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Abstract. The design of emission abatement measures to effectively reduce high ground-level ozone (O3) con-
centrations in urban areas is very complex. In addition to the strongly non-linear chemistry of this secondary
pollutant, precursors can be released by a variety of sources in different regions, and locally produced O3 is
mixed with that transported from the regional or continental scales. All of these processes depend also on the
specific meteorological conditions and topography of the study area. Consequently, high-resolution comprehen-
sive modeling tools are needed to understand the drivers of photochemical pollution and to assess the potential of
local strategies to reduce adverse impacts from high tropospheric O3 levels. In this study, we apply the Integrated
Source Apportionment Method (ISAM) implemented in the Community Multiscale Air Quality (CMAQ v5.3.2)
model to investigate the origin of summertime O3 in the Madrid region (Spain). Consistent with previous stud-
ies, our results confirm that O3 levels are dominated by non-local contributions, representing around 70 % of
mean values across the region. Nonetheless, precursors emitted by local sources, mainly road traffic, play a more
important role during O3 peaks, with contributions as high as 25 ppb. The potential impact of local measures is
higher under unfavorable meteorological conditions associated with regional accumulation patterns. These find-
ings suggest that this modeling system may be used in the future to simulate the potential outcomes of specific
emission abatement measures to prevent high-O3 episodes in the Madrid metropolitan area.

1 Introduction

Air pollution is one of the main environmental problems
and is recognized as a global threat to public health. In
2019, 4.2 million people died prematurely worldwide as a
result of poor air quality (WHO, 2021). Even in regions that
have taken decisive actions to curb emissions, such as Eu-
rope, over 300 000 premature deaths (EU27) are currently at-
tributed to air pollution, most of them related to high levels of
PM2.5 (particles with an aerodynamic diameter of ≤ 2.5 µm)
(238 000) and NO2 (nitrogen dioxide) (49 000) (EEA, 2022).
In recent years, concentrations of many of the regulated pol-
lutants in Europe have decreased as a result of a general

reduction in emissions. From 2009 to 2018, the concentra-
tion of PM10 (particles with an aerodynamic diameter of
≤ 10 µm), PM2.5, and NO2 diminished on average by 19 %,
22 %, and 18 %–23 % (depending on the air quality monitor-
ing station type), respectively (EEA, 2020). These measures,
however, have not reported comparable reductions in ozone
(O3) ambient concentration levels.

Tropospheric O3 is a secondary pollutant formed from
photochemical reactions between many different precursors,
mainly nitrogen oxides (NOx = NO (nitric oxide)+NO2)
and non-methane volatile organic compounds (VOCs) (Sein-
feld and Pandis, 2016; Jenkin and Clemitshaw, 2000; Monks
et al., 2015). According to the last European Union (EU)
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emission inventory report (EEA, 2022), the most impor-
tant activity sectors regarding O3 precursor emissions are
the “Road transport” sector (7 % and 37 % of total VOCs
and NOX emissions, respectively), the “Commercial, institu-
tional and households” sector (15 % and 14 %, respectively),
and the “Solvent and product use” sector, representing 42 %
of total VOC emissions. Once emitted from urban and in-
dustrial areas, these precursors are subsequently transported
by the prevailing wind regime (Xu et al., 2011). The atmo-
spheric lifetime of O3 depends on numerous variables. In
the boundary layer, the atmospheric lifetime of O3 is short,
roughly 1 or 2 d, depending on the abundance of precursors
(Young et al., 2013). In the free troposphere, its lifetime can
be up to 2 weeks, time enough to be transported long dis-
tances, from the local to the global scale (Monks et al., 2015;
Stevenson et al., 2006). In addition to in situ formation, trans-
port of O3 from the stratosphere is relevant to explain the
tropospheric ozone levels (IPCC, 2007; Hsu et al., 2005).
Furthermore, this gas exchange between layers of the atmo-
sphere is expected to increase in the future globally (Meul et
al., 2018; Banerjee et al., 2016) due to dynamic and chemical
changes in the atmosphere induced by climate change.

Due to these complex dynamics, tropospheric O3 levels
have not decreased (Jung et al., 2022; Sicard et al., 2023)
in accordance with significant NOX and VOC emissions re-
duction (45 % and 41 %, respectively, during 2009–2018).
As a result, 12 % of the urban population in Europe is still
exposed to high O3 concentrations according to EU regula-
tions, with a toll of 24 000 premature annual deaths (EEA,
2022), especially in the Mediterranean basin (Amann et al.,
2008; European Environment Agency et al., 2018; EEA,
2020). The share of urban population that suffers from ex-
cessive exposure to O3 rises to 95 % (EEA, 2022) when the
World Health Organization (WHO) guidelines are consid-
ered (WHO, 2021). Of note, tropospheric O3 produces both
short-term (Bates et al., 1972; Bell et al., 2004; Goodman et
al., 2018) and long-term health effects (Jerrett et al., 2009;
Seltzer et al., 2018), impacting the population living in large
urban agglomerations as well as their surroundings. More-
over, it also may have relevant effects on ecosystems (De
Andrés et al., 2012; Mills et al., 2011; Harmens et al., 2011)
and climate (Sitch et al., 2007; Stocker et al., 2013; IPCC,
2014).

Globally, the latest studies using satellite data suggest that
tropospheric O3 average levels increased over the past four
decades (Ziemke et al., 2019; Gaudel et al., 2018). Paoletti
et al. (2014) evaluated observations from monitoring stations
in the United States (US) and Europe from 1990 to 2010 and
concluded that the O3 annual average increased by 7 %yr−1

in rural stations and around 12 %yr−1–17 %yr−1 (US and
EU, respectively) in urban stations. However, O3 formation
is highly non-linear and trends may change depending on the
evaluated time period and region, the metric used, and other
local factors such as topography or the proximity to the pre-
cursor’s emission sources (Reche et al., 2018; Massagué et

al., 2023). According to specific studies for the Iberian Penin-
sula, the trend of the annual average of O3 for rural stations
during 2004–2012 was not clear (Querol et al., 2014). In
contrast, an increasing trend around 1 %yr−1–3 %yr−1 was
observed in all seasons in urban, traffic, and industrial sta-
tions. Borge et al. (2019) reported an average increase of
10 µgm−3 in daily 8 h maximum O3 moving average con-
centrations (MDA8) for 1993–2017. However, they detected
that the highest increase was related to fall and winter (up to
19 µgm−3), in agreement with general increases in the oxi-
dation capacity in the atmosphere of the largest urban areas
in Europe modeled by Jung et al. (2022).

Nonetheless, the O3-forming photochemical activity is
largely regulated by weather conditions, especially temper-
ature and solar radiation. For this reason, tropospheric O3
formation has a marked seasonal character, with the high-
est O3 values typically recorded in spring and summer (Lo-
gan, 1985; Granados-Muñoz and Leblanc, 2016), especially
in those locations that are highly influenced by nearby ur-
ban areas (Brodin et al., 2010; Carnero et al., 2009) where
large amounts of precursors are emitted. Therefore, under-
standing summertime O3 dynamics is more relevant from an
air quality management perspective. Furthermore, informa-
tion on the relative importance of emission sources on am-
bient levels should be considered when designing plans and
measures, especially when they target highly non-linear sec-
ondary pollutants such as O3 (Cohan and Napelenok, 2011).

There are different source apportionment techniques that
may support air pollution research and decision making
(Thunis et al., 2019). Approaches based on sensitivities, such
as single-perturbation or brute force methods (Borge et al.,
2014; Tagaris et al., 2014; Zhang et al., 2022; Qu et al.,
2023), may be useful in anticipating the potential effect of a
given intervention. However, tagging methods (Grewe et al.,
2017; Butler et al., 2018) provide fully mass conservative ap-
portionment at receptors of interest and may be better suited
for diagnostic purposes (Borge et al., 2022). These pollu-
tion tracking capabilities have been integrated into modern
air quality models to provide attribution information together
with the standard concentration and deposition output fields,
and can be successfully applied to study pollution dynamics
(Simon et al., 2018; Pay et al., 2019; Li et al., 2022). This
approach may be particularly interesting to describe how O3
levels are linked to emission sources under unfavorable mete-
orological conditions (Cao et al., 2022; Zohdirad et al., 2022)
or specific local atmospheric circulation patterns (Zhang et
al., 2023) that may lead to high concentration events (Lu-
paşcu et al., 2022).

This research focuses on the center of the Iberian Penin-
sula, encompassing the city of Madrid and its surroundings.
Consistently with general emission trends in Europe, the
emission of the main O3 precursors in the Madrid region de-
creased by 47 % for VOCs and 44 % for NOX from 1990
to 2018 (CM, 2021). While recent control measures suc-
ceeded in reducing NO2 levels (AM, 2022), such emission
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reductions have, at the same time, substantially impacted ur-
ban atmospheric chemistry by modifying its oxidative capac-
ity. Recent studies (Saiz-Lopez et al., 2017; Querol et al.,
2016) suggest that O3 levels increased in Madrid by 30 %–
40 % during 2007–2014. A greater decrease in NO emissions
than in NO2 emissions (with a subsequent reduction in the
NO/NO2 ratio) may be one of the factors responsible for
this response (Querol et al., 2016, 2017; Zaveri et al., 2003;
Jhun et al., 2015). The exceedances of the target value for
the protection of human health in the region mainly occur in
summer, especially under adverse meteorological conditions
that have been extensively characterized in previous studies
(Querol et al., 2016, 2017, 2018; Millán et al., 2000; Plaza
et al., 1997; Pay et al., 2019; Escudero et al., 2019). Pre-
venting these exceedances in the region requires an under-
standing of the source attribution of O3, especially under spe-
cific weather patterns that may lead to high pollution levels
(Zhang et al., 2023).

In this research, we apply a state-of-the-science air qual-
ity model to provide insights into the emission sources and
transport patterns which are involved in the formation of tro-
pospheric O3 during typical summertime conditions in the
Madrid region. In addition to contributing to the scientific
understanding of photochemical pollution, the final purpose
of this work is to inform the decision-making process needed
to design further emission reduction measures in the study
area.

2 Methodology

2.1 Modeling system

The research is supported by a mesoscale modeling system
with three main components. Meteorological fields are gen-
erated by Weather Research and Forecasting (WRF v3.7.1)
(Skamarock and Klemp, 2008). Physics options and param-
eterizations (Table S1 in the Supplement) are based on pre-
vious studies (Borge et al., 2008a; de la Paz et al., 2016),
and WRF outputs are postprocessed with the Meteorology–
Chemistry Interface Processor (MCIP v5.1) (Otte and Pleim,
2010). Emission processing relies on the US Environmen-
tal Protection Agency’s (EPA) Sparse Matrix Operator Ker-
nel System (SMOKE v3.6.5) model (UNC, 2015; Baek and
Seppanen, 2018) which has been specifically adapted for the
Iberian Peninsula (Borge et al., 2008b, 2014). Biogenic emis-
sions are generated by Model Emissions Gases and Aerosols
from Nature (MEGAN v2.1) (Guenther, 2006; Guenther et
al., 2012). The third component is the Community Multiscale
Air Quality (CMAQ v5.3.2) modeling system (Byun and
Schere, 2006; Ching and Byun, 1999). This 3D chemical-
transport model (CTM) simultaneously predicts the concen-
tration of all relevant substances considering transport (ad-
vection and diffusion), chemical transformation, and depo-
sition. Gas-phase atmospheric chemistry is represented by
the Carbon Bond 6 (CB06) (Yarwood et al., 2010) chemi-

cal mechanism with chlorine chemistry (CB06r3) (Sarwar et
al., 2012; Whitten et al., 2010, Emery et al., 2015) accord-
ing to SPECIATE 4.0 (Hsu et al., 2006), while the module
AERO6 (Appel et al., 2013) is used to describe aerosol dy-
namics and chemistry. Considering the influence of different
scales, from the continental to the regional–urban, on O3 lev-
els (Valverde et al., 2016; Pay et al., 2019; Baker et al., 2016;
Han et al., 2018), boundary conditions (BCs) are of partic-
ular interest. Previous studies in the Iberian Peninsula have
demonstrated that O3 is particularly sensitive to boundary
conditions (Borge et al., 2010). For a more realistic represen-
tation of the boundary influence, the mother domain receives
1 h-resolution, dynamic chemical boundary conditions from
hemispheric CMAQ (Mathur et al., 2017) simulations.

In this study, the Integrated Source Apportionment
Method (ISAM) (Kwok et al., 2013) implemented in
CMAQ v5.3.2 (Napelenok, 2020; Shu et al., 2023) is used.
ISAM provides apportionment capability of the full concen-
tration and deposition output arrays including the gaseous
photochemically active species, such as O3, as well as in-
organic and organic particulate matter. The CMAQ-ISAM
implementation used in this study attributes source iden-
tity to secondary pollutants based strictly on reaction stoi-
chiometry with all reactions playing a role that is relevant to
the formation and destruction of any species in the chemi-
cal mechanism. ISAM is highly customizable for any num-
ber of user-specified combinations of emission source sec-
tors and geographical source areas. For O3, this implemen-
tation differs from the previous ISAM versions (including
CMAQ v5.0.2) that attribute the formation of secondary pol-
lutants to source sectors based on chemical regime – NOX- or
VOC-limited O3 formation (Kwok et al., 2015) – and from
other studies where precursor attribution is directed by the
user to either NOX or VOC emissions, such as in Butler et
al. (2020). Regime-based methods are useful in attributing
secondary species that depend on multiple precursors. How-
ever, regime determination relies on predefined thresholds
of different metrics, often the H2O2/HNO3 ratio (Sillman,
1995), that dynamically depend on location and time-specific
parameters (Li et al., 2022). By strictly following the stoi-
chiometry of all chemical reactions in the mechanism, this
version of ISAM avoids the general necessity of making de-
cisions and assumptions regarding ozone formation regimes.
Decisions on tagging method selections are highly dependent
on the specific application and the scientific and/or regula-
tory aims of each individual study. As the needs of the sci-
entific and regulatory communities evolve, so do the appor-
tionment methodologies. Since the conclusion of this work,
CMAQ-ISAM has been expanded to include regime-based,
stoichiometry-based, and other configuration options. (More
information on ISAM as well as sample application and com-
parison results can be found in Shu et al., 2023.)
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2.2 Modeling domains

The three nested domains shown in Fig. 1 were used to per-
form numerical simulations in this study. This layout is in-
tended to capture medium (Millán et al., 2000) and long-
range influences of O3 transport (Zhang et al., 2020; Qu et al.,
2021; Brook et al., 2013), as well as to provide enough reso-
lution over the area of interest to depict local dynamics (Plaza
et al., 1997; Borge et al., 2022). The mother domain (D1) in-
cludes Europe and northern Africa with a 12 ×12km spatial
resolution, while D2 is centered over the Iberian Peninsula
and has a 4 × 4km spatial resolution (Table S2). The inner-
most domain (D3) used in this study covers Madrid and sur-
rounding areas with 1 km2 spatial resolution (136 km in the
east–west direction and 144 km in the north–south direction).
All three domains have a common 35-level vertical struc-
ture covering the whole troposphere with 18 layers within the
first kilometer to accurately represent atmospheric processes
within the planetary boundary layer (Borge et al., 2010).

The region has a continental Mediterranean climate with
an annual mean temperature of 14.6 °C and 367 mm of accu-
mulated precipitation with a typical summer drought (https:
//www.madrid.org/iestadis/fijas/coyuntu/otros/cltempe.htm;
last access: 10 May 2023). The Central Range (Sierra de
Guadarrama), with maximum elevations of 2500 m above
sea level (m a.s.l.), crosses the D3 modeling domain in the
NE–SW direction and divides it into two main regions: the
northern and southern plateaus of the Iberian Peninsula. The
southern half of the domain, where the city of Madrid (with
an average elevation of 657 m) is located, features the Tajo
River basin. This topography configures a dominant wind
circulation along the NE–SW direction and enhances anticy-
clonic stagnation conditions (Plaza et al., 1997; Querol et al.,
2018) usually induced by the semi-permanent Azores High
(García et al., 2002). O3 formation typically peaks with high
temperature and solar radiation under stagnation conditions
(Querol et al., 2018; Reche et al., 2018; Garrido-Pérez et al.,
2020) that often occur in summer.

2.3 Temporal domain

Model simulations were completed for July 2016 using a pre-
vious 3 d period as model spin-up. According to the Spanish
Meteorological Agency (AEMET, 2017) it was an unusually
warm month (with an average temperature of 25.5 °C) and
the fourth hottest month of July since 1961 in the Iberian
Peninsula. It was also a dry month, with 13 % less precipita-
tion than the average of the month in the 1981–2010 refer-
ence period. Considering the meteorological trends in this
region (Borge et al., 2019), it can be regarded as a rep-
resentative summer period for modern weather conditions.
More importantly, this period was selected because of an
intensive experimental campaign carried out to characterize
ozone episodes in Madrid and surroundings (Reche et al.,
2018). This period was thoroughly analyzed by Querol et

al. (2018), who identified two typical circulation patterns as-
sociated with venting and accumulation episodes. The latter
are characterized by weak wind forcing (wind speed < 4–
5 ms−1), stable conditions, and air stagnation that favors O3
local formation. Oppositely, stronger winds (> 7 ms−1) pro-
mote advection and prevent the reaching of O3 peaks under
venting conditions.

During this period (2016), 26 out of the 42 air quality
monitoring stations in the innermost (D3) modeling domain
(Fig. 1) recorded exceedances of the concentration thresh-
old related to the O3 target value for the protection of hu-
man health (MDA8> 120 µgm−3). The highest number of
exceedances (up to 359 in the month, 47 % of total annual ex-
ceedances) were found around the Madrid metropolitan area,
in the city outskirts. Of note, no exceedances of the MDA8
were recorded for downtown Madrid.

2.4 Emission sources for the apportionment analysis

Emissions for this modeling exercise result from the combi-
nation of the official national (MMA, 2018), regional (CM,
2021), and Madrid’s city local inventory (AM, 2021). These
inventories are compiled according to the EMEP/EEA stan-
dardized methodology (EEA, 2019) and are conveniently
adapted, spatiotemporally resolved for modeling purposes
(Borge et al., 2008b, 2018) and consistently combined for
the different modeling domains (Borge et al., 2014).

Emissions from power generation and industrial activi-
ties (SNAP01, SNAP03, and SNAP04 groups according to
the Selected Nomenclature for Air Pollution nomenclature)
were merged due to their limited presence in this model-
ing domain. Since emissions from agriculture (SNAP10) in
the region are mainly significant for VOCs from plants, they
have been tagged alongside biogenic VOC (BVOC) emis-
sions from vegetation (SNAP11) (labeled as “S10-S11” for
SNAP10-11 in Fig. 12). Soil-NOX emissions provided by
MEGAN 2.1 (Yienger and Levy, 1995) are also included in
this group, and their share to total NOX emissions is around
4 % in this period (July 2016), consistent with MEGAN re-
sults reported on the European scale (Visser et al., 2019).

Consequently, eight emission sources (Table 1) were
tagged for the source apportionment analysis of ambient O3
in the region. The share of NOX and VOC emissions of each
of them for July 2016 is summarized in Fig. 2. The emission
breakdown on an annual basis can be found elsewhere (Borge
et al., 2022). Figure 2 shows that they account for the total-
ity of emissions in the modeling domain and identifies road
traffic (SNAP07) as the main source of NOX (66 % of to-
tal emissions), followed by other mobile sources (SNAP08).
Since emissions from the residential, commercial, and insti-
tutional sector (SNAP02) occur almost exclusively in winter,
the contribution from this sector is relatively small (around
7 %) and is related to combustion units in agriculture and
forestry. VOC emissions are dominated in this period by
emissions from plants. The combined contribution of forests
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Figure 1. Modeling domains including the location of the air quality monitoring stations within the innermost domain and number of
exceedances of the O3 target value for protection of human health (MDA8> 120 µgm−3) in 2016.

Figure 2. NOX and VOC emissions of tagged sectors for July 2016
(percentage over total emissions in the modeling domain) for the
source apportionment analysis.

and agriculture represents 72 % of total VOCs. Solvent use
(SNAP06) is the main anthropogenic source of this O3 pre-
cursor with a total share of 22 % (nearly 80 % of anthro-
pogenic VOC emissions).

In addition to the attribution of O3 ambient levels to the
emissions within the modeling domain, hereinafter referred
to as local sources, the contribution of boundary conditions
(BCs) and initial conditions (ICs) are estimated in this study.
Considering the typical O3 daily patterns and the variability
of circulation patterns, the latter refers to the initial mixing
ratios on a daily (24 h) basis, i.e., each day is run separately
using the outputs from the previous day as ICs. This is differ-
ent from most previous source apportionment studies that an-
alyze shorter periods (Pay et al., 2019) or specific high con-

centration events (Lupaşcu et al., 2022; Zhang et al., 2022).
While this may hinder the comparability of our results, this
methodological option may be appropriate considering the
temporal span of the period analyzed (a whole month), the
typical diurnal cycle of O3, and the goal of characteriz-
ing this attribution under specific meteorological conditions.
This helps in understanding differences on O3 source appor-
tionment depending on regional circulation patterns (Zhang
et al., 2023) and explicitly considering the influence of ver-
tical transport of O3 from residual layers from previous days
that may lead to rapid increases in O3 concentrations near
the surface (Qu et al., 2023, and references therein). There-
fore, this approach may be better suited to provide useful in-
formation for decision making, especially for the design of
short-term action plans intended to control ozone peaks.

3 Results

The results are presented in four subsections. First, the main
features of the simulated period and model performance are
presented. Then, an overview of the source apportionment
analysis carried out in the study area for the whole month
is discussed. Next, this same analysis is performed for two
specific days representative of different circulation patterns
defined by Querol et al. (2018): advective pattern (13 July)
and accumulation pattern (27 July). Additional information
for 20 July and 6 July, identified by Querol et al. (2018) as
advective and accumulation days, respectively, is provided
in the Supplement. Finally, the temporal patterns of the O3
apportionment are examined at the location of the air qual-
ity monitoring stations within the simulation domain. Aggre-
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Table 1. Tagged sectors for the O3 source apportionment analysis.

Tagged sources Description Abbreviation

SNAP01 – SNAP03 – SNAP04 Power generation (S01), Industrial combustion (S03), and Industrial processes
without combustion (S04)

S01-03-04

SNAP02 Non-industrial combustion plants S02
SNAP05 Extraction and distribution of fossil fuels S05
SNAP06 Use of solvents and other products S06
SNAP07 Road transport S07
SNAP08 Other mobile sources and machinery S08
SNAP09 Waste treatment and disposal S09
SNAP10 – SNAP11 Agriculture and nature S10–S11
OTHER Non-tagged emissions, including online computations (none in this study) OTH
ICON Initial conditions ICs
BCON Boundary conditions BCs
PVO3 Stratospheric ozone (potential vorticity) ST

gated results by station type are discussed in Sect. 3.4, while
the results for different geographical areas relative to the lo-
cation of Madrid city (quadrants) are presented in the Sup-
plement.

3.1 Ozone levels during the study period and model
evaluation

While this period was hotter and dryer than most of recent
summers, July 2016 may be representative of typical sum-
mer conditions in the Madrid region and included a con-
catenation of characteristic local circulation patterns (Plaza
et al., 1997) with direct implications on ground-level O3
(Querol et al., 2018; Escudero et al., 2019). Figure 3 presents
both observed and modeled concentration series at represen-
tative points (Fig. 1), and shows the venting and accumu-
lation days identified in Querol et al. (2018). The time se-
ries demonstrate that O3 levels are significantly lower un-
der venting conditions, although significant differences are
found depending on the location, which supports the need
to use high-resolution modeling systems to analyze pollution
dynamics in the Madrid region. On the other hand, accumu-
lation patterns tend to produce higher concentrations (up to
175 µgm−3), especially during 27 July.

It can be observed that the model is able to reproduce the
temporal patterns, as confirmed by the high correlation co-
efficients (r) and index of agreement (IOA) shown in Ta-
ble 2. The statistical evaluation demonstrates a reasonable
model performance yielding better statistical results than re-
cent simulation studies in this domain. Pay et al. (2019) re-
ported an aggregated correlation coefficient of 0.66 and mean
bias (MB) of 22.5 ugm−3 for the central region of the Iberian
Peninsula. In this study, we obtained an average r value of
0.74 and an MB of 6.2 ugm−3. Of note, 95.2 % and 66.7 %
of the r values for the locations of the 42 monitoring sta-
tions used in this study are larger than 0.6 and 0.7, respec-
tively while the overall normalized mean bias (NMB) is only

9 %. The results for a series of common statistics (Borge
et al., 2010) for each of the monitoring sites in our model-
ing domain can be found in Table S3. The model, however,
may have some difficulties capturing the amplitude of ob-
served O3 series and fails to accurately reproduce concentra-
tion peaks on some days. This is evidenced by the relatively
large error in comparison with the bias (23 % and 9 %, re-
spectively, on average over the 42 monitoring stations in the
modeling domain). In Table S4, we present a separate model
performance assessment for accumulation and advective pat-
terns showing that the main differences among them relate to
errors, both mean gross error (MGE) and root mean squared
error (RMSE), that are systematically higher for accumula-
tion periods. This may be related to the limitations of the
meteorological model in depicting atmospheric circulation
during stagnation conditions suggested by Pay et al. (2019).
Even when WRF was found to outperform other models for
this particular episode (Escudero et al., 2019), the ability to
reproduce wind direction and wind speed clearly deteriorates
for accumulation periods, as shown in Table S5.

As expected, results are poorer for urban background and
urban traffic locations, since the typical spatiotemporal rep-
resentativeness of the measurements in such locations is not
comparable with that of a mesoscale modeling system, even
with 1 km2 spatial resolution.

3.2 Spatial analysis of the source apportionment
assessment

In this section, we discuss the contribution to ground-level
O3 of the tagged sources (Table 1) both for monthly average
and high values (illustrated by the 90th percentile (P90)). O3
apportionment focuses on anthropogenic sources since they
have more interest from the point of view of possible abate-
ment measures (Oliveira et al., 2023) and have a larger con-
tribution than that of SNAP10-11 (below 4 % of total O3 lev-
els in this period). However, it is not a negligible apportion-
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Figure 3. Observed and predicted concentration series for selected locations (1 – SMV: a rural location in the southwestern area of Madrid;
2 – ALG: a suburban location in the northeastern area of Madrid; and 3 – RET: an urban background site in Madrid’s city center).

Table 2. Model performance statistics (dimensionless unless noted otherwise) by station type for ground-level O3 concentration.

Station type FAC2 MB MGE NMB NMGE RMSE r IOA
(µgm−3) (µgm−3) (µgm−3)

Industrial 0.95 7.8 14.5 0.10 0.18 18.7 0.84 0.71
Rural 0.98 −2.9 13.8 −0.03 0.14 18.1 0.76 0.68
Suburban 0.94 2.4 17.15 0.03 0.20 23.3 0.74 0.69
Urban background 0.89 8.3 20.4 0.10 0.25 27.1 0.69 0.65
Urban traffic 0.88 10.8 19.9 0.14 0.25 26.5 0.73 0.65

FAC2: fraction of predictions within a factor of 2; MB: mean bias; MGE: mean gross error; NMB: normalized mean bias, NMGE:
normalized mean gross error; RMSE: root mean squared error; r: Pearson correlation coefficient; IOA: index of agreement.
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ment since these groups account for 27 % (monthly mean)
and 22 % (P90) of total O3 averaged over the Madrid region
when BCs and ICs are not considered (Fig. S1 in the Sup-
plement). Non-anthropogenic emissions have been reported
to play an important role in atmospheric photochemistry and
they interact with man-made emissions, so they need to be
considered in the process of designing policies to reduce tro-
pospheric O3 levels. Therefore, we discuss the potential role
of emissions from agriculture and nature as well.

3.2.1 Non-anthropogenic sources

According to our results, the combined contribution of
SNAP10-11 represents around 21 % and 28 % of that of local
anthropogenic emissions to the monthly mean and P90. This
is a similar share to that reported by Sartelet et al. (2012) at
the European scale. As well as Collet et al. (2018), they ar-
gue that the influence of BVOC becomes stronger on VOC-
limited areas which is consistent with our findings (Fig. S2)
since the Madrid region is predominantly NOX limited in
summer, except for the metropolitan area of Madrid city
and surroundings, which remain VOC limited all year-round
(Jung et al., 2022, 2023). Pay et al. (2019) did not quantify
explicitly the contribution of biogenic emissions to ozone in
the Iberian Peninsula. However, the contribution of “other”,
which included emissions from SNAP11 along with other
sectors, was around 5 % in the center of the Iberian Penin-
sula, even though biogenic emissions represent a large frac-
tion of total VOCs.

The contribution of BVOC to ozone levels in Europe re-
ported by Tagaris et al. (2014), Karamchandani et al. (2017),
and Zohdirad et al. (2022) are slightly larger (below 6 %) and
are even more according to some source apportionment at the
global scale for this latitude (Grewe et al., 2017; Butler et al.,
2020). It should be noted that different experimental design
and apportionment algorithms would lead to significant dif-
ferences (Zhang et al., 2017; Borge et al., 2022) preventing
the direct comparison of the results from different studies. In
addition to the apportionment methodology itself, the results
may differ depending on the emission inventory used, the
modeling scale and resolution, temporal span, and sources
tagging scheme. Nonetheless, the contribution of biogenic
emissions found in our work is not remarkably different from
that previously reported, especially for this same geographi-
cal area.

Previous studies suggested that relatively low contribu-
tions of biogenic VOCs to O3 levels may relate to underesti-
mations of isoprene levels (Lupaşcu et al., 2022), a very rele-
vant species for O3 chemistry (Dunker et al., 2016) that con-
stitutes more than 25 % of global biogenic VOC emissions
Guenther et al. (2012). Nonetheless, it is widely recognized
that BVOC emission estimates involve large uncertainties
(Poupkou et al., 2010; Wang et al., 2017; Zhang et al., 2017),
and the MEGAN model used in this study has been found to
overestimate isoprene emissions (Wang et al., 2017, and ref-

erences therein). According to our inventory, isoprene repre-
sents 48 % of total BVOC. While isoprene ambient measure-
ments are not made routinely, Querol et al. (2018) recorded
an average level of isoprene around 0.2 ppb in Majadahonda,
a suburban site∼ 15 km away (in the W–NW direction) from
downtown Madrid, between 5 July and 19 July 2016. That
is in relatively good agreement with the results of CMAQ in
our simulation, which predicted slightly less than 0.1 ppb for
that location and period, as well as reproduced quite accu-
rately the average daily pattern (see Fig. S3).

Arguably, the relatively low contribution of BVOC in our
study and previous studies in this area (Valverde et al., 2016;
Pay et al., 2019) may be a consequence of the underes-
timation of isoprene mixing ratios. However, that is com-
patible with the stronger influence of other anthropogenic
VOC species reported elsewhere. Querol et al. (2018) esti-
mated the total ozone formation potential (OFP) applying the
maximum incremental reactivity (MIR) proposed by Carter
(2009) to the VOC measurements made in their campaign for
the same period and location as those in our study. Based on
this methodology, they identified formaldehyde as the single
most important compound (35.5 % of total OFP), while iso-
prene was ranked seventh with an OFP below 5 %. By fam-
ily, primary BVOCs represented 6 % of total OFP on average
during the experimental campaigns in this period. Similar
studies elsewhere (e.g., Meng et al., 2022, in the Pearl River
Delta region) have concluded as well that the ozone forma-
tion potential of BVOCs is lower than that of anthropogenic
VOCs applying a similar reactivity scale (Carter and Atkin-
son, 1989). That may be consistent with the apparent insen-
sitivity of O3 to isoprene emissions reported in other studies
(Simpson, 1995; Jiang et al., 2019; Ciccioli et al., 2023).

Of note, SNAP10-11 include NOX emissions from soils
(see Sect. 2.4). Although they represent less than 4 % of total
NOX emissions in the domain, they may be underestimated
by MEGAN (Visser et al., 2019). According to other studies,
for example, Weng et al. (2020), emissions from agricultural
soils may be substantially higher and could pose a significant
constraint in the control of O3 levels (Lu et al., 2021). Meth-
ods to reduce the uncertainty in NOX emissions estimates
from soils as well as their role in O3 control policies specifi-
cally for this region may be addressed in future research.

Other non-controllable sources include stratospheric
ozone, also tagged in this study (ST in Fig. 12). This source
informs about the influence of vertical injections on ground-
level O3 levels (Hsu et al., 2005) and the potential contribu-
tion reported in this region for specific extraordinary ozone
levels (San José et al., 2005). Pay et al. (2019) hypothe-
size that stratosphere–troposphere exchange (STE) may have
played a significant role towards the end of July 2016 in the
Iberian Peninsula. According to our results, however, the di-
rect transport of O3 from the stratosphere in our modeling
domain was negligible in this period, with 1 h maximum con-
tributions below 0.4 ppb in the southwest end of the Madrid
region (see Fig. S4). This contrasts with remarkably higher
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Figure 4. Contribution (%) of BCs to O3 concentration: (a)
monthly average and (b) 90th percentile. Contribution (%) of lo-
cal anthropogenic emissions to (c) monthly average and (d) 90th
percentile.

contributions reported in other areas of Europe (Lupaşcu et
al., 2022) and those from global simulations for similar lat-
itudes (Butler et al., 2018). It should be noted that here we
account for O3 STE exclusively within our innermost nested
domain and part of the O3 attributed to BCs may be related
to contributions from the stratosphere in other regions.

3.2.2 Anthropogenic sources

Figure 4 shows the contribution to ground-level O3 of the
BCs and that of all local anthropogenic emissions combined
for both monthly average and high values (illustrated by the
90th percentile (P90)). In both cases BCs are the largest con-
tributor. This is consistent with previous studies that have
identified boundary conditions as the dominant contribution
to ground-level O3, e.g., Pay et al. (2019) for the Iberian
Peninsula, Collet et al. (2018) for the USA, or de la Paz et
al. (2020) for Madrid specifically. However, the weight of
each of the sources on both metrics is different. On average,
70 % of the mean O3 levels in the Madrid region comes from
BCs (Fig. 4a), while for P90, the contribution from BCs is
considerably smaller, around 50 % (Fig. 4b).

The maximum anthropogenic contribution for the monthly
average (Fig. 4c) reaches 17 % (7.5 ppb in absolute terms),
with a mean contribution of 8.7 % over the whole Madrid re-

gion (Fig. S1). Regarding P90 (Fig. 4d), the maximum con-
tribution of local anthropogenic emissions is 28 % (in the
center and southwest of the Madrid municipality), around
22 ppb in absolute terms. This corresponds to a spatially aver-
aged contribution of 12.2 % over the Madrid region (Fig. S1),
which corresponds to an absolute value around 11 ppb. De-
spite the general dominance of BCs on O3 levels, these re-
sults point out that the relevance of local emissions (Fig. 2)
is higher for O3 peaks, a finding consistent with those of pre-
vious studies (Valverde et al., 2016; Qu et al., 2023).

Figure 5 shows the apportionment to P90 of each emis-
sion sector for local sources. Consistent with Valverde et
al. (2016) and Pay et al. (2019), our results clearly identify
road transport (SNAP 07) as the most influential sector, con-
tributing 41 % to P90 on average over the Madrid region. The
contribution of this sector (relative to local sources) reaches
values up to 55 % in the proximity of the main communi-
cation routes (Fig. 5d). In absolute terms, this means an av-
erage contribution of 5 ppb and a maximum one of 11 ppb
(Fig. S5). The next sector with the highest contribution re-
lates to off-road mobile sources (SNAP08), with an aver-
age contribution in the Madrid region of 17 % (1.8 ppb) and
a maximum of 8 ppb in the vicinity of the Adolfo Suárez
Madrid–Barajas airport. This suggests that NOX emissions
play a more important role than VOC emissions in the pho-
tochemical production of ozone, in concurrence with previ-
ous source apportionment studies (Dunker et al., 2016; Butler
et al., 2018; de la Paz et al., 2020). Nonetheless, the impor-
tance of controlling anthropogenic VOC emissions to pre-
vent high-O3 episodes has been noted in previous studies
(Cao et al., 2022), even in regions with strong biogenic emis-
sions (Coggon et al., 2021). In addition to the contribution of
BVOC previously discussed, anthropogenic VOC had also
an influence on O3 levels during July 2016 in the Madrid re-
gion (see Fig. S2). While the spatially averaged attribution
of SNAP06 to P90 is only 1.5 ppb with maximum contribu-
tions of 3 ppb at specific locations (southwest of Madrid as
shown in Figs. S2 and S5), emissions from the use of sol-
vents and other products can reach values up to 20 % of to-
tal anthropogenic contributions to O3 P90 (Fig. 5c). This is
comparable to the contribution of all industrial sources com-
bined (SNAP01-03-04). This may be related to the high OFP
of aromatics within SNAP06 VOC (Meng et al., 2022) and
is consistent with the findings of Oliveira et al. (2023) that
attributed 64 % of total OFP to the solvent sector (relative to
that of total anthropogenic VOC) in densely urbanized areas
such as Madrid. Coggon et al. (2021) also found that con-
sumer and industrial products (included in SNAP06 group)
are important precursors of ozone in urban areas, which
typically present a VOC-sensitive regime. Nonetheless, they
found that O3 formation may take a few hours and the maxi-
mum contributions of VOC emitted in New York City occur
a few tens of kilometers away, close to NOX-limited areas.
Our high-resolution analysis indicates that a similar process
may take place in Madrid too. The rest of the sectors ana-
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Figure 5. Percentage contribution to the 1 h O3 90th percentile of the main emitting sectors with respect to the total anthropogenic contribu-
tion.

lyzed (SNAP05 and SNAP09) have negligible contributions
(around 0.05 ppb on average over the Madrid region).

If the analysis is done on a daily basis, it is worth noting
the significance of the initial conditions (ICs) as well, with
a spatially averaged contribution of 19 % and 34 % to the
monthly average and P90 O3 levels, respectively (Fig. S1).
However, the role of ICs is more relevant in analyzing how
meteorological conditions may affect source apportionment.
Of note, in this study “ICs” refers to O3 from the previ-
ous 24 h period. Consequently, the effect of ICs on O3 does
not necessarily diminish throughout the month. Instead, we
found that the influence of ICs relates mainly to regional cir-
culation patterns. We elaborate on this in the following sec-
tions.

3.3 Source apportionment assessment under
characteristic circulation patterns

The study of the influence of meteorology on the O3 ambi-
ent levels is carried out by analyzing the results for specific
days representative of the two circulation patterns. Querol et
al. (2018) identified an advective pattern for 13 and 20 July
and an accumulation pattern for 6 and 27 July. In this sec-
tion, we examine the source apportionment for those days
(days 13 and 27 in more detail) to test the hypothesis that
local atmospheric conditions may induce a significant differ-
ence in O3 attributions, as reported elsewhere (Zhang et al.,
2023).

Figure 6 shows the daily average and the P90 of hourly
O3 levels during the accumulation and advective episodes. It
is observed that during accumulation days (days 6 and 27),
mixing ratios averaged over the Madrid region were 13 %–
20 % higher than those of advective periods (days 13 and 20)
and, although not shown, around 4 %–8 % higher than the
monthly average. Regarding the maxima, the average P90
(third highest hourly mixing ratio for a given day) during
the accumulation periods in the Madrid region may be 25 %
higher than that of the ventilation periods.

3.3.1 Accumulation pattern

Consistent with previous studies that highlight the impact of
meteorological conditions on O3 (Nguyen et al., 2022), mod-
eling results show that accumulation days are especially rel-
evant regarding the potential impacts on health and vegeta-
tion, and a deeper analysis of pollution dynamics under those
conditions is of interest. Figure 7 shows the hourly evolution
(03:00, 09:00; 15:00, 21:00 UTC) of surface O3 mixing ra-
tios during the day 27 (day 6 is shown in Fig. S7), along with
O3, NOX, and VOC vertical levels up to 5 km height for a
NE–SW cross section, related to the dominant wind direc-
tions. (The same results for a perpendicular SE–NW cross
section are shown in Fig. S8.)

A low O3 mixing ratio surface layer (around 40 ppb) can
be clearly seen for the early hours of the day (03:00 UTC,
05:00 LT). This relates to a shallow planetary boundary layer
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Figure 6. Daily mean (top) and 90th percentile (bottom) of O3 levels (ppb) during accumulation (6 and 27 July 2016) and advective (13 and
20 July 2016) periods.

(PBL) (a few hundred meters high) and weak winds (1–
2 ms−1) from the NE. Around 06:00 UTC (08:00 LT), the
main emitting sectors (such as road transport) begin to emit
O3 precursors (see Quaassdorff et al., 2016) for characteristic
emission temporal profiles. The prevailing surface wind di-
rects the urban plume towards the SW and the southern slope
of the Sierra de Guadarrama (Fig. S6). Of note, the wind di-
rection aloft is the opposite, in accordance with recirculation
processes reported for this domain (Plaza et al., 1997). As
the day progresses (09:00 UTC, 11:00 LT), the PBL height
grows (up to 1.5 km) as radiation and temperature increase,
mixing O3 vertically. At the same time, the emissions of pre-
cursors (concentrated in Madrid city) lead to an increase in
the local production of O3 in the plume, more evidently in the
rural areas (NOX-limited regions) in the leeward side of the
city. On the contrary, in the vicinity of high NOX emission
intensity areas, O3 is consumed by NO through the reaction
NO+O3→ NO2+O2, a titration effect documented in pre-
vious studies (Saiz-Lopez et at., 2017).

Over the following midday hours (09:00–15:00 UTC,
11:00–17:00 LT) the PBL further develops and a vertical ho-
mogenization process occurs. There is a deep vertical mixing
of newly formed ozone with O3-enriched upper layers gen-
erated in previous days (Querol et al., 2018; Escudero et al.,
2019). As illustrated in Fig. 8, there is a first O3 reservoir
located around 1500 m altitude (at 00:00 UTC, 02:00 LT)
that relates mainly to local sources and contributes with

2–8 ppb, while higher O3 reservoirs (around 4000 m a.s.l.)
relate to BCs and have a considerably higher contribution
(50–75 ppb). Around 15:00 UTC (17:00 LT) the PBL reaches
3000–4000 m in accumulation periods and O3 levels up to
75–80 ppb are found (Fig. 7). This dynamic is compati-
ble with the ozone sounding (https://woudc.org/data/explore.
php; last access: 10 November 2022) included in Fig. 9,
which shows a very constant O3 value around 65–70 ppb
from the surface to 4000 m a.s.l.

Later, around 17:00 UTC, the local O3 production from
anthropogenic local emissions released earlier is the maxi-
mum (Fig. 8), with ground-level contributions that can reach
30 ppb SE in the municipality of Madrid. However, the great-
est contribution during these hours continues to be from the
BCs (up to 50–60 ppb at surface level). From 21:00 UTC,
the PBL has already decreased to a few hundred meters, the
turbulence dwindles, the surface flow towards the SW is re-
established, and the formation of enriched levels of precur-
sors (Fig. 7) and ozone (Fig. 8) in the 1000–2000 m a.s.l. oc-
curs again, in accordance with the regional recirculation pro-
cesses reported in the literature for this area (Querol et al.,
2018; Escudero et al., 2019).

3.3.2 Advective pattern

As an example of an advective pattern, Fig. 10 shows the
plan view and the NE–SW cross section of O3, NOX, and
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Figure 7. Accumulation period: evolution during 27 July 2016. From left to right: plan view and NE–SW cross section (up to 5 km height)
O3 mixing ratios (ppb), NOX (ppb), and VOCs (ppb) at the 03:00, 09:00; 15:00, 21:00 UTC hours. MD: Madrid city.

VOC levels during 13 July. (Figure S9 shows the SE–NW
cross section for day 13, and Figs. S10 and S11 represent
the NE–SW cross section and the SE–NW cross section for
day 20, respectively.) It can be seen that surface O3 levels at
03:00 UTC are around 8 % lower than those of 27 July (accu-
mulation) (in the Madrid region average of 39 and 42 ppb for
advective and accumulation conditions, respectively) with
maximum values along the Sierra de Guadarrama, where el-
evated terrain reaches layers rich in O3 and precursors from

the lower troposphere and from the residual layers formed
the day before (Fig. S11). This occurs (also under accumula-
tion conditions) when the PBL height is lower than the max-
imum height of the Sierra de Guadarrama. However, during
advective periods, a stronger stratification of O3 is observed
during the early hours (03:00–09:00 UTC) due to the exis-
tence of more intense wind direction speed vertical gradients
(relative to accumulation conditions), perfectly captured by
the modeling system (Fig. 11).
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Figure 8. Hourly O3 mixing ratio profiles (at 00:00, 17:00; 23:00 UTC) for the NE–SW cross section as well as the contribution of BCs and
anthropogenic local emissions on 27 July 2016 (accumulation). MD: Madrid city.

At 09:00 UTC, the local O3 production downwind of the
city is lower than during the accumulation periods (Fig. S12),
not only quantitatively but also in terms of the total area
affected. This can be explained by the weather conditions
(promoting dispersion) and the corresponding lower surface
levels of the main precursors (5–8 ppb NOX and 15–20 ppb
of VOCs on the day 13, compared with 10–15 ppb NOX
and 30–40 ppb of VOCs during accumulation on day 27).
At 15:00 UTC (Fig. 10), the PBL height increases reaching
2500–2800 m altitude (compared with 4000 m on day 27).
As the PBL grows, the vertical mixing dominates the wind-
driven pollution displacement in the SW direction. Similarly
to the dynamics described for accumulation conditions, this
allows precursors and fresh O3 to ascend and mix existing
ozone in higher layers (Figs. 10 and 11). Nonetheless, the
vertical mixing is lower during advective patterns, as ob-
served in the ozone soundings (Fig. 9), with the consequent
difficulty of the boundary layer to incorporate O3 from higher
strata (beyond 4000 m a.s.l.) in the central hours of the day.

This results in lower O3 mixing ratios at surface level un-
der advective conditions, up to 60 ppb SW of Madrid city
(Fig. 10). As for the relative importance of local sources,
Fig. 11 shows that their contribution can reach nearly 30 ppb,
similar to that under accumulation conditions. However, the
area affected is clearly associated with the city plume and
their contribution averaged over the region is smaller. In fact,
our results point out that precursors advected can produce
hourly peaks above 30 ppb outside the Madrid region.

3.4 Source apportionment assessment at the location of
monitoring stations

A source apportionment assessment has also been carried
out at the location of the air quality monitoring stations dis-
tributed throughout the simulation domain (Fig. 1) to in-
form on the contributions of different sources at those points
where air quality is routinely monitored. Differences are
found depending on the type of station (urban, suburban, or
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Figure 9. Vertical profiles (12:00 UTC) of O3 mixing ratios, temperature, wind speed, and wind direction for 27 July (accumulation, up)
and 13 July (advective, down).

rural) and, consistent with the results discussed in the pre-
vious subsection, the type of circulation pattern (advective
or accumulation). The results are summarized in Fig. 12.
As previously discussed, it shows the contribution of all
anthropogenic emission sources (S01-03-04 to S08), bio-
genic emissions (SNAP10-11) as well as boundary and ini-
tial conditions (BCs and ICs), and O3 stratospheric transport
(ST). Although 100 % of emitting sectors have been tagged,
Fig. 12 shows as well the contribution from “others” (OTH).
This contribution is typically negligible and relates to minor
model interactions between sources and species not consid-
ered by the ISAM model. Details are fully explained in the
documents provided with the model release (US EPA, 2022).

Urban and suburban monitoring stations have a similar
aggregated behavior. During the first hours of the morning,

the initial and boundary conditions make up the totality of
O3 levels until 06:00 UTC approximately. After that time,
O3 generated from precursors emitted by local sources ap-
pears, reaching contributions up to 15 and 12 ppb for urban
and suburban locations (28 % and 22 % of the total ozone,
respectively) around 12:00 UTC. The road transport (14 %–
10 %) and the residential (2 %–4 %) sectors are those with the
highest contributions. The signal of anthropogenic sources is
lower in rural monitoring stations. On average, road traffic
contributes a maximum of 5 % (5 ppb), the residential sector
2 % (2 ppb), and the use of solvents (VOC emissions) also
around 2 % in rural locations.

The results in Fig. 12 demonstrate the persistent relevance
of ICs at all locations, but especially in rural locations. Even
though the initial conditions contribute to O3 levels through-
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Figure 10. Advective period: hourly evolution during 13 July 2016. From left to right: plan view and NE–SW cross section (up to 5 km
height) O3 mixing ratios (ppb), NOX (ppb), and VOCs (ppb) at the 03:00, 09:00; 15:00, 21:00 UTC hours. MD: Madrid city.

out the day, the maximum values are found in the first hours
(00:00–05:00 UTC). As the day evolves, the influence of ICs
progressively decreases until they disappear at 21:00 UTC
approximately. However, clear differences are found depend-
ing on the circulation pattern as illustrated for 27 July (accu-
mulation) and 13 July (advection). According to the model
predictions, O3 levels are greater during the accumulation
period (and are reached slightly earlier), with maxima up to
68 ppb (17:00 UTC) in contrast with 52 ppb under advective

conditions. Of note, the model reproduces observed O3 tem-
poral patterns quite consistently, but it misses the peak values
during accumulation periods, as discussed in Sect. 3.1.

It can be highlighted that the influence of residual layers
of the previous day, tracked through the IC tag and observed
again during the central hours of the day, is very signifi-
cant under accumulation conditions (IC contribution of up
to 12 ppb, around 18 % of total O3), while it is practically
missing for advective days. This relates to the enhancement
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Figure 11. Hourly O3 mixing ratios (at 00:00, 17:00; 23:00 UTC) for the NE–SW cross section as well as the contribution of BCs and
anthropogenic local emissions on 13 July 2016 (advection). MD = Madrid city.

of O3 levels from reservoirs aloft, discussed in Sect. 3.3.1,
that does not occur under advective conditions. Of note, and
consistent with the analysis in Sect. 3.3, we observe that the
average contribution from local anthropogenic sources to O3
peaks (around 16:00 LT) in urban locations in accumulation
periods is higher than that of advective periods. That is true
both for absolute levels (18 and 11 ppb, respectively) and
relative contributions (32 % and 22 %, respectively). These
results point out that the source apportionment under unfa-
vorable circulation patterns significantly differs from that for
average or advective conditions and, consistent with previous
studies (Lupaşcu et al., 2022; Qu et al., 2023), demonstrate
that the influence of local sources is larger for high O3 levels
under stagnation conditions.

Nonetheless, clear differences are found for individual sta-
tions depending on their location relative to the city center
and prevailing winds. In the Supplement (Figs. S14–S16)
a stratification of the same results by station type and geo-
graphical quadrant (Fig. S13), as well as distance to Madrid,

is shown. For instance, urban locations within Madrid munic-
ipality in the NE direction for 27 July (accumulation) present
much higher contributions from local sources than those of
urban stations in the NW direction and further away from the
metropolitan area (Fig. S15). This variability suggests that
the outcome of local measures may differ throughout the re-
gion and should be modeled under specific meteorological
conditions and assessed specifically for each location of in-
terest.

4 Conclusions

A high-resolution chemical-transport model has been used
to investigate O3 dynamics for a typical summer month
(July 2016) in the Madrid region. The model presents an ac-
ceptable performance and succeeds in reproducing the phe-
nomena described in previous studies (Querol et al., 2018;
Escudero et al., 2019), confirming that O3 dynamics are con-
ditioned by regional circulation patterns. Nonetheless, we
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Figure 12. Hourly contribution to ground-level O3 for the monthly average (a–c) and specifically for accumulation (27 July 2016) and
advective (13 July 2016) days (d–f and g–i, respectively).

found that model errors are larger for accumulation days
and concentration peaks are underestimated. This may be
related to an inadequate performance of the meteorological
model under stagnation conditions. A novel implementation
of CMAQ-ISAM (Shu et al., 2023) that attributes O3-based
reaction stoichiometry with all production and destruction re-
actions involved has been applied to perform a source appor-
tionment of this non-linear, secondary pollutant under spe-
cific weather patterns. Our simulation shows that O3 levels
are dominated by non-local contributions (i.e., boundary con-
ditions), representing around 70 % of mean values across the
region. Ozone reservoirs from previous days (labeled as ini-
tial conditions in our methodology) in the mid troposphere
are also important to build up high O3 levels in accumula-
tion episodes, representing the main difference with advec-
tive periods. The analysis, however, points out that precur-
sors emitted by local sources play a more important role re-
garding the highest mixing ratio values, illustrated in this
study by the 90th percentile. This suggests that the imple-
mentation of emission reduction strategies in the region may
be more effective to control O3 peaks than average values.
This is particularly true under unfavorable, stagnation condi-
tions associated with accumulation patterns when the high-
est O3 values occur. According to our results, up to 35 % of
total O3 may originate from local sources, giving a theoret-
ical maximum reduction potential of 1 h values of approxi-
mately 25 ppb under these conditions. Among local sources,
road traffic is the main contributor, accounting for 55 % of
local sources. Our results suggest that NOX emissions play

a more important role than VOC emissions in the photo-
chemical production of ozone. Nonetheless, we found that
the use of solvents and other products, a significant source
of VOC emissions with high ozone formation potential, can
explain up to 20 % of the O3 originating from local anthro-
pogenic emissions in some locations. At the same time, our
results point out that the contribution of biogenic emissions
is lower than that of anthropogenic sources (below 4 % of
total O3 levels in this period), although they are responsible
for 42.4 % of total VOCs in the modeling domain. Emissions
from other sectors play a minor role and O3 transported from
the stratosphere within the model domain is negligible.

We also found significant variations in source apportion-
ment patterns across station types and locations. This implies
that high-resolution simulations under specific meteorologi-
cal conditions should be performed to anticipate the potential
outcome on O3 levels in different locations of the Madrid re-
gion.

Considering these results, future modeling efforts should
be oriented to simulate the effect of specific measures, both
locally and in cooperation with other administrations, to
identify optimal emission abatement strategies. The model-
ing platform used in this study may be also helpful in assess-
ing sensitivities to different factors, including photochemical
regimes or NOX and VOC speciation for specific sources.
Furthermore, the role of biogenic NOX and VOC emissions
may be further studied to understand the implications of O3
control strategies in the Madrid region.
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