long time, as a product of deteriorated fat com-
pounds [42] and as a widespread volatile constituent of dry fruits [43]. Similar compounds
are produced by higher flowering plants and are believed to have a significant role in
plant defense by acting as chemical attractants, alarm signals against herbivore attack,
and/or protective compounds [44]. In addition, these polyunsaturated aldehydes have
been reported to interfere with the reproductive success of some marine invertebrates [45].
One must bear in mind that 2,4-unsaturated aldehydes are chemically highly reactive. The
generation of 2,4-decadienal represents the fast response of cells to the changes in their
membrane composition and, unlike other signaling compounds (ethylene, superoxide,
jasmonic acid, salicylic acid, etc.), does not require a preceding activation of gene expres-
sion. Therefore, the products of the oxidative membrane LI’ constitute “biological signals”,
which produce nonspecific responses to a large variety of environmental stresses [46].

PTR-MS has become a commonly utilized technique for the analysis of trace amounts
of VOCs and it offers many advantages over other conventional analytical methods. This
is an online and non-invasive method with high sensitivity (parts per trillion/parts per
billion concentrations) for plant VOCs assessment in real time at high throughput [21,47,48].
The main drawback of this technique is related to providing information limited to proto-
nated molecular mass, which is not a specific indicator of chemical identity. Furthermore,
the identification of the compounds is further complicated by the overlapping spectra
of different VOCs species. In this study a chromatographic step (Headspace GC-MS
characterization of volatiles in the atmosphere of glass jars), enabled the selection and
identification of specific VOCs in rustyback fern fronds, and subsequently their dynamics
during the process of rehydration was monitored by PTR-MS. PTR-MS and GC-MS, as
complementary techniques for the analysis of volatiles which enable rapid quantification
of selected substances [32].

PTR-MS real-time detection and analysis of VOCs emission from the rehydrating
rustyback fern sporophytes was performed by using desiccated (dormant) plants. The
measurements started with the initiation of the rehydration process; that is, when the water
was added to the plants (Scheme 1).

PTR-MS online detection of VOCs (as was previously shown by Headspace GC-MS
analysis) revealed that the rehydration process enhanced the isomeric dienals emission
rates. There was a striking signal at 7/z 81 that was assigned to both 2,4-heptadienals
and 2 4-dicadienals, which was apparently elevated at the onset of rehydration process,
reaching 59.88 ppbV during the first hour and then declining progressively with the further
increments of RWC (Figure 3a). The emission intensity of other fragments belonging to
the isomeric alkadienals, with m/z 53 and m/z 110, followed the same trend and reached
21.58 or 13.01 ppbV, respectively. Furthermore, intensity levels of selected fragments were
significantly correlated with m/z 81 emission (R = 0.99588 and R* = 0.7781, respectively).
Approximately 12 h after the onset of experiments, when the recorded RWC of the plant
tissue was 40% (Figure 1), the concentration of isomeric dienals decreased and returned to
the basal levels. Similar trends were also observed for the other targeted compounds.
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Table 1. Volatile organic compounds (VOCs) composition of rustyback fern (A. ceterach) as revealed
by Headspace GC-MS analysis.

No. Constituent KIE KIL iR % (m/m) !
1 Hex-1-ene-3-0l 829.5 832 3.66 4.48
2 n-Heptanal 938 901 5.88 232
3 (2E)-Heptenal 9546 947 7.40 1154
4 1-Octen-3-ol 9800 974 8.16 237
8 3-Octanone 985.1 979 831 0.90
6 2-Pentyl furan 988.8 984 8.42 1.13
7 (2E 4Z)-Heptadienal 1000.1 988 8.76 843
8 (2E,4E)-Heptadienal 1010.7 1005 9.13 17.66
9 (2E)-Octen-1-al 10431 1034 1023 0.96
10 Oct-3-ene-1-ol 1054.2 1044 10.61 3.05
11 n-Octanol 1071.2 1063 11.19 1.32
12 (2E)-Octen-1-ol 1078.5 1067 1144 0.71
13 n-Undecane 10924 1100 11.93 1.40
14 n-Nonanal 1099.1 1100 12.15 4.24
15 (2E)-Nonen-1-al 1154.2 1157 14.07 0.89
16 n-Dodecane 1190.9 1200 1535 058
17 n-Decanal 1198.3 1201 15.61 0.41
18 g-Octalactone 12412 1250 17.05 155
19 ni 1244.2 / 17.15 1.06
20 (2E)-Decenal 1254.8 1260 17.51 2.81
21 (2E AZ)-Decadienal 12874 1292 1862 5.68
2 n-Undecanal 1299.0 1305 19.00 0.42
23 (2E 4F)-Decadienal 13116 1315 1942 15.03
24 ni. 1342.1 / 2040 0.70
25 (2E)-Undecenal 1355.8 1357 20.85 451
26 ni 1367.8 / 2123 0.39
27 ni 1373.3 / 2141 0.79
28 n-Dodecanal 1398.8 1408 2224 0.30
29 n-Tridecanal 1499.5 1509 2533 0.21
30 (6Z)-Pentadecen-2-one 1655.5 1667 29.79 0.16
31 (2E)-Tridecenol acetate 1701.1 1703 31.07 0.18
32 Hexadecanoic acid 1965.8 1959 3775 0.30
33 ni 2062.5 /4 40.02 0.23
3 Linoleic acid 2146.9 2132 41.89 0.77
35 ni 2153.2 / 42,02 0.32
36 ni. 22829 i 4479 0.28
37 ni 2455.6 / 48.25 043
38 n.i 2460.5 / 48.35 0.66
39 Squalene 2808.6 2814 5474 0.31
40 ni. 3062.7 / 59.96 0.52

Number of detected constituents 40 100%
Number of identified constituents 30 94.61%

* KIE—Kovats (retention) index experimentally determined (AMDIS, uncorrected); KIL—Kovats (retention)
index—TIiterature data [17]; tg_retention time (min}; ni—not identified; % (m/m)—percentage of component
emitted (mass on mass).
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Scheme 1. A number of peaks corresponding to the protonated masses of the individual VOCs may be observed, including a
smaller contribution of VOCs’ fragments and clusters. Nonetheless, based on the GC-MS analysis, peaks which correspond
to m/z 41,43, 53, 70, 81, 83, 110 and 128 were of main interest.
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Figure 3. Time course of VOCs emission from rustyback fem (A. ceterach) fronds during the process of rehydration detected
on-line by the PTR-MS method. Different colors indicate different ions corresponding to distinct volatiles: (a) Isomeric
dienals, m/z 81 + ni/z 53 + m/z 110; (b) (2E)-heptenal, mi/z 83 + m/z 41; () (2E)-undecenal + n-nonanal, m/z 70 + im/z 43;
(d) 1-octen-3-0l + 3-octen-1-ol + (2E)-octen-1-0l + 3-octanon, /& 55 + mi/z 128. Data shown represent mean sequence of plants
from five independent experiments normalized to DW values.
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The signals at m/z 83 and m/z 41 were attributed to 2E-heptenal, which belongs to
the group of monounsaturated fatty aldehydes. The amount of compound with signal
at m/z 83 emitted by rustyback fern fronds was increasing over the rehydration process
with a correlation between distinct fragments of R? = 0.81391. The highest intensity of
the m/z 83 signal was detected within the first hour of rehydration (up to 4057 ppbV),
with an almost complete absence of the signal 12 h after the start of measurement. Still,
m/z 41 fragment showed a 10-fold lower emission rate (4.15 ppbV) compared to nt/z 83, but
remained significantly abundant towards the end of the experiment (Figure 3b). Emission
of m/z 70 (6.4 pphV) and n1/z 43 (2.54 ppbV) was attributed to (2F)-undecenal and saturated
fatty aldehyde n-nonanal, respectively (Figure 3c).

A wide variety of VOCs with the Mr 128 was recorded in rustyback fern sporophytes
during the rehydration process, such as 1-octen-3-ol, 3-octen-1-ol, (2E)-octen-1-ol, and
3-octanon. Emissions of m/z 128 and m/z 55, selected as fragments present in all listed
compounds, were 1948 ppbV and 21.58 ppbV, respectively, with the significant correlation
value of R? = 0.93138 (Figure 3d). The emission levels of ions corresponding to all the above
mentioned compounds were increasing over the experimental time, with the maximum
values reached during the first two hours of re-watering, as has already been outlined for
other detected volatiles. However, the possible contribution of hydronium water cluster
H30" (Hp0); to the mi/z 55 fragment intensity should not be neglected [49].

(E)-2-heptenal is a well-known and important volatile aldehyde formed during linoleic
acid oxidation. Lee and Min [50] reported that, among other compounds, (E)-2-heptenal, 1-
octen-3-0l, 2 4-heptadienal, 2-octen-1-0l, 2 4-octadienal, and 2 4-decadienal were identified
as volatile oxidation compounds (VOOs) in chlorophyll mixed with linoleic acid under light
storage. In addition, (E)-2-heptenal was detected as the main VOOs in olive oil exposed
to light irradiation [51], while grape, flax, and black cumin seed oils had high content
of (E)-2-heptenal, 2 4-hexadienal, and 2 4-heptadienal throughout the photo-oxidation
conditions [52]. (2E)-undecenal occurs naturally in coriander leaves [53] and red pepper
fruits [54]. Nonanal could be found in a large quantity in different plant species, such
as tomato, canola, soybean, etc., and it has been reported to show antimicrobial activity
against various bacterial and fungal pathogens [55]. Nonanal, together with 1-hexanal,
cis-3-hexenol, and methyl jasmonate, belongs to the fatty acid derivative class of plant
VOCs, which arise from C;g unsaturated fatty acids, linoleic or linolenic [29].1-octen-3-
ol was mostly found to be released by pathogenic or endophytic fungi [56]. However,
recent studies have shown that this compound is also emitted from a number of legume
species [57]. Consequently, nonanal, 3-octanone, and 1-octen-3-ol were designated as main
compounds responsible for the off-odor of infected strawberry fruit [55].

3.3. Estimation of Lipid Peroxidase Activity

The determination of membrane lipid peroxidation is often based on the measure-
ments of MDA, as a product of unsaturated fatty acid peroxidation thatis commonly used
as a biomarker of oxidative lipid injuries [59,60]. Lower MDA content indicates less oxida-
tive damage, and was described as an indicator of more efficient stress tolerance. LP level,
expressed as MDA content, in desiccated fronds of A. ceferach was ~80 nmol g" DW and
sharply declined during the initial six hours of rehydration (Figure 4). Between 8 h and
24 h of rehydration, the MDA level gradually decreased to ~5 nmolg ' DW, reaching the
control values.

Desiccation stress in plants can result in lipid destruction and membrane damage
due to free radical production. In plants under abiotic stress (e.g., drought), the enhanced
formation of ROS was noted, which could easily oxidize PUFAs. PUFAs are lipid compo-
nents in plant membranes, and their reaction with ROS triggers serial LP [59]. Peroxidation
of lipid membrane is considered as the main damaging effect of ROS. Since plant cell
structures rich in PUFAs (cell plasma membranes and chloroplast) are also exposed to the
generation of ROS, there is a high risk of LP in these plant organelles. Higher MDA levels
at the beginning of rehydration could indicate that oxidative damage of A. ceteracl fronds
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has occurred during desiccation process to some extent. Niinemets et al. [61] reported
the emission burst of LOX volatiles upon re-watering in desiccation tolerant epiphytic
filmy ferns from the family Hymenophyllaceae, suggesting a fast enhancement of ROS
production. Similarly, LP level, expressed in terms of lipid hydroperoxide (LOOH) content,
increases as the fronds of resurrection fern Pleopeltis polypodioides dehydrates, and rapidly
decreases after rehydration [62]. The decrease in lipid peroxidation during rehydration was
detected in fronds of Selaginella brachystachya [63], S. tamariscina [64] and S. bryopleris [65].
Similar patterns of change of LP were also revealed during the recovery of angiosperm
Haberlea rhodopensis [66]. Conversely, in angiosperm Paraisometrum mileense, MDA lev-
els were maintained close to the control values in both completely dehydrated and well
rehydrated leaves [67].
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Figure 4. Determination of lipid peroxidation in fronds of rustyback fern (A. ceterach) during the
process of rehydration. Results of MDA assay are presented as the means of three independent
measurements & SE. Values with the same letter are not significantly different at the p < 0.05 level
according to the LSD test.

Results from studies on desiccation tolerance mechanism in resurrection fern Adiantum
raddianum indicated that significant damage was induced on membrane integrity due to
desiccation stress [68]. Furthermore, desiccation appeared to cause some damage in
the cellular membranes of Adiantum latifolium, but this process was reversed and/or
repaired upon rehydration to control values, suggesting that the antioxidant system was
efficient in scavenging ROS, thus helping the plant to recover from the oxidative stress [69].
These findings, together with our results, support the thesis that much stronger volatile
responses might be expected in homoiochlorophyllous species that maintain pigments and
photosynthetic activity through desiccation. Although elevated MDA level in desiccated
fronds of A. ceterach might indicate the oxidative degradation of PUFA residues of the
membrane lipids and putative disturbed membrane integrity, we can speculate that repair
mechanisms of this resurrection fern permitted reversible changes in the peroxidation of
the membrane lipids and the rapid regaining of membrane configuration upon rehydration.
Our results demonstrate the complete recovery of A. ceterach sporophytes after losing more
than 90% of cellular water content.

Relatively high production of VOCs that are potentially associated with the consid-
erable amounts of polyunsaturated aldehydes in rustyback fern sporophytes could have
significant implications from biotechnological and ecological perspectives, since these
plants could be taken into account as a valuable source for these bioactive compounds.
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Further research on the lipid metabolism in rustyback fern would provide better insight
into the mechanisms that protect the integrity of membrane lipids of the cell, including
thylakoid lipids. Considering that restoration of vital functions and metabolic activities
represent an integral part of the entire phenomenon of desiccation tolerance, this could
highlight the importance of lipids and membrane-protecting compounds in A. ceterach dur-
ing dehydration/rehydration process, and it will be the main focus of our future research.

4. Conclusions

Desiccation tolerant rustyback fern (Asplenium ceterach) revive upon watering and
restores physiological activity within the 72 h. Rehydration was characterized with different
metabolic changes which led to the complete recovery from a dry state, including increased
emission of volatiles mainly belonging to the fatty acid derivatives. Lipoxygenase activity
was not stimulated during the rehydration according to the decreased level of MDA as
an indicator of membrane damage. Further research on lipid metabolism in rustyback
fern would provide better insight into the mechanisms that protect the integrity of the cell
membranes during dehydration /rehydration cycle.
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Abstract In this study, several multivariate methods were
used for forecasting hourly PM;, concentrations at four
locations based on SO, and meteorological data from the
previous period. According to the results, boosted decision
trees and multi-layer perceptrons yielded the best predic-
tions. The forecasting performances were similar for all
examined locations, despite the additional PM,, spatio-
temporal analysis showed that the sites were affected by
different emission sources, topographic and microclimatic
conditions. The best prediction of PM, concentrations was
obtained for industrial sites. probably due to the simplicity
and regularity of dominant pollutant emissions on a daily
basis. Conversely, somewhat weaker forecast accuracy was
achieved at urban canyon avenue, which can be attributed
to the specific urban morphology and most diverse emis-
sion sources. In conclusion to this, the integration of
advanced multivariate methods in air quality forecasting
systems could enhance accuracy and provide the basis for
efficient decision-making in environmental regulatory
management.
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Introduction

Over the last century, changes in emission sources,
methane concentrations and climate have affected atmo-
spheric composition and led to the significant increase in
the levels of particulate matter (PM) and gaseous pollu-
tants, particularly in developing countries (Fang et al.
2013). According to recent estimates, about 3.5 million
cardiopulmonary deaths annually and globally can be
attributed to exposure to anthropogenic PM, s, and the
projections are that this number could double by 2050
(Lelieveld et al. 2015). In addition to stringent abatement
measures, the accurate and reliable prediction of air pol-
lutant episodes and establishment of an early public
warning system is of vital importance for the increase in
life expectancy and reduction of health care expenditures.

Despite the fact that significant progress has been made
through integration of different scientific approaches,
modeling of air pollution data remains a challenge. due to
complexity and non-linear nature of atmospheric phe-
nomena and processes (Pai et al. 2013). The variety of
techniques and tools described in the literature for air
quality forecasting covers simple empirical approaches,
statistical approaches including artificial neural networks
and fuzzy logic methods, and physically-based approaches
including deterministic methods and ensemble and proba-
bilistic methods (Zhang et al. 2012). The deterministic
approach mostly refers to meteorological and chemical
transport models, such as sophisticated Community Air
Quality Modelling System (CMAQ) for prediction of air
quality index at locations with no real-time measurements.

' @ Springer



Int. 1. Environ. Sci. Technol,

The chemical transport models were first used in Germany
for air quality forecasting purposes, and soon many other
developed countries became aware of the benefits of such
implementation and launched the centralized air quality
forecasting systems based on different tools, from simple
empirical to online-coupled meteorology and chemistry
models. While deterministic models don’t require a large
quantity of observational data, they do demand sufficient
knowledge and understanding of pollutant emission sour-
ces, transport and atmospheric reactions and transforma-
tions under the planetary boundary layer (Feng et al. 2015).
Since crucial knowledge in this area is often limited and
some processes are 100 complex to be presented within a
model, deterministic models are computationally expensive
and time-consuming for routine predictions and often
employ approximations and simplifications that lead to
strong biases and inaccuracy, thus making the forecasts
useless for timely management of critical situations
(Cobourn 2010; Russo and Soares 2014).

Over the last decade, the parametric or non-parametric
statistical approaches have been proposed as a more eco-
nomical alternative for discovering the underlying site-
specific dependencies between pollutant concentrations and
potential predictors (Feng et al. 2015). The most commonly
examined were artificial neural networks, based on artifi-
cial neurons or nodes capable of learning relationships
between the routinely-measured pollutant data and selected
predictors through embedded functions and data from the
previous period (Fernando et al. 2012). Unlike determin-
istic models, artificial neural networks provide more
accurate air quality forecasts, whereas their major disad-
vantages are associated with “black box™ nature and poor
generalization performance (Moustris et al. 2013). Fur-
thermore, both statistical and deterministic approaches
show satisfactory or good performance in forecasting
concentrations closer to average values, whereas the pre-
diction of extreme pollution events is more challenging.

As summarized by Zhang et al. (2012), the integration of
advanced statistical methods in future air quality fore-
casting systems could considerably reduce forecasting
biases and further enhance accuracy. In our previous study.
MVA methods were successfully applied for forecasting
the contributions of industry and vehicle exhaust to volatile
organic compound (VOC) levels in the urban area, with
smallest relative forecast error of only 6% (Stoji¢ et al.
2015a). In this study, we compared the performance of
twelve advanced multivariate (MVA) methods for PM,,
forecasting relying on meteorological data and SO, con-
centrations. The analysis was based on a multi-year dataset
collected at four different locations, affected by traffic or

* @ Springer

industry emissions. The herein employed MVA classifica-
tion and regression methods belong to the supervised
learning algorithms designed within Toolkit for Multi-
variate Analysis (TMVA: Hoecker et al. 2007) within the
ROOT framework (Brun and Rademakers 1997), for
extracting the maximum available information from the
extensive data in high-energy physics.

Materials and methods

The analyzed dataset comprising S5-year (2011-2015)
hourly concentrations of PM;,, SO, and meteorological
data (atmospheric pressure, temperature, humidity, wind
speed and direction), was obtained from the automatic
monitoring stations within the Institute of Public Health
network, at four different sites (Fig. I, Supplementary
Material). In the urban area, mostly affected by vehicle-
exhaust emissions, measurements were conducted at the
Institute of Public Health and New Belgrade, the sites
characterized as being urban canyon avenue (UCA) and
urban boulevard (UB), respectively, due to their topo-
graphic configuration. In the area influenced by emissions
from fossil fuel burning for industry and heating opera-
tions, the data were collected in Obrenovac and Grabovac,
the sites corresponding to urban industry (UI) and rural
industry (RI), respectively. The measurements at industrial
sites were incomplete due to severe floods that affected the
area in 2014. The concentrations of PM;, and SO, were
measured by means of referent beta-ray attenuation
(Thermo FH 62-1R) sampler and referent sampling device
Horiba APSA 360, respectively. The meteorological data
were obtained by using Lufft WS500-UMB Smart Weather
Sensor. The accuracy and precision of detection methods
are provided in Stojic et al. (2016).

The analyses of daily, weekly, seasonal and annual
dynamics, trend (Pretty 2015) and periodicity were per-
formed by means of Openair (Carslaw and Ropkins 2012)
and Lomb (Ruf 1999) packages within the Statistical
Software Environment R (Team 2012). The relationships
between pollutant concentrations and wind characteristics
were investigated by the use of bivariate polar plot and
bivariate cluster analyses within the Openair package. The
contribution of local emission sources, background and
transport to the observed PM,, pollution was analyzed
using the 72-h air mass back trajectories and trajectory
sector analysis (TSA) as described in Stojic et al. (2016).

The following MVA methods were used for PM,,
forecasting: Boosted decision trees (BDT, BDTG,
BDTMitFisher), Artificial Neural Network Multilayer
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Perceptron (MLP), MLP with Bayesian Extension
(MLPBNN), Support Vector Machine (SVM), k-nearest
neighbor (KNN), Linear Discriminant (LD), Boosted
Fisher Discriminant (BoostedFisher), Multidimensional
Probability Density Estimator Range Search Method
(PDERS), Predictive Learning via Rule Ensembles (Rule-
Fit) and Function Discriminant Analysis (FDA). All
methods were used for both classification and regression.
The five-year dataset was divided into two equal subsets,
each consisting of PM;, concentrations and input data
(meteorological and SO,). One subset was used for method
trainings, either to differentiate between high and low
importance indicators for PM;, concentrations (classifica-
tion), or to determine an approximation of the underlying
functional behavior defining PM,, concentrations (regres-
sion). The other subset was utilized for method perfor-
mance testing.

Results and discussion

Previous studies aimed at investigating the origin and
spatio-temporal distribution of different pollutant species
converge on the conclusion that poor air quality presents an
important health risk factor in Belgrade area (Perisic et al.
2015; Stoji¢ et al. 2015b). In the previous years, the mean
annual PM,, concentrations in Belgrade area were in the
range from 39.74 to 62.32 pg m”, whereas the exceedances
of the proposed air quality guideline value of 50 pg m’
were registered during 20.5-42.2% of total number of days
(StaniSic Stojic et al. 2016).

Specifics of measurement sites

In order to examine the MVA forecasting performances,
PM,, observational data from four measurement sites
affected by different emission sources were collected and
analyzed (Fig. 1, Supplementary Material). The two loca-
tions defined as urban were affected by traffic emissions
throughout the year. However, specific microclimatic
conditions associated with contrasting urban morphology
between UCA and UB plays an important role in spatial
distribution of particles. The presence of tall buildings
along both sides of the canyon avenue induces a complex
wind flow that does not enhance the pollutant dispersion
due to terrain configuration, but it facilitates suspension,
particularly fine PM fraction (Vardoulakis et al. 2003).
Furthermore. frequent congestions in the canyon avenue
compared to free flowing traffic in the wide boulevard
contributed to higher PM,;; concentrations at UCA

throughout the year, with the exception of winter season,
when the air quality at UB was additionally affected by fuel
burning from the neighboring heating plant.

The herein presented industrial locations were affected
either by fuel burning emissions only (RI), or by emissions
from both industrial activities and vehicle exhaust (UI).
Within the range of 15-20 km in NW/N and SE/S direction
around the two industrial sites, the strong emission sources
including three thermal power plants, four open-pit mines
of high-sulfur lignite and several coal ash disposal sites are
located.

As can be seen, the highest mean PM concentration for
the entire period was registered at UI (Table 1, Supple-
mentary Material), which was partly driven by extreme
pollutant loadings in 2012 (Fig. 2, Supplementary Mate-
rial). It should be noted that the PM, variations at two
industrial locations exhibited similar pattern, only with less
significant deviations at rural site, which points to the
prevalence of the same emission sources.

Daily mean PM;, exceedances (=50 pg m ) were
commonly observed. whereas the episodes of extreme pol-
lutant levels were registered only at UI (Fig. 3, Supple-
mentary Material). The winter PM,, concentrations were
considerably higher at all examined locations, which can be
partly attributed to heating operations, but also to lower
planetary boundary layer (PBL) height in winter season.
Unsurprisingly. the lowest PM,, levels for the entire period
were observed at rural site, particularly during spring and
summer season, with the values of 29.15 and 32.09 pg m ™
being registered, respectively. Conversely, the highest con-
centrations in warm season were measured at UCA, the only
site predominately affected by traffic. The differences
between the summer and winter concentrations were rela-
tively small at UCA and RI, whereas the inter-seasonal
variations at two other sites exposed to the emissions from
two strong sources were almost two times higher.

In Fig. 4, Supplementary Material, daily, weekly and
seasonal PM,, variations are displayed. Accordingly, the
lowest concentrations were registered in May and June,
probably due to intense precipitations. The particle resus-
pension processes and atmospheric photochemical reactions
in dry summer months starting from July, led to the rising
pollutant levels, particularly at industrial sites in the vicinity
of ash disposals. The accumulation of particles during
working days was followed by a significant decrease at the
weekend at two locations dominated by vehicle exhaust
emissions, whereas the weekday/weekend difference was
not observed at Ul and RI sites. As regards diurnal PM,,
variations, the same pattern was detected at all locations:
daytime levels tended to be low with the exception of
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morning and afternoon rush hours, whereas the pronounced
increase in nighttime concentrations could be attributed to
stable atmospheric conditions and shallow PBL.,

According to bivariate and cluster analysis, the average
contributions of the surrounding emission sources were
dominant at all locations (Fig. 1), particularly at UCA
(59.5 pg m ), due to limited pollutant dispersion, and Ul
(73.1 pg m ), which has been directly exposed to emis-
sions from the thermal plant which produces more than
50% of electricity for the Serbian market. The UCA is
located in the central city area and thus, the polluted air
masses were observed to come from all directions, whereas
at UB, the impact of heating plant emissions from S and
intersections with intensive traffic coming from E can be
noted. In the case of industrial locations, local sources
appeared to be particularly significant during the heating
season, whereas in spring and summer, both UI and RI
were affected by emissions from ash disposals and lignite
mining sites in NW/N and SE/S. The dynamics of cluster
contributions on a daily, weekly and scasonal basis are
shown in Fig. 5, Supplementary Material. As can be seen,
local emissions, corresponding to cluster 4 at industrial
sites, exhibited extremely regular daily variations, which
suggests the prominent role of anthropogenic sources. The
rush hour peaks were noticeable only in the variations of
locally-emitted PM,, concentrations at UCA (cluster 4),
since the site has been dominated by traffic emissions.

The analysis was also performed to determine the
impact of local emissions, transported pollution and
background on the air quality at examined locations.
According to TSA results, the estimated share of back-
ground was highest at rural site (48%), whereas the con-
tribution of local production was the most significant factor
(43%) for PM, concentrations at Ul, as previously shown
by bivariate and cluster analysis.

Upon the presented analysis, we have reached the con-
clusion that the selected locations are substantially differ-
ent in terms of air quality and factors closely associated
with it, including micro-climatic conditions, topographic
features and proximity of strong sources. This was con-
sidered a prerequisite for examining the dependency
between the efficiency of MVA methods for air quality
forecasting and site characteristics.

Classification MVA methods

As previously mentioned, the S-year dataset, including
PM;, and SO, concentrations, and meteorological data,
was divided into two subsets equal in size, used for training
and testing of MVA methods, respectively. In order to
account for seasonal, i.e. weekday/weekend variations, two
new variables were introduced for classification purposes:
Yearreal is a quotient of the ordinal number of a day and
total number of days per year, while Weekreal represents
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the quotient of the ordinal number of a day and number 7.
Correlation and mutual information of input variables and
the observed PM;, mass concentrations for all sampling
sites are presented in Table 1.

For the purposes of classification, the PM levels above
50 pg m* are considered to require the increased level of
caution, whereas those exceeding 100 pg m ™~ are consid-
ered extremely high—alarm triggering values, both of
which are chosen as arbitrary limits. The estimation of
classification method performances by using the Receiver
Operating Characteristic (ROC) curve is presented in

Table 1 Correlation (C) and mutual information (MI) of input vari-
ables (P, pressure; T, temperature; Rh, relative humidity; ws, wind
speed; Yearreal, day of year: Weekreal, day of week) and measured
PM,, concentrations at all sampling sites

Variable  UCA UB Ul RI

C MI C ML C MI C Ml
P 0.18 131 026 097 020 149 029 1.26
T 021 140 030 L[21 028 169 022 139
Rh 024 147 024 129 022 186 019 1.60
ws 029 139 025 082 026 157 032 LI8
S0, 025 163 009 139 020 187 032 139

Yearreal 004 149 005 131 009 186 012 153
Weekreal 002 012 003 011 002 018 002 0.14

Fig. 2. The highest separation between background and
predicted PM,, concentrations was observed when PM,,
classifier value of 100 pg m™ was taken into account
(Fig. 3), whereas somewhat poorer results were obtained
for 50 pg m—°, which suggests that including additional
meteorological or pollutant variables as input data might
further enhance classification performance.

The comparison of the results by evaluating signal and
background efficiencies revealed that certain MVA meth-
ods are capable of classifying the PM,, levels which are
considered to require a high degree of caution (Table 2,
left). The results showed that BDTG and MLP exhibit the
best results for all examined locations. Signal and back-
ground separation was most efficiently performed for Rl
and UB. and to a somewhat lower extent for UCA.

Regression MVA methods

Regression MVA methods were applied to interpret the
relationships between pollutant concentrations and the
examined input data. Similar to classification methods,
BDTG and MLP exhibited the most satisfying performances
with ahsolute and relative errors presented in Table 2, right.
The MVA method performance was best for PM,,, loadings
at industrial sites, around 25%, while the forecast quality
could be clearly seen at RI location, Fig. 4. It can be
assumed that more accurate air quality forecasts can be
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Table 2 The comparison of

. Sampling sitc Method Classification Regression
best performing methods for
ROC. separation and ROC Sey ion Signifi e Absolute error Relative error
significance values for all
measurement sites (left) and UCA BDTG 0806  0.282 0.883 17.2 29.6
absolute (pg m ™) and relative MLP 0.772 0.226 0.755 21.8 375
(%) rros of: (hé-hegt UB BDTG 0868  0.408 112 139 268
performing regression methods
(right) MLP 0.841 0.352 1.015 17.4 335
Ul BDTG 0.855 0.379 1.059 15.6 24.6
MLP 0.826 0.323 0.956 24.0 379
RI BDTG 0.867 0412 1.172 10.6 252
MLP 0.837 0345 0.962 15.1 36.0
T — achieved at the locations such as RI, which are affected by
120+

——MLP predicted
- > =BDTG predkt:;d

Mass concentration [ug m™]
3

0

T T a T T
10/1/2013 10/8/2013 101572013 10/22/2013  10/29/2013

Date

Fig. 4 The comparison of time series of the observed and best
performing MV A-predicted PM ;, concentrations (g m ) at RI site
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less significant number of emission sources. Furthermore,
the simplicity and regularity of dominant pollutant emissions
on a daily, weekly and seasonal basis, as registered at Ul
location, as well as minor deviations from the commonly
observed pollutant loadings, which is particularly evident for
air quality forecasting at rural site, are probably the addi-
tional factors associated with forecast accuracy.
Conversely, the weakest MVA method performance
was derived for PM,q concentrations at UCA, probably
because the urban morphology of the canyon avenue
represents the additional factor modifying the pollutant
levels in a less predictable manner. Furthermore, the
emission sources in the central city zone are diverse and
primarily refer to traffic congestions and intense atmo-
spheric reactions that take place in stagnant conditions
of the canyon street. Moreover, they also relate to local
fireboxes in residential area where lignite is burned
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during autumn and winter season and local manufactures
that are associated with pollutant emissions highly
variable in time and intensity.

As can be seen in Fig. 5, the PM, time series evaluated
by means of MVA regression methods correlated very well
with the observed concentrations at all sampling sites.
Mutual information obtained for BDTG-predicted and the
observed PM,, mass concentrations were 0.71, 0.7. 0.65
and 0.64 for RI, UB, UCA and Ul respectively. This
suggests that significant input variables were used for the
forecasting process. In addition. it could be noted that their
distributions are relatively well.

Although the other MVA methods employed in the
present study generated similar results when being used for
classification, they generated the significant PM,, forecast
errors when being used for regression, at least based on the
observed input variables. The herein presented errors are
mostly in compliance with the findings of our previous
study. aimed at forecasting the contributions from traffic
and industry to the observed VOC concentrations in the
urban arca, which suggests that both PM and VOC, as
important air quality indicators, can be predicted using the
MVA methods.

Conclusion

In this study, the performances of MVA methods for
forecasting PM,;, concentrations and prediction of related
health-damaging events were evaluated on the basis of
datasets from traffic- and industry-affected locations with
substantial differences in air quality, which has also been
verified through additional analyses. The results of both
classification and regression methods were rather promis-
ing, particularly considering the fact that the presented
forecast accuracy referred to hourly concentrations. The
quality of the prediction might be partly dependent on
microclimatic  conditions, topographic characteristics,
presence of strong emission sources and other site char-
acteristics, as well as on the input data. All that implies that
the selection of additional or different variables could
enhance the method forecasting performances. The
importance of accurate air quality forecasts as part of the
management system is reflected in the potential applica-
tions, including health alerts for susceptible categories,
operational planning, as well as amendment of pollutant
time-series  and reduction of regular monitoring
expenditures.
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Abstract

In this study, we employed regression analysis by means of machine learning eXtreme Gradient Boosting
method for estimating the relationships between particulate matter (PM:o) concentrations and a number of
parameters including benzene, inorganic gaseous pollutants (SO, NO, NO;; NOx), Global Data Assimilation
System-modeled (GDAS1) meteorological parameters, as well as daily and weekend PM variations in
Belgrade, Serbia. The data was provided by the Institute of Public Health Belgrade, Serbia. The successful
and reliable predictions were provided with relative errors in the range from approx. 19% to 26% and correlation
coefficients higher than 0.95. The lowest relative error and the highest correlation cosfficient were obtained for
monitoring station of rural/industrial type located in Ovca, while the highest difference between modeled and
measured values were detected at urban-type monitoring stations Novi Beograd and Institute of Public Health
Belgrade, both of which are exposed to traffic emissions. The modeling results were not satisfying for
ruralfindustrial monitoring station located in Veliki Crijeni (relative error>30%, corr. coefficient<0,8), which
implies that the dynamic of PM:o emissions at the selected monitoring site were not govemed by the available
data on pollutant concentrations and meteorological parameters.
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Abstract

In urban environments, particulate matter, benzene, NOx, and SO; originate from common anthropogenic
sources including traffic and industrial emissions, as well as fossil fuel burning for the purpose of heat and
electricity production. In this study, the influence of relative humidity and temperature on PM+o concentrations
in the Belgrade urban area was investigated using SHapley Additive exPlanations (SHAP) attribution method.
In the presence of higher humidity or moisture in the re-suspended particles, and in the presence of soot and
inorganic oxides as catalyzers (MgO: or Fe:03), SO will be adsorbed on the particle surface resulting in the
secondary aerosol formation. Unlike SO,, NOx tends to be less water-soluble, which makes them less prone
to adsorption to the particle surface. In the presence of sunlight and hot weather, NOx and volatile organic
compounds will more often participate in photochemical reactions with hydroxy, peroxy, and organic radicals
in the air, resulting in the formation of tropospheric ozone.

The impact of intensive fossil fuel combustion for heating purposes contributes to an increase in PMyg
concentrations by an average of 10 ug m~. In the case of using fuels with high sulfur content, this increase
can be as high as 20 ug m=. With the temperature in the range from 0 to 25°C, the effect of temperature on
suspended particles is negligible. while during warmer weather, at temperatures exceeding 25°C, the
resuspension of particles contributes to an increase in particle concentrations to about 4 ug m- on average.
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Abstract

In this study, we used eXfreme Gradient Boosting machine learning and SHapley Additive exPlanations
(SHAP) explainable artificial intelligence methods to examine the relationships between PM:o and other air
pollutant concentrations in the urban area of Belgrade. The data was provided by the Institute of Public Health
Belgrade, Serbia. As shown. the most significant relative impact of benzene levels (50%) on the increase of
PM;q concentrations up to several tens of ug m- was recorded at the occasions when benzene concentrations
exceeded 5 ug m and the concentrations of NO2 were low (combustion of fossil fuels). The same effect was
less pronounced at higher NO; concentrations. Taking into consideration the relative impact of SO, on PM1
levels and the observed relationship between NO and PM, four dominant environment types that describe
the PM level dynamics were distinguished. In the first-type environment, the decrease of PMi, levels noticed
for SO. levels below 50 ug m™ and the dominance of sources with a significant share of NO (> 120 ug m)
were attributed to traffic emissions. The ambiance recognized as type 2 with no effect on PM levels is
characterized by low gaseous oxide concentrations. The third and the fourth type of environment are
characterized by SO: values exceeding 50 ug m~ and their significant impact on the increase of PMw
concentrations.
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Abstract

In this study, we employed SHapley Additive exPlanations (SHAP) attribution method to investigate the PM o
concentrations in Belgrade (Serbia) and interpret the behavior of regression machine learning eXtreme
Gradient Boosting method obtained on benzene, inorganic gaseous poliutants, Global Data Assimilation
System-modeled metecrological parameters, as well as daily and weekend PMy variations. The data was
provided by the Institute of Public Health Belgrade, Serbia. As it was concluded, PM:o concentrations were
dominantly defined by a vanable assigned to emission source intensity variations. The impact of the emission
sources on registered PM o concentrations was not continual, but rather showed variations of up to 50%, when
compared to impacts of other analyzed factors. The most important variables which describe PM level
dynamics in the urban area of Belgrade include meteorological variables momentum flux intensity, standard
lifted index, volumetric soil moisture content and temperature, as well as concentrations of benzene, NO, NOx,
and SO:.
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ABOUT SINTEZA 2021

International Scientific Conference SINTEZA provides an ideal platform for the exchange of information and
dissemination of best practices, ideas and advancements in the state-of-the-art and technical improvements in
the domain of Information Technology and Data Related Research.

Rapid advances in Information Technologies (IT) in recent decades have had a huge impact on numerous facets
of everyday life and have created tremendous opportunities for economic, technological and social gains at a
global scale. Tn particular, the advances in data-science, block-chain technology and optimization techniques
are becoming the driving force behind many changes in both technology and business. Emergence of new
technologies has caused widespread expansion of the internet of things. At the same time problems related to

cyber security, security of communications, as well as the security in the cloud are becoming important topics.

New technologies and scientific breakthroughs have already altered the working and living environments
making them safer, more convenient and more connected. These scientific advances are now also used for solving
some of the most pressing problems our society is facing today, such as climate change and environmental issues.

The conference seeks submissions from academics, researchers, and industry professionals presenting novel
research on all practical and theoretical aspects in the field of Information Technelogy and Data Related Research
and their applications in a range of business, engineering, environmental and research fields. Traditionally held
cach year, conference features several prominent keynote speakers and presentations organized in thematic sessions
covering topics such as computer science, information systems, IT security, applications of IT and data science
in environmental engineering, education and sports. In addition, there is a special student session reserved for
research work done by undergraduate students.

Sincerely,

Organising Commitiee of Sinteza 2021
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Abstract:

In this study, we have used the Standard Proton Transfer Reaction Mass Spec-
trometer (PTR-quad-MS) for online measurements of volatile organic compounds
during the three-month campaign before, during, and after the state of emergency
introduced as a preventive measure to the COVID-19 pandemic. The obtained
data were analyzed by using correlations with hierarchical clustering, box plots,
time variations, and bivariate polar plots with correlation and slope factor analysis,
to provide better insight into the behavior and sources of the analyzed pollutants.
As shown, pollutant concentrations have decreased only a week after the
introduction of the curfew, and the benzene concentration dynamic was shown
tobe different compared to toluene, ethylbenzene, and xylenes behavior pattern.

Keywords:
Air Quality, BTEX, COVID-19, Lockdown, PTR-MS.

INTRODUCTION

In Spring 2020, the lockdown was implemented in many countries
worldwide to prevent person-to-person SARS-CoV-2 virus transmission.
During that period several studies have been performed in different
countries to investigate the impact of prevention measures and restrictions
on air quality.

The study of Jephcote et al. [1] registered a decline in monthly average
traffic counts by 69%, which was reflected in the decrease of ozone, NO,,
and PM, _ concenlrations by 7.6, 38.3, and 16.5%, respectively. However,
it has been shown that traffic had a relatively modest contribution to air
quality in the UK and meteoralogical conditions which were associated with
the observed episodes of high particulate levels confirmed the importance
of long-range transport and distant emission sources. The study of Mor
et al. [2] aimed at investigating the relationships between 14 pollutant
concentrations and meteorological factors during the four periods of
lockdown, each of them lasting for 20 days, has confirmed the impact
of local residential emission sources and regional atmospheric pollutant
transport on local air quality.

DOl 10 15308/Sinteza-2021-72-76



Sari and Esen [3] used data from 61 air quality moni-
toring stations in 31 cities to investigate the impact of
restrictions on PM,, and SO, levels. Their results have
shown that mean PM, and SO, levels were decreased by
38.7% and 33.9%, and the observed effects of restrictions
of both human and industrial activities on air quality
were more pronounced than the effects of meteorological
conditions.

As regards volatile organic compounds (VOCs), the
study of Pakkattil et al. [4] examined the impact of lock-
down on ground benzene, toluene, ethylbenzene, and
xylenes (BTEX) levels in various metropolitan cities
and according to the results, an enormous decline of
82% in BTEX concentrations was regisleredA However,
despite the decline in BTEX levels and reduction of the
ozone-forming BTEX potential, the corresponding de-
cline in ozone concentrations was not observed. In the
study of Kerimray et al. [5], the concentrations of PM2.5,
NO2, SO2, CO, and O3 were decreased by 15 to 49%,
however, the levels of benzene and toluene were 2-3 times
higher than those registered during the previous years.

The pandemic-related measures and lockdown
represented the sort of a real-world experiment that was
used in many studies to derive important information and
confirm conclusions that could enhance environmental
policies and interventions in the future. In Serbia,
preventive measures included restricted human mobility
after 5 PM, during the weekend and on public holidays,
except for medical personnel. Both human and industrial
activities were minimized. In this study, we have inves-
tigated the impact of the most stringent introduced
measures to air quality.

2. MATERIALS AND METHODS

The measurements of VOCs and meteorological
parameters were conducted in an urban area of Belgrade,
Serbia (44.86° N, 20.39° E). The measurement period
(2 March-2™ June 2020) covers two weeks before the
introduction of the lockdown introduced as a response
to the COVID-19 pandemic, nearly two months of curfew,
and almost a month after the measures were lifted.
Standard Proton Transfer Reaction Mass Spectrometer
(PTR-quad-MS, Tonicon Analytik, GmbH, Austria) was
used for online measurements of more than 230 masses
[6], [7]. Meteorological parameters were measured
using the Vaisala weather station. The calibration of
PTR-MS measurements was done according to Taipale
and coauthors [8] by using referent gases and a liquid
calibration unit (Tonicon Analytik). The obtained data
were analyzed by using correlations with hierarchical
clustering, box plots, time variations, and bivariate
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polar plots with correlation and slope factor analysis
[9]. Mobility trend reports were obtained from Google
and Apple.

3. RESULTS AND DISCUSSION

Figure 1 shows BTEX concentrations and human
activity change which were registered as a result of lock-
down and curfew implemented for public safety and
prevention of COVID-19 pandemic spread in Serbia.
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Figure 1 - BTEX concentration and human activity
time series.
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As can be seen, after the lockdown introduction,
pollutant concentrations did not appear to reflect
instant air quality change. It is worth noting that despite
the abrupt cessation of human mobility and indus-
trial activities, the beginning of the curfew period was
characterized by an increase in BTEX concentrations.
It cannot be excluded that the factors i.c., unfavorable
meteorological conditions and the nature of the emission
sources which govern the air quality in this part of the
year could be responsible for the observed BTEX dynamics.

The first significant drop in BTEX concentrations
was noticed a week later after the human mobility and
industrial activities were minimized. The registered
declines could be related to the first curfew periods
that ranged, first for 9 hours (8 p.m.-5 a.m.), then 12 (5
p-m.-5a.m.),and finally throughout all the weekend (Sat-
urday-Monday). After several weeks of strict measures, a
certain amount of human mobility was re-introduced,
but BTEX levels continued to decline. The measurement
campaign ended before the intensity of human activities
returned to the common level.

In the period before the introduction of lockdown,
the correlation analysis shows that the compounds
registered at m/z 107 (cthylbenzene and total xylene)
were in good correlation with compounds at protonated
masses 93 (toluene) (r=0.93) and 79 (benzene) (r=0.9).
This period was characterized by a good correlation
between benzene and human activities such as spending
time in retail and recreation (r=0.83) and transit sta-
tions (r=0.82), as well as between compounds registered
at m/z 107 and activities in parks (r=0.86) (Figure 2).
Among BTEX, the linear relationship was not observed
only between benzene and toluene (r=0.73). During the
lockdown, a strong correlation was observed between
all compounds of the BTEX groups, with no significant
correlations between BTEX levels and human mobility.
After the lockdown, the relationships between all volatiles
strengthened, but the correlations with human activities
were not re-established.

Figure 3 represents the changes in mean BTEX
concentrations during and after restrictions relative to
the period before the state of emergency. As can be seen,
the decrease in BTEX levels during the lockdown was in
the range of 31 to 45%. The levels of volatiles increased
after the human mobility and industrial activities were
re-established, with exception of benzene which continued
to decline up to 71% relative to the concentrations in
the period before the pandemic. The box plot in Figure
4 also illustrates the decline in benzene concentrations
with time. As shown, in the period after the lockdown,
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the 7" percentile of benzene concentrations was only
around 0.15 ppb. In this period, the traffic intensity
showed a stable increase, reaching the level that was only
15% lower than before the measures (Figure 1), which is
not accompanied by an increase in benzene concentrations.
This suggests that the contribution of traffic emissions to
the total benzene levels was overestimated in the previous
literature.
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Figure 5 shows the dependence of the correlation and
slope of toluene and benzene on wind parameters. The
strong relationship between these compounds before
restrictions indicates the dominant emission sources.
The highest correlation (r=1) was recorded from all wind
directions in the speed range from 1 ms-1in the west to 8
m s-1 in the northeast from the measurement site.

The high ratio of toluene to benzene (T/B ratio > 2)
suggests the existence of evaporative emissions (probably
from industrial activities) being located in the north,
northeast, south, and southwest.
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Figure 3 - Mean BTEX concentration difference
during and after relative to the period before the
state of emergency.

The dominance of the combustion process (T/B
ratio < 2) was observed during the state of emergency,
while after the lockdown period, the dominant evapora-
tive emissions were restored, mainly in the southwest
direction. This may indicate the reestablishment of the
industrial activities and intense evaporations supported

by higher temperatures in the period May-June.
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The daily and weekly variations in BTEX levels are
shown in Figure 6. Daily variations (pronounced peaks
carly in the morning, late afternoon, and evening) indi-
cated the expected distribution of VOC concentrations
governed by meteorological parameters, photochemical
processes, planetary boundary layer height evolution,
and human activities in all three examined periods.

In contrast to the relatively stable daily dynamics,
BTEX weekly variations changed over time. Before the
lockdown, the highest BTEX levels were registered on
Tuesday and Wednesday. During the lockdown,
concentration peaks were displaced to Friday, while after
the lockdown period, BTEX levels peaked on weekend.
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Figure 5 - Toluene and benzene correlation and
slope dependency on wind parameters.

After the restrictive measures have ended, the
pronounced BTEX peaks on weekends might be associ-
ated with travel, recreation activities, and staying out-
doors, although based on the analysis of the time series
(Figure 1), it is clear that increased human activities
after the lockdown did not induce an increase in
benzene concentrations, neither reestablishment of the
correlations between BTEX compounds and human
activity (Figure 2).

Environmental Data Science Sassion



Concentration [ppb]

Mon Tue Wed Thu Fd  Sat Sun

0 24 6 510121416182022

Hour Weekaday

Figure 6 - BTEX diurnal and weekday variations.

As this type of analysis cannot indicate the main
causes for the observed weekly variations in BTEX levels,
it is necessary to approach more complex and precise
analyzes.

4. CONCLUSION

While in the period before the introduction of the
state of emergency and reduced human mobility, benzene
and toluene levels exhibited no correlation, during and
after the lockdown period strong correlations were
observed between BTEX compounds, but no significant
correlations between BTEX levels and human mobility
were detected. An increase of human activities after
the lockdown did not induce an increase in benzene
concentrations, neither reestablishment of the correla-
tions between BTEX compounds and human activities.
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Abstract:

In this study, the impact of meteorological factors on PM10 concentrations in
the Belgrade urban area was investigated by using eXtreme Gradient Boosting
(XGBoost) and SHapley Additive exPlanations (SHAP) attribution methods. As
shown, XGBoost provided reliable PM10 predictions with relative errors in the
range from approx. 19% to 26% and correlation coefficients higher than 0.95.
The change in emission source intensity, momentum flux intensity, lifted index,
humidity, and temperature, as well as concentrations of benzene, NO, NO_and
SO, were the most important variables that described the PM concentration
dyﬁamics in Belgrade urban area.

Keywords:
Particulate Matter, Meteorological Factors, Machine Learning, Explainable
Artificial Intelligence.

INTRODUCTION

Suspended particulate matter refers to a complex mixture of com-
pounds in a solid and liquid state, of organic and inorganic origin. De-
pending on the size, they are characterized as small/fine or PM, (with
a diameter of up to 2.5 um) and large/coarse fraction or PM  (witha
diameter of 2.5 pm to 10 um). In the short run, the consequences of expo-
sure to high concentrations of PM are irregular heartbeat and bronchial
asthma exacerbation. In the long run, the adverse health effects include
reduced lung capacity, increased risk of malignant diseases, increased
susceptibility to systemic inflammation, as well as diabetes and its com-
plications, exacerbation of chronical conditions, higher susceptibility to
infectious viral or bacterial diseases, and increased risk of atherosclerosis
and its consequences, heart attack and stroke. In addition to the impact
on human health, PM has effects on the environment and other living
beings. For instance, it has been widely recognized that PM contributes
to the formation of acid rain, which changes the acidity of freshwater systems,
reduces soil fertility, damages plant species and agricultural crops, threatens
biodiversity and endangers world cultural heritage.

DOF 10 15308/Sinteza-2021-89-93



In this study, we used regression analysis by means
of machine learning eXtreme Gradient Boosting method
(XGBoost) for estimating the relationships between
PM,, concentrations and a number of environmental
parameters in Belgrade, Serbia [1]. The influence of
meteorological factors on PM| | concentrations in the
Belgrade urban area was investigated and explained by
using SHapley Additive exPlanations (SHAP) attribu-
tion method [2]. The provided methodology has already
been approved in several case studies [3], [4], [5].

2. MATERIALS AND METHODS

The ground-based data, including benzene, inor-
ganic gascous pollutants (SO,, NO, NO,, NO ), were
provided by the Institute of Public Health Belgrade,
Serbia. Meteorological data were provided by the Global
Data Assimilation System (GDAS1).

The relationships between PM and other environ-
mental parameters were obtained by XGBoost. XGBoost
is an ensemble method of supervised machine learning
based on a sequential tree growing algorithm. Each deci-
sion tree aims to complement all the others and correct
for residuals in the predictions made by the previous
trees by iteratively reweighing the training data to improve
regression performance. XGBoost uses a gradient
descent algorithm to minimize loss when adding new
models. The method includes many optimizations and
enhancements. The dataset was split into training (80%)
and validation (20%) sets. Hyperparameter tuning was
implemented using a brute-force grid search and 10-fold
stratified cross-validation. The best performing hyperpa-
rameter values were used for the final model.

SHapley Additive exPlanations (SHAP) is a method
based on Shapley values, calculated as a measure of
feature importance using a game-theory approach that
provide an impact of features on individual predictions.
SHAP values represent the only possible locally accurate
and globally consistent feature attribution method.

In this paper, XGBoost and SHAP method imple-
mentations within the Python software environment
were used.

3. RESULTS AND DISCUSSION

XGBoost provided reliable PM10 predictions with
relative errors in the range from approx. 19% to 26%
and correlation coefficients higher than 0.95 (Figure 1).
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The best performing model with the lowest relative error
and the highest correlation coefficient was obtained for
the monitoring station of rural/industrial type located
in Ov¢a.
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Figure 1 - XGBoost model evaluation.

On the other hand, the highest difference between
modeled and measured values were detected at urban-
type monitoring stations Novi Beograd and the Institute
of Public Health Belgrade, both of which are exposed to
traffic emissions. The modeling results were not satisfying
for rural/industrial monitoring station located in Veliki
Crljeni (relative error>30%, correlation coefficient<0.8),
which implies that the PM10 level dynamic was mostly
governed by variables other than available pollutant con-
centrations and meteorological parameters.

PM,, concentrations in Belgrade were predominantly
determined by a variable that is defined as a trend of
changing the intensity of emission sources (Figure 2).
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Figure 2 - Feature importance.

This variable appears to be the most important at
three monitoring locations (Institute of Public Health
Belgrade, Obrenovac, and Usée), while at the stations
New Belgrade and Ovcéa it was among the first three
most significant.
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Meteorological parameters including momentum
flux intensity — Mofi, standard lifted index - Lisd, volu-
metric soil moisture content — Solm, and temperature,
as well as pollutants such as benzene, NO, NO,, and SO,,
were among the five most important variables that
described the dynamics of suspended particulate matter
in the territory of Belgrade area.

3.1. VOLUMETRIC SOIL MOISTURE CONTENT

In urban areas, suspended particulate matter, benzene,
nitrogen oxides and SO, originate from common
anthropogenic sources that include emissions from traffic
and industrial activities, as well as the combustion of
fossil fuels in thermal power plants, heating plants, and
households. After the emission, the pollutants are subject
to a variety of physical, chemical, and photochemical
reactions. Suspended particulate matter, benzene, nitrogen
oxides, and O, participate in the formation of secondary
atmospheric acrosols. A number of processes take place
on the surface of suspended particulate matter, including
gas-particles conversion, adsorption, desorption,
absorption and gas dissolution, condensation of volatile
compounds, as well as nucleation and coagulation.
Under conditions of increased humidity in the presence
of soot and inorganic oxides as catalysts (for example
MgO, or Fe,0)), SO, will be adsorbed on the surface
of suspended particulate matter to form a secondary
sulfate acrosol. On the other hand, nitrogen oxides are
less soluble in water compared to SO,, so they will be
less adsorbed on the surface of the particles (Figure 3).
Nevertheless, in the conditions of high temperatures
and intense solar activity, nitrogen oxides and volatile
organic compounds such as benzene will rather partici-
pate in photochemical reactions with hydroxy, peroxy,
and organic radicals in the air in which tropospheric
ozone is formed.
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Figure 3 - PM, | SHAP dependency on volumetric soil
moisture content and SO,
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3.2. STANDARD LIFTED INDEX

The lifted index indicates the degree of atmospheric
stability. The temperature in the atmosphere decreases
with an increase in altitude, and the air that rises from
the surface of the ground cools. However, when a tem-
perature inversion occurs, air that rises to higher
altitudes is warmer than the one near the ground level,
which can lead to atmospheric instability. At all meas-
uring points included in the analysis, there was a
significant influence of maximum positive values of this
parameler on PM“I concentrations (on average about
Sug m?), which indicates that the dynamics and trans-
formations of PM, depended on atmospheric stability,
Figure 4.
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Figure 4 - PM,  SHAP dependency on standard lifted
index and NO_.

3.3. MOMENTUM FLUX INTENSITY

For the forecast and assessment of meteorological
conditions, the momentum flux intensity is usually
observed together with the wind speed. This parameter
provides information important for understanding airflow
in the vertical structure of the atmosphere. It can also be
used to assess the stability of air mass flows in the plan-
ctary boundary layer and the occurrence of turbulent
transmissions and vortices. Under stable meteorological
conditions, the values of this parameter do not change
significantly from the surface to the higher layers of the
atmosphere and usually have lower values compared to
the values measured in the case of turbulent movements.
High SHAP values corresponding to increasing concen-
trations of suspended particulate matter up to several
tens of pg m™ at lower values of momentum flux inten-
sity (<0.2) indicatea significant influence of vertical move-
ments on the dynamics of PM | and other pollutants
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(NO) when they are present in high concentrations in
the air (Figure 5). Atall monitoring locations, a significant
impact of this parameter is recorded at its lower values,
which indicates that the stated relationships between
pollutants are observed in conditions of stable mete-

3.5. ATMOSPHERIC PRESSURE

The effect of pressure on the concentrations of
suspended particulate matter is relatively small and

oralogical conditions.
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Figure 5 - PM  SHAP dependency on momentum
flux intensity and NO.

3.4 TEMPERATURES

constant (Figure 7). Somewhat stronger impact on their
level dynamics is recorded in the urban atmosphere being
characterized by the presence of NO, higher concentra-
tions. Low-pressure conditions can contribute to a
reduction in PM concentrations of up to 3 pg m”.
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Figure 7 - PM, SHAP dependency on atmospheric
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The intensive combustion of fossil fuels for heating
at temperatures below zero contributes to an increase in
PM,; concentrations by an average of 10 ug m~ (Figure 6).
In the case of using fuels with high sulfur content, this
increase can be as high as 20 pg m~. From only a few
degrees above zero to about 25 °C, the effect of temperature
on the suspended particulate matter is negligible, while
during warmer weather, at temperatures above 25 °C,
the resuspension of particles contributes to an increase

4. CONCLUSION

Based on the analysis of the dependence of suspended
particulate matter concentrations on environmental
factors (concentrations of SO,, NO, NO,, NO,, and
benzene, modeled meteorological parameters - GDAS
base, trend, daily and weekend variations), the change
in emission source intensity is singled out as a variable

in concentrations of about 4 pg m* on average.
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Figure 6 - PM, SHAP dependency on
temperature and SO,
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that dominantly determines the dynamics of PM
concentration in Belgrade. This variable stands out as
the most important one in three measuring points -
Institute of Public Health Belgrade, Obrenovac, and Use.
Also, meteorological parameters including momentum
flux intensity, lifted index, humidity, and temperature, as
well as concentrations of benzene, NO, NO , and SO, were
among the five most important variables that described the
PM concentration dynamics in Belgrade urban area.
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Abstract:

In this study, we have determined PM (particulate matter) emission sources and
some of the criteria air pollutant transport contribution at various locations in
the Belgrade area by applying advanced receptor-oriented models, as well as the
pre-processing of concentrations and air back trajectories. As shown, the moni-
toring locations were most directly exposed to PM emissions from the nearest
surrounding. Further, the background levels and air pollution transport mostly
contributed to the observed SO, (70%) and NO, levels (45%).

Keywords:
Particulate Matter, Air Pollution Transport, Receptor Oriented Models.

INTRODUCTION

Low air quality represents a particular problem in urban arcas due
to overpopulation, a large number of emission sources, and topographic
features which prevent the dispersion of pollution. The cities, in which
around 85% of global economic activity takes place, currently contain
55% of the world's population, and it is expected that two-thirds of the
world's population will live in metropolitan arcas by 2050. The World
Health Organization estimates that the highest number of deaths related
to atmospheric pollution was registered as a consequence of ischemic
cardiovascular discases, heart attacks and strokes (80%), and chronic
obstructive pulmonary discase (119%), while a significantly lower number
of deaths occurred as a consequence of lung cancer (6%) and acute
inflammation of the lower respiratory tract in children (3%). The health
effects of air pollutants vary depending on the type of pollutant, i.c., size
and composition of suspended particles, the concentration of species,
and the length of exposure.
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The concentrations of pollutants in the air on the
territory of Belgrade area are a consequence of intensive
emissions mainly from local anthropogenic sources,
which can be related to the increase in population, in
the number of motor vehicles, inadequate investment
in the energy sector, and outdated technologies in the
economic sector.

In terms of sources of pollutant emissions in the city,
the following can be emphasized as significant: fossil fuel
burning for energy production (heating plants, thermal
power plants, boiler rooms, individual furnaces, i,
around 300,000 individual chimneys), some industrial
facilities, traffic, as well as small and medium production
processes.

On the other hand, air circulation in complex topo-
graphic and meteorological conditions of the urban en-
vironment potentially leads to long retention or accu-
mulation of pollution in certain locations, which further
causes large differences in the exposure of the population
in spatially close locations.

The aim of this paper is to determine emission sources
of suspended particulate matter at various locations in
Belgrade area by applying advanced receptor-oriented
models, as well as the pre-processing of concentrations
and air back trajectories.

2. MATERIALS AND METHODS

The analysis of regional transport and the assess-
ment of pollutant emission sources was conducted by
using receptor-oriented models developed within the
project "Mapping of sources of toxic, mutagenic, and
carcinogenic volatile organic compounds in the city of
Belgrade", funded by the Green Fund of the Ministry of
Environmental Protection of Serbia. The description of
the methods can be found elsewhere [1].

The analysis of the contribution of regional transport
was done by using the method of concentration weight-
ed boundary layer - CWBL [2]. The method provides
data on the three-dimensional distribution of pollutants
based on the measured concentrations at the receptor
site (measurement site), the air mass transport path
and the height of the planetary boundary layer along
the transport path. Based on [3], [4], [5], [6], [7], and
[8], using CWBL, it is possible to estimate the regional
transport of pollutants within the planetary boundary
layer by determining concentrations at higher altitudes
above the Earth's surface. The description of the method
is presented elsewhere [2].
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3. RESULTS AND DISCUSSION

Within the analysis of air quality, it is crucial to
separate the different contributions to the total measured
concentrations at the selected monitoring site. One way
to do it is to distinguish between the contribution of
emissions from local sources in the immediate vicinity
of the measuring location, the contribution of regional
and long-range transport, and the share of air pollution
background. As can be seen in the time series of PM |
and SO, concentrations (Figure 1), narrow and high
peaks are superimposed on a wider and much lower base
level. The peaks probably originate from the local emis-
sion in the immediate vicinity of the measuring point,
whereas the baseline level can be assumed to originate
from the transported air pollution and the background.
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Figure 1 - An example of separating the contribution
of emissions from local sources from regional transport
and the background of the urban environment at the
measuring point of the City Institute for Public Health
Belgrade in the period from 2017 to 2019

The example shown in Figure 1 shows a different
structure of PM,  and SO, concentration time series.
Unlike PM,;, SO, concentrations are characterized by
the less frequent occurrence of narrow peaks superim-
posed at the baseline level. This can be an indicator of
the high contribution of background and/or regional
transport to the total concentrations in the urban
environment. The most important sources of SO, in
urban areas are related to the combustion of fossil fuels
for heating purposes. The position of stationary, point
sources (chimneys) that are more distant and mostly
distributed in a wider area without a direct impact on
the monitoring station leads to the less pronounced
pollutant concentration dynamics. In addition to the
specificity of the emission sources, the position of the
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monitoring station at the Institute for Public Health
Belgrade in the canyon type street can also be the cause
of high levels of urban background due to the retention
and accumulation of air pollution.

The share of regional transport and background
averaged at all monitoring locations of automatic moni-
toring (Figure 2) is the highest in the case of SO, when
compared to all other analyzed pollutants (70%). The
estimated contribution of regional transport and the
background to the measured concentrations of suspended
particles and nitrogen oxides is moderate and ranges
from 45% to 55%. In the case of suspended particles,
the existence of frequent short-term peaks in the time
series (Figure 1) is an indicator of the dominance of
local emission sources. The reason for this dynamics can
be the direct exposure of the monitoring station to a
certain type of emissions (mobile sources - traffic and
transport, resuspension, and local economic activities),
but also the processes of dry and wet deposition that
contribute to faster removal of particles from the air.
Of nitrogen oxides, it was estimated that the share of
regional transport and air pollution background is the
highest in the case of NO, which is a consequence of
greater stability of the coml;ound and therefore, the pos-
sibility of its transport over long distances, but also the
formation of this compound as a secondary pollutant in
the reactions of photochemical transformations in the
atmosphere.

NO,  NO,  PM, SO

Benzene  NO

Regional transport and
urbangbackgmunssghare [%)
coBEB8B8E838

Figure 2 - The share of regional transport and the
background of the urban environment with
the measured concentrations of pollutants in Belgrade
in the period from 2017 to 2019

By applying multireceptor-oriented models to PM10
concentrations measured at 6 automatic monitoring
locations in the period from 2017 to 2019, the distribution
of regional sources and sources located on the periphery
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of the agglomeration, which affect air quality in central
urban area was obtained (Figure 3).
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Figure 3 - The distribution of regional sources of PM |
emissions on the territory of Belgrade and neighboring
municipalities in the period from 2017 to 2019

The results of the analysis show that the area of
Belgrade is exposed to the impact of regional sources of
PM, emissions located south, southwest, and southeast
of the city, as well as slightly less impact of sources
located in the areas west and east of the analyzed area.
Significant emission sources in the southwestern areas
on the outskirts of the agglomeration can be associated
with the thermal power plant "Nikola Tesla” near Obrenovac,
as well as with somewhat more distant mining basins
near Veliki Crljeni. Apart from that, a source in the
southeastern area that has an impact on the urban zone
of Belgrade can be attributed to the Vinéa city landfill,
whereas several identified sources on the left bank of
the Danube, outside the agglomeration, can be linked
to agricultural activities in Banat. Regional sources of
suspended particles whose impact is estimated to be
significant, and which are located southeast at a greater
distance, can be connected with "Zelezara Smederevo”,
as well as with the thermal power plant and coal mine
"Kostolac". In the western region of Belgrade, along the
international highway E-70, sources of slightly lower
intensity have been identified, which can be attributed to
traffic activities. Also, it should be taken into considera-
tion that a large number of facilities of small economic
activities (production plants, processing and storage of
goods) have been built in this area in recent years, whose
emissions also contribute to air pollution. Figure 3 also
shows PM,, emission sources located south of Belgrade,
which most likely represent the contribution of more
remote areas, or even part of the long-distance cross-
border transport route.
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4. CONCLUSION

Apart from the influence of local sources, the air
quality in the arca of Belgrade is affected by various
distant sources of emissions. The impact of strong local
sources was least noticed in the case of sulfur dioxide,
while monitoring locations were most directly exposed
to suspended particulate emissions from the immediate
environment (mobile sources - traffic and transport,
resuspension, and local economic activities). On the
other hand, the share of background and transport of air
pollution was the highest in the case of SO, - 70% (com-
bustion of fossil fuels for heating and pollutant transport
from remote power plants) and NO, - 45% (pollutant
transport and formation in photochemical atmospheric
transformations).

The analysis of the contribution of regional pollutant
transport to the measured PM,; concentrations has
shown a significant impact of sources located southeast
("Zelezara Smederevo” and thermal power complex
"Kostolac") and southwest (thermal power plants "Nikola
Tesla" and mining basin "Tamnava") from Belgrade. The
contribution of somewhat weaker sources located in the
western area of Belgrade, can be related to traffic activities
along the international highway E-70 and economic
activities in its surroundings. For detailed characteri-
zation of the identified emission sources, and thus the
improvement of insufficiently updated emission inven-
tories, it is necessary to include other pollutants in the
analysis and to apply the most advanced artificial intel-
ligence methods.
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Abstract:

In this study, we used the fractal and multifractal analysis to explore the structural
characteristics of PM10 time series, among which self-similarity and invariance
can be considered particularly important. The eXtreme Gradient Boosting
method was used to fill in the missing data for multiscale multifractal analysis.
The analysis has revealed self-similarity in PM,  time series with a positively
correlated structure which wasstable over astudy period. Small fluctuations of PM,
levels were observed as a result of variations in local emissions and meteorological
conditions. Theuncoordinated and uncorrelated intervals in concentration time
series were observed as a consequence of occasional pollution events in the areas
dominated by industrial activities or as a consequence of the remote emission
source activity when wind direction and speed were favorable.

Keywords:
Particulate Matter, Time Series Analysis, Multiscale Multifractal Analysis.

INTRODUCTION

According to the estimate from the World Health Organization, air
pollution caused 4.2 million cases of premature death worldwide in the
year 2015, whereas the recent estimates indicate that the mortality rate
due to exposure to high levels of air pollutants is significantly higher and
accounts for 8.9 million. In addition, research has indicated that in case
the trend of low air quality continues and the approach to environmental
issues is not fundamentally changed, the numbers could be twice as high
by 2050.

Environmental science is facing many problems in achieving its mission
to guarantee sustainable future in an increasingly complex and rapidly
changing overpopulated world. The continuous pollution burden on the
environment is dependent not only on the increasing pollutant load, but
also on many known processes such as pollution transport, dispersion
and deposition, atmospheric chemistry, meteorological factors, solar and
cosmic radiation, topography, etc., as well as those which are not even
known yet.
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The issues that prevent the environmental science
to fulfil its’ mission are related to (1) complexity,
non lincarily, interactivity, and cross-compartment
interconnectivity of environmental phenomena, 2)
insufficiency of data-driven knowledge, especially the
knowledge derived as a result of global-scale and multi-
compartment research, (3) asymmetric access to data,
information, and knowledge, (4) lack of adequate infra-
structures regarding environmental big data, (5) barriers
and gaps 1o technological innovation access, (6) high
pressure on human and institutional capacities regarding
innovation, efc.

Particulate matter (PM) emitted from different both
naluml ﬂl]d anthmpugenic EMISSIoN SOurces can remain
in the air for a few hours or days depending on local
meteorological conditions, susceptibility to chemical
and physical transformations, and factors that contribute
to sedimentation and precipitation. Self-similarity and
invariance are important features of pollutant concen-
tration time-series. These structural characteristics of
PM time series revealed by using fractal and multifractal
analysis could be considered when assessing their
behavior patterns in the present and predicting their
behavior in the future [1], [2], [3], [4], [5], [6], [7]. These
analyses assume that phenomena and dynamic behavior
of the system do possess the property of self-similarity
and that the features of the system on one scale resemble
the ones on different scales [8], [9], [10].

The atmosphere of the urban environment contains
up to several hundred types of particulate matter, some
of which are toxic, mutagen and, carcinogen. Adequate
consideration of air quality is significantly limited
by relying on data on gaseous inorganic oxides, or
the concentration data of only the coarse PM fraction
(PMl o) and several of its constituents. European Union
countries measure concentrations for as much as 40
pollutants, as well as numerous constituents of three PM
fractions (PM, ,PM, _, and PM ).

In this paper, we investigate the fractal behavior
of PM | time-series across Belgrade area by the use of
multiscale multifractal analysis (MMA) with the aim
to obtain a more comprehensive understanding of the
particulate matter behavior and environmental fate.

2. MATERIALS AND METHODS

Analysis of the structural characteristics of PM time
series (fluctuation, self-similarity, and invariance) has
been performed using MMA. The analysis of the charac-
teristic parameters of the MM-spectrum (Hurst exponent,
multifractal parameter, and scale) provided information
on particularities of air pollution dynamics at a given
location. A detailed description of the method is to be
found elsewhere [11].
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Hurst exponent (H) is used to describe the self-
similarity of fractal properties, i.c., time series of
pollutants in the presented analysis [12], [13]. In general,
if H<0.5, the correlation between the intervals in the
time series is a negative one, the change that occurs in
the next moment will be opposite compared to the previ-
ous one, and the system has a pronounced tendency
to fluctuate. The processes characterized by H=0.5 are
random, similar to Brownian motion, and there is no
correlation between the increments in the time series.
If 0.5<H<1.5 is valid, there is a positive correlation
between the shifts in the next moment will show similar
tendencies as the previous one and the time series
possess the property of self-similarity. Self-similarity is
more pronounced the closer H gets to 1. When H>1.5
the time series is characterized by uncoordinated and
uncorrelated intervals. In addition to the Hurst exponent,
a multifractal parameter with both negative and positive
values can be used to assess the fractal characteristics.
The higher the value of the parameter, the higher the
degree of fluctuation, whereas the absence of fluctua-
tions leads to the multifractal parameter value of 0 and
represents monofractal behavior.

The eXtreme Gradient Boosting method was used to
fill in the missing data for the MMA application. The
study used method implementation within the Python
software environment. A detailed description of the
method is to be found elsewhere [14].

3. RESULTS AND DISCUSSION

Characterization of PM10 time series observed in
Belgrade has been performed by using MMA. At almost
all monitoring stations, the value of Hurst exponent
between 0.70 and 1.5 indicates self-similar time series
PM, with a positively correlated structure that is stable
over a long period, Figure 1.
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Figure 1 - PM, Hurst exponent range in
Belgrade 2017-2019.
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Multifractal analysis of PM 10 time series at monitoring
stations at the Institute of Public Health of Belgrade and
Obrenovac are presented in Figures 2 and 3.

Figure 2 - Structural characteristics of time series
of concentrations PM, at monitoring place at the

Institute of Public Health of Belgrade for the period
from 2017 to 2019.

After reaching the maximums, values of Hurst
exponent plummet to the value of 1 in the areas of
small and large fluctuations and a time scale of up to
120 hours, thus indicating the most stable fractal nature
of PM,; time series with a correlated structure over a
prolonged period of time, i.e., the existence of the “long-
term memory”. This trend generally continues on scales
from 150 to 350 hours with episodes of higher fluctua-
tions (multifractal parameter = -0.5 - 1.8) for the period
from 130 to 245 hours, in which the values of Hurst
exponent do not exceed 1.13.

The PM10 concentration variability characterized by
H values from 0.73 to 1.54 and values of multifractal
parameter from -5 to 5 at the Obrenovac sampling site
are shown at Figure 3. In the domain of lower fluctua-
tions (multifractal parameter ~-5), two peaks stand out:
H>1.5 between 165 and 240 hours and H=1.3 on a time
scale of up to 30 hours.
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Figure 3 - Structural characteristics of time series
of concentration PM,  at the monitoring station
Obrenovac for the period from 2017 to 2019.

The time series characterized by H-values greater
than 1.5 consists of uncoordinated and uncorrelated
intervals which can be attributed to occasional emission
intensification in the areas dominated by industrial
activities or to impacts of remote emission sources when
wind direction and speed were favorable. At the moni-
toring station Obrenovac, the most significant impacts
can be attributed to emissions from the power plant
“Nikola Tesla”, as well as to works on construction sites
of the A2 highway over the course of the observed
period. Upon reaching the maximum values, steep
slopes were observed in the domains of higher and lower
fluctuations on the time scale of up to 350 (H up to 1.03)
and 75 hours (H up to 0.72), respectively. The results
indicated that the variability of PM time series decreased
when the environment factors weaken and that there is a
positive correlation between time intervals demonstrating
similar dynamics.

4. CONCLUSION

There is an urgent need to stimulate new practices of
interdisciplinary evidence-based research and innova-
tion in which the research, design, development, deploy-
ment, and the use of advanced statistical, and numerical
methods is anchored in environmental science. Further
progress of environmental science and environmental
pollution research will certainly depend on its inte-
gration with other scientific disciplines, among which
high-performance computing scem to be of extreme
signiﬁcance. Moreover, the modern science requires
infrastructure being data-based, efficient, real-time
responsive, scalable, flexible, and robust enough to allow
the understanding of the evolution of global pollution
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impact and climate change in real-time and to anticipate
future trends and challenges for the sake of global
sustainability.

Application of MMA indicated self-similarity in
PM10 time series with a positively correlated structure
which was stable over a longer period of time at almost
all monitoring stations. The results from AMS Institute
of Public Health of Belgrade and AMS Obrenovac were
taken as representative for further interpretation. At the
AMS Institute of Public Health of Belgrade, the most
pronounced variations were recorded in the domain of
low fluctuations and on small scales of up to 45 hours.
Fluctuations of PM  on small scales were impacted by
the intensity of local emissions and meteorological con-
ditions governing the processes of condensation and
nucleation, as well as physicochemical transformations
and formation of secondary aerosols. Upon reaching the
above stated maximum, a stable and positively correlated
fractal nature of PM time series over a longer period
of time in the domain of lower and higher fluctuations
was observed.

At the Obrenovac measurement site, variability of
PM concentrations in the domain of lower fluctuations
was evidenced, on a scale between 165 and 240 hours.
The PM time series consisted of uncoordinated and
uncorrelated intervals, as a consequence of occasional
pollution events in the areas dominated by industrial
activities or as a consequence of the impact of remote
emission sources when wind direction and speed were
favorable. Also, the results indicate that variability of PM
time series decreases when the impact of environment
factors weakens, and that there is a positive correlation
between time intervals indicating similar dynamics.
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Abstract:

Inthis study, we have evaluated the impacts of emergency state and curfew period
on the industry-related volatile organic compound concentrations in Belgrade,
Serbia. Pollutant concentrations were registered during the three-month period
by using Standard Proton Transfer Reaction Quadrupole Mass Spectrometer
(PTR-MS) and data analyses included correlation analysis with hierarchical
clustering, probability density functions, and bivariate polar plots. As shown,
all compounds, except those registered at protonated mass m/z 121, exhibited a
significant drop in concentrations only a week after curfew was introduced. The
behavior of analyzed compounds suggests that the VOC concentrations are more
affected by industrial than traffic emissions.

Keywords:
Air Quality, Volatile Organic Compounds, COVID-19, Lockdown, PTR-MS.

INTRODUCTION

The COVID-19 pandemic in Spring 2020 had a major impact on human
behavior, which resulted in significant changes in air quality worldwide
and reported benefits to the natural environment. In the period that
followed, several studies have used this real-world experiment to enhance
our understanding of air pollution and its sources.

The study of Berman and Ebisu has shown statistically significant
NO, declines of 25.5%, as well as a somewhat smaller decrease of PM,_
levels in urban counties and counties where early non-essential business
closures were introduced [1]. The study of Querol et al. investigated air
quality changes across 11 metropalises in Spain [2]. Their results
emphasized the importance of the massive use of public transport that
was reduced because of the fear of infection. While NO, levels fell below
50% of the WHO annual air quality guidelines, PM, . levels were reduced
less than expected due to fact that traffic was not the major factor
contributing to high PM levels, but also due to the increased contribu-
tions from biomass burning or meteorological conditions favoring
secondary aerosol formation.
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In compliance with this, the study of Briz-Redén et
al. has shown that the 4-week lockdown had a significant
impact on reducing the atmospheric levels of NO,, as
well as CO, SO, and PM
of O, were increased [3]. The study of Chen et al. has
concluded that the interventions adopted to limit the
COVID-19 outbreak have resulted in improvements in
air quality and associated health benefits in non-COVID-19
deaths, which could have outnumbered the confirmed
deaths attributable to COVID-19 in China [4]. In this
study, we have evaluated the impact of 3-month
preventive measures and curfew on air qualily in

in some cities, but the levels

Belgrade (Serbia) based on industry-related volatile
organic compounds (VOCs).

2. MATERIALS AND METHODS

The measurements of VOCs and meteorological pa-
rameters were conducted in Belgrade urban area (44.86°
N, 20.39¢ E) in the period from 2% March to 2* June
2020. They covered two weeks before the implementation
of the state of emergency introduced as a response to the
COVID-19 pandemic and lasted almost one month
after the measures were lifted. Standard Proton Transfer
Reaction Quadrupole Mass Spectrometer (PTR-MS,
Tonicon Analytik, GmbH, Austria) was used for online
measurements of 21 to 270 amu mass range [5], [6],
while Vaisala weather station was used for measuring
meteorological parameters. Calibration of PTR-MS
measurements was done according to Taipale and coau-
thors [7] by using referent gases and a liquid calibration
unit (lonicon Analytik). Data analyses included corre-
lation analysis with hierarchical clustering, probability
density functions, and bivariate polar plots [8]. Mobility
data was obtained from Google and Apple.

Figure 1 shows industry-related VOC concentrations
and human activity change which accompanies the start
of emergency measures caused by the COVID-19 pan-
demic in Serbia. It can be seen that the evolution of con-
centrations did not indicate an immediate change in air
quality with introducing a state of emergency.

Although the decrease in the intensity of human
mobility and industrial activities started with the
appearance of the first COVID-positive cases, this
period was also accompanied by an increase in the con-
centrations of all measured compounds. For all com-
pounds (except compounds with protonated mass m/z
121) a significant drop in concentrations was observed
only a week later, when the curfew was enforced for
quite some time, first for 9 hours, then for 12 hours,
and finally throughout the weekends.
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Starting from the second half of April, a gradual
intensification of human activities and a decrease in the
stay-at-home campaign could be observed (intensive
adherence to extremely restrictive measures seemed to
have lasted only 2, at most 3 weeks), but VOCs concen-
trations continued to fall. By the end of the measurement
campaign, human activities had not returned to the level
before the introduction of a state of emergency, especially
mobility (walking and driving).
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Figure 1 - Industry-related VOC concentration
and human activity time series.
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Tt should be noted that there were a few spikes of
concentrations registered at all four masses in the period
just before and during the lockdown. For compounds
registered at m/z 57, the spike almost 4 times the mean
concentration was observed a day before the start of
the lockdown. For compounds registered at m/z 73, the
spike almost 3 times the mean concentration occurred
six days after the beginning of the lockdown. Com-
pounds registered at m/z 105 had an intensity spike of
2 times the mean concentration in the event that has
occurred 19 days after the start of the lockdown. The
largest spike was observed for compounds registered at
m/z 121, which raised almost 13 times more than the
average readings, and it occurred at the same time as the
spike of compounds measured at m/z 73 (six days after
the start of the lockdown). General changes in com-
pound concentrations during and after lockdown can
be assigned to low industrial activity, while the origin of
spikes demands further investigation.

In the period before the introduction of the emer-
gency state, the correlations between all analyzed VOCs
(r-values were in the range from

3. RESULTS AND DISCUSSION

0.81 to 0.95), as well as the interconnection of com-
pounds detected at m/z 73 and human activities such as
walking, spending time in retail, recreation and transit
were observed (Figure 2). The correlation between com-
pounds registered at m/z 105 and 121 was the strongest
(r=0.95), while the weakest correlations were calculated
between compounds registered at m/z 73 and other
VOCs (lowest being between compounds registered at
m/z 73 and 121 at r=0.81). During the state of emer-
gency, the interconnection of all VOCs persisted,
excluding compounds registered at m/z 121, as well as
the correlations between the observed concentrations
and human activities. No correlations between VOCs
and human mobility were observed in the period
following the lockdown, although the correlations
between volatiles, including compounds registered at
m/z 121, were re-established.

Figure 3 shows the relative changes in mean VOC
concentrations during and after the lockdown com-
pared to the pre-introduction period. During the state
of emergency, the concentrations of all compounds
(except compounds registered at m/z 121) dropped in
the range from 30 to 73% compared to the period before
its introduction. After the state of emergency was lifted,
concentrations continued to fall (35-80%).
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The concentrations of compounds registered at m/z
121 recorded an increase of over 36% during the state of
emergency, while in the period after the lockdown the
level was 20% lower compared to the period before the
introduction of the emergency measures.
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state of emergency.

The probability distribution functions (PDFs)
showed unimodality with pronounced peaks during all
three periods of the measurement campaign (Figure 4).
The PDFs of m/z 57, 73, and 105 suggested lowering the
intensity of emissions of dominant sources during the
pre-lockdown period. The compounds that have been
detected at m/z 121 had a similar unimodal shape of
PDF during every period of the measurement campaign.
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emission sources were distant ones. The compounds
registered at m/z 73, 105, and 121 had similar behavior
patterns. High concentrations for wind speeds ranging
from 4 to 6 m s 1 also indicate the influence of remote
sources.

With the introduction of emergency measures, a
homogenization of pollution in the ground layers of the
atmosphere took place, which was reflected in the rela-
tively uniform distribution of concentrations of all ana-
lyzed volatiles regarding wind direction. The reduction
of contribution of distant sources and the dominance of
local ones was observed.

After the lockdown period, VOC concentrations
remained low, with notable activation of the sources of
compounds registered at m/z 73 and 105 in the western
and southwestern arecas.
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Figure 4 - VOCs density plots.

‘The dependence of concentrations on wind direction
and speed before the restriction period indicated that
the common sources for the analyzed compounds were
located in the eastern, western, and southwestern direc-
tions from the monitoring site (Figure 5). Additionally,
certain emission sources of the compounds registered at
m/z73, 105, and 121 were revealed northeast. The high-
est concentrations of m/z 57 were recorded for the wind
speeds of 3 to 7 m s 1, coming from the western and
castern direction which suggests that the most intense
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Figure 5 - Industry-related VOC dependency on
wind parameters,

4. CONCLUSION

As can be concluded, an immediate change in air
quality with introducing a state of emergency was not
observed. A few spikes of concentrations of industry-
related volatile organic compounds were registered in
the period just before and during the lockdown, while the
general decrease in pollutant concentrations during and
after lockdown can be assigned to low industrial activity.
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In the period before and during the lockdown, the cor-
relations between all analyzed VOCs, with exception of
compounds registered at m/z 121, and human activities
were observed, while after the lockdown no correlations
between VOCs and human mobility were detected. The
probability distribution functions showed the unimodal
distribution of the concentrations with pronounced
peaks during all three periods of the measurement cam-
paign. During and after the lockdown, the reduction of
contribution of distant sources and the dominance of
local ones was observed. As can be concluded, the industry
appears to be the major source of analyzed volatiles.
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PREFACE

Dear Colleagues,

Welcome to the 8™ WeBIOPATR Conference, to be held at the premises of the Vinca
Institute of Nuclear Sciences, Serbia, 29.11.—1.12.2021, as a combination of online and face-
to-face event.

The International Workshop and Conference, Particulate Matter: Research and Management
— WeBIOPATR is a biennial event held in Serbia since 2007. The conference addresses air
quality in general and particulate matter specifically. Atmospheric particulate matter arises
both from primary emissions and from secondary formation in the atmosphere. It is one of
the least well understood local and regional air pollutants, has complex implications for
climate change, and is perhaps the pollutant with the highest health relevance. It also poses
many challenges to monitoring.

By WeBIOPATR, we aim to link the research communities with relevance to particulate
matter with the practitioners of air quality management on all administrative levels, in order
to facilitate professional dialogue and uptake of newest research into practice. The
workshops usually draw an audience of about 70 and attract media attention in Serbia. It
enjoys support of the responsible authorities, Ministry of Education, Science and
Technological Development, Ministry of Health, Ministry of Environment, and the Serbian
Environmental Agency whose sponsorship is indispensable and gratefully acknowledged.
We also enjoy support of international bodies such as the WHO.

The 1% WeBIOPATR Workshop was held in Beograd, 20.-22. May 2007, associated with a
project funded by the Research Council of Norway. The 2* workshop was held in Mecavnik,
Serbia, 28.8.-1.9.2009. WeBIOPATR2011 was held mn Beograd 14.-17.11.2011 and for the
first time, included a dedicated student workshop. WeBIOPATR2013 was held in Beograd
2.-4.10. 2013. It covered the traditional PM research and management 1ssues, discussions on
how to encourage citizens to contribute to environmental governance. and how to develop
participatory sensing methods. WeBIOPATR2015 was held in Beograd 14.-16.10. 2015.
Dedicated sessions were devoted to sensor technologies for air quality monitoring, utilizing
mformation and imput from the EU FP7 funded project CITI-SENSE (http://co.citi-sense.eu)
and the EU COST action FuNetAir (www.eunetair.it). WeBIOPATR2017, the 6%
conference, was held in Beograd 6.-8 9. 2017, with a wider than before Western Balkan
participation. The 7" WeBIOPATR2019 was held 1.-4.10. 2019 at the Mechanical Faculty,
University of Belgrade. It has attracted a record of over 50 contributions, and brought
together scientists from 12 countries, documenting that the issues of atmospheric pollution,
with their wide implications for climate change, human health and ecosystem services, are
no less important today. This year’s event will be with similar number of contributions that
have been accepted.

In the past two years, all our lives were affected by the COVID-19 pandemic. We have
adapted our ways of life and work — and now we hope that the new format of the conference



will be a success, for the participants physically present as well as for those who will
participate online.

We are very grateful to our unrelenting national and international partners for their financial
and scientific support for this event. In addition, WeBIOPATR2021 is supported by the
VIDIS project, https://vidis-project.org/, funded by the EC H2020 Framework Programme
for Research and Innovation, area “Spreading excellence and widening participation”.
VIDIS (2020-2023) is coordinated by Vinca Institute, Grant agreement number 952433

Welcome to Vinca and online and have a stimulating and productive time!

Milena Jovasevic-Stojanovié and Alena Bartonova
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3.2 THE HYBRID COMPUTATIONAL APPROACH IN REVEALING PARTICULATE MATTER
RELATED PROCESSES

M. Perisic (1,2)

(1) Institute of Physics Belgrade, National Institute of the Republic of Serbia, University of Belgrade, 118
Pregrevica Street, 11000 Belgrade, Serbia, (2) Singidunum University, 32 Danijelova Street, 11000
Belgrade, Serbia
mirjana.perisic@ipb.ac.rs

The modem world is facing many environmental issues. with all environmental compartments being affected.
Air pollution accounts for an estimated 4.2 million deaths and 103.1 million disability-adjusted life years per
year, while around 91% of the world's population lives in places where air pollution levels exceed the World
Health Organization limits (WHO, 2021).

The understanding of environmental pollution-related processes is yet to be enhanced based on data-driven
research. The enormous potential for the enhancement lies in the effective interrogation of environmental big
data by using artificial intelligence, advanced statistical analysis, and numerical modelling, as well as
modelling hybridization.

The talk will elaborate on the concept required for an in-depth understanding of environmental pollution from
the perspective of contextual data analysis and the ATLAS Project supported by the Science Fund of the
Republic of Serbia. ATLAS aims to shift the methodology and current approaches to modelling spatio-temporal
data and processes related to the global fate of air pollutants. The shift will enhance the understanding of the
global environmental fate of air pollutants and lead to more thoughtful environmental protection practices,
policies, and strategies. Also, ATLAS aims to harmonize envirommental research via facilitatmg access to
environmental data, data analysis, exploration, and exploitation of the results. This will increase efficiency,
creativity, and productivity of research, and at the same time scale up data analysis, support transdisciplinary,
and lead to more thoughtful environmental protection practices, policies, and strategies.

The examples of the talk will cover the results produced within the Project Air Quality Plan for the
Agglomeration of the City of Belgrade for the period 2021 — 2031. supported by the City Administration of
Belgrade (AQP, 2021). The mam focus will be on time-resolved. contextual, in-depth. and synergetic
modelling of particulate matter pollution. primarily based on machine learning. explainable artificial
intelligence, and numerical modelling within the ATLAS software platform.

ACKNOWLEDGEMENTS
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Education. Science and Technological Development of the Republic of Serbia, the Science Fund of the Republic of Serbia
#GRANT No, 6524105, AT-ATLAS, as well as the City of Belgrade, Department of Environmental protection of the city
administration, Serbia. Air quality plan for the City of Belgrade.
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World Health Organization, 2021. WHO global air quality guidelines: particulate matter (PMa 5 and PMiq), ozone,
nitrogen dioxide, sulfur dioxide and carbon monoxide: executive summary.



10.4 KEY FACTORS GOVERNING PARTICULATE MATTER ENVIRONMENTAL FATE IN AN

URBAN ENVIRONMENT
Gordana Jovanovi¢ (1,2). Svetlana StaniSi¢ (2), Mirjana Perii¢ (1,2). Andrej Sodtari¢ (3), Andreja
Stoji¢ (1,2)

(1) Institute of Physics Belgrade, National Institute of the Republic of Serbia, University of Belgrade, 118
Pregrevica Street, 11000 Belgrade, Serbia, (2) Singidimum University, 32 Danijelova Street, 11000
Belgrade, Serbia, (3) Insiitute of Public Health Belgrade, 54a Despota Stefana Street, 11000 Belgrade,
Serbia
andrefa.stofic@ipb.ac.rs

According to recent estimates, the mortality rate due to exposure to high levels of air pollution accounts for 8.9
million deaths annually (Bumett et al, 2018). Containing several hundred types of chemical species. some of
which are toxic. mutagenic, and carcinogenic, particulate matter (PM) pollution rises as a significant problem
in urban areas. The fate of PM is governed by a diversity of emission sources. meteorological factors, or
topographic features. as well as their mutual interrelations.

In this study. we used the eXtreme Gradient Boosting (XGBoost) regression machine learning method to
investigate the relation between PM and other air pollutants. and meteorological parameter dynamics in the
urban area of Belgrade, Serbia. The air pollution data (PMg, benzene, SO2. NO, NO;, and NOx) was obtained
from six air quality stations within the Institute of Public Health Belgrade network, while the meteorological
parameters were obtained from ARLs Global Data Assimilation System (GDASI).

We used the SHapley Additive exPlanations (SHAP) explainable artificial intelligence method to investigate
and interpret the governing factors in shaping PMjg levels. The method uses Shapley values, calculated as a
measure of feature importance based on a game-theory approach, that provide an impact of features on
individual predictions (Lundberg et al, 2020). These values are considered as fairly distributed payouts among
the cooperating players (features) depending on their contribution to the joint payout (prediction). The main
advantage of the approach is that SHAP represents the only possible locally accurate and globally consistent
feature attribution method. We used Python XGBoost and SHAP implementations. and the TreeExplainer
method which reduces the complexity of exact Shapley value computation from exponential to low-order
polynomial time by leveraging the intemal structure of tree-based models (Stojic et al, 2019). The stabilities
of the obtained SHAP values were evaluated by 50 times replicated bootstrap method.

As shown, the most important variables which describe PM level dvnamics in the urban arca of Belgrade
include meteorological variables — momentum flux intensity, standard lifted index, volumetric soil moisture
content and temperature, as well as the concentrations of benzene, NO, NOx, and SO..

Acknowledgements: The authors acknowledge funding provided by the Institute of Physics Belgrade. through
the grant by the Ministry of Education. Science and Technological Development of the Republic of Serbia, the
Science Fund of the Republic of Serbia #GRANT No. 6524105, AI-ATLAS, as well as the City of Belgrade,
Department of Environmental protection of the city administration, Serbia, Air quality plan for the City of
Belgrade.
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Abstract:

The aim of this study was to identify and characterize the individual sources
of benzene in an urban area of Belgrade based on bivariate polar plot con-
centration, correlation, and regression analyses. The presented benzene
behavior modeling relied on a weighted Pearson correlation coefficient,
linear regression slope, and Gaussian kernel locally weighted by wind speed
direction surface. The data, including the concentrations of volatile organic
compounds (VOCs), inorganic gaseous pollutants and meteorological
parameters, were obtained from a measurement campaign conducted at the
Singidunum University (Belgrade, Serbia) during and after the heating season
2016. The results indicate the dominance of benzene, toluene, and NO local
emission sources, as well as the significant impact of remote NO, sources
located in the SW and SE. The strong interrelations between VOCs indicate
the common origin of these compounds. High toluene to benzene ratio (>2)
was almost independent of wind speed and direction, indicating that the
entire area was severely exposed to fresh vehicular emissions. The absence
of relationships between benzene and fossil fuel combustion gaseous pollut-
ants including NO_ and O, suggests that evaporations from small chemical
industrial complex situated in the S direction from the study site mightbe the
main benzene and toluene emission source in the area. As regards inorganic
gaseous pollutants, the relationship between benzene and NO in the N and
NE might be related to the intensive anthropogenic activities in the central
urban area of Belgrade and petrochemical industry in Pancevo. As presented
herein, a combination of bivariate polar plot concentration, correlation, and
regression analyses offers unique insight into the individual sources of air
pollutants and their concentration dynamics.

Keywords:
benzene, volatile organic compounds, bivariate polar plot analysis.

1. INTRODUCTION

In the recent years, volatile organic compounds (VOCs) became an
important environmental issue because of their harmful impacts on human
health and the environment. They originate from numerous natural and
anthropogenic sources and are involved in a wide range of chemi-
cal reactions in the atmosphere including the formation of secondary
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organic aerosols and tropospheric ozone. The most
abundant VOCs in the atmosphere are hydrocarbons,
organic alcohols, halogenated organic compounds, and
sulfur compounds [1]. Four aromatic hydrocarbons -
benzene, toluene, ethylbenzene, and xylene, commonly
known as a BTEX group, are found to be abundant in
the urban atmosphere and are considered the repre-
sentatives of volatile organics (2, 3]. Natural sources
of BTEX include crude oil evaporations and emissions
from volcanoes and forest fires, while the primary an-
thropogenic emissions of BTEX compounds are related
to motor vehicles, cigarette smoke, petroleum products,
and the production and use of paints, lacquers, thinners,
rubber, cosmetics, and pharmaceutical products [4].
Among the BTEX, benzene draws special attention
because it is considered to be the most toxic and det-
rimental compound [5]. The International Agency for
Research on Cancer (IARC), classified benzene as car-
cinogenic compound to humans (Group 1), while eth-
ylbenzene has assigned as probably carcinogenic (Group
2). There is no evidence of the toluene and xylenes car-
cinogenicity in humans (Group 3), but toluene is more
soluble in lipids than benzene, and therefore toluene
exposure can lead to adverse neurological effects [6].

The research aimed at the investigation of VOC emis-
sion sources has been intensified over the last two dec-
ades, and many of these studies have been focused on the
identification of sources by estimating the ratios of BTEX
concentrations in the ambient air and calculating their
correlations [7, 8]. Toluene to benzene ratio is commonly
used to distinguish the impact of traffic and non-traffic
emission sources, while cthylbenzene to benzene ratio, as
well as xylenes to benzene ratio are often applied as indi-
cators of photochemical reaction intensity [9].

This study considered the relationships and ratios
between benzene, and toluene and inorganic pollutants,
in the context of simultaneously measured meteora-
logical parameters, wind speed and wind direction. The
bivariate polar plot method in a combination with pair-
wise statistics was used to indicate the most significant
emission sources of benzene and investigate their char-
acteristics in an urban area.

2. MATERIALAND METHODS

For the purpose of this study, the measurements
were conducted over the three-months period, at the
Singidunum University building in the urban area of
Belgrade (Serbia) during and after the heating season of
2016. The dataset comprised the concentrations of air
pollutants and meteorological parameters [10].
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University building is surrounded by large residential
areas from W, SW, and NE side, some of which encom-
pass households with individual fireboxes, while small
scale industry referring to Road Institute of Belgrade, a
building company and beverage factory stockroom are
located in the nearest vicinity. In addition, confectionery
factory, footwear factory, and several small-scale chemi-
cal plants are located 600 m in the NW and S direction,
respectively. Approximately 800 m to the W and SW
from the measurement site a large district heating plant
and fuel oil heating plant of urban forestry organiza-
tion used for the purposes of planting material produc-
tion are situated. A boulevard with public transport and
moderate vehicle flow passes by approximately 250 m
in the SW direction, while a road with intense traffic is
about 500 m away in the W-NW direction. The old city
center and river confluence are located at the distance
exceeding 2 km in the NW direction.

During the campaign, besides the other pollutants
including polycyclic aromatic hydrocarbons, gases and
metals, the concentrations of benzene, toluene, nitrogen
oxides (NO, NO,, and NO,), ozone (O,), and meteoro-
logical parameters, including wind characteristics, were
collected. The VOCs concentrations were measured in
real time using a proton transfer reaction mass spec-
trometer (Standard PTR-MS, Ionicon Analytik, GmbH,
Austria). A detailed description of the PTR-MS method
is given elsewhere [11], while calibration procedure was
done according to Taipale et al. [12]. Inorganic gaseous
pollutant measurements were conducted by using Horiba
370 series devices which enabled continual pollutant
concentration monitoring with a 2 minute-resolution
data. The APNA-370 device was used for NO_ concen-
tration measurements by a combination of dual cross-
flow modulation type chemiluminescence principle and
the referential calculation method according to SRPS
EN 14211:2013 standard. Continuous monitoring of
ozone concentrations was performed by the cross-flow
modulated ultraviolet absorption method using APOA-
370 device according to standard SRPS EN 14625:2013.
Meteorological data were obtained by using Vaisala
weather station (Weather Transmitter WXT530 Series).

The statistical data analyses included bivariate polar
plots, and improved analytical method which combines
bivariate polar plots with pair-wise statistics that pro-
vide information on how two pollutants are related to
one another. The pair-wise statistics implemented in-
clude the weighted Pearson correlation and slope from
two linear regression methods. More details about this
method can be found in Grange et al. [13, 14].
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The analyses were performed with the statistical
software environment R [15], by the use of the Openair

package [16].

3. RESULTS AND DISCUSSION

As indicated by the clevated pollutant concentra-
tions at low wind speeds (< 1 m s), there is a domi-
nance of local traffic emissions of benzene, toluene, and
NO in the nearest vicinity of the sampling site (Fig. 1).
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Fig. 1. Bivariate polar plot of benzene, toluene, NO, NOz2,
NO_, and O3.
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The highest concentrations (> 3 pg m™) of NO, were
recorded during S and SW wind episodes which caused
the air pollution transport from distant sources includ-
ing the powerplants “Nikola Tesla” and “Kolubara” situ-
ated in Obrenovac and Veliki Crljeni [17]. In addition,
several sources of O, were observed, and the dominant
ones contributing to the concentrations higher than 40
pg m* were identified in N, E, and SE direction of the
measurement site.

Photochemical formation of O, in the troposphere is
facilitated by the presence of sunlight and elevated levels
of precursor pollutants including NO_and VOCs.

The correlation matrix shows that the two organic
compounds, benzene and toluene, were well correlated
(r=0.96) (Fig. 2), which might suggest their common origin
[18]. However, this type of analysis does not provide an
indication of which type of source and to what extent
contributes to total benzene concentrations. No signifi-
cant relationships between benzene and NO, NO,, O,,
and wind parameters were registered although very low
values of Pearson’s correlation coefficient (r=0.29)
between benzene and NO could be an indication of
common pollutant emission sources, probably one of
them being fossil fuel combustion.

When the benzene and other pollutant concentra-
tions were plotted with a correlation statistic and slope
binned by wind speed and direction (Fig. 3), the results
were revealing more than the mean concentration polar
plots and the correlation matrix together.

The strong relationship between benzene and toluene
indicates the same dominant source of these compounds.
The polar plot of the slope shows that the high toluene to
benzene ratio (>2) was almost independent of wind speed
and direction, indicating that the whole area was severely
exposed to fresh vehicular emission sources [19]. Further-
more, during the N winds (NE and NW, more precisely),
benzene and NO were highly correlated.

The zones of high correlation and the relationship
between benzene and NO (slope > 6) in the N and NE
indicate the impact of intensive anthropogenic activities
in the central urban area of Belgrade and petrochemical
sources near Pancevo [20].

The absence of a relationship between benzene and
fossil fuel combustion gaseous pollutants including
nitrogen oxides and O, indicated that benzene and tol-
uene evaporations from small chemical industry com-
plexes situated in the S direction from the study site can
be considered the main pollution source in the area.
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Fig. 2. Correlation matrix of pollutant concentrations and wind parameters.
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Fig. 3 Polar plot of the correlation (above) and slope (down) between benzene and toluene, NO, NO,, NO, and O,
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4. CONCLUSION

In the field of atmospheric and environmental science,
research on the relationship between chemical pollut-
ants in the air and meteorological parameters is tremen-
dous]y common, and there are diverse techniques of
determination of the relationship and comparison. An
analysis that also takes into account the correlation of
the two pollutants can often be useful because it can lead
to the identification of emission source characteristics.

Statistical analysis that includes wind characteristics
— bivariate polar plat, applied to the concentrations of
benzene, toluene, nitrogen oxides, and ozone, suggests
that local sources of air pollution dominate in the study
arca. With pollutants mainly originating from local
emissions, the elevated concentrations occur due to the
lack of dispersion, in cases where wind speeds are low
(< 1 ms’'). Polar correlations and slopes indicate that
there were several types of sources that affected benzene
concentrations in the investigated area, and the most
important include exhaust from motor vehicles and
emissions from industrial processes.

In addition to the statistical receptor modeling,
analysis related to spatio-temporal variations and the
contribution of other species and sources is required
for reliable identification of benzene sources in complex
atmospheric environments. The accompanying study
should focus on factors such as the pattern of the week-
end/weekday activities, regional and long-range trans-
port, planetary boundary layer dynamics, and others
meteorological parameters that significantly affect the
observed VOC concentrations.
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Abstract:

The complexity of spatial-temporal air pollutant concentration dynam-
ics requires innovative modeling investigation approaches. The details of
non-linear nature of pollutant behavior cannot be revealed by conventional
approaches, but fractal and Hurst rescaled analyses allow the quantification
of pollutant dynamics structure via self-similarity and scale invariance. In
this study, we applied multiscale multifractal analysis (MMA) to investigate
the complex time-series of criteria air pollutants (PM, , PM_ . NO_, SO,,CO
and O,). The results showed that PM, and PM, , concentrations are more
stable compared to gaseous oxides and exhibit less prominent multifractality.
Out of gascous contaminants, CO is confirmed to be less chemically reactive
than NO, NO,, NO, $O, and O, under the same atmospheric conditions in
urbanand semi-urbanarea. As concluded, the multifractal analysis presented
herein can enhance our understanding of specific pollutant dynamic features
and support relevant sectors to control the pollutant release and distribution.

Keywords:
multiscale multifractal analysis (MMA), suspended particle matter (PM),
criteria air pollutants, air pollution, urban environment.

1. INTRODUCTION

Air pollution poses a major threat to health and climate, and it has
been estimated to become the leading cause of mortality worldwide by
2050 [1]. Seven million premature deaths every year occur as a result
of stroke, cardiovascular and respiratory discases, all of which can be
related to detrimental effects of high air pollutant concentration expo-
sure [2]. Although the contaminant emissions have been reduced, about
30% of citizens in European urban areas are still exposed to air pollutant
levels that exceed EU air quality guidelines defined with the aim of health
protection [3]. Therefore, the research of air pollutant spatial-temporal
behavior in urban areas appears to be one with highest potential to con-
tribute to society.
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In the atmosphere, air pollutant lifetimes are in
a range from hours to years, depending on air mass
transport processes, undergoing transformations via
chemical reactions and/or particle deposition. Although
usually assumed to appear by a chance as a linear or a
single-compartment processes, variations of air pollut-
ant levels over time are neither simple nor random in
their behavior. The factors like mutual pollutant inter-
actions, meteorological parameters, and the emission
source type and intensity, affect the air quality signifi-
cantly and make the air pollutant temporal dynamics
complex and difficult to analyze and understand.

'The most striking feature of the pollutant concentra-
tion time-series refers to their long-term memory, which
reflects how the pollutant past behavior patterns affects
its future levels [4]. Self-similarity and scale-invariance
are considered to be the memory characteristics of de-
cisive importance concerning the pollutant time-series
and therefore, vital for the estimation of long-range cor-
relations and precise forecasting [5]. These structural
properties can be captured by fractal and Hurst rescaled
analyses that define fractals as self-similar shapes of the
“structure holding the key to the whole structure” [6, 7, 8].
The multifractal approach has been applied for estima-
tion of constitutional features and forecasting of air pol-
lutant time-series [9, 10, 11,12, 13,

In this study, we focus on the investigation of time-
series of criteria air pollutants (PM,, PM, ., NO, SO,,
COand Q) across Belgrade with the aim to obtain more
comprehensive understanding of the investigated spe-
cies behavior and fate. Unlike the previous findings
related to the Balkans, that were limited in terms of the
result interpretations and sampling time, the findings
presented herein are based on a long-term data and ad-
vanced investigation methods that enable pollutant tem-
poral dynamics to be explored more profoundly.

MATERIALS AND METHODS

‘The data used for the analyses were obtained from
the regular monitoring network of Institute of Public
Health Belgrade and multi-year measurement campaign
conducted from 2011 to 2016 at 9 sites covering 17 mu-
nicipalities located in Belgrade (Serbia) urban, semi-ur-
ban and rural areas. The dataset comprised the concen-
trations of inorganic gaseous pollutants (CO, S0, NO,
NO,, NO_and tropospheric O,) and particulate matter
(PM10and PM2.5) registered at the following locations:
four of urban-traffic type (Institute of Public Health - TPB,
New Belgrade - NBG, Zemun - ZEM and Slavija - SLA),

Sinteza 2020
submit your manuscript | snteza singidunum ac.rs

two of urban-industry type (Obrenovac - OBRand La-

zarevac — LAZ), one suburban location (Ovca - OVC),
and two locations classified as rural-industry sites
(Grabovac - GRA and Veliki Crljeni - VC).

We applied multiscale multifractal analysis (MMA)
[13] to investigate fractal characteristics of complex
PM . PM, ,NO, SO, CO and O, time series. MMA is
a generalization of the standard MF-DFA, which adds
the dependence on scale, providing a broader analysis of
the fluctuation properties, as well as more general and
stable results [14].

The aim of this study was to investigate the pollutant time-
series, as described below. We delineated the strength
of multifractality by the multifractal singularity, Q. The
bigger the Q is, the more pollutant concentration time-
series is influenced by Q interval fluctuations in negative
or positive direction, while the absence of fluctuations
results in Q equals to 0 and represents a mono-fractal
behavior [10]. In addition, the span of multifractal sin-
gularity (Aa = a_ - o ) is an alternative way to study
the strength of multifractality; the bigger Aa is, the
stronger the multifractality degree is [5].

Besides, we considered Hurst exponent (H) which
indicates the persistence level of the pollutant concentra-
tion time series denoted by the following values (5, 15, 16):

« Hzl.5represents brown noise uncorrelated pro-
cesses with infinite memory;

« H=1 refers to pink noise, i.c. the most prominent,
stable and adaptable fractal phenomena with
long-tcrm memory;

« 0.5<H<L.5 describe random walk processes with
long-range correlated and persistent structure;

« H=0.5 refers to white noise involving uncorre-
lated random variables with no memory;

« H<0.5is associated with the anti-persistent incre-
ments which possess anti-correlated structure.

RESULTS AND DISCUSSION

In general, a sharp negative slope of H versus Q
surfaces clearly shows the multifractal behavior of all
examined pollutant concentrations, which is opposite
to the straight line with zero gradient, being an indica-
tor of monofractal systems [15]. The H values above 0.5
suggest nonrandom pollutant fluctuations over time and
reflect non-stationary signals with long-range dependent
structure, which follow a power law.
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The very few cases of H<5, which indicate oscillat-
ing processes have occurred only at Q=5 for: O, being
measured at urban-traffic and urban-industry sampling
sites (NBG and LAZ), at scales between 50 and 130
hours; NO and NO_ registered at urban—ZEM location
between 30 and 140 hours, and SO, being registered at
urban and rural locations (OBR and GRA) impacted by
the coal-fired power station emissions between 200 and
360 hours. Discrepancies in SO, dynamics in rural area
could be attributed to intermittent pollution accidents
related to the emissions from industrial sources and
strong wind events. More comprehensive evaluation of
0, and NO, pathways in near-ground atmosphere, as
well as the analysis of noted concentration deviations,
would require more detailed investigation on volatile
organic compounds (VOCs) and their interactions with
NOXand O, Unlike many pollutants, ground-level O, is a
product of photolytic decomposition of precursors rather
than a component of primary emissions. Generation and
removal of O, is strongly affected by the presence of NO,,
their type, lifetime and the way they interact with VOC,
HO - and ROO- in a cycle of catalytic reactions. The inter-
actions are impacted by location-specific factors, including
pollutant sources and meteoralogical parameters.

As far as individual pollutants are concerned, H val-
ues between 0.70 and 1.5 showed the long-range per-
sistent PM10 time-series at almost all sampling sites (Fig. I).
The most prominent variations of H values were appar-
ent at lower and upper Q boundaries (-5, 5) exhibiting
maximums at the small scales and in the scale range be-
tween 100 and 200 hours. Since PM; represents a mix-
ture of microscopic solid and liquid suspended matters
involved in inherent condensation and nucleation, the
registered cross-correlation behavior of meteorological
factors and PM, was not observed in the case of meteoro-
logical factors and the investigated gases [10, 17]. Hurst
exponent exceeded 1.5 only at rural GRA and suburban
OVC sampling sites, indicating pollutant concentration
patterns which can be referred to a brown noise. These
behavior pattern appeared at small temporal scales, up
to 60 hours, and in the domain of negative Q values im-
plying that the PM, segments are more prone to small
and large spatial-temporal variations. Air quality in
rural areas being dominated by industrial emissions is
more sensitive to fluctuations of meteorological factors
compared to air quality in urban sites which is mainly
burdened by alternating traffic emissions. After reached
Brownian increments, the extremely steep slopes of H
versus Q surfaces characterized the PM,; concentration
behavior patterns ata time scale of up to 150 hours.
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The results suggest a strong multifractal nature of
PM, which weakened over time and approached to the
“healthy complex system” of pink noise.

Time-series of PM, ; were investigated at different
sites, suburban OVC in residence area influenced by
domestic heating, and VEL rural site in in the coal min-
ing industrial area. Strong multifractal nature of PM,
referring to persistence and long-range correlations, was
apparent in the scale range between 30 and 150 hours,
as well as in the range between the 30 and 90 hours at
OVC and VEL, respectively (Fig. 2). While multifrac-
tal features of PM, , trend decayed with time, they were
maintained in the area of negative Q domains.

Fig. 1. MMA-derived Hurst surfaces for PM, sampled at
typical urban location in the Belgrade centre.

However, at a time scale from the 150 to 360 hours
PM, , concentration behavior patterns were different for
Q>0, reflecting the probable mono-fractal characteris-
tics. PM15 and PMm multifractal patterns resemble for Q
interval between 0 and 5, which illustrates their mono-
fractal nature, whereas differences in their behavior
are reflected in the Q interval between -5 and 0, which
supports previous findings on dissimilarities among dif-
ferently sized PMs in urban areas [18]. A strong multi-
fractal behavior of PM sized below 5 pm, and a weak
and/or monofractal stochastic behavior of PM>5 pm
was pronounced. In addition, the generalized distance
coefficient (0.069), which was above threshold value of
0.065, indicated that the PM, . and PM, time-series are
statistically different.

Multiscale multifractal analysis of SO, concentra-
tions showed highly distinctive patterns depending on
the sampling site (Fig. 3). The absolute similarities in
the pollutant time-series between different sampling
sites could not be expected due to numerous emission
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sources, chemical reactions and meteorology, which are
location-specific. Correspondingly to the findings for
PM, , the highest H values (from 1.64 at IPH to 2,37 at OBR)
were observed at small time scales ranging from the 30
and 100 hours and in the area of Q negative domains
(from -5 to -1).

ovc

Hurst exponeqt

Multifractal parameter 250 Scale
300

VEL

Hurst ex poneqt

150
0 200
Multifractal parameter 250 scale

300

Fig. 2. MMA-derived Hurst surfaces for PM, _ sampled at
two rural/semi-urban sites in Belgrade.

1.5
Hurst exponent
1

0.5
-4

2
o
Multifractal parameter

Fig. 3. MMA derived Hurst surfaces for SO, in Belgrade.
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Such high H maximums induced steeper slopes of
H versus Q surfaces implying unequivocal multifractality
of SO, time-series. In addition, the results suggest that
random fluctuations of SO, do not dissipate over time
and possess brown-noise infinite memory. However, the
most dominant characteristics of the SO, concentration
behavior pattern are a long-range correlated structure
and fast evolving fluctuations (H<I). Influence of PM
presence and potential SO2 adsorption is a possible
cause of SO, level variability, and therefore, multifractality.
The studies aimed at chemical composition analysis
identified material containing inorganic/black carbon
and SO, as key constituents of PM, and PM, _ [19, 20].

The time-series of nitrogen oxides (NO, NO, and NO )
resemble each other at almost all sampling sites con-
firming the same origin and interrelations between
these compounds (Fig. 4). Contrary to the PM, and
SO, segments, H value reached plateau-shaped maxi-
mums higher than 1.5 at a larger scale from the 150 to
360 hours in the negative domains of Q interval (small
fluctuations between -5 and =~ -2). However, the domi-
nant H values (0.5-1.5) reflect persistent/stable pollut-
ant concentration behavior patterns and this trend is
likely to be maintained over time. Chemical reactions
with O, and volatile precursors in which nitrogen ox-
ides are involved provide a possible explanation for the
strong multifractality of NO, NO, and NO,. The excep-
tions from described phenomenon are behavior pattemns
of NO, NO, and N 0, levels registered at two urban sites
- SLA and LAZ.

In contrast to the other gascous pollutants, CO
showed less pronounced multifractality (Fig. 5) in urban
areas. The highest peaks were observed at the time scale
of 30 hours, and H exceeded 1.5 anly between the 30
and 40 hours at an urban site — IPH. However, the mul-
tifractality in CO level behavior patterns weakened in
the area of large fluctuations corresponding to positive
Q domains approaching mono-fractal behavior between
100 and 360 hours, which reflects the stability of CO
compared to NO, NO,, NO, and SO,
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CONCLUSION

The behavior of suspended particles (PM,  and PM, ;)
appeared to be more consistent in nature and exhibit less
prominent multifractality than gaseous pollutants which
is expected concerning the chemical reactivity of NO,
NO,, NO,, and SO,. Long-range correlated structure of
PM,, time-series is likely to be driven by the variability
of meteorological factors, while the corresponding pat-
terns of SO, and nitrogen oxides could be a consequence
of accidental pollution episodes and chemical reactions.
Bearing upon the previously described complexity of the
parameters affecting pollutant time-series, we empha-
size that discussion above could not be used as a definite
source of information regarding the pollutant behavior.
However, what is of outmost importance is that given
results are not biased by mean pollutant concentrations
and may be regarded as representative for the studied
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area. For this reason, the study could serve as a standpoint
to evaluate pollutant predictability over urban/rural areas
based on the pollutant multifractal nature. Beside com-
monly used methods of statistical analysis and source
apportionment, the multifractal analysis presented here-
in could reveal specific pollutant pathways and support
relevant economy and governmental sectors to control
the pollutant release and distribution.
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Abstract:

The growth of urban population, economic development, urbanization and
transport have a strong impact on environmental pollution. The increase in
air pollutant concentrations over the last few decades has been in focus of
contemporary science and research mainly for its adverse effects on public
health, environment and climate change. In this paper, we are using the in-
novative integrated methodology for spatio-tempaoral air pollution modeling,
based on receptor-oriented air circulation modeling and artificial intelligence
implemented through machine learning methods for detailed characteriza-
tion of toxic, mutagenic and carcinogenic representatives of volatile organic
species — benzene, toluene, ethylbenzene and xylene, in the Belgrade area.
Also, the study evaluates the possibilities of spatio-temporal forecast based
on the integrated methodology. The results suggest that temperature and
wind speed represent the main parameters which govern the spatio-temporal
distribution of benzene, while the impact of other factors shows significant
variations depending on the characteristics of receptor location.

Keywords:

Keywords - BTEX, artificial intelligence, machine learning, volatile organic
compounds.

1. INTRODUCTION

Ambient air pollution accounts for an estimated 4.2 million deaths per
year due to cardiovascular, malignant and chronic respiratory diseases [1].
Around 91% of the world's population lives in places where air pollution
levels exceed World Health Organization limits [2]. Holgate (2017)
emphasizes that 40,000 excess deaths in the UK annually can be associated
with low air quality, and society would be much more aware of its signifi-
cance if this mortality was the consequence of drinking polluted water [3].

Among the air pollutants that are of interest for current and future
research due to their detrimental effects on both human health and the
environment are volatile organic compounds (VOCs), a heterogeneous
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group of organic species with boiling points <250 °C.
Their representatives are benzene, toluene, ethylben-
zene and xylene, commonly referred to as BTEX. Over
the last few decades in developed countries, reducing
the levels of BTEX is still challenging [4], due to their
enormous chemical diversity and abundance, their nu-
merous emission sources, their complex atmospheric
chemistry, insufficient funds for establishment and
maintenance of monitoring networks, and the fact that
abatement programs might have negative impacts on
economic output.

The health effects of BTEX are diverse. For instance,
the research has shown that long-term exposure to ben-
zene increases the risk of developing malignant blood
disorders, while long-term exposure to toluene causes
renal tubular acidosis [5]. Furthermore, the studies have
shown that after reduction of benzene, styrene, and tet-
rachlorocthylene concentrations in industrial and ur-
ban areas, lifetime cancer risk decreased by one order
of magnitude [6]. Populations in highly industrialized
areas, socioeconomically deprived, as well as children,
pregnant women and elderly people, appear to be more
susceptible to pollution-related morbidity and mortality
[7]. Apart from their impact on human health, BTEX
and other VOCs are associated with climate change and
increases in the oxidation capability of the atmosphere
[8]. Not only volatile species directly and indirectly con-
tribute to climate change, but their emissions and fates
are expected to be influenced and increased by the forth-
coming global warming.

Despite the fact that the big shifts in development
and integration of different approaches in the arca of
environmental science have been made recently, spatio-
temporal air pollution modeling remained a challenge.
Two main approaches are typically employed to forecast
air quality and to identify the factors that govern certain
pollutant concentrations. The first approach relies on
atmospheric diffusion models, while the second refers
to statistical models that capture the essential relation-
ships between the variables [9]. Thereby, multidimen-
sionality and size of data sets, as well as the complexity
of air pollutant processes and interactions, set too high
requirements for conventional statistical methods. For
this reason, methods of machine learning, a subfield
of artificial intelligence that enables automatized big
data analysis and development of learning algorithms,
have been introduced into environmental science and
research. In this paper, we used the innovative and in-
tegrated methodology for spatio-temporal air pollution
modeling, based on artificial intelligence and imple-
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mented through machine learning methods for detailed
characterization of dominant and particular sources of
BTEX in a wider region surrounding receptor site that
was not covered by regular monitoring. The presented
methodology has the potential to provide the basis for
establishment of unique and sustainable system for air
pollution source identification and enhanced air pollu-
tion data coverage that doesn’t require additional invest-
ments in monitoring equipment. In long term, results
of such an approach would provide a solid basis for es-
tablishing the sustainable system aimed at improved air
pollution management and control.

2. METHODOLOGY

Machine learning algorithms are based on the ex-
traction of patterns and selection of specific attributes
from a large number of data, while eliminating irrel-
evanl information. By identification of prediction most
important attributes, machine learning methods acquire
knowledge and define substantial relationships that ex-
ist between input and output parameters by placing a
special focus on the data aspect that is most useful for
efficient forecasting. The fact that methods based on
decision trees, such as Gradient Boosting and Ran-
dom Forest, have been shown to provide inconsistent
attribute contributions, has led to the development of
SHAP (SHapley Additive exPlanation), a method that
estimates the contribution of each instance of an attrib-
ute, which further enables interpretation of the model
outputs [10, 11].

EXtreme Gradient Boosting (XGBoost) can be as-
signed as ensemble method of supervised machine
learning which combines the results of more than one
decision tree approaches. The main feature of the XG-
Boost method is focus on obtaining more precise predic-
tion, compared to the one that could be provided by ap-
plying a single constitutive decision algorithm. XGBoost
method is based on boosting technique that sequentially
defines smaller series of decision trees for classifying in-
put data into two or more attribute-defined classes. Each
consecutive decision tree is trained through iterations
by taking into account the registered errors of previous
classification.
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3. RESULTS AND DISCUSSION

The variations of particular meteorological parameter
affect the changes in other related parameters, which
makes it difficult to distinguish between their particular
impact on air pollution phenomena. Thus, the impact of
meteorological factors is not observed as isolated impact
of a single parameter and its variations, but rather as an
impact of a certain weather type. In addition to this, a
number of other factors can contribute to final impact
of meteorological conditions, including the distribution
of pollutant emission sources, local topography, strect
geometry and distribution of all elements and surfaces
that can be of significance for air flow regime, pollut-
ant dispersion conditions, their transport pathways and
thus, the spatio-temporal variability of their levels. For
instance, Liao et al. (2017) have identified ten typical
air circulation types within one of the most polluted
areas of China and explored their synergetic contribu-
tion with topography to local air quality [12]. Ning et
al. (2019) have shown that air pollution forecast can
be significantly impacted by the complexity of terrain
areas because topographic features can to a certain ex-
tent limit pollutant dispersion under different weather
conditions [13]. Tn addition to this, the consistency of
meteorological conditions significantly affects the extent
of volatile pollutant dispersion. For instance, previous
study which has been dealing with the accidental ben-
zene release risk assessment in an urban area using an
atmospheric dispersion model has shown that benzene
spreads over a much larger area during the nighttime
due to a stable boundary layer, while during the daytime
the enhanced vertical mixing results in limited disper-
sion of pollutant over the study area [14].

The results of this study suggest that low tempera-
tures and weak to moderate wind represent the main
parameters which govern the spatio-temporal distribu-
tion of benzene, while the impact of other factors shows
significant variations depending on the characteristics
of receptor location (Fig. 1). Tn a similar manner, the
presented figures demonstrating TEX distribution can
be interpreted (Fig. 2). As can be seen, the figures also
include the relative errors and correlations between the
observed and estimated BTEX concentrations, which
can contribute to better XGBoost method performance
evaluation.
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Fig. 1. Benzene forecast based on meteorological parameters —

relative error (%] (above) and SHAP values and predicted/
observed correlation coefficients (below).

Based on high correlation coefficients (>0,80) that were
obtained for most of the analyzed data, it can be conclud-
ed that XGBoost can be rated as successful and efficient
method for air pollution forecasting in the urban area. It
should be emphasized that the estimated method errors
are significantly lower than uncertainty (50%) which has
been requested for evaluation of average annual benzene
concentrations obtained by conventional modeling.

The results have also shown high correlations
(r>0,70) between toluene and nitrate oxide concen-
trations, which can be considered as indicators of fos-
sil fuel burning, which suggests the common origin of
these pollutants in all locations being covered by the
conducted analysis, except the old city area and Kale-
megdan (Fig. 3), where the toluene concentrations most
probably reflected the oxygenated air masses in some
narrow canyon-type streets. Furthermore, high correla-
tions (r>0,70) between benzene and inorganic oxides

NO,, CO, SO,) in western city region suggest the detri-
mental impact of remote air pollution sources, such as
thermal plant Nikola Tesla A and B in Obrenovac (Fig, 4).
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Fig. 3. Toluene and NO correlation coefficient.

Relatively low correlations between benzene and inor-
ganic oxides in the northern and eastern city area suggest
that benzene in this urban region can be related to evapora-
tions and emissions coming from petrochemical industry,
Oil refinery Panéevo and chemical industry Petrohemija.

Fig. 2. Toluene (a), m,p-xylene (b), o-xylene (¢), and
ethylbenzene (d) relative error [%)] forecasts based on
meteorological parameters.

Fig. 4. Benzene correlation coefficients with CO (above)
and NOx (below).
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4. CONCLUSION

As can be concluded, we have demonstrated the
use of efficient methods for spatio-temporal BTEX
concentration modeling in the Belgrade area, based on
receptor-oriented air circulation modeling and artifi-
cial intelligence implemented through machine learn-
ing and explainable artificial intelligence methods. The
estimated method errors were shown to be lower than
the requested uncertainty for conventional modeling.
According to the results, temperature and wind speed
represented the main parameters which governed the
spatio-temporal distribution of benzene. In addition to
this, the correlations between different air pollutant con-
centrations were considered for determination of their
origin in all locations covered by the conducted analysis.
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PREFACE

The International Workshop and Conference, Particulate Matter: Research and Management —
WeBIOPATR is a biennial event held in Serbia since 2007. The conference addresses air
quality in general and particulate matter specifically. Atmospheric particulate matter arises
both from primary emissions and from secondary formation in the atmosphere. It is one of the
least well understood local and regional air pollutants, has complex implications for climate
change, and is perhaps the pollutant with the highest health relevance. It also poses many
challenges to monitoring.

By WeBIOPATR, we aim to link the research communities with relevance to particulate matter
with the practitioners of air quality management on all administrative levels, in order to
facilitate professional dialogue and uptake of newest research into practice. The workshops
usually draw an audience of about 70, and attract media attention in Serbia. It enjoys support
of the responsible authorities: Ministry of Education, Science and Technological Development,
Ministry of Health, Ministry of Environment, and the Serbian Environmental Agency whose
sponsorship is indispensable and gratefully acknowledged. We enjoy also support of
international bodies such as the WHO.

The 1" WeBIOPATR Workshop was held in Beograd, 20.-22. May 2007, associated with a
project funded by the Research Council of Norway. The 2" workshop was held in Mecavnik,
Serbia, 28.8.-1.9. 2009. WeBIOPATR2011 was held in Beograd 14.-17. 11. 2011 and for the
first time, included a dedicated student workshop. WeBIOPATR2013 was held in Beograd 2.-
4.10.2013. It covered the traditional PM research and management issues, discussions on how
to encourage citizens to contribute to environmental governance, and how to develop
participatory sensing methods. WeBIOPATR2015 was held in Beograd 14.-16.10. 2015. Own
sessions were devoted to sensor technologies for air quality monitoring, utilizing information
and input from the EU FP7 funded project CITI-SENSE (http://co.citi- sense.eu ) and the EU
COST action EuNetAir (www.eunetair.it). WeBIOPATR2017, the 6" conference, was held in
Beograd 6.-8.9. 2017, with a wider than before Western Balkan participation.

WeBIOPATR2019 will be held 1.-3 -10-2019 in the Mechanical Faculty, University of
Belgrade. It has attracted a record 58 contributions, and is bringing together scientists from 12
countries, documenting that the issues of atmospheric pollution, with their wide implications
for climate change, human health and ecosystem services, are no less important today.

We are grateful to our unrelenting national and international partners for their support for this
event.

Welcome to Beograd, and have a stimulating and productive time!

Milena Jovasevic-Stojanovic and Alena Bartonova
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4.2. PARSING ENVIRONMENTAL FACTORS WHICH SHAPE PARTICULATE MATTER
POLLUTION USING EXPLAINABLE ARTIFICIAL INTELLIGENCE

A. Stoji¢ (1), M. Perisi¢ (1), G. Jovanovi¢ (1), S. Stanisi¢ (2), N. Stani¢ (2), T. Milicevié¢ (1)
(1) Institute of Physics Belgrade, National Institute of the Republic of Serbia, University of Belgrade, Serbia
(2) Singidunum University, Serbia
andreja.stofic@ipb.ac.rs

The unpredicted rate and the diversity of modern world development lead to unprecedented changes in the
environment which require deep understanding of their nature and measures that might be undertaken to prevent
further environment deteoritation. To tackle the root causes which shape air pollution, understanding the
fundamental mechanisms of nature must rely on highly sophisticated machine leaming algorithms and the
interpretation frameworks aimed at delivering explainable predictive analytis (Stojic¢ et al. 2018). In this paper,
we utilize the statistical analysis of SHapley Additive exPlanation (SHAP) values to reveal the environmental
conditions which shape PM)q pollution in an urban arca (Belgrade, Serbia).

To examine the evolution of PM levels in the context of the urban environment, eXtreme Gradient Boosting
regression analysis (XGBoost) was performed to obtain dependency between PMiq and criteria air pollutants
(NOy, NO, NO;, SO, CO), volatile aromatics (benzene, toluene, ethylbenzene and xylene), meteorological factors
(visibility, ceil height, wind speed and direction, relative humidity, dew point, atmospheric pressure, temperature
and 25 1-degree-Global Data Assimilation System surface parameters), as well as temporal and seasonal
variations (trend, day length. daylight, weekday, weekend, sunrise angle, month and season). All the measured
concentrations and parameters were obtained from the automatic monitoring network of the Institute of Public
Health Belgrade, Serbia. XGBoost is a supervised ensemble leaming method which implements iterative
combining of ensembles of weak prediction models into a single strong leamner (Stojic et al. 2019). The dataset
was divided into stratified training (80%) and validation (20%) sets. Hyperparameter tuning was implemented
using an advanced grid search and stratified cross-validation replicated ten times, Moreover, 10 test the stability
of the obtained model, 100 times replicated bootstrap procedure was performed.

Subsequently, SHAP framework was applied on the obtained regression function to deliver model explanations.
The framework is based on unification of additive attribution algorithms, individualized for each prediction,
offering uniquely consistent and locally accurate attribution values. It overcomes the drawback of other methods
inconsistency, suppressing the possibility of underestimating the importance of a feature with a certain attribution
value. Finally, fuzzy clustering of SHAP attributions was performed to obtain clusters of environmental factors
(forces) which govern PM evolution in complex urban environment.

Six clusters of forces were identified, all dominated by CO, but with the ambivalent impact on PM levels. Namely,
the clusters which represent the ambient in which the highest PM, concentrations occur, are related to the highest
concentrations of CO and benzene. On the contrary, essentially different interrelations between these compounds
can be attributed to a lower concentration range of PM, suggesting different emission sources regime and different
atmospheric chemistry. Also, visibility appears to be extracted as the most important variable, which clearly
depicts fundamentally different atmospheric conditions regarding PM occurrence in different environmental
clusters.
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10.3. RECEPTOR ORIENTED MODELING OF URBAN PARTICULATE AIR POLLUTION:
SOURCE CHARACTERIZATION AND SPATIAL DISTRIBUTION

M. Perisi¢ (1), A. Stoji¢ (1), S. Stanisi¢ (2), G. Jovanovié¢ (1)
(1) Institute of Physics Belgrade, National Institute of the Republic of Serbia, University of Belgrade, Serbia
(2) Singidunum University, Serbia
mirjana.perisic@@ipb.ac.rs

Urban atmosphere is a complex system, in which air pollutants’ levels are not only driven by the features of
emission sources and variations of meteorological conditions, but also by the pollutant interactions and area-
specific factors which have an impact on atmospheric chemistry. Nowadays, the application of advanced
analytical methods is required to gain reliable information for better understanding of underlying factors which
shape the air pollution phenomena in the urban environment. In this paper, we used the methodology based on
receptor oriented modeling (Stoji¢ and Stoji¢ 2017) to investigate the spatial distribution of pollutants, their
concentrations and potential emission sources in the urban core of the City of Belgrade, Serbia.

The database used in this study included the concentrations of suspended particulates matter (PMg), inorganic
and organic gaseous pollutants (NOx, 8Os, CO, benzene and toluene), measured during the period of two years at
the monitoring site Institute of Public Health Belgrade (Serbia). The chosen station. within the Air Quality
Monitoring Network of Belgrade, is located in a densely populated part of the city, near intensive traffic activities,
exposed to emission of local fireboxes and central district heating, as well as under the influence of various
industrial emissions. Based on the pollutant concentrations and meteorological parameters (wind speed and wind
direction), measured at the sampling site, the developed receptor-oriented model provides a detailed information
on pollutants’ concentrations and their mutual correlations in a wide area, not covered by the regulatory
monitoring network.

The obtained interactive maps contain the results of the correlation analysis, as well as the relations between the
concentrations of benzene and toluene, and measured air pollutants (PM;e, NOx, CO, and SO;). The highest
correlations of benzene and PM; (r = 0.8) were observed along the large traffic routes, in Brankova Street and
Bulevar Kralja Aleksandra Street, as well as in the northwestern part of the city center, suggesting that the
intensive traffic represents the common source of gaseous and particulate pollution (Stojic et al. 2018).
Furthermore, high correlations (r > 0.7) between benzene and combustion gases (NOx, CO, SO) in the western
region reflect the influence of distant sources associated with the thermal power plants Nikola Tesla in Obrenovac,
while relatively low correlations between benzene and combustion gases in the northern and eastern part of the
city indicate that benzene in this area possibly originates from industrial-petrochemical emissions near Pantevo
(Stojic¢ et al. 2015). Also, high correlations (r = 0.7) between toluene and NOX, which are indicators of fossil fuel
combustion from traffic and heating, suggest the shared origin of these compounds in all the parts of the city
included in the analysis, except for the old city core and Kalemegdan (north-west), where the toluene is probably
present due to the enhanced retention of aged air in streets of urban-canyon type.
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11.6. EXPLAINABLE RELATIONS OF PARTICULATE MATTER AND ENVIRONMENTAL
FACTORS IN AN URBAN AREA

G. Jovanovic (1), A. Stoji¢ (1), M. Perisi¢ (1), S. Stanisi¢ (2), N. Stani¢ (2) and T. Milicevi¢ (1)
(1) Institute of Physics Belgrade, National Institute of the Republic of Serbia, University of Belgrade, Serbia
(2) Singidunum University, Serbia
gordana.vikovic@ipb.ac.rs

In this study we focused on examining the dependencies between particulate matter (PM), and other air pollutants
and atmospheric conditions in an urban environment. Briefly, eXtreme Gradient Boosting regression (XGBoost)
was performed to obtain the relations between concentrations of PM g and volatile organic compounds, inorganic
gaseous pollutants, measured and modeled meteorological parameters, as well as parameters representing
temporal and seasonal variations (Stoji¢ et al. 2018). The relations were further analyzed by the use of Shapley
Additive exPlanation (SHAP) summary and dependence distributions. The details about the methods applied are
given clsewhere (Stoji¢ et al. 2019).

The results indicate that, although CO individually achieves the highest impact on PMq levels, meteorological
conditions play the major role in shaping its environmental fate in an urban environment. Among other polluting
species, the relation with benzene can be considered to be substantial, while the impact of other compounds found
in the urban atmosphere, such as inorganic gaseous pollutants or other aromatics, can be considered to be
significantly lower. The influence of CO is different, depending on the CO concentration range. The
concentrations below | mg m™ are associated with lower PM: in the CO concentration range between 1 and 1.5
mg m™ the influence on PM levels can be considered negligible, while an increase in CO above 1.5 mg m™ is
accompanied by an increase of PM;y. This impact is largely determined by seasonality, indicating a strong
influence of emission source, particularly the combustion of fossil fuels for heating purposes. However, it can be
noticed that, even during the colder part of a year, low CO concentrations, being always followed by low
concentrations of NO,, SO, and volatile aromatics, stay related with lower PM levels. High-level CO
concentration range is associated with complex interactions with other environmental factors, which need to be
further addressed.

Low ceil height, even when being registered along with low visibility, does not have to be unambiguously
associated with increased levels of PM. However, it can be seen that low cloudiness generally leads to a decrease
in PM concentrations, which cannot be attributed to an increase in humidity or wet deposition, because with the
highest relative humidity (Rh) values, the contribution of low cloudiness to an increase in PM can be extremely
high. On the other hand, several of the most extreme PM events, associated with the highest impact on PM
concentration, occurred with good visibility and max ceil height. Low visibility conditions, on their own, lead to
an increase in PM levels. The lowest impact was observed for the highest concentrations of CO and benzene, and
the lowest concentrations of other aromatics during the colder part of a year, and thus can be attributed to the the
activation of the combustion emission sources emitting a lower share of PM. The ambient conditions which
correspond to lower Rh (lower than 60%) and higher visibility contribute to the decrease in PM concentrations.
Only with humidity above 80% and reduced visibility, an increase in PM concentrations up to about 10 pg m?
was evident. The highest positive impact of relative humidity cannot be associated with high low and medium
cloudiness, while the situation is indeterminate as for high cloudiness. At the end of the analyzed period, there
was a noticeable change in the impact of the temporal trend on PM levels. The results clearly identify the
suppression of the combustion sources which, in addition to CO emission, contain PM. This event was followed
by the appearance of a pronounced combustion source which, besides CO, emits a large amount of particulatte
pollution.
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PREFACE

The International Workshop and Conference, Particulate Matter: Research and Management — WeBIOPATR is a
biennial event held in Serbia since 2007. The conference addresses air quality in general and particulate matter
specifically. Atmospheric particulate matter arises both from primary emissions and from secondary formation in
the atmosphere. It is one of the least well-understood local and regional air pollutants, has complex implications
for climate change, and is perhaps the pollutant with the highest health relevance. It also poses many challenges to
monitoring.

By WeBIOPATR, we aim to link the research communities with relevance to particulate matter with the
practitioners of air quality gement on all administrative levels, in order to lacilitate professional dialogue and
uptake of newest research into practice. The workshops usually draw an audience of about 70, and attract media
attention in Serbia. It enjoys support of the responsible authorities, Ministry of Health, Ministry of Environment,
and the Serbian Environmental Agency whose sponsorship is indispensable and gratefully acknowledged. We
enjoy also support of international bodies such as the WHO.

The 1" WeBIOPATR Workshop was held in Beograd, 20.-22. May 2007, associated with a project funded by the
Research Council of Norway. The 2™ workshop was held in Mecavnik, Serbia, 28.8.-1.9. 2009. WeBIOPATR2011
was held in Beograd 14.-17. 11. 2011 and for the first time, included a dedicated student workshop.
WeBIOPATR2013 was held in Beograd 2.-4. 10. 2013. It covered the traditional PM research and management
issues, discussions on how to encourage citizens to contribute to environmental governance, and how to develop
participatory sensing methods. WeBIOPATR2015 was held in Beograd 14.-16.10. 2015. Own sessions were
devoted to sensor technologies for air quality monitoring, utilizing information and input from the EU FP7 funded
project CITI-SENSE (hup://co.citi-sense.eu) and the EU COST action EuNetAir (www.eunetair.it).

We have now the pleasure to present to you the proceedings of the 6 conference held in Beograd 6.-8.9. 2017. We
are excited to have contributions from old friends and new acquaintances, and we are especially pleased with a
wider than before Western Balkan participation. The contributions were reviewed. The language editing was
performed by Dr Simon Smith, PhD, to whom we would like to extend out sincere thanks. Technical manuscript
preparation was graciously done by Dr Milos Davidovic, PhD. to whom we are very grateful.

We are hoping that you, the reader, will extend your support to WeBIOPATR also in the future. The issues of
atmospheric pollution, with their wide implications for climate change, human health and ecosystem services, are
no less important today than before. Addressing them requires a strong scientific community and commitment of
all societal actors. Your contribution will make a difference.

Milena Jovasevic-Stojanovié and Alena Bartonova



CONTENTS

1.

PM COMPOSITION AND MODELING 1 9
1.1.  Black Carbon Measurements: Methodology, Sources, and Relevance on a Local, Regional
AT GO S O 2 s T R S G o 0Pl 10

1.2.  Source Analysis of Particle-Associated Polycyclic Aromatic Hydrocarbons (PAHs) in the
Vicinity of a Steelmaking Industry (Smederevo, Serbia)..........cccoiceviiienriniiiciicciiinniivenncicenns 11

1.3.  Source Apportionment Study Near Cooper Smelter Complex in Serbia Using Positive Matrix

R T I OR v vasnaoam ot s s e N A T A 03 AN O A A A R P Y SO R 18

1.4, Spatial Distribution of Carbon Mass Concentrations in Croatia.........cc.oeeeeeeveereeesieenesennnns 24

1.5.  Characterization of Suspended Particles in the University Classrooms and Offices in Bor,

N 42 OO 32
ADVANCES IN PM CHARACTERIZATION I 37

2.1.  Electroanalytical Methods in Aerosols Particulate Matter Characterization ...............cooeeee.. 38

2.2, Time Series Analysis of Low Molecular Weight Organic Acids in Atmospheric Aerosols by
TN ChEOMAOBTAPRY i suucrsmssnssunsstussss iiusstassissssess foxsss o sasssss s st visneods B Eredssasnstsvibessd s skondidensnagesss 44

2.3.  Polycyclic Aromatic Hydrocarbons: The Importance of (Bio)Monitorization....

2.4.  Leaves of Common Urban Tree Species as a Measure of Particle Pollution.................. et 56
2.5. Node-to-Node Field Calibration of Wireless Distributed Air Pollution Sensor Network ...... 62

HEALTH EFFECTS I 63
3,1. Health Impacts of Air POHUtiON iN SEIDIa.......ccumivisasscissssisnssivosssasassnsssnsrissssssssssssasasnssssssssnsnes 64

3.2.  Comparative Analysis of Air Pollution and the Incidence of Diseases in the Exposed
Poplation IS erbifl wsmaiiuimsin wsimmi i s

3.3.  Exposure to Biomass Fuel Smoke and Use of Primary HealthCare in Women ....................

3.4. Cytotoxic and Genotoxic Effects of Combustion-Derived Particles from Different Emission

O IS s S R R0 o R O SN R s s PR i VR S 71
SCIENCE, POLICY & EDUCATION 77

4.1.  The Activities of WHO Regional Office for Europe in Supporting the Development of

Policies and Interventions in Improving Air Quality Related to PM ... 78

4.2.  Urban Particulate Matter: Technologies for Assessment and Need for Information.............. 79
4.3. A Dusty Road to Gardaland - Turning School’s Science Projects Fun .........ccccomeiviieniiennns 80
PM COMPOSITION AND MODELING II 86

5.1.  Atmospheric Mineral Dust as the Most Abundant Aerosol: Impacts and Modelling -
7 P O— 87




5.2, Analysis of Regional Atmospheric Conditions Associated With Higher Ozone Days in
NoOrthwest ANatolid Of TUITKEY ....ccerivreverererierieniniensesenss e e sessesiersssessesssbesasnssaessssensssssnessssenessassanes 98

5.3. A Study of a Dust Intrusion Event Over Belgrade, Serbia ..........ccccoocennviiiienniinccniicnnine. 103

5.4. Relative Importance of Gaseous Pollutants and Aerosol Constituents for Identification of
PM; Sources of Variability

POSTER SESSION

6.1.  Multiscale Multifractal Analysis of Nonlinearity in Particulate Matter Time Series . . 114
118
6.3.  PMj; and PMa s Emission During the Process of Preparing the Material for TIG Welding. 131

6.2.  Modeling of PM,¢ Dispersion from Coal Thermal Power Plants Kostolac A and B.........

6.4.  Convergence Chromatography as an Emerging Technique For Determination of PAHs in
B OIS a5ty s A R o S A v S P s R H P R Ao e 3 132

6.5.  Presentation of Current Atmospheric Particulate Matter Levels Within National Network for
Air Quality‘Menitoring in/Serbia.cimimiuiiinuiiainiiitnnisinsisiniisiiaseiiiiiis 137

6.6. A Candidate Measurement System for the Standardized Routine Monitoring of Particle
Number Concentration 10 AMDICHE AT, ..ssenisnssssnsseosssssrsssnsssssarsssasasssnsssssasasasssnsasnsasnsssanaszssansasssas 138

6.7.  Preliminary Characterization of Carbonaceous Aerosols Collected Close to a Busy Tunnel in

I TR O BIINEL v v A A5 s N S S R e P A SR A 140
6.8.  Scope of Ambient Air PM;o Monitoring Within the Network of Local Public Health
TSI OIS I SR i iamensnsiosshinssioao s ST S S DR B P S A 144

6.9.  Evaluation of the Traffic Density and Meteorological Conditions Influence on PMz 5

Concentration Levels in Ambient Air on Highway E75 ... 148
6.10. Impact Of Street Level Traffic Emissions (COz, CO. NOx, PM and VOC) on Outdoor
Temperature and Thermal Comfort in a Complex Urban Environment ............ccocoviviiiiniiiennne. 149

HEALTH EFFECTS 11 155

7.1.  Health Effects of Short- and Long-Term Exposure to Air Pollution in Denmark: An
Overview of Epidemiological Methods and Major FIndings ..........cccicvniinniiinsisiincniiienienns 156

7.2.  Particulate Matter in Nis, Serbia: Levels, Sources and Major Health Effects ............c........ 157
7.3.  The Development of Who Airg+ Tool to Assess the Impacts of Air Pollution on Health ... 161

PM COMPOSITION AND MODELING III 162
8.1.  Concentration Weighted Boundary Layer Hybrid Receptor Model for Analyzing Particulate
MLt A I e IS O O e e S S S S iy 163
8.2.  Estimation of PM emissions from Cruise ships in Kotor Bay ...........cccoveieiciiniiiencees 167
8.3.  Practical Application of Short-Range Calpuff Modelling for PM» 5 Assessment from Pulp and
Paper Mill 1 Comaid o s s s b ek i s i st s s st atrvas b asiaes 174
8.4.  Efficient Tools for the Creation and Validation of LUR Based Maps.......cccccoevvvveiienieniens 175

EXPOSURE TO TOXIC AND INFECTIVE PM AGENTS 180
9.1.  Microbiological Quality of Air in Pharmaceutical Laboratories ............ccccoeveiiiinciiicccnn. 181

9.2.  Development of an Evidence Base for Respirator Selection for Bioaerosols.............cce...... 186



9.3.  Aerosol Transmission of Infective Agents: Possible IMpPacts .....cocovvecerviencvenesinnniesiennens 191
10. ADVANCES IN PM CHARACTERIZATION I1 199

10.1. An instrument for the rapid quantification of PM-bound ROS: the Particle Into Nitroxide
O UENCHET TIPIINCEY, 5555850051 5530608 100 38K 355 A AR AN S S SR XS 6 N A A S SR a5 AR A 200

10.2. Comparison of Low-Cost And Conventional PM Sizers and Counters in Indoor Ambient
207

Environment

10.3. Artificial Intelligence Models With Multivariate Inputs for Calibration of Low-Cost PM
Sensors - Proof of Concept and Preliminary Analysis ........cccocoiiiiiiiiinin e 216
10.4. Analysis of Particulate Matter and Small Ton Concentration in the Indoor Environment
Based on a Balance EQUATION ......c....ooiii it senns e 223
10.5. Current Status of Applicability of Low-Cost Particulate Matter Sensors for Ambient Air
Pollution: and ExpOsUre ASSESSINENT . . «:xeusius santsussrsssisassiosssninsrsipss senssnsnsonrgssssnienssssnsmsssssssion rnsrssnss 228

AUTHOR INDEX 237







5.4. RELATIVE IMPORTANCE OF GASEOUS POLLUTANTS AND AEROSOL
CONSTITUENTS FOR IDENTIFICATION OF PM1o SOURCES OF VARIABILITY
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ABSTRACT

This study combines advanced statistical methods including time series decomposition, source apportionment and supervised
learning algorithms, to identify the main sources of particulate matter (PMio) variability in an urban area within Belgrade. The
analyses indicated that the season, (i.c., meteorological conditions) strongly influenced daily and annual PM o variations
particularly during the colder part of the year. A guided regularized random forest model estimated that As, Cd, BaP, CO, and
benzene have the highest relative importance for the prediction of PMjo. Polar plot source apportionment revealed common
sources of poliution at specific directions. Specifically, emissions of PMjo, CO and benzene could be attributed 1o heating and
gasification processes, while processes in oil refineries and chemical industries produced PMip and toluene.

INTRODUCTION

Due to adverse effects on human health and the increased risk of morbidity and mortality, particulate matter (PM)
is one of the most studied atmospheric pollutants, and perhaps, the most pressing issue in worldwide air quality
regulation (Fuzzi et al, 2015, StaniSi¢ Stoji¢ et al, 2016). Even though significant progress has been made through
the integration of different scientific approaches, modelling of air pollution data remains a challenge due to the
complexity and non-linear nature of atmospheric phenomena and processes (Pai et al, 2013), During the last decade,
poor air quality in Belgrade, with many PMq limit value exceedances (Directive 2008/50/EC), has been identified
as an important environmental risk factor (Perisi¢ et al, 2015, 2017). Identification of factors affecting PM o
concentration variability could provide better insight into the aerosol spatiotemporal distribution and source
composition, revealing their dominant sources in an urban area (Stojic et al, 2016).

Apart from the commonly used methods for data analysis, this study adopts the advanced statistical classifier,
guided regularized random forest (GRRF), widely applied in many fields for feature selection. Moreover, the study
demonstrates the possibilities of source apportionment analysis, which combines correlation and regression
statistics with the bivariate polar plot analysis, to offer considerably more insight into air pollution sources,

METHODOLOGY

The analysed dataset, comprised of daily PM and its constituent concentrations (As, Cd, Cr, Mn, Ni, Pb, BaP, CI
. NOs, NH;", SO4*, Na', K*, Mg*>* and Ca*"), and hourly PMy and gaseous pollutant concentrations (CO, SO,
NO, NOz, NO, benzene, toluene, o- and m, p xylene) have been obtained from an Institute of Public Health regular
monitoring station located within an urban area in Belgrade (Longitude 20.470, Latitude 44.817) from 2011 - 2016.
The time series of PM,q concentrations was resolved into the additive components of the multi-year and seasonal
trends, as well as the remainders using the Loess smoothing decomposition model (LSD) (Li et al, 2014). Daily,
weekly and seasonal periodicity was analyzed by the use of Lomb-Scargle periodogram (Lomb package within the
statistical software environment R) (Ruf, 1999; Team, 2014). Bivariate polar plot analysis was used for
identification of the main PMy, emission sources (Carslaw and Ropkins, 2012), while the advanced bivariate polar
plots, coupled with pair-wise statistics, were applied to distinguish specific sources and to gain information about
pollutant relationships. The model includes a weighted Pearson correlation, linear regression slope and Gaussian
kernel to locally weight the statistical calculations on a wind speed-direction surface together with variable-scaling
(Grange et al, 2016). Feature sclection was implemented using a GRRF ensemble learning method (Deng and
Runger, 2013). GRRF can select compact feature subsets revealing higher order variable interactions, thus
moderating the problem of dimensionality and avoiding the effort to analyze irrelevant or redundant features.

RESULTS AND DISCUSSION

Annual concentrations of PMyg and BaP exceeded prescribed limit values of 50 pg m™ and | ng m~, respectively
(Directive 2000/69/EC, Directive 2008/50/EC) every year of the period examined. The most abundant aerosol
constituents were Cr, Pb and Mn (Figure 1), while SO4* and NOjs™ were the ions with the highest concentrations.
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In an urban area, the dominance of sulfate and nitrate ions is related to fossil fuel burning and traffic exhaust
emission of SO, and NO,, which, in the presence of water, transform into these ions. In addition, NH4* and Ca**
cations are usually presented as neutralizing agents for SO4* and NOs in heterogeneous atmospheric chemical
reactions.
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Figure 1. PMy concentration firg m™], its chemical constituent (ions and BaP [ug m™ ], metals [ng m]) (left) and
gaseous pollutant [ug nr] (right) whisker plots

Spectral analysis (Figure 2, left) reveals the highest normalized power values are attributed to the periods of 12 and
24 h, 7 days, and 1 and 3 months. This implies that meteorological conditions and anthropogenic emissions are
strongly affected by aerosol daily and seasonal variations, and weekly periodicity, respectively (Bigi, 2016).
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Figure 2. PM 1y Lomb-Scargle periodogram (left) and PM o time series decomposition [ug mi” ] (right)

Decomposed PMy time series indicates a decreasing multi-year trend and significant impact of the seasonal
component. Large variance of the remainder component possibly occurs as a result of short-term air pollution
episodes (Figure 2, right). The conventional bivariate polar plot approach reveals the pronounced influence of both
local and remote sources on PM g variability (Figure 3).
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Figure 3. Bivariate polar plot of PM, concentrations (left) and its remainder components: negative (middle) and
positive (right) [ug m]
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Bivariate polar plot analysis of the remainder component, separately applied on positive and negative values,
confirms that the episodes of the highest variations mainly occur during the colder part of the year. Positive
variations related to SW and negative related to NW winds with speeds greater than 6 ms™'.

The highest Pearson’s correlation coefficients were obtained between concentrations of PM;, and its constituents
(BaP (0.83), As (0.81), Cd (0.79) and Pb (0.66)), as well as for the gaseous pollutants: CO (0.56), benzene (0.46),
NO (0.35). and NOy (0.35). Similarly, the GRRF estimated the highest relative importance of As, Cd, BaP, CO and
benzene for the prediction of PMp, indicating that the environmental burden is mainly associated with fossil fuel
combustion, particularly pronounced during the colder part of the year. An inconsistency between the correlation
and GRRF analysis was observed for toluene. This compound had a higher importance for PM g prediction than
NO,. but its correlation coefficient was among the lowest (0.25).
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Figure 4. Bivariate polar source apportionment

Even though Pearson’s coefficients did not indicate a significant correlation between PMjg and gaseous pollutants
(r < 0.6), the bivariate polar source apportionment (Figure 4) showed that during episodes of north-westerly winds,
concentrations of PM o and benzene and CO were more correlated (r = 0.7) probably because of several common
sources in the vicinity of the sampling site. Source composition obtained from slope diagrams reveals a 1:0.1 and
1:12 contribution of PMj;, CO and benzene, respectively. This could be associated with various biomass
combustion processes (traffic activities. heating plants and individual heating units) (Yokelson et al, 2007). Besides
the vicinity of the sampling site, particulate matter and toluene shared prominent sources located in the SW, S, NE
and SE directions (r > (.8, wind speed >4 m s-1). Unlike southern and western sources, characterized by PM g to
toluene ratio of I:1 which could be related to mineral oil and gas refineries, the source located on the north-east is
characterized by the ratio of 1:6 indicating influences from the chemical industry. and chemical installations for
production, on an industrial scale, of basic organic chemicals including aromatic hydrocarbons (European
Commission, 2006).

CONCLUSIONS

Due to the pronounced nonlinearity and complexity of atmospheric processes in the troposphere of an urban
environment, the application of multivariate and nonlinear methods is required to gain reliable information for a
better understanding of the underlying factors which determine the air pollution phenomena. Methods such as
feature selection based on advanced supervised learning algorithms, advanced source apportionment techniques
and time series decomposition and detailed component analysis, are capable of providing this information,
particularly for characterization of variable pollution sources. Summarizing this study, it has been shown that
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locally emitted and transported pollution, as well as meteorological factors, have the highest impact on urban air
quality.
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ABSTRACT

In this study the multiscale multifractal method was used with aim of capturing the fractal behaviour of the particulate matter
time series obtained from an urban area in Belgrade, Serbia, as well as investigating their persistence properties and
heterogeneity features. As shown, the PMa s lime series exhibited persistency, slightly affected by the concentrations occurring
randomly only at the level of small fluctuations and small scales. Compared to PM2s, PM i concentrations were shown to
display more stochastic behaviour with more frequent random fluctuations being observed at small scales. The results herein
presented contribute to the current understanding of the structural complexity of the temporal evolution of particulate matter
and provide a theoretical background for enhanced air pollution modelling.

INTRODUCTION

Comprehensive analyses, conducted over the past few years, of air pollutant emission sources, their subsequent
distribution and relationship to mortality caused by circulatory, respiratory and malignant diseases suggest that the
exposure to particulate matter (PM) has detrimental effects on human health in the Belgrade area (Stani$i¢ Stoji¢
et al, 2016a, 2016b). Besides the fact that PM levels in Serbia are higher than in most European cities, with a
significant number of air quality standard exceedances, our studies have shown that suspended particles also contain
high concentrations of carcinogenic contaminants, such as arsenic and benzo(a)pyrene (Stoji¢ et al, 2015a, 2015b,
2016, Perisic¢ et al, 2015, 2017).

Diverse methods have been implemented to provide relevant information for efficient air quality management,
including deterministic models, statistical analysis, neural networks, fuzzy models, geographic information system,
remote sensing and trend analysis (Yu et al, 2011). Multifractality is one of the inherent properties that can be
recognized in physical, chemical, biological, social and other systems, that are described as very complex at
different spatial and temporal scale levels (Glushkov et al, 2014). The atmosphere is a complex system that exhibits
nonlinear behavior involving both deterministic and stochastic components (Lorenz and Haman, 1996). In previous
studies, the multifractal approach has been applied to analyse average ozone concentrations (Kocak et al, 2000),
nonlinearity in NO: and CO time series (Kumar et al, 2008) and the daily air pollution index (Sivakumar et al,
2007). The aim was 1o provide information essential to better understand the behaviour of pollution and to forecast
the temporal evolution of the species (Dong et al, 2017). The multifractal method was used herein to reveal PM
fluctuation properties, ie. to investigate to what extent, and on which time scale, changes in PMzs and PMjg
concentration levels can be considered random or persistent.

METHODOLOGY

In this study, multiscale multifractal analysis (MMA) was used to investigate the presence of fractal behaviour in
the complex time series of PM3 5 and PM concentrations. Data was obtained during a period of almost three years
(2012-2014) of regular pollutant monitoring in Belgrade (suburban site Ovéa, Longitude 20.528, Latitude 44.884,
Serbia) provided by the Institute of Public Health Belgrade. MMA is a generalization of the standard multifractal
detrended fluctuation analysis (MF-DFA), which adds the dependence on scale, providing a broader analysis of the
fluctuation properties, as well as, more general and stable results (Gierattowski et al, 2012).

RESULTS AND DISCUSSION

Measured PM concentrations are presented in Figure 1. According to the results, multiscale multifractal derived
Hurst surfaces confirmed the non-linear behavior of PM time series (Figure 2).
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Figure 1. Measured PM: s and PM o concentrations.

For most of the scale and multifractal parameter values, the local Hurst exponent remains in the interval between
1 and 1.5 indicating persistency of the PMzs time series, while slightly affected by the concentrations occurring
randomly. Such random concentration values occur only at the level of small fluctuations for scales below 44,
which corresponds to a period of about 2 days. At this scale, there emerges a clear crossover resulting from the
different correlation properties. Given that the sampling site was not directly exposed to intense PM bursts, the
occurrence of concentrations in narrow bands (Hurst exponent equals 2) was not recorded. The PM, Hurst surface
reveals similar features, except that in the area of small variance and scales below 90, its growth to a maximum of
approximately 1.9 is steeper, almost reaching black noise area values of local Hurst exponent. Compared to PM: s,
the PM o Hurst structure around its maximum corresponds to visibly more pronounced peaks in the time series
(Figure 1). However, unlike PM; 5, the PM o Hurst surface shows no crossover.
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Figure 2. MMA derived particulate matter Hurst surfaces.

In addition, the generalized distance coefficient (0.069) between Hurst surfaces of PM fractions is higher than the
threshold value (0.065) and implies that the PMa s and PMg time series must be considered statistically different.
The difference is particularly pronounced in the area of small fluctuations and medium scales (Figure 3).

Furthermore, it is shown that the source of multifractality, examined by PM time series randomization, originates
from both nonlinear correlations and a fat-tailed probability distribution (Figure 4).

The findings of Lalwani (2016) and Liu et al. (2015) confirmed the existence of multifractality in the PM time
series and found that daily pollutant concentrations exhibited high persistence in a period of approximately one
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year. As argued, the persistence in the air pollutant concentrations over longer period of time may be governed by
the impact of background levels, seasonal trend or intrinsic evolution of the system.
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Figure 3. Generalized PM/PM> s Hurst surface distance.

The difference in the behavior of the PMzs and PM, time series was proven by Xue et al. (2015), who employed
a multifractal analysis to explore temporal fluctuations and self-similarities within the PM time series and to
understand their behaviour associated with diffusion, spreading and coagulation processes. Using the multifractal
detrended fluctuation analysis method, the researchers registered the pronounced multifractality and long-term
persistence of the PM; 5 time-series, whereas the PM ), time series were shown to have stochastic behaviour.
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Figure 4. MMA derived Hurst surfaces for randomized PM time series.

CONCLUSIONS

In this study, the multifractal approach was used to analyse the temporal dynamics of PMys and PMiq
concentrations on the basis of a regular monitoring of data over a three-year period. As shown, the particulate
matter time series possess a long-term memory of distant past events and require a large number of exponents, the
so-called fractal dimensions, to be described. The presented analysis provides essential information for better
understanding of the PM behaviour and the underlying factors, as well as for more accurate and reliable pollutant
forecasting and efficient mitigation policy.
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