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Abstract. Home heating remains a main driver of winter air pollution across many European cities, yet long-term
evaluations of pollution trends and mitigation responses remain limited. Here we present continuous
measurements of chemically-speciated PM; (particles with aerodynamic diameter < 1 um) in Dublin, a temperate
European city influenced by local residential heating and continental pollution, from 2016 to 2023 to assess
20 pollution trends under solid fuel reduction efforts. Two typical pollution types were identified: intense short-
lasting events (few hours, PM;>100 pgm™) driven by heating emissions, and moderate long-lasting events
(several days, PM;<60 pg m™) originating from transboundary transport. Their interplay shapes seasonal pollution
patterns: PM; peaks in winter, driven by local emissions, while transboundary transport dominates PM in spring.
Annual PM; declined from 6.5 to < 5.0 pg m™ over the years, mainly due to reductions in nitrate and ammonium
25 (-0.11 and -0.09 ug m* yr'!), followed by solid fuel organic aerosols and black carbon (-0.07 and -0.08 pg m™ yr-
1. Although high pollution events were largely dominated by heating emissions, their intensity and frequency
clearly declined. In contrast, limited reductions in locally-formed oxygenated organic aerosols (OOAical),
combined with increased transported OOA (+0.34 ug m™ yr"), raised their relative importance alongside rising
ozone levels. This highlights the need for integrated strategies addressing PM,; and ozone pollution. While
30 declining nitrate and ammonium indicates regional precursor reductions, a rebound in local pollutants in 2023

highlighted the persistent vulnerability to heating emissions.
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1 Introduction

Air pollution remains one of the leading environmental causes of premature mortality worldwide, with over 99%
of the global population exposed to polluted air exceeding the WHO guidelines and approximately 4.2 million
35 premature deaths each year attributed to such exposure (Lelieveld et al., 2015; Pope and Dockery, 2012; Shiraiwa
et al., 2017; Kampa and Castanas, 2008). In particular, despite substantial efforts to control air pollution and the
overall decline in pollutant levels in recent years, more than 180,000 deaths in the European Union were still
attributable to exposure to air pollution in 2023 (European Environment Agency, 2025). Submicron particles (PM;,
particles with aerodynamic diameter < 1 pum) are of particular concern as they can penetrate deep into the
40 respiratory system, leading to severe adverse health effects (Wilson and Suh, 1997; Pope and Dockery, 2012).
Importantly, the health and climate impacts of particulate matter strongly depends on its chemical composition
and physicochemical properties rather than mass concentration alone (Bates et al., 2019; Daellenbach et al., 2020;
Lin et al., 2026). Therefore, understanding the chemical composition, sources, and temporal behaviour of PM; is
essential for identifying key components relevant to heath and climate impacts, and thus for developing cost-
45 effective control strategies.
Over the past two decades, the development of online mass spectrometric techniques, such as Aerosol Mass
Spectrometer (AMS) (Jimenez et al., 2003; Decarlo et al., 2006; Canagaratna et al., 2007) and Aerosol Chemical
Speciation Monitor (ACSM) (Ng et al., 2011; Frohlich et al., 2013; Crenn et al., 2015), has greatly advanced our
understanding on PM; by enabling near real-time and chemically-speciated measurements. Furthermore, when
50 combined with established source apportionment techniques such as positive matrix factorization (PMF) (Zhang
et al., 2005; Ulbrich et al., 2009), online measurements based on AMS/ACSM also allow for detailed
characterization of organic aerosols (OA), which contribute 20-90% of PM; mass (Jimenez et al., 2009; Ng et al.,
2010), providing more specific information on OA subtypes and sources. Despite the extensive deployment of
AMS and ACSM in air pollution studies across Europe and globally (Decarlo et al., 2010; Sun et al., 2012; Lanz
55 et al., 2010), most previous applications have focused on specific pollution episodes or relatively short
measurement periods (from several weeks to one year) (Crippa et al., 2013; Chen et al., 2022b). This limitation
mainly arises from the high cost and technical demands associated with long-term AMS/ACSM operation.
However, short-term observations are usually susceptible to temporal variability in emissions and meteorological
conditions and are insufficient to capture long-term changes in air pollution associated with evolving emission
60 sources and atmospheric processes (Seo et al., 2018; Salvador et al., 2022). Importantly, they also lack the
temporal coverage needed to reliably evaluate the effectiveness and magnitude of emission control measures.
Several studies have demonstrated the value of long-term, chemically resolved aerosol datasets in understanding
seasonal variability, assessing mitigation impacts, and identifying influences from different source sectors on PM
pollution. For instance, based on five years of online ACSM measurements, Lei et al. (2020) reported that winter
65 haze pollution in Beijing has greatly declined since 2013, but controlling secondary aerosol pollution has become
increasingly challenging after 2018. The long-term observations in South Korea from 2012-2019 revealed that
changes in emissions have significantly altered the chemical composition of fine particulate matter in Northeast
Asia (Kim et al., 2022). Similarly, the multi-year ACSM measurements at the Southern Great Plains site provided
valuable insights into the chemical composition and seasonal variations of PM; over the central United States
70 (Parworth et al., 2015). A nationwide multi-site study in France revealed clear regional and seasonal patterns in

PM, composition, with OA and nitrate as major contributors, highlighting the value of continuous, high-resolution
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measurements for model validation and targeted mitigation (Chebaicheb et al., 2024). Nevertheless, long-term
AMS or ACSM deployments in Europe remain quite limited, despite their critical role in tracking the evolution
of air pollution and evaluating the effectiveness of emission control measures. Consequently, the impacts of recent

75 EU air quality and emission policies, such as the European Green Deal, the Zero Pollution Action Plan, and
Ambient Air Quality Directive, on submicron aerosol composition and sources under real-world conditions remain
largely unclear.

Ireland is often perceived as having clean air due to its maritime location and relatively low population density.
However, its air quality records have revealed a more complex picture: similar to many other European countries

80 (Crippa et al., 2013; Crilley et al., 2015; Casotto et al., 2023), Ireland has historically experienced severe air
pollution associated with residential heating. In the 1980s, Ireland experienced severe winter air pollution episodes
driven largely by coal combustion for residential heating. For example, during a nationwide pollution episode, the
citywide average mass concentration of black smoke in Dublin, the capital and most populated city in Ireland,
exceeded 750 pg m* (Goodman et al., 2009). In response, the Irish government introduced a smoky coal ban in

85 Dublin in 1990, which was later expanded to other urban areas. This intervention led to significant improvements
in air quality, e.g., black smoke levels in Dublin dropped by 70% after the coal ban (Goodman et al., 2009).
However, despite the effectiveness of the coal bans, recent studies have shown that extreme air pollution events
still occur, particularly during winter, largely associated with domestic solid fuel combustion. For example, Lin
et al. (2018) reported a severe air pollution episode with PM; mass concentration exceeding 300 pg m™ in Dublin

90 in December 2016, primarily driven by local heating emissions from biomass fuels, particularly peat and wood.
Although these fuels are often promoted as “green” or “carbon-neutral” energy sources and account for only small
fractions of residential energy use (less than 13%), they were responsible for over 70% of ambient PM; mass
during high-pollution episodes, showing persistent influence on urban air quality in Dublin (Lin et al., 2019b;
Ovadnevaite et al., 2021; Lin et al., 2023).

95 To further mitigate air pollution from domestic solid fuel combustion, in line with recent EU policy frameworks,
the Irish government has introduced a series of increasingly stringent regulations in recent years. The smoky coal
ban was progressively expanded to more regions and ultimately led to a complete nationwide prohibition on
smoky coal sales in late 2022, along with stricter regulations in other solid fuels. The Irish Environmental
Protection Agency (EPA) has also been actively communicating the health and environmental impacts of domestic

100 heating emissions to the public in recent years (Environmental Protection Agency Ireland, 2025a). However, while
several short-term studies have examined specific pollution sources or episodes (Lin et al., 2019a; Lin et al., 2019b;
Perillo et al., 2022; Fossum et al., 2024), a comprehensive long-term analysis of chemically resolved PM; in
Dublin is still missing. How different PM; components have responded to the recent air quality regulations
remains unknown, and the effectiveness of these mitigation measures and public awareness efforts has yet to be
105 fully evaluated, particularly in the context of the ongoing energy crisis, which may have partially offset expected
emission reductions. As one of the few European countries with nationwide regulations targeting residential solid
fuels, long-term observations in Ireland provide a valuable opportunity to examine how urban atmospheric
composition responds to changes in heating emissions. On the other hand, located at the western edge of Europe,
Ireland is frequently influenced by long-range transport from continental source regions under easterly flow

110 (Ovadnevaite et al., 2021; Lin et al., 2019b), making it a sensitive receptor of European emission changes. As
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such, trends observed in Ireland can reflect not only local emission variations but also broader changes in
European air pollution patterns.
In this study, we present a detailed analysis on PM; composition and sources in Dublin based on continuous online
measurements from a Quadrupole ACSM (Q-ACSM) and collocated instruments at urban background sites
115 between 2016 and 2023. The typical types of air pollution events in Dublin are identified, seasonal patterns and
long-term trends in PM; components and source contributions are characterized, and the long-term PM;, trends
under different pollution levels are also evaluated to distinguish local and transboundary influences. This work
provides the first comprehensive overview of the evolution of urban air pollution in Dublin over the past decade,

offering key insights to inform future air quality management strategies for Ireland and broader European regions.

120 2 Experiment Methods
2.1 Field Measurements and Instrumentation

Real-time measurements of chemical components in sub-micron particulate matter (PM;) were conducted at two
urban background sites in Dublin, Ireland, from 5 August 2016 to 31 December 2023. The sampling site was
initially located at the Science Center North in University College Dublin (UCD, 53.31 °N, 6.22 °W) from 5
125 August 2016 till 28 August 2023. The instrumentation was then relocated to Trinity College Botanical Gardens
(TCBG, 53.31 °N, 6.26 °W) from 6 September 2023 onward, approximately 3 km away from the UCD site (Fig.
S1). A detailed introduction of the UCD sampling site can be found in Lin et al. (2020). At the new TCBG site,
all instruments were housed in an air-conditioned shed based on the ground (20 m above sea level), and sub-
sampled isokinetically from a community inlet mounted about 5 m above the ground. The sampling shed is located
130 ~100 m away from the nearest road and is surrounded by gardens and parkland, minimizing impacts from local
point sources and traffic emissions. A month-by-month comparison of total PM; at the new TCBG site with
historical measurements from UCD showed no significant differences between the two datasets (Fig. S2),
affirming the data continuity and the suitability of the new site as a representative residential background site.
The non-refractory PM; species (NR-PM,), including organic aerosols (OA), sulfate (SOs), nitrate (NO3),
135 ammonium (NHy) and chloride (Cl) was measured by a Q-ACSM (Aerodyne Research Inc., USA). The operation
and calibration protocols of Q-ACSM have been described in detail in previous studies (Ng et al., 2011; Freney
et al., 2019). The Q-ACSM was regularly calibrated following standardized procedures and exhibited stable
response factors (RF=3.01+£0.27E-11) over the years (21 calibrations in total), indicating good long-term
instrumental performance. Equivalent black carbon (eBC) concentrations were measured using a 7-wavelength
140 Acthalometer (model AE33 from Magee Scientific), and the eBC mass concentration was derived from the 880
nm channel, applying a standard mass absorption cross-section of 7.77 m? g'! (Cuesta-Mosquera et al., 2021). A
Scanning Mobility Particle Sizer (SMPS), consisting of a differential mobility analyser (DMA) and a condensation
particle counter (CPC), was collocated to measure particle number size distributions in the 10-500 nm range. In
addition, the mass concentration of PM, s (particles with aerodynamic diameter < 2.5 pm) and gaseous pollutants,
145 including nitrogen deoxidizes (NO>), sulfur dioxides (SO-) and ozone (O3), were obtained from the nearby EPA
air quality monitoring station at Rathmines, approximately 3 km from our observation sites (Fig. S1).
Meteorological data, including wind speed (WS), wind direction (WD), relative humidity (RH), and ambient

temperature, were obtained from Dublin  Airport, located about 10 km away
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(https://www.met.ie/climate/available-data/historical-data). The hourly data coverage for each instrument and

150  dataset is summarized in Fig. S3. Please note, eBC data was not available between 2018 and 2020 due to
instrumental issues. To allow for more continuous and comparable long-term trend analysis, eBC mass
concentrations during this period were estimated using real-time OA mass concentrations. This approach is
supported by the typically strong correlation and relatively stable mass ratios between eBC and OA (see Table
S1), due to their common sources. Although estimating eBC from OA would introduce some uncertainty, such

155 uncertainty is considerably reduced when focusing on monthly or annual scales, making this approximation
suitable for long-term analysis. In addition, data in 2016-2017 were collected from August 2016 to August 2017
(Fig. S3) and are therefore grouped as 2016-2017. All other years correspond to natural calendar years (January-

December).

2.2 Data analysis and OA source apportionment

160 The raw NR-PM, data collected by the Q-ACSM was processed using the standard data processing software
(version 1.6.1.1) based on Igor Pro (Wavemetrices Inc), with instrument-specific RF and relative ionization
efficiency (RIE) values obtained from regular ammonium nitrate and ammonium sulphate calibrations. The
chemical composition dependent collection efficiency (CDCE) correction was also applied (Middlebrook et al.,
2012). To ensure data reliability, all datasets underwent rigorous quality control, during which invalid or

165 anomalous data points were identified and excluded from further analysis. Overall, the total PM; (=NR-PM,; +
eBC) tracked well with PM, s mass concentrations (slope = 0.83, r>=0.80, Fig. S4a) from nearby EPA monitoring
station and the volume concentrations (slope=1.15, r>=0.92, Fig. S4b) derived from the collocated SMPS system.
Importantly, as shown in Fig. S4a, the ratio between PM; and EPA PM, s remained stable before and after the site
relocation, further confirming that the two locations represent comparable urban background environments and

170 that the relocation did not introduce bias on the long-term trend analysis.

The rolling positive matrix factorization (rolling-PMF) (Canonaco et al., 2021; Chen et al., 2022a) technique was
applied to the Q-ACSM OA dataset for detailed source attribution. As a result, six OA factors were successfully
identified, including four primary OA (POA): OA from (1) peat, (2) wood, (3) coal combustion, and also (4) a
hydrocarbon-like OA (HOA) associated with traffic emissions and, more importantly, home oil heating (Lin et al.,

175 2019b), and two oxidized OA factors (OOA): (1) a less oxidized OOA (LO-OOA) and (2) a more oxidized OOA
(MO-OO0A). More details on the rolling-PMF analysis in Dublin can be found in Lin et al. (2021) and Lei et al.
(2025). While PMF is a powerful and widely used tool for resolving OA subtypes from different sources, it has
inherent limitations in differentiating OOA. This is mainly because extensive atmospheric aging and
fragmentation during AMS measurements leads to highly similar mass profiles among OOA components.

180 Therefore, PMF typically separates OOA only based on their relative oxidation degrees, providing very limited
insights into their origins. To address this challenge and enhance source attribution of OOA, a supervised machine
learning model was developed to further distinguish OOA from local versus transboundary sources. The details
of the OA machine learning model can be found in Lei et al. (2025). In brief, the machine learning model was
built on the fact that during local emission dominated pollution episodes, OOA tends to increase concurrently with

185 primary species, while under transboundary influence, such correlation was absent. This distinct difference in
temporal behaviour provides a strong basis for the machine learning model to separate OOA origins. The model

was first trained using rigorously selected datasets representing local emission-dominated episodes, allowing it to
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capture the typical features of locally formed OOA (LO-OOAjoca and MO-OOA|ocal). After optimization and
validation, the model was applied to the full Dublin dataset. By subtracting the local OOA from the total OOA,

190 the remaining fraction was attributed to transboundary transport contributions (LO-OOArgr and MO-OOA1gT),
providing a more source-specific characterization of OOA. To keep the subsequent discussions concise, the three
solid fuel-related POA factors (peat, wood and coal) were grouped into a single solid fuel OA factor, as they
originate from the same residential emission category, and, more importantly, exhibit highly similar temporal
patterns (Lin et al., 2017; Lei et al., 2025). Similarly, the LO-OOA and MO-OOA from local and transboundary

195 sources were merged into two categories as OOA ocal (LO-OO0A 6cat + MO-OO0A o) and OOA gt (LO-OOA st +
MO-OOATsT), respectively.

3 Results and Discussion
3.1 General characterization of air pollution in Dublin

To provide a general overview of urban air pollution in Dublin, we first examined the overall chemical
200  composition, dominant pollution sources and seasonal variability of PM, species using long-term observations
from 2016 to 2023. The air quality in Dublin is usually strongly impacted by two typical types of pollution events:
(1) transboundary transport from UK and continental Europe (Ovadnevaite et al., 2021; Lin et al., 2022), and (2)
local emissions from domestic heating, particularly during winter months (Lin et al., 2019b; Lin et al., 2018).
Although photochemical production in summer and marine aerosols transported from the North-East Atlantic can
205 occasionally elevate PM, concentrations in Dublin, these sources rarely lead to polluted days and are therefore

not the focus of this study.
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Figure 1. Examples of air pollution events in 2021 dominated by transboundary transport (left, light blue shading) and
local d tic heating emissi (right, light pink shading). Time series of PM; species (OA, SO4, NO3, NHa, Cl, and
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210 eBC) are shown in (a) and OA factors (solid fuel OA, HOA, OOAiocal, and OOATsT) are shown in (b). Pie charts present
the average composition of PM: and OA during the two episodes.

Generally, local- and transboundary-dominated pollution episodes exhibit distinct temporal and chemical
characteristics. Figure 1 shows examples of the two typical pollution episodes frequently observed in Dublin. The
first case, as shown in Fig. 1 on the left shaded in light blue, is a representative transboundary transport event that
215 happened between 28 February and 4 March 2021, under persistent easterly winds originating from continental
Europe and UK (Fig. S5). During this event, the mass concentration of PM, began to rise from 1.7 pg m™ in the
evening of 28 February, reaching a peak at 45.5 pg m>, and remained elevated for nearly 5 days. The pollution
episode was characterized by a dominant contribution of inorganic species (66%), particularly NOs, along with a
substantial contribution from transboundary originated OOA (OOArgr). On average, NO; accounted for 37% of
220 the total PM; mass, followed by NH4 (18%) and SO4 (11%). OA also played a substantial role (28%), with 41%
of OA attributed to transboundary OA (OOArgr). Although the peak PM; concentration was moderate during this
episode (< 50 ug m?), the average PM; mass concentration reached 20.6 (+£8.2) ug m?, resulting in four polluted
days, which is defined as days when daily PM; mass concentration exceeds 15 pg m™ (based on the WHO daily
PM, 5 guideline). Such prolonged pollution episodes, even with moderate PM,; concentrations (generally < 60 g
225 m), may still result in considerable health risks by leading to chronic exposure (Manisalidis et al., 2020; Arfin et
al., 2023).
On the other hand, the second case, shown on the right of Fig. 1 and shaded in light pink, illustrates a local
emission-dominated pollution episode that occurred shortly after the transboundary event. In the evening of 5
March 2021, the ambient temperature dropped below 0 °C, thus, triggering an increase in home heating. Under
230 stagnant meteorological conditions (RH > 90%, WS <2 m s}, Fig. S5a), PM; mass concentration rapidly increased
from 4.4 to 131.7 ug m™ within a few hours (from 18:00 to 22:00), before dropping back to below 10 ug m™ in
the early morning of 6 March. At the same time, as shown in Fig.S5a, gaseous pollutants also showed marked
changes, with SO, and NO, peaking at 21.9 pg m= and 69.6 pg m, respectively, while O3 was rapidly depleted
from over 60 ug m™ to below 10 ug m?. Different from the transboundary event, the PM,; chemical composition
235 during this episode was dominated by OA (64%), associated with a substantial contribution from eBC (12%).
Inorganic species contributed only 22% of the total PM; mass. The PMF analysis showed that OA was
overwhelmingly dominated by local sources (96%), particularly solid fuel combustion (58%), followed by
OOAoca (26%), while the contribution from OOAgr was minimal (4%). The average PM; mass concentration
during this local event reached 54.2 (+ 46.1) ug m~, however, only one polluted day was recorded due to its short
240  duration. Nevertheless, such short-term but intense exposure to extremely high PM concentrations (> 100 ug m"
%), particularly high OA, is likely to trigger acute health effects, especially among sensitive populations (Li et al.,
2017; Zhang et al., 2019). Similar local pollution episodes in cold season driven by residential heating have been
widely reported across Ireland, including western (Lin et al., 2022), central (Rinaldi et al., 2024) and south-eastern
regions (Byrne et al., 2023), highlighting the nationwide influence of domestic heating emissions. Comparable
245 patterns are also observed across Europe. For instance, residential heating substantially elevates OA
concentrations in Krakow, Poland (Tobler et al., 2021) and in Alpine valleys (Szidat et al., 2007), and solid-fuel
combustion contributes up to 54% of OA during wintertime in the Western Balkans (Bauer et al., 2026).
Consistently, multi-site observations (Crippa et al., 2013; Chen et al., 2022b) and emission modelling (Denier Van
Der Gon et al., 2015) identify solid fuel combustion as the dominant source of OA across the continent,

250  highlighting the regional relevance of the Dublin observations.
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Driven by the two aforementioned pollution types, or in some instances, their combination, PM; concentrations
and chemical composition in Dublin show clear seasonal patterns. As shown in Fig. 2, the coldest months, i.e.,
January, November and December (Fig. S6b), consistently show the highest PM; concentrations (7.0-8.1 pg m™),
with OA contributing over half of the total PM; mass (51-53%) and eBC accounting for 13-14%, indicating
255 dominant influence from home heating. Indeed, OA during these months comes almost entirely from local sources
(around 90%), primarily from solid fuel OA (39-43%), followed by OOAjoca (around 32%) and HOA (mainly
originated from oil heating, 15-17%). Although February sees similar ambient temperatures, the average PM;
concentration drops to 6.0 pg m?, likely due to higher wind speeds in February (see Fig. S6a) favouring pollution
dispersion. However, the increase in easterly wind frequency enhances transboundary influence, leading to higher
260 mass fractions of NOs (from 12-13% to 19%) and NHy (from 8-9% to 11%). The fractional contribution of
OOA st to total OA also rises from 8-12% to 18%, further suggesting stronger impacts from regional transport in
February. In March and April, PM,; chemical composition shifts further as local heating declines with rising
ambient temperatures. Concentrations of locally emitted components, including OA from solid fuel combustion,
HOA, OOA | as well as eBC, all show clear decreases. For example, the monthly concentrations of solid fuel
265 OA and eBC decreased to 0.5-0.7 pg m™ and 0.5-0.6 pg m™ respectively, compared to 1.2-1.6 pg m™ and 1.0-1.2
pg m in the coldest months. In contrast, secondary species, particularly NO; and NHa, as well as OOArgr, kept
increasing, likely due to enhanced springtime agricultural emissions in UK and continental EU transported by
more frequent easterly winds (Fig. S6a). For example, the monthly concentrations of NO3 and OOArgt increased
from ~1.0 and < 0.1 pug m3 to ~1.5 and ~0.2 pg m™, respectively. As a result, despite the reduction in local
270 emissions, the monthly average PM; concentrations rebounded to 6.3-6.6 pg m™. Notably, OOArgt reaches 38%
of total OA in April, surpassing OOA . (32%, Fig. 2d), associated with a high fraction of NO; (23%, Fig. 2b),

indicating a seasonal shift toward transboundary sources.
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Figure 2. Monthly average mass concentrations and chemical composition of (a-b) PMi and (c-d) OA in Dublin from
275 2016 to 2023. Panels (b) and (d) show the percentage contributions of major PM; and OA components, respectively.

During warmer months (May to October, when the average temperature exceeds 10 °C), PM; concentrations
remain consistently low (4.1-4.8 ug m), with OA staying below 2 pg m™ except in October, when local emissions

begin to reappear due to sporadic cold spells. From May to September, PM; is predominately composed of
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secondary species, with secondary inorganic components (NO3, SO4 and NH4) accounting for 41%-52% of total
280  PM,, and secondary OA (OOA cat and OOArgt) contributing more than 70% of total OA (71-79%). The elevated
contributions of secondary components are consistent with stronger solar radiation during these months, which
enhances photochemical production. In addition, this is superposed with transboundary transport that persists in
the warm months, although to a lesser degree compared with spring.
Among major gaseous pollutants, NO, and SO, presented broadly consistent seasonal behaviours with PM;.
285 Specifically, as shown in Fig. S7a, NO, remained elevated throughout the year due to persistent traffic emissions
(> 10 pg m3), however, concentrations were clearly higher in winter (around 20 pg m*) when additional emissions
from domestic heating and reduced atmospheric dispersion further enhanced ambient levels. SO, exhibited
relatively weak seasonality overall, but concentrations increased noticeably during the coldest months
(November-January, > 2 ug m), consistent with enhanced solid fuel combustion for residential heating. In
290  contrast, O; exhibited a distinctly different seasonal pattern, with concentrations peaking in late winter and spring
(February to May, around 60 pg m™), while notably lower levels were observed during summer (June-August,
around 40 ug m?) (Derwent et al., 2018). This seasonal behaviour likely reflects enhanced hemispheric and
regional transport, possible stratospheric influence, and favourable photochemical production during spring,
whereas increased photochemical destruction and reduced transport in summer limit Oz accumulation (Coleman

295 etal., 2025).

3.2 Long-term trends of air quality in Dublin

Previous studies have identified local home heating, particularly solid fuel combustion, as the main culprit of
extreme air pollution events in Dublin (Lin et al., 2018; Lin et al., 2019b; Wenger et al., 2020). In response, the
Irish government has implemented a series of mitigation measures targeting solid fuel use, including the continued
300 enforcement of the smoky coal ban, the Clean Air Strategy and, more recently, the new Solid Fuel Regulations
(Environmental Protection Agency Ireland, 2025b), which are in line with the broader European policy framework
aimed at improving air quality and reducing associated health risks. To assess the effectiveness of those
interventions, and, more broadly, to understand the evolving characteristics of urban air pollution and health
exposure risks, long-term trends in PM; concentration, composition and sources in Dublin from 2016 to 2023 are

305 analysed.

3.2.1 Long-term trends in PM; concentration and composition

Figure 3 shows the annual trends of total PM, and its major components. Please note, as 2019 lacks summer data
and would be biased toward winter conditions, it was excluded from the trend analysis and is marked in light grey
for clarity. Statistical significance of the long-term trends was assessed using the Mann-Kendall test (Sicard et al.,
310 2023) based on daily average concentrations, while linear regression of annual mean values was used to estimate
the magnitudes of the trends (Jaiswal et al., 2015), with the 95% confidence intervals (95% CI) showing the
associated uncertainties. As shown in Fig. 3a, total PM; mass concentration exhibited a statistically significant
decline over the years, with annual average falling from around 6.5 pg m in 2016-2017 to below 5 ug m™ starting
from 2022 (4.2-4.9 ug m). The average annual reduction rate was -0.46 pg m=yr! (95% CI: -0.70 to -0.23, Table
315 1). While total OA did not show any significant trend (p=0.20, Fig. 3b and Table 1), a clear reduction was observed
for locally emitted POA. More specifically, as shown in Fig. 4, both solid fuel OA and HOA exhibited significant
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downward trends, with the reducing rates of -0.04 pg m™ yr'' (95% CI: -0.06 to -0.02) and -0.08 pg m= yr! (-0.16
to -0.02), respectively. Similarly, eBC showed a significant decreasing trend (-0.07 pg m=yr',-0.10 to -0.04),
suggesting that local emissions from home heating have steadily declined. On the other hand, although the annua
320 average concentration of OOA . decreased post 2018, from 0.9 pg m™ to around 0.6 pg m™ in 2023, its overall
trend did not reach statistical significance (p=0.64). This limited decline in OOA,cal may reflect the competing
influences of reduced local emissions and evolving atmospheric processing. In particular, as shown in Fig. S7b
and table S2), the O3 concentration in Dublin increased from 38.7 pg m” in 2016-2017 to 49.4 ug m” in 2023
(2.21 pg m”>yr', 95% CI: -0.11 — 4.53), indicating enhanced atmospheric capacity, which may potentially offset
325 the benefits of reduced primary emissions through more effective secondary production (Huang et al., 2020; Sun
et al., 2020; Nassau and Jaeglé, 2025)
Table 1. Mann-Kendall test results for total PM: and its major components from 2016 to 2023, along with linear
regression slopes and the 95% confidence intervals based on annual average mass concentrations. The upward arrows

denote increasing trends, downward arrows denote decreasing trends, and the absence of arrows indicates non-
330 significant trends (p > 0.05).

Species P- Slope (95% CI) Slope of annual hourly maxima* (95%
value (ngm” yr') Cn (ugm” yr')
PM, <0.05 -0.46 (-0.70 —-0.23)| -61.0 (-105.4 — -16.6)
Org 0.20 -0.14 (-0.34 - 0.06) -41.9 (-74.9 - -8.8)
SO, 0.06 -0.04 (-0.09 — 0.02) -2.53(-5.1-0.0)
NO, <0.05 -0.11 (-0.18 —-0.03)] -2.52 (-5.0-0.0)
NH, <0.05 -0.09 (-0.16 —-0.03)| -2.26 (2.9 --1.6)
eBC <0.05 -0.07 (-0.10 —-0.04)| -12.6 (-19.1 —-6.0)
Solid fuel OA <0.05 -0.08 (-0.16 —-0.02)] -20.1 (-40.3 - 0.1)
HOA <0.05 -0.04 (-0.06 —-0.02)| -10.8 (-17.4 - -4.1)
O0A, ., 0.64 -0.03 (-0.10 - 0.03) -2.78 (-8.8-3.7)
OO0A [ <0.05 0.02 (-0.08 — 0.13)1 -0.89 (-1.7 —-0.1)

* For annual hourly maxima, only the slope is provided, while trend significance is not evaluated.

Among SIA species, SO4 showed no clear trend over the same period, consistent with only minor changes in its
precursor SO,. However, NO3 and NH4 both displayed the strongest decreasing trends, with annual slope of -0.11
pug m3yr! (-0.18 to -0.03) and -0.09 pg m3 yr! (-0.16 to -0.03), respectively. These trends may reflect broader
335 regional reductions in nitrogen-containing precursor emissions, e.g., stricter controls on agricultural ammonia and
nitrogen oxide emissions implemented in EU in recent years. For example, NOx concentrations have been
reported to decline steadily across various locations in Europe over the past decade (Macdonald et al., 2021;
Adame et al., 2022; Nelson and Drysdale, 2025). A satellite-based analysis also revealed regional reductions in
atmospheric ammonia across Europe between 2013 and 2020 (Tichy et al., 2023). Consistent with these regional
340  trends, NO; concentrations in Dublin (Figure S7b and Table S2) also showed a continuous decrease during the

study period, with an average rate of -1.16 pg m= yr! (95% CI: -2.80 to 0.49). In addition, the reductions in local

10
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solid fuel combustion, which is another important source of NO3 and NHy, likely also contributed to the observed
decline of NOs and NHy. The continuous reductions in NO3 and NHy in Dublin are consistent with previous
findings based on a combination of online AMS/ACSM data, offline filter analysis, and chemical transport
345 modelling, which revealed widespread decreases in NO3 and NH4 across Europe between 2005 to 2020, primarily
driven by precursor emission reductions (Tsimpidi et al., 2025). Conversely, although the absolute rate of change
was small (0.02 png m3yr'"), OOArsr was the only component that showed a statistically significant increasing
trend. This further supported that the reductions in NO; and NH4 were more likely due to reduced precursors
instead of less frequent easterly transport. As a result of the sustained reductions in multiple PM; species, the
350 annual number of polluted days has also declined significantly over the study period. Specifically, as shown in
Fig. S8, from ~30 days in 2016 to 2018 to only 10 days in 2023. Similarly, the number of highly polluted days
(daily PM, > 25 pg m™) also decreased from > 10 days to less than 5 days in recent years, further highlighting the
air quality improvement in Dublin. However, this exceedance (10 days per year) remains above the WHO
guideline level (3-4 days annually). Moreover, a recent study in Ireland (Lin et al., 2026) suggests that reductions
355 in particle mass do not necessarily imply lower health risks, as ultrafine particle numbers may remain high or even
increase despite declining PM; mass loading. Therefore, sustained actions are still needed to further reduce air

pollution exposure and associated health risks.
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Figure 3. Box plots of annual average mass concentrations for (a) total PM1 and major components: (b) OA, (c) eBC,
360 (d) NO3, (e) SO4, and (f) NH4, based on long-term observations in Dublin (2016-2023). Light-colored dots in each annual

bin represent all hourly data points from that year. Box plots show the mean (circle), median (horizontal line), 25%-75t%

percentiles (box), and 10"-90" percentiles (whiskers). Lines with square markers show annual hourly maximum

concentrations (right axis, log-scale for clarity). Please note that 2019 is excluded from long-term trend analysis and is

shown in grey due to biased data coverage (Fig. S3). The dashed line represents the linear fit of annual average
365 concentrations with 2019 excluded, and the statistical significance of the trend is shown in Table 1.

To further evaluate changes in pollution severity, the annual maximum hourly concentrations of PM; species were
examined. Encouragingly, all species showed remarkable declines in peak concentrations over the years. For
instance, the max OA concentration dropped from over 200 ug m- before 2018 to below 100 ug m= since 2021,
with an average reduction rate of -41.9 pg m> yr'! (95% CI: -74.9 to -8.8, Fig. 3b and Table 1). The reduction of
370 total OA was primarily driven by a sharp decline in solid fuel OA, whose max concentrations fell from over 100
ug m to below 50 pg m=(-20.1 pg m3yr!,-40.3 to 0), followed by substantial reductions in max eBC (-12.6 ug
m3yr!,-19.1 to -6.0 ), HOA (-10.8 pg m> yr'!, -17.4 to -4.1) and OOA pcar (-2.78 pg m=yr'!, -8.8 to 3.7). SIA
species also showed clear decreases in their peak concentrations, with average declines ranging from -2.26 to -

2.53 pg m? yr'. Even OOArgt showed a minor drop in its peak concentration, from 13.6 pg m= in 2016-2017 to

11
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375 8.4 pg m>in 2023. As a result, the PM; peak concentration in Dublin has declined dramatically from around 350
ug m in early years to around 100 pg m™ in 2022-2023. Interestingly, the most notable reduction occurred in
2021. This sharp reduction was largely driven by a substantial drop in solid fuel OA (from 127.4 to 46.8 pg m™)
and eBC (from 54.4 to 19.3 pg m™). The timing of the sharp decline in extreme local primary pollutants suggests
that the public outreach efforts prior to the official implementation of the new solid fuel regulation in October

380 2022 likely played an important role in raising public awareness and reducing extreme pollution events.
Although the average PM; and OA composition remained fairly stable over the years (Fig. S9), with carbonaceous
components (OA + eBC) consistently accounting for 51-61% of total PM; and local OA dominating the total OA
mass (68-85%), notable changes were still observed, particularly for OA. Specifically, the average contribution
of local OA dropped from 83-85% in 2016-2017 and 2018 to 68-75% in recent years, primarily due to the reduced

385 fractions of solid fuel OA (from 34-38% to 28-30%) and HOA (from 12-18% to 8-12%). In contrast, OOA ocal
remained relatively stable at 31-36%. Meanwhile, the fraction of OOA7sr, the only OA factor showing a
increasing trend, increased clearly from 15-17% to 25-32%, highlighting a growing relative influence of
transboundary sources while local emissions continue to reduce.
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390 Figure 4. Box plots of annual average mass concentrations for OA factors, including (a) Solid fuel OA (b) HOA, (c)
OOAjocal and (d) OOATsT, based on long-term observations in Dublin (2016-2023). Light-colored dots in each annual
bin represent all hourly data points from that year. Box plots show the mean (circle), median (horizontal line), 25-75t%
percentiles (box), and 10™-90" percentiles (whiskers). Lines with square markers show annual hourly maximum
concentrations (right axis, log-scale for clarity). Please note that 2019 is excluded from long-term trend analysis and is

395 shown in grey due to biased data coverage. The dashed line represents the linear fit of annual average concentrations
with 2019 excluded, and the statistical significance of the trend is shown in Table 1.

In addition to changes in emissions, meteorological variability can also influence PM; concentration and
composition. Meteorological conditions in Ireland generally exhibit clear and stable annual patterns, featuring
prevailing westerly to south-westerly winds. As shown in Fig. S10, the overall meteorological pattern in Dublin
400 remained broadly consistent from 2016 to 2023, with no evident shifts in temperature, relative humidity, or wind
direction. Average wind speeds were even slightly lower after 2021, indicating that the continuous decline in PM;

is unlikely driven by more favourable dispersion conditions. Nevertheless, some meteorologically driven impacts

12
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were still observed. For instance, annual PM; concentrations showed a clear positive correlation with the number
of low-temperature days (daily minimum temperature < 5 °C, Fig. S11a), particularly since 2018, reflecting the
405 overall strong sensitivity of local heating emissions to colder conditions. Notably, the frequency of such cold days
decreased from over 140 days in 2016-2017 to 109 days in 2023, suggesting that meteorological conditions may
indeed have contributed to the decline in PM,. However, despite the pronounced reductions in the hourly
maximum PM; concentrations, the annual minimum temperature remained comparable across the years (-5.6 to -
4.0 °C, Fig. S11b) and showed no clear correlation with the annual maximum PM; concentrations. This suggests
410  that the sharp decline in extreme PM; levels is mainly driven by local emission reductions rather than warmer
conditions. Overall, the results indicate that the improved air quality in Dublin has been driven mainly by reduced
emissions, with meteorological variations playing a minor role. Further analysis is needed to better quantify their

relative impacts.

3.2.2 Long-term trends of PM: under different pollution levels

415 To better understand the sources and characteristics of air pollution in Dublin, we further examined the differences
in PM; composition under different pollution levels, i.e., low (PM; < 15 pg m™), moderate (15 <PM; < 50 pg m-
%) and high (PM; > 50 ug m™) conditions. Here, the low pollution threshold follows the WHO daily guideline for
fine particulate matter, while the high-pollution threshold was selected as an operational level representing severe
air pollution episodes in Ireland. Please note that the Mann-Kendall analysis here is based on hourly data.

420 Generally, the mass concentrations of all PM; and OA components (Fig. 5a and c), along with the key gaseous
pollutants SO, and NO, (Fig. S12a), increase with pollution severity, partly due to increasingly stagnant
meteorological conditions (Fig. S13). However, the relative contributions of individual PM; components vary
markedly with pollution level, reflecting shifts in the dominant pollution sources. As shown in Fig. 5b,
carbonaceous components consistently dominate PM; mass across all pollution levels, but their contribution

425 becomes increasingly pronounced during more polluted periods. Specifically, the average OA fraction rises from
42% under low pollution to 63% under high pollution conditions, and eBC increases from 10% to 16%. In contrast,
inorganic species, particularly SO4 and NHy4, show a decreasing trend in their mass fractions with increasing
pollution levels. For instance, under low pollution conditions, SIA species contributes 47% of total PM; mass,
comparable to carbonaceous components (52%), with SO4 alone accounting for 20%, likely due to increased

430  contribution of photochemical formation and marine aerosols carried by westerly winds under low pollution levels
(Ovadnevaite et al., 2014; Lin et al., 2019a). However, under high pollution conditions, the SO4 fraction drops to
9%. Interestingly, under moderate pollution, SIA still contributes 42% of PM; on average, mainly due to a
significant increase in NOs (from 14% to 21%), indicating a strong influence from transboundary transport in
addition to local emissions.

435 Among OA components, POA becomes increasingly dominant with rising pollution levels (Fig. 5d). The fraction
of solid fuel OA increases largely from 23% under low pollution to 54% under high pollution, HOA also rises
from 9% to 20%. Conversely, the fraction of OOA, including both OOA oo and OOA s, decreases significantly.
The mass fraction of OOA g drops from 38% to 23%, and OOAgr reduces from 30% to only 3%, reflecting the
overwhelming influence of local home heating emissions during heavy pollution episodes. The decline in OOAqcal

440 contribution with increasing pollution severity is likely linked to reduced oxidant availability. Indeed, as shown

in Fig. S12a, the average concentrations of O3, which is one of the main nighttime oxidants, are significantly lower
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during more polluted periods (49.6 vs. 5.5 pg m=). This suggests that oxidants may become insufficient under
polluted conditions due to recued photochemical production and enhanced depletion by elevated precursor levels,
thus limiting the formation of OOA|cal.
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Figure 5. Average mass concentrations and chemical composition of (a-b) PM1 and (c-d) OA under different pollution
levels based on long-term measurements from 2016 to 2023. Pollution levels are categorized as low (PMi < 15 pg m),
moderate (15 < PM; < 50 pg m~) and high (PM; > 50 pg m*). Percentages in (b) and (d) indicate the average relative
contributions of individual PM: and OA components.

450  Figure 6 presents the long-term trends of PM; components, including both mass concentrations and relative mass
fraction, under different pollution levels. PM,; concentrations showed statistically significant decreasing trends
across all pollution levels, with the most pronounced reduction occurring under high pollution conditions. Under
low pollution conditions, most major PM; components exhibited statistically significant trends (Table 2), however,
the average rates of change were minimal (< 0.05 pg m™ yr!), resulting in only a minor decrease in total PM;

455 concentration (from 3.8 to 3.3 ug m>). Notably, solid fuel OA and OOArsr showed a slight increasing trend,
though the rate was negligible (< 0.02 pg m= yr'). Consequently, total OA showed a weak upward trend on
average (0.02 pg m3yr'!, 95% CI: -0.13 to 0.17, Table 2). Overall, while statistically significant, the observed
changes under low pollution conditions were minor in magnitude. In contrast, under high pollution conditions,
the decrease in PM, concentration was substantial, with the average PM, concentration dropping from 100.9 pug

460  m>in2016-2017 to 61.9 pg m™ in 2022 and 72.4 pg m™ in 2023, corresponding to an average annual decline of
-7.8 pg m3yr'! (95% CI: -13.1 to -2.2, Table 2). Moreover, the frequency of highly polluted points also showed a
clear drop from over 100 in 2016-2017 to only around 30 in 2022-2023. All major PM; components exhibited
significant decreasing trends under high pollution conditions, except for total OA, whose overall reducing trend
was not significant mainly due to the increasing concentrations of OOArgr. Locally emitted species showed the

465 most substantial reductions. For example, solid fuels OA decreased from 26.3-33.1 ug m™ in 2016-2018 to around
15 pg m? in 2022-2023, with an average annual reduction of -2.92 pug m= yr' (-5.9 to 0.1). eBC and HOA
concentrations also declined significantly, at rates of -1.68 ug m=yr! (-3.3 to -0.1) and -1.48 pg m=yr' (-3.1 to
0.1), respectively.
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Table 2. Mann-Kendall test results for total PM: and its major components from 2016 to 2023, along with linear

470 regression slopes and the 95% confidence intervals based on annual average mass concentrations under low (PMi < 15
pg m3, shaded light green), moderate (15 < PMi < 50 pg m*, shaded light orange) and high pollution (PM; > 50 pg m"
3, shaded light purple) conditions. The upward arrows denote increasing trends, downward arrows denote decreasing
trends, and the absence of arrows indicates non-significant trends (p > 0.05).

Species P- Slope (9?% 1CI) P-value Slope (9?% lCI) P- Slope (9?% FI)
(V]:";'v‘f) (rgm yr') (Moderate) (rgm’ yr) (‘]’;‘i';lf) (ngm”yr')

PM] <0.05 -0.11(-0.33-0.11)] <0.05 -0.26 (-0.39--0.14)] <0.05 -7.76 (-13.31 --2.21)|
Org <0.05 0.02(-0.13 - 0.17)1 <0.05 0.42 (0-0.82)1 0.05 -4.22 (9.49 - 1.05)
SO4 <0.05 -0.02 (-0.07-0.03)} <0.05 <0.01 (-0.18 - 0.19)1 0.16 -0.02 (-0.73 - 0.69)
NO, <0.05 -0.04(-0.09 - 0.01)]. <0.05 -0.42 (-0.75 - -0.08)] <0.05 -0.79 (-1.81-0.23)|
NH4 <0.05 -0.05 (-0.11 -0)} <0.05 -0.26 (-0.42 - -0.10)] <0.05 -0.69 (-1.21--0.17)]
eBC <0.05 -0.02 (-0.03 - 0)] <0.05 <-0.01 (-0.29 - 0.28)] <0.05 -1.68 (-3.29 - -0.06)]

Solid fuel <0.05 <0.01 (-0.03 - 0.04) 1 <0.05 0.04 (-0.15-0.23)1 <0.05 -2.92 (-5.89-0.05)|
OA
HOA <0.05 <-0.01 (-0.01-0.01) | <0.05 -0.02 (-0.16 - 0.13)| <0.05 -1.48 (-3.08 - 0.11)]

OOAIocal <0.05 <-0.01 (-0.04-0.03) | <0.05 0.07 (-0.10 - 0.26)1 <0.05 -0.08 (-1.94-1.77)|

OOA <0.05 0.02 (-0.06 — 0.11)t <0.05 0.17 (-0.14 — 0.49)t <0.05 0.34 (0.07 - 0.61)1

TBT

475 While OOA oca also showed consistent decline, its decreasing rate was much smaller (-0.08 pg m=yr') compared
to that of primary species. Interestingly, although the concentration of Os is typically much lower under high
pollution conditions, it showed a clear increasing trend from 2016 to 2023, with an average rate at 0.80 pg m3 yr-
1(95% CI: -0.80 to 2.49). This indicates that the slower decline in OOA|qcsl may be linked to enhanced secondary
formation under increasing atmospheric oxidative capacity, which could partially offset reductions driven by

480  decreased heating emissions. In contrast. OOArgt was the only species to show a statistically significant upward
trend, increasing from 0.64 ug m in 2016-2017 to 2.7 pg m™ in 2023 (increasing rate at +0.34 ug m=yr!, 0.07
to 0.61). This increase may also be linked to enhanced oxidative processing associated with rising regional O3
levels on regional scale (Derwent et al., 2018; Adame et al., 2022). As a result, the declining trend of total OA
under high pollution conditions was only marginally significant (p=0.05), despite its average concentration

485 dropping from 54.8-64.7 ug m™ in 2016-2018 to around 40 ug m™ in 2022-2023. SO did not show any significant
trend over the study period. Although its concentration once continuously decreased from 5.9 ug m> in 2016-
2017 to only 3.3 pg m™ in 2021, with a modest decreasing trend in SO> (-0.44 pg m3yr, 95% CI: -1.74 to 0.88),
a marked rebound to higher than 5.0 ug m was observed since 2022, possibly linked to shifts in fuel usage under
influences of the European energy crisis, such as increased use of lower-price but higher-sulfur fuels. In contrast,

490 NO; and NH4 both exhibited clear and significant decreasing trends under high pollution conditions. Specifically,
the concentration of NO; and NH4 declined by 52% (from 10.3 pg m™in 2016-2017 to only 4.9 pg m™ in 2023)
and 58% (from 6.7 ug m™ in 2016-2017 to 2.8 pg m™ in 2023), with the average rate at -0.79 pg m>yr' (-1.81 to
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0.23) and -0.69 pg m=yr! (-1.21 to -0.17), respectively. Consistently, NO, also decreased from 66.3 to 48.7 pg
m in 2023 (-2.30 pg m? yr!, -5.23 to 0.70). Taken together, these findings suggest that although mitigation
495 measures have led to substantial reductions in primary emissions and major secondary inorganic components,
OOA shows a more limited decline, and, in some cases, an increasing influence. This indicates its growing relative
importance, potentially associated with increasing Os levels thus enhanced atmospheric oxidative capacity. These
results therefore underscore the urgent need for coordinated control strategies that consider both PM; and O3

precursors to mitigate future air quality and health risks.
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Figure 6. Long-term trends in average mass concentrations and relative contributions of PMi and OA components
under (a) low, (b) moderate and (c) high pollution conditions from 2016 to 2023 in Dublin. Data from 2019 are excluded
from the trend analysis due to biased coverage and are shown in grey. The right axis in the top panel indicates the
number of hourly data points in each year under each pollution level.

505 Interestingly, despite the overall encouraging decline in local emissions, several primary components showed a
notable rebound in 2023 under high pollution conditions. For example, solid fuel OA increased from 14.8 pg m™
in 2022 to 17.7 pg m™ in in 2023, OOAocal and eBC rose by 44% and 29%, respectively. Among all POA factors,
the most substantial rebound was observed for wood burning OA (Fig. S14), which nearly tripled from 1.6 pg m-
3in 2022 to 4.6 ug m>, followed by a moderate increase in coal (by 49% compared with 2022), while peat and

510 HOA remained almost unchanged. While year-to-year variability is expected, the fact that these increases were
limited to local heating-related components suggests a possible resurgence in local emissions due to the persistent
energy crisis. Notably, these increases occurred despite the introduction of the nationwide solid fuel regulations
in late 2022, suggesting that the policy effects may not have yet materialized, given such a short time after the
implementation, or that changes in fuel usage may have occurred. This underscores the continued need to

515 strengthen efforts in reducing residential solid fuel use and highlights the importance of continuous long-term

observations to better track the changes of air pollution and the major sources.
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Under moderate pollution conditions, although total PM; concentrations also showed an overall decreasing trend
with a moderate reducing rate at -0.26 pg m=3yr' (95% CI: -0.39 to -0.14, Table 2), comparatively larger variability
was observed in trend direction of PM; components. More specifically, unlike the more consistent declines
520 observed under low and high pollution conditions, the trends of individual components under moderately polluted
periods were mixed. While eBC and HOA showed weak decreasing trends (< -0.01 pg m3 yr'! for eBC and -0.02
pg m3 yr! for HOA respectively), solid fuel OA showed a slight increasing trend (+0.04 pg myr!,-0.15 t0 0.23).
This contrast suggests potential minor reductions in traffic-related emissions, whereas domestic heating emissions
likely remained relatively stable under moderate pollution conditions. OOA e also presented an increasing trend
525 (+0.07 pg m? yr', -0.10 to 0.26), concurrent with rising O3 concentrations (1.13 pg m3 yr!, -4.34 to 6.60).
OOAgr also rose steadily from 1.4 pg m3in 2016-2017 to 2.2 pg m™ in 2023 (+0.17 ug m=yr'!, -0.14 to 0.49),
leading to a significant increase in total OA from 8.7 to 11.4 pg m (+0.42 ug m>yr', 0 to 0.82). Meanwhile, the
most notable reductions were observed for NOs (-0.42 ug m3 yr', -0.75 to -0.08) and NHy4 (-0.26 ug m>yr, -
0.42 to -0.10), which primarily contributed to the overall decline in PM; mass. The significant reductions in NO3
530 and NHa, despite the absence of clear downward trends in locally emitted particle components, further suggests
that their decline is primarily driven by reduced nitrogen-containing precursor emissions at the regional scale.
Consistently, as shown in Fig. S12¢, NO, showed a local decreasing tendency at a rate of -1.14 pg m= yr' (-3.68
to 1.41, Table S3). It is interesting to note that NO3; and NHy4 decreased consistently across all pollution levels,
accompanied by a concurrent decline in NO,, likely reflecting a combination of reduced local emissions and
535  broader regional-scale reductions. In contrast, OOArgr exhibited overall increasing trends across all pollution
levels, which may be linked to rising ozone levels on a regional scale (Adame et al., 2022; Nelson and Drysdale,
2025; Korhale et al., 2025).
Corresponding to the observed changes in concentration, the chemical composition of PM; and OA also evolved
over time across different pollution levels. Under low pollution conditions, due to the minimal changes in PM;,
540 and OA components, the overall composition remained largely stable due to minimal changes in absolute
concentrations. OA and SO4 consistently dominate PM;, with OOA a1 being the major contributor to total OA.
Notable changes include a moderate increase in the OA fraction after 2016-2017 (from 33% to 42-47%) and a
clear rise in the contribution of OOA7st, which grew from 21-26% before 2018 to 29-38% in later years. Under
moderate pollution level, the relative contribution of NO3 and NH4 declined significantly over time, in line with
545 their strong decreasing trends in mass concentrations. Specifically, the average NO3; and NHjy fractions dropped
from 25% and 14% in 2016-2017 to 15% and 8% in 2023, respectively. In contrast, the fraction of OA increased
from 36% to 50%, while other components (SO4, Cl and eBC) remained relatively constant. Among OA factors,
the fraction of solid fuel OA slightly declined (from 34-38% in 2016-2018 to 32-35%), while OOA1pr showed a
clear increase (from 16-17% in 2016-2018 to 22-28% in later years), suggesting an increasingly important
550  contribution of transboundary transport in OA. Meanwhile, contributions from HOA and OOA o remained
overall unchanged over the study period.
Under high pollution conditions, local residential heating emissions remained the dominant contributors, with OA
consistently contributing over 60% of total PM; and solid fuel OA alone accounting for 55-58%. eBC also
contributed substantially (12-18%). The contribution of NO3 and SO4 remained minor and relatively stable over
555 the years, while SO4 showed a notable increase in 2022-2023 (from 4-5% to 8-9%), likely due to more frequent

pollution events with elevated sulfate levels, potentially linked to changes in fuel use during the energy crisis
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(European Commission, 2024). Notably, both OOA factors showed consistent increase in their contributions over
the years: OOA|oca rose from 15% in 2016-2017 to 28% in 2023, and OOArgr increased from 1% to 7%,
highlighting the growing importance of OOA in PM composition. These trends further reflected a gradual
560 enhancement of atmospheric oxidation capacity even under high pollution conditions, supported by the increasing

average O3 levels (Fig. S12d and Table S3).

4 Conclusions

This study provides the first long-term, source-resolved characterization of PM; pollution in Dublin, a temperate
European urban environment and a sensitive receptor of regional pollution influences across Europe. In the context
565 of the nationwide regulations and public awareness efforts targeting residential solid fuels in Ireland, these long-
term observations offer new insights into how urban air pollution responds to changes in heating emissions. The
results illustrate that urban air pollution in Dublin is jointly shaped by local heating emissions and transboundary
transport from continental Europe and UK under easterly winds. These two dominant drivers lead to pronounced
seasonal variations in both PM; concentration and composition: PM; peaks during cold months and is dominated
570 by carbonaceous species and local OA, while springtime PM, is strongly influenced by transboundary transport,
leading to elevated SIA, particularly NO3 and OOArgt.
The findings demonstrate clear progress in reducing the severity and frequency of air pollution events in Dublin,
likely linked to mitigation efforts and increased public awareness regarding residential heating emissions.
Specifically, the annual PM; decreased from 6.5 ug m™ to below 5.0 ug m™ over the study period, accompanied
575 by a sharp reduction in peak pollution levels and a decrease in the number of polluted days from around 30 before
2018 to approximately 10 days in 2023. These improvements were driven by substantial reductions in both local
primary emissions and major secondary inorganic components. In particular, heating-related primary pollutants
such as solid fuel OA and eBC showed consistent reductions (-0.07 to -0.08 ug m= yr'!), while strongest reductions
were observed in NO3 and NHy (-0.11 and -0.09 pg m™ yr'!, respectively).
580  The chemical composition and trends of PM; varied substantially across different pollution levels, reflecting shifts
in dominant pollution sources. The largest PM; decreases occurred during high pollution episodes (-7.8 ug m™ yr-
') that are typically associated with domestic heating emissions, accompanied by substantial reductions in primary
pollutants (-1.48 to -2.92 pg m> yr') linked to residential combustion. However, a notable rebound in local
pollutants in 2023 (e.g., wood burning OA nearly tripled) underscores the need for sustained controls and
585 continued monitoring. Meanwhile, OOAoca only showed limited reductions (-0.08 pg m™ yr'), while OOArgr
even increased significantly (+0.34 pg m yr™"). These trends coincided with rising Os levels in Dublin and across
the region, suggesting potential enhancement in atmospheric oxidative capacity favouring OOA formation. These
findings suggest that as primary emissions decline, secondary organic aerosols may play an increasingly important
role in shaping future PM pollution. Importantly, NO3; and NH4 exhibited consistent declines across all pollution
590 levels. In particular, under moderate pollution conditions, they were the main drivers of PM; declines (-0.42 and
-0.26 pg m yr'!, respectively), despite limited reductions in local emissions. Taken together, the results point to
a regional-scale drop in nitrogen-containing precursors.
The results highlight both the progress and the remaining challenges in urban air quality management. Despite
improvements over the study period, the persistence of wintertime home heating emissions and the increasing

595 importance of secondary organic aerosols underscore the need for sustained emission controls. In particular,
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integrated air quality management that jointly addresses particulate matter and ozone precursors will be essential
to further reduce pollution exposure and associated health risks. More broadly, this study demonstrates the critical
value of long-term, source-resolved measurements for understanding evolving pollution regimes and for

supporting evidence-based air quality policy in Ireland and across Europe.
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