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• A complex orographic-meteorological
scenario accommodated regional O3 ac-
cumulation.

• The O3 accumulation increased O3 with
25–30 ppb due to the recirculating air
masses.

• On top of this, local contributions in-
creased O3 levels up to 20 ppb.

• Abundant agricultural burning increased
O3 with 10 ppb later on the day.

• Source-tracing pollutants were used to
associate O3 peaks to specific sources.
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The Guadalquivir Valley is one of three major O3 hotspots in Spain. An airborne and surface measurement cam-
paign was carried out from July 9th to 11th, 2019 to quantify the local/regional O3 contributions using experi-
mental approaches. Air quality and meteorology data from surface measurements, a microlight aircraft, a
helium balloon, and remote sensing data (TROPOMI-NO2-ESA) were used to obtain the 3D distribution of O3

and various tracer pollutants.
O3 accumulation over 2.5 days started with inputs from oceanic air masses transported inland by sea breezes,
which drew O3 and its precursors from a local/regional origin to the northeastern end of the basin. The
orographic–meteorological setting of the valley caused vertical recirculation of the air masses inside the valley
that caused the accumulation by increasing regional background O3 concentration by 25–30 ppb. Furthermore,
possible Mediterranean O3 contributions and additional vertical recirculation through the entrainment zone of
the convective boundary layer also contributed. Using particulatematter finer than 2.5 μm (PM2.5), ultrafine par-
ticles (UFP), and black carbon (BC) as tracers of local sources, we calculated that local contributions increased
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regional O3 levels by 20 ppb inside specific pollution plumes transported by the breeze into the valley, and by
10 ppb during midday when flying over an area with abundant agricultural burning during the morning. Air
masses that crossed the southern boundaries of the Betic system at mid-altitude (400–1850 m a.s.l.) on
July 10th and 11th may have provided additional O3. Meanwhile, a decreasing trend at high altitudes
(3000–5000 m a.s.l.) was observed, signifying that the impact of stratospheric O3 intrusion decreased dur-
ing the campaign.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Tropospheric ozone (O3) is a secondary gaseous pollutant involved
with complex chemical processes that affects humanhealth, ecosystems,
and climate (Monks et al., 2014, 2015). Its photochemical production, in-
volving the oxidation of non-methane volatile organic compounds (non-
methane VOCs), methane (CH4), and carbon monoxide (CO), with the
latter two being more relevant for hemispheric transport of O3 (Jacob,
1999a, 1999b), accounts for approximately 90% of global tropospheric
O3. Photochemical oxidation produces oxidizing radicals that oxidize ni-
trogen oxide (NO) into nitrogen dioxide (NO2). The NO2will then subse-
quently generate activated oxygen (O⁎) by photolysis (NO2 =NO+O⁎),
which reacts with molecular oxygen (O2) to generate O3. The remaining
~10% of O3 originates from stratospheric intrusions (Greenslade et al.,
2017; Stevenson et al., 2006; Young et al., 2013).

Tropospheric O3 has negative effects on human health, natural veg-
etation, and crops due to its highly oxidizing nature. It can have acute
and chronic effects on pulmonary and cardiovascular morbidity, and
can even cause premature mortality (Amann et al., 2008; Lelieveld
et al., 2017, 2020). It is therefore considered one of the most harmful
air pollutants in the troposphere together with particulate matter
(PM) and NO2 (HEI, 2018; WHO, 2016). In 2005, the WHO Air Quality
Guidelines (WHOAQG) established a recommended maximum O3 con-
centration of 100 μg/m3 over an8-hour periodmoving average through-
out the day (WHO, 2006). This recommendation was not copied by the
European Union, which set the limit at 120 μg/m3 over an 8-hour aver-
age, with the added condition that the limit cannot be exceeded more
than 25 times/year averaged over a three-year period (2008/50/CE)
(European Parliament and Council of the European Union, 2008).
Additionally, the European standards establish information and alert
thresholds at hourly concentrations of 180 and 240 μg/m3, respectively
(European Parliament and Council of the European Union, 2008). Ac-
cording to the European Environmental Agency (EEA), between 2013
and 2015more than 95% of the urban population in EU-28was exposed
to O3 levels exceeding the WHOAQG (EEA, 2018). These exceedances
are muchmore frequent and intense in Southern Europe, where the cli-
mate and specific meteorological and orographic patterns, along with
intensive emissions of anthropogenic and biogenic precursor emissions,
favor O3 formation (Millán et al., 1997, 2002; Millán, 2014; among
others).

In recent decades, EU emission abatement policies have had general
success in reducing both mean and peak ambient air concentrations of
primary PM, VOCs, sulfur dioxide (SO2), andNOx (NO2+NO). However,
the ambient concentrations of secondary pollutants, such as O3, did not
follow a similar trend (Table S2) (Colette et al., 2016; EEA, 2018, 2019;
Paoletti et al., 2014; Querol et al., 2014, 2016). In Europe, from 2003 to
2012, the annual mean O3 concentrations increased by 4.1% overall
and by 17% in urban areas (Colette et al., 2016; EEA, 2018, 2019),
while the frequency and intensity of high O3 episodes decreased by
12% (Colette et al., 2016). The increasing urban O3 concentrations
have been attributed to the decrease of NOx in VOC-dominated environ-
ments, and/or to the reduction of NO/NO2 ratios, which reduces the ca-
pacity of the troposphere to titrate O3 (NO+O3=NO2+O2) (Escudero
et al., 2014; Massagué et al., 2019; Querol et al., 2016). In Spain, Querol
et al. (2016) identified the reduction of NO/NO2 ratios, with a 50–62%
decrease in NO concentrations compared to a 31–34% decrease in NO2
2

concentrations between 2000 and 2015. This resulted in a decreased
O3 titration potential, which in turn was identified as the major cause
of increasing urban O3 levels (Jhun et al., 2015; Querol et al., 2016). Re-
ducing the tropospheric O3 concentration is quite challenging due to the
complex nature of the atmospheric and chemical processes governing
its formation:

(I) O3 has a wide variety of precursors (Bergin et al., 1998; Carter,
2000, 2009; Carter et al., 1999).

(II) O3 and someof its precursors have long residence times in the at-
mosphere, facilitating long-range transport (Dentener et al.,
2010).

(III) O3 can accumulate in atmospheric basins under certain atmo-
spheric conditions, due to the combination of topography and
specific meteorological patterns (Gangoiti et al., 2001; Millán,
2014; Millán et al., 1997, 2002).

(IV) The reactions of VOCs andNOx are non-linear (Monks et al., 2015,
and references therein).

(V) O3 intrusions can occur from the stratosphere as well as tropo-
spheric influence (Kalabokas et al., 2017).

Reducing the ambient O3 levels is especially challenging in areas of
Southern Europe, such as Spain, that are vulnerable due to low precipi-
tation, high insolation, highNO2 pollution, high biogenic VOC emissions,
and vertical recirculation of air masses due to orographic features and
meteorological patterns (Gangoiti et al., 2001; Millán, 2014; Millán
et al., 1997, 2002; Pérez et al., 2004; Querol et al., 2017). Dieguez et al.
(2009, 2014) andQuerol et al. (2016) identified several atmospheric ba-
sins in the northeastern, central, eastern, and southern regions of the
Iberian Peninsula, which recorded the most frequent and intense O3

pollution episodes.
Our study focuses on one of these basins, the Guadalquivir Valley

(GV), which crosses the southern Iberian Peninsula in a northeastern–
southwestern direction (Fig. 1). Prior studies of O3 in the GV (Castell
et al., 2009, 2011; Dieguez et al., 2009, 2014; INTA, 2006a) found two
urban air quality monitoring stations (hereafter AQMS) with persis-
tently very high O3 concentrations in Córdoba, a city located deep in
the valley, suggesting a significant contribution from regional transport;
eight stations in the metropolitan area of Seville showed lower O3 con-
centrations on weekends. The maximum concentrations of O3 during
midday and in the early afternoon were hypothesized to have a double
origin. First, O3 is formed and transported from the coastal areas of
Huelva and Cádiz; second, O3 comes from the recirculated pollution
plumes of the city of Seville that originated in previous days. Also, the
areas potentially affected most by the pollution plume of Seville were
found to be located to the northeast of the city (Adame et al., 2008;
INTA, 2006b; Pay et al., 2019). In analyzing the entire Andalusian region,
these studies found that the 2000–2008 exceedances of the hourly in-
formation threshold (tracing the most polluted O3 episodes) occurred
mostly in the western GV (up to 5.3 exceedances per year in Seville).
There were neither clear interannual trends nor apparent influences of
the average and maximum daily temperatures; the major driver of the
exceedances was found to be the number of breezy days.

Adame et al. (2009) studied four stations in Huelva, located at the
western end of the GV, and found three important trends. First, south-
westerly winds were common during sea breeze circulation in the

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1. Study area of the campaign and the location of the air quality stations used (blue), cities and theirmost noteworthy emission sources (red), the location of the O3 sounding (yellow),
and the flight path (purple line) of the planemeasurements and its starting point (purple star). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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summer. Second, the average monthly concentrations were at a maxi-
mumof 96–72 μg/m3 in June and July, compared to 62–40 μg/m3 during
January and December. Finally, exceedances of the thresholds were fre-
quent, especially at one station located on the coast. Dieguez et al.
(2009) attributed the high O3 concentrations in Seville, which is one
of the largest cities in Spain, to the interaction of urban traffic, NOx emis-
sions, and VOCs transported by sea breezes from the petrochemical
emissions of Huelva. They also noted that when urban plumes are
3

transported, a shift occurs from the usual condition of VOCs-limited O3

formation to NOx-limited conditions.
Pay et al. (2019) studied the sources of O3 in Spain, which included

an urban station in Seville and one rural station near the coast. They
concluded that the GV had one of the highest daily O3 concentrations
in Spain, with the largest source of anthropogenic O3 (approximately
18%) originating from the on-road traffic from Seville, Huelva, and
Cordoba; followed by shipping (approximately 17%).



1 http://www.aemet.es/es/serviciosclimaticos/datosclimatologicos/
valoresclimatologicos?l=5783&k=41

2 https://worldpopulationreview.com/countries/cities/spain
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These prior studieswere based on air quality data interpretation, but
none focused on combining these with airborne measurements during
high O3 episodes to devise a conceptual model for the occurrences and
causes of these episodes. In this context, we aim to understand O3 epi-
sodes in the GV, focusing on the Seville metropolitan area, where the
most intense O3 episodes were recorded. To this end, a campaign of
land-based and airborne measurements was carried out in the second
week of July 2019, when the probability of a high O3 episode was the
highest. This work will provide insight into the phenomenology of O3

formation in this area, and gives us the ability to quantify the contribu-
tions of local and regional sources of O3 using experimental approaches.
We used black carbon (BC), PM finer than 2.5 μm (PM2.5), and ultrafine
particles (UFP; particles of less than 100 nm in diameter) as tracers of
different regional/local sources influencing O3 formation.

2. Methodology

To investigate the phenomenology of high O3 episodes in the GV, an
intensive land-based and airborne O3, PM2.5, BC, and UFP measurement
campaignwas performed between July 9th and 11th, 2019. The dates of
the campaign were selected based on an analysis of an O3 time series of
24 AQMSs (Table S3) in the GV between 2005 and 2018, which showed
the 190th–200th days of the year to be the period with the maximum
number of days exceeding an arbitrary hourly O3 threshold of 150 μg/
m3, which occurred mostly around Seville City (in particular, at the
Aljarafe AQMS). The campaign was carried out during working days to
avoid the typical weekend O3 drop shown by the data.

The 3D spatial and temporal variability of O3 concentrations, along
with those of other pollutants, and meteorological parameters were
measured using airborne instrumentation. Nine free O3 soundings
launched from Mairena del Aljarafe (Fig. 1, yellow star) provided
vertically-resolvedmeasurements of O3 andmeteorological parameters.
An instrumented microlight plane was used simultaneously to charac-
terize the horizontal variability of O3, PM2.5, BC, UFP, temperature, and
relative humidity (RH) across the nine flights covering 250 km each.

These tailored measurements were complemented with surface O3

concentration measurements from the AQMSs located in the GV from
Huelva, in the west, to Jaén, in the east (Fig. 1); meteorological data
from the Spanish Meteorological Office (AEMET); NO2 data from the
Tropospheric Monitoring Instrument of the European Space Agency
(TROPOMI-ESA) satellite measurements; high-resolution outputs from
the operational air quality forecast system of Spain (Spanish: CALIdad
del aire Operacional Para España: CALIOPE); the mesoscale Regional
Atmospheric Modeling System/HYbrid PArticle Concentration and
Transport (RAMS/HYPACT) modeling system; and the Hybrid Single-
Particle Lagrangian Integrated Trajectory (HYSPLIT) trajectory model.

2.1. Study area

The GV is located in the southern part of the Iberian Peninsula
(Fig. 1), crossing nearly the entire Andalusian territory for 650 km in a
northeastern–southwestern direction. In addition to the Guadalquivir
River that flows into the GV, the Odiel and Tinto rivers also have estuar-
ies on the Atlantic coast. From its beginning in the Sierra de Cazorla, the
GV becomes progressively wider towards the Atlantic Ocean, occupying
an approximate area of 57000 km2withwidths ofmore than 150 km. In
this paper, altitudes are written in meters above sea level (m a.s.l.), but
the elevation of the valley increases from sea level at the Atlantic Ocean
coast towards the Sierra de Cazorla. A cross-section of the valley is
shown in Fig. S1. At its western end, the Guadalquivir lies at sea level
(0 m a.s.l.) at the Atlantic Ocean, near Huelva. Eastward from the
coast, the elevation increases to about 200ma.s.l. at 200 km into the val-
ley. Further eastward, the elevation increases more rapidly towards the
mountain ranges of Sierra Mágina and Sierra de Cazorla, to higher than
1000 m a.s.l. Two large mountainous systems surround the GV: the Si-
erraMorena in the north,which acts as a natural borderwith the Central
4

Plateau; and the Betic System to the south. Geographical factors of the
area, such as the orography and topography, establish some continental
climatic regionalization within the dominant Mediterranean climate,
with high temperatures, irregular precipitation, and intense heatwaves
(Adame et al., 2009; Dieguez et al., 2009). Thewide opening of theGV at
the Atlantic Ocean has no significant orographic barriers, which favors a
relatively humid climate on the coast. Farther into the valley, thewet At-
lantic influence weakens, and the continental features increase, bring-
ing less rainfall and more aridity, especially in the upper part of the
valley. Intense sea breezes develop quite frequently inside the GV, espe-
cially in July, due to the very high inland temperatures (36 °C and
20.3 °C are the annual average daily maximum andminimum tempera-
tures, respectively, in Seville in July) in contrast with the cooler Atlantic
air masses (data accessed from AEMET1).

The most relevant emission sources in the area are (Fig. 1):

(I) Traffic emissions from the cities of Seville (703,200 inhabitants),
Córdoba (328,400 inhabitants), Huelva (148,800 inhabitants),
Cádiz (126,800 inhabitants),2 and Jaén (116,500 inhabitants);
numerous smaller conurbations; and highly trafficked highways.

(II) Industrial emissions from the large industrial estates of Huelva,
which includes one of the largest petrochemical estates in
Spain; fertilizer plants; a large copper smelter; and a large indus-
trial harbor, among others, as well as industries of other cities.

(III) Thermal power plants of Arcos (near Cádiz), Huelva, Cádiz, and
Córdoba.

(IV) Seville airport.
(V) The dense maritime transport in the Strait of Gibraltar.
(VI) Agricultural, farming, and food industry emissions,which include

intense biomass burning throughout the valley and the oil pro-
duction plants in its central and upper parts.

Apart from these anthropogenic sources of O3 precursors, there are
also significant sources of biogenic VOC precursors in the area, such as
large forested areas, crop plantations (citrus and olive groves in the cen-
tral and upper areas, and fruit trees, including citrus, in the lower areas),
and estuarine marshes.

2.2. Surface air quality data, modeling, and satellite data

In order to support interpretations of the airborne measurements
carried out during the campaign, we used ground-level measurement
data from 55 AQMSs of the Andalusian Regional Government and four
AQMSs from the European Monitoring and Evaluation Programme
(EMEP) monitoring network, run in this case by AEMET (Table S4).
These stations are equipped with instrumentation to measure concen-
trations of O3, NOx, SO2, PM10, and PM2.5. Furthermore, we used O3 con-
centration maps for the Iberian Peninsula from the CALIOPE air quality
forecast system at 4 × 4 km resolution (Baldasano et al., 2008, 2011).
Tropospheric NO2 background levels with a resolution of 7.2 × 3.6 km
were obtained from the Tropospheric Monitoring Instrument (TROPOMI)
installed onboard the Sentinel-5 Precursor (SP-5) satellite of the European
Space Agency (ESA) (Veefkind et al., 2012).

Mesoscale meteorological fields and backward–forward trajectories
of tracer particles were generated with the RAMS v6.0 (Pielke et al.,
1992) and HYPACT v1.5 models (Tremback et al., 1994), respectively,
to interpret the origin of the O3- enriched free tropospheric layers
(Section 3.3) and the contributions of regional background O3/precur-
sors to themixing layer along the GV. Three domain grids with increas-
ing resolutions of 48, 12, and 3 km were used following a deployment
similar to that in Pey et al. (2008). Similarly, in the vertical direction,
44 levels with variable resolution (30 m at ground level and 1000 m

http://www.aemet.es/es/serviciosclimaticos/datosclimatologicos/valoresclimatologicos?l=5783&amp;k=41
http://www.aemet.es/es/serviciosclimaticos/datosclimatologicos/valoresclimatologicos?l=5783&amp;k=41
https://worldpopulationreview.com/countries/cities/spain


M. in 't Veld, C. Carnerero, J. Massagué et al. Science of the Total Environment 777 (2021) 144579
in the upper troposphere) were used for all the grids, with a total cover-
age of 22,400 m. The horizontal boundaries of the largest domain, cov-
ering the Iberian Peninsula, Southern Europe, and Northern Africa,
were adjusted to the conditions given by the European Centre for
Medium-Range Weather Forecasts (ECMWF) ERA-Interim reanalysis
(Dee et al., 2011) at 00:00, 06:00, 12:00, and 18:00 UTC (0.75° × 0.75°
latitude–longitude grid resolution).3 Four-dimensional data assimila-
tion by nudgingwas used for the RAMS–HYPACTmodel run, with New-
tonian relaxation around the six-hourly ERA-Interim data. A variable
relaxation time was used, with the highest values (weak nudging) at
the center of the parent domain, and the lowest values (strongnudging)
at the boundaries. Topography and land cover were interpolated from
the USGS global 30″ database4,5 (Gesch et al., 1999) . Daily sea surface
temperature (SST) data, with an original resolution of 0.25° × 0.25°,
were interpolated for this simulation from the Optimum Interpolation
SST (OISST) AdvancedMicrowave Scanning Radiometer with Advanced
Very High Resolution Radiometer (AMSR-AVHRR) analysis6 (Banzon
et al., 2016; Reynolds et al., 2007) into the model grids. Our setup of
the mesoscale model included a prognostic turbulent kinetic energy
(level 2.5) parameterization (Mellor and Yamada, 1982), withmodifica-
tions for the case of growing turbulence (Helfand and Labraga, 1988),
and a full-column two-stream parameterization that accounted for
each form of condensate (seven species) for the calculations of the radi-
ative transfer through clouds and gases in the model (Harrington et al.,
1999). The RAMS run from 00:00 UTC on July 4th to 00:00 UTC on July
12th was performed continuously. Hourly meteorological fields esti-
mated by RAMS were forwarded to the HYPACT model to perform the
dispersion evaluation of the atmospheric passive tracer.

For the forward trajectories, a total of 17 city-sources of vertical
emission lines (0–300 m in height) were selected using a scheme
similar to that in Pey et al. (2008). The variable height of the particle
release, from the surface to 300m a.g.l., accounts for a wide variety of
effective emission heights in urban and industrial environments. The
selection of coastal Mediterranean, Atlantic, and inland city-sources
encompassed an area of diverse weather and wind regimes. This
methodology allowed us to simulate different transport mechanisms
operating in the area. The sources were grouped into five areas as
follows: North-Atlantic (Nantes, Bilbao, La Coruña, Lisbon, Porto),
South-Atlantic (Huelva, Seville, Cádiz), North-Mediterranean (Mar-
seille, Barcelona, Tarragona), South-Mediterranean (Valencia, Carta-
gena, Malaga), and Iberian-inland (Madrid, Valladolid, Zaragoza).
Particle releases started on July 4th and lasted eight days, and the
3D positions of 38400 particles for each of the 17 city-source simula-
tions were tracked for the whole period until July 12th.

In order to support the interpretations of the airborne measure-
ments along the GV, the dynamics of urban plumes and industrial
plumes of the Huelva petrochemical plant were modeled using the
HYSPLIT model (Draxler and Hess, 1998; Stein et al., 2015) of the
National Oceanic and Atmospheric Administration (NOAA). Specifically,
behavior was modeled for emissions derived from two plume sources:
the CEPSA La Rábida Refinery, located in the industrial area of
Huelva (geographical coordinates WGS84: 37.2°N, 6.9°W, altitude
140m a.s.l.); and traffic emissions in a 1 km2 area of Seville (geograph-
ical coordinatesWGS84: 37.4°N, 6.0°W, altitude 10ma.s.l.) TheHYSPLIT
model was run through the METEOSIM platform.7 In the simulations,
the meteorological domain used a resolution of 3 km, with data ob-
tained from the Global Data Assimilation System (GDAS) and using a
common emission rate of 100 g/s for PM2.5. The duration of the
3 https://www.ecmwf.int/en/forecasts/datasets/
4 https://www.usgs.gov/centers/eros/science/usgs-eros-archive-digital-elevation-

global-30-arc-second-elevation-gtopo30
5 https://www.usgs.gov/centers/eros/science/usgs-eros-archive-land-cover-products-

global-land-cover-characterization-glcc
6 https://www.ncdc.noaa.gov/oisst
7 https://www.meteosim.com/es/
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simulation was 12 h, and the distribution of the plume was obtained
every hour during the period of the campaign.

2.3. O3 soundings

Vertical variations in O3 concentration and meteorological parame-
ters were measured with nine free O3 soundings, launched every day
between July 9th–11th, 2019, at 06:00, 12:00, and 17:00 (UTC), from
the El Olivo school 37.3°N, 6.0°W, at 58m a.s.l., very close to the Aljarafe
AQMS, 10 km south of Seville and 25 km from the Guillena airfield
(Fig. 1). The instrumentation launched consisted of an RS41-SGP
(Vaisala) radiosonde combined with an EC3-6A O3 sensor (Science
Pump Corporation) attached to a helium balloon. The partial pressure
of O3, T, RH, GPS location, wind speed, and wind direction were mea-
sured at a frequency of 1 s up to an altitude of approximately 30 km,
which was reached approximately 2 h after each launch.

2.4. Microlight measurements

The horizontal variation of pollutant concentrations in the lower
part of the atmosphere was measured using instrumentation onboard
a microlight (single-engine Tecnam P96 Golf) that flew daily at 06:00,
11:30, and 17:30 UTC, with an approximate flight duration of 2 to
2.5 h per flight. The same route (Fig. 1) was repeated for each flight, at
an altitude ranging between 150 and 550 m a.s.l.: departing from the
Guillena airfield (37.6°N, 6.0°W), heading southbound towards Seville,
then to the southwest towards Huelva, with a descent and subsequent
ascent upon arrival at the Atlantic coast, a return towards the northeast
over Guillena to Lora del Río, and then heading back to Guillena. The
measurement devices (Table S5) were placed inside the cabin and con-
nected to an inlet designed for high-speed particle measurement
installed in the right front ventilation inlet (Fig. S2).

Black carbon concentrations were measured using a microAeth®
aethalometer (Magee Scientific Corporation, 1 min resolution); PM2.5

concentrations with a Dusttrak DRX aerosol monitor (TSI, 10 s resolu-
tion); UFP number concentration and average particle size in the
10–700 nm size range with a diffusion particle size classifier (N and
Dp, respectively) (DiSCMini; Testo, 10 s resolution); and O3 concentra-
tions with a personal O3 photochemistry monitor (POM; 2B Technolo-
gies, 10 s resolution). The instruments were connected with a Teflon©
inlet pointing towards the rear of the aircraft to reduce air flow. In addi-
tion, a portableweathermonitor for temperature and RH (Kestrel 4500)
was installed on the exterior of the aircraft attached to the landing gear
and pointing towards the front, and a GPS tracker was placed inside the
plane, both with a time resolution of 10 s.

3. Results

3.1. Meteorological context and air mass tracking

The synoptic conditions during the three-day campaign were char-
acterized by the Azores High located west of Iberia and its relative
high-pressure area extending eastward, reaching both Southern
Europe and the Western Mediterranean region (Fig. 2). Clear skies
and surface low-pressure gradients under these anticyclonic conditions
developed mesoscale circulations in the lower troposphere of the area.
Land–sea breezes in the coastal areas flow inland while the mountain–
valleywinds give a compensatory flow. This circulation pattern governs
the transport of O3 in the lower troposphere of Southern Europe and the
Western Mediterranean region, as was first reported by Millán et al.
(1997) based on experimental evidence gathered during a series of in-
tensive summer field campaigns in the region, and then by Gangoiti
et al. (2001), among others.

The observed low-pressure gradient conditions at lower atmo-
spheric levels contrasted with the rapid evolution at higher atmo-
spheric levels. On July 9th, an upper-level low (marked #1 in Fig. 2b

https://www.ecmwf.int/en/forecasts/datasets/
https://www.usgs.gov/centers/eros/science/usgs-eros-archive-digital-elevation-global-30-arc-second-elevation-gtopo30
https://www.usgs.gov/centers/eros/science/usgs-eros-archive-digital-elevation-global-30-arc-second-elevation-gtopo30
https://www.usgs.gov/centers/eros/science/usgs-eros-archive-land-cover-products-global-land-cover-characterization-glcc
https://www.usgs.gov/centers/eros/science/usgs-eros-archive-land-cover-products-global-land-cover-characterization-glcc
https://www.ncdc.noaa.gov/oisst
https://www.meteosim.com/es/


Fig. 2. Left: Climate Forecast System Reanalysis (CFSR): 500 hPa geopotential height (gpdams) andmean sea level pressure (MSLP) contours (hPa) at 06:00 UTC. during the period of July
8th (a), July 9th (b), July 10th (c), and July 11th (d), 2019 (Wetterzentrale, http://www.wetterzentrale.de; last access: March 31st, 2020. The blue circle indicates the study area. Right:
ERA-Interim ECMWF reanalysis: winds at 1000 hPa and (right) at 900 hPa, represented with the geopotential height (gpm) of the 1000 hPa surface in shaded colors, and the
1000–500 hPa thickness (gpdams) in contours at 06:00 UTC during the period of the field campaign, July 9th (e), July 10th (f), and July 11th (g), 2019 (ECMWF, https://www.ecmwf.
int/en/forecasts/datasets/; accessed 15th January 2020). The red area indicates the study area. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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and e) crossed the Iberian Peninsula from southwest to northeast. This
low had split from an upper-level trough over the North Atlantic six
days before (not shown in the figure) and remained almost stationary
during the following days over the west coast of Portugal (Fig. 2). The
system brought deep convection and storms on July 8th, ahead of the
low over the Iberian landmass. As the low-pressure system #1 moved
into the Gulf of Lion and weakened on July 9th, more stable conditions
developed over Iberia, with clear skies and northwesterlies (backing to
thewest in the free troposphere, above 2500–3000ma.s.l. in the sound-
ings discussed in Section 3.3). These conditions characterized cold
advection at the rear of the upper-level low. The northwesterlies, associ-
ated with a deep dynamic sinking that affected almost the entire tropo-
sphere (Fig. S3, upper-right panel), were responsible for the transport of
air masses enriched in O3 from themiddle and high troposphere (above
2500–3000 m a.s.l.) into the upper levels of the mesoscale circulations
developed in the GV and recorded by the sounding in Seville on July
9th (Section 3.3). Also, based on the RAMS/HYPACT back-trajectories,
6

we found the O3 enriched layers at 3000–4000 m a.s.l. observed in Se-
ville on July 9th to be associated with a tropopause folding following
the evolution of the upper level low #1, as shown in Fig. S3b. None of
the trajectories ending above 3000 m a.s.l. (3000–4000 m a.s.l.) at the
sounding site in Seville between July 9th and 11th were found to be ini-
tiated at the boundary layer, after being tracked back to July 4th.

A second upper-level low (marked #2 in Fig. 2a) originated from an-
other upper trough on July 8th in the North Atlantic and moved farther
south than the upper low #1, reaching thewestern coast of Morocco on
July 10th (Fig. 2c). This second low triggered important changes in the
advection of air masses into the South-Atlantic region. It deepened on
July 11th (Fig. 2d) and forced more intense southeasterly winds to
veer towards the south and southwest in the free troposphere of the
GV (warm advection), with a clear decrease in O3 concentrations
above 3000 m a.s.l., as recorded at the sounding site in Seville from
July 10th to 11th (Section 3.3). However, these changes during the epi-
sode were not observed in the circulation at lower levels in the GV. The

http://www.wetterzentrale.de
https://www.ecmwf.int/en/forecasts/datasets/
https://www.ecmwf.int/en/forecasts/datasets/
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monitoring stations recorded land–sea and mountain–valley breezes
with locally developed circulations during the whole period.

In all, the origin of the background air masses incorporated into
the basin changed completely from July 9th to July 11th. In the region
of the Strait of Gibraltar (including the Gulf of Cadiz and the regions of
the Alboran Sea to the west and east of the Strait), alternating easterly
and westerly winds typically drive the local meteorology at low levels
(Dorman et al., 1995). During the campaign, westerly winds associated
with the cold advection on July 9th changed to easterly winds over the
following twodays (Fig. 2). At surface level (1000 hPa), these changes in
the Strait started early on July 11th (following the onset of themistral in
the Gulf of Lion the day before), about 24 h later than at 900 hPa. In
Sections 3.3 and 4, we discuss the accumulation of O3 within the GV
that occurred from July 9th to 11th, concurrent with the O3 decreases
in the free troposphere and the changes in the regional advection at
lower layers. The sea breeze prevalence during the measurement cam-
paign is supported by the wind speeds and directions measured at the
State Meteorological Agency of Spain(AEMET) of Doñana-Almonte,
Sevilla-Airport, and Bailén (from the coastal area to deep into the GV)
reported in Fig. S4, with dominant daylight wind directions of around
250° and very high wind speeds, and light winds from inland with a
45° directional component. The vertical profiles that will be shown
in subsequent sections also demonstrate the occurrence of a major
sea breeze circulation during the measurement days. The changes
in the background pollution inside the GV have been studied using
RAMS/HYPACT forward trajectories for selected cities, as described
in Section 2.2. Fig. S5 shows fumigation at low levels of the GV on
July 9th of particle tracers released in the Atlantic sector (of the
North Atlantic ocean), and the arrival of particle tracers originating
in the Mediterranean to the east of the city of Malaga on July 10th
and reaching the GV from the southeast, across the southern bound-
aries of the Betic System. This arrival of pollutants from the east oc-
curred after the described changes in circulation from westerly to
easterly 18 h before, which might have also included pollutants
from other nearby coastal emissions, including road traffic, indus-
tries, and shipping. Interestingly, during the whole episode, most of
the tracers were transported below a height of 3000–3200 m a.s.l.,
which was consistent with the existence of the recorded elevated
temperature inversion at that height in the free soundings in Seville
(Section 3.3).

Large-scale tropospheric subsidence over the area, which leads to
higher O3 concentrations in the boundary layer (see Gaudel et al., 2018
and references therein) might have also contributed to the increase in
O3 levels during the campaign. These episodes, associated with large-
scale tropospheric subsidence, very frequently occur over the Mediter-
ranean during the warm period of the year, in association with high-
pressure systems, and are not always necessarily related to stratospheric
intrusions (Coman et al., 2012; Doche et al., 2014; Eremenko et al., 2008;
Foret et al., 2009; Richards et al., 2013; Safieddine et al., 2014; Tombrou
et al., 2015; Zanis et al., 2014). In fact, the meteorological maps (Figs. 2
and S3) indicate that an extended tropospheric subsidence event prob-
ably occurred over the area during the examined episode of July 9th to
11th, 2019.

3.2. Surface O3 and NO2 concentrations

CALIOPE simulated a progressive accumulation of O3 in the southern
half of the Iberian Peninsula from July 8th to 11th, with prominent
peaks between 12:00 and 20:00 UTC, which gradually became depleted
on July 12th and 13th. The accumulation processes of O3were described
in detail by Millán et al. (1997, 2002) and Gangoiti et al. (2001) for the
Western Mediterranean area. These papers showed that pollutants are
transported inland by sea-breeze and valley circulations caused by
weakened synoptic surface circulation and the Iberian and Saharan
thermal lows. In the case of the GV, the sea breezes transport air masses
inland towards the Sierra de Cazorla mountain range, which creates a
7

chimney/crest effect, injecting polluted air masses up to 2000 to
3000 m a.s.l. In the situation where the boundary layer is below the
head of the valley, a pocket is formed that traps the air masses by ther-
mal inversion of the top of the boundary layer, and the air masses are
recirculated back towards the ocean. At the ocean, the air masses will
sink due to compensatory subsidence. The combination of the recircula-
tion, fumigation, and breeze transport results in accumulation occurring
in the valley and generates acute O3 episodes. This processwill continue
until the synoptic flow intensifies and vents the valley by transporting
the polluted air masses to other areas (Gangoiti et al., 2006).

The regional accumulation of O3 until July 11th at 12:00 UTC and the
final venting stage of the GV were reproduced with the CALIOPE mea-
surements, as seen in Section 3.3. The modeling also showed that O3

transported from the Cantabrian and Portuguese coasts was channeled
into the GV from the Atlantic. Regional O3 formation was widespread
between July 8th and 11th, with strong activity not only in the GV but
also in the central and eastern parts of Iberia (Fig. S6).

The accumulation over the 3 days was also measured by the AQMSs
in the GV during the campaign period. All stations showed a clear in-
creasing trend of maximum daily O3 concentration from July 8th until
July 11th, 2019, with an average maximum O3 concentration of 95 μg/
m3 on July 8th to 138 μg/m3 on July 11th (Table S6). At the same time,
when looking at certain stations, the hour of the maximum concentra-
tion progressively increases from west to east (Fig. S7). From the La
Orden station near Huelva to the Las Fuentezuelas station near Jaén,
there is a three-to-four hour delay between the hours with the maxi-
mum O3 concentrations per day. This trend follows the dynamic of a
sea breeze, as explained earlier in this section. Although a few stations
do follow this trend, it is important to note that this was only seen at se-
lect stations and not at all stations inside the valley. This trend was also
observed at the EMEP AQMS of Doñana, representing the background
GV concentrations in the coastal area (Escudero et al., 2016),which sup-
ports the occurrence of vertical recirculation and accumulation during
the campaign. The daily progressive accumulation of O3 wasmore prev-
alent at the western AQMSs than at the eastern ones, where peak con-
centrations tended to occur later in the day (16:00–17:00 UTC) due to
the transportation of polluted air masses by sea breezes, after the
onset of the easterlies at lower atmospheric levels in the Strait of Gibral-
tar (Section 3.1).

Column NO2 data from TROPOMI (Fig. S8) indicate that the highest
levels in the GV were recorded in and around Seville, and not in the in-
dustrial area of Huelva. At the same time, there was a significant source
of NO2 a few kilometers offshore of the Guadalquivir estuary, due to the
intense maritime traffic over the Atlantic in front of the GV (especially
on July 11th), which likely favored the formation of O3 production
that was then transported inland by the sea breezes.

3.3. Vertical and horizontal O3 profiles

3.3.1. July 9th, 2019

3.3.1.1. Morning. The GVwas ventilatedwell in the days prior to July 9th,
2019 (Section 3.1), resulting in reduced O3 levels in the area, with back-
ground O3 being supplied mostly from the Atlantic. At 06:00 UTC
(Fig. 3a) on July 9th, 2019, the sounding shows that surface O3 reached
the lowest values during the campaign (with titration, ozonolysis, and
deposition occurring in a thin mixing layer). Four O3 strata are evident
in the profile. Below 600 m a.s.l., where there was a thermal inversion,
the atmosphere was characterized by north-northeasterly katabatic
winds and a marked O3 reduction all the way down to the surface. The
layer between 600 and 1800ma.s.l. was characterized by northwesterly
winds, with increasing RH and constant O3 (around 50 ppb). From 1800
to 3250 m a.s.l., another O3 increase was observed, with moderate and
increasing northwesterlies, which backed to the west at higher alti-
tudes. Above 3250m a.s.l., the troposphere became dryer above a slight
thermal inversion, but the westerly circulation was maintained, with a



Fig. 3.Results of theO3 andmeteorology soundings on the three campaign dayswith the levels of O3, temperature, relative humidity,winddirection, andwind speed up to 5000ma.s.l. for
a) July 9th, b) July 10th, and c) July 11th.
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progressive increase in O3 of up to 100 ppb at 5000 m a.s.l. This low RH
and the very high and thick O3 layer were likely influenced by the
stratospheric O3 intrusion described above, although stratospheric
subsidence might also have contributed to increase O3 levels. The
upper-level low-pressure system located west of Portugal generated a
westerly and northwesterly flow at this altitude and transported strato-
spheric O3 from higher altitudes during this day. In summary, there was
a clear gradual upward increase in O3 along the profile.

3.3.1.2. Afternoon.At 12:00UTC (Fig. 3a), surface O3 increased compared
with themorning (<400m a.s.l.). A second layer persisted on top of the
mixing layer (400–1400 m a.s.l.) with a thermal inversion at the top, a
nearly constant O3 concentration of ~45 ppb, a prevalent sea breeze
(southwesterly) flow, and a high and increasing RH. From 1400 to
1800 m a.s.l., a transitional O3 layer was observed, which was the en-
trainment zone of the convective boundary layer (CBL), limited by
two thermal inversions, with a rising O3 concentration (40 to 70 ppb)
and decreasing RH. The top inversion occurred in the morning at
1700–1900 m a.s.l. Above 1800 m a.s.l., a layer with a moderate but in-
creasing O3 level was detected with northwesterly flow. The top layer
was characterized again with a high upward O3 increase (up to
100 ppb at 5000 m a.s.l.) and a 3900–4100 m a.s.l. thermal inversion.
All three O3 strata above 600 m a.s.l. were similar to those of the morn-
ing, but theywere now located at lower altitudes. Furthermore, the con-
centrations of O3were high at high altitudeswith a northwesterlywind,
similar to the 06:00 UTC sounding, as a consequence of the persistence
of the contribution from the stratospheric O3 intrusion, probably with a
low incidence of surface O3.

3.3.1.3. Evening. Three well-defined strata were identified in the 18:00
UTC sounding (Fig. 3a). The lower layer (<350ma.s.l., limited by a ther-
mal inversion) had a persistent southwesterly sea-breeze flow, but si-
multaneously O3 increased to around 40 ppb, similar to its level at
12:00 UTC. Another layer (350 to 2700 m a.s.l.) with northerly and
northeasterly winds, high RH, and a homogeneous O3 concentration of
65 ppb was probably the mixing layer and was associated with the
northwesterlies of the cold advection at the rear of the upper-level
low #1 (mentioned earlier in Section 3.1) (Fig. S3). This was channeled
into the GV and contained a fraction of the pollutants moving inland
within the sea breeze at lower levels, and was then transported back
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to the Atlantic as shown by the wind direction in the vertical profiles
(Fig. 3a). Above 2700 m, the high O3 concentrations from possible
stratospheric intrusions or atmospheric subsidence O3, high-speed
westerly flow, and low RH persisted, with an upward increase of O3

(again up to 100 ppb at 5000 m a.s.l.).

3.3.2. July 10th, 2019

3.3.2.1. Morning.On themorning of July 10th, the four-layer O3 structure
resembled that of the previous morning (Fig. 3b), including the upper
layers with O3 peaks reaching 90 ppb, high and stable wind speeds
(7–8 m/s) from the southwest, and very low RH. The low RH and the
high O3 levels were likely associated with the stratospheric intrusion,
which was also recorded the day before, but the results of the July
10th measurements showed traces of disruption and a decrease in O3

compared with the previous day, which is consistent with the transi-
tional character on this day for the stratospheric intrusions reported in
Section 3.1.

3.3.2.2. Afternoon. The afternoon atmosphere profile (Fig. 3b) was very
similar to the one of the morning sounding, but the layers were at
lower altitudes. The thermal inversion was located at 900 m a.s.l.,
which indicates a much less developed boundary layer compared to
the previous day. Below the thermal inversion, northeast to southeast
winds prevailed with increasing speeds (2–8 m/s) and decreasing RH
(down to 35%). Concentrations of O3 were higher (55–63 ppb) in this
lower layer compared to the morning sounding due to vertical mixing,
but also possibly due to local production. Above the thermal inversion,
up to 2700 m a.s.l. there was a dominant layer with southeasterly flow
(5 m/s), a decrease in RH (down to 10%), and increased O3 (55 to
85 ppb). Finally, above 2700 m a.s.l, there was a stable southwesterly
wind (8–10 m/s), with two high O3 strata (up to 90 ppb).

3.3.2.3. Evening. Three layers were detected during the evening sound-
ing (Fig. 3b). The lower layer was limited by a thermal inversion at
600 m a.s.l. and characterized by low RH (35%) and southwesterly
sea-breeze flows with low wind speeds, with an O3 increase from 55
to 70 ppb. Similar to the prior day's sounding, a very well-mixed layer
with a homogenous O3 concentration of about 70 ppb was detected
from 600 to 2300 m a.s.l. This layer showed a moderate RH (20 to 40%
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from bottom to top) and northeasterly wind direction, which is consis-
tent with the shift from westerlies to easterlies observed in the morning
sounding. Just as on the previous evening, the northeasterlies transported
the pollutants towards the Atlantic Ocean, from which the sea breeze
could then carry them into the valley again at lower levels on the follow-
ing morning, as was seen with the increased O3 concentrations through-
out the day at these altitudes compared with the previous day. Above
2300 m a.s.l., following the warm advection induced by the upper level
low #2, the wind veered from southeast to southwest. Higher wind
speeds were measured around 9 m/s, with low RH, and O3 increasing
slightly up to about 75 ppb, which was lower than the values attained
in the morning and on previous days.

3.3.3. July 11th, 2019

3.3.3.1. Morning. During the morning of July 11th (Fig. 3c), the three
layers were still persistent, with the bottom layer limited by the thermal
inversion at 500 m a.s.l. The second layer (500–2500 m a.s.l.) was com-
posed of several thinner strata associated with high and increasing O3

concentrations (from 55 to 75 ppb) and a RH of 25–35%. From bottom
to top, the wind (7–9 m/s with peaks of up to 13 m/s) veered from
northeast to southeast. From 2500 to 5000 m a.s.l., O3 decreased down
to 50–60 ppb, with winds veering from southeast to southwest
(10–12 m/s). There was also an increase in RH with altitude, indicating
a different origin for the air masses that replaced the stratospheric-
intrusion–relatedO3 transported fromprevious days. Also, thenortheast
to southeast airflow in the 500–2500 m a.s.l. layer suggests that the
Mediterranean is the origin of the air masses, as described in Section 3.1.

3.3.3.2. Afternoon. The threemain layerswere still persistent at 12:00UTC
(Fig. 3c). The lowest and second layers were limited by thermal inver-
sions at 400 and 1600 m a.s.l. The lower level was characterized by low
RH (increasing upward from 20 to 35%) and east-northeasterly winds
(probably driven by the Mediterranean air mass transport) of around
5 m/s. This is similar to the second layer on July 10th, but with a thicker
mixing layer. Interestingly, the O3 concentration in this layer was higher
than in the layers above, resulting in a 50–60 ppb “hump” in the profile
(more pronounced in the sounding). This hump was likely caused by a
combination of O3 fumigation from mid-altitude reservoir strata and
the residual layer of locally-produced O3 from previous days (Escudero
et al., 2019; Querol et al., 2017, 2018), along with O3 transported from
the Mediterranean. This hump was even more pronounced in the eve-
ning profile. In the 1600–5000 m a.s.l. layer, the high-speed (13–20 m/
s) south-southwesterly wind prevailed in an air mass with low RH
(25%) and lower and constant O3 concentrations (around 50 ppb).

3.3.3.3. Evening. The same three strata were observed in the last sound-
ing (Fig. 3c). In the lower layer, the southwesterly sea breeze was more
intense than on the previous day (7–8m/s and 40% RH). In this layer, O3

concentrations increased from 55 to 70 ppb. In the middle layer (400 to
1750m a.s.l.), a mixing layer with high levels of O3, up to 75 ppb formed
the aforementioned hump. This layer was driven by very low-speed
east-northeasterlywinds (2–4m/s) originating from theMediterranean
region. This air mass could also recirculate back into the Atlantic, where
the southwesterly sea breeze could transport it back into the GV at
lower levels. As stated earlier, the effects of the air mass vertical recircu-
lation and the backgroundO3 concentrations transported from theMed-
iterranean may have been important contributors to the measured O3

hump. Above 1750 m a.s.l., O3 concentrations decreased and remained
stable at around 40 ppb. This air mass was affected by high-speed
winds (18–20 m/s) with a constant southwesterly wind. The RH in-
creased from 15 to 40%.

3.3.4. Agricultural biomass burning and African dust outbreak
The morning microlight measurements of July 9th, 2019 (Fig. 4a)

showed a prominent increase in PM2.5 and BC up to 185 and 1.5 μg/m3,
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respectively, in the northeast sector of the flight (Seville-Lora del Rio, in
the green box in Fig. 4d). The UFP data were unavailable from this flight
due to instrument failure. These peaks coincided with widespread agri-
cultural burns in the area (see Fig. S9) and with an O3 decrease of
15 ppb (down from 45 ppb measured in the other GV areas, Fig. 4a).
We do not have a reference for the timing and frequency of the burns,
but in the early morning the boundary layer was much thinner and the
contaminants from these burns had clearly accumulated and were
consuming O3 more intensively. Visual observations and RH data also re-
vealed the occurrence of fog over this area. This fogmost likely originated
from the wide section of the river, which provides high humidity at the
surface level, in combination with an abundance of irrigated green crops
in this area. Both the fog and the biomass burning might have caused
the O3 decrease, given the inverse relationship between high RH and O3

and the emissions of pollutants, with potential O3 titration and/or
ozonolysis effects (Carter et al., 1999; Granier et al., 2000; Jia and Xu,
2014). Later in the afternoon (Fig. 4b), PM2.5, BC, and UFP were still de-
tected in the same area (30 and 0.8–1.2 μg/m3, 7000–17000 #/cm3, re-
spectively), but in contrast to the morning, there was a significant
increase in O3 (by up to 15 ppb, compared with 50–55 ppb background
in other areas) at decreasing altitudes. Thus, biomass burning emissions
and fog caused O3 depletion during the morning, while the first simulta-
neously provided precursors that generated O3 at lower altitudes in the
afternoon. During the evening (Fig. 4c), O3 concentrations were relatively
constant at around45ppb, lower than in the afternoon (50–55ppb). Aho-
mogeneous airmass resulting fromconvective processes andbreeze circu-
lations filled the GV. UFP levels remained relatively high (7500 #/cm3)
over the area where agricultural burns were located, although lower
than during the morning and afternoon flights (10000–14000 #/cm3).
Thus, on this day, agricultural biomass burning contributed to increased
background levels of UFP and O3 to the northeast of Seville.

During the secondday (July 10th, 2019) the impact of biomass burn-
ing on the air quality persisted in the northeast section of the morning
flight (Fig. 5a), with high levels of PM2.5, BC, and UFP (40 μg/m3,
0.5 μg/m3, and 6000 #/cm3), and again a decrease of 10 ppb in O3

with respect to the surrounding background levels was detected. How-
ever, during the afternoon, the O3 formation in this northeastern tran-
sect was less pronounced than that of the previous day (Fig. 5b).

During the morning flight (Fig. 6a) of the last day (July 11th, 2019)
the impact of biomass burning over the northeastern transect was evi-
denced again (70 and 2.9 μg/m3 of PM2.5 and BC, respectively; no UFP
data were available due to an instrument failure). During the evening
flight (green squares in Fig. 6c and f), it was possible to visually identify
an African dust layer that slightly affected the study area (Fig. S10), in-
creasing the PM2.5 background levels from 20 to 28 μg/m3. This impact
may have been stronger for PM10 than for PM2.5 (Querol et al., 2019).

3.3.5. Urban and industrial plumes
During the beginning of the afternoon flight on the first day (July

9th, 2019, Fig. 4b), increases in O3 (up to 15 ppb over a constant back-
ground of 45 ppb) and UFP (10000 #/cm3 over 2000 #/cm3) concentra-
tions were measured on the approach to Seville due to the emissions of
the city, as was confirmed with HYSPLIT modeling (black squares in
Fig. 4e). During the afternoon flight, high levels of pollutants (60 μg/
m3 and 30000–100000 #/cm3 of PM2.5 and UFP, respectively, together
with a slight increase in O3 of 7 ppb) were also recorded over northeast
Huelvawhen crossing theplumeof the petrochemical plant, aswas con-
firmed by HYSPLIT modeling (red squares in Fig. 4e). The evening flight
(Fig. 4c) also measured an 8 ppb O3 increase when crossing the plume
of the petrochemical plant (red squares in Fig. 4f), while at the same
time significant increases in PM2.5 and UFP levels were detected
(32–35 μg/m3 and 17000–22000 #/cm3, respectively).

In the morning flight of the second day (July 10th, 2019, Fig. 5a), a
very high peak in UFP (up to 120000 #/cm3) and low BC levels, without
a major effect on O3, weremeasured over the southeast of Huelva, coin-
ciding with the petrochemical plume transport (red squares in Fig. 5d).



Fig. 4.Concentrations of O3, BC, UFP, PM2.5, RH, and altitudemeasured during the: a)morning, b) afternoon, and c) eveningmicrolight flights of July 9th, 2019, andHYSPLITmodeling of the
plume transport of the Huelva petrochemical plant and Seville City (d, e, and f) during the respective flights.
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Fig. 5. Concentrations of O3, BC, UFP, PM2.5, RH, and altitude measured during the: a) morning, b) afternoon, and c) eveningmicrolight flights of July 10th, 2019, and HYSPLIT modeling of
the plume transport of the Huelva petrochemical plant and Seville City (d, e, and f) during the respective flights.
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Fig. 6. Concentrations of O3, BC, UFP, PM2.5, RH, and altitude measured during the: a) morning, b) afternoon, and c) eveningmicrolight flights of July 11th, 2019, and HYSPLIT modeling of
the plume transport of the Huelva petrochemical plant and Seville City (d, e, and f) during the respective flights.
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Fig. 7. Time evolution of the average O3 levels measured during themorning, afternoon, and
evening soundings for four layers (0–400, 400–1850, 1850–3000, and 3000–5000 m a.s.l.)
from July 9th to 11th, 2019.
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There was also a moderate peak in UFP over Seville (6000 #/cm3)
(black squares in Fig. 5d), along with increases in PM2.5 and BC (60
and 0.4 μg/m3, respectively), but no significant changes in O3 con-
centrations. During the afternoon (Fig. 5b), O3 concentrations in-
creased when approaching the plume of Seville (black squares in
Fig. 5e), while simultaneously PM2.5 and BC concentrations in-
creased to 38 μg/m3 and 0.7 μg/m3, respectively, and UFP concentra-
tions decreased from 26000 #/m3 to 10000 #/m3. A decrease of
10 ppb O3 was measured over the petrochemical plant (red squares
in Fig. 5e) along with extremely high peaks of UFP (21000 to
104000 #/cm3) as in the morning, which coincided with higher
PM2.5 and BC peaks (65 and 1.2 μg/m3). These increases coincided
with the rapid descent of the plane to 150 m a.s.l., which might be
the cause of the increases and decreases detected. During the eve-
ning (Fig. 5c), O3 increased by 25 ppb to the west of Seville (black
squares in Fig. 5f). The interesting thing about this increase is that
the modeled plume does not coincide with this area but UFP and
BC were observed to be 10000 #/cm3 (compared with a background
of 2000 #/cm3) and 0.8 μg/m3, respectively, which points towards
a local origin from the residual plume of Seville, the Huelva
petrochemical plant, or biomass burning. When crossing the plume
of Huelva (red squares in Fig. 5f), increased levels of PM2.5, UFP,
and BC were measured, with concentrations reaching 30 μg/m3,
0.8 μg/m3, and 20000 #/cm3, respectively, but with a decrease of
7 ppb O3. As with the previous flight, this did coincide with a
decrease in altitude that might be the cause of these observations, al-
though the concentrations recorded in this plume were comparable
to the levels recorded by the AQMSs, evenwhen the plane descended
to 200 m a.s.l.

Themorning flight on the last day (July 11th, 2019, Fig. 6a) recorded
a constant O3 concentration of 65 ppb at 300 m a.s.l., which was higher
compared to the morning flights of the previous days (45 ppb).
Peak UFP, PM2.5, and BC concentrations (47000 #/cm3, and 200 and
1.4 μg/m3, respectively) were measured over the plume of Huelva (red
squares in Fig. 6d) due to the rapid decrease in altitude of the plane,
which also affected the O3 concentrations. The afternoon flight
(Fig. 6b) sampled the highest levels of O3 detected by the flights during
the campaign. Background O3 levels of 65–68 ppb were recorded at
300 m a.s.l., and a 20 ppb increase was evident when crossing the
plume of Huelva's petrochemical plant (red squares in Fig. 6e), together
with high concentrations of UFP, PM2.5, and BC (140000 #/cm3, and 80
and 1.6 μg/m3, respectively). Furthermore, when crossing the plume of
Seville (black squares in Fig. 6e), O3 levels also increased byup to10ppb,
while the rest of the pollutants remained at background levels. The
evening flight (Fig. 6c) was affected by the venting meteorological
change described in Section 3.1, which caused a decrease in the O3

regional background concentrations (down to 62 ppb of O3 at
300 m a.s.l.) compared with the previous flight. Concentrations of O3

were homogeneous throughout the GV without increases associated
with urban and industrial plumes (Fig. 6f), but over the Huelva plume,
peak UFP and PM2.5 concentrations (up to 17000 #/cm3 and 50 μg/m3,
respectively) were still recorded.

4. Discussion

Data from the AQMSs showed a progressive accumulation of O3 in
the GV from July 9th to 11th, 2019, with the maximum being reported
in the hours when fumigation from upper high-O3 strata, O3 formation,
and O3 transport by sea breezes were at their maximum. This scenario
was similar to those of other locations in Spain, as was described for
the Morella-Castelló (Gangoiti et al., 2001), Vic-Barcelona (Millán
et al., 2002), and Madrid atmospheric basins (Escudero et al., 2019;
Querol et al., 2018).

Three to four O3 layers were identified every day in the first
5000 m a.s.l., with the altitudes of the layers subsiding in the afternoon
and evening compared with the morning. This difference is caused
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under anticyclonic conditions and clear skies, by the lower layers
warming up during daytime, and consequently expand in altitude,
while during nighttime the lower layers will cool down and shrink.
This subsidence intensified from July 9th until 11th as can be seen by
the vertical temperature and humidity anomalies in Fig. 3. Fig. 7
shows the evolution of the average O3 concentrations recorded by the
soundings for four groups of layers located at different altitudes from
July 9th to 11th, according to the morning, afternoon, and evening pro-
files. The accumulation occurredmainly between 400 and 1850 m a.s.l.,
whereO3 concentrations reached up to 75 ppb during the afternoon and
evening soundings of July 10th and 11th, giving rise to a hump-shaped
O3 profile (Fig. 3b and c).

We suggest two major processes to be the origin of this hump. First,
the surface sea breeze drew O3 and its precursors to the interior of the
GV. These pollutants were then injected at mid-altitudes by the higher
topography of the upper valley, and were vertically recirculated to-
wards the ocean (Gangoiti et al., 2001; Millán et al., 1997, 2002; Pay
et al., 2019). In the GV, airmasses were driven by easterly winds
(2–4 m/s and RH < 50%) during July 10th and 11th and were
channeled into the GV in a northeast-to-southwest direction during
the evening of the campaign. Afterward, the air masses would flow



Fig. 8. Comparison of the O3 concentrations during the flights of the morning, afternoon
and evening from July 9th to 11th 2019.
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over the southwesterlies of the sea breeze after full development of
the convective recirculation inside the valley. This situationwas sim-
ilar to the episodes of high O3 in the Madrid Basin, where the O3 ep-
isodes were generated by the vertical recirculation of air masses,
caused when the boundary layer at midday reached a lower altitude
than the Sierra de Guadarrama. This trapped regional air masses in
the basin, which generated a similar mid-altitude O3 hump (Querol
et al., 2018). Second, the change in the mid-altitude synoptic flow,
from westerlies (July 9th) to easterlies (July 10th and 11th), proba-
bly contributed to an increase in O3 concentrations (from the second
half of July 10th) by transporting polluted air masses into the region
from the Eastern and Southeastern Mediterranean. This accumula-
tion would be enhanced further by a progressive increase in insola-
tion and temperature, with a temperature increase of 8 °C to 10 °C
during the campaign, depending on the time of day, promoting addi-
tional O3 formation. Finally, Lefohn et al. (2012), Parrish et al. (2012),
Kalabokas et al. (2013, 2015) Zanis et al. (2014), and Akritidis et al.
(2016), among others, reported relevant contributions from strato-
spheric intrusions and tropospheric subsidence to surface O3 con-
centrations in the Eastern Mediterranean, Middle East, and United
States background O3 levels. Also in the Western Mediterranean,
Kalabokas et al. (2017) reported that during springtime O3 episodes
(April–May), O3 subsidence from the upper levels may affect the
boundary layer as well as the ground surface O3 concentrations due
to vertical mixing through the entrainment zone of the boundary
layer (Pay et al., 2019). In the case of the GV, at the highest altitudes
(3000–5000m a.s.l.), O3 clearly decreased over the three-day period,
with the O3 concentrations being reduced by half on July 11th com-
pared to July 9th in all soundings (morning, afternoon, and evening).
This decrease also occurred on the last day for the layers between
1850 and 3000 m a.s.l. This would signify that if stratospheric intru-
sion occurred, its impact would be less significant over time.

At the surface, O3 increased in the GV due to surface fumigation from
the high-O3mid-altitude layer, formation and horizontal transport by sea
breezes, and higher temperatures. During the campaign, an accumulation
of O3 occurred over 2.5 days (from July 9th until July 11th), and concen-
trations increased from 45 to 62 ppb at the surface at Aljarafe Mairena
(southwest of Seville), and from 50 to 75 ppb at 400–1850m a.s.l. during
the afternoon soundings. Thus, the increase was mainly due to local and
regional causes and was approximately 20 ppb during the study episode.
This was also confirmed by airborne measurements carried out simulta-
neously with the microlight flights, which measured a generalized in-
crease of 20–21 ppb O3 at 300 m a.s.l. across the GV (Fig. 8).

The combination of decreasing O3 at highest altitudes and increasing
O3 at lower altitudes, along with the subsidence of the upper layers over
the three days andmixing between these layers, resulted in a progressive
homogenization of the profiles. For example, on July 9th, the difference
increased from around 40 to 100 ppb O3 between 0 and 5000 m a.s.l.,
while the difference increased only from 50 ppb to 70 ppb on July
10th. This occurrence is supported by the temperature profiles (Fig. 3),
which show a temperature inversion across the top of the boundary
layer (Fowler and Brooks, 2006; Kaser et al., 2017), and the inverse
trend of the 400–1850 and < 400 m a.s.l. layers, which shows a clear
and progressive accumulation of O3. Thus, without discarding the influ-
ence of subsided stratospheric O3, we believe that the increase in O3 re-
gional background levels at lower atmospheric levels was mostly driven
by other regional atmospheric processes. Large-scale tropospheric subsi-
dence over the areamight have also contributed to an increase inO3 con-
centrations in the boundary layer. However, to quantify the proportions
of O3 contributed by recirculation, by formation and transport, and by at-
mospheric subsidence, only modeling tools are needed, which is beyond
the scope of this article. However, on July 11th, the O3 profiles showed a
clear hump into the boundary layer, with minimal O3 levels above this
(2500–3000ma.s.l., Fig. 3c), pointing to the typical regional episodes de-
scribed across Iberia by Gangoiti et al. (2001), Millán et al. (1997, 2002),
and Querol et al. (2017, 2018), among others.
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Furthermore, the microlight flights in combination with HYSPLIT
modeling allowed quantification of the O3 contributions from specific
sources (on top of the O3 background), such as the pollution plumes
of the Huelva petrochemical plant and the city of Seville, as well as
from the aging of agricultural biomass burning emissions.

Emissions from the early morning agricultural burns on July 9th
from Seville to Lora del Río, and the fog in this agricultural area, pro-
duced amarked consumption in O3 of 15 ppbduring themorningflights
on July 9th and 10th, 2019 (Figs. 4a and 5a). This was also described by
Granier et al. (2000), who reported the impact on O3 formation due to
emissions of CO, NOx, and hydrocarbons from biomass burning. The
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emission of these precursors in the morning might have caused con-
sumption of O3 by titration of O3 by NO and the ozonolysis of VOCs.
However, in the afternoon the biomass burning yielded an increase in
O3 of 20 ppb (Figs. 4b and 8), together with increases in PM2.5, BC, and
UFP. Chen et al. (2017) reported that aging biomass plumes can induce
the production of tropospheric O3 as they contain an excess of O3 pre-
cursors (VOCs, CO, NOx), and found O3 enrichment across China due
to biomass burning. Thiswas also reported by Zhu et al. (2014), who re-
ported high concentrations of toluene, isoprene, ethene, propene, and
n-hexane as well as their O3 formation potential (OFP) in a rural area
in Northern China with frequent biomass burns. Jaffe and Zhang
(2017) also described delayed O3 formation from wildfire plumes
interacting with NOx from urban plumes and attributed the delay to
peroxyacetyl nitrate (PAN) present in the fire plumes.

Concentrations of O3 in the plumes from Huelva's petrochemical
plant and the city of Seville peaked (simultaneously with those of UFP
and PM2.5, and BC in some cases) mainly during the afternoon and eve-
ning flights. Thus, the afternoon and evening flights on July 9th mea-
sured an increase of 10 ppb O3 over the regional background levels at
300m a.s.l. (Fig. 8). An increase of 15 ppb was measured when crossing
the Seville plume during the afternoon of July 10th (Fig. 8); finally, an
increase of 10 to 17 ppb was measured during the afternoon and eve-
ning flights on July 11th through these plumes, reaching a maximum
O3 concentration of 85 ppb, which exceeded an already-high 68 ppb
background during the afternoon of the same day (Fig. 8). Thus, both
the modeling of the plume transports and the co-measurements of BC,
PM2.5, and UFP with O3 allowed us to quantify the O3 contribution
from the plumes to the regional background O3 background levels. In-
deed, VOC and NOx emissions from petrochemical plants may result in
high O3 formation rates. As an example, Fawole et al. (2017) measured
peak concentrations ranging from 70 to 115 ppb in instrumented flights
when crossing the plumes of a gas flare with high levels of CO and al-
kanes over the Niger Delta. As another recent example, in Xiong and
Du (2020), six sources were identified in the Vancouver metropolitan
area as contributing most of the VOC-related OFP, namely fuel produc-
tion and combustion, fuel evaporation, vehicle exhaust, industrial coat-
ings/solvents, a petrochemical source, and other industrial emissions,
with the first three accounting for 68% of the OFP. However, high OFP
has been widely reported when urban and industrial plumes interact
with air masses containing high levels of biogenic VOCs (see as an ex-
ample Zong et al. (2018) and references therein).

5. Conclusions

Intensive 3D measurements of O3, PM2.5, UFP, and BC concentra-
tions, as well as meteorological parameters, were carried out with free
soundings and instrumentedmicrolight flights during an O3 episode af-
fecting the GV (southern Spain) between July 9th and 11th, 2019 to in-
vestigate the processes responsible for highO3 pollution episodes in this
region. The results suggest that the episode was caused by 2.5 days of
local and regional O3 accumulation. Themain processes causing this ac-
cumulation were the:

(I) Transport from the Atlantic sector (western Iberia).
(II) Vertical recirculation of airmasses by sea and valley breeze circu-

lations interacting with complex topography.
(III) Locally-formed O3 in the GV during July 9th and 10th, 2019.
(IV) Trans-basin contribution from Mediterranean O3 during July

11th, which was initiated during the second half of July 10th.
(V) Possible atmospheric subsidence flows.

Background O3 in oceanic air masses over the Gulf of Cádiz was
transported inland by sea breezes, which drew O3 and its precursors
from the industrial and urban areas of Huelva, Seville, and Córdoba,
causing O3 maxima late in the afternoon–evening at the northeastern
end of the GV. In fact, Castell et al. (2011) found the number of
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consecutive days with sea breezes to be the best predictor of O3 accu-
mulation processes in eastern Spain. Furthermore, upsloping winds at
high altitude in the mountains of the eastern GV injected aged air
masses into themid-altitude (400–1850m a.s.l.) troposphere (generat-
ing reservoir layers), which were transported back to the ocean within
the northeasterlies, where they subsided and could be recirculated
with the sea breezes of the following day (Fig. S11). Furthermore, on
July 10th and 11th at this mid-altitude level (400–1850 m a.s.l.), air
masses from the eastern to southeastern sectors (of Mediterranean ori-
gin) crossed the southern boundaries of the Betic System and reached
the GV during the second half of July 10th (Fig. S5), likely bringing an
additional supply of O3. Surface fumigation from the recirculating reser-
voir layers and those of Mediterranean origin, vertical mixing through
the entrainment zone of the convective boundary layer, and local
plumes that were transported at lower levels together were the causes
of the O3 pollution episode observed during the field campaign. This re-
sulted in an increase in O3 over 2.5 days from an initial regional back-
ground concentration of 45 ppb on July 9th up to 70–75 ppb during
the afternoon of July 11th, 2019.

On top of this gradual O3 background increase, we quantified, with
the support of PM2.5, BC, andUFPmeasurements andHYSPLITmodeling,
that local contributions increased the O3 concentration by up to 20 ppb.
Although the pollutants have various origins, the relative changes in
concentration when crossing the pollution plumes and the agricultural
burnsmade it clear that thesewere the sources of the observed changes.
The attributed sources were agricultural burns and the transported
plumes of Huelva's petrochemical plant and the city of Seville.

In the free troposphere, the stratospheric O3 intrusion located over
the region on July 9th was dispersed during July 10th and 11th, and
the high O3 concentration in the layer at 3000–5000 m a.s.l. followed
an inverse trend to that described at the surface, decreasing by half on
July 11th compared to July 9th (Fig. 7).

It is important to highlight that, in addition to the O3 enhancement
caused by agricultural burns, very high levels of BC, UFP, and PM2.5

were measured regionally around these areas, especially to the north-
east of Seville, which is an area with extensive agricultural practices.
During the morning of July 9th and the afternoon of the 11th, abundant
agricultural burns were evident, as well as black plumes derived from
waste burning (plastics, tires, etc.). During the flights, we were even
able to observe that an agricultural burn turned into an uncontrolled
fire. We consider it necessary to abate these emissions, which have a
strong impact on the air quality of the area.

Our results allowed us to develop a conceptual model of how high O3

episodes occur in the GV, one of the areas of Spain with the highest O3

levels after the Madrid and Barcelona regions. The results identified the
key spatial patterns that modeling tools can use to accurately reproduce
and forecast O3 concentrations in the area, and to carry out sensitivity
analyses to evaluate cost-efficient abatement measures. An important re-
maining gap in our knowledge is the evaluation of the actual species and
concentrations of VOCs across the area horizontally and vertically, to fur-
ther supply very relevant information to the modeling tools.
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