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Abstract

Equivalent black carbon (eBC) is a key component of fine particulate matter PM2.5, originat-
ing from incomplete combustion processes and exerting significant impacts on air quality,
human health, and climate. This study investigates the temporal variability and interan-
nual changes in eBC in Kraków, Poland, in the context of Europe’s recent energy policy
changes and ongoing energy transition. A one-year dataset (October 2023 to September
2024) based on multi-wavelength optical measurements was analysed to quantify total
eBC and its fossil-fuel (eBC) and biomass-burning (eBCbb) components and compared
with 2020–2021 observations. Results show strong seasonal variability, with winter eBC
concentrations averaging 4.0 µg m−3 and peaking at 5.5 µg m−3 in February, while summer
minima reached 1.2–1.5 µg m−3. Biomass-burning contributions remained low throughout
the year, ranging from 0.1–0.2 µg m−3 in summer to 0.4–0.5 µg m−3 in winter. PM2.5

concentrations followed similar trends, with winter values of 24–31 µg m−3 and summer
levels of 8–12 µg m−3. Extreme pollution episodes were observed during winter, with
PM2.5 exceeding 120 µg m−3 and eBC reaching 13 µg m−3. Despite the 2019 ban on coal
and wood combustion, elevated wintertime eBC indicates a strong influence of regional
emissions transported from surrounding areas. A clear weekly pattern was identified, with
eBC concentrations approximately 40% higher on weekdays (3.1 µg m−3) compared to
weekends (2.2 µg m−3), while eBCbb showed minimal variation. The winter-to-summer
eBC ratio (2.2) highlights the combined effects of heating demand and meteorological condi-
tions. The findings demonstrate that the energy policy changes intensified winter pollution
variability and weather events rather than increasing annual averages. The observed dif-
ferences indicate that pronounced wintertime variability and episodic pollution remained
important during 2023–2024 despite lower annual mean concentrations than in 2020–2021.
While local policies effectively limit direct emissions within Kraków, regional contributions
remain significant, emphasizing the need for coordinated emission reduction strategies
and the inclusion of episodic extremes in air quality and health impact assessments.

Keywords: PM2.5; equivalent black carbon; air quality; energy transition; residential
heating; coal combustion; temporal variability; source apportionment

1. Introduction
Equivalent black carbon (eBC) represents the optically measured light-absorbing

carbonaceous fraction of fine particulate matter and serves as a proxy for black carbon orig-
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inating from combustion sources [1]. Black carbon is a product of incomplete combustion
of fossil fuels, biofuels, and biomass, and is characterized by its strong absorption of visible
light across all wavelengths [2]. Unlike other aerosol components that primarily scatter
light, black carbon’s absorption properties make it a potent climate forcer, contributing
to positive radiative forcing and regional climate change [3]. The health implications of
eBC exposure are substantial. As a component of PM2.5, eBC contributes to respiratory and
cardiovascular morbidity and mortality in urban populations [4]. Long-term exposure to el-
evated eBC concentrations has been associated with increased risks of lung cancer, ischemic
heart disease, and premature mortality [5]. The World Health Organization has identified
particulate matter, including black carbon, as a priority pollutant requiring stringent con-
trol measures [6]. Optical measurement techniques, particularly multi-angle absorption
photometry (MAAP) and aethalometry, have become standard methods for continuous
eBC monitoring [7]. These instruments measure light absorption at multiple wavelengths,
enabling not only total eBC quantification but also source apportionment into fossil fuel
and biomass burning components based on the wavelength dependence of absorption
(Ångström exponent) [8,9]. The term “equivalent” black carbon acknowledges that optical
methods measure absorption and convert it to mass concentration using assumed mass
absorption cross-sections, which may vary with particle mixing state and source [10,11].

Continuous eBC monitoring supports both scientific assessment and policy evaluation.
Near-real-time measurements enable rapid identification of pollution episodes and assess-
ment of emission-control effectiveness [12,13]. Long-term eBC datasets are essential for
tracking trends in combustion emissions and evaluating the impacts of regulatory measures,
such as vehicle standards and residential-heating restrictions [1,14]. Source-apportioned
eBC data further allow differentiation between fossil-fuel and biomass-burning contribu-
tions, supporting sector-specific mitigation strategies. From a climate perspective, the short
atmospheric lifetime of black carbon means that emission reductions can deliver rapid
climate benefits, making eBC monitoring a valuable input for air-quality management and
near-term climate policy [15,16].

Kraków, one of the largest metropolitan areas in southern Poland, has long been
affected by severe air quality degradation, with the most pronounced exceedances occur-
ring during the heating season [17–19]. The study by Skiba et al. consistently identified
coal-based residential heating as a dominant source of particulate pollution. Isotope-based
source apportionment for the period 2018–2019 showed that coal combustion contributed
about 44% of the carbonaceous fraction of PM10 during the heating season, distinguishing
Kraków and other Polish cities from Western European urban areas where natural gas and
district heating dominate [20,21]. Supporting this, eBC measurements in Kraków in the
2020–2021 study by Ryś et al. revealed fossil-fuel-related concentrations of 0.8–11.6 µg m−3,
with clear winter peaks (5.3 ± 1.8 µg m−3), highlighting the continued importance of
combustion sources [22]. In response to persistent air quality problems, Kraków author-
ities implemented a ban on burning coal and wood for residential heating in September
2019, making it one of the first major Polish cities to adopt such stringent measures [23].
This policy intervention provides a unique opportunity to assess the effectiveness of fuel-
switching mandates on eBC concentrations and source contributions. Recent changes in
European energy markets, including fluctuations in fuel prices and concerns over energy
security, have raised interest in their potential implications for residential heating emissions
and urban air quality across Central Europe. However, air pollutant concentrations are
influenced by multiple interacting factors, including meteorological conditions, long-term
emission-control measures, traffic intensity, and regional pollutant transport. Therefore,
although the present study discusses the observed variability in eBC within the broader
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context of Europe’s changing energy conditions, it does not seek to establish a direct causal
relationship between the energy crisis and the measured concentrations.

The main objective of this study is to assess how Europe’s shifting energy conditions
have influenced the temporal variability and interannual changes in eBC in Kraków by
analysing a new one-year dataset of eBC and BCbb in PM2.5 (October 2023, September 2024)
and comparing seasonal, diurnal, monthly, and weekday and weekend patterns with those
observed in 2020–2021. The study aims to characterise eBC variability across multiple time
scales, quantify interannual trends and changes in concentrations and source contributions,
and examine the linkages between Europe’s energy transition, Poland-specific policy in-
terventions, and observed eBC patterns, with particular emphasis on altered residential
heating-fuel use during and after the energy crisis. Finally, Kraków’s eBC dynamics are
contextualised within broader European trends using multi-year measurement campaigns
and comparative data from other Central and Northern European cities, providing insight
into the interactions between energy systems, policy measures, and urban air quality. The
study by [22] is used as a reference for comparison; the present work is not a repetition of
the previous study. It is based on a new one-year dataset collected during 2023–2024 and
represents the first interannual assessment of eBC and BCbb in Kraków using the same
sampling site, analytical methodology, and data-processing procedures. This methodologi-
cal consistency enables a robust comparison between the two measurement periods while
minimising methodological uncertainty.

2. Materials and Methods
2.1. Sampling Site and Regional Context

The sampling campaign was conducted at the same urban background station used
in the earlier study, located on the campus of AGH University of Science and Technology
in Kraków (approx. 50◦04′ N, 19◦54′ E). The site is surrounded by residential buildings
and is about 2 km from the city centre. A two-lane road passes nearby, providing a
representative mixture of urban background and traffic contributions. The site is downwind
of several suburban municipalities where residential solid-fuel heating remains widespread,
especially during winter. The same urban background site was used in both the 2020–2021
and 2023–2024 campaigns, allowing direct comparison of measurements obtained under
comparable site conditions.

2.2. PM2.5 Sampling

PM2.5 sampling was carried out from 15 October 2023 to 24 September 2024.
Twenty-four-hour samples were collected every third day, starting at 08:00 local time,
following the protocol used in 2020–2021 [22]. Teflon filters (PTFE, 47 or 46.2 mm, 2.0 µm
pore size Sartorius, Göttingen, Germany) were loaded into a low-volume air sampler
(LVS-3, Sven Leckel, Berlin, Germany) with a nominal flow rate of 2.3 m−3/h. Before
and after sampling, filters were conditioned for at least 24 h at (20 ± 1) ◦C and (50 ± 5)%
relative humidity, then weighed using a microbalance (MYA 5.4Y.F.A, RADWAG Wagi
Elektroniczne, Radom, Poland). PM2.5 mass concentration (µg m−3) was calculated from
the net mass gain and the sampled air volume.

2.3. Optical Measurements and MABI Instrument

After gravimetric analysis, filters were analysed with a Multi-Wavelength Absorp-
tion Black Carbon Instrument (MABI), developed by the Australian Nuclear Science and
Technology Organisation (ANSTO), Lucas Heights, NSW, Australia [24]. MABI measures
light transmission through the filter at seven wavelengths: 405, 465, 525, 639, 870, 940
and 1050 nm. The instrument includes a multi-LED light source, a filter holder, a photode-
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tector and an optical arrangement that reflects scattered light back through the filter to
compensate for scattering losses [24].

For each wavelength λ, the instrument records the transmission through an unexposed
filter (I0(λ)) and the corresponding exposed filter (I(λ)). The light absorption coefficient
babs(λ) (10−6 m−1) is then computed as:

babs(λ) = 102 A
V

ln(
I0(λ)

I(λ)
),

where A is the exposed filter area (cm2) and V is the sampled air volume (m3).

2.4. Mass Absorption Coefficients and Calculation of eBC

The mass absorption coefficient ε(λ) relates the absorption coefficient to the BC
mass concentration:

BC(λ) =
103 babs(λ)

ε(λ)
(ng m−3).

Following recommendations for Teflon filters in MABI, we adopted a reference mass
absorption coefficient ε (639 nm) = 6.0 m2 g−1, which already incorporates corrections
for scattering and filter loading effects. For other wavelengths, ε(λ) was derived from
power-law fits to ln (I0/I) relationships between wavelengths, as described previously.
The resulting ε(λ) values were within the 4.4–8 m2 g−1 range recommended for black
carbon measurements.

The equivalent black carbon mass concentration eBC (µg m−3) in this work refers to
the value computed at 639 nm:

eBC = BC (639 nm)/103.

This wavelength predominantly samples fossil-fuel-related combustion aerosols, in-
cluding traffic and high-temperature combustion sources. The difference between the
eBC concentrations derived at 405 and 1050 nm was used as an operational proxy for the
UV-absorbing carbonaceous fraction. This fraction is commonly associated with biomass
burning and other low-temperature combustion sources but may also include contributions
from brown carbon and other UV-absorbing aerosol components. Therefore, it should not
be interpreted as a source-specific measurement of biomass-burning emissions.

2.5. Estimation of Biomass-Burning Black Carbon (BCbb)

Biomass-burning contributions were estimated using the difference in BC mass be-
tween UV and near-infrared wavelengths (405 and 1050 nm), which is sensitive to particles
with stronger UV absorption typical of lower-temperature combustion processes. BC from
biomass burning was approximated as:

BCbb = [BC (405 nm)− BC (1050 nm)]/103.

Negative values, arising from measurement uncertainty and noise in near-background
conditions, were set to zero in the aggregated statistics. The sensitivity of the wavelength-
dependent source apportionment and the associated uncertainty were evaluated following
the methodology described by Ryś et al. [22], where the effects of the selected mass ab-
sorption coefficients and wavelength assumptions on the calculated eBC fractions were
comprehensively assessed. Therefore, the same approach was adopted in the present study.
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3. Europe’s Energy Transition and Poland’s Context
3.1. European Energy and Emission Policies

Over the past two decades, European Union member states have implemented com-
prehensive emission mitigation policies aimed at improving air quality and reducing
greenhouse gas emissions [25]. These policies have included progressively stricter vehicle
emission standards (Euro 5, Euro 6), industrial emission controls under the Industrial
Emissions Directive, and national emission reduction commitments under the National
Emission Ceilings Directive [26]. The implementation of these policies has been identified
as the most decisive factor for observed decreasing trends in black carbon concentrations
across Europe [7].

Long-term monitoring at high-altitude sites in Central Europe (Zugspitze-Schneefernerhaus
and Jungfraujoch) documented decreased eBC concentrations from 2009 to 2018 for both
free troposphere and planetary boundary layer-influenced conditions, with trends con-
sistent with reported reductions in total black carbon emissions in Germany and Switzer-
land [27]. These observations suggest that emission controls have reduced not only local
pollution but also regional background aerosol concentrations in the lower free troposphere
over Central Europe [27].

Traffic-related black carbon has shown particularly strong declining trends across
European urban areas. Analysis of eBC data from 50 stations across urban Europe
(2006–2022) revealed that eBC from liquid fossil fuel combustion (eBCT), primarily from
traffic, exhibited decreasing trends over the last decade, while eBC from residential and
commercial sources (eBCRC) remained relatively constant or slightly increased in some
cities [28]. This divergence reflects the success of vehicle emission controls, including
diesel particulate filters that reduce BC emissions by 90–99%, alongside the persistence of
residential solid fuel combustion in certain regions [29].

3.2. Poland’s Energy Transition Challenges

Poland’s energy landscape presents unique challenges within the European context.
The country has historically relied heavily on coal for both electricity generation and
residential heating, with coal accounting for a substantial portion of primary energy con-
sumption [30]. The Upper Silesia coal basin has been central to Poland’s economy and
energy system for over a century, creating deep socio-political attachments to coal mining
and use [31]. Regional analyses of Upper Silesia describe complex socio-political attitudes
toward energy transition, the prominent role of coal in regional economies, and COVID-19-
related impacts on mining communities and policy discussions. The pandemic added
additional pressures to transition debates in mining regions, highlighting tensions between
economic security, employment, and environmental objectives [31].

Despite these challenges, Poland has undertaken efforts to reduce emissions from
residential heating, which represents a major source of wintertime air pollution in Polish
cities. Unlike Western European countries where natural gas and district heating dominate,
individual coal-fired boilers and stoves remain common in Polish households, particularly
in smaller towns and rural areas [32]. These small-scale combustion sources are difficult to
regulate and monitor, contributing to persistent air quality problems.

3.3. Kraków’s Local Policy Interventions

Kraków has been at the forefront of local air quality policy in Poland. The city
implemented restrictions on burning coal and wood for household heating, with a ban
introduced in September 2019 [23]. This regulation prohibits the use of solid fuels in
individual heating installations within the city limits, requiring residents to switch to
cleaner alternatives such as natural gas, district heating, or electric heating systems.
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The implementation of this ban has been linked qualitatively to lower local biomass-
burning eBC compared to other Polish sites. Measurements conducted from February 2020
to March 2021 found that Kraków’s annual average biomass-burning BC concentration
(BCbb) was 0.25 ± 0.15 µg m−3, substantially lower than the 0.93 ± 0.76 µg m−3 observed
in Zabrze, another southern Polish city [14,22]. This difference suggests that the burning
ban may have reduced local biomass combustion emissions, though pollutant migration
from neighbouring municipalities where fossil fuel use remains allowed continues to affect
Kraków’s air quality [33].

Local remedial actions and modernization of heating systems and industrial sources
have been associated with reduced eBC at some Polish sites over multi-year records. In
Zabrze, an 11-year MAAP record (2009–2020) documented a mean eBC of 3.82 µg m−3 with
an overall downward trend, potentially influenced by modernization in industry and heat-
ing systems [14]. In comparison, measurements conducted by Anna Ryś in Kraków during
2020–2021 reported eBC concentrations ranging from approximately 0.8 to 11.6 µg m−3,
with wintertime mean values around 5.3 ± 1.8 µg m−3, highlighting that despite mit-
igation efforts, combustion-related emissions remain a significant contributor to urban
air pollution.

3.4. COVID-19 Pandemic as a Natural Experiment

The COVID-19 pandemic and associated lockdown measures in spring 2020 provided
an unprecedented natural experiment to assess the impacts of reduced human activity on
air quality. Aircraft measurements over western and southern Europe in May–June 2020
found black carbon mass concentrations reduced by approximately 47–48% compared to
July 2017 measurements [34]. Model simulations attributed about 7% of these reductions to
meteorological differences and flight patterns, while approximately 40–41% of the reduction
was attributable to decreased anthropogenic emissions resulting from reduced activity [34].

Ground-based observations in Kraków during the early 2021 lockdown period re-
vealed that reduced traffic contributions allowed clearer detection of solid-fuel heating
pollution and migration of pollutants from neighbouring municipalities. During this period,
domestic heating (biomass/solid fuel combustion) contributed roughly 50% of equivalent
black carbon (eBC) in Kraków during the heating season, with traffic-related fossil fuel
combustion accounting for about 15–25% [22]. The pandemic thus highlighted the relative
importance of different emission sources and demonstrated the potential air quality benefits
of reduced traffic emissions.

3.5. Meteorological Conditions During the Measurement Campaign

To facilitate the interpretation of seasonal variability and winter pollution episodes,
meteorological conditions recorded at the AGH meteorological station were analysed
(http://meteo.ftj.agh.edu.pl/main (accessed on 25 July 2026). During the winter period
(December 2023–February 2024), the mean air temperature was 3.7 ◦C, while the mean and
median wind speeds were 2.0 and 1.7 m s−1, respectively. Wind speeds below 2 m s−1

occurred on approximately 60% of winter days, indicating generally weak atmospheric
ventilation. The prevailing wind direction was from the western sector, observed on 52
of the 91 winter days, although easterly, north-easterly, and south-westerly winds were
also recorded.

The most pronounced winter pollution episode occurred during 8–10 January 2024,
coinciding with exceptionally cold and stagnant meteorological conditions. During this period,
the mean air temperature was −11.1 ◦C, with a minimum daily temperature of −13.3 ◦C
recorded on 9 January. The mean wind speed was 1.43 m s−1, decreasing to 0.75 m s−1 on
10 January, while the mean atmospheric pressure was approximately 1004 hPa. Additional
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periods of limited atmospheric dispersion were observed on 28–29 January, when wind
speeds decreased to 0.92 and 0.76 m s−1, respectively, and atmospheric pressure exceeded
1008 hPa. Similarly, during 14–16 February, the mean wind speed was only 0.77 m s−1, with
all three days characterised by wind speeds below 1 m s−1.

These periods of weak winds, together with low winter temperatures and relatively
high atmospheric pressure, indicate stagnant meteorological conditions that favour the
accumulation of locally emitted and regionally transported combustion-derived aerosols.
Although direct measurements of planetary boundary-layer height or temperature in-
versions were not available for the monitoring site, the observed surface meteorological
conditions are consistent with reduced atmospheric mixing during the most severe winter
pollution episodes.

4. Results
Mass Absorption Coefficients (ε) and Absorption Coefficients (b_abs)

Figure 1 presents the wavelength-dependent mass absorption coefficients. The fitted
relationship yielded parameters of a = 459.15 and an absorption Ångström exponent
α = 0.672, indicating a strong power-law dependence. The fit shows an excellent agreement
with the measured data, as reflected by a coefficient of determination exceeding 0.9963. The
resulting curve follows the expected spectral behaviour, and the derived mass absorption
coefficients fall within the range of 4.4–8 m2 g−1, in accordance with recommended values.

Figure 1. The mass absorption coefficient (ε) versus wavelength (λ) obtained for sampling from the
Krakow site.

As shown in Figure 2, the light absorption coefficients (b_abs) measured at all wave-
lengths exhibit pronounced temporal variability over the sampling period. Elevated b_abs
values are clearly observed during the late autumn and winter months, with pronounced
peaks in November, December, January, and February, whereas substantially lower values
dominate during the late spring and summer period. This seasonal contrast indicates
enhanced emissions of light-absorbing carbonaceous aerosols during colder months, con-
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sistent with increased combustion activity. The coherent temporal evolution across all
wavelengths, with systematically higher absorption at shorter wavelengths, reflects the
dominance of combustion-derived particles and the influence of aerosol composition on
spectral absorption. Periodic sharp peaks suggest episodic pollution events, while the over-
all decline toward summer highlights the reduced contribution of heating-related sources.
The similarity in temporal patterns across wavelengths further confirms a common source
influence governing the observed absorption variability.

Figure 2. The light absorption coefficients (babs) at seven wavelengths (nm) for sampling from
Krakow during October 2023–September 2024 in 10−6 m−1.

The monthly averages reveal a pronounced seasonal variability in both eBC and PM2.5

concentrations Figure 3. Fossil-fuel-related eBC (eBC) reaches its highest levels during
winter, with mean concentrations of approximately 4.0 µg m−3 in January and a clear
maximum of about 5.5 µg m−3 in February, accompanied by elevated PM2.5 concentrations
of roughly 28 µg m−3 and 24 µg m−3, respectively. March also shows relatively high
eBC levels (3.2 µg m−3). The annual maximum concentration eBC levels of PM2.5 was
(31 µg m−3). The autumn months reflect the onset of the heating season, with interme-
diate eBC concentrations of about 2.4 µg m−3 in October, 1.7 µg m−3 in November, and
2.3 µg m−3 in December, while PM2.5 ranges from approximately 14 to 16 µg m−3.

In the non-heating period from April to September is characterised by substantially
lower concentrations. eBC decreases to around 2.2 µg m−3 in April and 2.0 µg m−3

in May, reaching minima of approximately 1.5 µg m−3 in June and 1.2 µg m−3 in July,
before increasing again in late summer to about 2.6 µg m−3 in August and 3.0 µg m−3 in
September. During this period, PM2.5 concentrations remain low, typically between 8 and
12 µg m−3, with the lowest values observed in June and July. Biomass-burning eBC (eBCbb)
contributes a smaller fraction throughout the year, with winter values of approximately
0.4–0.5 µg m−3 and summer minima near 0.1–0.2 µg m−3. Comparable observations
for Kraków during 2020–2021 reported summer eBC levels generally in the range of
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1–2 µg m−3, with clear minima in June–July and a gradual increase towards early autumn,
while PM2.5 concentrations remained relatively low (10–15 µg m−3) outside the heating
season [22]. These values are consistent with the pattern observed here, confirming that
fossil-fuel-related eBC dominates even during the non-heating period, albeit at significantly
reduced levels.
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Figure 3. Mean monthly concentrations of eBC and BCbb together with PM2.5 in µg m−3 for sampling
from Krakow during 2023–2024.

The seasonal averages of eBC clearly reflect the underlying monthly distribution of
concentrations throughout the year (Figure 4). Winter (December–February) exhibits the
highest levels, with mean fossil-fuel related eBC of approximately 4.0 ± 1.6 µg m−3 and
biomass burning (eBCbb) of about 0.4 ± 0.1 µg m−3. This season includes December, Jan-
uary, and February, which correspond to the months with the strongest heating demand
and the highest monthly eBC values, particularly in January and February, driving the
pronounced winter maximum. Autumn (September–November), comprising September,
October, and November, represents the onset of the heating season. During this period, eBC
averages around 2.3 ± 0.6 µg m−3, while eBCbb reaches approximately 0.30 ± 0.10 µg m−3,
reflecting increasing residential combustion and a gradual rise in monthly eBC from early
autumn toward late autumn. Spring (March–May) includes March, April, and May and
shows intermediate concentrations, with mean eBC of roughly 2.5 ± 0.6 µg m−3 and eBCbb

of about 0.25 ± 0.07 µg m−3. Elevated values in March, a transitional month with continued
heating demand, contribute to higher spring averages compared to summer, while April
and May show a progressive decline as heating activity decreases. The lowest concentra-
tions are observed in summer (June–August), comprising June, July, and August, when
eBC drops to approximately 1.8 ± 0.08 µg m−3 and eBCbb to about 0.20 ± 0.05 µg m−3.
These months correspond to minimal residential heating and more favourable dispersion
conditions, resulting in the lowest monthly and seasonal eBC levels. The alignment be-
tween monthly and seasonal patterns demonstrates that the pronounced winter maximum
and summer minimum in eBC concentrations are driven primarily by residential heating
intensity and seasonal meteorological conditions, with fossil-fuel combustion dominating
black carbon levels throughout the year. Comparison with the study by Anna Ryś, shows a
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similar seasonal pattern, with higher eBC in winter and lower in summer. The present win-
ter value (4.0 ± 1.6 µg m−3) lies within the lower range of the reported 5.3 ± 1.8 µg m−3,
while the summer value (1.8 ± 0.8 µg m−3) is comparable to 2.2 ± 0.5 µg m−3. Biomass-
burning contributions are also similar (0.35 ± 0.1 vs. 0.4 ± 0.3 µg m−3), indicating good
agreement with previous results obtained at the urban background site in Kraków (AGH
station) during 2020–2021 by Anna Ryś. In that study, elevated winter eBC levels were
likewise attributed to intensified residential solid fuel combustion, while summer values
(0.2 µg m−3) were substantially lower, reflecting reduced heating demand [22]. A compa-
rable seasonal contrast has also been reported across European urban sites, where black
carbon concentrations typically peak in winter due to domestic heating and stagnant atmo-
spheric conditions, and decrease in summer owing to improved dispersion and the absence
of heating emissions. These consistent patterns across Kraków and other European cities
confirm that biomass-burning contributions are strongly season-dependent and reinforce
the robustness of the observed seasonal variability in eBC source apportionment.

Figure 4. Seasonal concentrations of eBC and BCbb in µg m−3.

The comparison between workdays and weekends reveals a clear weekly modulation
in eBC concentrations shown in Figure 5. Fossil-fuel-related black carbon (eBC) shows
higher mean concentrations on workdays, averaging approximately 3.1 ± 1.1 µg m−3,
compared with about 2.2 ± 0.8 µg m−3 on weekends, corresponding to an increase of
roughly 40% during weekdays. This systematic weekday enhancement suggests additional
contributions from traffic and weekday-related commercial or industrial activities. The
relatively large variability, particularly on workdays, indicates the occurrence of episodic
pollution events superimposed on the weekly cycle. In contrast, biomass-burning black
carbon (eBCbb) exhibits much lower concentrations overall and a weaker weekday and
weekend contrast. Mean eBCbb values are approximately 0.25 ± 0.08 µg m−3 on workdays
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and 0.30 ± 0.10 µg m−3 on weekends, with overlapping uncertainty ranges. This pattern
implies that biomass-burning sources, largely associated with residential activities, are
less influenced by the weekly work schedule and remain relatively constant throughout
the week. The pronounced weekday enhancement observed for eBC, but not for eBCbb,
indicates that traffic-related and other weekday-specific fossil-fuel sources contribute to the
weekly variability of black carbon, while biomass-burning emissions play a secondary and
more temporally uniform role.

Figure 5. Mean concentrations of eBC and BCbb for weekend and workdays.

The time series illustrates pronounced co-variability between PM2.5 mass concentra-
tions and eBC components over the campaign, with clear contrasts between the heating
and non-heating periods. PM2.5 concentrations generally remain below 20 µg m−3 during
most of the warm season but are substantially higher and more variable during winter,
with several pronounced episodes. The most extreme event occurs in early January, when
PM2.5 exceeds 120 µg m−3, coinciding with a sharp peak in fossil-fuel-related eBC (eBC)
of approximately 13 µg m−3, indicating an intense combustion-driven pollution episode.
Additional elevated PM2.5 events, reaching roughly 40–60 µg m−3, are observed in late
January and February and are accompanied by concurrent increases in eBC. A similar
temporal pattern was observed in Kraków during 2020–2021 study by Anna Ryś, where
winter pollution episodes were also characterised by strong co-variability between PM2.5

and eBC, with mean winter concentrations of approximately 27.6 µg m−3 for PM2.5 and
5.3 ± 1.8 µg m−3 for eBC. In both datasets, elevated concentrations occur during the heat-
ing season and are associated with intensified residential combustion and unfavourable
meteorological conditions.

Throughout the campaign, eBC dominates the black carbon signal, with background
levels typically around 1–3 µg m−3 during the non-heating period and frequent wintertime
enhancements to 4–8 µg m−3, punctuated by episodic peaks up to 13 µg m−3. Biomass-
burning contributions remain comparatively low, generally below 0.4 µg m−3, but show
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modest increases during the heating season, with winter values around 0.35–0.4 µg m−3

and summer minima near 0.2 µg m−3, indicating an additional contribution from low-
temperature combustion. During spring and summer, both PM2.5 and eBC concentrations
decrease markedly and exhibit reduced variability, with PM2.5 typically in the range of
9–18 µg m−3 in spring and 9–10 µg m−3 in summer, while eBC remains around 2.5 µg m−3

in spring and decreases to 1.8 µg m−3 in summer. Late summer and early autumn show a
gradual increase in both parameters, indicating the transition toward the heating season.
The synchronous peaks in PM2.5 and eBC, particularly during winter pollution episodes,
demonstrate that combustion-related sources strongly influence fine particulate matter
levels, while the relatively stable relationship between PM2.5 and eBC outside extreme
events suggests a consistent contribution of black carbon to total particulate mass across
the campaign.

A comparison between the 2020–2021 measurements reported by [22]. and the present
2023–2024 dataset reveals broadly consistent seasonal patterns but notable differences in
absolute concentrations. In both periods, winter exhibits the highest PM2.5 and eBC concen-
trations, while summer shows the lowest, reflecting the dominant influence of residential
heating and seasonal meteorological conditions. However, a clear reduction is observed in the
more recent data set, particularly during the heating season. Winter PM2.5 decreased from
27.6 ± 0.2 µg m−3 in 2020–2021 to 20.97 ± 13.5 µg m−3 in 2023–2024 (Table 1), while eBC
declined from 5.3 ± 1.8 µg m−3 to 4.06 ± 2.9 µg m−3, indicating lower combustion-related
emissions. A similar decrease is evident in autumn, with eBC dropping from 4.2 ± 1.6 µg m−3

to 2.33 ± 1.18 µg m−3 and PM2.5 from 19.2 ± 0.7 µg m−3 to 17.3 ± 4.66 µg m−3, suggesting
improvements at the onset of the heating season (Shown Figure 6).

Table 1. Mean concentrations of PM2.5, equivalent black carbon (eBC), and biomass-burning black
carbon (BCbb) in µg m−3 with standard deviation for seasonal and annual periods in 2020–2021 [22]
and 2023–2024.

Year 2020/2021 2023/2024

Period PM2.5 (µg m−3) eBC (µg m−3)
BC(_{bb})
(µg m−3) PM2.5 (µg m−3) eBC (µg m−3)

BC(_{bb})
(µg m−3)

Spring 16.5 ± 0.2 3.0 ± 1.1 0.3 ± 0.1 18.3 ± 12.8 2.5 ± 1.1 0.29 ± 0.1
Summer 12.6 ± 0.1 2.2 ± 0.5 0.2 ± 0.1 9.7 ± 2.8 1.8 ± 0.9 0.23 ± 0.1
Autumn 19.2 ± 0.7 4.2 ± 1.6 0.22 ± 0.16 17.3 ± 4.7 2.3 ± 1.2 0.34 ± 0.2
Winter 27.6 ± 0.2 5.3 ± 1.8 0.4 ± 0.3 21 ± 14 4.1 ± 2.9 0.36 ± 0.3
Annual 18.2 ± 0.6 3.5 ± 1.5 0.25 ± 0.15 16.6 ± 3.38 2.7 ± 0.9 0.25 ± 0.1

The summer concentrations remain relatively comparable between the two periods
(PM2.5: 12.6 ± 0.1 vs. 9.7 ± 2.8 µg m−3; eBC: 2.2 ± 0.5 vs. 1.8 ± 0.8 µg m−3), indicating that
non-heating sources such as traffic have remained relatively stable. Spring shows mixed
behaviour, with slightly higher PM2.5 but lower eBC in 2023–2024. Biomass-burning con-
tributions (BCbb) are broadly similar across both periods, particularly in winter (0.4 ± 0.3
vs. 0.36 ± 0.25 µg m−3), confirming the continued role of residential heating. On an
annual basis, PM2.5 decreased substantially from 18.2 ± 0.6 µg m−3 to 16.6 ± 3.38 µg m−3,
accompanied by a reduction in eBC from 3.5 ± 1.5 µg m−3 to 2.7 ± 0.9 µg m−3. While
seasonal variability remains consistent, the lower concentrations observed in 2023–2024
indicate a gradual improvement in air quality, although wintertime pollution episodes
driven by combustion sources remain a significant concern.
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Figure 6. Daily concentrations of PM2.5 and eBC µg m−3.

5. Discussion
The influence of Europe’s recent energy crisis on black carbon concentrations in

Kraków was evident primarily in intensified wintertime variability and extreme pollution
episodes, rather than uniform increases in annual mean concentrations, as demonstrated by
the 2023–2024 measurement campaign. Fossil-fuel-related black carbon (eBC) exhibited pro-
nounced seasonal variation, with peak monthly means of approximately 4.8 ± 0.8 µg m−3

in January and February, substantially exceeding summer values (1.8 ± 0.8 µg m−3). These
winter concentrations are lower than those reported for Kraków in 2020–2021 by [22].
(5.3 ± 1.8 µg m−3), indicating a decrease in fossil-fuel-related emissions in the more recent
period, although the strong seasonal contrast confirms the continued dominance of com-
bustion sources. These elevated winter eBC levels persist despite Kraków’s municipal ban
on coal and wood combustion implemented in 2019 [23], indicating that regional fossil-fuel
combustion from surrounding municipalities likely intensified during the energy crisis
dominates the urban background, a pattern consistent with regional emission spillover doc-
umented in other European cities with local combustion bans (Anti-smog resolution—LIFE
Małopolska). The biomass-burning eBC (eBCbb) remained comparatively low and relatively
constant throughout the year (<1.5 µg m−3) but exhibited clear seasonal variability, with
higher concentrations during the heating season and lower values in summer This indi-
cates that, although biomass combustion contributes to wintertime pollution, crisis-driven
fuel switching did not lead to a dominant increase in local biomass burning within city
boundaries. This contrasts with observations from rural Central European sites, where
significant increases in residential wood combustion were reported in response to rising
natural gas prices [35,36]. The winter-to-summer eBC ratio of approximately 2.2 reflects not
only increased heating demand and unfavourable wintertime dispersion conditions [21]
but also behavioural responses to elevated energy costs, including switching to cheaper
solid fuels and extended heating periods. This is consistent with observations from Kraków
(urban background site) during 2020–2021, where winter eBC concentrations reached
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5.3 ± 1.8 µg m−3 compared to 2.2 ± 0.5 µg m−3 in summer [22], as well as with broader
Central European trends reported for 2022–2023, where household surveys indicated a
significant shift toward solid fuel use in response to rising energy prices [37]. Weekday
eBC concentrations exceeded weekend values by approximately 40%, indicating recovered
traffic emissions superimposed on the elevated winter background, contrasting sharply
with the dampened weekly variability observed during the 2020–2021 lockdown period,
when differences between weekdays and weekends were minimal due to reduced mobility
(e.g., eBC remaining relatively stable at 2–3 µg m−3 across the week in Kraków [22]. In
contrast, the absence of a comparable weekday–weekend contrast in eBCbb, with values
remaining within a narrow range (0.25–0.35 µg m−3), confirms its dominant association
with residential heating rather than work-related activities. Recurrent winter pollution
episodes, with the most severe events reaching approximately 40–60 µg m−3 in PM2.5 and
8–10 µg m−3 in eBC, represent the most direct manifestation of intensified combustion emis-
sions during the heating season. These synchronous peaks indicate pollution accumulation
under stagnant meteorological conditions and contribute disproportionately to adverse
cardiovascular and respiratory health outcomes, given the nonlinear exposure response
relationship observed for black carbon at elevated concentrations. The findings indicate
that Europe’s energy crisis contributed to enhanced wintertime emissions and episodic
pollution extremes in Kraków, partly driven by fuel switching linked to rising energy
costs [38]. While local measures such as Kraków’s 2019 solid fuel ban significantly reduced
particulate matter (by 39% between 2010 and 2019 [39], urban air quality remains strongly
influenced by regional emissions from surrounding municipalities [5,40,41]. These exter-
nal contributions are further exacerbated by economic constraints affecting the adoption
of cleaner heating technologies [19] and by frequent wintertime temperature inversions,
which trap pollutants and intensify smog episodes [39].

6. Statistical Analysis
The Wilcoxon rank-sum test, equivalent to the Mann–Whitney U test, was used to

determine whether PM2.5, equivalent black carbon measured at 639 nm (eBC), and the
biomass-burning-related black carbon component derived from the 405–1050 nm wave-
length range (BCbb) differed significantly between the 2020/2021 and 2023/2024 measure-
ment periods.

The Wilcoxon rank-sum test is a non-parametric test and therefore does not require
the analysed data to follow a specific distribution, such as a normal distribution. The test
is appropriate for comparing two independent groups. It evaluates whether observations
from one group tend to be systematically higher or lower than observations from the other
group. When the compared distributions have approximately similar shapes, the results
may be interpreted as a comparison of their medians.

The null hypothesis stated that observations from the 2020/2021 and 2023/2024 mea-
surement periods originated from continuous distributions with equal locations, interpreted
here as equal medians. The alternative hypothesis stated that the distributions differed
between the two periods. The tests were performed separately for spring, summer, autumn,
winter, and the complete annual datasets.

For each comparison, the sample sizes, median concentrations, Mann–Whitney U
statistic, two-sided p-value, rank-biserial correlation as an effect-size measure, and the
Hodges–Lehmann estimate of the location shift with its 95% confidence interval were
determined. The complete statistical results are provided in Supplementary Table S1.

A result of h = 1 indicates rejection of the null hypothesis, meaning that a statistically
significant difference was identified between the two measurement periods. A result of h = 0
indicates failure to reject the null hypothesis. The significance level was set at 5% (p < 0.05).
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Table 2 provides a summary of the Wilcoxon rank-sum test results for PM2.5, equiva-
lent black carbon measured at 639 nm (eBC), and biomass-burning-related black carbon
derived from the 405–1050 nm wavelength range (BCbb). A value of h = 1 indicates re-
jection of the null hypothesis at the 5% significance level, whereas h = 0 indicates failure
to reject the null hypothesis. Detailed results, including sample sizes, median concentra-
tions, Mann–Whitney U statistics, p-values, effect sizes, and 95% confidence intervals, are
provided in Supplementary Table S1.

Table 2. Summary of the Wilcoxon rank-sum test results.

Spring Summer Autumn Winter Annual
PM2.5 0 1 0 0 0
eBC 1 1 1 0 1
BCbb 0 0 0 0 0

The h values obtained from the Wilcoxon rank-sum test are summarised in Table 2,
while the complete statistical results are presented in Supplementary Table S1. No statisti-
cally significant differences between the 2020/2021 and 2023/2024 measurement periods
were observed for any of the analysed parameters during winter.

For eBC, statistically significant differences were identified in spring, summer, and
autumn, as well as for the complete annual dataset. The null hypothesis of equal distri-
bution locations was therefore rejected for these comparisons. No statistically significant
difference in eBC was observed during winter. For PM2.5, the null hypothesis was rejected
only for the summer dataset, whereas no statistically significant differences were found in
spring, autumn, winter, or for the complete annual dataset. For BCbb, the null hypothesis
could not be rejected for any season or for the complete annual dataset.

The Wilcoxon rank-sum test indicated that the most consistent interannual differences
occurred for eBC, whereas BCbb concentrations remained statistically comparable between
the two measurement periods. Detailed interpretation of the direction and magnitude of
these differences was based on the median concentrations, effect sizes, and confidence
intervals reported in Supplementary Table S1.

7. Conclusions
This study provides a detailed assessment of equivalent black carbon (eBC) variability

in Kraków during October 2023–September 2024, with particular emphasis on the influence
of Europe’s recent energy crisis and ongoing energy transition. By combining multi-
wavelength optical measurements with PM2.5 mass concentrations, fossil-fuel-related (eBC)
and biomass-burning (BCbb) contributions were distinguished and analysed across seasonal,
monthly, weekly, and episodic time scales, compared with observations from 2020–2021.
The results highlight that eBC concentrations in Kraków remain strongly controlled by
seasonal combustion activity, with a pronounced winter maximum driven primarily by
fossil-fuel combustion. Despite the municipal ban on coal and wood burning implemented
in 2019, wintertime eBC concentrations remain elevated, indicating a substantial influence
of regional emissions transported from surrounding municipalities where solid-fuel heating
persists. Biomass-burning contributions (BCbb) remained relatively low throughout the year
but exhibited clear seasonal variability, with higher values during the heating season and
minima in summer. This pattern suggests that, although biomass combustion contributes
to wintertime pollution, crisis-related fuel switching did not lead to a dominant increase in
local biomass burning within the city.

The energy crisis did not alter the typical seasonal pattern of air pollution in Kraków.
Annual mean concentrations decreased in 2023–2024 compared to 2020–2021 (PM2.5: 11.3
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vs. 18.2 µg m−3; eBC: 2.67 vs. 3.5 µg m−3), indicating that it mainly affected winter
episodes rather than overall air quality. Severe winter episodes were characterised by syn-
chronous peaks in PM2.5 and eBC, reflecting intense combustion emissions combined with
unfavourable dispersion conditions. A clear contrast between weekdays and weekends
was observed for eBC, indicating traffic- and weekday-related fossil-fuel sources superim-
posed on the heating-season background, whereas BCbb showed little weekly modulation.
These findings indicate that local emission-control measures in Kraków are effective in
limiting direct residential combustion within city boundaries but remain insufficient to
prevent elevated wintertime black carbon levels under conditions of regional energy stress.
The study highlights the need for coordinated regional emission mitigation, consideration
of energy affordability in air-quality planning, and the inclusion of episodic extremes,
rather than annual averages alone, when evaluating the air-quality and health impacts of
energy-system disruptions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su18157850/s1, Table S1: Wilcoxon rank-sum test results for
PM2.5, eBC, and BCbb concentrations measured during the 2020/2021 and 2023/2024 periods.
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