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Abstract:

This study used an improved version of the reptilian search algorithm to
investigate atmospheric patterns of toluene and its interactions with other
polluting species under different environmental conditions. Toluene is a
harmful aromatic hydrocarbon known for its role in the formation of secondary
atmospheric pollutants. In this study, a two-year database of hourly pollutant
concentrations, such as toluene, was analysed. The results were validated
against other models using metaheuristic algorithms, and Shapley's additive
explanations method was used to interpret them. The findings indicated a
distinct correlation between toluene and m,p-xylene, and the study described
the environmental conditions that influence their interactions. Overall, this
research highlights the significance of using advanced analytical techniques
to better understand the relationships between pollutants and their behaviour
in different environmental conditions.
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INTRODUCTION

Air pollution involves intricate processes such as the dispersion,
accumulation, or deposition of pollutants, which are affected by several
factors, including pollutant interactions, unevenly distributed emission
sources, measurement site characteristics, and meteorological condi-
tions. To comprehend the behaviour of pollutants and their harmful
effects on human health and the environment, data-driven research is
essential. The complexity of air pollution-related processes necessitates
an in-depth understanding of the underlying mechanisms, which can
only be achieved through data-driven research.

Toluene is a mono-substituted aromatic hydrocarbon and its primary
sources are traffic exhaust, cigarette smoke, and anthropogenic activities
related to fuel, paint, adhesive, cleaner, polish, rubber, and lacquer
production and use. Previous studies have shown that toluene concen-
trations range from 5 to 150 pg m™ in urban locations, with extreme
values near volatile pollutant sources [1]. Toluene is not prone to bioac-
cumulation and is rapidly absorbed, distributed throughout the body,
and concentrated in vascularized organs, particularly the brain, due to
its affinity for lipid-rich tissues [2].
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Toluene concentration is regularly monitored due to
its toxicity on the nervous system and permanent brain
damage observed in adhesive abusers [3]. Toluene is
not labelled as carcinogenic, but in urban locations,
anthropogenic benzene and toluene emission sources
play a substantial role in ozone photochemistry and
SOA-forming contribution, especially in low-NO_
regimes [4].

Our previous studies have tackled issues in analysing
air pollution in complex urban environments, including
the need for proper contextualization of data [5], [6],
[71, [8], [9], and the use of statistical methods and
artificial intelligence algorithms [10], [11] and [12]. In
terms of data modelling, metaheuristic algorithms are
commonly used to address nondeterministic polynomial
(NP)-hard problems, particularly in machine learning
hyperparameter optimization, due to their stochastic
nature. In this study, we apply an enhanced variant of
the reptile search algorithm (RSA) being hybridized with
the firefly algorithm (FA) for resolving the shortcomings
of the elementary RSA. The enhanced version of RSA
metaheuristics is applied as an integral component of
the machine learning framework to optimize the set of
the XGBoost hyperparameters for toluene atmospheric
fate research. The best-produced model is interpreted by
applying Shapley Additive exPlanations (SHAP).

2. METHODOLOGY
2.1.DATA

For the analysis, we used the concentrations of
inorganic gaseous pollutants (NO, NO,, NO,, O,),
particulate matter (PM,, PM, ,, and PM, ), and benzene,
toluene, mp-xylene, and total non-methane hydrocarbons
(TNMHC) obtained from the station of regulatory air
quality monitoring Vatrogasni Dom in Pancevo, Serbia
[13]. Additionally, meteorological parameters attained
from the Global Data Assimilation System - GDASI
[14], were used to complement the two-year (2019-2020)
database of air pollutants. Hourly concentrations of
organic pollutants (benzene, toluene, and m,p-xylene)
and inorganic gaseous pollutants (NO, NO,, NO, and
0,) were measured using referent sampling devices that
adhere to European standards EN 14662-3, EN 14211,
and EN 14625. The GRIMM EDM 180 measuring
method was used to determine hourly concentrations
of particulate matter, following the standards EN 12341
and EN 14907, while a gas chromatograph Syntech
Spectras GC955 was employed for the concentrations
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of TNMHC. This device separates methane from other
hydrocarbons and measures the concentration of both
methane and other total non-methane hydrocarbons in
the air.

2.2. STUDY AREA

Pancevo, with over 100,000 inhabitants, is situated
on the left bank of the Danube, 20 km east and northeast
of Belgrade, the largest Serbian metropolitan area. The
sampling site (44°51'31"" N, 20°38'56"" E) is an urban
background station located about 500 m south of the
city centre at the regional fire station. The surrounding
areas include residential areas to the east and northeast,
a scrap metal sorting and storage centre, and a flour
production factory. The E70, a European corridor with
public transport and intensive vehicle flow, passes about
200 m in the S-SW direction from the sampling site. The
confluence of the Tami$ and Danube rivers is located
approximately 500 m in the SW direction. The South
industrial zone of Panéevo, which includes three main
factories: HTP Azotara, HTP Petrohemija, and Pancevo
Oil Refinery, is situated two kilometres SE of the
sampling station. The station is positioned in the dominant
southeast direction of wind between the industrial zone
and the city centre, according to the Air quality control
program for the City of Pancevo and the Air Quality
Plan for the City of Pancevo.

2.3. EXTREME GRADIENT BOOSTING - XGBOOST

XGBoost is a machine learning algorithm based on
an ensemble of decision trees, where each tree is trained
to correct the errors of the previous tree in the sequence.
One of the key advantages of XGBoost is its ability to
handle large datasets with high-dimensional features. It
employs a regularization technique to prevent overfitting
and can handle missing values in the data. The algorithm
is highly customizable, allowing for the tuning of
parameters such as learning rate, maximum depth, and
number of trees to optimize performance. The details
about XGBoost are provided elsewhere [15].

Computer Science and
Artificial Intelligence Session


http://sinteza.singidunum.ac.rs

2.4. METAHEURISTICS

NP-hard challenges are a frequent occurrence that
often requires the use of stochastic algorithms like
metaheuristics because deterministic methods are
impractical. Metaheuristic algorithms can be classified
into various families based on the natural phenomena
they imitate to guide the search process, such as evolution
or insect behaviour [15]. The most significant families
are nature-inspired methods (genetic algorithms and
swarm intelligence), physical phenomenon-based methods
(such as storms, gravity, and electromagnetism), algo-
rithms that imitate human behaviour, and approaches
based on mathematical laws.

Swarm intelligence is based on the coordinated and
sophisticated behavioural patterns manifested by large
groups of relatively modest units, such as insects or birds
in swarms, while they hunt, feed, mate, or migrate [16].
These algorithms have proven highly efficient in solving
various real-world NP-hard challenges. Well-known ex-
amples include particle swarm optimization (PSO) [17],
ant colony optimization (ACO) [18], firefly algorithm
(FA) [19] and bat algorithm (BA) [19]. More recently,
highly efficient algorithms based on mathematical functions
and their properties have emerged, such as the sine-co-
sine algorithm (SCA) [20] and arithmetic optimiza-
tion algorithm (AOA) [21].

In this paper, we used a modified reptile search algo-
rithm (RSA) inspired by crocodiles' hunting style [22]
the RSA lacked sufficient exploitation power despite
excellent exploration capability. We found the diversi-
fication-intensification trade-off balance biased towards
exploration. We proposed integrating RSA with the FA
to achieve a suitable balance between exploration and ex-
ploitation. The low-level hybrid approach combines both
metaheuristics, with RSA at the start and FA during the
search process to enhance the RSA's performance. The
approach addressed RSA's weaknesses and improved its
effectiveness in identifying optimal search regions.

2.5. SHAPLEY ADDITIVE EXPLANATIONS

To gain insight into the decision-making process of
a best-performing model, we employed the explainable
artificial intelligence SHAP (SHapley Additive exPlana-
tions) method [23]. SHAP allows for a meaningful and
straightforward interpretation of the decisions derived
from the model, without sacrificing accuracy or inter-
pretability. It is based on a game-theory approach that
calculates Shapley values as a feature importance meas-
ure, which provides an understanding of the impact of
each feature on individual predictions.

The Shapley values represent fairly distributed pay-
outs among the cooperating players (features) depending
on their contribution to the joint payout (prediction).
SHAP assigns an important measure to each feature as
a measure of its contribution to a particular prediction
and compares its impact to the model's prediction if that
feature took some baseline value (mean). This provides
valuable insights into the model's behaviour by over-
coming the main drawback of inconsistency, minimiz-
ing the possibility of underestimating the importance of
a feature with a specific attribution value, and capturing
feature interaction effects. However, the main challenges
of the method include the computation of Shapley values
and the choice of background data, which can lead to
uncertain or unintuitive feature attributions.

3. RESULTS

As shown by mean absolute and relative SHAP values
(Tablel), the concentrations of benzene, followed by
m,p-xylene levels, appeared to be the major factors that
shape the toluene dynamic in the air. Additionally, the
toluene's environmental fate is affected by the concen-
trations of THNMC, PM1, and NOX, as well as mete-
orological parameters, including volumetric soil mois-
ture content (SOLM) and the direction and intensity of
momentum flux (MOFD and MOFI). In the present
study, to demonstrate the potential of the applied meth-
odology, we will focus on m,p-xylene as the main
predictor.

Table 1 - SHAP values.

Benzene mpXylene TNMHC PM, NO_ SOLM MOFD MOFI NO, NO PM  T02M
Absolute SHAP 1.28 0.85 0.25 0.11  0.09  0.07 0.05 0.04 0.03 0.3 003 0.03
Relative SHAP [%)] 36.09 27.27 8.31 306 3.05 243 2.01 1.49 112 123 094 091
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The results suggest that m,p-xylene concentrations
of 0.85 g m™ on average govern the toluene dynamics
in the air as shown by absolute SHAP values. The most
positive impact of m,p-xylene on the toluene dynamics
is accompanied by the increase of m,p-xylene levels (up
to 5 pg m™) as well as by the lowest concentrations of the
inorganic gases, volatile non-aromatics and particles.
The interrelationships between benzene homologues,
m,p-xylene and toluene, could be explained by their
coexistence in ambient air. Although toluene contains
one methyl group which can be placed at any position on
the benzene ring and m,p-xylene has two methyl groups
attached to the benzene ring, they share common
emission sources. The most dominant sources origi-
nated from anthropogenic activity including the petro-
chemical industry, chemical production of organic sol-
vents and evaporative emission from storage facilities,
but also to a lesser extent combustion of fossil fuels for
heating and traffic purposes. The low to moderate levels
of other pollutants in environmental conditions are
associated with a negative impact of m,p-xylene, result-
ing in a decrease in toluene levels of up to 2.7 ug m=,
while the highest concentrations of other pollutants are
mostly associated with a moderate positive and negative
impact on toluene dynamic (from -1.6 to 2 g m*). Posi-
tive impact suggests the occasional influence of com-
mon sources of toluene and NOX and THNMC whereas
negative interrelations imply different sources and the
possible different behaviour of the pollutants in the air.

When PM is present in the air, the photochemical
oxidation of aromatics such as toluene contributes to
SOA formation (95%) compared to volatile organics
and alkenes [24]. Similarly, Zhan et al. [25] reported
that aromatics dominantly lead to the production of
ground-level O,.

The increase in m,p-xylene levels is linearly correlated
with PM,, PM, ., TNMHC, and NO, concentrations, but
not with benzene and NO (Figure 1-3). High levels of
NO were observed when lower levels of m,p-xylene were
recorded (Figure 2), whereas higher concentrations of
m,p-xylene corresponded to lower values of benzene
(Figure 3) indicating the impact of different emission
sources surrounding the measuring site. Additionally,
an area of moderate influence of m,p-xylene on toluene
is observed, when m,p-xylene concentrations are in the
interval from 10 to 25 ug m~, and NO records high values
- above 100 ug m* (Figure 2).

The analysis shows that low air and soil tempera-
tures, high relative humidity, low PBLH, and stable
atmospheric conditions as indicated by the other mete-
orological parameters, accompany the highest levels of
all analysed polluted species. The conditions could be
associated with the cold part of the year (winter and
autumn months) when unfavourable meteorological
conditions together with intensified fossil fuel burning
for heating purposes contribute to high concentra-
tions of pollutants. In addition, toluene and m,p-xylene
removal through photochemically induced reactions are
suppressed during the cold periods.
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Figure 1 — Absolute m, p-xylene impact on toluene in the context of PM, ..
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Figure 2 - Absolute m, p-xylene impact on toluene in the context of NO.
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Figure 3 - Absolute m, p-xylene impact on toluene in the context of benzene.

4. CONCLUSION

Toluene is widespread in the atmosphere because
it is used in many commercial products and when it
is present at high concentrations, this pollutant poses
serious adverse effects on human health. The behav-
iour of toluene in air is complex and its lifetime and
abundance highly depend on environmental factors
including meteorological conditions, the presence and
intensity of emission sources and interactions with the
other (co)polluting compounds. The present study using
metaheuristics, XGBoost, and SHapley Additive exPla-
nations methods showed that concentrations of m,p-
xylene mainly impact the dynamic of toluene in air. The
positive interrelations between toluene and m,p-xylene
could be linked with common emission sources and fa-
vourable values of temperature, humidity and PBLH.
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