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Abstract  This study provides a comprehensive 
long-term assessment of air quality in Balıkesir, 
northwestern Türkiye, focusing on the spatiotemporal 
variability of PM10 and SO2 during 2013–2023. The 
analysis integrates pollutant observations with ERA5 
reanalysis meteorological data to examine seasonal 
and diurnal variations, long-term trends, and the role 
of temperature inversions and atmospheric circula-
tion in shaping pollution episodes. Results indicate 
that both pollutants reach their highest concentra-
tions in winter due to intensified domestic heating 
and stagnant meteorological conditions, with tem-
perature inversions acting as a key driver of near-
surface accumulation. The Theil–Sen trend analysis 
revealed an insignificant long-term change in PM10 
but a statistically significant upward trend in SO2 
(+ 0.5  µg  m⁻3  year⁻1), suggesting persistent reliance 
on sulfur-rich fuels during the cold season. However, 
a short-term decline after 2020 reflected the com-
bined effects of cleaner fuels and pandemic-related 
emission reductions. Correlation analysis demon-
strated that PM10 and SO2 are moderately interrelated 
(r = 0.49) and primarily controlled by high-pressure, 
low-wind conditions. HYSPLIT trajectory analyses 
confirmed that severe winter episodes result from the 

combined influence of local stagnation and regional 
air mass transport. These findings highlight the dual 
importance of emission control and meteorologi-
cal monitoring in managing winter pollution. Policy 
recommendations include stricter regulation of heat-
ing fuels, inversion-based early-warning systems, and 
enhanced regional cooperation to mitigate transported 
particulate matter.
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 Introduction

Air pollution is a critical environmental issue impact-
ing human health, ecosystems, and the climate (Araujo 
et  al., 2020; Kalantari et  al., 2024; Khaslan et  al., 
2024). Among the numerous pollutants, airborne par-
ticulate matter (PM10) and sulfur dioxide (SO2) are 
particularly concerning because of their ability to 
penetrate deep into the respiratory system and cause 
long-term health effects (Mai, 2024; Opeoluwa Olu-
wanifemi et al., 2024). Understanding the behavior of 
these pollutants in relation to meteorological drivers is 
essential for developing effective air-quality manage-
ment strategies (Huang et al., 2021). According to the 
World Health Organization, both short- and long-term 
exposures to PM10 and SO2 remain a global public-
health challenge (WHO, 2021).
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To contextualize the observed concentrations, 
Table  1 summarizes the main international and 
national air-quality standards for PM10 and SO2. 
The World Health Organization (WHO) recom-
mends much lower guideline values than regional 
legal limits, reflecting stricter health-based evidence. 
The European Union Air Quality Directive 2008/50/
EC and the Turkish National Air Quality Regulation 
(No. 2008/29212; updated 2023) adopt intermediate 
thresholds that remain legally enforceable within Tür-
kiye. Comparing measured concentrations with these 
benchmarks highlights both the environmental and 
public-health significance of exceedances observed in 
this study.

Over the past two decades, international air-quality 
standards have undergone a gradual but important 
tightening in response to accumulating epidemio-
logical evidence linking fine and coarse particulate 
matter, as well as sulfur dioxide, to adverse health 
outcomes. The WHO guidelines represent a signifi-
cant downward revision compared with the 2005 ver-
sion, lowering the annual PM10 limit from 20 to 15 
µg m⁻3 and the 24-h SO2 limit from 20 µg m⁻3 (as 
interim guidance) to 40 µg m⁻3. In contrast, the EU 
Directive (2008/50/EC) and Turkish National Regu-
lation (HKDY, 2008) maintain comparatively higher 
legal thresholds (40 µg m⁻3 annual PM10; 125 µg m⁻3 
daily SO2), reflecting both regulatory feasibility and 
regional socio-economic contexts. These differences 
illustrate a persistent gap between health-based rec-
ommendations and enforceable air-quality objectives. 
By comparing observed concentrations in Balıkesir 
with these evolving benchmarks, the present study 

highlights where air quality still exceeds the most 
protective WHO levels, emphasizing the need for 
continued policy alignment and emission control 
strategies to meet future public-health targets.

Meteorology plays a crucial role in determining 
the spatiotemporal variability of air pollutants. Param-
eters such as temperature, wind speed, wind direction, 
and atmospheric pressure are not passive background 
conditions but active factors that regulate pollutant 
dispersion or accumulation (Guo et al., 2022; Yang & 
Shao, 2021). During winter months, meteorological 
phenomena such as temperature inversions, stagnant 
air masses, and high-pressure systems trap pollutants 
near the surface, exacerbating their harmful impacts 
(Behera & Gokhale, 2024; Kumar et al., 2022; Lagmiri 
& Dahech, 2024; Rodrigues et al., 2021; Zhang et al., 
2021; Zhou et al., 2024).

Additional international studies further illustrate 
these dynamics: long-term analyses in East Asia and 
Europe show that boundary-layer stability and weak-
wind episodes lead to sharp PM10 and SO2 increases 
(Masoud, 2023; Park et al., 2019; van Pinxteren et al., 
2019), while research in Southeast Asia links severe 
haze events to meteorological anomalies and trans-
boundary transport (Iqbal et al., 2025).

Although considerable progress has been made 
in air-quality research globally, significant knowl-
edge gaps persist (Aas et  al., 2024; Imam et  al., 
2024; Sokhi et al., 2021; Tang et al., 2024). Several 
gaps therefore need to be addressed. First, the long-
term seasonal and diurnal variations of PM10 and 
SO2 in Balıkesir have not been systematically ana-
lyzed in connection with inversion conditions and 

Table 1   Comparison of WHO, EU, and Turkish limit values for PM10 and SO2 levels

a (WHO, 2021)
b (EU, 2008)
c (HKDY, 2008)

Pollutant Averaging period WHO Guideline 
(2021)a

EU Directive 
2008/50/ECb

Türkiye National 
Regulation (2008)c

Health Implication Reference

PM10 24 h 45 µg m⁻3 50 µg m⁻3

(≤ 35 days yr⁻1)
50 µg m⁻3

(≤ 35 days yr⁻1)
Short-term respiratory morbidity

Annual 15 µg m⁻3 40 µg m⁻3 40 µg m⁻3 Chronic cardiovascular & pul-
monary impacts

SO2 24 h 40 µg m⁻3 125 µg m⁻3

(≤ 3 days yr⁻1)
125 µg m⁻3

(≤ 3 days yr⁻1)
Acute respiratory irritation

Hourly (max) — 350 µg m⁻3

(≤ 24 days yr⁻1)
350 µg m⁻3

(≤ 24 days yr⁻1)
Short-term exposure peaks
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wind components. Second, while compliance with 
European Union (EU) standards for PM10 and SO2 
has been studied in other regions (Cichowicz & 
Dobrzański, 2021; Lembo et al., 2021; Robotto et al., 
2022; Sicard et al., 2021), few studies have integrated 
robust statistical trend detection with meteorologi-
cal diagnostics. Third, regional and transboundary 
influences remain under-quantified. Recent work in 
Türkiye and surrounding regions demonstrates the 
importance of considering both local and transported 
contributions: desert-dust incursions and synoptic 
flow have been shown to elevate PM10 and SO2 levels 
(Bhardwaj et al., 2019; Bodor et al., 2020; Dogan & 
Atbinici, 2022; Javed et al., 2022).

This study aims to fill these gaps by conducting a 
comprehensive analysis of PM10 and SO2 pollution in 
Balıkesir between 2013 and 2023. Specifically, it

–	 evaluates seasonal and diurnal variations of both 
pollutants,

–	 detects long-term trends using the Theil–Sen esti-
mator,

–	 investigates the influence of temperature inver-
sions and wind components on pollution episodes, 
and

–	 applies HYSPLIT trajectory modeling to identify 
the contributions of regional and long-range trans-
port.

To our knowledge, this is the first long-term inte-
grated study in northwestern Türkiye combining 
meteorological analysis, inversion dynamics, and tra-
jectory modeling. The findings are expected to inform 
targeted local mitigation strategies and regional coop-
eration efforts for improved air quality.

Methodology

Study area

Balıkesir Province is located in northwestern Türkiye 
(39° N, 28° E), occupying a transition zone between 
the Marmara and Aegean regions with a total area 
of approximately 14,300 km2. The province extends 
from the coastal lowlands of the Marmara Sea in the 
north (0–100 m a.s.l.) to interior basins and hilly ter-
rain exceeding 1000 m a.s.l. toward the Kazdağları 
(Mt. Ida) range in the west and Dursunbey–Simav 

highlands in the southeast. This complex topography 
forms alternating plains and ridges that strongly mod-
ulate air-mass movement and pollutant dispersion. 
The main urban center of Balıkesir lies in a shal-
low basin (~ 140 m a.s.l.) surrounded by gentle hills, 
which promotes nocturnal temperature inversions and 
pollutant trapping under calm-wind, high-pressure 
conditions—particularly during winter (BCAAP, 
2024).

The coastal districts (Bandırma, Erdek) experi-
ence maritime air influence and frequent sea-breeze 
circulations, enhancing pollutant ventilation, whereas 
inland valleys often exhibit reduced mixing heights 
and stagnation episodes. Regional wind climatology 
is dominated by northeasterly (Poyraz) and south-
westerly (Lodos) flows that control both local recir-
culation and potential long-range transport from the 
Marmara industrial corridor. Including these oro-
graphic and meteorological descriptors provides a 
physical basis for interpreting the spatial variability 
and episodic accumulation of PM10 and SO2 concen-
trations observed in this study.

Figure  1 illustrates the location of the study area 
in northwestern Türkiye and provides a detailed aerial 
view of Balıkesir city, showing the Air Quality Moni-
toring Station (AQMS), downtown area, airport, and 
industrial park. The map includes coordinate grid-
lines, a north arrow, and a scale bar for spatial ref-
erence. The background satellite imagery (© Google 
Earth, 2025) offers a clear topographical overview, 
highlighting the basin-like setting that influences 
local air-pollution dispersion and accumulation.

As illustrated in Fig. 1, the Air Quality Monitoring 
Station (AQMS) is marked in red and is located near 
the downtown area of Balıkesir. The regional mete-
orological observation site, shown in blue, is situ-
ated within the local airport area in the southeastern 
part of the city, where on-site meteorological data are 
regularly recorded. Additionally, an industrial park of 
medium scale is located southwest of the city, high-
lighted in orange, representing the main industrial 
emission zone that may influence local air quality. 
These locations collectively define the principal mon-
itoring and emission areas considered in this study.

Data overview

The dataset comprises hourly measurements spanning 
2013–2023; unless otherwise noted, analyses focus 
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on the winter season (December–February). Air pol-
lutant data for PM10 (µg m⁻3) and SO2 (µg m⁻3) were 
obtained from the National Air Quality Monitoring 
Network (NAQMN,  2024). Air-quality observations 
for Balıkesir were obtained from a continuous urban 
background Air Quality Monitoring Station (AQMS) 
operated by the Turkish Ministry of Environment, 

Urbanization, and Climate Change (MoEUCC). This 
station is located near the city center (39° 39′ N, 27° 
53′ E; elevation ≈ 140 m a.s.l.) and has provided 
uninterrupted measurements of PM10 and SO2 since 
January 2013. The AQMS site is situated within a 
representative urban basin area influenced by both 
traffic and domestic heating emissions during winter. 

Fig. 1   Aerial view of the study area ( © Google Earth, 2025)
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Its location, together with major reference points such 
as the downtown core, airport, and industrial zone, 
is shown in Fig. 1 to illustrate the spatial context of 
the monitoring network. Meteorological data were 
obtained from the ERA5 reanalysis dataset produced 
by the European Centre for Medium-Range Weather 
Forecasts (ECMWF). The data were retrieved through 
the Copernicus Climate Data Store (ECMWF, 2023) 
using the official CDS Application Programming 
Interface (API) in Python. Hourly ERA5 variables, 
including 2-m air temperature (t2m), surface pressure 
(sp), dew-point temperature (d2m), and horizontal 
wind components at 10 m (u10 and v10), were down-
loaded on a 0.25° × 0.25° spatial grid for the Balıkesir 
region covering the period 2013–2023. The total 
wind speed (Ws) was computed as √(u102 + v102). 
Relative humidity (RH) was derived from dew-point 
and air temperature using the standard psychromet-
ric formula. All hourly ERA5 parameters were then 
aggregated to daily averages to align with the tempo-
ral resolution of the AQMS pollutant observations.

Data preparation

Initial preprocessing included removal of duplicates, 
transformation of time stamps into datetime format, 
and screening for anomalies. Both PM10 and SO2 
datasets were checked for completeness before statis-
tical analysis. Occasional missing values, represent-
ing less than 4% of the total daily records between 
2013 and 2023, were primarily associated with short-
term instrument downtime at the AQMS. Gaps of 
one to three consecutive days were filled using linear 
interpolation to preserve temporal continuity, while 
longer gaps were omitted from the analysis. After 
this preprocessing step, data completeness reached 
approximately 96–97% for both pollutants, ensuring 
that subsequent statistical and trend evaluations were 
based on reliable and representative time series. Data 
completeness exceeded 95% across the study period; 
the small fraction of gaps was screened and excluded 
from analysis. Outliers were identified via boxplots 
but preserved for analysis, as they correspond to high-
pollution episodes of interest. Descriptive statistics 
(mean, median, standard deviation, and percentiles) 
were calculated for all variables to characterize the 
dataset.

Analytical methods

Exploratory data analysis (EDA) was conducted to 
characterize pollutant distributions, seasonal cycles, 
and diurnal patterns, using standard visualization 
tools and descriptive statistics.

Time series analysis was applied to identify long-
term patterns, seasonal periodicities, and short-term 
fluctuations in pollutant concentrations. The datasets 
were decomposed into trend, seasonal, and residual 
components using additive models, enabling clearer 
identification of interannual and intra-annual vari-
ability. Rolling averages and smoothing filters were 
used to minimize high-frequency noise, while visual 
inspection of monthly and seasonal means helped 
detect persistent anomalies and episodic events.

Similar temporal analyses conducted across Türki-
ye’s climatic regions have effectively captured the co-
evolution of air pollutants and meteorological factors. 
Such decomposition techniques are extensively used 
to separate meteorological fluctuations from emis-
sion-induced trends, offering a more accurate inter-
pretation of long-term air quality variability (Eren 
et al., 2024; Mutlu, 2023).

Pearson correlation coefficients were calculated to 
examine linear relationships between pollutants and 
meteorological variables, visualized through correla-
tion matrices and heatmaps. The Pearson correlation 
coefficient (r) was computed to quantify linear rela-
tionships between variables, according to its standard 
definition (Benesty et al., 2009):

where xᵢ and yᵢ are the paired observations, x̄ and ȳ 
are their respective means, and Σ denotes summa-
tion over n observations. The numerator expresses 
the covariance between the two variables, while the 
denominator normalizes this value by their respective 
standard deviations, yielding a dimensionless coeffi-
cient ranging from −1 (perfect negative correlation) 
to +1 (perfect positive correlation).

Correlation results were visualized as color-
coded heatmaps to identify dominant relationships 
and potential multicollinearity among variables. 
Similar correlation-based approaches were applied 
by Orak and Özdemir (2021) to link PM10 and SO2 

r =

∑
�

xi − x
�

.(yi − y)
√

(xi − x)
2
.

√

(yi − y)
2
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with mobility indicators, and by Katipoğlu et  al. 
(2025) to highlight interrelations among multiple 
pollutants using Pearson heatmaps for feature analy-
sis (Çıldır & Mutlu, 2022; Katipoğlu et  al., 2025; 
Orak & Ozdemir, 2021).

Inversions were inferred indirectly from high 
pressure (top 25%), weak winds (< 2 m s⁻1), and 
elevated pollutant concentrations (Sokhi et  al., 
2021). Wind component analysis assessed the dis-
persive role of airflow via scatterplots of concentra-
tions versus U- and V-wind components.

Long-term trends were estimated using the 
Theil–Sen estimator, a robust non-parametric 
method resistant to outliers and heteroscedasticity. 
Long-term trends in daily and annual pollutant con-
centrations were evaluated using the non-parametric 
Theil–Sen estimator (Sen, 1968), which computes 
the median of all pairwise slopes between data 
points:

where β represents the trend slope (change in concen-
tration per unit time), xi and xj are the pollutant con-
centrations at time indices i and j, respectively, and n 
is the total number of observations in the time series. 
The significance of β was tested using the Mann–Ken-
dall statistic (Yue & Wang, 2002). The Theil–Sen 
method is robust against outliers and non-normal 
distributions, providing a reliable estimate of mono-
tonic change. This approach, widely adopted in air 
quality studies, was also utilized by Mutlu (2023) for 
long-term PM10 trend evaluation in the South Mar-
mara Region and by Eren et  al. (2024) in a 40-year 
air quality assessment of Erzurum, both demonstrat-
ing its effectiveness for detecting monotonic trends in 
non-normal environmental datasets (Eren et al., 2024; 
Mutlu, 2023). Confidence intervals for slopes were 
computed to determine statistical significance.

To investigate potential regional and long-range 
transport of air masses, backward trajectory analy-
sis was performed using the Hybrid Single-Parti-
cle Lagrangian Integrated Trajectory (HYSPLIT) 
model developed by NOAA’s Air Resources Labo-
ratory (Stein et  al., 2015). The model was config-
ured with GDAS 1° meteorological fields, a 48-h 
backward integration period, and an arrival height 
of 500 m above ground level at the Balıkesir recep-
tor site (39° 39′ N, 27° 53′ E). Trajectories were 

𝛽 = median [(xj − xi)∕(j − i)], for 1 ≤ i < j ≤ n

computed for representative high-pollution episodes 
in different seasons to identify dominant transport 
pathways affecting PM10 and SO2 concentrations.
The HYSPLIT framework is widely applied to iden-
tify potential source regions and transport pathways 
of particulate pollutants (Lee et al., 2024; Ma et al., 
2021; Saha et al., 2024).

Results

Exploratory data analyses and seasonal variability

Boxplots (Fig. 2) and descriptive statistics (Table 2) 
show pronounced winter maxima in PM10, with epi-
sodic daily values exceeding 400–500 µg m⁻3. SO2 
exhibits lower central tendencies but occasional 
high outliers (> 100 µg m⁻3) during the cold season. 
Table 1 summarises annual sample sizes, means, 95% 
confidence intervals, and extremes for pollutants and 
meteorological variables across 2013–2023.

The wider variability and outliers in PM10 high-
light its episodic nature, while SO2 shows narrower 
variability, consistent with gradual improvements in 
emission controls.

Descriptive statistics (Table 2) summarize central 
tendencies and variability for pollutants and meteoro-
logical parameters.

Annual PM10 concentrations fluctuated markedly, 
with peaks in 2017 and 2021 and a maximum of 576 
µg.m−3 in 2015, reflecting episodic pollution influ-
enced by both emissions and meteorology.

SO2 showed interannual variability, peaking at 14.9 
µg.m−3 in 2021, with occasional extreme values (145 
µg.m−3 in 2015), likely linked to heating or industrial 
emissions. These findings point to persistent winter-
time challenges despite gradual improvements.

Daily PM10 concentrations (Fig.  3) show strong 
seasonal cycles, with winter peaks exceeding 400 
µg.m−3 during episodes of increased heating and stag-
nant meteorology.

Figure 3 shows frequent PM10 exceedances both of 
the National and also the EU daily standard (50 µg 
m⁻3), concentrated in winter, consistent with heating 
emissions and stagnant conditions.

Figure  4 presents the temporal variation of daily 
SO2 concentrations over the period 2013–2023. The 
data reveal notable fluctuations and several pollution 



Environ Monit Assess (2026) 198:2	 Page 7 of 23  2

Vol.: (0123456789)

episodes that highlight the changing emission dynam-
ics across the study years.

Figure 4 shows episodic SO2 exceedances of both 
national and EU daily standards (125 µg m⁻3), most 
frequent during 2017–2019, followed by a marked 
decline after 2020 due to improved fuel quality and 
COVID-19 lockdown effects.

Monthly averages (Fig. 5) confirm winter maxima 
for both pollutants, driven by heating and reduced 
dispersion. The lowest PM10 levels are observed dur-
ing the summer months (June through August), when 
improved atmospheric mixing helps disperse pollut-
ants. SO2 levels, represented by the orange bars, fol-
low a similar trend, with elevated levels during winter 
and reduced concentrations in summer. The higher 
SO2 levels in winter can be attributed to increased 
sulfur emissions from heating systems and industrial 
activities.

Seasonal trends reveal that pollutant concentra-
tions were notably higher during winter months, 
attributed to increased heating activities and reduced 
atmospheric dispersion. December and January 
exhibited peak levels, aligning with seasonal heating 
demands and stagnant air conditions.

Diurnal patterns (Fig.  6) show PM10 peaks in 
morning and evening commute/heating periods, 
while SO2 varies less but increases slightly during the 
same hours. This reflects its primary source—heating 

emissions—being less influenced by short-term fluc-
tuations compared to PM10.

Correlations with meteorological variables

Descriptive and correlation-based statistical methods 
were employed to explore the temporal variability 
and interrelationships between major air pollutants 
(PM10, SO2) and meteorological parameters. These 
approaches are essential for identifying emission pat-
terns, meteorological influences, and atmospheric 
stagnation conditions before applying advanced pre-
dictive or trend models.

Overall, Pearson correlation analysis remains a 
key diagnostic tool in air quality research, providing a 
quantitative foundation for linking pollutant variabil-
ity with meteorological parameters. When combined 
with visual methods such as heatmaps, it enhances 
understanding of atmospheric behavior across spatial 
and temporal scales and supports trend estimation and 
model-based forecasting of air pollution episodes.

The winter-only correlation analysis (Fig.  7) pro-
vides insights into the interdependencies among pol-
lutants and meteorological parameters in Balıkesir for 
the period 2013–2023.

A moderate positive correlation (r = 0.49) 
was found between PM10 and SO2, indicating 
that these pollutants often originate from similar 

Fig. 2   Box plots of PM10 and SO2 concentrations during winter months (December–February) over the study period (2013–2023)
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Table 2   Descriptive statistics of pollutants and meteorological parameters

Parameter Years N Mean 95% confidence interval for mean Minimum Maximum

Lower bound Upper bound

PM10 2013 8760 48.3 47.5 49.2 2.1 415.9
2014 8760 45.4 44.6 46.1 1.1 405.4
2015 8760 44.1 43.3 44.9 3.0 576.3
2016 8784 42.0 41.4 42.7 1.0 398.2
2017 8760 55.3 54.2 56.3 2.1 485.9
2018 8760 45.5 44.7 46.2 1.0 401.9
2019 8760 34.0 33.5 34.5 0.6 284.2
2020 8784 43.7 42.8 44.5 1.1 473.3
2021 8760 62.7 61.8 63.6 4.2 386.0
2022 8760 53.5 52.7 54.3 3.1 387.3
2023 8760 43.3 42.8 43.9 2.2 242.9
Total 96,408 47.1 46.8 47.3 0.6 576.3

SO2 2013 8760 7.7 7.5 7.9 0.0 108.8
2014 8760 6.3 6.1 6.4 0.0 110.0
2015 8760 9.1 8.9 9.3 0.1 145.5
2016 8784 7.2 7.0 7.4 0.0 120.7
2017 8760 8.3 8.1 8.6 0.0 136.1
2018 8760 8.4 8.1 8.6 0.0 131.9
2019 8760 7.1 7.0 7.3 0.1 77.6
2020 8784 10.5 10.3 10.7 0.0 106.9
2021 8760 14.9 14.7 15.1 0.0 134.9
2022 8760 13.6 13.4 13.8 0.1 98.3
2023 8760 8.5 8.3 8.6 0.0 43.0
Total 96,408 9.2 9.2 9.3 0.0 145.5

U-wind speed (10m) (m/s) 2013 8760 −0.3 −0.3 −0.2 −4.6 5.9
2014 8760 −0.1 −0.1 −0.1 −3.7 8.1
2015 8760 −0.4 −0.4 −0.4 −4.8 4.8
2016 8784 −0.2 −0.3 −0.2 −4.6 6.3
2017 8760 −0.3 −0.3 −0.3 −4.0 5.9
2018 8760 −0.3 −0.4 −0.3 −5.4 6.5
2019 8760 −0.4 −0.4 −0.3 −4.5 5.1
2020 8784 −0.4 −0.4 −0.3 −4.7 5.0
2021 8760 −0.3 −0.3 −0.3 −4.9 6.2
2022 8760 −0.5 −0.5 −0.4 −4.4 6.2
2023 8760 −0.3 −0.3 −0.2 −3.9 5.5
Total 96,408 −0.3 −0.3 −0.3 −5.4 8.1
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combustion-related sources, such as domestic heat-
ing, industrial activities, and traffic emissions that 
intensify during the cold season.

PM10 exhibited weak positive associations with 
both wind components (r = 0.23 for U-wind and 
r = 0.27 for V-wind), suggesting that horizontal 

Table 2   (continued)

Parameter Years N Mean 95% confidence interval for mean Minimum Maximum

Lower bound Upper bound

V-wind speed (10m) (m/s) 2013 8760 −1.2 −1.3 −1.1 −7.6 9.3

2014 8760 −0.9 −1.0 −0.8 −7.6 8.0

2015 8760 −1.7 −1.8 −1.7 −9.8 11.0

2016 8784 −1.3 −1.4 −1.3 −8.1 8.7

2017 8760 −1.4 −1.5 −1.4 −7.9 8.0

2018 8760 −1.6 −1.6 −1.5 −8.0 8.1

2019 8760 −1.5 −1.6 −1.5 −8.9 7.8

2020 8784 −1.7 −1.8 −1.6 −8.1 9.3

2021 8760 −1.2 −1.3 −1.1 −8.3 8.6

2022 8760 −1.8 −1.9 −1.8 −7.9 7.2

2023 8760 −1.2 −1.3 −1.2 −9.7 8.6

Total 96,408 −1.4 −1.4 −1.4 −9.8 11.0
Temperature (2m) (°C) 2013 8760 15.0 14.8 15.2 −8.5 34.6

2014 8760 15.6 15.4 15.8 −2.5 37.6
2015 8760 15.0 14.8 15.1 −7.6 36.8
2016 8784 15.3 15.1 15.4 −15.7 37.9
2017 8760 14.6 14.4 14.8 −7.0 38.1
2018 8760 15.8 15.6 16.0 −3.4 34.8
2019 8760 15.4 15.2 15.6 −5.2 35.1
2020 8784 15.2 15.1 15.4 −5.0 35.3
2021 8760 15.2 15.0 15.4 −7.7 37.4
2022 8760 14.9 14.7 15.1 −8.8 34.5
2023 8760 15.7 15.5 15.8 −5.1 40.5
Total 96,408 15.2 15.2 15.3 −15.7 40.5

Pressure (Pa) 2013 8760 97,734.7 97,722.3 97,747.2 95,870.1 99,612.8
2014 8760 97,745.7 97,734.6 97,756.8 95,836.8 99,134.1
2015 8760 97,885.7 97,872.8 97,898.5 96,074.0 99,765.9
2016 8784 97,835.2 97,822.1 97,848.3 95,599.5 99,918.5
2017 8760 97,858.7 97,847.7 97,869.7 96,414.3 99,403.6
2018 8760 97,730.2 97,718.3 97,742.1 95,598.3 99,507.6
2019 8760 97,753.1 97,742.4 97,763.8 95,864.5 99,336.8
2020 8784 97,854.8 97,843.0 97,866.6 95,327.3 99,971.1
2021 8760 97,852.4 97,841.0 97,863.9 95,867.1 99,460.3
2022 8760 97,876.3 97,864.2 97,888.4 96,264.4 99,704.0
2023 8760 97,770.2 97,758.8 97,781.7 94,697.0 99,624.1
Total 96,408 97,808.8 97,805.2 97,812.4 94,697.0 99,971.1
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airflows can partially redistribute particulate matter 
without fully dispersing it under stable winter condi-
tions. Temperature showed a very weak correlation 

with PM10 (r = 0.04), reflecting limited direct ther-
mal influence during inversion-dominated periods, 
while surface pressure displayed a slight positive 

Fig. 3   PM10 exceedance days based on the European Union (EU) air quality standard

Fig. 4   SO2 exceedance days based on the European Union (EU) air quality standard
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association (r = 0.13), consistent with pollutant 
accumulation under high-pressure, stagnant weather 
patterns.

SO2 also displayed weak or negligible correla-
tions with most meteorological parameters, including 
temperature (r = −0.07) and wind speed components 

Fig. 5   Seasonal trends in PM10 and SO2 levels as monthly averages

Fig. 6   Hourly trends of PM10 and SO2 concentrations during winter
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(r = 0.09 for U, r = 0.14 for V). This pattern implies 
that SO2 levels during winter are mainly governed by 
emission intensity rather than meteorological disper-
sion, consistent with its origin from continuous com-
bustion sources.

Among meteorological variables themselves, a 
strong positive relationship (r = 0.68) was observed 
between U- and V-wind components, reflecting the 
coherence of horizontal wind fields in the region. 
Temperature correlated positively with both wind 
components (r = 0.33 for U and r = 0.52 for V) but 
negatively with surface pressure (r = −0.39), a pat-
tern characteristic of mid-latitude winter systems 
where colder, high-pressure conditions coincide with 
reduced atmospheric mixing.

Overall, the correlation matrix confirms that pol-
lutant accumulation in winter is mainly associated 
with high-pressure and low-dispersion meteorological 
regimes, while the joint variation of PM10 and SO2 
underscores their shared emission dynamics under 
seasonal heating demand.

Temperature inversions

Temperature inversions were inferred indirectly from 
conditions of high pressure (top 25% of values), 
weak horizontal winds (u- and v-wind < 2 m s⁻1), and 

concurrent elevated pollutant levels. Average con-
centrations during inversion days (Fig.  8) reached 
approximately 85 µg m⁻3 for PM10 and slightly above 
20 µg m⁻3 for SO2, compared with about 60 µg m⁻3 
and 15 µg m⁻3, respectively, on non-inversion days.

The mean differences correspond to increases of 
nearly 40% for PM10 and 30% for SO2 under inver-
sion-prone conditions. These contrasts confirm that 
pollutant accumulation is consistently higher during 
high-pressure, low-wind episodes, as reflected by 
the distinct elevation of both pollutant categories in 
Fig. 8.

Trend analysis for PM10 and SO2

Long-term pollutant trends were estimated using the 
Theil–Sen estimator, a robust non-parametric method 
resistant to outliers and widely applied in air qual-
ity studies. The Theil–Sen estimator was applied to 
identify long-term monotonic trends in PM10 and 
SO2 concentrations while minimizing the influence 
of outliers and non-normality in the datasets. This 
non-parametric method, which calculates the median 
slope among all possible pairwise comparisons, has 
been widely recommended for air quality studies due 
to its robustness against heteroscedasticity and miss-
ing data.

Fig. 7   Correlation matrix 
for winter months
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For PM10, the Theil–Sen estimator indicated a 
weak, statistically insignificant upward trend of 0.06 
µg.m−3 per year (Fig.  9). Concentrations fluctuated 
markedly, with annual means ranging from 34 µg.m−3 
in 2019 to 62.7 µg.m−3 in 2021, exceeding the EU 
annual limit of 40 µg/m3. These variations suggest 
episodic pollution driven more by short-term factors 
than by a persistent long-term rise.

Notable anomalies, such as the spike around 2018, 
significantly deviate from the general trend. These 
deviations could be attributed to specific meteoro-
logical conditions, industrial activities, or unusual 
events such as wildfires or dust storms. Despite the 
apparent variability across years, the slight upward 
trend underscores the importance of examining long-
term patterns and their implications for air quality 
management.

For SO2, the Theil–Sen estimator indicates a 
statistically significant positive trend in SO2 con-
centrations (+ 0.50 µg m⁻3 year⁻1) over 2013–2023 
(Fig.  10). Annual averages fluctuate between 6 µg 
m⁻3 and 15 µg m⁻3, with higher values recorded 

in the late 2010s. Although the long-term trend 
remains upward, a short-term dip is visible after 
2020, corresponding to the COVID-19 period and 
reflecting temporary reductions in emissions.

The findings underscore the necessity for tar-
geted air quality management strategies to address 
the steady increase in SO2 levels. Future analyses 
should focus on understanding the contribution of 
local and regional emission sources, meteorologi-
cal influences, and the interplay between differ-
ent pollutants to develop more effective mitigation 
measures.

The trends for PM10 and SO2 reveal distinct pat-
terns. PM10 shows a slight, non-significant upward 
trend with episodic spikes, indicating localized or 
seasonal pollution events. In contrast, SO2 exhibits a 
significant upward trend, reflecting systemic issues, 
likely driven by industrial and heating emissions, 
particularly during winter and under stagnant atmos-
pheric conditions. Together, these findings emphasize 
the need for targeted mitigation strategies to address 
SO2’s consistent rise and PM10’s episodic peaks, 

Fig. 8   Pollutants’ levels on inversion vs non-inversion days
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focusing on emission sources and meteorological 
factors.

Long‑range transport episodes

The Hybrid Single-Particle Lagrangian Integrated 
Trajectory (HYSPLIT) model was used to iden-
tify potential source regions and transport pathways 
affecting PM10 and SO2 levels during high-pollution 
episodes. The model provides insight into long-range 
versus local contributions by tracing backward air-
mass movements under varying synoptic conditions.

To assess the role of long-range transport in shap-
ing winter pollution, five high-PM10 episodes during 
2021 were analyzed using 48-h HYSPLIT back tra-
jectories at 500 m above ground level. The selected 
episodes coincide with observed concentration peaks 
and provide insight into the regional origin of air 
masses affecting Balıkesir.

On 21 January 2021 (Fig.  11), backward trajec-
tories showed dominant inflow from Eastern and 
Southeastern Europe, coinciding with stable winter 
conditions that limited dispersion. This synoptic 

pattern indicates that transboundary transport sig-
nificantly reinforced local accumulation during the 
episode.

On 3 February 2021 (Fig.  12), air masses origi-
nated predominantly from the north–northeast, with 
more than 70% of trajectories clustered along this 
pathway. Such persistent inflow highlights the contri-
bution of external air masses in driving elevated con-
centrations at the receptor site.

On 16 December 2021 (Fig.  13), transport was 
mainly from the west–southwest, indicating potential 
contributions from upwind source regions in South-
ern Europe and the Aegean basin. This westerly 
inflow demonstrates how maritime and regional air 
masses can interact with stagnant local conditions to 
elevate pollution levels.

On 23 December 2021 (Fig.  14), dominant path-
ways arrived from the southwest and west, consistent 
with regional-scale advection from the Aegean and 
Mediterranean sectors. This suggests that emissions 
transported from these regions, combined with local 
stagnation, likely contributed to the observed pollu-
tion episode.

Fig. 9   Theil-Sen trend analysis results for PM10 levels
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Fig. 10   Theil-Sen trend analysis results for SO2 levels

Fig. 11   HYSPLIT 48-h 
backward trajectories 
arriving 21 January 2021, 
23:00 UTC, at 500 m AGL 
(trajectory-frequency map, 
GDAS1, 1.0° × 1.0°)
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On 25 December 2021 (Fig.  15), air masses pre-
dominantly originated from the northwest, indicat-
ing long-range transport from continental Europe. 
This pathway underscores the significance of 

transboundary sources in shaping severe winter epi-
sodes in Balıkesir.

Taken together, the five case studies (Figs. 11, 12, 
13, 14 and 15) confirm that severe winter episodes in 

Fig. 12   HYSPLIT 48-h 
backward trajectories 
arriving 3 February 2021, 
20:00 UTC, at 500 m AGL 
(trajectory-frequency map, 
GDAS1, 1.0° × 1.0°)

Fig. 13   HYSPLIT 48-h 
backward trajectories arriv-
ing 16 December 2021, 
21:00 UTC, at 500 m AGL 
(trajectory-frequency map, 
GDAS1, 1.0° × 1.0°)
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Fig. 14   HYSPLIT 48-h 
backward trajectories arriv-
ing 23 December 2021, 
02:00 UTC, at 500 m AGL 
(trajectory-frequency map, 
GDAS1, 1.0° × 1.0°)

Fig. 15   HYSPLIT 48-h 
backward trajectories arriv-
ing 25 December 2021, 
09:00 UTC, at 500 m AGL 
(trajectory-frequency map, 
GDAS1, 1.0° × 1.0°)
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Balıkesir are not solely the product of local stagna-
tion. Instead, they result from a dual mechanism of 
unfavorable meteorology and sustained inflows from 
Eastern, Southeastern, and occasionally Southern and 
Northwestern Europe.

Discussions

Correlation patterns and meteorological interactions

The seasonal and diurnal behaviour of both pollut-
ants highlights the combined influence of winter 
meteorology and anthropogenic activities on air qual-
ity in Balıkesir. Concentrations of PM10 and SO2 
were markedly higher during cold months, driven by 
increased heating demand, reduced atmospheric dis-
persion, and temperature inversions that trap pollut-
ants near the surface. Similar episodic winter pollu-
tion has been reported in other European and Asian 
cities where heating demand and meteorological 
stagnation align (Kumar et al., 2022; Rodrigues et al., 
2021; Zhang et al., 2021). The severity and frequency 
of these exceedance events underline the continuing 
challenge of managing PM10 and SO2 in urban areas 
during winter and the necessity for targeted emission-
control strategies and public awareness programs to 
comply with EU air quality standards.

Diurnal trends showed that PM10 levels exhibited 
two distinct daily peaks—morning (07:00–10:00) 
and evening (18:00–22:00)—attributed to commut-
ing traffic and residential heating, respectively. SO2 
remained relatively stable but increased slightly dur-
ing the same periods, reflecting the persistence of 
combustion-related sources. These temporal dynam-
ics confirm that wintertime energy consumption, 
particularly residential heating, remains a dominant 
driver of short-term pollution variability across Turk-
ish cities.

Meteorological influences are a decisive factor 
shaping pollutant accumulation in northwestern Tür-
kiye. Temperature inversions, weak winds, and high-
pressure systems together foster stagnant conditions 
that limit vertical mixing and enhance near-surface 
pollution. The present results confirm inversion-
driven accumulation and support the use of inversion-
based early warning indicators for local authorities. 
These findings align with Guo et  al. (2022), who 
showed that calm winds and strong inversions were 

the principal meteorological precursors of heavy par-
ticulate episodes in the Sichuan Basin (Guo et  al., 
2022), and with European studies identifying similar 
stagnation effects (Behera & Gokhale, 2024; Lagmiri 
& Dahech, 2024). Overall, the correlation structure 
supports the broader conclusion that winter pollu-
tion episodes in mid-latitude cities are primarily con-
trolled by meteorological stagnation and reinforced 
by seasonal heating demand.

The winter correlation structure (Fig.  7) high-
lights the joint influence of emission sources and 
atmospheric processes on air quality in Balıkesir. The 
moderate positive correlation between PM10 and SO2 
(r = 0.49) indicates that both pollutants originate pri-
marily from common wintertime combustion sources, 
including domestic heating and industrial activities. 
Similar positive linkages between particulate and sul-
fur species have been reported in other Turkish cities 
such as Ankara and Zonguldak (Ulutaş et  al., 2021, 
2022), and in European urban centers dominated by 
residential heating (Rodrigues et  al., 2021; Zhang 
et al., 2021).

Weak correlations between PM10 and temperature 
(r = 0.04) and the slight positive association with 
pressure (r = 0.13) support the interpretation that 
high-pressure, low-mixing conditions enhance pollut-
ant accumulation, consistent with findings from Guo 
et  al. (2022) and Behera and Gokhale (2024). The 
positive but limited relationships between PM10 and 
the U- and V-wind components (r = 0.23 and 0.27) 
imply that moderate horizontal transport occurs, yet 
dispersion remains insufficient under winter stagna-
tion—an effect similarly observed across the South 
Marmara region (Çıldır & Mutlu, 2022).

For SO2, the weak associations with meteorologi-
cal variables—temperature (–0.07), U-wind (0.09), 
and V-wind (0.14)—suggest that its variability is 
mainly emission-driven rather than meteorologically 
controlled. This agrees with studies showing that SO2 
concentrations in Turkish cities respond primarily to 
heating fuel composition and industrial output rather 
than synoptic variability (Eren et  al., 2024; Mutlu, 
2023).

Within the meteorological set, the strong cor-
relation between the U- and V-wind components 
(r = 0.68) demonstrates coherent horizontal flow 
typical of northwestern Türkiye’s basin-like topog-
raphy. Temperature’s positive association with both 
wind components (r = 0.33–0.52) and its negative 
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correlation with surface pressure (r = −0.39) reflects 
classical winter anticyclonic structures—warm 
advection with increasing winds and cold, stagnant 
air under high pressure (Lagmiri & Dahech, 2024).

Taken together, these patterns confirm that winter 
pollution episodes in Balıkesir are shaped by both 
source co-variation (PM10–SO2) and meteorological 
stagnation (pressure–temperature–wind). The com-
bined analysis underscores the need to consider emis-
sion controls and meteorological forecasting simulta-
neously when developing winter-focused mitigation 
strategies for northwestern Türkiye.

Long‑term trends and trajectory analysis

Trend analyses provide insight into long-term changes 
in pollutant behaviour. The Theil–Sen results show an 
insignificant upward trend in PM10 but a statistically 
significant increase in SO2 (+ 0.5 µg m⁻3 per year), 
indicating continued reliance on sulfur-rich fuels or 
elevated heating demand. These outcomes contrast 
with declining SO2 trends observed across much 
of Europe, suggesting that local energy structures 
and meteorological conditions still sustain winter-
time accumulation in Balıkesir. Comparable studies 
in Türkiye support this interpretation. Mutlu (2023) 
identified a steady annual decline of approximately 
3.5 µg m⁻3 in PM10 across the South Marmara Region 
from 2007 to 2019, coinciding with expanded natural 
gas use and cleaner heating practices. Similarly, Eren 
et  al. (2024) reported a sharp decrease in PM and 
SO2 concentrations in Erzurum after 2008, attributed 
to the nationwide transition from coal to natural gas 
(Eren et al., 2024).

International studies further validate the robust-
ness of the Theil–Sen estimator. Vu et  al. (2019) 
applied the method to meteorologically normalized 
time series in Beijing, detecting substantial reductions 
in PM2.5, PM10, and SO2 linked to regional policy 
measures (Vu et al., 2019), while Jassim (2018) dem-
onstrated its reliability for long-term PM10 analyses 
under highly variable meteorological conditions in 
Iraq (Jassim et  al., 2018). Collectively, these studies 
confirm that the Theil–Sen method is a robust tool 
for detecting structural changes in air quality while 
distinguishing emission-driven improvements from 
meteorological noise.

While the overall Theil–Sen analysis indicates a 
statistically significant long-term increase in SO2 

concentrations (+ 0.5 µg m⁻3 year⁻1) for 2013–2023, 
a temporary decline is visible after 2020. This short-
term decrease likely reflects the combined influence 
of cleaner fuel use and the extraordinary condi-
tions associated with the COVID-19 pandemic. 
Numerous studies have documented that lock-
down-related reductions in traffic volume, indus-
trial operations, and energy demand led to notable 
short-term improvements in air quality worldwide 
(Akan & Coccia, 2022; Amritha et  al., 2024; Han 
et al., 2024; Saha et al., 2022). Similar effects were 
observed in Türkiye, where restrictions on mobil-
ity and manufacturing activities caused measurable 
reductions in PM10, NO2, and SO2 concentrations 
(Bugdayci et al., 2023; Kotan & Erener, 2022; Sari 
& Esen, 2022; Ulutaş et  al., 2023). Therefore, the 
post-2020 decline in SO2 exceedances in Balıkesir 
likely represents a transient response to both regula-
tory progress and pandemic-related emission reduc-
tions within an overall upward long-term trend.

Transport analyses further illustrate the interplay 
between local and regional processes. HYSPLIT 
backward trajectories show that severe winter epi-
sodes in Balıkesir result from the combined effect 
of stagnant local meteorology and sustained inflows 
from Eastern, Southeastern, and occasionally 
Southern or Northwestern Europe. Similar findings 
were reported by Ma et al. (2021), Lee et al. (2024), 
and Kavitha et  al. (2023),  who identified the dual 
influence of regional advection and weak disper-
sion on winter air quality (Kavitha et al., 2023; Lee 
et al., 2024; Ma et al., 2021). In Türkiye, Dogan and 
Atbinici (2022) linked Saharan dust incursions to 
spring–autumn PM10 peaks, whereas SO2 remained 
dominated by local heating sources (Dogan & 
Atbinici, 2022). Çıldır and Mutlu (2022) confirmed 
that Balıkesir’s episodes coincide with weak venti-
lation and shallow boundary layers (Çıldır & Mutlu, 
2022), while Saha et al. (2024) showed how disper-
sion efficiency above 2000 m AGL improves mark-
edly in summer, reducing pollutant retention (Saha 
et al., 2024).

Overall, HYSPLIT consistently demonstrates that 
PM10 variability is shaped by regional advection and 
meteorological stagnation, whereas SO2 changes are 
mainly local in origin. These findings underscore 
the importance of meteorology, emission patterns, 
and transboundary influence in shaping air quality 
dynamics across northwestern Türkiye.
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Implications and policy relevance

Effective mitigation requires integrating local and 
regional perspectives: improving residential heating 
efficiency, tightening industrial emission controls, 
and strengthening early-warning systems for inver-
sion-prone days. Continuous cooperation with neigh-
bouring provinces and transboundary partners will be 
essential to address transported PM, while sustained 
adoption of cleaner fuels will help mitigate SO2 accu-
mulation. Future research should combine trajectory 
analysis with emission inventories, satellite-based 
vertical profiles, and machine-learning models to 
enhance predictive capacity and support science-
based air quality policy.

Conclusions

This study provides a decade-long evaluation of PM₁₀ 
and SO2 air pollution in Balıkesir (2013–2023), inte-
grating statistical trend analysis, seasonal and diurnal 
patterns, meteorological influences, and transbound-
ary transport diagnostics. The results demonstrate that 
wintertime heating, traffic emissions, and stagnant 
meteorological conditions are the dominant factors 
controlling high pollution levels, with temperature 
inversions exerting a particularly critical influence on 
surface accumulation.

The Pearson correlation analysis further con-
firmed that PM₁₀ and SO2 are moderately associ-
ated (r = 0.49), reflecting their common origin from 
combustion-related sources. Weak but consistent cor-
relations between pollutants and meteorological vari-
ables, particularly temperature (negative) and surface 
pressure (positive), revealed that stagnant high-pres-
sure conditions and weak horizontal winds enhance 
pollutant retention during winter episodes.

Trend analysis revealed that PM₁₀ exhibits strong 
episodic variability without a statistically significant 
long-term trend, whereas SO2 shows a clear and sig-
nificant upward tendency, indicating persistent sul-
fur emissions during cold seasons. HYSPLIT trajec-
tory analysis confirmed that severe winter episodes 
are shaped by both local stagnation and long-range 
inflow, predominantly from Eastern and Southeastern 
Europe.

These outcomes highlight that while local emis-
sion controls remain essential, they are insufficient 
to ensure sustainable air quality improvements. A 
comprehensive strategy combining stricter sea-
sonal fuel regulations, inversion-based early-warn-
ing systems, and enhanced regional cooperation is 
required to mitigate the dual impacts of local and 
transported pollution.

Future research should expand the analytical 
framework by incorporating additional pollut-
ants (e.g., NOx, O3, and PM2.5), vertical inversion 
parameters from radiosonde or satellite profiles, 
and machine-learning-based forecasting tools. Such 
integrated approaches will further strengthen the 
understanding of emission–meteorology–transport 
interactions and support evidence-based policymak-
ing for cleaner air across northwestern Türkiye.
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