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Abstract: The Iberian Peninsula, located in southwestern Europe, is exposed to frequent exceedances
of different threshold and limit values of air pollution, mainly related to particulate matter, ozone,
and nitrous oxide. Source apportionment modeling represents a useful modeling tool for evaluating
the contribution of different emission sources or sectors and for designing useful mitigation strategies.
In this sense, this work assesses the impact of various emission sectors on air pollution levels over the
Iberian Peninsula using a source contribution analysis (zero-out method). The methodology includes
the use of the regional WRF + CHIMERE modeling system (coupled to EMEP emissions). In order to
represent the sensitivity of the chemistry and transport of gas-phase pollutants and aerosols, several
emission sectors have been zeroed-out to quantify the influence of different sources in the area, such
as on-road traffic or other mobile sources, combustion in energy generation, industrial emissions
or agriculture, among others. The sensitivity analysis indicates that large reductions of precursor
emissions (coming mainly from energy generation, road traffic, and maritime-harbor emissions)
are needed for improving air quality and attaining the thresholds set in the European Directive
2008/50/EC over the Iberian Peninsula.
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1. Introduction

Atmospheric pollution has become one of the most important health and environ-
mental problems worldwide, affecting industrialized and developing countries around
the world. Its importance and implications for sustainability have been recognized by
the United Nations in their Sustainable Development Goals (SDGs) [1]. Health-relevant
indicators of household and ambient pollution exposure and disease burden are included
in the formal system of SDG indicators. Targets of particular relevance to ambient and
household air pollution include SDG target 3.9.1, which calls for a substantial reduction
in the number of deaths and illnesses from air pollution [2,3], or SDG target 11.6.2, which
aims to reduce the environmental impact of cities by improving air quality [4,5].

The exposure of humans to air pollution (both photochemical and particulate matter)
may be the source of many health problems ([6–12], among many others). The use of
chemistry transport models (CTMs) can be a useful tool for assessing these air quality-
related health problems. Recently, the premature deaths and the costs of the health impacts
of air pollution in Europe were calculated by using ground-level concentrations from
different CTMs, indicating that the total number of premature deaths (acute and chronic)
ranges from 500,000 to 800,000; their associated costs are around EUR 300 billion [11,13,14].

The Iberian Peninsula (IP), especially, presents serious problems that are related
mainly to tropospheric ozone (O3) [15], sulphur dioxide (SO2), nitrogen dioxide (NO2), and
particles of different diameters: particulate matter with a diameter of less than 10 (PM10)
and more than 2.5 µm (PM2.5) [16]. In this sense, a number of studies have covered the
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entire IP using modeling techniques [17–22]. The results of these previous works indicate
that achieving the objectives proposed by the EU directives are more difficult in the IP when
compared northern countries, partly due to their particular emission distribution [23,24],
and partly due to different meteorological situations, namely: (1) a lower precipitation rate
(and, hence, a higher resuspension rate due to soil dryness); (2) the increased formation of
secondary aerosols associated with the higher temperatures; (3) an enhanced frequency of
African dust outbreaks; and (4) the higher occurrence of the recirculation of air masses that
prevent air renovation [20,25].

Moreover, air pollution problems will become even more severe under future cli-
mates [26–31]. Therefore, reliable estimations of air pollution for present-day conditions
and an enhanced understanding of the chemico-physical processes occurring in the atmo-
sphere become essential, not only for informing and alerting the population, but also to
understand the causes of those episodes and to implement effective abatement policies.

For that purpose, CTMs are essential for defining, evaluating, and implementing
emission abatement plans through the use of sensitivity analysis strategies [32,33]. These
strategies have, as a first step, the accurate identification of pollution sources and their
individual contributions to the concentrations of atmospheric pollutants. To this end, a
wide range of modeling methodologies has been proposed and applied for the appor-
tionment of atmospheric pollutants [34–37]. Particularly, source apportionment relies on
the determination of the contribution of different sources to pollutant concentrations by
establishing the mass continuity relationships between emissions and concentrations at
receptor locations. Sensitivity analyses measure how pollutant concentrations at receptors
respond to perturbations at sources. Most of the sensitivity questions are left to modelers
since the experimental approach is difficult and expensive.

The traditional approach to sensitivity consists in performing “twin simulations”,
with one parameter perturbed [34]. In the case of the most straightforward method to
assess sensitivity (brute-force method, BFM), the perturbed parameter is emissions. In the
BFM, a model simulation is conducted and repeated with modified emissions, comparing
the outputs of the simulations [38,39]. This method is limited because the computational
cost depends, in a linear way, on the number of perturbations to examine and the strong
influence of the numerical errors when the changes in the concentrations are small. Related
to the BFM, the zero-out method [40,41] sets a specific emissioin sector to zero and measures
the change produced in the output concentrations. In this sense, it can be considered as an
extreme case of the BFM.

Since the management of air pollutant emissions is one of the predominant factors for
abating urban air quality, this work assesses the source contribution of different emitting
sectors to the air pollution levels in the IP, taking a particular look at the number of
exceedances of air quality limits and thresholds related to health issues. For that, the WRF
(meteorology) + CHIMERE (chemistry transport) modeling system has been used for a
summer and a winter period over the IP in order to assess air quality-related problems in
the area.

2. Materials and Methods
2.1. Modeling System

The modeling system applied consists in the Weather Research and Forecasting (WRF,
meteorology) + CHIMERE (chemistry transport model) + EMEP (emissions) methods. The
simulations cover the entire IP (excluding a blending area of five grid points), have a
resolution of 9 km, and have been run and evaluated on an hourly basis during a period
covering a summer and a winter scenario (months of June–July–August 2011, JJA, and
December 2011–January–February 2012, DJF). Precisely, the simulation period ranges from
24 May 2011 to 1 September 2011, and from 23 November 2011 to 1 March 2012, with the
first week being the spin-up period. The election of the 9-km resolution was conditioned
by a compromise between the use of high resolutions and the computational time needed
for the ensemble of simulations to be conducted in this analysis.
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The regional modeling system consists of the Advanced Research Weather Research
and Forecasting (WRF-ARW) Model v3.9.1 [42,43], which provides the meteorology to
the CTM. WRF is a fully compressible, Eulerian, non-hydrostatic model that solves the
equations that govern the atmospheric motions. A total of 33 vertical layers on sigma
coordinates cover the region from the ground level up to 10 hPa. The boundary conditions
used for driving the WRF simulations are obtained from the ERA-Interim reanalysis [44]
every six hours. WRF fields have been coupled off-line on an hourly basis to CHIMERE
CTM [45]. With respect to the CHIMERE configuration, the MELCHIOR2 gas-phase
mechanism has been used [46].

Regarding the inclusion of particles within the CTM, CHIMERE includes aerosol and
heterogeneous chemistry. Different chemical aerosol components have been included in
the model configuration, namely, ammonium, nitrate, sulphate, and organic and elemental
carbon with three subcomponents: (1) primary aerosol, (2) secondary anthropogenic, and
(3) secondary biogenic subcomponents. Marine aerosols (sea salt) have also been included
in the simulation. The aerosol microphysical description is based on a sectional aerosol
approach that includes 6 bins using a geometrical progression and ranging from 10 nm to
40 µm. Table 1 summarizes the physico-chemical options for the regional modeling system.

Table 1. Parameterizations of the meteorological and chemistry transport model used in the simula-
tions for the IP.

WRF (Meteorological Model) [42,43] CHIMERE (Chemistry Transport Model) [45]

Microphysics: WSM6 [47] Chemical Mechanism: MELCHIOR2 [46]

PBL: Yonsei University [48] Aerosol chemistry: Inorganic (thermodynamic equilib-
rium with ISORROPIA module) [49]

Radiation: CAM [50] Organic aerosol chemistry: [51]

Soil: Noah LSM [52] Natural aerosols: dust, re-suspended, and inert sea-
salt [45]

Cumulus: Kain–Fritsch [53]
Emissions: anthropogenic emissions EMEP [54] + bio-
genic emissions MEGAN (Model of Emissions of Gases
and Aerosols from Nature) [55]

Boundary conditions: ERA-Interim [44] Boundary conditions: LMDz-INCA+GOCART [56]

Here, the climatological boundary conditions for the CTM are based on the LMDz-
INCA global chemistry/climate model [57]. Other considerations to bear in mind, with
respect to the boundary conditions, are that (1) the changes in stratospheric ozone are
very limited and, hence, are neglected in the simulations, and (2) it has been assumed that
long-range transport over the IP is limited and overwhelmed by local processes [58]. This
assumption is hampered by the persistent outbreaks of Saharan dust over the IP, which may
exert an important influence on the regional PM10 levels over Spain and Portugal [59,60].
However, this contribution focuses on a sensitivity analysis of antropogenic emissions, and
hence, the impact of desert sources and their influence on the air quality of the IP is beyond
the scope of this work.

Anthropogenic emissions are obtained from the EMEP database [54] and cover the
entire period of simulations. Natural emissions have been estimated with the MEGAN
model [55] and include species such as monoterpene, isoprene, and other biogenic volatile
organic compounds (BVOCs). The meteorological inputs needed for the estimation of
emissions are obtained from the WRF simulations previously described.

2.2. Sensitivity Analysis: The Zero-Out Method

The sensitivity analysis methods perturb inputs to the modeling system (e.g., modify
the emissions of sulphur oxides) and quantify the response of the model output (e.g., change
in sulphate concentration). As commented on before, there are several approaches for a
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sensitivity analysis based on the BFM in order to study the contribution from different
sources; a zero-out method has been applied in this study because of its simplicity. Here, the
methodology includes a base model, run with all emission sources (BC), and ten emission
scenarios in which emissions from anthropogenic sources (classified according to the SNAP)
are excluded, analogously to previous works [37,61,62].

The zero-out method has been extensively used for source attribution because it seems
intuitive and obvious that the removal of an emission source should quantify the corre-
sponding impact of that emission source [40,41,63]. Despite that this methodology is valid
and widely used for sensitivity analysis (as in our case), it should be carefully considered
for areas with a strong secondary production, because the sum of zero-out impacts over all
sources may not be exactly equal to the total concentration when considering non-linear sys-
tems as those represented by atmospheric processes [34]. In this sense, Clappier et al. [36]
warn that, when the non-linearity of the relationship between concentrations and emissions
is noticeable, source apportionment methods may not be appropriate to assess the impact
of mitigation or abatement strategies. When non-linearity is limited or negligible, source
apportionment methods may be acceptable, bearing in mind the complexity of the models
involved in the representation of air pollution.

Since our objective is to conduct a source apportionment analysis for the IP, the
zero-out method has been applied to all the SNAP activities, including anthropogenic
sources (Table 2). The sensitivity to air pollution levels of these sources is covered and
identified in the simulations (harbors and ships, industries, road transport, central heating,
agriculture, etc.).

Table 2. Tags for the different simulations included in this contribution. The scenarios are run while
zeroing-out the emissions specified by the SNAP sector.

SNAP Emissions Zeroed-Out

SNAP1 Combustion in energy and transformation industries
SNAP2 Non-industrial combustion plants, including private wood combustion
SNAP3 Combustion in manufacturing industry
SNAP4 Production processes
SNAP5 Extraction and distribution of fossil fuels and geothermal energy
SNAP6 Solvents and other product use
SNAP7 Road transport
SNAP8 Other mobile sources and machinery (excl. international ship traffic)
SNAP9 Waste treatment and disposal
SNAP10 Agriculture
Base Case (BC) No emissions zeroed-out

3. Results
3.1. Evaluation of the Modeling Results

Despite that the goal of this contribution is not to provide a comprehensive evaluation
of the air quality concentrations simulated by WRF + CHIMERE, the results from the
monitoring network EMEP have been used to characterize the skill of the model for
reproducing the concentrations of air pollutants (EMEP data available online at: http:
//www.emep.int (accessed on 8 May 2012); see [64] for further details). The ten stations
with simultaneous data of tropospheric O3, NO2, and PM10 in the IP (SO2 and PM2.5 have
been excluded because of the scarcity of data for the target period) have been used for the
model evaluation. Their location is shown in Figure 1.

http://www.emep.int
http://www.emep.int
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Figure 1. EMEP stations included for the model validation.

The available EMEP measurements were filtered before comparing the model results
with EMEP data in order to remove uncertain data (for instance, those data before a calibra-
tion of equipment or after an interruption was eliminated). In addition, after the EMEP
data is filtered, the criteria of temporal coverage >85% were selected for measurement
sites. Since EMEP stations are located far from large emission sources (more than 10 km),
the data are assumed to fit the resolution of the model used for regional background
concentrations ([64] and references therein).

A number of common metrics were used to examine the model skills, differencing
between gas-phase and particulate matter. For gases, two scores have been selected: mean
normalized gross error (MNGE)—which indicates the performance of the simulations to
represent the magnitude of the observation—and the mean normalized bias error (MNBE)—
another common parameter that reveals the departure between observations and modeling
data. These provide a useful quantification of the overall under- or overestimations of
the model.

As for the particulate matter evaluation, a number of authors (e.g., [16,65–67], among
many others) suggested using the mean fractional bias (MFB) and the mean fractional error
(MFE) instead of MNBE or MNGE (Table 3). Boylan and Russell [65] propose that a model
performance goal is met when both the MFE and MBE are less than or equal to 50% and
±30%, respectively, and a model performance criterion is met when the MFE ≤75% and
MFB is less than or equal to ±60%.

Table 3. Statistical figures used in the evaluation of the WRF + CHIMERE modeling system. N:
number of observations available. Cmod: model concentration. Cobs: observation concentration.

Value Formula Range

Model Mean (MM) 1
N ∑ Cmod 0, +∞

Observations Mean (OM) 1
N ∑ Cobs 0, +∞

Mean Normalized Bias Error (MNBE) 1
N ∑ (Cmod−Cobs)

Cobs
−∞, +∞

Mean Normalized Gross Error (MNGE) 1
N ∑ |Cmod−Cobs |

Cobs
0,+∞

Mean Fractional Bias (MFB) 1
N ∑

(
(Cmod−Cobs)(

Cmod+Cobs
2

)
)

−200, +200

Mean Fractional Error (MFE) 1
N ∑

(
|Cmod−Cobs |(

Cmod+Cobs
2

)
)

0, +200
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Therefore, MNBE and MNGE have been used for gaseous pollutants, while for partic-
ulate matter, the MFB and MFE have been utilized. A general pattern of the air pollution
levels provided by WRF + CHIMERE simulations can be found in Figure 2. Maximum
O3 concentrations are modeled for summertime in the easternmost part of the IP, with
ground levels that exceed 120 µg m−3 as the daily mean in Catalonia (northeastern IP).
For NO2, monthly means can be as high as 50 µg m−3 in the largest cities of the peninsula
(e.g., Madrid, Lisbon, Porto) and in an industrial area such as Algeciras Bay (southernmost
part of the IP), where industrial emissions are increased by port and maritime activity. The
Algeciras port (the second most important port of Spain), located at the head of the bay,
has a strategic importance in terms of the maritime traffic of fuel and general supplies [68].
Hence, the presence of this port makes the area of the Algeciras Bay a high risk environment
for pollution derived from its commercial activities. For SO2, besides Algeciras, levels are
over 20 µg m−3 downwind of several power plants (As Pontes, in northern Spain; and
Andorra (Teruel), in the eastern IP) that burn coal for the generation of electricity [69,70].
Last, particulate matter does not exhibit a clear spatial pattern in the IP. The spatial patterns
depend both on the industrialization of the regions, especially regarding inorganic particu-
late matter, and the Saharan dust outbreaks [20]. In this sense, PM2.5 and PM10 seasonal
patterns showed maximum concentrations during summertime, as is also indicated by the
scientific literature.

Regarding model validation, overall, negative fractional biases are calculated for PM10
and NO2, while positive deviations for O3 are obtained when comparing the base-case
simulation to EMEP stations (Table 4).

Table 4. Model evaluation against EMEP stations. (Top) Summer (JJA) and (bottom) winter (DJF).

Summer JJA 2011 PM10 NO2 O3

Code Station Name MFB (%) MFE (%) MNBE (%) MNGE (%) MNBE (%) MNGE (%)
Performance Criteria ≤±60% 1 ≤+75% 1 ≤+50% 2 ≤+50% 2

ES07 Víznar −38.8 68.8 −28.9 41.9 23.1 24.9
ES08 Niembro −9.0 42.6 −19.0 41.6 22.1 22.1
ES09 Campisábalos −54.0 54.1 −35.8 49.0 5.0 25.7
ES10 Cabo de Creus −41.9 43.7 −15.2 33.6 1.5 26.7
ES11 Barcarrota −58.9 68.9 −45.5 46.1 22.3 26.4
ES12 Zarra −52.5 53.0 −46.8 49.3 20.3 24.2
ES13 Peñausende −55.1 57.0 −28.5 59.4 11.2 12.5
ES14 Els Torms −48.6 49.2 −34.7 44.9 20.3 21.0
ES15 Risco Llano −52.5 62.5 −47.3 47.3 24.9 25.6
ES16 O Saviñao 6.8 41.8 18.3 40.9 32.3 33.9

Winter DJF 2011 PM10 NO2 O3

Code Station Name MFB (%) MFE (%) MNBE (%) MNGE (%) MNBE (%) MNGE (%)
Performance Criteria ≤±60% 1 ≤+75% 1 ≤+50% 2 ≤+50% 2

ES07 Víznar −55.7 55.8 −41.8 48.3 23.0 25.9
ES08 Niembro −17.1 21.7 −17.1 21.7 8.3 8.3
ES09 Campisábalos −28.7 57.2 −36.1 48.0 2.0 15.0
ES10 Cabo de Creus −34.8 35.2 −17.8 27.7 2.2 25.5
ES11 Barcarrota −21.6 34.9 −13.0 31.9 23.6 24.9
ES12 Zarra −20.7 34.2 −20.7 34.2 29.8 29.8
ES13 Peñausende −8.3 35.4 0.3 38.5 19.8 20.2
ES14 Els Torms −34.3 45.8 −31.3 44.2 30.2 32.4
ES15 Risco Llano −37.7 58.0 −39.6 48.9 26.0 26.6
ES16 O Saviñao −11.3 28.2 −7.8 26.3 17.1 17.3

MFB: Mean Fractional Bias; MFE: Mean Fractional Error; MNGE: Mean Normalized Gross Error; MNBE: Mean
Normalized Bias Error. 1 Boylan and Russell [65]; 2 EU Directive 2008/50/EC Uncertainty.
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Figure 2. Summer (top) and winter (bottom) 2011 average concentration of tropospheric ozone (red), nitrogen dioxide (green), sulphur dioxide (purple), PM10 (blue),
and PM2.5 (orange). All units in µg m−3.
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With respect to gaseous pollutants, the WRF + CHIMERE model presents a MNGE
under 50% for NO2, which is the value set by the EU Directive 2008/50/EC uncertainty
criteria. However, this pollutant is underestimated in both seasons and in all stations
(except for in summer in ES16-O Saviñao and winter in ES13-Peñausende), possibly due to
uncertainties in emission inventories [71] and the relatively coarse horizontal resolution
used, which represents only partially the spatial gradient of the emissions [72]. Negative
biases vary between−8% in wintertime in ES16-O Saviñao (northwestern Spain) and −47%
in ES12-Zarra (at the Levantine Spanish coast). Tropospheric O3 is generally overestimated
(bias under +20% in summer and under +30% during wintertime). This is related to the
NO2 underestimation, limiting the titration of tropospheric O3 by NO2. Moreover, the
CHIMERE lateral boundary conditions for O3 are overestimated [57,72], especially during
wintertime, and therefore, the positive biases during the cold season (ranging from 2% at
ES09-Campisábalos to 30% at ES14-Els Torms, northeastern Spain) are attributable to the
overestimation of the background concentrations at the boundaries of the domain.

For particulate matter (PM10), the magnitude of the MFB and MFE are similar in both
seasons, meeting the performance criteria established by Boylan and Russell [65] for all
stations and during all seasons. There is a pervasive tendency to underestimate PM10
levels (negative MFB in all stations and both seasons, except for station ES16-O Saviñao,
northwestern Spain, in summer). This summer MFB ranges from −9% in ES08-Niembro
station (northern Spain) to −59% in ES11-Barcarrota (southwestern Spain). In wintertime,
the maximum MFB is −56% in ES07-Víznar (southern Spain), while the minimum MFB
is estimated in ES13-Peñausende (western Spain, near the Portuguese border) as −8%.
More interesting is the fact that high MFEs are found in ES07-Víznar station for both
seasons (68% in summer and 56% in winter). The MFB is strongly negative and almost
coincident with the MFE (e.g., −56% for the MFB error in wintertime and 56% for the MFE
during this season). This could be caused by the high contribution of Saharan dust at this
location [25,73], which is pervasively underestimated by CTMs in southern Mediterranean
stations, especially regarding the peak levels [74–76].

3.2. Source Contribution

Figures 3 and 4 represent the results of the source contribution experiment for summer-
time and wintertime, respectively. The information shown in those Figures is quantified
in Table 5, which indicates the relative reductions in the areas with the worst air quality
in the entire IP (that is, reductions in those locations of the target domain where the daily
mean and the daily mean of max. 1-hr ground-level air quality concentrations are the
highest). The results are shown with respect to the base-case scenario (BC), and focus only
on anthropogenic sectors (that is, excluding, for instance, the contribution of background
concentrations or external transport, which cannot be controlled in abatement strategies).
Overall, Table 5 indicates that the maximum reductions in air pollution levels are achieved
when zeroing-out three SNAP sectors, as expected from the scientific literature: combustion
in energy and transformation industries (SNAP1), road transport (SNAP7), and other
mobile sources (SNAP8). The most important added value of this contribution, nonetheless,
is the quantification of the respective contributions of these aforementioned sectors. For
the sake of brevity, our analysis below focuses only on the assessment of the contribution
from these sectors (despite that agriculture, SNAP10, may play also an important role for
SO2 and particulate matter).
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SNAP1 SNAP2 SNAP3 SNAP4 SNAP5 SNAP6 SNAP7 SNAP8 SNAP9 SNAP10

O3

SO2

PM10

NO2

PM2.5

Figure 3. Relative contribution (%) of each anthropogenic SNAP sector to the daily mean levels of pollutants over the IP during summertime (JJA) 2011.
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Figure 4. Id. Figure 3 but for wintertime (DJF).
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Table 5. Variation in the mean and maximum levels of atmospheric pollutants over the entire IP
when zeroing-out the different SNAP sectors (base case minus zeroed-out SNAP sector simulation;
hence, a positive value indicates an improvement in air quality).

Summer
Summer (JJA)

Concentration Base Case w/o SNAP Reduction

Pollutant Mean (µg m−3) Max (µg m−3) Zero-out sector Mean Max

Tropospheric ozone, O3 132.5 164.6 SNAP7 2.3% 5.7%
SNAP8 5.0% 1.9%

Nitrogen dioxide, NO2 66.6 124.2 SNAP8 47.4% 37.1%

Sulphur dioxide, SO2 33.0 70.7 SNAP1 2.0% 2.4%
SNAP8 40.9% 40.3%

Particulate matter φ < 10 µm, PM10 38.7 62.2 SNAP1 6.2% 4.3%
SNAP8 7.0% 2.6%
SNAP10 5.7% 2.6%

Particulate matter φ < 2.5 µm, PM2.5 19.7 29.3 SNAP1 0.0% 4.8%
SNAP8 0.0% 2.4%
SNAP10 5.1% 4.8%

Winter
Winter (DJF)

Concentration Base Case w/o SNAP Reduction

Pollutant Mean (µg m−3) Max (µg m−3) Zero-out sector Mean Max

Tropospheric ozone, O3 95.8 103.7 SNAP7 −1.2% −2.3%

Nitrogen dioxide, NO2 60.0 95.4 SNAP7 32.9% 17.7%
SNAP8 12.3% 9.7%

Sulphur dioxide, SO2 33.0 70.7 SNAP1 4.5% 3.6%
SNAP8 2.5% 22.2%

Particulate matter φ < 10 µm, PM10 54.3 93.5 SNAP4 6.6% 17.5%
SNAP7 3.9% 3.3%
SNAP10 14.0% 13.8%

Particulate matter φ < 2.5 µm, PM2.5 21.0 34.4 SNAP1 4.7% 3.7%
SNAP7 5.3% 4.0%
SNAP10 16.1% 14.3%

For tropospheric O3, on-road traffic (SNAP7) is the most important contributor in sum-
mertime. The highest daily mean levels of tropospheric O3 during summer (133 µg m−3)
reduce by 2%, while 1-hmaximum concentrations (165 µg m−3) decrease by 6%. In addi-
tion, zeroing-out other mobile sources (SNAP8) reduces the highest daily mean and 1-h
maximum O3 summertime levels by 5% and 2%, respectively. On the contrary, zeroing-out
on-road traffic (SNAP7) during winter slightly contributes to an increase in tropospheric
O3 concentrations (1% and 2% in wintertime, mean and maximum concentration, 96 and
104 µg m−3, respectively), but this increase does not involve the exceedance of the objective
value, as will be shown later in Section 3.4.

The response of tropospheric O3 to changes in their precursors (nitrogen oxides, NOx,
and volatile organic compounds (VOCs)) has been widely covered in the scientific literature,
and particularly over the IP [77,78]. Overall, under certain conditions, O3 concentrations are
reduced when NOx emissions decrease. This chemical regime is denoted as NOx-sensitive
conditions. Conversely, under other conditions, tropospheric O3 reduces its levels when
VOC emissions (particularly, non-methane volatile organic compounds, NMVOCs) are
reduced, and might even increase its concentration when NOx emissions are mitigated.
This regime is known as VOC-sensitive conditions. These O3 sensitivity regimes can help
with explaining the variations in the levels of this pollutant over the Iberian Peninsula.
Namely, the increase in winter O3 mean levels in the Algeciras Bay when zeroing-out the
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SNAP8 emissions and the shipping route of the Strait of Gibraltar is a direct consequence
of the high NO2 concentrations over this target area, associated with the important NOx
emissions of the SNAP8 sector. When removing shipping emissions, mostly NOx emissions
are removed, and hence, the increase of tropospheric O3 reveals the strong VOC-limited
chemical regime for O3 formation in that area. At low NMVOC/NOx ratios, the results
are sensitive to the concentrations of volatile compounds [77,79,80], and hence, an accurate
amount of NMVOC ship emissions is essential for studying and understanding their
possible impact on the O3 levels, especially in such polluted areas as the Mediterranean Sea.

The most important pollutant coming from on-road traffic (SNAP7) is NO2, and this
sector is the dominant source in the largest populated areas of the IP. For NO2, reductions
in the highest daily mean levels in the target domain are around 10 µg m−3 in wintertime
(up to 30 µg m−3 as daily mean levels in summertime), especially in the Barcelona and
Madrid Greater Areas, and the axis of highways covering the Levantine and Western areas
of the IP (Barcelona–Murcia and Porto–Lisbon, in that order), representing almost 50% of
the NO2 levels for this pollutant in summertime (Figure 3) and over 60% in wintertime at
those sites and roads (Figure 4).

Other mobile sources (SNAP8) also largely contribute to NO2 and SO2 over the
peninsula (playing also a role regrding the PM10 levels). In this sense, SNAP8 is responsible
for 47% and 37% of the daily mean (67 µg m−3) and maximum (124 µg m−3) levels of NO2
in the target domain in summer (12% and 10% in winter; the concentrations are 60 and
95 µg m−3 for mean and maxima, in that order). For wintertime, on-road traffic contributes
to highest mean and maximum NO2 concentrations by 33% and 18%, respectively. Last, as
shown in Figure 3, combustion in energy and transformation industries (SNAP1) can add
up to 4 µg m−3 in the area close to power plants, representing up to 10% of NO2 levels in
those areas. However, Table 5 indicates that the contribution of this SNAP to maximum
values is not significant when considering the entire IP.

For SO2, combustion in energy and transformation industries (SNAP1) represents
an important source of the contribution to the levels of this pollutant. The simulations
shown in Figure 3 for summertime and Figure 4 for wintertime feature strong reductions
in SO2 ground-level concentrations over land when zeroing-out SNAP1 (mean reduction,
2.5 µg m−3, reaching 7 µg m−3 in large emitting areas associated with coal combustion).
These results are in agreement with Valverde et al. [70], who indicate that the contribution
to SO2 from power plants in the IP ranges from 2 to 25 µg m−3.

This energy sector contribution can be as much as 60% over the IP, except in the
Mediterranean coastal areas, where the reduction is around 30-40%. In summertime, the
contribution of energy facilities can add up to 2% to the mean and maximum levels (39 and
141 µg m−3, in that order) of SO2 simulated by the model. It is, however, SNAP8 (other
mobile sources) which contributes most to summer SO2 highest mean and maximum levels
(41% and 40%, respectively). The winter contribution is much lower, with SNAP8 represent-
ing only 3% and 22% of the highest winter SO2 mean and maxima (33 and 71 µg m−3, in that
order). Analogous contributions of SNAP1 can be found for winter in the target domain
(5 and 4%). The contribution of harbor emissions to sulphur dioxide levels may reach
50% in the Iberian Levantine coast, both for summertime and wintertime (Figures 3 and 4),
reaching up to 2 µg m−3 in the western Mediterranean areas, and around 5 µg m−3 in
the Algeciras harbor and Gibraltar (southern IP) during summertime, highlighting the
importance of this sector.

With respect to PM10, Table 5 indicates that, albeit for summertime the sector with
the largest contribution to highest daily mean and maximum levels (39 and 62 µg m−3) is
combustion in energy and transformation industries (SNAP1) (6.2% and 4.3%), production
processes (SNAP4) is the source that contributes most during wintertime to the PM10
highest mean and maxima (54 and 93 µg m−3), representing 7% and 18% of those levels.
The second largest contributor to PM10 is SNAP8 (other mobile sources) in summer (7%
and 3% to highest mean and maxima) and SNAP7 (road traffic) in winter (4% and 3%). It
is noticeable that removing agriculture emissions (SNAP10) contributes to a decrease in
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PM levels and a simultaneous increase in SO2 concentrations both for summer (Figure 3)
and winter (Figure 4), since zeroing-out the most important contributor to NH3 emission
hampers the formation of ammonium sulphate, and hence, more SO2 is available in the
gas-phase [20,27,81]. Analogous results can be found for PM2.5, but with an enhanced
contribution of agriculture (SNAP10) to the PM2.5 daily mean and maxima, which can
reach 16% and 14%, respectively.

3.3. Source Contribution at Critical Selected Sites

Figure 5 shows the Air Quality Index (AQI) in the IP (estimated from EPA Air Quality
Index [82]) in order to assess the most critical areas in the target domain regarding air
pollution. In this index, the concentrations that correspond to an AQI value of 100 are those
established as the standards of the European Union, compiled in Directive 2008/50/EC. The
election of the AQI in this contribution is not critical, since only the areas with the poorest
air quality are searched to calculate the source contribution at those particular locations.

Good Moderate Unhealthy Hazardous

Barcelona - Downwind

Madrid - Downtown

Algeciras Bay

Figure 5. Total air quality indexes (AQItotal) for summer (JJA) (left) and winter (DJF) (right), indicat-
ing the most polluted areas of the IP (AQI = hazardous).

The AQI has been estimated individually for all pollutants with regulatory values
included in this contribution (O3, NO2, SO2, PM10, and PM2.5) and the AQItotal (shown in
Figure 5) has been estimated as the highest value among all individual indexes. During
the summer and winter periods, air quality was hazardous in the two largest Spanish
cities (Madrid and Barcelona) and the industrial-harbor area of Algeciras Bay, located in
southern Spain (Figure 5). Therefore, this section is devoted to the analysis of the source
apportionment at these locations in order to shed some light on the causes of the strategy to
abate those pollutants. For that, the point with the worst air quality in a domain of 100 km2,
centred over Madrid, Barcelona, and Algeciras, respectively, has been selected for further
analysis.

For gas-phase pollutants, Figure 6 (left) indicates that most of summertime tropo-
spheric O3 comes from the “Other” sector at all the three sites. This “Other” contribution is
not estimated by zeroing-out any emission sector, but estimated as the difference between
the BC and the addition of all anthropogenic sources. Therefore, it includes the contri-
bution of different processes (e.g., long-range transport, background levels, stratosphere–
troposphere exchange, etc.).
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Figure 6. (Left axis) Relative contribution (%) of each anthropogenic SNAP sector to the daily mean
levels of O3 (left), NO2 (center), and SO2 (right) over the most polluted areas of the IP (Madrid, top;
Barcelona, center; Algeciras Bay, bottom). (Right axis) Red dot stands for the mean concentrations of
O3 (left), NO2 (center), and SO2 (right) in µg m−3.

During summer (winter), this contribution can be as large as 88% (30%) in Madrid,
91% (82%) in Barcelona. and 69% (50%) in Algeciras Bay. These numbers are in agreement
with previous works. For instance, the background values contribute with more than 50%
to the O3 concentration measured in the westernmost region of the IP [83]. Moreover, the
importance of intercontinental ozone transport in the ground levels of ozone over Europe
has been highlighted [84], and can be as high as 10–16 ppb (20–32 µg m−3). In Barcelona and
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the Algeciras Bay, the anthropogenic sector contributing most to tropospheric O3 levels is
SNAP8 (other mobile sources), especially related to shipping emissions in the area. SNAP8
adds up 4% (25%) and 4% (42%) of summer and wintertime O3, respectively, in Barcelona
(Algeciras). These results are in agreement with those of the literature [85,86]. These works
find out that shipping emissions increase ground levels of summer tropospheric O3 by 5 to
10% in the Mediterranean sea. This may be caused by the large NO2 emissions of ships,
which can enhance the production of ozone [87]. Last, SNAP7 (road traffic) has a limited
contribution to summertime O3 levels in Madrid and Barcelona, around 8%, which is in a
strong agreement with previous works [88].

With respect to NO2 (Figure 6, center), on-road traffic (SNAP7) is the sector with the
highest contribution to the surface levels of NO2 in Madrid and Barcelona (over 60% in
Madrid and over 44% in Barcelona for both seasons), followed by SNAP8 (other mobile
sources). While for Barcelona, it is the shipping and maritime activity that contributes most
to SNAP8 (being responsible for 14% and 20% of summer and winter NO2 levels in the city),
in Madrid, the contribution of SNAP8 (11% in summer and 22% in winter) comes mainly
from the activity of the Madrid airport. In Algeciras, around 90% of NO2 levels can be
attributed to the shipping sector, both in summertime and wintertime. The contribution of
SNAP8 is very similar in Algeciras Bay for SO2 levels (the source apportionment indicates
that over 85% of SO2 mean levels in Algeciras come from SNAP8) (Figure 6, right). How-
ever, in the city of Madrid, most of the summer (winter) SO2 has an origin in combustion
during energy-generation activities (SNAP1): 56% (30%) of monthly means for summer-
time (wintertime), followed by non-industrial combustion plants, including private wood
combustion—SNAP2—(21%/54% of summer/winter levels). In Barcelona, SNAP1 is also
responsible for around 60% of SO2 levels, with a limited contribution of shipping emissions
(19% for summertime and 14% during winter) and agriculture—SNAP10—(around 6% for
both seasons). It should be highlighted that the levels of SO2 in the urban areas of Madrid
and Barcelona are very low, with mean monthly concentrations under 5 µg m−3.

Figure 7 indicates the results regarding the contribution of each SNAP sector to the
daily mean levels of PM2.5 (left) and PM10 (right). The most important contributor to PM2.5
and PM10 concentrations in Madrid, Barcelona, and Algeciras is the sector “Other”, high-
lighting the importance of external sources to the domain during summertime (e.g., Saharan
dust transport). In this sense, the outside contribution represents 72% (73%), 59% (63%),
and 52% (57%) of summertime PM2.5 (PM10) levels in Madrid, Barcelona, and Algeciras,
respectively. However, this contribution is much lower for wintertime, when the external
contribution accounts for only 16% (7%), 31% (29%), and 35% (29%) of PM2.5 (PM10) levels
at the aforementioned sites. The fact that the PM10 contribution is larger than PM2.5 for
summertime, but lower for wintertime, points to an important role of dust outbreaks over
the IP during the summer months, as aforementioned [25,73].

Agriculture (SNAP10) effects on particulate matter levels are much larger in winter-
time than during summertime. SNAP10 has a larger contribution to summer particles in
Barcelona (18% for PM2.5 and 16% for PM10) than in the case of Madrid (6% for PM2.5 and
PM10) or Algeciras (14% and 10% for PM2.5 and PM10, respectively). These contributions
increase notably for wintertime, with agriculture being the most important contributor to
wintertime PM2.5 and PM10 levels in Madrid (49% and 52%, respectively) and Barcelona
(39% and 40%).
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Figure 7. (Left axis) Relative contribution (%) of each anthropogenic SNAP sector to the daily mean
levels of PM2.5 (left) and PM10 (right) over the most polluted areas of the IP (Madrid, top; Barcelona,
center; Algeciras Bay, bottom). (Right axis) Red dot stands for the mean monthly concentrations of
PM2.5 (left) and PM10 (right) in µg m−3.
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Combustion in energy and transformation industries (SNAP1) also notably contributes
to particle levels in the city of Madrid (PM2.5: 18% for summer and 13% for winter;
PM10: 15% and 12% in summer and winter, in that order), Barcelona (PM2.5: 10% for
summer and 11% for winter; PM10: 11% and 10% in summer and winter, respectively),
and Algeciras (PM2.5: 7% and 1% for summer/winter; PM10: 10% and 9% in summer
and winter, in that order). On-road traffic (SNAP7) is only noticeable for wintertime
PM2.5(PM10) concentrations, being 11% (13%), 8% (10%), and 5% (8%) in Madrid, Barcelona,
and Algeciras, while the contributions of SNAP8 (other mobile sources) are very high in
Algeciras, being the second largest contributor for particulate matter both in summer (18%
for PM2.5 and PM10) and winter (23% and 19% for PM2.5 and PM10, respectively), due to
the presence of important harbor/industrial activity in the area [89,90]. Over a coastal area
such as Barcelona, the estimated contribution of harbor emissions to the urban background
reached 9–12% for PM10 and 11–15% for PM2.5 [91]. Our results are in agreement with
those numbers (despite being slightly lower), since the estimations of the contribution of
SNAP8 to PM2.5(PM10) background levels in Barcelona is around 4–6%. This contribution
is linked both to primary emissions from fuel oil combustion but also to the formation of
secondary aerosols from gas-phase precursors.

3.4. Response of Air Quality Exceedances to Zeroed-Out Emissions

It is important to characterize the contribution of each emitting sector to air pollution
not only from the point of view of the percent contribution to mean air quality levels, but
also to attribute the role of those sources in the exceedances of limit values for the protection
of human health. In this sense, Table 6 summarizes the contribution over the entire IP of
each SNAP sector (only for those sectors with significant variations with respect to the BC)
to the number of exceedances of different target values selected: objective value for O3,
120 µg m−3, 8 h; limit value for NO2, 200 µg m−3, 1 h, not to be exceeded (n.t.b.e.) more
than 3 times a calendar year; limit value for SO2, 125 µg m−3, 1 day, n.t.b.e. more than
3 times a calendar year; limit value for PM10, 50 µg m−3, 1 day, n.t.b.e. more than 35 times
a calendar year. Additionally, the limit value for PM2.5, 25 µg m−3, 1 calendar year, was
explored, but as we have only simulated summer and winter periods, this latter limit value
cannot be assessed.

With respect to the exceedance of the target, limit, and threshold values set in the
Directive 2008/50/EC, Table 6 indicates a clear improvement in the O3 objective value
(120 µg m−3, max. 8 h) when zeroing-out the on-road traffic emissions (SNAP7) for sum-
mertime (days with exceedances reduce from 23 to 16 in summer; no exceedances are
simulated for winter in the base case); however, this management strategy is hard to take
into practice because of the socio-economical implications of road traffic reduction. More-
over, other mobile sources (SNAP8) contribute to 5 days with exceedances of the object
value for O3 (23 days in BC vs. 18 in noSNAP8).

Additionally, other mobile sources (SNAP8) is the sector causing most of the ex-
ceedances of the limit values related to NO2 (200 µg m−3, 1 h) and SO2 (125 µg m−3, daily
mean) over the IP (playing also a role on PM10 exceedances). In this sense, SNAP8 causes
the two exceedances of the limit value of modeled NO2 and is responsible for six out of
the eight exceedances of the daily limit value for SO2 (125 µg m−3) over the domain for
summertime (no values over the limit value for NO2 or SO2 are modeled during win-
tertime). SO2 concentrations over the limit value are found over the Algeciras Bay, and
are caused mainly from the contribution of the high sulphur emissions coming from ship
fuels. It is noteworthy that the contribution of shipping emissions to the exceedances of
the limit value for PM10 is not as large as for SO2 (in agreement with [92]), since there
are components of particulate matter from shipping not directly affected by the sulphur
content in the fuels. In this sense, just 2 of the 18 summertime exceedances of the daily
mean 50-µg m−3 limit value for PM10 are caused by SNAP8 (no exceedances of the PM10
limit value are caused by other mobile sources in wintertime). For particles, combustion in
energy generation (SNAP1) is responsible of 5 out of the 18 (27) exceedances of the PM10
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limit value for summertime (wintertime), while agriculture (SNAP10) contributes to 2 (6)
exceedances of the daily mean 50-µg m−3 limit value for summertime (wintertime).

Table 6. Variation in the number of exceedances over the entire IP when zeroing-out the different
SNAP sectors (base case minus zeroed-out SNAP sector simulation).

Summer Summer 2011

Concentration w/o SNAP

Pollutant Limit value Zero-out sector N exc. BC N. exc. noSNAP

O3 Objective value for O3, 120 µg m−3, 8 h SNAP7 23 16
SNAP8 18

NO2 Limit value for NO2, 200 µg m−3, 1 h SNAP8 2 0

SO2 Limit value for SO2, 125 µg m−3, 1 day SNAP1 8 5
SNAP8 2

PM10 Limit value for PM10, 50 µg m−3, 1 day SNAP1 18 13
SNAP8 16
SNAP10 16

Winter December 2011

Concentration w/o SNAP

Pollutant Limit value Zero-out sector N exc. BC N. exc. noSNAP

O3 Objective value for O3, 120 µg m−3, 8 h SNAP7 0 0

NO2 Limit value for NO2, 200 µg m−3, 1 h SNAP8 0 0

SO2 Limit value for SO2, 125 µg m−3, 1 day SNAP1 0 0
SNAP8 0

PM10 Limit value for PM10, 50 µg m−3, 1 day SNAP4 27 22
SNAP7 26
SNAP10 21

4. Discussion and Conclusions

Efficient air quality management requires an accurate identification of pollution
sources and of their individual contributions to the ambient pollutant concentrations.
To this end, the zero-out methodology has been proposed and applied for the apportion-
ment of atmospheric pollutants in the IP. This method is based on the application of WRF +
CHIMERE chemistry transport model coupled to EMEP emissions.

Regarding tropospheric O3, on-road traffic is the only anthropogenic sector with a
noticeable contribution to maximum O3 levels during summertime (6%) and is responsible
for 7 summer days with exceedances in the objective value of 120 µg m−3 (max. 8-hr mean)
established by the 2008/50/EC directive. These results are in agreement with those of
the scientific literature [37,62]. These authors found out that the on-road transport sector
(SNAP7) was the largest overall anthropogenic source sector contributing to July 2011 O3
concentrations in Europe, with non-road transport (SNAP8) contributions ranking second,
as in our case (2% contribution to summertime maximum O3 levels and five exceedances
of the objective value). An analogous analysis can be completed for SNAP8 (other mobile
sources) with respect to NO2, with this sector prevailing in the contribution to mean ground-
level concentrations during summertime and contributing to the two exceedances of the
limit value for the protection of human health for NO2 (200 µg m−3, 1 h) modeled over
the IP. The importance of this sector in the IP is larger closer to the major shipping routes
and main harbors, with relative contributions varying from 10 to 50% depending on the
pollutant (the lowest contribution for particulate matter, the largest for SO2 and NO2).

Last, the other anthropogenic sector with a noticeable impact is agriculture. Removing
agriculture emissions (SNAP10) contributes to a decrease in PM levels and a simultaneous
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increase of SO2 concentrations. The reduction of the most important source contributing to
ammonia emissions controls the formation of ammonium sulphate. Therefore, reducing the
levels of ammonia permits the SO2 to remain in the gas phase. Agriculture contributes to the
limit value for the protection of human health regarding PM10 (50 µg m−3, daily mean) with
2 exceedances out of 18, while this number increases to 6 out of 27 wintertime exceedances.

With respect to the temporal pattern, in general, the source contribution does not
exhibit a strong seasonality, except for particulate mater under the “Other” sector, which
includes the external contribution to particle levels. Despite this seasonal behaviour for par-
ticulate matter, both gas-phase pollutants and particles exhibit a strong spatial uniformity,
since background concentrations in the modeling system are provided by coarse resolu-
tion chemistry/climate models that do not allow for a sharp gradient in the background
concentrations.

The external contribution of particles to the “Other” sector is mainly composed of
mineral matter from Saharan dust. The fact that the boundary contributions to PM10 are
larger than for PM2.5 for summertime, but lower for wintertime, points to an important
role of dust outbreaks over the IP during the summer months, which contributes mainly
with large particles. These results are in line with those of Karachamdani et al. [37]
for 16 European cities, who indicate that the boundary condition contributions for the
Mediterranean cities are larger than for other European cities, ranging from about 40–50%
during summertime to 10–15% in wintertime, because those Mediterranean cities were
largely influenced by the long-range transport of dust emissions from northern Africa in
the summer months.

Locally, the IP undergoes diverse problems related to air quality both during summer
and winter. Focusing on the most polluted areas of the target domain (the cities of Madrid,
Barcelona, and Algeciras Bay), the impact of road transport (SNAP7) emissions is high
for NO2 ground levels over largely populated areas (Madrid or Barcelona areas), but the
concentration of this pollutant is dominated by other mobile sources (such as maritime or
airport emissions included in SNAP8). Over coastal areas of the target domain, a poor air
quality caused by large NO2 concentrations can be attributed to shipping routes. In this
sense, Merico et al. [87] also highlight the influence of harbor and shipping emissions on
air quality of the nearby coastal areas of the Mediterranean.

For SO2, energy generation (SNAP1) controls the mean levels of this pollutant over
most of the areas considered. Valverde et al. [70] indicate that the contribution of power
plants to the surface concentration of SO2 occurs mainly close to the source (<20 km)
related to a fumigation process when the emission injection takes place within the planetary
boundary layer, but those plumes can reach long distances (>250 km) from the sources.

In the Algeciras Bay, maritime emissions largely contribute to the levels of SO2. The
implementation of low-sulphur fuels in shipping may contribute to substantially reducing
the number of exceedances of the limit values for the protection of human health and to
reduce several pathologies such as cardiovascular and cancer deaths, childhood asthma, or
premature mortality and morbidity [93]. Summertime PM10 and PM2.5 levels are dominated
by the external contribution of Saharan dust, while for wintertime, agriculture can have a
dominant position in Madrid and Barcelona. The important contribution of agriculture to
PM levels was highlighted by Lelieveld et al. [94], who stated that this sector is the largest
contributor to PM2.5 levels in Europe.

Hence, this evaluated contribution has allowed us to identify which sectors contribute
most to air pollution problems in the IP. However, it should be borne in mind that the
uncertainties associated with several factors (principally, the boundary conditions in the
CTMs and emission inventories) can condition the accuracy of the obtained results [37,95].
For instance, Jiménez et al. [17] analyze the impact of initial and boundary conditions
over the Levantine coast of the IP, indicating that, despite the influence of initial condition
reduces with the spin-up time (a 48-h spin-up time is sufficient to reduce the impact factor
of initial conditions to 10% or less), the importance of having accurate boundary conditions
becomes essential, since its influence on the results increases with the time of the simulation,
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reaching up to 5 µg m−3 for certain pollutants. With respect to the emission inventories,
Baldasano et al. [96] point to industrial facilities as the main sources of uncertainties in
emission inventories over the target area.

Nonetheless, this work can provide a very useful contribution to a better understand-
ing of the sensitivity of air pollutants in a complex area such as the IP, and can provide
valuable information for the design of mitigation strategies or plans that lead to an im-
provement in European air quality and the attainment of the SDG over the target area.
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