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Abstract. Volatile organic compounds (VOCs) significantly impact air quality and atmospheric chemistry, influencing ozone

formation and secondary organic aerosol production. Despite their importance, the uncertainties associated with representing

VOCs in atmospheric emission inventories are considerable. This work presents a spatiotemporal assessment and evaluation

of benzene, toluene, and xylene (BTX) emissions and concentrations in Spain by combining bottom-up emissions, air quality

modelling techniques and ground-based observations. The emissions produced by High-Elective Resolution Modelling Emis-5

sion System (HERMESv3) were used as input to the Multiscale Online Nonhydrostatic AtmospheRe CHemistry (MONARCH)

chemical transport model to simulate surface concentrations across Spain. Comparing modelled and observed levels revealed

uncertainty in the anthropogenic emissions, which were further explored through sensitivity tests. The largest levels of ob-

served benzene and xylene were found in industrial sites near coke ovens, refineries and car manufacturing facilities, where the

modelling results show large underestimations. Official emissions reported for these facilities were replaced by alternative esti-10

mates, resulting in varied improvements in the model’s performance across different stations. However, uncertainties associated

with industrial emission processes persist, emphasising the need for further refinement. For toluene, consistent overestimations

in background stations were mainly related to uncertainties in the spatial disaggregation of emissions from industrial use sol-

vent activities, mainly wood paint applications. Observed benzene levels in Barcelona’s urban traffic areas were five times

larger than the ones observed in Madrid. MONARCH failed to reproduce the observed gradient between the two cities due to15

uncertainties arising from estimating emissions from motorcycles and mopeds, as well as from different measurement methods

and the model’s capacity to accurately simulate meteorological conditions. Our results are constrained by the spatial and tem-

poral coverage of available BTX observations, posing a key challenge in evaluating the spatial distribution of modelled levels

and associated emissions.

1 Introduction20

Volatile organic compounds (VOCs) significantly contribute to air pollution and pose serious health hazards to humans. These

compounds originate from diverse sources, resulting from anthropogenic and biogenic activities (Kansal, 2009). They can also

be produced by the oxidation of other VOCs, this secondary formation being predominant for some VOCs (e.g. formaldehyde)
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(Parrish et al., 2012; Luecken et al., 2012). Anthropogenic sources include various human-driven activities, such as solvent

use, traffic and fuel evaporation, and industrial emissions, and residential biomass burning (Monks et al., 2015; Kansal, 2009).25

Within urban areas, VOC emissions are predominantly influenced by human activities, with vehicular emissions representing

over 60 % of VOCs in European urban areas (Borbon et al., 2018). Meanwhile, biogenic VOCs (BVOCs) also play a crucial role

in atmospheric chemistry. Globally, BVOCs represent a larger fraction of total VOCs and exhibit higher chemical reactivity

compared to many anthropogenic VOCs (Guenther et al., 2006). Additionally, it is important to note that human-induced

atmospheric changes, driven by emissions from sources like industrial processes, transportation, and agriculture, increase30

oxidant levels which can also boost natural aerosol production like biogenic SOA (Kanakidou et al., 2000).

One essential aspect of VOCs is their contribution to tropospheric chemistry, as they are major precursors for ozone (O3)

(Atkinson and Arey, 2003; Carter, 1990) and/or secondary organic aerosol (SOA) formation (Chen et al., 2022; Ziemann and

Atkinson, 2012). In Spain, for specific areas and conditions, VOCs contribute to high O3 concentrations episodes (In’t Veld

et al., 2024; Querol et al., 2017, 2018; Castell et al., 2008). For example, in Barcelona, In’t Veld et al. (2024) estimated35

that anthropogenic VOCs were significant contributors to O3 formation, accounting for 38 and 49 % of the measured Ozone

Formation Potential (OFP) during winter and summer, respectively. Also, Oliveira et al. (2023) showed that in Spain, toluene

and xylene are in the top 5 main species contributing to OFP, while benzene, although having a low reactivity, is in the top 20

species contributing to OFP. Moreover, they play a key role in the formation of SOA (Baltensperger et al., 2005; Cui et al.,

2022; Sun et al., 2016; Jookjantra et al., 2022), which significantly contribute to fine particulate matter (PM2.5) (Srivastava40

et al., 2022; Zhang et al., 2019; Ziemann and Atkinson, 2012). Huang et al. (2014) found that SOA contributes about 30 to 77

% of PM2.5 mass concentrations in their study, which focused on severe haze pollution events in specific urban areas.

While some VOCs may not be associated with acute health impacts, they can still lead to chronic health risks (Shuai et al.,

2018; Alford and Kumar, 2021). Notably, aromatic compounds, such as benzene, toluene, and xylene (commonly referred to

as BTX), are of particular concern (Filley et al., 2004; Tagiyeva and Sheikh, 2014; Niaz et al., 2015; Ling et al., 2023), benzene45

being classified as a Group A carcinogenic compound by the US Environmental Protection Agency (Bayliss et al., 1998).

This study focuses on BTX because (1) they are continuously measured over time in various locations, providing an important

temporal and spatial coverage, (2) they represent a substantial part of the total anthropogenic emissions - more than 20% at

global scale according to Yan et al. (2019), possibly more in urban areas (Bates et al., 2021), (3) they are important precursors

of O3 and SOA.50

Within the air quality modelling chain, the emission inventories, while being a significant source of uncertainty, serve as key

elements to understand air pollution origins, in forecasting applications, and to design effective emission abatement strategies

(Russell and Dennis, 2000; Day et al., 2019). Despite the importance of VOCs, as previously stated, among all the air pollutants

reported by emission inventories (e.g. NOx, SOx, CO, NH3, PM10, PM2.5), VOCs are typically associated with the highest

emission uncertainty. For example, in Spain, when considering the combined uncertainty of both emission factors (EF) and55

activity data, VOC emissions show uncertainties between 15.6 to 490 % across the different sectors, which is more than for

other species, such as for NOx emissions which report uncertainties between 3.6 to 175 % (MITERD, 2022). This is mainly

due to limited efforts in updating the EF and limited information on the activity data of some key sectors (e.g., use of solvents).
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Chemical transport models (CTMs) are a powerful tool for assessing and forecasting atmospheric pollutant concentrations

(EC, 2008). They support the design of effective AQ control strategies by assessing the potential impacts of speci�c emission60

reduction scenarios (Agency, 2011). When evaluated against observed pollutant concentrations, they typically provide key

insights on the validity of emission inventories, even with overlapping uncertainties arising from various sources across the en-

tire evaluation chain. These uncertainties include those related to emissions, the capability of the CTM to accurately reproduce

chemical and meteorological conditions, as well as a wide range of uncertainties in observational data (i.e. the measurement

technique, instrumentation). CTMs are most commonly evaluated on the main criteria pollutants for which more observations65

are available (Badia and Jorba, 2015; Georgiou et al., 2022; Skoulidou et al., 2021), but an important gap persists on the VOCs

(She et al., 2023). As an example, Air Quality Expert Group (2020) recently highlighted the absence of model-observation

evaluations of VOCs over the UK. This identi�ed gap is due to several reasons: �rst, the models use simpli�ed chemical mech-

anisms. These mechanisms group the numerous individual VOC species into broader families based on known reactions or

the number of carbon bonds they possess (e.g., the Carbon Bond 2005 chemical mechanism (CB05; Yarwood et al., 2005)).70

This grouping enables the models to accurately replicate O3-NOx chemistry with both acceptable precision and computational

ef�ciency. This limitation not only restricts the number of species that can be individually evaluated against observations but

also impacts the model's accuracy in representing them. Second, emission inventories report total VOCs, which then requires

the need to use speciation pro�les which are limited and commonly outdated (Oliveira et al., 2023). Third, the availability and

quality of observational data for VOCs are often limited in scope (von Schneidemesser et al., 2023; She et al., 2023). Typically,75

continuous measurements of VOCs prioritise aromatics due to the recognised health risks associated with their exposure. De-

spite the EU's AQ directive (AQD) recommending the measurement of 31 VOC species, only benzene is currently regulated

(EC, 2008). As for other VOCs, the measurements usually come from small campaigns which are limited in time and location

(von Schneidemesser et al., 2023).

This study aims to quantify limitations and uncertainties in Spanish anthropogenic BTX emissions and to improve its rep-80

resentation in air quality modelling systems. To do so, we used the High-Elective Resolution Modelling Emission System

(HERMESv3; Guevara et al., 2019b, 2020) model to produce gridded bottom-up emissions, which were used as input in the

Multiscale Online Nonhydrostatic AtmospheRe CHemistry (MONARCH; Badia et al., 2017; Klose et al., 2021a) chemical

transport model to simulate surface concentrations of benzene, toluene, and xylene (i.e. o-m-p xylene) across Spain. The

modelling results were then evaluated against of�cial ground-based observation data for the year 2019. By conducting this85

evaluation, we are able to identify the spatio-temporal characteristics of the observed concentrations, quantify the differences

with modelled results and link these divergences to uncertainties in the emissions used as input through a set of sensitivity

analyses.
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2 Data and Methods

2.1 Model Description90

2.1.1 HERMESv3

The HERMESv3 (Guevara et al., 2019b, 2020) is an open source, parallel and stand-alone multi-scale atmospheric emission

modelling framework that computes anthropogenic emissions for atmospheric chemistry models. The model consists of two

modules, a global-regional module (HERMESv3_GR) and a bottom-up module (HERMESv3_BU), that can work combined or

separated depending on the working domain and scope of the applications. For this work, the HERMESv3_GR module is only95

used to process emissions reported by the Copernicus Atmospheric Monitoring Service (CAMS) regional gridded inventory

(CAMS-REGv4.2; Kuenen et al., 2022) outside of Spain as well as for the shipping sector, while the HERMESv3_BU is used

to produce bottom-up anthropogenic emissions in Spain (Guevara et al., 2020).

HERMESv3_BU module estimates anthropogenic emissions at high spatial- (e.g. road link, industrial facility level) and

temporal- (hourly) resolution using state-of-the-art calculation methods, based on (but not limited to) the calculation method-100

ologies reported by the European EMEP/EEA air pollutant emission inventory guidebook, that combine local activity and

emission factors. Speci�cally for this work, the model resolution was set to feed MONARCH at a spatial resolution of 0.1° by

0.1°. The model computes bottom–up emissions from energy and manufacturing industrial facilities, road transport, residential

and commercial combustion activities, other mobile sources (landing and take-off cycles in airports, agricultural machinery,

recreational boats, shipping emissions in ports), fugitive emissions from fossil fuels (storage and transportation), domestic and105

industrial use of solvents, and agricultural activities (livestock and use of fertilisers).

The industrial emissions at plant-level used in HERMESv3 are derived from the national Large Point Sources (LPS) database

and from the Spanish Pollutant Release and Transfer Register (PRTR-Spain). Both databases are compiled and maintained by

the Spanish Ministry for the Ecological Transition and the Demographic Challenge (Ministerio para la Transición Ecológica y

el Reto Demográ�co, MITERD), which estimates the emissions using the information provided by the corresponding industrial110

facilities (MITERD, 2023, 2022). A priority is given to LPS when both datasets provide values for the same facility, since the

data reported by LPS is consistent with the of�cial inventories.

The VOC speciation mapping disaggregates total VOCs to the species needed by the atmospheric chemistry model of interest

and its corresponding gas-phase and aerosol chemical mechanism. Each individual sector is assigned with a set of pro�les with

numerical factors (mol of chemical species per gram of source pollutant) to convert the total emissions into the output model115

species. The number of speciation pro�les considered varies according to the pollutant sector of interest. For instance, in the

case of residential combustion, the number of speciation pro�les proposed is equal to the number of fuel types considered (e.g.

natural gas, biomass). In contrast, in the case of road transport, speci�c pro�les are assigned to each vehicle category (Guevara

et al., 2020). The speciation pro�les used in HERMESv3 are based on the work done by Oliveira et al. (2023), which performed

a collection, review and comparison of pro�les available from recent studies.120
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2.1.2 MONARCH

The MONARCH model (Badia et al., 2017; Klose et al., 2021a) is an online multipurpose atmospheric-chemistry integrated

system. MONARCH includes a gas-phase module combined with a hybrid sectional-bulk multi-component mass-based aerosol

module to simulate the chemistry of the troposphere. MONARCH is coupled online with the Nonhydrostatic Multiscale Model

on the B-grid (NMMB; Janjic and Gall, 2012) meteorological core. A detailed evaluation of MONARCH in reproducing125

different meteorological parameters, such as temperature, relative humidity, wind speed, wind direction, radiation, and PBL is

described elsewhere (Brunner et al., 2015; Sicard et al., 2021).

The gas-phase chemistry in MONARCH solves the Carbon Bond 2005 chemical mechanism (CB05; Yarwood et al. (2005))

extended with chlorine chemistry (Sarwar et al., 2012) and additional oxidation pathways to form SOA from benzene, toluene,

xylene, isoprene and terpenes. Benzene is implemented to form SOA, while xylene and toluene are also involved in O3-130

NOx chemistry. The reactions solved by the model involving BTX are shown in Appendix A. The core CB05 mechanism

considers 51 chemical species and solves 156 reactions. VOCs are lumped into several groups, such as: propionaldehyde and

higher aldehydes (ALDX),acetaldehyde (ALD2), ethene (ETH), formaldehyde (FORM), internal ole�n (IOLE), terminal ole�n

carbon bond (OLE), paraf�n carbon bond (PAR), terpene (TERP), toluene and other monoalkyl aromatics (TOL), and xylene

and other polyalkyl aromatics (XYL). Notably, the mechanism also accounts for explicit species, namely benzene (BENZENE),135

ethane (ETHA), ethanol (ETOH), isoprene (ISOP), and methanol (MEOH).

The CB05 is well formulated for various tropospheric conditions, from urban to remote areas. It employs the Fast-J scheme

to calculate photolysis rates (Wild et al., 2000), which considers the in�uence of clouds, aerosols and absorbers such as ozone.

The dry deposition of gases uses a resistance scheme based on Wesely (1989) for the canopy or surface resistance while

scavenging and wet deposition for precipitating and non-precipitating clouds follows the scheme of Byun and Ching (1999);140

Foley et al. (2010). Further details (i.e. aerosol processes) are available elsewhere (Spada, 2015; Klose et al., 2021a; Navarro-

Barboza et al., 2023).

For this work, MONARCH was set up with a rotated lat-lon projection, with a spatial resolution of 0.1° by 0.1° for Spain.

The domain over Spain is presented in Fig. 1. The setup accounts for 24 vertical layers (top 50 hPa). The boundary conditions

for the meteorological module come from the European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis145

v5 (ERA5) for the year of 2019, and the chemistry is derived from the CAMS global atmospheric composition reanalyses,

which is build on ECMWF's Integrated Forecasting System (IFS; Flemming et al., 2015). We chose to focus on the year 2019,

as the emissions and observational data for 2022 had not been validated at the time of our analysis, and using emission data

from 2021 or 2020 would be signi�cantly affected by the COVID-19 pandemic (Guevara et al., 2023).

As previously mentioned, the anthropogenic emissions are fed by HERMESv3. The biogenic emissions are estimated with150

MEGANv2.04 (Guenther et al., 2006, 2012), which is fully implemented inside MONARCH. The speciation employed emits

xylene (lumping p-cymene and o-cymene MEGAN species) and toluene (lumping toluene, benzaldehyde, methyl benzoate,

phenylacetaldehyde, methyl salicylate, and indole MEGAN species) among other biogenic species.
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2.2 Air Quality Network and Observational Data

In order to evaluate the performance of the MONARCH model, we used the data obtained for the year 2019 from the Euro-155

pean Environment Agency (EEA) AQ e-reporting (EEA, 2023) and complemented with data provided by the Spanish ministry

(MITERD, 2020). To do so, we used the harmonised data set from Globally Harmonised Observations in Space and Time

(GHOST). The GHOST data set is one of the most extensive collections of harmonised measurements of atmospheric compo-

sition at the surface level. More detailed information can be found in Bowdalo et al. (2024). From this data set, our selection

process only considered observations that meet the default quality assurance (QA) criteria speci�ed by GHOST (the details of160

the QA applied can be found in Table C1 of the Appendix C) and have temporal coverage greater than 75 % in 2019. When

applying these �lters, 62 stations measuring benzene were dropped, along with 10 stations measuring toluene and 6 stations

measuring xylene. The removal of these stations caused a reduction of spatial coverage, where the majority of the stations were

located in south and north-western part of Spain. The temporal coverage criteria was the main driver to remove these stations,

although the QA criteria number 83 (see Appendix C for the full description) also had a substantial impact. This shows, mainly165

for stations measuring benzene, the low quality of the measurements available, and while this reduction may be perceived as a

limitation for model evaluation, it is a critical measure to ensure the reliability of measurements. It is also crucial to recognise

the potential measurement uncertainties, as exempli�ed by Gallego-Díez et al. (2016), which can signi�cantly vary based on

the chosen methodology and instrumentation setup. The measurement methods for each station, when available, are detailed

in Appendix H.170

Table 1.Available number of stations in Spain by area classi�cation and station type measuring benzene, toluene, and xylene in 2019 after

applying a temporal coverage of 75 % and quality assurance criteria. The number of stations that only measure with daily resolution is shown

in parentheses.

Station classi�cation Benzene Toluene Xylene

Urban Traf�c 22 (4) 14 (2) 13 (7)

Suburban Traf�c 1 1 1 (1)

Rural Traf�c 0 0 0

Urban Industrial 1 1 1 (1)

Suburban Industrial 8 (2) 7 (4) 7 (6)

Rural Industrial 1 0 0

Urban Background 8 (1) 8 (1) 6 (3)

Suburban Background 5 2 1

Rural Background 1 1 1 (1)

TOTAL 47 34 30
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Table 1 shows the available number of stations in Spain per station classi�cation measuring benzene, toluene and xylene

in 2019. The locations and spatial distribution of the stations, along with their respective classi�cations, are shown in Fig. 1.

Examining the spatial distribution of the �nal dataset reveals a heterogeneous coverage. Notably, there is a lack of monitoring

stations in the southern and north-western regions of Spain, as well as in Barcelona, speci�cally for stations measuring toluene

and xylene. A complete description of the location, area and station classi�cation, and the measuring time resolution of each175

station can be found in Appendix H.

Figure 1. Location of the air quality stations measuring benzene, toluene and xylene (with an temporal coverage over 75 % and �ltered by

the QA criteria) by type and area classi�cation in Spain for 2019. The station classi�cation is represented by distinct markers, while the area

classi�cation is indicated by varying colours. The characteristics of each station are listed in Appendix H.

3 Results

3.1 Emissions

Figure 2 shows the total anthropogenic emissions of benzene, toluene and xylene in Spain per grid cell (4 km by 4 km) for the

year 2019. The analysis of the emission results excludes the estimated MEGAN biogenic emissions, as it does not report any180

emissions for benzene, and their contribution to total toluene and xylene was found to be minimal (Henrot et al., 2017). To

support the discussion, a map identifying the name and location of the different Spanish NUTS2 (Nomenclature of Territorial

Units for Statistics) administrative regions and the main cities mentioned in this work is provided in Fig. B1 in Appendix B.

The total estimated emissions in Spain are 11 kilotons (kt) for benzene, 26 kt for toluene and 12 kt for xylene. The main

Spanish NUTS2 administrative regions emitting benzene are Andalusia (1.7 kt, 17% of the total emitted benzene), Aragon (1.6185

kt, 15%), and Catalonia (1.4 kt, 14%). Notably, each NUTS2 region exhibits distinct emission characteristics. In Andalusia,

the residential sector accounts for the majority of emissions, contributing 74 % (1.3 kt), primarily from wood combustion. In

contrast, for Aragon and Catalonia, the industrial sector is the main source of emissions, comprising 82 % (1.3 kt) and 53 %

(0.8 kt), respectively. Aragon's substantial industrial contribution is primarily due to the presence of a large paper and pulp

manufacturing industry, which is responsible for 40 % of industrial benzene emissions in this region.190
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For toluene emissions, the top-emitting NUTS2 regions are Catalonia (6 kt, 23 % of the total emitted toluene), the Valencian

Community (3 kt, 11 %), and Andalusia (3 kt, 11 %). Similarly, in the case of xylene, the top emitters are Catalonia (2.1 kt,

19 % of the total emitted xylene), Andalusia (1.4 kt, 12 %), and the Valencian Community (1.3 kt, 11 %). For both pollutants,

the solvent sector predominates, accounting for 72 % and 89 % of total emissions, respectively. In Andalusia, the solvent

sector contributes less to xylene emissions (50 %) due to the presence of several petrochemical complexes, which account for195

approximately 25 % of these emissions. It is worth noting that Madrid has signi�cant emissions, with 2.5 kt of toluene and

1.2 kt of xylene. However, due to its smaller area compared to other regions, it does not rank in the top 3. Nevertheless, when

looking at the emission intensity, Madrid ranks �rst for toluene (emitting 0.31 t.km� 2) and xylene (emitting 0.15 t.km� 2) and

second for benzene (emitting 0.06 t.km� 2).

Overall, regions with higher emission values in Spain tend to coincide with more populated areas or signi�cant industrial200

activity. For instance, regions with lowest population density (about 26 hab.km� 2), namely Castilla y León, Castilla–La Mancha

and Extremadura (INE, 2021), despite collectively covering 44 % of peninsular Spain's total area, contribute only 15 %, 14

%, and 13 % of total benzene, toluene, and xylene emissions, respectively. Regarding spatial distribution, benzene hotspots are

located in speci�c industrial areas, such as Toledo in the south of Madrid and Tarragona in the south of Catalonia. In contrast,

hotspots for toluene and xylene are primarily located in urban areas.205

Figure 2. Bottom-up estimated emissions (t.year� 1) of benzene, toluene and xylene in Spain at 4 km by 4 km.

To quantify the contribution of the different anthropogenic activities to total BTX emissions, we conducted individual runs of

HERMESv3_BU, grouping its emission sectors as follows: 1) road transport; 2) the solvent sector was divided depending on its

application resulting in domestic use and industrial, which accounts for the solvent production and use in the industrial context;

3) residential, which corresponds to the residential and commercial combustion sector; 4) industry, which accounts for energy

and manufacturing industrial emissions except for VOC process emissions linked to the use of solvents (e.g., manufacturing of210

chemical products or paint application); and 5) 'other', which accounts for the remaining emission sectors, including, aviation

(landing and take-off cycles in airports), shipping in port areas, recreational boats, livestock, agricultural machinery, and the

fugitive fossil fuel sector.
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Figure 3 shows the contribution for each grouped sector per day over the year of 2019 and VOC species for urban areas in

Spain. The information regarding urban settlements was sourced from Schiavina et al. (2023). Benzene emissions show notable215

variations throughout the year, with industries being the primary contributor, accounting for 35 % to 44 % on average. Another

relevant source is the road transport, which contributes on average 29 %. However, due to the weekday-weekend effect, the

contribution from this sector lowers during weekends. It is worth mentioning that the emissions from the residential sector

show a big seasonality, as they are primarily driven by the burning of wood for residential heating. While the contribution is

higher in more rural areas, it reduces from 18 % in winter to 6 % in summer (�gure not included).220

The contribution of the different sources to toluene emissions remains quite constant along the year, with the industrial

solvent sector being the primary contributor, averaging around 85 % annually. Within the industrial solvent sector, the primary

activities emitting toluene are the fabrication and treatment of chemical products, such as paint manufacturing (50 %), industrial

paint application (14 %), and non-industrial paint application (10 %). The domestic use of solvent, despite having an important

contribution to total VOCs (around 11 % in 2019), has a very limited contribution to BTX emissions compared to industrial225

use of solvent because the speciation pro�le used assumes less than 1 % for each individual specie.

Similar to toluene, xylene is also primarily dominated by the solvent sector, with a contribution averaging around 77 %

annually. Overall, the shares show a relatively constant pattern, where road transport contributes from 10 to 16 %, reaching

higher values in winter. For xylene, the main activity from the industrial solvent sector is the paint application, such as industrial

paint application (41 %), wood paint application (16 %) and paint application in the manufacturing of automobiles (11 %).230

Figure 3. Temporal source contribution (%) to total emissions of benzene, toluene and xylene in Spanish urban areas in 2019.

Figure 4 shows the contribution (%) of each sector to total benzene, toluene and xylene emissions per grid cell at a resolution

of 4 by 4 km. A similar �gure is presented in Appendix D showing the emissions (t) of benzene, toluene and xylene by emission

sector. For benzene, the residential sector is the dominant sector in Spain, with an overall contribution of over 86 %, except

in urban areas, where the contribution is generally under 20 %. This is more evident in Madrid and Barcelona, although it

can be seen in all major cities. This spatial pattern can be attributed to the predominant emission of benzene from residential235

biomass combustion, which in HERMESv3 is allocated based on rural population density due to the minimal usage of this
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fuel in urban areas, where natural gas dominates the energy mix. In urban areas, the main contribution comes from the road

transport sector (overall, over 60 %) and to a smaller extent from the domestic solvent use (up to 24 %). As expected, over

major interurban roads, the road transport sector is usually the main contributor. In the more rural areas, agriculture activity

dominates benzene emissions, contributing around 94 %. Furthermore, the industrial sector makes a substantial contribution240

(>90 %) to speci�c grid cells, particularly in areas where large facilities and industrial hotspots are situated. This is mostly

evident over the Catalonia region but also over main industrial areas such as Valencia and the central region of Andalusia.

For toluene and xylene, the contribution by sectors shows a similar spatial pattern. The industrial solvent sector dominates

the urban areas with overall values ranging between 63 - 97 %. However, the cells intersecting main interurban roads are

dominated by the traf�c sector, contributing around 44 - 80 %. The residential emissions have an essential contribution in more245

rural areas, mainly due to biomass burning, where they are more relevant for xylene (up to 76 %) than for toluene (up to 70 %).

The main differences between toluene and xylene spatial patterns are seen for 'other'. Despite having lower values (see Fig.

2), rural areas are predominantly characterised by livestock emissions, primarily from cattle. In several locations, grid cells

are entirely dominated by the livestock sector. The variations in cattle emissions between toluene and xylene can be attributed

to the differences in their respective speciation, with toluene accounting for a greater percentage (1 %) than xylene (<0.1 %)250

(Oliveira et al., 2023).

Figure 4. Relative contribution (%) of individual anthropogenic emission sources to total benzene, toluene and xylene annual emissions in

Spain in 2019 per grid cell (4 km by 4 km).
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3.2 Surface BTX Concentrations

The following subsection presents the comparison between modelled BTX concentrations estimated with MONARCH and

observations reported by air quality stations. Additionally, an evaluation of NO2 and O3 is presented in Appendix F to support

the analysis. To match explicit toluene and xylene observations, we assumed that ratios between explicit and lumped species255

from emissions could be extrapolated to concentrations. Spatially (gridded and per type of station) and temporally (monthly)

resolved ratios (i,.e., toluene/TOL and xylene/XYL) were estimated using HERMESv3 and the speciation information reported

by (Oliveira et al., 2023) and applied to the model outputs (see Appendix G). On average in Spain, for TOL total mass, toluene

contribution is 63 % while for XYL total mass, (m,o,p-) xylene contribution is 41 %.

The location and characteristics of each speci�c station is presented in Appendix H. To analyse the impact of the different260

emission sectors and reduce the number of variables, we evaluated the model by aggregating the measurement stations by

station type and area classi�cation as follows:

– Urban and suburban traf�c stations, as there is only one suburban traf�c station and due to the similarity in trends

observed between the two. Although the model has limitations in replicating traf�c sites accurately, analysing these sites

can still yield valuable information.265

– All industrial stations were aggregated due to their similar observed range values and trends.

– Urban and suburban background stations were aggregated due to their similar observed trends, and this consolidation

was necessary given the limited availability of suburban background stations measuring toluene (N=2) and xylene (N=1).

Rural background stations were excluded from the analysis as only one site with these characteristics was available.

Annual and seasonal mean statistics are computed for each group of stations, with seasons corresponding to winter (January,270

February and December), spring (March, April and May), summer (June, July and August) and autumn (September, October

and November). The statistics used in this work are commonly used to evaluate model performances against observations. For

this, we selected N (sample size), observed mean, modelled mean, Mean Bias (MB), Normalised Mean Bias (NMB), Root

Mean Squared Error (RMSE) and the pearson correlation coef�cient (r).

Figure 5 shows the annual mean concentrations of a) benzene, b) toluene, and c) xylene for the year 2019, modelled with275

a spatial resolution of 0.1° by 0.1° and observed at various air quality stations. The detailed discussion for each pollutant is

provided along the section.
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