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 A B S T R A C T

Non-Methane Volatile Organic Compounds (NMVOCs) impact health and air quality, contributing to ozone and 
secondary organic aerosols (SOA). With stricter pollutant limits and a growing emphasis on modelling under 
the new European Ambient Air Quality Directive, improving NMVOC representation — particularly in terms 
of speciation — is essential. Current state-of-the-art European inventories rely on outdated data, potentially 
limiting accuracy. This study assesses for the first time the CAMS-REGv7.1 NMVOC emission inventory across 
Europe and evaluates the impact of replacing its default speciation with a more recent alternative using the 
MONARCH chemical transport model, comparing results with benzene, toluene and xylene observations for 
2019. The impact of changing the speciation on modelled O3 is also quantified.

The updated speciation shows significant changes in emissions across NMVOC species, with all species 
showing changes greater than ±15 %, significantly affecting their spatial distribution and sector contributions. 
Air quality modelling results show notable improvements for benzene (average NMB from -46.1 % to -27.7 %), 
primarily driven by a better split of residential wood combustion NMVOC proposed in this work. For toluene 
and xylenes, major overestimations previously observed in capital cities are largely reduced by improving the 
characterisation of solvent activities with the new speciation profiles. However, some areas showed degraded 
performance likely due to the over-allocation of industrial emissions in urban areas, limiting the assessment 
of speciation changes and worsening the overall underestimation. Despite significant changes in the split of 
NMVOCs, the proposed changes show minimal impact on modelled O3 levels, aside from localised spatial and 
temporal variability. The largest daily variations in MDA8 were -14 μg/m3 in March and +8 μg/m3 in May. 
The effects are smaller during summer, possibly due to an increasing role from biogenic emissions. Additional 
measurements of NMVOC species, along with more detailed model mechanisms, are needed to extend the 
evaluation.
1. Introduction

Non-methane Volatile organic compounds (NMVOCs), emitted from 
both natural (Sindelarova et al., 2022; Trimmel et al., 2023) and 
anthropogenic sources (Chen et al., 2023; Duan et al., 2023), are of 
increasing concern due to their significant impacts on air quality and 
public health. Some species, such as benzene, are known carcinogens, 
while others can damage the central nervous system, respiratory sys-
tem, and liver (Alford and Kumar, 2021; Shuai et al., 2018; Zhou 
et al., 2023). Additionally, NMVOCs undergo photochemical oxidation 
in the atmosphere, leading to the formation of ozone (O3) (Atkinson, 
2000; Butler et al., 2011; Monks et al., 2015) and secondary organic 
aerosols (SOA) (Ye et al., 2024; Srivastava et al., 2022; Heald and Kroll, 
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2020), which significantly contribute to the particulate matter (PM) 
levels in the atmosphere (Chen et al., 2022; Huang et al., 2014). These 
substances pose further risks, with O3 affecting human health, climate, 
vegetation, and crops (Xiong et al., 2024; Tai et al., 2021; Lelieveld 
et al., 2015; Mills et al., 2016), and PM contributing to a wide variety 
of adverse health problems (Juginović et al., 2021; Thangavel et al., 
2022; Stackelberg et al., 2013).

With the new European Ambient Air Quality Directive 2024/2881/
EU setting stricter O3 and PM limit and target values (EC, 2024), the 
importance of accurately assessing NMVOC emissions to control them 
has increased (Petetin et al., 2023; Xiao et al., 2024; Zhang et al., 2022). 
However, due to the complexity of NMVOCs, their emissions remain 
https://doi.org/10.1016/j.envpol.2025.126510
Received 20 March 2025; Received in revised form 2 May 2025; Accepted 20 May 
vailable online 20 June 2025 
269-7491/© 2025 The Authors. Published by Elsevier Ltd. This is an open access ar
2025

ticle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://www.elsevier.com/locate/envpol
https://www.elsevier.com/locate/envpol
https://orcid.org/0000-0001-5582-2747
https://orcid.org/0000-0001-9727-8583
https://orcid.org/0000-0002-1393-617X
https://orcid.org/0000-0001-5872-0244
https://orcid.org/0000-0002-4456-0697
https://orcid.org/0000-0001-9552-3688
mailto:kevin.deoliveira@bsc.es
https://doi.org/10.1016/j.envpol.2025.126510
https://doi.org/10.1016/j.envpol.2025.126510
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envpol.2025.126510&domain=pdf
http://creativecommons.org/licenses/by/4.0/


K. Oliveira et al. Environmental Pollution 382 (2025) 126510 
poorly understood (Desservettaz et al., 2023; Pozzer et al., 2022). 
Several factors contribute to the uncertainties in NMVOC emission 
estimates. First, total emission estimates rely on emission factors (EF) 
and activity data that can vary widely and are often based on limited 
or outdated information (von Schneidemesser et al., 2023). Second, 
uncertainties arise from the spatial and temporal disaggregation of 
emissions (Guevara et al., 2021; Navarro-Barboza et al., 2024). Lastly, 
the speciation profiles, which split total NMVOCs into specific species, 
are crucial for evaluating individual components. Yet, these profiles 
often show inaccuracies due to a lack of detailed source-specific mea-
surements needed for their update. Current literature frequently relies 
on non-specific and outdated speciation profiles, mainly obtained in the 
1990s, which are highly sensitive to factors such as location, year, tech-
nology, and measurement methodology (Theloke and Friedrich, 2007; 
Huang et al., 2017; Passant, 2002). While the speciation for some sec-
tors, such as combustion processes (e.g. wood, coal, or oil combustion), 
may not have changed significantly, sectors like solvents and transport 
have evolved considerably. For instance, Directive 2010/75/EU (EC, 
2010), restricted solvent use, while continuous technological advance-
ments in road transport efficiency across different EURO categories 
have led to substantial changes over time.

As part of the European (EU) Copernicus Atmosphere Monitoring 
Service (CAMS) (CAMS, 2024), the Netherlands Organisation for Ap-
plied Scientific Research (TNO) develops and maintains the European 
Regional emission inventory (CAMS-REG) (Kuenen et al., 2022), which 
provides gridded information for the main air pollutants to support the 
CAMS European regional air quality production system (Colette et al., 
2024). Beyond its application under CAMS, the CAMS-REG inventory 
is also widely employed in many modelling applications and stud-
ies (Tokaya et al., 2024; Timmermans et al., 2022; Navarro-Barboza 
et al., 2024). Due to the scarcity of direct emission measurements, the 
assessments of emission estimates are often done indirectly by using 
them as input in atmospheric chemistry and transport models and 
comparing the modelling outputs against observations. While several 
works have focussed on assessing the quality of the CAMS-REG inven-
tory for the main criteria pollutants, such as NO𝑥, PM, SO𝑥, CO, and 
NH3 (Jung et al., 2022; Skoulidou et al., 2024; Thunis et al., 2021), 
similar in-depth evaluation works for NMVOC emissions have not yet 
been conducted for this inventory. Nevertheless, recent evaluations 
have been carried out using other emission inventories (Oliveira et al., 
2024; von Schneidemesser et al., 2023; Ge et al., 2024; Rowlinson et al., 
2024).

This study assesses the impact of changing NMVOC emission spe-
ciation on air quality model performance by evaluating CAMS-REG 
NMVOC emissions using the Multiscale Online Nonhydrostatic Atmo-
spheRe CHemistry (MONARCH; Badia et al. (2017), Klose et al. (2021), 
Pérez et al. (2011)) chemical transport model. As CAMS-REG relies 
on speciation profiles from the 1990s, we examine the impact of 
replacing them with a more recent database compiled by Oliveira et al. 
(2023). Modelled concentrations are compared against European in 
situ measurements for 2019, focusing on benzene, toluene, and xylenes 
(BTX) due to their relevance to health and air quality, the availability 
of observations, and the limitations of the current chemical mechanism 
in representing other individual NMVOCs (Hanif et al., 2021; Oliveira 
et al., 2024). The analysis also quantifies the sensitivity of O3 to 
changes in NMVOC speciation.

2. Data and methods

2.1. Emissions

For this study, we used emissions from the Copernicus Atmosphere 
Monitoring Service Regional Anthropogenic Air Pollutants emission 
inventory (CAMS-REG; Kuenen et al., 2022), which covers emissions 
for the UNECE-Europe for the main air pollutants. We used version 
7.1 of the CAMS-REG inventory for the year 2019 which contains 
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data reported by countries to the European Monitoring and Evaluation 
Programme (EMEP) in 2023, aggregated by sector and fuel type. These 
reported emissions are spatially distributed at a 0.05◦ × 0.1◦ grid 
resolution using specific proxies. Total NMVOC emissions are further 
disaggregated into 25 species or species groups, as detailed in Sec-
tion 2.2. More detailed information regarding the emission inventory 
methodology is described in Kuenen et al. (2022).

To facilitate the analysis and discussions of the emission results 
provided in the present work, we categorised the EU into distinct 
regions:

• East: Bulgaria (BGR), Czech Republic (CZE), Hungary (HUN), 
Poland (POL), Romania (ROU), Slovakia (SVK), Slovenia (SVN).

• North: Denmark (DEN), Estonia (EST), Finland (FIN), Iceland 
(ISL), Lithuania (LTU), Norway (NOR), Sweden (SWE).

• South: Cyprus (CYP), Spain (ESP), Greece (GRC), Croatia (HRV), 
Italy (ITA), Malta (MLT), Portugal (PRT).

• West-Central: Austria (AUT), Belgium (BEL), Switzerland (CHE), 
Germany (DEU), France (FRA), United Kingdom (GBR), Ireland 
(IRL), Luxembourg (LUX), Netherlands (NLD).

2.2. NMVOC speciation profiles

Total NMVOC emissions in CAMS-REG are provided with a specia-
tion profile to breakdown the NMVOC emissions to 25 Global Emission 
Inventory Activity (GEIA) NMVOC species (Huang et al., 2017), orig-
inally developed by the REanalysis of the TROpospheric chemical 
composition (RETRO) project (Schultz, 2007). In this work, we com-
pare two sets of speciation profiles for distributing these emissions: 
the CAMS-REG default speciation database (hereinafter referred to as 
CAMS) and the speciation profiles compiled by Oliveira et al. (2023) 
(hereinafter referred to as OLIV23).

CAMS is based on an earlier report by Olivier et al. (1996) and 
subsequent work by Theloke and Friedrich (2007). For the sector–fuel 
combinations currently included in CAMS-REG, the default speciation 
relies on 30 unique profiles. The profiles are not country-dependent due 
to limited detailed data; however, for fuel-dependent sectors, the shares 
may vary across countries due to differences in fuel composition, which 
affects the final speciation share.

OLIV23 covers over 900 individual NMVOC species and incorpo-
rates recent studies on major sources, including Heeley-Hill et al. 
(2021) for domestic solvent use, Stockwell et al. (2015) for agricultural 
waste burning, and Marques et al. (2022) for passenger cars, among 
others. For less significant sources or those expected to remain sta-
ble over time due to the absence of new data, it occasionally relies 
on Passant (2002) and Theloke and Friedrich (2007). The speciation 
catalogue accounts for a total of 54 unique sector–fuel profiles. To allow 
for comparisons with the current CAMS default speciation, we linked 
each individual NMVOC species to the corresponding GEIA group based 
on the chemical formulas provided in Huang et al. (2017). Species 
that could not be linked to one of the 25 groups were assigned to the 
’Other NMVOC (voc25)’ category. As part of this work, we updated 
the original speciation profile proposed for the residential wood com-
bustion (RWC) sector in Oliveira et al. (2023) to better capture the 
sector’s nuances. Details on this update are provided in section 1 of 
the Supplementary Material.

The OLIV23 NMVOC speciation file constructed for this study can be 
obtained from Oliveira et al. (2025). The file follows the same format 
as the speciation file provided by default with the CAMS-REG emission 
inventory, with profiles categorised by country, GNFR sector, year and 
the GEIA 25 species.
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2.3. Air quality modelling system

The air quality modelling system used in this study integrates 
two models: the High-Elective Resolution Modelling Emission Sys-
tem version 3 (HERMESv3; Guevara et al., 2019), which process the 
CAMS-REGv7.1 anthropogenic emissions described in Section 2.1, and 
the chemical transport model Multiscale Online Nonhydrostatic At-
mospheRe CHemistry (MONARCH; Badia et al., 2017; Klose et al., 
2021), which simulates the production, transport and removal of air 
pollutants.

HERMESv3 was used to regrid CAMS-REGv7.1 emissions horizon-
tally from their original resolution (0.1◦ × 0.05◦) to our user-defined 
grid (0.1◦ × 0.1◦) and vertically across 24 layers, making use of 
the sector-dependent vertical profiles provided by CAMS-REG (Bieser 
et al., 2011). For the temporal disaggregation, the sector-, country- and 
pollutant-dependent CAMS-REG-TEMPOv3.2 profiles (Guevara et al., 
2021) were used to convert the original CAMS-REG annual emissions 
to an hourly resolution. To prepare the emission input files required 
by MONARCH, HERMESv3 splits the air pollutants from CAMS-REG 
into the species required by the Carbon Bond 5 (CB05; Yarwood et al., 
2005) chemical mechanism. For NMVOCs, the split was performed 
using the speciation profiles described in Section 2.2. The mapping 
between the GEIA and CB05 NMVOC species was performed follow-
ing Guevara et al. (2019). Biogenic emissions are estimated using 
MEGANv2.04 (Guenther et al., 2006, 2012), which is fully integrated 
within MONARCH.

MONARCH is an online system for simulating atmospheric chem-
istry, integrating a gas-phase module with a hybrid sectional-bulk 
aerosol module to model tropospheric chemistry. It operates with the 
Nonhydrostatic Multiscale Model on the B-grid (NMMB) meteorological 
core (Janjic and Gall, 2012). Photolysis rates are calculated using the 
Fast-J scheme, accounting for clouds, aerosols, and O3 (Wild et al., 
2000). Gas dry deposition is modelled using a resistance-based ap-
proach (Wesely, 1989), while scavenging and wet deposition follow the 
methods of Byun and Ching (1999), Foley et al. (2010).

The gas-phase chemistry in MONARCH solves the CB05 chemical 
mechanism extended with chlorine chemistry (Sarwar et al., 2012). 
The core CB05 mechanism considers 51 chemical species, including 
15 VOCs, and solves 156 reactions. It is well-suited for a range of 
tropospheric conditions, from urban to remote environments. Further 
details on MONARCH are available in the referenced sources, while the 
information on BTX reactions is provided in Oliveira et al. (2024).

In this study, MONARCH was configured with a rotated latitude–
longitude projection at a spatial resolution of 0.1◦ by 0.1◦, centred 
over the European CAMS domain, which spans 30◦ 𝑁 to 72◦ 𝑁 and 
30◦ W to 60◦ E, covering all European countries, Turkey, part of North 
Africa, the European part of Russia, and part of the Middle East. The 
model used 24 vertical layers, extending up to 50 hPa, with HERMESv3 
configured to match this vertical resolution. Meteorological boundary 
conditions were sourced from European Centre for Medium-Range 
Weather Forecasts (ECMWF) Reanalysis v5 (ERA5; Hersbach et al., 
2023) for 2019, while boundary condition chemistry relied on CAMS 
global atmospheric composition reanalyses and ECMWF’s Integrated 
Forecasting System (IFS; Flemming et al., 2015).

2.4. Observations

To evaluate the performance of MONARCH in modelling NMVOC 
concentrations, we used the data compiled for the year 2019 from 
the Globally Harmonised Observations in Space and Time (GHOST; 
Bowdalo et al., 2024). For measured BTX concentrations, the pri-
mary data source was the EEA Air Quality e-Reporting (EEA, 2023). 
This dataset was complemented with additional data from existing 
national and subnational networks: for Spain, we used data provided 
by MITECO (MITERD, 2020), which increased the number of stations 
for benzene from 73 to 121, for toluene from 40 to 54, and for xylenes 
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from 20 to 62; for the Netherlands, we included data reported by 
RIVM (RIVM, 2024), which increased the number of stations for ben-
zene from 5 to 15, for toluene from 5 to 15, and for xylenes from 0 to 
9; and for the Paris area, we incorporated data from Airparif (Airparif, 
2024), which increased the number of stations in France for benzene 
from 13 to 31, for toluene from 9 to 27, and for xylenes from 0 to 22. 
After incorporating these sources, the compiled dataset consisted of 672 
stations monitoring benzene, 256 stations for toluene, and 238 stations 
for xylenes.

To improve the dataset’s quality, we implemented temporal cov-
erage criteria, retaining only those stations with at least 75% data 
availability. Stations with approximately less than nine months of data 
were excluded from the analysis to minimise the potential impact of 
stations with insufficient measurements. As a result of this filtering, 
we excluded 154 stations for benzene, 55 stations for toluene, and 46 
stations for xylenes.

The compiled dataset includes measurements from various tech-
niques, calibrations, and instruments, which introduces uncertainties 
that should be carefully considered when drawing conclusions (Diez 
et al., 2022). For example, the analysis of benzene measurement values 
reported in two stations in Latvia revealed significant discrepancies, 
with annual averages approximately seven times higher than those 
reported elsewhere in Europe. Further examination of these locations 
found no identifiable emission sources to explain the elevated values. 
Furthermore, we identified that these stations employed a unique mea-
surement technique compared to the rest of the stations, i.e. differential 
optical absorption spectroscopy (DOAS) instead of the gas chromatog-
raphy (GC)-based methods. The DOAS method can be affected by 
overlaps with other compounds, while GC separates compounds before 
detection. This difference may explain the observed discrepancies with 
the rest of Europe. To avoid potential misinterpretation of the data, we 
decided to exclude these two stations from our analysis.

Fig.  1 shows the locations of the stations monitoring BTX, along 
with the measured annual average concentrations. The final dataset 
includes 496 stations for benzene (343 urban, 109 suburban, and 44 
rural), 198 stations for toluene (120 urban, 50 suburban, and 28 rural), 
and 170 stations for xylenes (97 urban, 46 suburban, and 27 rural). In 
terms of spatial coverage, Italy and Belgium are particularly notable for 
their extensive representation.

A brief overview of the annual averages and regional distribution of 
benzene, toluene, and xylenes measurements across Europe is presented 
in section 3 of the Supplementary Material.

3. Results

3.1. NMVOC speciated emissions comparison

In this section, we compare the speciated NMVOC emissions from 
CAMS-REGv7.1 after applying the two speciation profile databases: 
CAMS and OLIV23. It is important to note that, since only the NMVOC 
speciation has been modified, the total NMVOC emission sums remain 
unchanged. A overview of the total NMVOC emissions by region and 
sector is presented in section 2 of the Supplementary Material.

Table  1 presents the total emissions at the EU level per NMVOC 
GEIA species, along with the absolute and relative differences between 
the two speciations. This section focuses on discussing changes ob-
served in BTX emissions, since these are the species considered in 
the air quality modelling evaluation (see Section 3.2). The remaining 
NMVOCs that contribute significantly to total emissions or have experi-
enced notable changes (e.g., acids (voc24), isoprenes (voc10), monoter-
penes (voc11), propane (voc03), higher alkanes (voc06), ethyne
(voc09)) are discussed in section 4 of the Supplementary Material. 
The resulting emission changes are contextualised by comparisons with 
other studies (Panopoulou et al., 2020; Peng et al., 2022; Borbon et al., 
2023; Dalsøren et al., 2018; Ge et al., 2024; Rowlinson et al., 2024), 
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Fig. 1. Location of air quality monitoring stations measuring BTX across Europe in 2019. The area classification of each station is represented by different markers (urban, 
suburban, and rural), while the colour of the markers indicates the annual average concentration in μg/m3. Only stations with more than 75% of valid data are included in the 
map.
Table 1
Comparison of the CAMS-REG total EU emissions for 2019 per GEIA species using CAMS and OLIV23 
speciation.
 GEIA ID GEIA Group EU emissions (kt) Differences

 CAMS OLIV23 (kt) (%)  
 voc01 Alkanols (alcohols) 1464 1739 274 19  
 voc02 Ethane 186 227 41 22  
 voc03 Propane 129 294 165 127  
 voc04 Butanes 259 423 164 63  
 voc05 Pentanes 302 257 −45 −15  
 voc06 Hexanes and higher alkanes 1121 726 −395 −35  
 voc07 Ethene (ethylene) 298 343 45 15  
 voc08 Propene 89 107 18 20  
 voc09 Ethyne (acetylene) 80 157 77 97  
 voc10 Isoprenes 0 10 10 –  
 voc11 Monoterpenes 1 83 82 12224 
 voc12 Other alk(adi)enes/alkynes (olefines) 145 181 35 24  
 voc13 Benzene 123 188 65 53%  
 voc14 Methylbenzene (toluene) 336 145 −190 −57  
 voc15 Dimethylbenzenes (xylenes) 294 193 −100 −34  
 voc16 Trimethylbenzenes 22 4 −18 −83  
 voc17 Other aromatics 145 349 204 141  
 voc18 Esters 408 289 −119 −29  
 voc19 Ethers (alkoxy alkanes) 346 12 −334 −97  
 voc20 Chlorinated hydrocarbons 232 125 −107 −46  
 voc21 Methanal (formaldehyde) 62 86 24 39  
 voc22 Other alkanals (aldehydes) 196 432 236 121  
 voc23 Alkanones (ketones) 389 319 −71 −18  
 voc24 Acids (alkanoic) 450 16 −435 −97  
 voc25 Other NMVOC 230 605 375 163  
w
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hich, despite using different models or satellite-derived data, serve as 
aluable references.
To complement the analysis, Fig.  2 illustrates the resulting gridded 
aps (0.1◦ 𝑥 0.1◦) of annual BTX emissions, considering both CAMS 
nd OLIV23 speciations, as well as the relative differences between 
hem. Finally, Fig.  3 shows the absolute and relative contribution 
f each GNFR sector to total BTX emissions per country obtained 
E

4 
ith each speciation. In the Supplementary Material, sections 6 and 
 provide the sectoral contributions and spatial emission maps for the 
emaining NMVOC GEIA species.
For benzene, other stationary combustion (GNFR C) is the dominant 

ector, contributing 58% in CAMS and 64% in OLIV23. Replacing 
AMS with OLIV23 results in a 53% increase of total emissions at the 
U level, the rise being considerably homogeneous across countries
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Fig. 2. Gridded annual emissions of benzene, toluene, and xylenes (kt) at a resolution of 0.1◦ 𝑥 0.1◦, using CAMS (first column) and OLIV23 (second column), along with the 

relative differences between them (third column).
(Fig.  2). Notable increases are seen in Germany, the UK, and France, 
where emissions can rise by up to 180%, while in Ireland, decreases 
can reach 50 %. The increase is mainly attributed to a higher share of 
benzene in RWC emissions, with OLIV23 accounting for nearly twice 
the share (12.1%) compared to CAMS (6.8%) (Fig.  3). This aligns with 
literature, which identifies benzene as a key aromatic species in this 
source, with contributions reaching up to 34% (Chen et al., 2017; 
Hartikainen et al., 2018). The rise in benzene emissions in Germany, 
the UK, and France are mainly due to a significant increase in emissions 
from the Waste sector (GNFR J), particularly solid waste treatment, 
from 0.6 kt, 0.3 kt and 0.5 kt in CAMS to 5.9 kt, 2.4 kt and 3.7 kt 
with OLIV23. In CAMS, this sector is characterised by a solvent use 
profile with no benzene share, while OLIV23 assigns a 2.5% benzene 
share, sourcing from several studies related to waste management. 
The notable decreases in Ireland results from coal burning in other 
stationary combustion activities (GNFR C), with emissions dropping 
from 0.54 kt to 0.25 kt, as the benzene share reduces from 5% in 
CAMS to below 1% in OLIV23. It is also worth noting the spatially 
heterogeneous changes observed in Poland when moving from CAMS 
to OLIV23 profiles (Fig.  2). A general increase in emissions (ranging 
from 5 to 50%) is observed across the country, except in some localised 
areas, particularly in the South, where emissions decrease by around 
90%. These reductions are primarily driven by a decrease in benzene 
fugitive emissions from coal mining activities (sector GNFR D) when 
moving from CAMS to OLIV23 speciation. Further analysis of these 
changes and associated impacts on modelled benzene concentrations 
can be found in Section 3.3.1.

For toluene (voc14) and xylenes (voc15), the dominant sector is the 
use of solvents for both CAMS and OLIV23 speciation profiles, despite 
their contributions to total emissions decreasing from 70% and 80% 
in CAMS to 34 % and 40% in OLIV23, respectively. Replacing CAMS 
with OLIV23 leads to a 57% and 34% decrease in toluene and xylenes 
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emissions at the EU level, respectively. These reductions are primarily 
driven by changes in the use of solvent sector profiles, particularly in 
domestic solvent use, coating applications, and chemical product man-
ufacturing. For example, for the domestic solvent use sector, OLIV23 
proposes a profile based on measurements performed in 2021 in 60 UK 
houses by Heeley-Hill et al. (2021), while CAMS assume an industrial 
speciation profile. While the first study suggest a 0.5% and 0.9% share 
of total NMVOC associated to toluene and xylenes, respectively, the 
CAMS profile indicates shares of approximately one order of magnitude 
larger (7.5% for both toluene and xylenes).

As shown in Fig.  2, toluene emissions generally decrease by -25% 
to −50% across most countries, with urban areas experiencing larger 
reductions (−65% to −80%) due to lower emissions from domestic 
solvent use in OLIV23. In contrast, xylenes emissions show heteroge-
neous changes, with increases in countries such as Ireland, Poland, 
and the Czech Republic, and decreases ranging from −5% in Portugal 
to −55% in France. The reductions are linked to the solvent sector, 
where the speciation changes reduce the share of most activities. In 
contrast, the increases are driven by coal combustion in the residential 
and commercial combustion sector (see Fig.  3), with shares rising from 
1% in CAMS to 48% in OLIV23.

3.2. Model performance

Fig.  4 shows the time series of modelled BTX concentrations using 
MONARCH and CAMS-REGv7.1 emissions with the CAMS (light red 
line) and OLIV23 (light blue line) speciation. Modelled results are 
compared to observations averaged across all stations (black line). The 
scatter plot represents the annual average for each station, along with 
its corresponding area classification (i.e., urban, suburban, and rural). 
Appendix  A presents statistical tables for each pollutant, averaged 
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Fig. 3. Total anthropogenic BTX emissions across EU countries comparing two speciation sources, CAMS and OLIV23. The first row of each plot shows emissions in kilotons (kt) 
by GNFR sector within each country, while the second row presents the relative percentage contribution.
across European regions and seasons (winter (JFM), spring (AMJ), 
summer (JAS), and autumn (OND)). Fig.  5 displays the mean bias (MB) 
in μg/m3 for each station, categorised by area classification, comparing 
results from both speciation datasets.

Overall, when changing the speciation profiles from CAMS to
OLIV23, the benzene bias decreases, while the bias for toluene and 
xylenes increases due to the compensation of errors and other nuances 
in the emissions. This section focuses on the results using the default 
CAMS speciation, while the impact of replacing it with OLIV23 is 
discussed in greater detail in Section 3.3.1.

For benzene (Table  A.2), averaged modelling results across all 
stations and seasons demonstrate a strong correlation (0.90) despite 
significant underestimations (NMB of −46.1%). This negative bias is 
largely driven by significant underestimation observed in the majority 
of stations in Italy, which is the country with the largest number of 
stations (n = 199). When averaged across stations per region, the North 
shows the worst performance with a correlation of 0.56, while the 
South exhibits the best with a correlation of 0.88. In terms of NMB, the 
6 
lowest value is observed in the East (NMB = −37.8%), and the highest 
in the North (NMB = −66.4%). This could be mainly related to the low 
share of emissions from residential wood combustion, which plays a 
significant role in the North. Seasonally, the model shows the weakest 
correlation during summer and the strongest during spring, except in 
the North, where the highest correlation occurs in winter. The poor 
performance during summer may indicate that emissions from other 
sectors are poorly characterised, whereas this is less evident in winter, 
when the biggest share of emissions are from RWC. However, this 
could also reflect the greater influence of photochemistry in summer 
compared to other seasons.

As illustrated in Fig.  5, several individual stations stand out, par-
ticularly in southern Poland, where one station shows the largest 
overestimation (MB = 6.3 μg/m3, NMB = 311.3%). Notably, the mea-
sured annual average at this station is 2.0 μg/m3, while the modelled 
value reaches 8.3 μg/m3, exceeding the annual limit value of 5 μg/m3

for benzene. This area is known primarily for the intense coal mining 
activities, and the emission hotspot shown in Fig.  2 is mainly due 
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Fig. 4. On the left, averaged daily BTX concentrations (μg/m3) modelled and measured for all stations in 2019. On the right, scatter plots showing annual mean modelled BTX 
concentrations against measurements (μg/m3) in 2019 for each individual station, with markers indicating area classification (urban, suburban, and rural). Results are displayed 
for two speciation datasets: CAMS (light red) and OLIV23 (light blue), alongside observations (black).
to fugitive emissions related to this activity. Notably, changing the 
speciation leads to an important improvement (see Appendix  B), as 
discussed in more detail in Section 3.3.1.

Scattered across Europe (e.g., Italy, Croatia, Hungary, Spain, and 
Romania), several stations exhibit underestimations not only for ben-
zene, but also for toluene and xylenes. A detailed assessment of the 
station locations shows that, generally, they are situated near large 
industrial facilities, such as refineries and coke ovens for benzene sta-
tions, and car manufacturing plants, steel mills, paper mills, and power 
plants for toluene and xylenes stations. This underestimation pattern 
aligns with the results previously found for Spain by Oliveira et al. 
(2024) and can be attributed to uncertainties in the reported facility-
level NMVOC emissions. These emissions are often based on estimation 
approaches (e.g., mass balance) rather than direct measurements. Ad-
ditionally, the speciation profiles assigned to these facilities may not 
fully capture the complex nature of industrial NMVOC emissions, which 
typically result from combustion processes using fossil fuels, storage 
and distribution of products, the use and production of solvents, and 
other industrial processes (Farhat et al., 2024).

For both toluene (Table  A.3) and xylenes (Table  A.4), the model 
shows a similar performance, with an NMB of −21.7% and −14.6% and 
a correlation of 0.57 and 0.58, respectively. Regionally, the model per-
formance shows significant variations. In both cases, the North region 
exhibits significant overestimations, with toluene showing an NMB of 
18.4% and xylenes showing 127.2%, but it is important to note that 
the North only has one station, so these results are not representative 
of the region. The West Central region also shows overestimations for 
both pollutants, with toluene at 7.5% and xylenes at 29.5%, primarily 
driven by overestimations in major cities such as Paris and London, 
which are discussed in more detail later in the section. In contrast, both 
the East and South regions show underestimations. The South shows 
the largest bias for both toluene (NMB = −42.3%) and xylenes (NMB = 
−42.6%), predominantly influenced by stations near specific facilities 
in Italy and Spain. The East region shows smaller underestimations for 
both toluene (NMB = −14.6%) and xylenes (NMB = −9.8%), with the 
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weakest correlation for both pollutants (r = 0.48 for toluene, r = 0.47 
for xylenes). The weakest correlations occur in spring for toluene (r 
= 0.28) and in summer for xylenes (r = 0.25), likely due to emission 
uncertainties and the model’s ability to reproduce photochemistry ac-
curately. When averaged across regions, the best correlations for both 
toluene (r = 0.60) and xylenes (r = 0.62) are found in the South. 
Seasonal performance is strongest in autumn for the East and South 
regions, while the West Central region performs best in summer.

For both species, the relatively low NMB results from a compen-
sation effect between significant overestimations occurring in stations 
within major urban areas (such as Madrid, Paris, Rome, London, and 
Budapest, see Fig.  5) and underestimations observed elsewhere. When 
estimating the NMB without including stations located within the 
boundaries of these cities, the NMB increases significantly for both 
toluene (from −21.7% to −43.3%) and xylenes (−14.6% to −35.7%). 
Across all these cities, the solvent use sector (GNFR E) dominates, 
accounting for 78% to 97% of total toluene emissions and 84% to 
98% of total xylenes emissions. Upon examining the solvent sector, we 
identified two potential causes for these high overestimations. First, 
the spatial proxies used in CAMS-REG to different solvent activities 
may introduce uncertainties, as 99% of emissions are disaggregated 
using a population density proxy. While this is appropriate for domestic 
solvent use (NFR 2D3a), which accounts for about 28% of both toluene 
and xylenes emissions from the solvent sector, it may not be accurate 
for other activities. For instance, chemical products (NFR 2D3g) and 
printing (NFR 2D3 h) are industrial activities, while coating applica-
tions (NFR 2D3d), other solvent use (NFR 2D3i), and other product 
use (NFR 2G) combine both industrial and population-based activities, 
with industrial accounting for the largest share. This leads to an over-
allocation of emissions in urban centres. Additionally, the speciation 
used in CAMS assigns large shares to toluene and xylenes to these 
activities, as previously described in Section 3.1. Thus, issues with both 
spatial proxies and speciation profiles contribute to the overestimations 
observed in major cities. While not directly evaluated in this work, 
these issues should also impact other species predominantly emitted by 
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Fig. 5. Mean bias (MB) in μg/m3 for each station for BTX, comparing the two speciation datasets: CAMS and OLIV23. Markers indicate area classification (urban, suburban, and 
rural).
the solvent sector, such as hexanes and higher alkanes, other aromatics, 
esters, ethers, chlorinated hydrocarbons, and alkanones.

3.3. NMVOC speciation sensitivity analysis

As shown in Section 3.1, changes in the speciation significantly 
affected the emissions of individual NMVOC species, their spatial dis-
tribution and their sectoral contributions. In some cases, while total 
emissions changed little, their spatial distribution still varied consider-
ably. The following subsections evaluate the effects of these changes in 
reproducing observed BTX concentrations and quantify their impact on 
modelled O3.

3.3.1. BTX
For benzene, the new speciation results in significant improvements 

across almost all regions. Averaging over Europe (see Fig.  4), the NMB 
is reduced from −46.1% to −27.7%, while the temporal correlation 
remains almost unaltered (0.9 versus 0.89). These improvements are 
primarily driven by a reduction of the negative bias during wintertime, 
which are linked to a better characterisation of RWC emissions (see 
Section 3.1), which is the dominant sector for benzene during this 
period. The reduction of the negative bias is also evident across the 
other periods of the year, but to smaller degree. The South region shows 
the largest reduction when replacing CAMS (see Table  A.2), with the 
NMB improving from −47.9% to −20.5% and correlation increasing 
from 0.56 to 0.58.

We also observe specific improvements linked to changes in benzene 
emissions from other sectors. For example, at a station in the South 
8 
East of Poland, where emissions are dominated by fugitive sources from 
coal mining, using CAMS speciation, MONARCH reports the largest 
overestimation (6.22 μg/m3) across stations (see Fig.  5). This over-
estimation is greatly reduced with OLIV23, with the NMB improving 
from 311.3% to −11.5% (see Fig.  B.10). While reductions in benzene 
emissions were observed in other coal mining-dominated regions of 
Poland, other regions of the country showed increases linked to an 
increase in benzene RWC emissions (see Fig.  B.9). As shown in Fig. 
B.11, this increase leads to a reduction in the averaged NMB across 
these regions, from −36.8% to −26.1%.

In Romania, Greece, and Italy, while slight improvements are ob-
served, particularly in winter, significant biases persist even after re-
placing the CAMS default with OLIV23 speciation (see Fig.  5). These 
biases are likely associated with a combination of factors, including: 
(i) uncertainties in the NMVOC emissions reported for these countries, 
such as the high uncertainty (126%–200%) in EFs for RWC (Ministry 
of Environment and Energy, 2024; NEPA, 2024); (ii) country-specific 
characteristics not fully captured by the speciation profiles, such as 
differences in appliance usage (e.g., the share of fireplaces in Italy is 
66%, whereas in other countries it is typically below 10%); and (iii) the 
ability of MONARCH to reproduce complex meteorological conditions, 
particularly in regions like the Po Valley (see Fig.  C.12), which is known 
for its modelling complexities (Pernigotti et al., 2012).

For toluene and xylenes, the consistent overestimation observed 
with CAMS speciation in urban stations is largely reduced when moving 
to OLIV23 (Fig.  5), due to a more accurate emission characterisation 
of solvent activities, which dominate total NMVOC emissions in urban 
areas (Section 3.1). Fig.  6 shows the impact of this update in a selection 
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Fig. 6. Modelled and measured monthly average concentrations of toluene (left) and xylenes (right) (μg/m3) across six EU capital cities: Madrid, Paris, Rome, London, and 
Budapest. The plots show the observations (black), along with results from MONARCH using CAMS (light red) and OLIV23 (light blue) speciation . ‘N’ indicates the number of 
stations considered in each city.
of major European cities (Madrid, Paris, Rome, London, and Budapest). 
Notable reductions in NMB for both toluene and xylenes are observed 
when moving from CAMS to OLIV23, consistent with the reduction in 
urban emissions shown in Fig.  2. For toluene, the NMB decreased from 
194% to −20% in Madrid, 45% to −60% in Paris, 138% to −13% in 
Rome, 176% to −47% in London, and 115% to 0% in Budapest. For 
xylenes, the NMB dropped from 332% to 55% in Madrid, 116% to 
−29% in Paris, 163% to 47% in Rome, 178% to −10% in London, and 
542% to 256% in Budapest. However, some overestimations persist, 
particularly for xylenes in cities such as Madrid, Rome, and Budapest, 
likely due to issues with the spatial allocation of industrial solvent use 
emissions in the CAMS-REG inventory (see Section 3.2).

When considering all stations, the average performance of
MONARCH in reproducing observed toluene and xylenes concentra-
tions declines with OLIV23, with the NMB shifting from −21.7% to 
−72.2% for toluene and from −14.6% to −58.1% for xylenes (see 
Fig.  4). The better performance with CAMS is partly due to error 
compensation, where large overestimations in urban areas offset un-
derestimations elsewhere. As shown in Fig.  7, MONARCH tends to 
overestimate toluene and xylenes concentrations in rural stations when 
using CAMS speciation. However, the NMB for xylenes improves with 
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OLIV23, decreasing from 46.4% to −17.4%. For toluene, the bias in-
creases from 12.8% to −54.5%. We hypothesise that this result reflects 
a combination of the reduction in industrial toluene solvent emissions 
in OLIV23 and the over-allocation of these emissions in urban areas in 
CAMS-REG, as discussed in Section 3.2.

The significant negative biases for benzene, toluene, and xylenes 
concentration near industrial areas (see Section 3.2 and Fig.  5) persist 
when replacing the CAMS speciation by OLIV23. This cold bias may 
be partially due to uncertainties in the spatial distribution of indus-
trial emissions in CAMS-REG. Official emissions from power plants 
and manufacturing industries are spatially disaggregated mainly using 
the E-PRTR emission database, while the remainder (i.e., differences 
between total emissions and E-PRTR emissions for a specific industrial 
sector) are distributed using area-based proxies (Kuenen et al., 2022). 
This approach can lead to misrepresentations, especially in those cases 
where a large part of the emissions are assigned to area proxies instead 
of specific point sources. According to CAMS-REG data, the share of 
emissions distributed by point source locations for specific industrial 
activities is as follows: 81.2% for power plants, 78.8% for refineries, 
62.1% for chemical industry, 43.2% for paper mills, 29.0% for coke 
ovens, 20.9% for steel facilities and 0% for car coating applications. 
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Fig. 7. Monthly average modelled and measured concentrations of toluene (top row) and xylenes (bottom row) (μg/m3) in rural stations. The plots show the observations (black), 
along with results from MONARCH using CAMS (light red) and OLIV23 (light blue) speciation. ‘N’ indicates the number of stations considered for the average.
For these activities, the remaining emissions are allocated based on 
industrial land uses, except for car coating applications, which use 
population proxies. This reliance on area-based proxies illustrates how 
spatial allocation of these emissions could contribute to the observed 
biases using both CAMS and OLIV23 speciations. In addition, while 
NO𝑥 emissions reported by E-PRTR are typically based on direct mea-
surements (at least for large point sources), NMVOC emissions are 
mostly derived from calculations or, in some cases, gap-filling methods 
due to the lack of reporting (Kuenen et al., 2022), introducing further 
uncertainty. Finally, it is important to note that both CAMS and OLIV23 
speciations propose an NMVOC split at the GNFR sector level, not at 
the industrial sector level. This may introduce additional uncertainty, 
as substantial differences can exist between facilities (e.g., processes, 
fuels used) within the same GNFR sector.

3.3.2. Ozone
In this section we assess the sensitivity of O3 modelled concentra-

tions to the changes in the NMVOC emission speciation. We quantify 
the differences in the modelled maximum daily average of 8-hour O3
concentrations (MDA8) considering CAMS and OLIV23 speciation.

The results indicate negligible average variation across the domain, 
with no significant changes in the intermediate percentiles (p1/p5 
and p95/p99), suggesting localised effects in specific grid cells. When 
examining the changes in MDA8 throughout the year across the entire 
domain, the difference (OLIV23 - CAMS) reveals the largest reductions 
in minimum values, up to −14 μg/m3 in March, and increases in 
maximum values, up to 8 μg/m3 in May. These effects were less 
pronounced in summer (June–August: variations of −2 to 2 μg/m3), 
likely because biogenic emissions dominate over anthropogenic VOCs, 
altering chemical regimes and reducing the sensitivity of O  to changes 
3
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in anthropogenic NMVOC speciation (Liaskoni et al., 2024; Miki and 
Itahashi, 2024). Additionally, despite significant changes in the anthro-
pogenic emissions, the comparison of both speciations shows limited 
impact in terms of O3 formation potential (OFP). We observe that 
OLIV23 increases the OFP by 5.5% compared to CAMS (see section 5 of 
the Supplementary Material), which may help explain the low overall 
impact.

Fig.  8 shows the spatial difference in the highest daily maximum 
8-hour O3 concentrations (1MDA8) between CAMS and OLIV23 across 
the entire domain for 2019. Again, the observed impacts are quite lim-
ited. The most notable change occurs in the southern region of Poland, 
where a moderate decrease of around 6 μg/m3 is linked to significant 
NMVOC emission changes resulting from the speciation adjustment. 
This change aligns with a substantial reduction in OFP in the same 
area, as shown in the OFP map in section 5 of the Supplementary 
Material. Despite this reduction, the changes do not appear to affect key 
metrics or exceedances at stations in the affected areas. More detailed 
information on the changes in MDA8 O3 concentrations, the fourth 
highest MDA8 (4MDA8), and modelled exceedances of EU and WHO 
O3 standards can be found in section 9 of the Supplementary Material.

4. Conclusions

This study evaluated the CAMS-REGv7.1 NMVOC European emis-
sion inventory spatially and temporally using the MONARCH atmo-
spheric air quality model and a large collection of European in situ mea-
surements for 2019. Focusing on benzene, toluene, and xylenes (BTX), 
we assessed the impact of replacing the CAMS default NMVOC specia-
tion profiles with OLIV23, a more recent dataset compiled by Oliveira 
et al. (2023). Additionally, we analysed the impact on modelled O .
3
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Fig. 8. Spatial difference in the highest daily maximum 8-hour O3 (1MDA8) concentrations (μg/m3) between the baseline and alternative speciation compiled by Oliveira et al. 
(2023) scenarios across the entire domain for 2019.
Modifying the speciation profiles had a significant impact on in-
dividual NMVOC emissions, with all species showing changes greater 
than ±15%. For several species with available literature (i.e. propane 
(voc03), higher alkanes (voc06), and ethyne (voc09)), the emission 
changes seemed to move in the right direction. However, additional 
measurements and further model developments are necessary to fully 
assess the impact of these changes on air quality modelling. Another rel-
evant change was observed for isoprenes and monoterpenes, typically 
associated with biogenic sources. OLIV23 accounts for substantial an-
thropogenic contributions, primarily from solvent use, increasing total 
emissions from 1 to 93 kt. In winter, anthropogenic sources accounted 
for up to 36% of total monoterpene emissions in Europe, aligning with 
literature highlighting the growing relevance of anthropogenic sources 
for these species.

For benzene, the emissions are dominated by the other stationary 
combustion sector, specifically RWC. Changing the speciation led to 
a 53% increase in benzene emissions across Europe, mainly due to 
an increase in the share of RWC, from 6.8% in CAMS to 12.1% in 
OLIV23. This resulted in a significant reduction of the negative bias 
across the EU (average NMB improved from −46.1% to −27.7%) when 
using OLIV23 speciation. However, further research on RWC is needed, 
as some uncertainties remain, particularly concerning EFs for various 
RWC appliances and the speciation profile’s ability to reflect country-
specific characteristics. In some regions, sectoral redistribution led to 
emission reductions, such as in Poland, where the largest overestima-
tions were previously observed. The reduction in coal mining emissions 
resulted in a notable bias reduction at that station (NMB improved from 
311.3% to −11.5%).

For toluene and xylenes, replacing the speciation profiles resulted 
in a 57% decrease in toluene emissions and a 34% decrease in xylenes 
emissions, with the solvent sector remaining dominant (34% and 40%, 
respectively). On average, overall model performance declined, with 
the NMB increasing for toluene from −21.7% to −72.2% and for xylenes 
from −14.6% to −58.1%. However, the better performance with CAMS 
is partly due to error compensation, where overestimations in urban 
areas offset underestimations in other regions. With CAMS, significant 
overestimations were reported for both pollutants in major urban areas 
like Madrid, Paris, Rome, London, and Budapest (NMB between 45% 
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and 194% for toluene and between 163% and 542% for xylenes). 
In rural areas, the model performed better with OLIV23 for xylenes 
(NMB −17.4%, compared to 46.4% with CAMS), while for toluene, the 
bias increased with OLIV23 (NMB changed from 12.8% to −54.5%). 
Additional uncertainties limit our ability to fully evaluate the nuances 
behind these results. The spatial allocation of CAMS-REG emissions 
from various solvent uses in industrial activities, such as the production 
of chemical products, printing, coating applications, and other solvent 
and product uses, is currently based on population density, leading 
to over-allocation in urban areas. Moreover, the model underestimates 
concentrations near specific industrial facilities, particularly refineries, 
steel mills, paper mills, coke ovens, power plants, and chemical and 
car manufacturing industries. This is primarily due to spatial disag-
gregation being carried out entirely or partially by area proxies. It is 
recommended that the spatial proxies used to disaggregate industrial 
use of solvents NMVOC emissions are revised in future versions of the 
CAMS-REG inventory.

In conclusion, aside from localised spatial and temporal variability, 
the proposed changes to NMVOC speciation have minimal impact on 
modelled O3 levels, including 1MDA8 and 4MDA8. This is consistent 
with previous studies Petetin et al. (2023). As noted by Garatachea 
et al. (2024), hemispheric contributions significantly influence air qual-
ity, potentially limiting the impact of local anthropogenic sources.

4.1. Limitations and future research

The evaluation of BTX emissions is performed indirectly through 
assessing the performance of an air quality model. While biases help 
assess emission uncertainties, model limitations in chemistry and me-
teorology also affect results. Another key limitation is the lack of 
country-specific speciation profiles, relying instead on data from other 
European regions. While this is practical, it introduces uncertainty, 
highlighting the need for further research. Additionally, attributing 
speciation profiles to industries may not accurately reflect the mix-
ing of emissions from combustion and industrial processes, further 
contributing to uncertainty.

For other NMVOCs that have been evaluated in the existing litera-
ture, such as isoprenes, monoterpenes, propane, higher alkanes, and 
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ethyne, we compared emission changes with previous studies. The 
updated speciation aligns better with literature but presents two key 
challenges. First, the chemical mechanism considered in MONARCH 
must be updated to account for a greater number of species, as it 
currently only solves a limited number, some of which are lumped 
species. To overcome this limitation, an approach similar to the tracer 
method used by Ge et al. (2024) could be adopted. Second, evaluating 
more species requires more measurements, but the limited availability 
of continuous NMVOC monitoring remains a challenge. Nonetheless, 
several initiatives, such as the EMEP measurement campaigns (Fagerli 
et al., 2023) and the RI-URBANS project (https://riurbans.eu/), are 
emerging to address this issue.

Finally, uncertainties in the precursors, including both anthro-
pogenic and biogenic NMVOC emissions, as well as in NO2, chemical 
processes, and meteorological conditions, complicate the assessment of 
NMVOC impacts on O3 levels. While the impacts on O3 were limited, 
we expect a more significant influence of revised NMVOC emissions on 
SOA (Kelly et al., 2018), emphasising the importance of understanding 
its contribution to PM2.5 concentrations.
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Appendix A. Model performance statistics for benzene, toluene 
and xylenes

See Tables  A.2–A.4.

Appendix B. Poland: benzene emissions and model performance

See Figs.  B.9–B.11.
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Table A.2
Annual and seasonal NMB and R2 for benzene obtained with MONARCH using both 
speciations: CAMS and OLIV23. Results are presented for Europe and each region. 
Seasons are defined as winter (JFM), spring (AMJ), summer (JAS), and autumn (OND)
 NMB R2

 CAMS OLIV23 CAMS OLIV23 
 Europe Annual −46.08% −27.70% 0.90 0.89  
 Winter −32.40% 1.98% 0.57 0.53  
 Spring −52.58% −36.25% 0.81 0.84  
 Summer −53.08% −45.23% 0.54 0.59  
 Autumn −45.97% −30.67% 0.78 0.75  
 East Annual −37.83% −40.31% 0.86 0.89  
 Winter −39.19% −21.10% 0.74 0.75  
 Spring −45.05% −46.18% 0.78 0.79  
 Summer −30.66% −52.14% 0.40 0.40  
 Autumn −36.42% −41.44% 0.76 0.72  
 North Annual −66.45% −47.10% 0.56 0.58  
 Winter −67.12% −45.92% 0.38 0.38  
 Spring −74.07% −59.43% 0.13 0.18  
 Summer −60.82% −40.79% 0.11 0.13  
 Autumn −63.76% −42.17% 0.21 0.21  
 South Annual −47.94% −20.50% 0.88 0.88  
 Winter −26.00% 17.00% 0.56 0.55  
 Spring −54.73% −30.55% 0.74 0.73  
 Summer −59.92% −41.64% 0.23 0.27  
 Autumn −50.65% −26.07% 0.70 0.68  
 WestCentral Annual −53.68% −24.63% 0.81 0.81  
 Winter −39.79% 2.03% 0.78 0.77  
 Spring −58.28% −33.41% 0.66 0.64  
 Summer −64.19% −44.69% 0.58 0.56  
 Autumn −52.14% −21.84% 0.76 0.77  

Table A.3
Annual and seasonal NMB and R2 for toluene obtained with MONARCH using both 
speciations: CAMS and OLIV23. Results are presented for Europe, as well as for each 
region. Seasons are defined as winter (JFM), spring (AMJ), summer (JAS), and autumn 
(OND).
 NMB R2

 CAMS OLIV23 CAMS OLIV23 
 Europe Annual −21.68% −72.16% 0.58 0.56  
 Winter −3.22% −62.83% 0.37 0.32  
 Spring −25.56% −74.59% 0.50 0.54  
 Summer −32.78% −77.35% 0.52 0.53  
 Autumn −24.80% −73.68% 0.58 0.51  
 East Annual −14.57% −57.78% 0.48 0.40  
 Winter 18.97% −32.54% 0.47 0.44  
 Spring −20.77% −62.92% 0.28 0.27  
 Summer −33.70% −70.99% 0.35 0.41  
 Autumn −22.13% −64.18% 0.44 0.34  
 North Annual 18.41% −55.69% nan nan  
 Winter 28.94% −44.66% nan nan  
 Spring 8.57% −61.91% 0.46 0.48  
 Summer 12.54% −63.39% nan nan  
 Autumn 23.85% −52.57% 0.49 0.41  
 South Annual −42.32% −79.18% 0.60 0.61  
 Winter −31.89% −73.34% 0.38 0.38  
 Spring −46.62% −81.14% 0.60 0.64  
 Summer −47.05% −81.78% 0.29 0.31  
 Autumn −43.52% −80.33% 0.63 0.65  
 WestCentral Annual 7.53% −63.80% 0.58 0.57  
 Winter 39.84% −50.53% 0.53 0.55  
 Spring 1.86% −67.02% 0.73 0.74  
 Summer −12.84% −71.97% 0.73 0.78  
 Autumn 1.89% −65.42% 0.55 0.52  

Appendix C. Model performance in northern Italy (Benzene, NO𝟐, 
PM2.5)

See Fig.  C.12.

https://riurbans.eu/
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Fig. B.9. Annual gridded (0.1◦ 𝑥 0.1◦) benzene emissions (kt) obtained for Poland using CAMS and OLIV23 speciation. The map on the right shows the relative differences between 
the two results. All three maps mark the location of the EEA air quality station PL0597 A, where the largest positive bias is obtained when using CAMS speciation.
Fig. B.10. Hourly (left) and monthly (right) mean benzene concentrations (μg/m3) measured and modelled at the EEA station PL0597 A, located in the south of Poland. Observations 
are shown as black lines, with MONARCH modelling results in light red for CAMS and light blue for OLIV23.
Fig. B.11. Hourly (left) and monthly (right) mean benzene concentrations (μg/m3) measured and modelled at 36 EEA stations in Poland, where an increase in benzene emissions 
was observed when replacing CAMS with OLIV23. Observations are shown as black lines, with MONARCH modelling results in light red for CAMS and light blue for OLIV23 
speciation.
Fig. C.12. Model performance for 21 stations in Northern Italy measuring benzene, NO2, and PM2.5. The top row shows the mean bias (MB), in μg/m3, per pollutant and station. 
The bottom row presents the monthly average concentrations (μg/m3) for both observations (black) and modelled data using CAMS speciation (light red).
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Table A.4
Annual and seasonal NMB and R2 for xylenes obtained with MONARCH using both 
speciations: CAMS and OLIV23. Results are presented for Europe, as well as for each 
region. Seasons are defined as winter (JFM), spring (AMJ), summer (JAS), and autumn 
(OND).
 NMB R2

 CAMS OLIV23 CAMS OLIV23 
 Europe Annual −14.61% −58.10% 0.57 0.59  
 Winter 1.04% −45.04% 0.43 0.39  
 Spring −17.07% −61.41% 0.37 0.42  
 Summer −25.43% −67.10% 0.59 0.61  
 Autumn −16.67% −58.59% 0.49 0.46  
 East Annual −9.83% −34.56% 0.47 0.35  
 Winter 24.89% 17.49% 0.50 0.40  
 Spring −22.07% −48.53% 0.46 0.37  
 Summer −35.60% −67.33% 0.25 0.27  
 Autumn −5.73% −38.78% 0.59 0.44  
 North Annual 127.22% 7.25% nan nan  
 Winter 161.08% 42.00% nan nan  
 Spring 103.27% −23.69% nan nan  
 Summer 44.96% −51.76% nan nan  
 Autumn 188.18% 55.41% nan nan  
 South Annual −42.57% −69.36% 0.62 0.66  
 Winter −40.11% −64.31% 0.43 0.47  
 Spring −43.85% −70.78% 0.44 0.44  
 Summer −45.29% −73.04% 0.37 0.40  
 Autumn −40.98% −69.20% 0.64 0.63  
 WestCentral Annual 29.45% −42.82% 0.53 0.53  
 Winter 75.47% −17.64% 0.50 0.50  
 Spring 19.42% −49.76% 0.63 0.64  
 Summer 7.50% −57.33% 0.64 0.66  
 Autumn 16.28% −46.04% 0.51 0.49  

Appendix D. Supplementary data

Supplementary material related to this article can be found online 
at https://doi.org/10.1016/j.envpol.2025.126510.

Data availability

Data will be made available on request.
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