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A B S T R A C T   

Understanding the atmospheric processes involving carbonaceous aerosols (CAs) is crucial for assessing air 
pollution impacts on human health and climate. The sources and formation mechanisms of CAs are not well 
understood, making it challenging to quantify impacts in models. Studies suggest residential wood combustion 
(RWC) and traffic significantly contribute to CAs in Europe’s urban and rural areas. 

Here, we used an atmospheric chemistry model (MONARCH) and three different emission inventories (two 
versions of the European-scale emission inventory CAMS-REG_v4 and the HERMESv3 detailed national inventory 
for Spain) to assess the uncertainties in CAs simulation and source allocation (from traffic, RWC, shipping, fires 
and others) in Northeast Spain. For this, black carbon (BC) and organic aerosol (OA) measurements performed at 
three supersites representing different environments (urban, regional and remote) were used. Our findings show 
the importance of model resolution and detailed emission input data in accurately reproducing BC/OA obser
vations. Even though emissions of total particulate matter are rather consistent between inventories in Spain, we 
found discrepancies between them mainly related to the spatiotemporal disaggregation (particularly relevant for 
traffic and RWC) and the treatment of the condensable fraction of CAs in RWC (changes in the speciation of 
elemental/organic carbon). The main source contribution to BC concentrations in the urban site is traffic, ac
counting for 71.1%/65.2% (January/July) in close agreement with the fossil contribution derived from obser
vations (78.8%/84.2%), followed by RWC (12.8%/3%) and shipping emissions (5.4%/13.8%). An over- 
representation of RWC (winter) and shipping (summer) is obtained with CAMS-REG_v4. Noteworthy un
certainties arise in OA results due to condensables in emissions and a limited secondary aerosol production in the 
model. 

These findings offer insights into MONARCH’s effectiveness in simulating CAs concentrations and source 
contribution in Northeast Spain. The study highlights the benefits of combining new datasets and modeling 
techniques to refine emission inventories and better understand and mitigate air pollution impacts.   

1. Introduction 

According to the World Health Organization (WHO), 91% of the 
global population was exposed to polluted air resulting in 4.2 million 
premature deaths in both urban and rural areas worldwide in 2016 
(WHO, 2018). Numerous studies have directly linked exposure to 
polluted environments with pulmonary and cardiovascular diseases (e. 

g., Poloniecki et al., 1997; Schwartz, 2000; Bell et al., 2006; Tie et al., 
2009; Foster and Kumar, 2011; Chen et al., 2018; Yue et al., 2023). Fine 
and ultrafine particles are considered one of the most harmful air pol
lutants due to their ability to be absorbed by lung cells (Kennedy, 2007; 
Ohlwein et al., 2019; Moreno-Ríos et al., 2022). Despite the reduction in 
the emission of harmful substances in the last decades, the number of 
premature deaths remains high in Europe (EEA, 2022). Improving air 
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quality will require significant efforts to reduce emissions from several 
activity sectors (e.g. transport, industrial or household sources). 
Carbonaceous aerosols (CAs) includes a fraction of organic aerosols 
(OA), or organic matter (OM) and a refractory light-absorbing compo
nent referred to as black carbon (BC) or elemental carbon (EC). CAs are 
predominantly present in the fine size fraction of particulate matter 
(Echalar et al., 1998; Hitzenberger and Tohno, 2001) and strongly 
impact climate, air pollution, human health, and ecosystems. The 
emissions of CAs are attributed partly to incomplete combustion of fossil 
fuel, coal or biomass burning. Both traffic and residential wood com
bustion (RWC) are important sources to CAs (Chen et al., 2022). In 
Europe, around 50% of the total anthropogenic PM2.5 emissions are 
estimated to be CAs and the main source of primary OA is attributed to 
RWC (Denier Van Der Gon et al., 2015). Several field studies have shown 
the large fraction of OA in the chemical composition of PM2.5 concen
trations (e.g., Jimenez et al., 2009). Although European climate policies 
promote wood burning as a source of energy to meet targeted reductions 
in carbon emissions (Validzic, 2017), this also has negative conse
quences for air quality as it generates harmful gases and aerosol particles 
mainly in the fine fraction (Chafe et al., 2015). A proper understanding 
of air pollution is critical in the design and implementation of effective 
policy solutions. 

Historically, numerical models have been essential tools for decision- 
makers in formulating plans to reduce atmospheric pollution. However, 
simulating CA concentrations with models, particularly during cold 
seasons, has proven to be challenging (Aas et al., 2012). Multi-model 
intercomparison studies have shown significant underestimations of 
particulate organic carbon (OC) and EC concentrations over Europe in 
the fine fraction of PM by 40 − 80% and 20 − 60%, respectively (Prank 
et al., 2016). Models have difficulty simulating the secondary organic 
aerosol (SOA) formation because they do not fully represent the atmo
spheric oxidation processes, resulting in the underestimation of OC 
concentrations. This is due to the generation of low-volatility organic 
compounds, which is not well-captured by current models (Hallquist 
et al., 2009; Shrivastava et al., 2017). Furthermore, the limitation on the 
representation of CAs in models is also driven by uncertainties in the 
underlying emission inventories used as input, particularly from inac
curacies related to the inclusion of condensable compounds and repro
duction of spatial patterns. 

Condensable compounds refer to the portion of material emitted into 
the atmosphere as gas that rapidly condenses into particulate matter 
without undergoing chemical reactions (Simpson et al., 2020). The in
clusion or exclusion of this condensable fraction in emission inventories 
is one of the major uncertainties regarding CAs combustion sources, 
mainly due to the particulate matter measurement techniques used to 
derive emission factors. Nussbaumer et al. (2008) outlines various 
sampling methods and their respective emission factors, with the most 
crucial ones being filter measurements, which only measure solid par
ticles (SP), and dilution tunnel (DT) measurements, which measure solid 
particles and condensable or semi-volatile organics. The choice of SP or 
DT emission factors can lead to significant differences, with a fivefold 
discrepancy in absolute PM emission estimates depending on which one 
is used (Denier Van Der Gon et al., 2015). 

The use of condensable emission factors is currently inconsistent in 
emission inventories across different sectors, which may lead to un
derestimations of particulate matter (PM) emissions. For example, 
emission measurements in the road transport sector include the con
densable component, while industrial sources exclude it. Additionally, 
some approaches include condensable in the emission factors for small- 
scale combustion of coal or wood, while others do not (Simpson et al., 
2020). Denier Van Der Gon et al. (2015) showed that the inclusion of the 
condensable fraction in the emission inventory for RWC in Europe 
resulted in substantially improved agreement between measured and 
predicted OA. Similarly, Morino et al. (2018) highlighted the benefit of 
considering the fraction of condensable fraction from stationary com
bustion sources to improve OA model results over Japan during winter. 

The inclusion of condensable material in emission inventories is a major 
topic of research for the modelling community. In fact, it is not only 
crucial if today’s emissions inventories include the condensable fraction, 
but also how these inventories include this fraction and on which sectors 
(Bergström, 2020). 

Uncertainties in the spatial distribution of primary CAs emissions, 
particularly from burning of wood and coal in the residential sector, 
have also been highlighted as a major limitation in current emission 
inventories. Spatial patterns can significantly vary between countries, as 
suggested by Trombetti et al. (2018). While wood burning is common in 
rural areas due to limited access to natural gas, there can be also high 
activity recorded in urban areas due to sociodemographic or economic 
aspects (Grythe et al., 2019; Athanasopoulou et al., 2017); however, this 
may not be representative of southern European countries (Timmermans 
et al., 2013; Kuenen et al., 2022). The development of spatial proxies 
capable of capturing this heterogeneity between regions is challenging, 
as it requires the use of very detailed and up-to-date information on 
household appliances (Paunu et al., 2021). As a consequence, important 
discrepancies arise when comparing the spatial distribution of RWC 
emissions as reported by regional and local emission inventories. For 
instance, the comparison of fine scale bottom-up inventories against 
three regional inventories (i.e., EC4MACS, TNO-MACC-II and TNO- 
MACC-III) for seven urban areas in Norway indicated discrepancies in 
PM2.5 emissions from RWC of up 90% (López-Aparicio et al., 2017). 
Thunis et al. (2021) compared a global inventory (EDGAR, (Crippa et al., 
2018)) against two regional inventories (EMEP (Nielsen, 2013), CAMS- 
REG-AP (Kuenen et al., 2003)) over the European continent and showed 
that despite the different approaches used in each inventory to estimate 
emissions, all three led to consistent results for PM2.5. However, the 
main discrepancies between the results were attributed to the spatial 
variability. The study highlights the importance of complementing 
validation with observations with other evaluation approaches, such as 
source apportionment (SA), since overestimates in one sector can offset 
other sectors. It should be noted however that SA techniques applied to 
observational CAs data are also prone to potentially high uncertainties 
in part due to a priori assumptions needed for SA that could not reflect 
the actual physical properties of CA particles, especially of BC. 

In this contribution, we investigate the uncertainties in representing 
CAs source contribution in the Western Mediterranean basin (WMB) by 
combining modelling and monitoring techniques. We focus on the 
contribution of RWC, traffic, shipping, and biomass burning emissions, 
as well as their spatial characterization, including CAs speciation and 
treatment of condensable fraction. To achieve this, we employ the 
Multiscale Online Nonhydrostatic Atmosphere CHemistry model 
(MONARCH; Badia and Jorba, 2015; Badia et al., 2017; Klose et al., 
2021) with different emission inventories and evaluate the results 
against data from three monitoring supersites representing different 
environments (urban, regional and remote). The final goal is to provide 
insights into the contributions of these sectors to CAs concentrations and 
their impact on air quality. 

The structure of the paper is as follows. In Section 2, we describe the 
region and period of study, as well as the evaluation observational 
datasets providing information on the mass and source contribution of 
CAs. We present a detailed description of the atmospheric chemistry 
model used in this study. We also provide an overview of the different 
emission inventories employed and the statistical metrics selected for 
the analysis. In Section 3, we present the results of the work. First, we 
perform an inter-comparison between different emission inventories 
over Spain, followed by an analysis of the BC and OA surface concen
trations and source contribution model results. Finally, Section 4 pro
vides a summary of the results and the main conclusions. 
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2. Materials and methods 

2.1. Domain and period of study 

The study is conducted over the Northeast (NE) region of Spain, 
located in the Western Mediterranean Basin (WMB) (Fig. 1). This area is 
known for high pollution levels due to a combination of atmospheric 
dynamics, local orography and various anthropogenic and natural 
sources. The WMB is home to several large cities, industrial areas, and 
ports along the coast, which are significant sources of atmospheric 
particulate matter (PM) and precursor gases (Jorba et al., 2013; Pandolfi 
et al., 2014). The region is also affected by dust transport from North 
Africa, which contributes to higher coarse particulate matter (PM) 
loading in the region, particularly during spring/summer (Querol et al., 
2009; Pey et al., 2013). The study focuses on the year 2018 and utilizes 
observational data from three different environments: urban back
ground, regional background, and remote background. These measure
ment sites located in NE Spain offer a comprehensive understanding of 
the physico-chemical properties of atmospheric aerosol particles in the 
region. During the warm season, a characteristic sea-breeze circulation 
advects air masses from Barcelona city towards the Montseny environ
ment (Jorba et al., 2013). During cold seasons, the Azores High occa
sionally shifts south, allowing Atlantic low-pressure systems to enter the 
Mediterranean. This helps clear stagnant air and reduces pollution at a 
regional scale (Pandolfi et al., 2014). 

2.2. Observational dataset 

2.2.1. Measuring sites 
We use three atmospheric research supersites run by the Environ

mental Geochemistry and Atmosphere Group of the Institute of Envi
ronmental Analysis and Water Research (EGAR-IDAEA): one located in 
the city of Barcelona representative of urban background (URB), the 
second one located in a regional background environment, named 
Montseny (REG), and the third one located in a remote background 
environment, named Montsec (REM) (see geographic coordinates and 
height in Table 1). These measurement stations are characterized by 
aerosols with different physical and chemical properties. URB is located 
within the Barcelona metropolitan area of nearly 4.5 million inhabitants 
at a distance of about 25 km from the coast, and at 200 m distance from 
one of the busiest streets in the city (> 60 k vehicles per day). REG 
station is located in a hilly and densely forested area within the Natural 
Park and Biosphere Reserve of Montseny, 50 km to the N-NE of Barce
lona and 25 km from the Mediterranean coast. The REM station is 
located in a remote high-altitude emplacement on the southern side of 
the Pre-Pyrenees at the Montsec Range, 140 km to the NW of Barcelona 
and 140 km to the WNW of REG. These supersites are part of the Cata
lonian Atmospheric Pollution Monitoring and Forecasting Network and 

of the ACTRIS (www.actris.eu) and GAW (www.wmo.int) networks. A 
detailed characterization of these measurement stations can be found in 
previous works (e.g. Querol et al., 2001; Rodrıguez et al., 2001; Reche 
et al., 2011; Brines et al., 2014; Ealo et al., 2018 for URB; Pérez et al., 
2008; Pey et al., 2009; Pandolfi et al., 2014; Pandolfi et al., 2016 for 
REG; Ripoll et al., 2014; Ripoll et al., 2015 and Ealo et al., 2016, for 
REM). 

Table 1 summarizes the observations used from each site in this study 
and Fig. 2 shows their location. In the following sections, we provide a 
brief description of them. Additionally, the aerosol evaluation is com
plemented with meteorological observations of air temperature at 2 m 
and wind speed at 10 m above ground level available at URB and REG 
sites. 

2.2.2. Online BC measurements 
BC concentrations were determined with Multi Angle Absorption 

Photometer (MAAP, Thermo Fisher Scientific, Waltham, USA; Petzold 
and Schönlinner, 2004) instruments at the three sites (URB, REG and 
REM). 

MAAP is a filter-based method, i.e. the aerosol sample is continu
ously collected on a filter tape. This instrument derives the absorption 
coefficient at 637 nm (Müller et al., 2011) using a radiative transfer 
model from the measurements of transmission of light through the filter 
tape and backscattering of light at two different angles (Petzold et al., 
2005). The eBC concentrations are calculated by the MAAP’s software 
using a mass absorption cross section (MAC) value of 6.6 m2/g. How
ever, the MAC can vary considerably from one site to another due to its 
dependency on the BC sources and on the degree of internal mixing of BC 
particles with other chemical components (e.g., Pandolfi et al., 2011; 
Zanatta et al., 2016; Yus-Díez et al., 2022). Internal mixing or coating 
can enhance the absorption efficiency of BC particles, resulting in a 
higher MAC. This is due to the so-called lensing effect, whereby more 
photons are focused on the BC core, leading to increased absorption. As a 
result, determining the local MAC is crucial for accurately measuring BC 
concentrations using filter absorption photometers like the MAAP. 
Without accounting for local MAC, measurements can be highly un
certain. Here the more suitable MAC for the three measurement sites 
(URB, REG and REM) was calculated by comparing the absorption 
measurements provided by the MAAP with the EC concentrations ob
tained with a semi-continuous (3 h resolution) SUNSET analyzer in URB 
(Karanasiou et al., 2020) and a laboratory (24 h time resolution) off-line 
SUNSET instruments at REG and REM. Both instruments (semi-contin
uous and off-line) provided EC and OC concentrations using the 
EUSAAR_2 standard protocol (Cavalli et al., 2010). 

The average MAC values used here to estimate the BC concentrations 
were 9.6 ± 3.2 m2/g,12.5 ± 3.2 m2/g and 13.2 ± 3.2 m2/g at URB, 
REG and REM, respectively, as supported by the treatments detailed in 
Yus-Díez et al. (2022). The MAC values consistently increased from URB 

Fig. 1. Domain of study and model nest configuration. D01 parent domain at ∼ 20 km horizontal resolution, D02 nest domain at ∼ 5 km, and D03 inner domain at 
∼ 1 km covering NE Spain. 
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(urban) to the remote REM measurement sites due to the fact that par
ticles reaching REG and REM were more aged and consequently more 
internally mixed with other species compared to URB, thus increasing 
the MAC. 

Hereinafter, we will use black carbon (BC) as a common term when 
comparing the model results (mass of elemental carbon) with the 
measurements. 

2.2.3. Online chemistry measurements 
Concentrations of the non-refractory components of PM1 with 30 

min time resolution or less were obtained in URB with a quadrupole 
aerosol chemical speciation monitor (Q-ACSM; Aerodyne Research Inc.). 
Q-ACSM is an aerosol mass spectrometer (AMS) adequate for long-term 
deployments in the field. It determines online ambient mass concen
trations of submicron SO2−

4 ,NO−
3 ,Cl− ,NH+

4 , and OA. The measurement of 
OA allows for the characterization of the oxidation state of the organic 
fraction. The instrument also generates organic mass spectra, which can 

be further analyzed using multivariate mathematical techniques like 
positive matrix factorization (PMF). This analysis can help identify the 
origin or types of OA present in the sample. OA sources for URB for the 
year 2018 were recently presented in Via et al. (2021). The OA sources 
were: HOA (hydrocarbon-like organic aerosol a surrogate of primary 
combustion OA indicative for example of traffic emissions), COA 
(cooking organic aerosols), BBOA (in this case primary biomass burning 
organic aerosols) and different OOA types (oxygenated organic aero
sols). The OOA component were further deconvolved into two OOA 
subtypes that differ in volatility and degree of oxidation: less oxidized 
OOA (LO-OOA) and more-oxidized OOA (MO-OOA). Less or more 
oxygenated OA relates to less or more aging of OA. The sources found in 
URB are typically observed in Europe through AMS techniques (Jimenez 
et al., 2009; Ng et al., 2010; Chen et al., 2022). It should be noted that 
the uncertainties for the modelled OA factors (due to rotational uncer
tainty and statistical variability in the sources) can reach up to ± 40% 
for specific secondary organic aerosols sources (Chen et al., 2021). 

Table 1 
Measurements used for the evaluation of the MONARCH model.  

Station Variable Instrument Resolution Size Coordinates      

Latitude (N) Longitude (E) Altitude 

URB OC/EC SUNSET analyzer 24 h PM2.5 41∘23′24′′ 02∘6′58′′ 67 ma.s.l.
OA ACSM 1 h PM1     

BC/Abs MAAP/AE33 1 h PM10    

REG OC/EC SUNSET analyzer 24 h PM2.5 41∘19′ 02∘21′ 720 ma.s.l.
BC/Abs MAAP/AE33 1 h PM10    

REM OC/EC SUNSET analyzer 24 h PM10 42∘3′ 0∘44′ 1570 ma.s.l.
BC/Abs MAAP/AE33 1 h PM10    

a Abs: absorption.  

Fig. 2. Annual RWC emissions for Spain from CRV42_REF2 (68.8 kt/y) and Hv3_BU (63.9 kt/y) gridded at 5 km horizontal resolution. Bottom panel shows a zoom in 
NE Spain. Symbols indicate the localization of the three monitoring sites used in this work. 
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2.2.4. Offline chemistry measurements 
Q-ACSM measurements were not available for REG and REM stations 

during the period studied here, the year 2018. Consequently, the mass 
concentrations of OC at the three sites were determined from 24 h 
sampled PM2.5 filters using a thermal-optical carbon analyzer (SUNSET), 
using protocol EUSAAR_2 (Cavalli et al., 2010). 

To compare model outputs (organic aerosol mass) and observations, 
an organic-mass-to-organic–carbon (OM:OC) ratio of 1.7 is assumed in 
URB, this ratio was chosen based on the work of Minguillón et al. (2011), 
which suggests a greater influence of primary organic aerosols, such as 
those from vehicle emissions, thus leading to a lower OM:OC ratio. On 
the other hand, at REG and REM, a higher ratio of 2.1 was adopted, 
aligning with Karanasiou et al. (2020). The higher ratio at these sites 
reflects a larger contribution from secondary organic aerosols, which 
typically possess a higher OM:OC ratio due to processes like the atmo
spheric photo-chemical oxidation of volatile organic compounds. 

2.2.5. Source contribution derived from Aethalometer measurements 
The determination of fossil and non-fossil relative contributions to 

the measured concentrations of BC particles in URB, REG and REM were 
obtained applying the Sandradewi model (Sandradewi et al., 2008) to 
the absorption measurements performed with AE33 aethalometers 
(Magee Scientific; Drinovec et al., 2015) available in the three sites. 

Briefly, the AE33 measures the attenuation of light by aerosol par
ticles collected onto a fiber filter tape at 7 different wavelengths (370,
470, 520, 590, 660, 880, and 950 nm). The absorption properties of 

collected particles were then calculated from the attenuation measure
ments at the seven wavelengths following the procedure described in 
Yus-Díez et al. (2021). 

The Sandradewi model is based on the fact that non-fossil sources of 
BC also emit OA with absorption properties (BrC) that strongly enhance 
the absorption of light in the ultraviolet wavelength range compared to 
that in the near-infrared range, where BC dominates the absorption. 
Light absorption Multi-wavelength Aethalometer measurements can 
therefore be used to quantitatively assess the source contribution of non- 
fossil (e.g. wood burning) versus fossil sources (e.g. traffic, shipping, 
industry, etc) to BC concentrations as it was shown in Sandradewi et al. 
(2008). It is important to note that the BC source apportionment from 
the Sandradewi model has a rather high uncertainty (not less than 20%) 
due to specific assumptions in the model (e.g., chosen Absorption 
Angstrom Exponents or equal Mass Absoprtion Cross section of BC 
emitted from fossil and non-fossil sources). 

2.3. Model description 

2.3.1. The MONARCH atmospheric chemistry model 
The MONARCH model (Jorba et al., 2012; Badia and Jorba, 2015; 

Badia et al., 2017; Klose et al., 2021) consists of advanced chemistry and 
aerosol packages coupled online with the Nonhydrostatic Multiscale 
Model on the B-grid (NMMB; Janjic et al., 2001; Janjic and Gall, 2012). 
The model allows running both global and regional simulations with 
telescoping nests. Multiple choices of gas- and aerosol chemistry 
schemes can be selected in the model, here we describe the configura
tion used in this work. 

The gas-phase chemistry solves the Carbon Bond 2005 chemical 
mechanism (CB05; Yarwood et al., 2005) extended with chlorine 
chemistry (Sarwar et al., 2012). The CB05 is well formulated for urban 
to remote tropospheric conditions, and it uses photolysis rates computed 
with the Fast-J scheme (Wild et al., 2000) considering the physics of 
each model layer (e.g., clouds, absorbers such as ozone). A mass-based 
aerosol module describes the life cycle of dust, sea salt, BC, OA (both 
primary and secondary), sulfate, ammonium and nitrate aerosol com
ponents (Spada, 2015). A sectional approach is used for dust and sea 
salt, while the other aerosol species are represented by a fine mode 
except nitrate which is extended with a coarse mode to consider the 
condensation of nitric acid on coarse particles (see Table S1 for the 

microphysical properties of each component). Sulfate production con
siders the gas-phase oxidation of both sulfur dioxide (SO2) and dimethyl 
sulfide, and the aqueous chemistry of SO2. The heterogeneous hydrolysis 
of N2O5 contributes to the production of nitric acid following the 
parameterization of Riemer et al. (2003). A thermodynamic equilibrium 
model (Metzger et al., 2002) solves the partitioning of semivolatile 
inorganic aerosol components in the fine mode, and an irreversible 
uptake reaction accounts for the production of coarse nitrate on dust and 
sea salt (Hanisch and Crowley, 2001; Tolocka et al., 2004). Different 
meteorology-driven emissions are computed online in MONARCH (i.e., 
mineral dust, sea salt, and biogenic gas species). The mineral dust 
scheme of the model is described in detail in Pérez et al. (2011) and 
Klose et al. (2021). Sea salt emissions are calculated following the source 
function of Jaeglé et al. (2011) as described in Spada et al. (2013), while 
the biogenic NMVOC and soil NO emissions are estimated with the 
Model of Emissions of Gases and Aerosols from Nature (MEGAN) v2.04 
model (Guenther et al., 2006). 

Black carbon is represented in MONARCH following Chin et al., 
2002. Two primary hydrophobic/hydrophilic modes are defined with an 
ageing process converting mass from the hydrophobic to the hydrophilic 
mode with a lifetime of 1.2 days. Primary emissions are assumed to be 
emitted as 80% hydrophobic. 

The “simple scheme” proposed in Pai et al. (2020) is adopted to 
model OA. It is computationally efficient and reproduces well the 
organic mass assuming fixed SOA yields adjusted to match results from 
more complex volatility based scheme approach. Despite the substantial 
differences between the design of “simple” and “complex” schemes, both 
perform comparably in their ability to capture the observed variability, 
with coefficients of determination of 0.41 and 0.44, respectively (Pai 
et al., 2020). Furthermore, the “simple scheme” allows a clear tagging 
method more difficult to implement with other approaches. Here, we 
detail briefly the scheme. Primary emissions are emitted as 50% hy
drophobic species with an OM:OC ratio of 1.4, while the hydrophilic 
oxigenated component assumes an OM:OC ratio of 2.1. Similarly to BC, 
an atmospheric aging of hydrophobic to hydrophilic primary species is 
simulated with a conversion lifetime of 1.15 days. No marine primary 
organic aerosol is considered in our implementation. The scheme in
cludes sources of SOA precursors from biogenic, pyrogenic and 
anthropogenic origin with fixed SOA yields. Biogenic sources of SOA 
uses a 3% yield for isoprene and 10% yield for both monoterpenes and 
sesquiterpenes. A 50% of biogenic SOA is emitted directly to account for 
the near-field formation of SOA. On the other hand, precursors from 
combustion emissions are scaled from CO emissions as a proxy, of which 
1.3% come from fires and biofuels (combustion sources) and 6.9% from 
fossil fuels. The gas-phase SOA products converts to the aerosol phase 
based on a first-order rate constant with a lifetime of 1 day. 

2.3.2. The HERMESv3 emission model 
The High-Elective Resolution Modelling Emission System version 3 

(HERMESv3; Guevara et al., 2019; Guevara et al., 2020) is used to 
provide anthropogenic, biomass burning, and ocean emissions to be 
used as input in the MONARCH model. HERMESv3 includes two main 
components: (i) a global-regional module (HERMESv3_GR; Guevara 
et al., 2019) where the user can flexibly define combinations of existing 
up-to-date gridded global and regional emission inventories and apply 
country-specific scaling factors and masks; and (ii) a bottom-up module 
(HERMESv3_BU; Guevara et al., 2020) that allow computing emissions 
for Spain at the source level (e.g., road link) combining state-of-the-art 
bottom-up methods with local activity information and emission fac
tors. Detailed databases for Spain are used within the HERMESv3_BU to 
produce a refined emission inventory for the country. 

2.4. Emission inventories 

In this study, we aim to evaluate the main uncertainties associated 
with the description of CAs in NE Spain by comparing results obtained 
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from three different anthropogenic emission inventories in Spain 
(Table 2). Specifically, we utilize two versions of the European-scale 
emission inventory CAMS-REG_v4 (Kuenen et al., 2022), developed 
under the Copernicus Atmosphere Monitoring Service (CAMS), as well 
as a detailed national inventory for Spain that is computed using HER
MESv3_BU. For ease of reference throughout the rest of the text, we will 
label these emission inventories as CRV42, CRV42_REF2, and Hv3_BU. 

The CRV42 inventory provides gridded emissions for Europe for the 
main atmospheric pollutants and greenhouse gases: NOx, SO2, non- 
methane volatile organic compounds (NMVOCs), NH3, CO, PM10 and 
PM2.5, and CO2 and CH4 (Kuenen et al., 2022). CRV42 has been built 
using the official emission data reported by each European country for 
each source category to the United Nation Convention on Climate 
Change, the Convention on Long-Range Transboundary Air Pollution 
and the European Union National Emission Ceilings Directive. Its main 
advantage is that it considers country-specific information on technol
ogies, practices, and associated emissions. Emissions are given for 
different sectors using the Gridded Nomenclature For Reporting (GNFR) 
sectorization. The raw emission inventory maintains a consistent spatial 
resolution of 0.1◦ × 0.05◦(approximately 11 x 6 km) throughout Europe; 
it was released in 2020 providing emissions for an 18-year time series 
(2000–2017) consistently. The CRV42 inventory reports total annual 
emissions, and hourly emissions can be derived through the application 
of temporal profiles (i.e., monthly, weekly and diurnal) per GNFR sector 
based on Kuenen et al. (2003) or of more detailed temporal profiles 
recently proposed by Guevara et al. (2021); here we use the former. 
Additionally, speciation profiles for PM (EC, OC (expressed in full mo
lecular mass), sulfate, sodium and other minerals) and NMVOCs (split 
into 25 hydrocarbon groups as classified by the Global Emissions 
InitiAtive (GEIA)) are provided per GNFR sector, country and year. 

As a complementary dataset, the CRV42_REF2 is a science version of 
CRV42 using a consistent approach for RWC PM emissions. Denier Van 
Der Gon et al. (2015) identified inconsistencies in how wood combustion 
emissions were reported in European inventories mainly due to in
consistencies in emission factors used by countries. A relevant aspect of 
this inventory (v4.2_ref2) is that PM emissions (PM2.5 and PM10) from 
GNFR_C (other stationary combustion) were replaced with a bottom-up 
estimate (Denier Van Der Gon et al., 2015; Kuenen et al., 2022). This 
bottom-up approach considers activity data (wood usage and appliance 
types), consistent emission factors across Europe for RWC, including 
condensable fraction, for both wood and solid fuels, and spatial 

distribution based on population density and own wood consumption 
map. Besides GNFR_C sector, CRV42_REF2 incorporates the other sec
tors as present in CRV42. CRV42_REF2 tries to overcome the in
consistencies between countries and limitations in modeling works such 
as source attribution (Simpson et al., 2020). 

The third inventory used in this study is the Spanish emission in
ventory computed using the HERMESv3_BU emission model. Hv3_BU is 
designed to provide bottom-up emissions from point sources (energy 
and manufaturing industries), road transport, residential and commer
cial combustion, other mobile sources, and agricultural activities (live
stock and use of fertilizers). A comprehensive compilation of activity 
data from multiple sources of information is combined along with 
emission factors based on EMEP and EEA (2019) and meteorology in
formation to derive final gridded emission estimates at hourly resolu
tion. For the residential sector, Hv3_BU considers the following types of 
fuels: natural gas, liquefied petroleum gas (LPG), heating diesel oil, 
wood, and coal. Note that this inventory already considers the con
densable fraction of RWC PM, as reported in the EMEP/EEA emission 
inventory guidelines. 

Regarding the RWC emissions, the three datasets considers the in
clusion of condensable fraction in Spain, although CRV42 drags the 
inconsistency among different countries. One of the major differences 
between them is how RWC PM emissions are speciated (Table 2). The 
addition of condensable fraction implies an increase of OC mass emitted 
while EC should not be affected. Therefore, the speciation of EC/OC 
changes significantly from a 48.6/40.6% of the total PM2.5 in CRV42 
(which neglects condensables in the speciation) to 9.8/87.7 and 7/75% 
in CRV42_REF2 and Hv3_BU, respectively. Remarkably, this results in an 
unexpected decrease in EC emissions for CRV42_REF2 in contrast to 
CRV42 in Spain, essentially rectifying the inconsistency inherent in 
CRV42. 

Another relevant difference among the inventories is the spatial 
allocation of RWC as will be discussed in Section 3.1. 

For areas outside of Spain, as well as for shipping and biomass 
burning emissions, the same emission datasets are consistently used: 
CAMS-REG_v4 and GFAS (Global Fire Assimilation System). These 
datasets are processed using the HERMESv3_GR module, which ensures 
a standardized and efficient approach in handling emissions data for 
modeling purposes. 

2.5. Model setup 

We configured the MONARCH model using different setups to 
conduct the simulations of this work (Table 3). Three nested domains 
were designed to cover the European continent and part of North Africa 
with a horizontal resolution of ∼ 20 km (D01), Spain at a resolution of ∼
5 km (D02), and NE Spain at a resolution of ∼ 1 km (D03) as shown in 
Fig. 1. Model runs used one, two or the three nested domains and a 
combination of the emission inventories described in Section 2.4. The 
brute force method was used to apportion the contribution of residential 
emissions (CAMS: GNFR_C; Hv3_BU: residential and commercial com
bustion), traffic emissions (CAMS: GNFR_F1-F2-F3-F4; Hv3_BU: road 
transport), shipping emissions (CAMS: GFNR_G; Hv3_BU: shipping), and 
biomass burning emissions (GFAS) on BC/OA concentrations. Only a 
two-domain configuration was used for the source apportionment (SA) 
run. 

The model ran with 24 vertical layers and a top of the atmosphere set 
at 50 hPa. Meteorology initial and boundary conditions were obtained 
from the ECMWF global model forecasts at 0.125◦and chemical 
boundary conditions from the CAMS global model forecasts at 0.4◦

(Flemming et al., 2015). The HERMESv3 system was used to process the 
anthropogenic emissions described in Section 2.4, the biomass burning 
emissions (forest, grassland, and agricultural waste fires) from the 
GFASv1.2 analysis (Kaiser et al., 2012), and ocean DMS emissions from 
CAMS_GLOB-OCEANv1.1 (Lana et al., 2011; Granier et al., 2019). 
HERMESv3 remapped the original datasets into the model domains and 

Table 2 
Main characteristics of the three emission inventories used in this study.   

CRV42 CRV42_REF2 Hv3_BU 

Air pollutants NOx, SO2, 
NMVOC,NH3, 

CO,PM10,PM2.5 

NOx, SO2, 
NMVOC,NH3, 

CO,PM10,PM2.5 

NOx, SO2, 
NMVOC,NH3, 

CO,PM10,PM2.5 

Reference year 2017 2017 2018 
Domain Europe Europe Spain 
Spatial 

resolution 
0.1x0.05 deg 0.1x0.05 deg User configurable 

(5–1 km) 
Temporal 

resolution 
Yearly Yearly Hourly 

condensable 
fraction 
RWC 

Not consistently Yes Yes 

EC fraction 
RWCa 

0.4866 0.0989 0.07 

OC fraction 
RWCa 

0.4068 0.8778 0.75b 

Reference Kuenen et al., 
2022 

Denier Van Der Gon 
et al., 2015; Kuenen 

et al., 2022 

Guevara et al., 
2020  

a RWC EC/OC speciation for Spain as reported by Kuenen et al., 2022 
b Emissions compute organic mass and assumes OM:OC of 1.8 for RWC and 1.4 

for other sources, as suggested by Klimont et al., 2017 
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derived hourly and speciated emissions. 
Annual emission of CAMS inventories were speciated and broken 

down into hourly resolution as described in Section 2.4. Emissions from 
CAMS were used for Europe while Hv3_BU was used for Spain in specific 
model runs. The autosubmit workflow manager was used for efficient 
execution of the MONARCH modeling chain (Manubens-Gil et al., 
2016). 

2.6. Evaluation metrics 

We evaluate the model performance using quantitative statistical 
metrics, as outlined in Table S2. These metrics include Normalized Mean 
Bias (NMB), Normalized Mean Error (NME), Pearson Correlation Coef
ficient (PCC), Fraction of Predictions within a Factor of Two (FAC2) of 
observations, Fractional Bias (FB), bias, and Root Mean Square Error 
(RMSE). 

Emery et al. (2017) suggest benchmarks for assessing the perfor
mance of photochemical models, particularly for species such as EC and 
OC. They base their recommendations on the “goal” and “criteria” tar
gets proposed by Boylan and Russell (2006). The “goal” represents the 
optimal performance a model can be expected to achieve, while the 
“criteria” refers to an “acceptable model”, which should be considered as 
a performance level that a majority of models can attain. 

Table S2 presents the benchmarks proposed by Emery et al. (2017) 
for NME and NMB. Although they suggest using three metrics to eval
uate the model, they do not provide benchmarks for PCC due to sub
stantial statistical uncertainty in determining the 33rd and 67th 
percentiles. Additionally, other recommended values for FB for PM 
(Boylan and Russell, 2006) and FAC2 (Chang and Hanna, 2004; Soni 
et al., 2021) are included. 

3. Results 

3.1. Spatio-temporal variability of anthropogenic emissions in Spain 

In this section we analyze the main differences between the three 
emission inventories used (CRV42, CRV42_REF2 and Hv3_BU) in terms 
of spatial and temporal distribution. The annual emissions of PM2.5 from 
RWC for Spain estimated by CRV42, CRV42_REF2 and Hv3_BU are 54.4,
68.8 and 63.9 kt, respectively. Fig. 2 depicts the spatial distribution of 
RWC emissions of CRV42_REF2 and Hv3_BU over a gridded domain at 5 
km horizontal resolution. While the CRV42_REF2 inventory shows a 
distribution of RWC towards urban areas, the Hv3_BU methodology 
assigns them more in rural regions. In both CRV42 and CRV42_REF2, 
RWC emissions are spatially distributed using a specific European proxy 
that takes into account population density, degree of urbanisation and 
also proximity to wood (Kuenen et al., 2022). The resulting spatial 
pattern principally follows population distribution but is also influenced 
by local wood availability. On the other hand, Hv3_BU combines the fuel 
statistic consumption of the residential sector at NUTS level 3 with the 
Global Human Settlement Layer (GHSL) population density and settle
ment category (urban, rural) data (Florczyk et al., 2019) to spatially 
allocate residential emissions. For natural gas, emissions are allocated in 
urban areas while for wood in rural ones (Guevara et al., 2020). The use 
of biomass fuel for residential heating is not a common practice in cities 
across Spain and the total population density as a proxy to distribute 
RWC in the country may introduce a significant bias in modeling results 
as will be shown in the following sections. Kuenen et al. (2022) already 
identified this as a possible limitation in the CAMS European in
ventories. However, this assumption may still be appropriate for other 
countries such as Norway (López-Aparicio et al., 2017) or Greece 
(Grythe et al., 2019; Athanasopoulou et al., 2017). 

When looking at the temporal distribution of EC, OC and PM2.5 
emissions estimated by each of the three datasets, relevant methodo
logical differences arise in the temporal disaggregation, the attribution 
to specific sectors, and the EC/OC speciation assumed. Fig. 3 shows the 
monthly distribution of total anthropogenic emissions for PM2.5 (a, b), 
EC (c, d), and OC (e, f) for each emission inventories used over Spain 
(left panels) and over Barcelona city (right panels). The emissions are 
split into residential, on-road traffic, and others sectors. In both CRV42 
and CRV42_REF2, residential contribution comes from the other sta
tionary combustion (GNFR_C sector), traffic contribution includes road 
transport exhaust gasoline/diesel/LPGgas (GNFR_F1-F2-F3 sectors) and 
road transport non-exhaust (GNFR_F4 sector, which includes wear 
emissions from brakes, tires and the road), and the others contribution 
represents all the other emission sectors included in the inventory, 
mainly public power (GNFR_A sector), industry (GNFR_B sector), fugi
tives (GNFR_D sector), solvents (GNFR_E sector), shipping (GNFR_G 
sector), aviation (GNFR_H sector), offroad (GNFR_I sector), waste 
(GNFR_J sector), agriculture livestock (GNFR_K sector), and agriculture 
others (GNFR_L sector). For Hv3_BU, the residential emissions include 
emissions of residential and commercial combustion from natural gas, 
LPG, heating diesel oil, wood and coal combustion processes; traffic 
contribution is represented by road transport categorized as in 
COPERTv5 for vehicle categories for both exhaust (hot and cold start) 
and non-exhaust (wear and resuspension); others contribution includes 
point sources sector (energy and manufacturing facilities and waste in
cinerators), shipping in ports, aviation, recreational boats, livestock, 
agricultural crop operations, agricultural machinery, and agricultural 
fertilizers. For the residential and traffic categories, all three inventories 
consider the same emissions sources except for road transport resus
pension, which is only estimated by Hv3_BU using emission factors from 
a measurement campaign performed in Barcelona (Amato et al., 2012). 
Nevertheless, while resuspension is an important contributor to total 
primary PM10, its contribution to PM2.5 and primary CAs emissions is 
very limited (Rodriguez-Rey et al., 2021). The CAMS inventories follow 
a V-shape seasonality, dominated by the residential sector, in PM2.5, EC 

Table 3 
Simulations performed.  

Run Description Domain Emiss. Inv. Sector 
tagged 

1 Simulation based on the 
European-scale 

emission inventory. 

D01- 
D02 

CRV42 None 

2 Simulation based on 
science version of the 

European-scale 
emission inventory. 

D01- 
D02 

CRV42_REF2 None 

3 Simulation based on 
local HERMESv3 

emission inventory. 

D01- 
D02 

CRV42_REF2 
(Europe except 
Spain)/Hv3_BU 

(Spain) 

None 

4 Simulation using three 
domains, with the 

science version of the 
European-scale 

emission inventory 
applied to the first 
domain, and the 

HERMESv3 inventory 
used for domains D02 

and D03. 

D01- 
D02- 
D03 

CRV42_REF2 
(D01)/Hv3_BU 

(D02-D03) 

None 

5 Simulation based on the 
science version of the 

European-scale 
emission inventory for 
Domain D01 and the 

local HERMESv3 
emission inventory for 

Domain D02, with 
specific sectors tagged. 

D01- 
D02 

CRV42_REF2 
(D01)/Hv3_BU 

(D02) 

GNFR_C/ 
residential 
GNFR_F/ 

road 
transport 
GNFR_G/ 
shipping 

GFAS  
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and OC. Specifically, residential emissions peak during wintertime while 
traffic and others are rather constant throughout the year. For PM2.5, a 
slight increase is detected during March and April in others emissions, 
mainly attributed to agriculture activity. On the other hand, Hv3_BU 
uses specific profiles per sector with relevant differences compared with 
the previous ones. A combination of monthly and weekly time factors 
are used for all sectors except for residential and livestock/agricultural 
fertilizers emissions, where a day-of-year time distribution based on the 
heating degree-day approach (Guevara et al., 2021) and the Skjøth et al., 
2011 meteo-dependent parameterizations are used, respectively. In the 
case of road transport emissions, the seasonality of Hv3_BU emissions is 
derived from observed traffic count datasets. This results in residential 
emissions peaking in February, which is likely related to the cold spell 
felt throughout Europe during February 2018 (Copernicus, 2018), traffic 

emissions showing a clear reduction during August in Barcelona, when 
people are away for holidays, and others emissions showing a relevant 
increase during October-November-December mainly due to the activity 
attributed to agricultural machinery. 

Major differences are found in the distribution of total emissions per 
sector. The case of the Barcelona city is a good example of how the in
ventories describes the contribution of the total PM2.5 emissions to 
different sectors. While Hv3_BU suggests that traffic is the dominant 
source of PM2.5 emissions in the city of Barcelona, both CRV42 and 
CRV42_REF2 assign a larger share of these emissions to the residential 
sector. 

Specifically, on an annual basis, CRV42 assigns 50.2% to the resi
dential sector and 10.2% to traffic, while CRV42_REF2 assigns 57.5% to 
the residential sector and 8.8% to traffic. The difference in allocation 

Fig. 3. Monthly anthropogenic emissions of (a,b) fine particulate matter (PM2.5), (c,d) elemental carbon (EC), and (e,f) organic carbon (OC) derived from CRV42, 
CRV42_REF2 and Hv3_BU inventories over Spain (a,c,e) and the city of Barcelona (b,d,f). Emissions are split in residential sector (light-blue), on-road traffic emissions 
(red), and the remaining as others emissions (dark-gold). An area of 30 km × 30 km centered in URB station is used to compute the Barcelona emissions. Note that 
Hv3_BU only includes shipping emissions in ports within others. 
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may stem from the level of detail and specificity in the information used 
by each inventory, with Hv3_BU providing more granular insights on 
Spain and Barcelona. In contrast, Hv3_BU accounts for 12.9% of PM2.5 
emissions in the residential sector and 72% in traffic for Barcelona in 
2018. 

Finally, the treatment of condensable fraction in the residential sector 
introduces another source of relevant differences between CRV42 and 
the other two inventories. While the residential PM2.5 emissions are 
rather consistent in both CAMS inventories, the speciation used to derive 
EC/OC emissions (see Table 2) reduces EC emissions around a factor 4 in 
the CRV42_REF2 compared with CRV42 and increases OC emissions 
above factor 2. This discrepancies is due to the fact that in CRV42 the 
speciation proposed for RWC assumes that condensable compounds are 
not included in the national emissions used as input in the CAMS in
ventory. Nevertheless, in the case of Spain the condensable fraction is 
actually considered in official reported emissions (Fagerli et al., 2019) 
and subsequently in the CRV42 inventory. In Spain, the EC emissions 
estimated by Hv3_BU are generally consistent with CRV42_REF2. It is 
important to note, however, the significant increase observed in EC 
emissions during autumn months (September-December) at a national 
scale in Hv3_BU. These increased emissions, predominantly linked to the 
others sector, are driven by the activity of agricultural machinery. 
Interestingly, this escalation in emissions during the autumn season is 
not reflected in the observational data that will be analyzed in the 
following sections, underscoring the need for regionally-specific re
finements when developing emission inventories. 

All in all, relevant uncertainties are still present in the methodologies 
and datasets used to derive emission estimates for a specific country or 
region. In the following sections we evaluate the MONARCH model with 
detailed measurements to provide further insights in the differences 
identified between inventories. 

3.2. Differences in CA concentrations obtained with the three emission 
inventories 

The way in which the fraction of condensable material is included in 
RWC emissions strongly impacts the results of the chemistry model. 
Fig. 4 shows the monthly average surface concentration of BC (left 

column) and OA (right column) at the three EGAR-IDAEA sites (URB, 
REG, REM) simulated by the model at ∼ 5 km horizontal resolution 
(∼ 20 km results shown in Fig. S2) using the three emission inventories 
described in Section 2.4 (Run-1, Run-2 and Run-3 in Table 3). In all 
simulations, the condensable fraction is included as primary emissions. 
Run-2 and Run-3 results capture reasonably well the monthly variability 
and concentrations of BC in the three sites, meanwhile Run-1 shows a 
systematic overestimation during wintertime. The treatment of RWC 
emissions in Run-2 and Run-3 are more consistent with observations. 
The main differences with Run-1 can be explained by the important 
change in the speciation profile (see Table 2) more than by a possible 
change in total PM2.5 emissions reported by the inventories for Spain 
(Fig. 3ac). Note the deviation in REG and REM sites since October in 
Run-3, which we attribute primarily to the activity of agricultural ma
chinery that has significant impact on EC in the Hv3_BU emission in
ventory (Fig. 3c). It is important to recognize the uncertainties and 
potential overestimation associated with the bottom-up approach, 
particularly for sectors such as agriculture where quantifying activities 
can be challenging. Future work could benefit from more detailed 
characterization and quantification of these emissions, possibly com
plemented by new activity and observational data. 

Furthermore, the spatial distribution of BC surface concentration is 
also rather consistent between Run-2 and Run-3 (Fig. S3). Major dif
ferences are found in Run-1 where large areas of the domain show 
concentrations above 1.0 μ/gm3 in January, not detected in EGAR- 
IDAEA sites nor simulated in the other two runs. This findings are sup
ported by both ∼ 20 km and ∼ 5 km model runs consistently. 

Regarding OA, Run-2 overestimates the two other runs and obser
vations in URB and REG sites, contrary to BC results (Fig. 4). The 
overestimation could be attributed to the increase in OA emissions due 
to the condensable fraction (new speciation profile), however, Run-3 is 
still consistent with observations. Considering that both Run-2 and Run- 
3 use similar approaches in the treatment of RWC, the higher concen
trations in Run-2 are attributed to a limitation in the spatial distribution 
of the emissions (Fig. 2). As noted in Section 2.4, the Hv3_BU model uses 
other information a part from population to allocate RWC emissions (e. 
g., settlement information). This approach results with more consistent 
OA compared with the observations. REM is a remote site located far 

Fig. 4. Monthly mean observed (black line) and modeled surface concentrations of BC (left) and OA (right) at URB, REG, and REM sites using three emission in
ventories (CRV42 orange line, CRV42_REF2 cyan line, and Hv3_BU dash-dotted red line) for 2018. Results of D02 at ∼ 5 km horizontal resolution. OA observations 
are derived from filters. 
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from emission sources and not sensitive to the spatial distribution of 
emissions, while URB and REG, more influenced by urban activities, 
detect the issue during wintertime. None of the three runs is able to 
reproduce the increase of OA during summertime, particularly relevant 
in REG and REM, pointing to a lack of secondary organic aerosol pro
duction from biogenic sources in the model. 

Finally, it is worth to mention the role of the temporal disaggregation 
of emissions used in the different inventories. For instance, observations 
show an increase in BC/OA concentrations from January to February in 
2018, a feature captured by Hv3_BU and not by CAMS inventories in 
URB site mainly due to the specific methodologies used in the different 
datasets, as discussed in Section 3.1. 

From Run-1, Run-2 and Run-3 results, the benefit of implementing 
condensable fraction in RWC over the area of study is demonstrated. In 
the following sections, we investigate the contribution of key emission 
sectors to CA concentrations using only CRV42_REF2 and Hv3_BU 
inventories. 

3.3. Black carbon surface concentration and source contribution 

To understand how different emission sectors contribute to CA 
concentrations and the role of resolution, we have run the model with a 
nested configuration tagging the contributions from the residential, 
traffic, shipping, fires (biomass burning) and other emission sources (see 
Section 2.5). First, we evaluate and discuss BC results of Run-4 in terms 
of model resolution compared against observed BC concentrations at the 
three monitoring sites. On a second stage, we quantify the source 
attribution based on Run-5 and discuss the main uncertainties derived 
from the emission inventories used. 

Table 4 presents the annual evaluation of Run-4. Statistics are 
computed over daily averages and presented for complete 2018 year for 
the three domains (D01: ∼ 20 km, D02: ∼ 5 km, D03: ∼ 1 km) at URB, 
REG and REM sites. Results met the model performance goal proposed 
by Emery et al., 2017 for NME throughout all the year in URB, only in 
summer the criteria is not met for NMB for D01 (see Table S3). Whereas 
REG metrics are within the recommendations (particularly for D02 and 
D03), REM site shows systematic overestimations. The concentrations 
observed in REM are very low (<0.2 μg/m3) often close or below the 
detection limit of the MAAP (0.1μg/m3) for several days. This result 
points toward a model limitation reproducing events characterized by 
PBL developments below the height of REM station. Overall, PCC is >0.5 
during most of the seasons at the three sites (lower in REM). Very good 
FAC2 values are obtained for URB and REG, particularly for D03. The 
benefit of using high-resolution is clear in very complex terrain areas 
like REM. MONARCH meteorology has been evaluated in detail 

elsewhere (e.g., Sicard et al., 2021). Here, Table S5 shows the annual 
performance indicators for some meteorological parameters available at 
URB and REG sites. 

The time series of BC daily concentrations at the three sites are 
shown in Fig. 5. The model presents a good agreement with observations 
at daily resolution, particularly with D03. The urban-background URB 
site is well described with both CRV42_REF2 (D01) and Hv3_BU (D02 
and D03) emissions, reproducing not only the variability but also the 
magnitude of BC concentrations. Best model correlations are found 
during Spring months period, with PCCs values of 0.75,0.68, and 0.81 
for D01, D02, and D03 respectively (see Table S3). The Hv3_BU reports 
higher emissions in URB (see Fig. 3d), which appears to be consistent 
with the concentrations measured. Some of the peaks, especially during 
winter time, are better captured increasing the model resolution. 
Although some limitation capturing the extreme events, the model is 
capable to simulate BC concentrations. During summertime (June-July- 
August), a systematic underestimation is detected in URB. The traffic 
activity of the city is reduced during summer (mainly August) whereas 
activities related with the tourism increases (i.e., hotelling of passenger 
ships in the harbour). In 2018, the Port of Barcelona received a total of 
4.5 million passengers, almost 9% more than in 2017 (Port de Barcelona, 
2018). A clear indicator of the potential significance of the harbour 
activity in the city and a possible source of uncertainty in the emissions 
used in this work. Note that Hv3_BU only includes shipping emissions in 
ports; over the sea, those are derived from the Copernicus inventories. 

Fig. 5b shows BC concentrations at REG, an urban-regional envi
ronment affected by air masses advected from the metropolitan area of 
Barcelona city during the sea-breeze circulation (Jorba et al., 2013). 
Larger discrepancies between domains are observed in this site despite 
the low concentrations. D01 presents a clear overestimation during most 
part of the year, except during summer, whereas better agreement and 
consistency with the observations are observed with D02 and D03 for all 
seasons. As discussed in Section 3.1, the monthly profiles of 
CRV42_REF2 inventory distribute annual emissions with a maxima in 
January and minima in July mainly driven by residential emissions 
(Fig. 3c), but observations indicate that BC concentrations during 
wintertime at REG are much lower compared to the other seasons. A 
better consistency is reached using Hv3_BU emissions in D02 and D03, 
where the variability is very well captured. Albeit some deviation is 
detected from October mainly attributed to the temporal distribution of 
agricultural machinery emissions assumed in Hv3_BU as discussed pre
viously. The wintertime overestimation of D01 can also be attributed to 
the spatial distribution of residential emissions. Fig. S5 and Fig. S6 show 
model results of BC surface concentration and source contribution of the 
residential, traffic and others emission sectors using CRV42_REF2 and 

Table 4 
Annual performance indicators of black carbon (BC) and organic aerosol (OA) concentrations at URB, REG, and REM sites, for each domain (Run-4). Values that meet 
the goal benchmark are shown in italics, while those that meet the criteria benchmark are shown in bold. NMB, NME, and FAC2 are expressed in percentage.      

NMB NME PCC FB FAC2 

Black Carbon 2018 URB D01 − 33.50 39.69 0.59 − 40.25 77.12    
D02 − 4.09 32.56 0.59 − 4.18 90.11    
D03 − 7.57 30.59 0.62 − 7.87 91.81   

REG D01 82.05 89.94 0.30 58.18 53.80    
D02 15.35 40.44 0.49 14.26 81.87    
D03 − 7.30 34.24 0.59 − 7.58 84.80   

REM D01 42.45 69.60 0.50 35.02 55.15    
D02 89.78 109.33 0.11 61.96 48.53    
D03 20.11 53.39 0.60 18.27 62.87 

Organic Aerosol 2018 URB D01 47.08 62.11 0.35 38.11 75.53    
D02 5.66 27.32 0.59 5.51 92.55    
D03 1.12 21.78 0.75 1.11 97.87   

REG D01 44.87 70.10 0.25 36.65 60.47    
D02 − 36.38 40.38 0.82 − 44.47 76.74    
D03 − 43.12 44.58 0.83 − 54.97 63.95   

REM D01 − 43.48 50.28 0.68 − 55.55 59.70    
D02 − 49.77 53.36 0.71 − 66.26 52.24    
D03 − 60.72 60.97 0.81 − 87.19 31.34  
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Hv3_BU respectively for January and July. One of the major differences 
of the results is the contribution of residential emissions to BC surface 
concentrations during January and their spatial distribution. While 
CRV42_REF2 residential emissions explain a large fraction of REG BC 
concentrations, this is much lower in the case of using Hv3_BU. 
Considering the information derived from REG observations, we can 
conclude that there exist limitations in the methods employed in 
CRV42_REF2 to distribute the residential emissions (see Section 2.4 and 
Fig. 2). Finally, the underestimation identified during summer in URB is 
also observed here, highlighting the close influence of URB air masses on 
REG site. Overall, both D02 and D03 show clear skills in reproducing BC 
concentrations measured at REG, even capturing the different peaks 

observed throughout the year. 
Fig. 5c presents BC concentrations at REM, a remote environment 

with very weak anthropogenic influence. As a remote site located in a 
high-altitude steep mountain at 1570 ma.s.l., REM is above the planetary 
boundary layer (PBL) during several periods of the cold season (Pandolfi 
et al., 2014). Thus, concentrations are very low and sometimes below 
the detection limit as noted before (signal to noise is low in REM). 
Observed concentrations reach an annual average of 0.079 μg/m3, being 
much lower than the levels registered in URB (0.93 μg/m3) and REG 
(0.17 μg/m3). Such a complex site is challenging to reproduce by the 
model. Overall, results tend to overestimate the low concentrations 

Fig. 5. Time series of daily-average BC concentrations at (a) URB, (b) REG, and (c) REM sites for 2018 (observations black line, Run-4 D01 green line, D02 dashed- 
dotted blue line, and D03 orange line). Panels grouped in December-January-February (DJF), March-April-May (MAM), June-July-August (JJA), and September- 
October-November (SON). 
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observed at REM, although levels already remain < 0.2 μg/m3. The 
three domains show very similar results throughout the year except D02 
in winter. On one side, results suggest that the model has limitations to 
reproduce the atmospheric conditions (i.e., stability, thermal inversion) 
during wintertime. Only the ∼1 km resolution can reproduce the very 
low concentrations for some specific winter periods, but not all of them. 
On the other hand, D02 overestimates concentrations from September 
attributed to a combination of the model resolution, atmospheric 
dispersion, and the temporal profile of the agricultural machinery ac
tivity assumed in Hv3_BU. During summertime and spring, the agree
ment with observations is better and the three domains are consistent 
among them. As shown in Pandolfi et al. (2014), REM station is within 
the polluted PBL in summer and spring most of the time. Therefore, one 
can expect a better representation from the model during this period 
than wintertime. 

To deepen our understanding of the contributions of different 
emission sectors and their representation in the model, we performed a 
comprehensive source contribution analysis that integrated both model 
results and observations. Specifically, we categorized emissions from 
various sectors, including residential, traffic, shipping, fires (GFAS emis
sions), and others (all the remaining emissions), and quantify their 
contribution based on the model results (Run-5, D01 and D02). Addi
tionally, we applied the source apportionment method detailed in 

Section 2.2.5 to derive the proportions of fossil and non-fossil emissions 
from the observations. Through this analysis, we gained a more 
comprehensive understanding of the relevance of residential emissions 
and their representation in the model, as well as a basis for comparing 
our model results with observations. Figs. 6 and 7 provide a synthesis of 
the monthly mean contribution (absolute values and percentage) of 
black carbon (BC) emission sources to surface concentrations derived 
from observations and model results, for January and July respectively, 
at URB, REG, and REM sites. 

The first column of the figures presents the contribution of fossil and 
non-fossil contribution as derived from observations. The second col
umn presents the contribution of different sectors, such as traffic, resi
dential, fires, shipping, and others, using the CRV42_REF2 emission 
inventory for the first domain D01 at the three sites. Finally, the third 
column presents the corresponding results using Hv3_BU emissions for 
domain D02. 

Figs. 6a and 7a show the source contribution derived from obser
vations with fossil representing the contribution to the measured BC 
concentrations from fossil fuel combustion sources (mainly dominated 
by traffic, and to a lesser extent by other sources like shipping, industries 
and power generation; natural gas, widely used in URB, can be also 
considered a fossil source of BC), and non-fossil describing other than 
fossil BC sources from combustion of non-fossil fuel like biomass burning 

Fig. 6. The monthly mean contribution of BC surface concentration from emission sources for January 2018 at URB, REG, and REM (rows) derived from (a) ob
servations and (b) the MONARCH Run-5 simulation. The columns represent the model results for D01 and D02, and the colors indicate the different emission sources 
tagged. The labels on each sector of the pie chart show the contribution in both absolute value [μg/m3] and percentage. 
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and agricultural waste burning. There is no direct equivalence between 
the fossil/non-fossil contribution quantified by observations and the 
model tags. Fossil emissions in the model runs includes traffic tag, 
shipping tag, but also part of others which considers contributions from 
public power, industry, aviation, off-road, and agricultural machinery. 
As shown in Fig. 3 and Fig. S1, the contribution of others emission 
sources is  < 6% of total CA emissions for January and July. We thus 
consider that the fossil contribution derived from observations is closely 
related to traffic tag plus shipping tag plus others tag of the model. On the 
other hand, non-fossil sources in the model tags are mainly considered by 
residential and fires tags. 

In this sense, the comparison between model and measurements is 
used as an indication of how the model characterizes the main source 
contributions, but has relevant uncertainties in both model and obser
vational aspects. 

Based on the observations (Figs. 6a and 7a), the most significant 
contributors to BC concentrations were fossil sources, with higher 
relative contributions in January at URB (0.66 μg/m3/ 78.8%) 
compared to REG (0.06 μg/m3/ 52.3%) and REM (0.02 μg/m3/ 59.6%) 
due to higher biomass burning emissions (e.g., agricultural waste 
burning) in winter at these regional/remote sites compared to URB. In 
July, due to the lower use of biomass in the study area, fossil contri
butions to BC were similar at all three sites (77.7 − 84.2%), although the 
concentrations were eight times greater in URB (0.82 μg/m3) than REG 
and REM sites (∼ 0.1 μg/m3). Moreover, this similarity in relative terms 

could be also due to the atmospheric dynamics typical of the region in 
summer that favour the dispersion of pollutants over the region. The 
fossil and non-fossil contributions for URB and REG reported in Figs. 6a 
and 7a are consistent with the results from Minguillón et al. (2011), 
where 14C analysis was used for EC source apportionment. Specifically, 
Minguillón et al. (2011) found that at URB, on average, 87% and 91% of 
the EC in winter and summer, respectively, had a fossil origin, whereas 
at REG, these fractions were 66% and 79%, respectively. 

The analysis of the model results reveals a significant under- 
representation of traffic in CRV42_REF2 (D01) for URB site, as illus
trated in Figs. 6b and 7b. In particular, URB appears to be dominated by 
on-road traffic emissions which contribute significantly to the high 
observed fossil contribution 78.8% (0.66 μg/m3) in January and 84.2% 
(0.82 μg/m3) in July). However, D01 model results underestimate traffic 
influence, with a contribution of only 18.5% in January and 25.8% in 
July (0.14 μg/m3 for both months). The under-representation of the 
observed fossil contribution by D01 remains in January even if we add 
the contribution from both shipping (0.15 μg/m3/ 19.5%) and others 
(0.04 μg/m3/ 4.6%) to traffic in URB, 42.6%. However, it reduces 
significantly in July mainly due to the increased role of shipping 
(0.27 μg/m3/ 49.8% in URB). 

Conversely, we find that the residential contribution in URB 
(0.43 μg/m3/ 56.7%) is overestimated in January using CRV42_REF2 
(D01) compared to observed non-fossil contribution of 21.2% 
(0.18 μg/m3). Again, much better agreement is identified in July (not 

Fig. 7. Similar to Fig. 6 but for July month.  
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just considering residential but fires). 
Regarding D02 (using Hv3_BU emissions), our results show good 

agreement with observations, with the fossil contribution in URB to BC 
ranging from 70% to 80% in both January and July. This agreement is 
achieved by considering that mainly traffic plus shipping (76.5% and 
79% in January and July) explain the observed fossil contribution 
(78.8% and 84.2%). Additionally, the agreement with observations 
improves if we consider that a fraction of others is a fossil source. While 
both CRV42_REF2 and Hv3_BU inventories show consistency in total PM 
emissions, as depicted in Fig. 3, their sector contribution significantly 
differ. According to CRV42_REF2, the residential sector (56.7% in 
January) and the shipping sector (49.8% in July) are specifically 
responsible for a substantial amount of BC concentrations. However, 
Hv3_BU and observational data point to a stronger contribution from the 
traffic sector, estimated at 65–70%. The use of detailed databases for 
Spain within Hv3_BU contributes to the precision and refinement of the 
emission estimates. This granularity and detail in emission generation 
might be one of the key reasons behind the uncertainties observed in 
traffic, residential, and shipping emissions between CRV42_REF2 and 
Hv3_BU. 

Note that such discrepancies are not attributed to the model reso
lution but the underlying emissions as shown in Fig. S3, Fig. S5 and Fig. 
S6. 

Consistent with the emissions, both the observations and model re
sults indicate a higher contribution to BC from non-fossil sources at REG 
and REM compared to URB, and especially in January. Additionally, the 
model captures the contribution of biomass burning sources, which is 
particularly evident in REM where the fires contribution increases. This 
is consistent with the higher emissions of biomass burning from agri
cultural waste during winter and wildfires during summer, as well as the 
greater distance from fossil sources of BC at these regional/remote sites. 
The agreement between the observations and model was satisfactory at 
both the regional and remote levels (REG and REM) where a higher non- 
fossil contribution to BC was observed. In July, the contribution sectors 
gave more consistent results between the two inventories in both ab
solute values and percentage. 

Overall, considering that the BC concentrations in URB were well 
reproduced by the model, as shown previously by Run-4 in Fig. 5, we 
suggest that the spatial distribution of residential emissions based on 
population density and wood availability compensates for the under
estimation of traffic emissions in the CRV42_REF2 emission inventory, 
particularly relevant during wintertime. This issue is further illustrated 
in Fig. S5 and Fig. S6. 

It is important to note that the relative contributions to BC from fossil 
and non-fossil sources were subject to a high degree of uncertainty in 
both the experimental and modeling aspects of the study. Nevertheless, 
the model clearly captured the relative increase of non-fossil sources to 
BC when moving from the urban level to the regional/remote level. 
These comparisons highlight the advantages of using bottom-up ap
proaches that incorporate specific information about a region, and the 
need to revise the spatial distribution of residential emissions in 
continental-scale inventories like CAMS-REG. 

3.4. Organic Aerosol surface concentration and source contribution 

In this section, we discuss the OA results of Run-4 and their com
parison with Q-ACSM measurements available in URB, and with 24 h 
filter measurements available at the three sites. On a second step, the 
source contribution to OA concentrations is analyzed in URB site based 
on Run-5 and availability of measurements for the apportionment 
technique. 

Table 4 presents the performance indicator metrics for OA during the 
year 2018, where the 24 h filter data was used in all three stations to 
maintain consistency. To compare the OA simulated by the model with 
OC, we applied a ratio of OM:OC of 1.7 in URB and 2.1 in REG and REM 
(see Section 2.2.4 for details). Among the three domains, D03 performed 

the best in URB, meeting the benchmark throughout the year with a 
NMB of 1.12%, NME of 21.78%, and a good correlation coefficient 
(PCC = 0.75). Good values for FB < ±6% and FAC2 > 90% confirmed 
the model’s excellent performance in D03. In seasonal analysis, D03 also 
showed excellent agreement during spring (refer to Table S4). However, 
all over the year and especially in winter, D01 statistics worsened 
significantly compared to D02 and D03, which is likely due to the spatial 
distribution of emissions and the speciation applied in the CRV42_REF2 
emission inventory (see Table 2 and Section 3.1). 

In REG, both D02 and D03 met the benchmark criteria, with NMB of 
− 36.38% for D02 and − 43.12% for D03 and NME of 40.38% for D02 
and 44.58% for D03. PCCs for D02 and D03 were relatively high, indi
cating good temporal variability in the model. However, there was a 
general underestimation in summer (see Table S4 for all three domains), 
suggesting an underestimation of biogenic secondary organic aerosol 
production in the region as identified previously. D01 showed a sys
tematic overestimation during the winter season, consistent with results 
in URB (see Table S4). 

Table 4 demonstrates that the model performance decreases as the 
distance from urban areas increases, with fewer metrics meeting the goal 
or criteria benchmarks. Moreover, Fig. 8 and Table 4 illustrate the 
positive effect of the domain resolution and provide further insights into 
the combined impact of resolution and location of the considered site. As 
presented in Table S4, the performance of the REM site exhibits seasonal 
variations. During the MAM season, the site displays an enhanced cor
relation between predicted and observed values; however, the under- 
prediction of OA concentrations persists throughout all seasons. In 
contrast, the JJA season exhibits the lowest prediction accuracy, with a 
smaller proportion of predictions falling within a factor of 2 of the ob
servations compared to other seasons. 

Fig. 8 displays the time series of daily average concentrations of 
organic aerosol (OA) in the three sites (URB, REG, and REM) for the year 
2018. The black line in Fig. 8a represents data obtained from Q-ACSM 
instrument (URB site), while blue triangles represent OA data derived 
from 24-h filters (URB, REG, and REM), assuming same ratio of organic 
matter to organic carbon (OM:OC) as indicated before. The results for 
URB (Fig. 8a) indicate a consistent pattern of OA concentrations 
throughout the year, except for winter when the first domain over
estimates the OA concentrations. This behavior can largely be attributed 
to the spatial distribution of the residential emissions as discussed in 
Section 3.2, which can affect the accuracy of the model. Overall, D02 
and D03 results are in excellent agreement with the observations. 

In Fig. 8b, the seasonality of OA concentrations in REG is presented. 
As previously mentioned, REG is a measuring station located in a 
regional background surrounded by vegetation and situated in a natural 
park. The transport of pollutants from the URB metropolitan area to
wards REG is facilitated by the sea breeze circulation, particularly 
during spring and summer. The results show that the highest concen
trations of OA occur during the hot months (JJA), with an average value 
of 4.56 μg/m3. In contrast, the lowest concentrations of OA are observed 
during the coldest months (DJF), with the model reporting average 
values of 5.72 μg/m3, 1.5 μg/m3, and 1 μg/m3 for D01, D02 and D03, 
respectively. The observations, on the other hand, indicate an average 
value of 2μg/m3. 

Model underestimations during summer could be attributed to 
limited biogenic SOA production in the model scheme (no NOx sensi
tivity in biogenic SOA yields). Overall, the domains with high resolution 
exhibit a similar behavior throughout the period, with correlations 
> 0.8, suggesting that the model captures OA variability at the regional 
level reasonably well. 

At the REM station, a remote background site with low direct human 
influence, the results of the three model domains remain consistent 
throughout the year, as shown in Fig. 8c. Although there is some un
derestimation during JJA and September, the model accurately captures 
the variability of OA level concentrations during the rest of the period. 

H. Navarro-Barboza et al.                                                                                                                                                                                                                    



Environment International 183 (2024) 108252

15

The correlation coefficients for domains D01, D02, and D03 are 0.6, 0.7,
and 0.8, respectively. 

In order to quantify the apportionment to OA concentrations, we 
compare results of Run-5 (Table 3) against the OA sources identified by 
the Q-ACSM instrument (Section 2.2.3) only available in URB site. 
Similarly to the BC analysis, there is no direct match between the con
tributions derived from observations and the model. For sake of 
simplicity, we assume that Q-ACSM HOA source is a proxy of primary 
organic traffic contribution derived from the model (POA Traffic), COA 
plus BBOA is close to primary residential emissions (POA Residential) and 
LO-OOA and MO-OOA describes SOA contribution. Fig. 9 presents the 
monthly mean contribution (absolute values and percentage) of sources 

derived from Q-ACSM and Run-5 (D01 and D02 results at URB) to OA 
concentration for January and July. 

In January, observations indicate that SOA is the main contributor 
(mean concentration of 1.65μg/m3), accounting for 60% of total OA, 
followed by the residential (25%) and traffic (15%) sectors. Model results 
suggest a better representation of residential and traffic contributions by 
the local Hv3_BU inventory when compared with the observations. Here, 
the hypothesis on the limitations highlighted previously in the 
description of residential sources in D01 is confirmed (a factor x10 of 
overestimation compared with observations). Such a large difference 
should be considered when comparing the contributions of other sources 
which might look far from the observational results in percentage but 

Fig. 8. Time series of daily-average OA concentrations at (a) URB, (b) REG, and (c) REM sites for 2018 (Q-ACSM observations black line, 24-h filters observations 
blue triangles, Run-4 D01 green line, Run-4 D02 dashed-dotted blue line, and Run-4 D03 orange line). Panels grouped in December-January-February (DJF), March- 
April-May (MAM), June-July-August (JJA), and September-October-November (SON). 
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closer in absolute value (e.g., SOA contribution). 
The comparison between results obtained with CRV42_REF2 (D01) 

and Hv3_BU (D02) inventories reveals significant discrepancies in the 
contributions from residential and traffic. The contribution of residential 
emissions in CRV42_REF2 (6.84μg/m3/ 87.2%) is significantly higher 
than in Hv3_BU (1.28μg/m3/ 34.5%), which could be due to differences 
in emission assumptions about spatial distribution (see discussion in 
Section 3.1 and Section 3.2). On the contrary, traffic emissions in 
CRV42_REF2 explains a significantly lower fraction of total OA 
(0.11μg/m3/ 1.4%) than Hv3_BU (1.13μg/m3/ 30.58%), likely due to 
differences in activity data and spatial distribution of total PM emissions 
between inventories. A closer agreement is found in the SOA contribu
tion between runs, with slightly higher concentrations obtained in D02 
(0.88μg/m3) than in D01 (0.52μg/m3). 

Finally, the contributions of shipping, fires, and others sources are 
relatively small in both inventories. Although they are unlikely to have a 
significant impact on OA concentrations in URB during January, they 
could still be important in specific areas, such as near ports or areas with 
high wildfire risk. 

All in all, the evaluation with observations suggests a better agree
ment using the Hv3_BU inventory (D02) than D01. However, the rela
tively low formation of SOA in the MONARCH model may indicate the 
need for a more refined scheme as some of the SOA simulated in URB 
might be apportioned as primary sources instead of secondary produc
tion (i.e., combustion sources). it is important to highlight that the 
contributions derived from the Q-ACSM are not exempt from uncer
tainty, reaching errors up to ± 40% for some SOA species as previously 
mentioned in Section 2.2.3. 

In relation to the summer period, results derived from both in
ventories reveal that SOA constitutes the largest contributor to OA in 
URB. While the proportion of SOA in D02 slightly exceeds that in D01, 
50.2% and 47% respectively, significant discrepancies emerge in the 
contributions from traffic and residential sectors between the two do
mains, when compared to observational data (akin to the pattern 
observed in January). Specifically, in the CRV42_REF2 inventory, 

residential sources contribute 0.68μg/m3 to OA, accounting for 21.4%, 
while in the Hv3_BU inventory, the contribution is significantly lower at 
0.16μg/m3, representing just 4.1%. On the contrary, the Hv3_BU in
ventory assigns a greater proportion of 20.4% (0.82μg/m3) to traffic 
sources, in comparison to the CRV42_REF2 inventory’s modest 0.11μg/
m3 (3.4%). Despite this, contributions from sources like fires and shipping 
appear to have a limited influence on OA during July. It is worth noting 
that a distinct sector categorized as others makes a non-negligible 
contribution to OA and would require further investigation. 

The observations in URB underscore SOA as the dominant OA 
contributor, accounting for more than 80% of the total OA during 
summer, likely due to photochemical activity. However, the modeled 
results from both domains fall short in replicating the SOA contribution. 
This discrepancy suggests that the model’s simplified SOA scheme might 
not capture the intricate atmospheric chemistry or the impact of 
photochemistry on SOA formation. Interestingly, the model’s resolution 
shows no substantial differences on the results, implying that other 
factors such as chemistry scheme, emissions, or meteorological inputs 
might be more critical on model performance enhancement. Further 
investigations are necessary to discern the caues of the disparities be
tween observations and modeling outputs, while advancing the repre
sentation of SOA formation in models. 

In summary, there are significant discrepancies between the results 
obtained with the Hv3_BU and CRV42_REF2 inventories for summer and 
winter months in URB. As expected, contributions from residential 
sources intensify in colder months and SOA sources prevail in summer, 
variations effectively reproduced by the model using detailed emission 
inputs. 

All in all, the source apportionment of OA is intricate due to the 
complexity in simulating SOA production, the treatment of SOA pre
cursors (different volatilities based on emission sources) and the need 
for precise tagging methods. 

Fig. 9. The monthly mean contribution of OA surface concentration from emission sources for January and July 2018 at URB site derived from (a) Q-ACSM ob
servations and (b) the MONARCH Run-5 simulation. The columns represent the model results for D01 and D02, and the colors indicate the different sources tagged. 
The labels on each sector of the pie chart show the contribution in both absolute value [μg/m3] and percentage. 
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4. Conclusions 

In this study, we investigated the uncertainties in the representation 
of carbonaceous aerosols in a Mediterranean region and their source 
contributions (i.e., traffic, RWC, shipping, fires) derived from both 
measurements and modelling techniques. Annual simulations of year 
2018 using the MONARCH model with different emission inventories 
(CRV42, CRV42_REF2, and Hv3_BU) were analyzed. CRV42 and 
CRV42_REF2 are two versions of the European-scale emission inventory 
CAMS-REG_v4, the latter being a science version using a consistent 
approach for RWC PM emissions. The third inventory used in this work 
is a bottom-up inventory for Spain produced with the HERMESv3_BU 
emission model (Hv3_BU). We examined the impact of model resolution 
by using two standard configurations: one with a single domain covering 
Europe and part of North Africa at a horizontal resolution of ∼ 20 km 
and another with a nested configuration featuring three domains at 
horizontal resolutions of ∼ 20 km,∼ 5 km, and ∼ 1 km (first two used 
for the source apportionment analysis). We compared model results with 
observations measurements performed by EGAR-IDAEA group at three 
supersites of NE Spain representing different environments (URB urban, 
REG regional and REM remote), those measurements includes MAAP for 
BC and Filter and Q-ACSM for OA. 

The study showed that the MONARCH model effectively captured BC 
concentrations in the three sites, although there were some issues during 
winter. While OA concentrations were reasonably well modeled, SOA 
was underestimated (particularly from biogenic sources). Additionally, 
limitations were identified in the CAMS inventories, such as an over- 
representation of residential emissions in the urban site at expenses of 
a lack of traffic emissions. However, using the condensable fraction in 
CRV42_REF2 and Hv3_BU in the residential sector significantly improved 
the model’s performance, particularly for BC concentrations, by iden
tifying the critical role of PM speciation. Our study revealed that BC 
concentrations were overestimated with the CRV42 inventory, and a 
monthly V-shape temporal distribution was simulated in URB and REG 
throughout the year not correctly reproducing the observations. This 
issue improved using Hv3_BU emissions. 

The MONARCH model was able to accurately describe the non-fossil 
and fossil contributions to BC in URB/REG using the Hv3_BU inventory. 
Shipping and residential sources of BC were found to be significant con
tributors in URB during summer and winter respectively, while traffic 
emissions dominated overall. Emissions were found to be consistent in 
total PM between CRV42_REF2 and Hv3_BU. However, CRV42_REF2 
over-represented the contribution of residential (winter) and shipping 
(summer) compared with Hv3_BU or observations. 

Additionally, the study found that OA was overestimated in URB/ 
REG during winter and spring with the CRV42_REF2 inventory, and, 
similarly to CRV42 for BC, a well-defined V-shape was identified in 
simulated OA concentrations throughout the year in the three environ
ments. Again, this feature was not observed in the measurements and the 
best match was obtained using Hv3_BU. A feature that highlights the 
critical need of accurate profiles for temporal distribution of emissions. 
The model’s performance was limited in remote areas such as REM due 
to the low concentration of observations, which were below the limit of 
detection, and the complexity of the topography. 

The work has identified some limitations in both measurement and 
modeling approaches. The BC source apportionment from the San
dradewi model has a rather high uncertainty (not less than 20%) due to 
specific assumptions in the model as the Absorption Angstrom Expo
nents (AAE) chosen for fossil and non-fossil sources and the assumption 
of equal MAC of BC emitted from these two source categories. Moreover, 
the definition of fossil and non-fossil BC sources from the Sandradewi 
model, and consequently the direct comparison with chemistry models, 
can be complicated. In fact, the physical properties of BC particles 
emitted by combustion sources strongly depend on the efficiency of 
burning conditions. For example, it has been observed that shipping 
emissions, despite the fact that vessels burn fossil fuel, can enter in the 

non-fossil category in the Sandradewi model due to the high AAE 
observed when vessels burn high sulfur content heavy fuel oil. Similarly, 
wood burning derived aerosols can have a low AAE (close to the AAE of 
traffic emisisons) if modern masonry heater are used (Helin et al., 2021). 
Regarding emission inventories, the spatio-temporal disaggregation of 
emission sources remains a challenging topic for modeling studies. 
Although emission inventories might agree on the total PM annual 
emissions, significant differences arise when source contribution is 
analyzed. Despite the well-established nature of certain sectors, such as 
traffic, notable uncertainties persist on top of the significant challenges 
in understanding complex sources like RWC. Moreover, there are some 
overestimation of specific sectors due to a lack of reliable information (e. 
g., agricultural machinery emissions). Finally, chemical transport 
models are not free from limitations. In our study, a simple SOA scheme 
has been adopted simplifying the analysis of results and providing a 
consistent method for source attribution. However, the model’s limita
tions in reproducing the contribution of SOA, particularly during the 
summer, were highlighted likely due to the limited biogenic SOA pro
duction. It is important to acknowledge the complexities of modeling 
OA, specifically SOA. Zhang et al. (2013) and Basla et al. (2022) 
demonstrate the effectiveness of Volatility Basis Set (VBS) approach, 
emphasizing the volatility of primary organic aerosols and the aging of 
semi-volatile compounds. However, Fountoukis et al. (2016) expose a 
limitation in wintertime SOA modeling, suggesting unaccounted SOA 
formation processes. Meanwhile, Meroni et al. (2017) and Ciarelli et al. 
(2016) underscore the model sensitivity to OA schemes, with under- 
predictions in PM concentrations and SOA. The simplified scheme 
designed by Pai et al. (2020) used in this work provides a balanced 
approach to minimize the overall OA bias while maintaining similar 
correlation compared with a VBS approach. These findings and our re
sults stress the need for refined modeling approaches and accurate 
emission inventories for better OA representation. 

Despite the limitations identified in the study, the results provide 
valuable insights into the effectiveness of the use of a chemistry model 
like MONARCH in simulating BC/OA concentrations in NE Spain. The 
importance of speciation and refined treatment of low-volatile con
densable emissions are emphasized as key factors in improving the 
model’s performance. These findings underscore the need for continued 
efforts to refine the underlying emission inventories and modeling 
techniques to better understand and mitigate the impacts of air pollution 
on human health and the environment. 
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Frölich, M., Gehrig, R., Makkonen, U., et al., 2012. Lessons learnt from the first 
EMEP intensive measurement periods. Atmos. Chem. Phys. 12, 8073–8094. 

Amato, F., Karanasiou, A., Moreno, T., Alastuey, A., Orza, J., Lumbreras, J., Borge, R., 
Boldo, E., Linares, C., Querol, X., 2012. Emission factors from road dust resuspension 
in a Mediterranean freeway. Atmos. Environ. 61, 580–587. 

Athanasopoulou, E., Speyer, O., Brunner, D., Vogel, H., Vogel, B., Mihalopoulos, N., 
Gerasopoulos, E., 2017. Changes in domestic heating fuel use in Greece: effects on 
atmospheric chemistry and radiation. Atmos. Chem. Phys. 17, 10597–10618. 
https://doi.org/10.5194/acp-17-10597-2017. 

Badia, A., Jorba, O., 2015. Gas-phase evaluation of the online NMMB/BSC-CTM model 
over Europe for 2010 in the framework of the AQMEII-Phase2 project. Atmos. 
Environ. 115, 657–669. 

Badia, A., Jorba, O., Voulgarakis, A., Dabdub, D., Pérez García-Pando, C., Hilboll, A., 
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Benetictow, A., Klein, H., Mortier, A., et al., 2019. Transboundary particulate matter, 
photo-oxidants, acidifying and eutrophying components. 

Flemming, J., Huijnen, V., Arteta, J., Bechtold, P., Beljaars, A., Blechschmidt, A.-M., 
Diamantakis, M., Engelen, R.J., Gaudel, A., Inness, A., et al., 2015. Tropospheric 
chemistry in the Integrated Forecasting System of ECMWF. Geoscient. Model 
Develop. 8, 975–1003. 

Florczyk, A.J., Corbane, C., Ehrlich, D., Freire, S., Kemper, T., Maffenini, L., 
Melchiorri, M., Pesaresi, M., Politis, P., Schiavina, M., Sabo, F., Zanchetta, L., 2019. 
GHSL Data Package 2019, EUR 29788EN. Publications Office of the European Union, 
Luxembourg. https://doi.org/10.2760/062975, 978-92-76-08725-0, JRC117104.  

Foster, A., Kumar, N., 2011. Health effects of air quality regulations in Delhi. India, 
Atmos. Environ. 45, 1675–1683. 

Fountoukis, C., Megaritis, A.G., Skyllakou, K., Charalampidis, P.E., Denier van der 
Gon, H.A., Crippa, M., Prévôt, A.S., Fachinger, F., Wiedensohler, A., Pilinis, C., et al., 
2016. Simulating the formation of carbonaceous aerosol in a European Megacity 
(Paris) during the MEGAPOLI summer and winter campaigns. Atmos. Chem. Phys. 
16, 3727–3741. 

Granier, C., Darras, S., van der Gon, H.D., Jana, D., Elguindi, N., Bo, G., Michael, G., 
Marc, G., Jalkanen, J.-P., Kuenen, J., et al., 2019. The Copernicus atmosphere 
monitoring service global and regional emissions (April 2019 version). Ph.D. thesis, 
Copernicus Atmosphere Monitoring Service. 

Grythe, H., Lopez-Aparicio, S., Vogt, M., Vo Thanh, D., Hak, C., Halse, A.K., Hamer, P., 
Sousa Santos, G., 2019. The MetVed model: development and evaluation of 
emissions from residential wood combustion at high spatio-temporal resolution in 
Norway. Atmos. Chem. Phys. 19, 10 217–10 237. 

Guenther, A., Karl, T., Harley, P., Wiedinmyer, C., Palmer, P.I., Geron, C., 2006. 
Estimates of global terrestrial isoprene emissions using MEGAN (Model of Emissions 
of Gases and Aerosols from Nature). Atmos. Chem. Phys. 6, 3181–3210. https://doi. 
org/10.5194/acp-6-3181-2006. URL https://acp.copernicus.org/articles/6/3181/ 
2006/.  

Guevara, M., Tena, C., Porquet, M., Jorba, O., Pérez García-Pando, C., 2019. HERMESv3, 
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a stand-alone multi-scale atmospheric emission modelling framework–Part 2: The 
bottom–up module. Geoscient. Model Develop. (GMD) 13, 873–903. 

Guevara, M., Jorba, O., Tena, C., Denier van der Gon, H., Kuenen, J., Elguindi, N., 
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Darras, S., Granier, C., Pérez García-Pando, C., 2021. Copernicus Atmosphere 
Monitoring Service TEMPOral profiles (CAMS-TEMPO): global and European 
emission temporal profile maps for atmospheric chemistry modelling. Earth Syst. Sci. 
Data 13, 367–404. 

Hallquist, M., Wenger, J.C., Baltensperger, U., Rudich, Y., Simpson, D., Claeys, M., 
Dommen, J., Donahue, N., George, C., Goldstein, A., et al., 2009. The formation, 
properties and impact of secondary organic aerosol: current and emerging issues. 
Atmos. Chem. Phys. 9, 5155–5236. 

Hanisch, F., Crowley, J.N., 2001. The heterogeneous reactivity of gaseous nitric acid on 
authentic mineral dust samples, and on individual mineral and clay mineral 
components. PCCP 3, 2474–2482. 

Helin, A., Virkkula, A., Backman, J., Pirjola, L., Sippula, O., Aakko-Saksa, P., 
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Puig, O., 2001. PM10 and PM2. 5 source apportionment in the Barcelona 
Metropolitan area. Catalonia, Spain, Atmos. Environ. 35, 6407–6419. 

Querol, X., Pey, J., Pandolfi, M., Alastuey, A., Cusack, M., Pérez, N., Moreno, T., 
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Catalunya. 
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