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HIGHLIGHTS

GRAPHICAL ABSTRACT

African dust transport affects air quality
of Spain during 9 (NW Iberia) to 31 (Ca-
nary Islands)% of days.

PM10 & PM2.5 levels increase by 9 to 29
and 5 to 29 pg/m® PM10 and PM2.5
from NW Iberia to the Canary Islands.
PM speciation shows that this increase
is due to mineral dust and anthropo-
genic PM co-transported or locally accu-
mulated.

For epidemiological studies the two
fractions have to be studied with
regards the evaluation of possible health
effects.
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The 2001-2016 contribution of African dust outbreaks to ambient regional background PM10 and PM2.5 levels
over Spain, as well as changes induced in the PMx composition over NE Spain in 2009-2016, were investigated.
A clear decrease in PMx dust contributions from the Canary Islands to N Iberia was found. A parallel increase in
the PM2.5/PM10 ratio (30% in the Canary Islands to 57% in NW Iberia) was evidenced, probably due to size seg-
regation and the larger relative contribution of the local PMx with increasing distance from Africa.

PM1-10 and PM2.5-10 measured in Barcelona during African dust outbreaks (ADOs) were 43-46% higher com-
pared to non-ADO days. The continental background contribution prevailed in terms of both PM1-10 and
PM2.5-10 during ADO days (62 and 69%, respectively, and 31 and 27% for non-ADO days). The relative contribu-
tions of Al,03/Fe,03/Ca0 to PMx fraction showed that Al,Os is a suitable tracer for African dust in our context;
while CaO at the urban site is clearly affected by local resuspension, construction and road dust, and Fe,O3 by
dust from vehicle brake discs. The results also provide evidence that PM increases during ADOs are caused not
only by the mineral dust load, but by an increased accumulation of locally emitted or co-transported anthropo-
genic pollutants as compared with non-ADO days. Possible causes for this accumulation are discussed. We rec-
ommend that further epidemiological studies should explore independently the potential effects of mineral
dust and the anthropogenic PM during ADOs, because, at least over SW Europe, not only mineral dust affects
the air quality during African dust episodes.
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1. Introduction

Arid regions contribute very large loads to the global atmospheric
aerosols, with around 1.5-10° tons/year of dust being emitted into the
troposphere (Textor et al., 2006; Huneeus et al., 2011; Ginoux et al.,
2012; Kok et al.,, 2017). Among these regions, N Africa (Sahara and
Sahel) is the largest contributor, with almost 50% of the global dust
emissions (around 0.8 10° tons/yr; Prospero et al., 2002; Washington
et al., 2003; Walker et al., 2009; Ginoux et al., 2010, 2012; Huneeus
etal, 2011; Varga, 2012).

Dust emitted in N Africa is significally transported towards the Ca-
ribbean region (Prospero et al.,, 2002; Prospero and Lamb, 2003;
Ginoux et al., 2012; and references therein); however, under specific
meteorological scenarios, dust is also transported towards continental
Europe and the Mediterranean region (e.g., Moulin et al., 1997, 1998;
Rodriguez et al., 2001; Escudero et al., 2005; Querol et al., 2009; Varga,
2012; Pey et al., 2013).

Bergametti et al. (1989a, 1989b), Dayan et al. (1991) and Kubilay
and Saydam (1995) reported on the influence of African dust outbreaks
(ADOs) on ambient levels of total suspended particles (TSP). By
assessing air quality around a large coal-fired power plant, Querol
et al. (1998a) reported that a number of annual exceedances of the EU
daily PM10 air quality standard in Spain were due to African dust contri-
butions. Since then, many subsequent studies (e.g., Querol et al., 1998b,
2009; Rodriguez et al., 2001; Viana et al., 2002; Escudero et al., 2005,
2007a, 2007b; Pey et al., 2013; Pandolfi et al., 2014a; among others),
have demonstrated the impact of ADOs on the air quality over Spain.

Querol et al. (2009) and Pey et al. (2013) reported on the occurrence
of ADOs over the whole Mediterranean Basin and calculated frequencies
of occurrence of 30-37% of the days in the southern parts of the Basin to
<20% for the northern ones. There was also an increasing gradient of
ADO frequency from the western (23%) to the eastern (31%) regions.
Furtermore, the western part has a lower occurrence of severe episodes
(daily dust averages over 100 pg/ m*> PM10). Overall, African dust
emerged as the largest PM10 source in regional background southern
sites of the Mediterranean. This contribution ranged from 35 and 25%
of annual PM10 means in south-eastern and south-western regions, re-
spectively, to 10% in the northern ones, with seasonal peak contribu-
tions to PM10 up to 80% of the total mass in the highest ADO
influenced regions. Achilleos et al. (2014) reported for Nicosia, Cyprus,
that PM10 concentrations during desert dust storms reached an average
of 100 pug/m?, but also that ADOs were responsible for a small fraction of
the exceedances of the daily PM10 limit. Matthaios et al. (2016) re-
ported that 53% of exceedances of the EU daily PM10 limit value re-
corded in Greece were mainly caused by local pollution sources,
whereas 47% of these were caused by ADOs, and that the averaged
PM10 for these exceedance days reached 65 and 100 ug/m?,
respectively.

A number of studies have evaluated the health effects associated
with ADOs in Spain (Pérez et al., 20083, 2012; Jiménez et al., 2010;
Tobias et al., 2011; Diaz et al., 2012, 2017; Reyes et al,, 2014), reporting
that daily mortality and morbidity increase during ADOs when com-
pared with non-dust days. In some of these studies, a higher increase
in risk of premature mortality with the growth of PM10 (and
PM2.5-10) concentrations during ADOs (compared with non-dust
days) was evidenced. In order to study the causes of this higher possible
toxicity, Pandolfi et al. (2014a) evaluated the effect of ADOs on the con-
centrations of a number of pollutants and on the mixing layer height
(MLH) in Barcelona. A marked thinning of the MLH during ADOs com-
pared with non-dust days was found, and it was demonstrated that
PM1 and local gaseous pollutants concentrations also increased

relatively during ADOs. Thus, the ADOs in Barcelona caused a reduction
in the MLH with a consequent accumulation of local anthropogenic pol-
lutants, which likely explains the increased harmful health effects of
PMx.

Our study aims at evaluating the impact of ADOs on the concentra-
tions of PM2.5 and PM10 across Spain during the 2001-2016 period,
followed by a more specific study on the effects of ADOs on the concen-
trations of locally- and regionally-emitted pollutants in NE Spain, such
as BC and UFP, as well as on PMx levels and speciation, by comparing
2009-2016 measurements performed at three (urban, regional and
continental) background stations in and around Barcelona.

2. Methodology
2.1. Estimation of African dust contributions to PM10 and PM2.5 over Spain

2.1.1. PM measurements

In order to evaluate ADOs across Spain and assess their impact on
PM10 and PM2.5 levels, the 2001-2016 daily averaged PM data from
44 remote, regional and sub-urban background air quality monitoring
sites spread across Spain (including the mainland and the Balearic and
Canary Islands, Fig. 1) were used. This is a network of existing air quality
monitoring stations from regional governments and EMEP to which we
have access to the data, in most cases online access. Details on the loca-
tions of the air quality monitoring sites and data used are reported in
Table S1 and a file included as supplementary information. Different
techniques were used to determine PM concentrations: gravimetric de-
terminations at the European Monitoring and Evaluation Programme
(EMEP) sites and real-time PM instruments (BETA, TEOM and optical
counters, at the rest of the sites). Real-time concentrations were
corrected against the gravimetric concentrations according to the cur-
rent European air quality monitoring standards (EN-12341 and EN-
14907). Since only official data (supplied by Member States of the
European Environmental Agency and EMEP programme databases
after different validation steps) are used in this work, data quality is
guaranteed.

Our selection of reference sites has limitations. First a few stations
are not remote or regional background sites but are sub-urban. In the
latter the anthropogenic load of PM10 and PM2.5 is higher and this
might dilute the relative contribution of African dust to averaged PMx
levels, but we believe this is not affecting to the calculation of the dust
load. On the other hand the altitude of the monitoring sites might
vary from close to sea level to the highest one in the Pre-Pyrenees
(Montsec 1568 m a.s.l.). This might affect the comparability of dust
loads across Spain because dust might preferentially be transported at
high altitudes and accordingly affect with higher intensity to mountain
sites (Querol et al., 2009; Pey et al., 2013).

2.1.2. Identification of the African dust influence and quantitative determi-
nations of the PM dust contributions

The methodology used to identify ADOs and quantify their impact
on PMx has been described in detail elsewhere (Rodriguez et al.,
2001; Escudero et al., 2005, 2007a, 2007b; Querol et al., 2009; Pey
et al., 2013; Salvador et al., 2013, 2014). This methodology has been of-
ficially accepted by the European Commission for reporting on natural
contributions to ambient PM levels over Europe (EC, 2011). It consists,
first of all, of the identification of the ADOs day by day at every specific
location, by using different model outputs and meteorological informa-
tion (such as the NCEP/NCAR: http://www.esrl.noaa.gov/psd/data/
composites/hour/; NMMB-BSC-dust model, https://dust.aemet.es/
forecast/nmmb-bsc-dust-forecast-sconc; NAAPS-NRL model, http://
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Fig. 1. Location of the PM monitoring stations and the three supersites in NE Spain (Montseny, Montsec and Palau Reial-Barcelona). The regions marked correspond to the ones differen-

tiated in Figs. 2 and 3.

www.nrlmry.navy.mil/aerosol/; SKIRON dust simulations, http://
forecast.uoa.gr/dustindx.php; BSC-DREAMS8Db, http://www.bsc.es/ess/
bsc-dust-daily-forecast; HYSPLIT air mass back-trajectories, https://
ready.arl.noaa.gov/HYSPLIT.php; among others) and using surface
PM10 and PM2.5 measurements from the monitoring network of re-
gional background sites described above.

In the second step, a statistical methodology is applied to the PMx
data series registered at regional background sites in order to obtain
quantitative estimates of the African dust loads to daily PM10 and
PM2.5 concentrations during ADOs. Once we identified the ADO days,
using the PMx data sets from the remote-regional background-
reference sites, we excluded the PMx concentrations for each of them
and we calculated, also for each ADO day, the moving (30 days) 40th
percentile, with the ADO day being in position 15/30. This 40th percen-
tile value is considered equivalent to the regional background without
ADO and this is subtracted to the averaged PMx levels for the respective
ADO day to obtain the net dust contribution. We selected the 40th per-
centile as a result of sensitivity analysis by comparing the method with
PM10 mineral dust obtained with chemical analysis for different sites
over the Iberian Peninsula.

2.2. PM10, PM2.5, PM1, BC and UFP in NE Iberia

2.2.1. Monitoring sites

PM10, PM2.5, PM1, UFP and BC concentrations were measured at
three air quality and climate research monitoring supersites located in
NE Iberia (Fig. 1) representing the urban background of Barcelona
(UB, 70 m a.s.L.), the regional background (RB) approximately 40 km
to the NE of the city (Montseny, MSY, 720 m a.s.l., ACTRIS-GAW) and
the continental background (CB) at the high-altitude Montsec station,
located approximately 175 km from Barcelona in the Pre-Pyrenean
Range (MSA, 1592 m a.s.l, ACTRIS-GAW). These stations integrate the
monitoring network of the Environmental Geochemistry and Atmo-
spheric Research Group (EGAR) and are operated in collaboration

with the regional government of Catalonia (Departament de Territori i
Sostenibilitat, Generalitat de Catalunya). Data availability starts in
2002 for the RB site, 2003 for the UB site, and 2009 for the CB site.
Thus, we have focused our study in NE Spain on the period 2009-2016.

The meteorology of this region is in between the Atlantic and the
Mediterranean influences. In winter the location of the Azores high fa-
vours the westerly trade winds leading to the replacement of the
existing air masses by clean Atlantic air masses. During the warm sea-
sons the typical Mediterranean climate governs the atmospheric dy-
namics of this area, with long dry periods, sporadic but occasionally
heavy rains. The weak pressure gradients in summer result in local cir-
culations dominating the atmospheric dynamics with the consequent
accumulation of pollutants (Millan et al., 1997). The MSA site, a high al-
titude emplacement located in a low-density populated region, isolated
from large urban and industrial agglomerations, is under free tropo-
spheric (FT) influence most of the time, although it is exposed to re-
gional pollutants during the summer time and/or under the influence
of mountain breezes, and it is affected by trans-boundary incursions of
natural and anthropogenic aerosols from Europe and N Africa (Ripoll
etal.,, 2014, 2015; Minguill6n et al., 2015; Ealo et al., 2018). The MSY sta-
tion is located on the upper walls of a valley extending perpendicularly
from the Catalan Pre-Coastal ranges to the coast, in a densely forested
area, 50 km to the N-NE of the Barcelona urban area, and 25 km from
the Mediterranean coast. The site is relatively far from urban and indus-
trial areas, but it can be affected by anthropogenic emissions
transported from populated and industrialised areas under specific me-
teorological conditions. Out of the scenarios dominated by synoptic
winds, and especially in spring and summer, pollutants accumulated
in the valley under anticyclonic atmospheric conditions can be
transported to the MSY site by upslope and sea breezes activated by
the sun radiation at midday (Pérez et al. 2008b, 2008c; Pandolfi et al.,
2014b, Ealo et al., 2018).

The UBssite is located in Barcelona, a densely populated area, affected
by emissions from traffic, industry and with one of the major harbours
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in the Mediterranean. In addition to the aforementioned meteorological
processes, dispersion of pollutants in the city is governed by the sea
breezes (Pérez et al., 2010; Minguillén et al., 2016).

2.2.2. Online measurements

Measurements of aerosol particle variables were performed simulta-
neously at the three sites by using the same methodology. Ambient air
concentrations of PMx were obtained using particle optical counters
(GRIMM spectrometers) (Table S2). These measurements were
corrected by comparison with simultaneous gravimetrically-
determined PM values (with factors usually varying from 1.1 to 1.3).
To this end, PM10, PM2.5 and PM1 24 h samples were collected every
four days by using collocated high-volume samplers (30 m3/h,
DIGITEL and MCV), provided with quartz microfiber filters (Munktell
and Pallflex). The total number of filters collected during the period con-
sidered is shown in Table S1. Concentrations of equivalent black carbon
(eBC) were measured with Multiangle Absorption Photometers (MAAP,
Thermo Scientific) using the mass absorption cross-section coefficients
provided by the manufacturer. Levels of UFP were measured using Con-
densation Particle Counters (CPC, TSI; see models and size ranges in
Table S2).

2.2.3. Chemical speciation of PM10, PM2.5 and PM1

A large number of samples of PM10, PM2.5 and PM1, obtained si-
multaneously every 4 days at the UB, RB and CB (only PM10 and
PM1 at the latter), were chemically analysed. To this end, we analysed
2340, 2012 and 1144 filter samples at the three sites, respectively
(Table S2), following the methodology proposed by Querol et al.
(2001). This method consists of leaching one-fourth of the filter and
analysing the soluble ions via ion chromatography, with the exception
of NHy, for which a specific electrode was used; the HF:HNO5:HCIO, di-
gestion of another one-half of the filter, and the subsequent analysis of
around 40 major and trace elements by inductively coupled optical
emission spectrometry and inductive mass spectrometry; and the anal-
ysis of organic and elemental carbon (OC and EC) by means of the
thermo-optical-transmission method and using the EUSAAR2 protocol.
Concentrations were blank corrected, and certified standards were
analysed following the same methodology.

2.3. Back-trajectory analysis

We determined the daily backward air mass trajectories for a central
site of each of the areas into which we divided the Spain territory for the
ADOs study (see Fig. 1). To this end, we used the HYSPLIT atmospheric
transport and dispersion model (Stein et al., 2015; Rolph et al., 2017)
to obtain 120 h back-isentropic trajectories at midday (12 UTC), at
three different heights (750, 1500 and 2500 m a.g.l.) using GDAS1 me-
teorological data. We distinguished the following daily air mass origins
according to the results: the N, NW, SW and W Atlantic air masses (NA,
NWA, SWA and WA) as well as the Mediterranean (MED), European
(EU), N African (ADO), Regional (REG) and Winter Anticyclonic Episode
(WAE) air masses. The latter two represent those episodes in which tra-
jectories from 5 previous days do not exceed an area of 500 km around
Iberia in summer-spring (REG) or winter-autumn (WAE). The spatial
limits of the origins of the above air masses are shown in Fig. S1.

2.4. Determination of the height of the mixing layer at midday

Pandolfi et al. (2014a) demonstrated that during the most intensive
ADOs in Barcelona the MLH was markedly reduced and this caused an
accumulation of local pollution; thus we considered relevant to include
here an analysis of the MLH in Barcelona for the study period. The MLH
was calculated by means of the simple parcel method (Holzworth,
1964), i.e., by using the vertical profiles of pressure and temperature
from radiosondes (model Vaisala RS92-SGP) launched at 12:00 UTC
from a radio-sounding system run by the Physics Department of the

University of Barcelona. With this method, the MLH is taken as the equi-
librium level of an air parcel, with the potential temperature (calculated
from the vertical profiles of temperature and pressure) calculated at
ground level. The parcel method is highly effective for the determina-
tion of the MLH height in the case of marked inversions, which are usu-
ally observed at midday when convective activity is high. This method
has already been successfully applied to radio-sounding data collected
in Barcelona, as reported in Pandolfi et al. (2013, 20144, 2014b). Based
on this method, a total of >2000 MLH were determined daily at midday
during the period 2009-2016.

3. Results and discussion
3.1. Occurrence of ADOs over Spain

3.1.1. Frequency of ADOs and contributions to levels of PM10 and PM2.5

A number of statistical parameters that reflect the influence of ADOs
on the PM10 and PM2.5 ambient concentrations in the differentiated re-
gions of Spain are shown in Tables S3 and S4 and Figs. 2 and 3. The re-
sults indicate that the proportion of days with PM10 levels affected by
ADOs during 2001-2016 ranges from 31% in the Canary Islands and SE
Iberia to 9 and 11% in NW and N Iberia, respectively (Fig. 2a and
Table S3a). The remaining areas of the Iberian Peninsula and the Balearic
Islands are affected by ADOs from 16 to 24% of the days.

The average dust contributions to PM10 during ADO days reached
29 pg/m? in the Canary Islands (with a daily maximum of 599 pg/m?),
10 and 14 pug/m?® in N and S Iberia, respectively (with daily maxima of
89 and 322 pg/m?>, respectively), and from 12 to 13 pg/m? in Central,
NW, E, NE Iberia and the Balearic Islands (with maxima from 147 to
324 png/m?) (Fig. 2b and c and Table S3a). For PM2.5, the averaged con-
centrations reached 9 ug/m3 for the Canaries, 6-7 pg/m3 for the whole of
Iberia and 4 ug/m? for the Balearic Islands (in this case, with relative low
data availability, 2012-2016), with daily maxima of 103-114 pg/m?® in
the Canary Islands, NE, SE and Central Iberia and of 32-66 ug/m? in
the remaining study areas (Fig. 3a and c¢ and Table S4a).

Average contributions of African dust to the annual means of the
PM10 and PM2.5 levels (Figs. 2f and 3f and Table S3b and 4b) are
close to 32 and 35%, respectively, in the Canary Islands, 17-21 and
15-16% in SW and SE Iberia, 18 and 13% in Central and E Iberia, and
8-10 and 7-8% in the other regions (NE, NW and N Iberia). In the
Balearic region, the contributions are relatively low when compared
with the neighbouring E Iberia region (12 and 3%, respectively). This dif-
ference is probably due to the fact that the reference sites in the Balearic
regions are close to urban areas and therefore affected by local anthro-
pogenic emissions, thus yielding high annual bulk PM10 levels when
compared to the E Iberia sites (20 and 13 pg/m?>, respectively). Further-
more, high mountain sites over Iberia, including Montsec,
Campisabalos, Viznar, Riscollano and Morella (1535 to 1150 m a.s.l.),
are affected more by dust transported at relatively high altitudes, some-
thing that occurs recurrently in summer (Querol et al., 2009; Pey et al.,
2013).

It is remarkable that the percentage of PM2.5 in PM10 for the aver-
age dust loads during ADO days increases with the distance to the
African continent (Fig. 3b), with the PM2.5/PM10 ratio of the dust
load contribution reaching 30-36% in the Canary and Balearic Islands,
41-44% in SW, SE and Central Iberia, and 47-57% in E, NE, N and NW
Iberia. This result is probably a consequence of the higher deposition
rates of the particles with bigger sizes along the air masses transport,
but also the increased proportion of local/regional PMx (with finer PM
size) as the distance from Africa increases.

We applied the Mann-Kendall test to the frequency and intensity of
ADOs in the different study regions and we did not obtain clear trends
on both parameters in any of the time series we worked in the present
study.

In summary, a clear decrease in PM10 and PM2.5 dust contributions
is observed from the maxima of the Canary Islands to N Iberia as the
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Fig. 2. a) 2001-2016 averaged percentage of days with African dust outbreaks for the 9 study regions of Spain. b) Daily average of African dust contribution to PM10 during dust episodes
(ng/m?). ) Average African dust to annual PM10 means (pg/m?). d) Maxima daily African dust PM10 contribution (ug/m?). e) Mean PM10 (ug/m?). f) Percentage of African dust to the
annual PM10 means. Values correspond to averages of annual means of daily levels.

distance to Africa increases. The highest ADO impact in the Canary hemisphere (Prospero et al., 2002; Ginoux et al., 2012). The similarly
Islands is due to its proximity to the African continent and the major high proportion of ADOs recorded in SE Iberia is also attributable to
easterly transport of the air masses in this area of the northern the proximity of the region to the African continent but also to the
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m?>). f) Percentage of African dust contributions to the annual PM2.5. Values correspond to averages of annual means of daily levels.

high altitude of the Viznar EMEP air quality monitoring site, located in
the Sierra Nevadas at 1265 m a.s.l. This high mountain site is influenced
highly by dust transport given that, as reported by Papayannis et al.

(2005, 2008), Mona et al. (2006) and Mandija et al. (2017), African
dust air masses are preferentially transported at high altitudes over
Europe. Also, a gradual increase in the PM2.5/PM10 ratio is evident
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(30% in the Canary Islands to 57% in NW Iberia), probably due to both
the segregation of finer dust particles as air masses are transported
long distances and the larger relative contribution of the local back-
ground PMx.

We evaluated also the impact of ADOs on the number of
exceedances of the EU daily limit value for PM10 (50 ug/m?), by
selecting the suite with the highest number of such exceedances in
each study region. In the Canary Islands the El Rio exceeded this limit
value in 8.5% of the days, from which 8.1% were due to ADOs. Viznar sta-
tion, in the SE region, exceeded the limit value in 3.4% of the days, 3.3%
being attributed to ADOs. In the Balearic Islands (Castell de Bellver)
these reached 1.7 and 1.6%, respectively; whereas in the SW
(Barcarrota), E (Zarra), NE (Els Torms) and Central (Riscollano) Iberia
1.0-1.3 and 0.9-1.2% were reached. In the N region (Niembro) 0.9% of
days recorded exceedances of the limit value, but only 0.4% were due
to ADOs. Thus as an average, 30 daily exceedances per year are caused
by ADOs in the Canary Islands, and 13, 6, 1.5-4 in SE Iberia, Balearic
Islands and the rest of Spain, respectively.

3.1.2. Seasonal patterns

As shown in Table 1, 61-70% of all ADO days occur in spring and
summer in the different regions of Iberia and in the Balearic Islands,
with a higher frequency in summer as we approach Africa and in spring
as we approach N and NW Iberia. Thus, most of Iberia (NE, E, SE, SW and
Central) records maxima in summer (39-43%), followed by spring
(27-32%), with lower frequencies in winter (11-16%) and autumn
(15-18%). N Iberia and the Balearic Islands record maxima in summer
and spring (31-34% each) and lower percentages in autumn (18-20%)
and winter (18% in N Iberia, and, even lower, 13% in the Balearic
Islands). In NW Iberia, maxima occur in spring (34%), followed by sum-
mer (26%), then winter and autumn (20% each).

In the Canary Islands, ADOs occur all across the year (33, 28 and 25%
in winter, summer and autumn, respectively) but with a somewhat
lower incidence in spring (14%).

These patterns are aligned with the meteorological scenarios re-
sponsible for dust transport towards the Western Mediterranean, as de-
scribed in Salvador et al. (2014) as a result of a reanalysis study of the
period 2001-2011. These authors described four scenarios which ex-
plain most dust-transport situations. Among these four situations, the
“circulation type I” (characterized by a relative low pressure system ob-
served at the 850 hPa level, W or SW of the Iberian Peninsula coast and
by an upper level high located over N Algeria) has a higher impact at the
Western than at the Eastern end of the Iberian Peninsula, while “circu-
lation type IV” (characterized by the development of an intense N
African high over NEAlgeria and Tunisia) is related to higher impacts
in the Central and Eastern areas of Iberia. These two situations occur
under weak baric gradient conditions, predominantly in summer but
also occurring in other seasons, especially the “circulation type I”,
which occurs in late spring and early autumn with relatively high fre-
quencies. The “circulation types Il and III” (characterized by a shift of
the N African high to the west and a trough placed over the Western Ibe-
rian Peninsula coast and by a strong high pressure system extended
over E Algeria and Libya respectively) are more frequent in spring. In
comparison with the other two scenarios, they have associated a

Table 1
Percent seasonal average occurrence of ADOs over Spain for the period 2001-2016. BAL,
Balearic Islands, CAN, Canary Islands.

% BAL Iberian Peninsula CAN
NW NE N C E SE SwW

WINTER 13 19 11 18 14 13 13 13 33

SPRING 31 34 32 32 28 27 31 31 14

SUMMER 34 26 39 32 43 42 39 39 28
AUTUMN 22 20 18 18 15 18 17 17 25
SUMM SPR 65 61 71 64 70 69 69 69 42
SPRAUT 54 54 50 51 43 45 48 48 39

stronger baric gradient and a higher impact in NE Iberia and the Balearic
Islands.

3.2. ADOs over NE Iberia

3.2.1. Local, regional, continental PMx concentrations

As shown in Table 2, and according to the back-trajectory analysis,
the dominant air masses influencing the three monitoring supersites
have a NW-W Atlantic origin (NWA, around 30% of the days), followed
by the summer regional episodes (25% REG) and winter anticyclonic ep-
isodes (15% WAE). The ADO days accounted for 11-15%, this 4% vari-
ance might arise either from different data availability at the three
sites or air masses from sporadically different origins reaching the CB
site, located 175 km from the UB site. This difference may also be related
to the preferential transport of dust at higher altitudes over W Europe,
as the CB site is situated at 1568 m a.s.l. The proportion of ADO days
for these three sites during 2009-2016 is very similar to that obtained
for NE Iberia in 2001-2016 (16%).

The back trajectories were computed at 750, 1500 and 2500 m a.g.L
(Section 2.3); however, the altitude of the three sites range from 64 m
(Palau Reial) to 1568 m a.s.l. (Montsec). This means that we are actually
comparing circulation at different atmospheric levels over the three
sites (e.g., 750 m a.g.l. above Palau Reial is about 800 m a.s.l., while at
Montsec is about 2250 m a.s.l.). Some biases are probably being intro-
duced due to this mismatch.

The mountain sites are very often influenced by mountain and sea
breezes and the diurnal atmospheric convective dynamics, among
other meteorological phenomena, that transport pollutants from the
valleys towards the top of the mountains, as the regional and continen-
tal backgrounds affected by local pollution (Pérez et al., 2008b, 2008c,
among others). This transport mechanism gives rise to the typical
mountain daily cycles of pollutants with maxima peaking from midday
to early afternoon and concentration reductions in the nocturnal pe-
riods (Collaud Coen et al,, 2013). If we include these midday concentra-
tion humps in the calculation of the regional and continental
backgrounds levels, then we would overestimate them. Consequently,
there is a methodology in widespread use (see GAW protocols from
WMO) at mountain sites in order to obtain the actual RB or CB concen-
tration levels of pollution which consists of using concentrations re-
corded only during the nocturnal period, when the influence of the
pollution from surrounding valleys is reduced. However, we should
also note that for the circum-Mediterranean basins in the summer con-
ditions, relatively high mountain sites might be permanently included
in the ML or be affected by nocturnal reserve polluted strata injected
at high altitudes by vertical re-circulations of air masses in a complex
orographic and meteorological scenario (Millan et al., 1997, 2000;
Millan, 2014; Gangoiti et al., 2001). Bearing these limitations in mind,
Table 2 summarises the averaged concentrations for pollutants for dif-
ferent air mass transport scenarios for the RB and CB sites calculated ac-
cording the concentrations from 19 to 9 h UTC. The average absolute
UFP and BC concentrations reached in Barcelona (UB) during ADO
days were comparable to those recorded for the other air mass origin,
while PM10 concentrations were higher (32 pg/m’, see Table 2), even
when compared with levels recorded during the typical winter anticy-
clonic episodes (WAEs) with high PM10 (25 ug/m?). For the finer PM
fractions, the European air mass transport (EU) yielded slightly higher
PM1 and PM2.5 concentrations than ADOs, but levels during the ADOs
were still in the high range when compared to the other air mass trans-
port scenarios and, in both cases, higher than during the typical local
WAEs. Levels of PM1-10 and PM2.5-10 during ADO days were
43-46% higher when compared to the average concentrations for non-
dust days obtained for the whole period. Very similar patterns, but
with lower concentrations, can be deduced for the RB and CB sites
(Table 2). For BC, the highest concentrations were obtained at the CB
site for ADOs, while for the UB and RB sites, these highest concentrations
occur during EU and ASW air mass transport, respectively.
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2009-2016 frequency of occurrence for the eight air mass transport scenarios, and respective averaged concentrations of UFP (N>10nm), BC, PM10, PM2.5, PM1, PM1-10 and PM1-2.5
measured at the urban, regional and continental background sites (UB, RB, CB). Highest values are underlined. Values correspond to averages of annual means of daily levels.

UB Days N>10nm (#/cm®)  BC (ng/m®) PM10 (ug/m®) PM2.5 (ug/m®) PM1 (ug/m®) PM1-10 (ug/m®) PM2.5-10 (ug/m3) PM1-2.5 (ug/m>)

N % Mean STDV Mean STDV Mean STDV Mean STDV  Mean STDV Mean STDV Mean STDV Mean STDV

NA 145 6 11251 4147 1299 831 19 7 12 5 9 4 10 5 6 4 4 2
NWA-WA 696 29 12021 4304 1609 1065 22 9 14 7 10 6 12 6 8 4 4 2
SWA 29 1 13077 3500 2644 1510 28 9 20 7 14 7 14 5 9 4 5 2
ADO 270 11 11865 4540 1982 991 32 13 21 8 15 7 17 9 11 6 6 3
MED 74 3 10858 4393 1759 924 26 10 20 8 15 8 11 5 6 3 5 2
EU 172 7 12335 4688 1951 1049 30 13 22 10 17 9 13 6 8 5 5 2
REG 639 27 12030 4335 1557 808 24 8 15 6 1 5 12 5 8 4 4 2
WAE 371 15 11827 4740 1894 1024 25 11 18 8 14 7 12 6 7 4 5 2
Non-ADO 2396 11937 4402 1669 965 24 9 16 7 12 6 12 5 8 4 4 2
RB Days N>10nm (#/cm®)  BC (ng/m®)  PM10 (ug/m*®) PM2.5 (ug/m®) PM1 (ug/m®) PM1-10 (ug/m®) PM2.5-10 (ug/m3) PM1-2.5 (ug/m>)

N % Mean STDV Mean STDV Mean STDV Mean STDV  Mean STDV Mean STDV Mean STDV Mean STDV

NA 150 7 2885 1195 200 153 10 6 8 5 7 4 3 3 2 2 1 1
NWA-WA 692 30 3312 1780 216 192 10 6 8 5 6 4 4 4 2 3 1 1
SWA 34 1 2477 1334 223 235 12 7 9 5 7 5 5 3 2 2 2 2
ADO 270 12 3236 1526 336 207 21 14 13 7 10 5 11 12 8 8 3 5
MED 82 4 1892 1027 304 261 13 7 11 6 9 5 4 3 2 2 1 2
EU 168 7 2920 1569 335 266 15 10 12 8 10 7 5 4 3 3 2 2
REG 544 24 3634 1631 285 176 14 7 10 5 9 4 5 4 4 3 2 2
WAE 367 16 2507 1181 231 228 10 8 8 6 7 6 3 4 2 3 2 2
Non-ADO 2307 3118 1534 249 201 12 7 9 5 8 5 4 4 2 4 2 2
CB Days N>10nm (#/cm®)  BC (ng/m®) PM10 (ug/m®) PM2.5 (ug/m®) PM1 (ug/m®) PM1-10 (ug/m®) PM2.5-10 (ug/m®) PM1-2.5 (ug/m?)

N % Mean STDV Mean STDV Mean STDV Mean STDV  Mean STDV Mean STDV Mean STDV Mean STDV

NA 212 13 3057 2217 95 87 6 4 5 3 3 2 3 2 1 2 2 1
NWA-WA 383 24 3263 2397 101 86 7 6 5 4 3 3 3 3 2 2 2 1
SWA 84 5 2435 1525 105 73 5 3 4 3 2 2 3 2 1 1 2 1
ADO 236 15 3158 1792 234 140 20 19 12 10 7 4 13 16 7 10 5 7
MED 34 2 3150 2421 198 159 13 7 10 5 7 4 6 4 3 3 3 1
EU 158 10 3102 1888 202 174 12 8 10 7 8 6 4 4 2 3 2 1
REG 292 18 4220 2133 198 109 15 7 10 6 7 5 7 4 4 3 3 2
WAE 198 12 2890 2469 140 127 9 7 7 6 5 5 3 3 1 2 2 1
Non-ADO 1597 3309 2210 141 108 9 6 7 5 5 4 4 3 2 2 2 1

BC average concentrations for all measurement days in 2009-2016
reached 1669, 249 and 141 ng/m>, respectively at the UB, RB and CB
sites. Accordingly, and as could be expected the highest levels were re-
corded at the UB site due to the major, local, primarily-anthropogenic
origin of BC in the study area. A similar pattern is observed for UFP,
with averaged concentrations of 11,937, 3118 and 3309 #/cm’, respec-
tively at the UB, RB and CB sites. The much higher levels of UFP at the UB
site is also attributed to the major local primary origin of UFP in the area,
although nucleation of secondary UFPs may also contribute to increas-
ing the concentrations (Reche et al., 2011; Brines et al., 2015).

The results (Table 2) show clearly that for UFP and BC, levels are
much higher for REG and SWA, but also kept high for the other air
mass origins, including ADOs. The main differences were detected, as
expected, in the very high UB/RB levels of BC for SWA due to the SW
transport from a highly trafficked and industrialised area near Barce-
lona. Higher UFP CB and RB levels were recorded during the REG epi-
sodes probably due to high UFP nucleation episodes in this region
during the summer (Ripoll et al., 2014; Brines et al., 2015).

As expected, due to the dominant secondary and primary origins of
the fine and coarse PM fractions, respectively, the UB/RB/CB ratios are
very different for the considered PM size fractions. Average concentra-
tions of PM1, PM2.5 and PM10 in the period 2009-2016 reached 12,
16 and 25 pg/m>, respectively at the UB; 8, 9 and 12 pg/m?> at the RB;
and 5, 7, and 9 pug/m? at the CB (Table 2). These values represent 5, 8
and 12 pg/m> PM1 for the CB, RB and UB, respectively, and 4, 4 and 12
ug/m? for the coarse fraction (PM1-10).

According to the data from Table 2 the CB average PM1-10 reached
73% of the UB levels for the same PM fraction during ADO days (much
higher than the same contribution for the other air mass origins, with
an average for non-dust days 34%). Similar relative differences were

obtained for these contributions to PM1-2.5. Also for ADOs and PM1,
the CB levels reached around 850% of those of the UB ones (similarly
to EU and MED origins), while this proportion reached 64% under the
REG scenario, 14-36% for the remaining ones. It is interesting to note
that these percentages of contributions were relatively maintained for
PM2.5 and PM10, with the exception of ADO and REG days. This result
points to the higher long- and regional-range transport of PM in sum-
mer but also to atmospheric processes favouring the accumulation of
local PM1 during ADOs affecting the whole area (Pandolfi et al.,
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Fig. 4. Boxplots of the 2009-2016 midday MLH measured over Barcelona city for the
differentiated air mass transport scenarios. The data are divided into four quartiles.
Median is drawn as a horizontal line inside the box. Boxplot notches describe the
expected range of variability of the median. If the notches of two boxes do not overlap,
this offers evidence of a statistically significant difference between the medians for a
95% confidence interval. The median for ADO days is statistically different from all other
medians except the SWA air mass transport.
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2014a). The high impact of the ADOs on the levels of locally-emitted
pollutants is supported by Fig. 4, which summarises the average MLH,
measured at midday in Barcelona, for days with the different air mass
transports defined above. The thinest MLH was measured during ADO
days (715 + 272 m), 19% thinner than the average obtained for non-
dust days (883 + 393 m), 23% thinner than the MLH during NWA
days (934 £ 417 m), even thinner than during the winter anticyclonic
episodes (823 &+ 347 m). This thinning of the MLH might contribute
to increase levels of regional and local pollutants during ADOs, such as
PM1 or other PMXx fractions by favouring condensation of local pollut-
ants on dust. In fact, levels of SO, and NOx measured during ADO days
were 12 and 6% higher (data not shown here), respectively, when com-
pared with non-dust days. There are also additional factors than might
contribute to this increase of levels of anthropogenic pollutants (local
and external, gaseous and particulate, fine or coarse) such as: i) the
co-transport of pollutants emitted by large industrial states (mostly pet-
rochemical plants) from N Africa, as reported by Moreno et al. (2010),
Rodriguez et al. (2011) and Salvador et al. (2016); ii) the transport of
pollutants emitted from shipping in the Mediterranean Sea or in the
way of the transport to the receptor site (as in the industrial states of
Tarragona and those areas to the SW of Barcelona; see evidence below
in the section on chemistry); iii) the high dust load during ADOs that
might favour the massive condensation of local pollutants on the sur-
faces of dust particles; and iv) the occurrence of many ADOs in summer,
when the capability of the atmosphere to produce secondary PM pollut-
ants is enhanced with respect to the other seasons (in fact average sul-
phate levels in spring-summer ADOs increase as an average 33% with
respect to winter-autumn ADOs, both in PM10 and PM1).

As a whole, it is important to highlight that, as shown in Table 2,
ADOs are characterized by the prevalence of the CB load in the averaged
levels of the measured PMX, especially in the coarse mode (PM1-10),
compared with most of the other air mass origins. It has also to be
noted that the differences of altitude of the UB, RB and CB sites might ac-
count for a different levels of influence of desert dust being transported
preferentially at higher altitudes and this might have introduced biases
in our calculations, which cannot be quantified.

3.2.2. PMx speciation

Table 3 summarises the average concentrations of major PM compo-
nents and trace elements for the three supersites during ADO and non-
dust days.

3.2.2.1. Mineral dust. Results of the chemical speciation of PM at the
three study supersites in NE Iberia for the period 2009-2016 evidenced
that during ADOs, mineral matter (MM, including African dust and re-
gional and local mineral dust, and calculated from the sum of concentra-
tions of bulk Al, Fe, Ti, P and Mn oxides; non-sea salt Na, Mg and K
oxides; non sea salt Ca levels, and the indirectly determined Si oxide
and carbonate concentration 2.5 % Al,0; = SiO, and, CO5~ = 1.5
* non-sea salt Ca, Querol et al.,, 2001) accounted for an average of
10-11 pg/m> of PM10 for CB, RB and UB. These concentrations are
close to the 13 pug/m> 2001-2016 averaged dust contribution to PM10
during ADO days obtained for NE Iberia using the statistical method ex-
plained in the methodology.

The relative proportions of Al,03, Fe;03 and CaO-mineral (bulkCaO-
seasaltCaO, the latter obtained from the Ca/Na ratio of sea salt multi-
plied by the Na concentrations) reveal differences between the mineral
components of dust and their possible origins, with Al,O3 indicating a
higher content of natural silicate mineral dust (“crustal”), higher CaO
being attributed, at least in part, to construction activities (but also
local geology and road dust resuspension, Amato et al., 2016), and
higher Fe,05; useful as a surrogate for the contributions of non-
exhaust vehicle emissions (Amato et al., 2016). When considering all
daily data points of PM10 from the UB site, these points have very sim-
ilar proportions of the three oxides that are independent of the air mass
origin, with a slightly higher proportion of Al,05; during ADO days

(Fig. 5a). At both the RB and CB sites (Fig. 5b and c), especially at the lat-
est, the proportion of Fe,03 is much less important than it is at the UB
site (25-65% at the UB and < 25% at the CB site), except for some specific
days (mostly regional) at the RB, when Fe,03 can be higher (sometimes
>75%, Fig. 5b), presumably due to the influence of metropolitan
Barcelona's urban plume. At the CB site, all days showed similar relative
compositions, although ANW days were slightly richer in CaO (Fig. 5¢),
probably due to the calcareous composition of local soils. For PM2.5, UB
samples exhibited a high Fe,03/Al,05 ratio, reflecting the metal content
of the traffic-contaminated city air (Fig. 5d). Many of the higher Al,O3
relative contents can be traced to the influence of the ADO source, but
the highest Al,05 relative values were obtained for regional days (in yel-
low, Fig. 5d). In general, Fe,03 relative concentrations are higher for
PM2.5 than for PM10, especially on ANW and WAE days. In contrast,
the lowest proportions of Fe,03 were obtained for the AN air masses.
In the case of RB, the PM2.5 diagram is very similar to that for PM10,
with higher Fe,03 proportions generally obtained during summer re-
gional pollution episodes (Fig. 5e).

In the case of PM1 (not shown here), with very low MM contribu-
tions, a great range of the relative concentrations of the three oxides is
evidenced, especially at the UB site. There are no clear trends, although
higher Fe,03 contents (>50%) are again more characteristic of the UB
than the CB, with a majority of the samples from both the RB and CB
sites plotting below Fe,03 = 25% and scattering between the CaO and
Al,O3 apices (not shown).

When comparing the geochemical data from the three sites during
ADO days (Fig. 6), it becomes apparent again that the UB PM10 compo-
sition is richer in Fe,O3 (proportionally to the Al and Ca oxides),
whereas the RB and CB PM10 samples are similar (with the RB sample
being slightly higher in Fe,O3 than the CB sample, which is shifted
slightly to CaO). It is interesting to note that at both the CB and RB
sites, the geochemical data are aligned with the end member, corre-
sponding to the re-suspended soil sampled in the NW Sahara
(Moreno et al., 2006), the usual source origin of dust influencing PM
levels in Spain (Rodriguez et al., 2001).

Fig. 7a shows the averaged ratios ADO/non-ADO for major PM com-
ponents in PM10, PM2.5 and PM1 obtained at the UB, RB and CB sites.
Results evidence that levels of MM in PM10 increased during ADO
days from a factor of 2 (UB) to 4.7 (CB) compared with non-ADO days,
very similarly to PM2.5 (2.2 UB to 4.3 RB). In PM1 the increase was
less marked (1.1 UB to 2.4 CB) as expected for the coarse size distribu-
tion of dust.

3.2.2.2. Organic matter and secondary PM components. For organic matter
(OM) (Fig. 7a), there is also a slight increase during ADO days at the UB,
RB and CB sites and for the 3 PM fractions, with ADO/non-ADO ratios
from 1.1 to 1.4 (UB to CB). In any case, these increases are expected
due to OM's seasonality, with a higher summer secondary organic aero-
sol (SOA) formation rate, when the frequency of ADOs increases (OM/
EC ratios increased from the winter-autumn to spring-summer ADOs
from 3.9 to 5.5 in PM1 and 4.3 to 5.3 in PM10). Also, a higher summer
frequency of sea and mountain breezes that transport pollutants to
the mountain sites is recorded compared to other seasons.

Concerning the nssS03 loads, there is also a marked increase during
ADO days (Fig. 7a), with ADO/non-ADO ratios from 1.6 to 1.8 in PM10,
PM2.5 and PM1 and UB, RB and CB sites. This marked nssSO3_ increase
might be also the result of the marked seasonality of this specie, with
higher summer levels, but also to the well-known formation of second-
ary sulphate on available mineral dust particles (Levin et al., 1996;
Alastuey et al., 2005). As stated above at the UB site nssSO3~ increased
33% in spring-summer ADOs when compared with winter-autumn
ADOs. The thinning of the MLH would affect the SOA and SIA in a similar
way, but the enrichment in OM is reduced by a factor of 2 compared
with the one obtained for the nssSO3™ loads in PM10 (Table 3). In fact,
as shown in Fig. 7b and c, the highest levels of nssSO3™ are recorded
for the ADOs. This increase reaches from 1.6 to 1.8 ADO/non-ADO
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Table 3
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Averaged concentrations of major PM components and trace elements for the 3 supersites, UB, RB, CB (Urban, Regional and Continental Background) and for ADO and non-ADO days.

Values correspond to averages of annual means of daily levels.

PM10 UB PM10 RB PM10 CB PM2.5 UB PM2.5 RB PM1 UB PM1 RB PM1 CB
ADO  nonados ADO  nonadoo ADO nonados ADO nonados ADO nonados ADO nonados ADO nonados ADO nonados

N 100 684 98 612 105 621 100 651 82 583 106 699 78 559 58 360
pg/m?

PMx 334 245 25.1 14.5 18.8 8.9 21.0 16.8 15.0 103 16.1 129 11.8 8.3 7.2 54
oM 6.8 6.0 4.8 37 42 31 5.6 5.1 4.1 3.0 49 43 3.6 2.7 3.9 2.9
EC 14 1.2 03 0.2 0.2 0.1 1.1 1.0 0.2 0.2 1.0 1.0 0.2 0.2 0.1 0.1
Mineral 10 52 9.5 24 11 24 3.2 1.5 2.3 0.5 0.6 0.5 0.5 0.2 09 04
nss SO3~ 4.1 2.3 29 1.6 1.8 1.1 34 2.0 2.4 14 2.6 1.5 2.2 13 14 1.1
SIA 7.2 5.3 4.5 3.0 3.2 2.2 5.5 4.1 34 2.4 4.0 2.9 2.9 19 2.2 1.8
Trace elem. 0.2 0.2 0.1 0.1 0.1 0.2 0.1 0.1 0.1 <0.1 0.1 0.1 <0.1 <0.1 <0.1 <0.1
Marine 0.8 0.6 0.4 0.4 0.1 <0.1 0.2 0.2 0.1 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Undet 2.8 3.6 5.6 4.6 <0.1 0.9 1.8 2.7 4.8 4.1 3.0 24 44 32 0.6 0.5
ng/m>

Li 0.43 0.23 0.49 0.14 0.61 0.13 0.13 0.09 0.13 0.04 0.04 004 0.03 0.01 <0.01 <0.01
Be 0.02 0.01 0.03 <0.01 0.03 <0.01 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
P 25 17 19 11 17 7.6 10 8.1 7.1 4.9 5.8 4.7 4.4 3.2 <0.01 <0.01
Sc 0.08 0.04 0.13 0.03 0.12 0.01 0.03 0.01 0.06  0.02 0.04 001 0.01 0.01 <0.01 <0.01
Ti 34 17 45 10 56 8.4 10 54 11 2.3 2.5 1.8 1.8 0.63 0.25 0.21
v 10 54 39 1.7 2.8 0.87 8.8 43 2.8 12 7.0 3.5 2.2 1.1 0.05 0.03
Cr 3.9 32 1.6 0.81 1.8 0.77 1.7 1.6 0.81 0.59 0.82 0.79 046 042 <0.01 <0.01
Mn 12 10 8.8 33 10 3.1 54 4.6 2.8 13 2.0 21 1.2 0.53 0.07  0.06
Co 0.28 0.16 0.20 0.07 024  0.06 0.14  0.08 0.08 0.03 0.09 0.05 0.05 0.02 <0.01 <0.01
Ni 4.6 2.8 1.8 1.0 1.5 0.64 3.9 2.2 14 0.86 3.0 1.8 1.1 0.66 0.08 0.08
Cu 21 20 3.0 2.9 1.7 091 6.5 71 1.6 1.6 2.8 3.0 1.0 1.1 0.02 0.02
Zn 53 61 12 11 8.0 6.3 37 43 10 9.4 16 19 6.0 5.8 0.07 045
Ga 0.18 0.09 0.21 0.05 0.27 0.05 0.07 0.05 0.06  0.02 0.03 0.03 0.01 0.01 <0.01 <0.01
As 0.51 0.41 027 0.17 026 011 0.36 0.31 016  0.13 0.28 0.26 0.12 0.11 <0.01 <0.01
Se 0.58 0.39 0.26 0.16 016  0.10 0.32 0.29 016  0.11 0.16 0.19 0.10  0.09 <0.01 <0.01
Rb 0.83 0.47 0.92 0.29 1.1 0.2 0.28 0.20 026  0.10 0.12 0.11 010  0.06 <0.01 <0.01
Sr 44 2.3 34 1.0 4.6 1.2 1.2 0.80 091 0.25 0.43 0.28 014  0.10 0.05 0.03
Y 029 019 031 0.12 0.53 0.21 0.17 0.12 0.13 0.07 0.11 0.08 0.02 0.04 <0.01 <0.01
Zr 7.9 6.2 6.1 2.8 6.9 3.0 6.1 4.5 5.1 34 4.0 3.6 4.2 35 <0.01 <0.01
Nb 0.45 0.27 0.50 0.14 0.62 0.10 0.18 0.11 020 0.07 0.09 0.07 0.07 0.05 <0.01 <0.01
Mo 2.8 3.6 1.5 13 070 079 42 2.5 0.39 1.30 2.8 1.8 <0.01 0.86 <0.01 <0.01
cd 014  0.15 0.06 0.05 0.04  0.02 014  0.12 0.06  0.05 0.07 0.08 004 004 <0.01 <0.01
Sn 52 49 0.77 0.64 033 0.27 2.7 2.4 0.57 0.46 1.8 1.5 044 040 <0.01 <0.01
Sb 2.5 2.3 033 0.27 0.13 0.07 1.0 0.8 020 0.16 054 039 016 013 <0.01 <0.01
Cs 0.05 0.03 0.05 0.01 0.06  0.01 0.01 0.01 0.01 <0.1 0.00 0.00 0.00 0.00 <0.01 <0.01
Ba 16 12 7.2 32 7.7 24 8.4 8.0 2.8 2.2 29 34 0.38 0.86 010  0.07
La 0.42 0.21 044  0.12 0.61 0.13 0.16 0.09 0.13 0.05 0.06 0.05 0.03 0.02 <0.01 <0.01
Ce 0.82 0.42 0.90 0.23 1.2 0.25 0.31 0.19 0.27 0.08 014 012 006  0.05 <0.01 <0.01
Pr 0.08 0.04 0.10 0.02 014  0.03 0.02 0.01 0.03 0.01 0.01 0.01 0.01 <0.01 <0.01 <0.01
Nd 0.28 0.12 0.37 0.09 0.52 0.12 0.09 0.05 0.11 0.03 0.03 0.02 0.02 0.01 <0.01 <0.01
Sm 0.06  0.03 0.08 0.02 0.12 0.04 0.02 0.02 0.02 0.01 0.01 0.01 <0.01 <0.01 <0.01 <0.01
Eu 0.01 <0.01 0.01 <0.01 0.02 0.01 <0.1 <0.01 <0.01 <0.01 0.00 <001 <0.01 <0.01 <0.01 <0.01
Gd 0.07 0.04 0.08 0.02 0.12 0.05 0.03 0.02 0.03 0.01 0.02 0.01 0.01 0.01 <0.01 <0.01
Tb 0.02 0.01 0.01 <0.01 0.02 0.01 0.01 0.01 0.01 <0.01 0.00 <0.01 <0.01 <0.01 <0.01 <0.01
Dy 0.06  0.04 0.07 0.03 0.12 0.06 0.04 0.03 0.03 0.02 0.03 0.02 0.01 0.01 <0.01 <0.01
Ho 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 <0.01 0.00 <0.01 <0.01 <0.01 <0.01 <0.01
Er 0.03 0.02 0.03 0.01 0.06  0.02 0.01 0.01 0.01 0.01 0.01 0.01 <0.01 <0.01 <0.01 <0.01
Tm <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.00 0.00 <0.01 <0.01 0.00 <001 <0.01 <0.01 <0.01 <0.01
Yb 0.01 <0.01 0.03 0.01 0.05 0.02 0.00 0.00 0.01 0.01 0.00  <0.01 <0.01 <0.01 <0.01 <0.01
Lu 0.02 0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.01 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Hf 029 024 0.23 0.09 0.22 0.08 0.23 0.17 019 012 0.15 0.13 0.17 0.13 <0.01 <0.01
Tl 0.04  0.05 0.01 <0.01 0.01 <0.01 0.03 0.03 <0.01 <0.01 0.02 0.02 <0.01 <0.01 <0.01 <0.01
Pb 8.0 7.9 3.0 21 2.1 0.93 6.1 5.9 2.5 1.8 3.6 3.7 19 14 0.13 0.07
Bi 034 037 0.10 0.11 0.03 0.02 0.17 0.20 0.06  0.07 0.10 0.12 0.05 0.05 <0.01 <0.01
Th 014  0.07 0.16 0.04 019  0.05 0.06 0.03 0.06  0.02 0.03 0.02 0.01 0.01 <0.01 <0.01
U 0.11 0.08 0.08 0.06 016  0.11 0.08 0.06 0.06  0.05 0.05 0.05 0.03 0.04 <0.01 <0.01

concentrations and 2.3 to 3.0 for ADO/NA days for PM10 (Fig. 7b), and
1.3-1.7 and 2.4-2.7, respectively for PM1 (Fig. 7c). For OM (Fig. 7d
and e, these enrichments are much reduced during ADOs (ratios 1.1 to
1.4) and similar or lower than those obtained for the EU and WAE atmo-
spheric scenarios. If we consider SIA (ssSO7~ NH4NO 3), the ADO en-
richments are intermediate between those of nssSOF~ and OM. The
higher enrichment of nssSO3~ compared to SIA and SOA (major compo-
nent of OM) points to a relevant dust-SO7 chemical interaction.

3.2.2.3. Trace PM components. Concerning trace elements (Table 3), the
contents of typical crustal elements, such as Be, Ga, Hf, Li, Mn, P, Rb,
Th, Ti, U, Y, Zr and Rare Earth Elements (REEs) were markedly higher
during ADO days, compared to the rest of the air mass origins, while
those of Cr, Cu, Zn, Ge, As, Sn, Sb, W, Tl and Pb were higher during
SWA transport days. Many of the latter are associated mostly with met-
allurgical industrial sources located to the SW of Barcelona (Mn, Ni, As,
Cd, Bi, Cr, Cu, Zn, Sn, Sb, W, Pb), shipping (V and Ni) or non-exhaust ve-
hicle emissions (Ba, Zn, Cu, Sn, Sb, Mn), according to latest published
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Fig. 5. Al,05-Fe,03 and CaO ternary diagram for PM10 samples for all days as measured for the urban (a), regional (b) and continental (c¢) background sites. Idem for PM2.5 for the urban
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Fig. 6. Al,03-Fe,05 and CaO ternary diagram for PM10, PM2.5 and PM1 samples as measured, for ADO days at the urban, regional and continental background sites, as well as the
resuspended particles from soils from Niger, NW Sahara, Chad and Hoggar Basin (all in N Africa), as reported by Moreno et al. (2006).
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source apportionment analysis carried out for PM in Barcelona (Amato
et al., 2009, 2016).

The UB/RB ratio of the concentrations of trace elements in PM10 dur-
ing ADOs supports the discrimination of those elements being
transported with African dust (UB/RB ratio close to 1) from those

accumulated locally during the ADO. Accordingly, the following groups
have been differentiated (Fig. 8):

» Elements with an African dust origin, i.e., with a UB/RB ratio < 1.5: Li,
Be, P, Sc, Ti, Ga, Rb, Sr, Y, Zr, Nb, Cs, REEs, Hf, Th and U.
* Elements enriched locally during the ADO, i.e., with a UB/RB ratio =
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Fig. 8. Urban/regional background ratio (UB/RB) of averaged trace elements concentrations measured in PM10 during African dust outbreaks.
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1.5-3:V, Cr, Co, Ni, As, Se, Mn, Mo, Cd, Ba and Pb; or a UB/RB ratio > 3:
Cu, Zn, Sn, Sb, Tl and Bi.

For non-ADO days (Fig. 8) these groups are still differentiated but
the local enrichment is higher probably because the lower RB levels of
most elements during non-ADO dats.

Moreover, when evaluating concentrations in pg/g, i.e., by dividing
the trace element concentrations (ug/m>) by PM10 mass concentrations
(g/m>), it becomes evident that at the UB site, the same groups of ele-
ments are differentiated with respect to the enrichment in PM10 during
ADOs compared with non-ADOs days:

Elements highly enriched in PM10 during ADOs and mainly associated
with African dust: Sc, Ti, Be and REEs >50%; Li, Ge, V, Ga, Rb, Sr, Y and
Co 25 to 50%.

Elements moderately enriched or not enriched and thus partially as-
sociated with African dust: Ni, Se, Nb, P, Ba and Zr at -5 to 20%.
Elements highly or slightly depleted in PM10 during ADOs and thus
with a local origin because African mineral dust dilutes their concen-
trations in PM10, in spite of their possible concentration increments
due to the thinning of the ML: As, Mn, Cr, Sb, Sn, Cu, Pb, Cd, Bi. Zn, Tl
and Mo at -8 to -42%.

When the same exercise is done for the PM10 at the RB and CB sites,
the same elemental classification is obtained but with higher relative
enrichments and reduced depletions.

Titanium has been identified as one of the best tracers of the ADOs in
the urban atmosphere of Barcelona (Querol et al., 2001). To evaluate
quantitatively the magnitude of the effect of the ADO enrichment of lo-
cally and regionally emitted pollutants, compared with that of non-ADO
days, we carried out calculations of Ti-normalised Enrichment Factors
(EFs) for the major and trace PM10 components analysed here by
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following the Egs. (1) and (2).

PM10_UB;
PM10_UBy;
PM10_RB;
PM10_RBy;

EFPM] 0_iUB/RB —

PM10_UB,
PM10_UBy;
PM10_CB;

PM10_CBr;

(2)

EFpmio_iu/cB =

Here, EFPM]O_iUB/RB and EFPM]O_iUB/CB are the Ti-normalised EFs of the
PM10 component ‘i’ in the UB divided by that of the RB or CB, respec-
tively; PM10_UB;, PM10_RB; and PM10_CB; and PM10_UBy;, PM10_RBr;
and PM10_CBy; are the averaged ambient air concentrations of PM10
components ‘i’ and Ti at the UB, RB and CB sites. These EFs were calcu-
lated for both ADO and non-ADO days (ADO-EFpm10_iug/rs and ADO-
EFpmio_ius/cs and Non-ADO-EFpwmi_ius/rs and Non-ADO-EFpwi0_ius/ce
(Fig. 9), and the following groups of PM10 components were identified
based on their respective EF values:

* Be, Cs, Ga, Hf, Li, mineral matter Sr, Rb, Th, U, Y, Zr and REEs reached
EFjug/rp and EFiyg,cg from 0.8 to 1.7, thus evidencing a null to light en-
richment in the UB compared to the RB ‘i’/Ti concentrations. Also, the
EFs for most of them were very similar for ADO and non-ADO days
(ADO-EF/Non-ADO-EF = 0.8-1.5 for most elements). Thus, nss-SO3"
was enriched by around 60% in the UB during ADO days, nearly double
that of the non-ADO days. In addition to the possible long-range trans-
port (see below) and the accumulation of this pollutant due to the
MLH thinning, the interaction of local and regional SO, and H,SO4
with mineral dust particles has been identified as a main cause of its
enrichment in ADOs.

Typical road traffic-related PM components, such as Sb, Cu, Sn, EC, Zn
and Bi, reached extremely high EFUB/RBs (10.0-4.8) and EFUB/CBs
(31.0-11.0) during ADOs, and the EFs where 1.7 to 2.9 higher in
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Fig. 9. Ratios of UB/RB (upper) and UB/CB (lower) Ti-normalised Enrichment Factors (EF) values for major and trace PM10 components for African dust outbreaks (ADO) and non-ADO

days.
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ADOs than non-ADOs. Thus, as could be expected, the road traffic-
related PM components are highly enriched vs Ti at the UB site, but
this enrichment is more than doubled in ADO days compared with
non-ADO days.

Intermediate EFs (1.6 to 3.2 for EFUB/RB and 1.8-7.7 for EFUB/CB dur-
ing ADOs) were obtained for Pb, Ni, V, Cr, Ba, Se, Cd, SS, As, SIA, OM,
nssSOZ~, Mn, Co, P and sea salt, which arise in large proportions
from regional emissions from industry (Pb, Cr, Cd, Co, Ni, As, Se, Mn)
and shipping (V and Ni), according the latest source apportionment
analyses (Amato et al., 2016). Furthermore, for most of these PM com-
ponents (Pb, Cd, Ni, V, sea salt, As, Se, SIA and OM), the EFs in ADO
days were doubled (1.0-3.8) compared with non-ADO days. Thus,
for these, mainly regional, pollutants, there was a moderate enrich-
ment during ADO days, but, in any case, this enrichment wad double
the one calculated for non-ADO days. For some of these components
and the ones from the first group, the co-transport with dust of an-
thropogenic pollutants emitted by large industrial states (mostly pet-
rochemical plants) in N Africa and the Mediterranean-wide shipping
emissions (Moreno et al., 2010; Rodriguez et al., 2011) might also ac-
count for their moderate EFs during ADOs. Non-sea salt-SO3~ at the UB
site was enriched by a factor ranging from 1.3 (versus summer re-
gional episodes) to 3.0 (versus N Atlantic air mass transport) during
ADO days and nearly double that of the non-ADO days. In addition
to the possible long-range transport (see below) and the accumula-
tion of this pollutant due to the MLH thinning, the above referred in-
teraction of local and regional SO, and H,SO,4 with mineral dust
particles has been identified as a main cause of its enrichment in
ADOs.

The above results on EFs suggest that ADOs favour the accumulation
of, or co-exist with, locally and/or regionally emitted PM components;
hence, mineral dust is not the only pollutant affecting air quality during
African dust episodes. Since it would be expected reduction of the MLH
to affect the both primary and secondary PM components in a similar
proportion, our results indicate the enhancement is larger for primary
local species in the coarse fraction.

4. Conclusions

This study focuses on the assessment, based on a multi-parametric
dataset, of air quality degradation over Spain induced by African Dust
Outbreaks (ADOs). To this end, we evaluated the 2001-2016 occur-
rences of ADOs over Spain and their associated impact on the levels of
PM10 and PM2.5. Furthermore, for NE Iberia, we analysed in detail the
impact of ADOs on other metrics, including UFP, BC and the levels and
compositions of PM1, PM2.5, PM10, by comparing the 8-year records
obtained simultaneously at three (urban, regional, and continental
background) sites, in and around Barcelona City.

Results show a clear decrease of dust in PM10 and PM2.5 as the dis-
tance to N Africa increases, from the maxima of the Canary Islands and
SE Iberia (33-35% of annual averaged PM10 and PM2.5 from regional
background sites are attributed to ADOs) to the minimum at N Iberia
(7-10%). A marked seasonality of ADOs is observed, with 67-77% of
all ADO days occurring in spring and summer in most regions of Iberia
and in the Balearic Islands, but this pattern contrasts to their prevalence
in autumn and spring in NW Iberia (76%) and their distribution
throughout the year in the Canary Islands, although there are fewer ep-
isodes in spring (13%) there.

Focusing on NE Iberia, the average UFP and BC concentrations mea-
sured in the Barcelona urban background during ADO days were com-
parable to those recorded for the other air mass origins, while mean
levels of PM10 were even higher than those measured during the typi-
cal “urban pollution events” occurring in winter under stagnant anticy-
clonic scenarios. For the finer PM fractions, PM1 and PM2.5

concentrations during ADOs were slightly lower than those observed
during EU air mass transport, but still ranked highly compared to all
air mass transport scenarios. Levels of PM1-10 in the Barcelona City
during ADO days were 43-46% higher compared to non-dust days. In
the regional and continental background this increase reached 175
and 225%.

When comparing levels of pollutants in the urban background of
Barcelona City, and the surrounding regional and continental back-
grounds for ADOs and non-ADOs days we found that UFP and BC do
not markedly increases during ADO days. However, PM1-10 and
PM1-2.5 levels in the continental background site during ADO days
reached 70-75% of the equivalent ones measured at the urban back-
ground, whereas this reaches 34% for non-ADO days.

The study of the variation in the relative contributions of Al,03,
Fe,03 and CaO to the dust fraction evidenced that Al,O5 can be consid-
ered a good tracer of African dust. Concentrations of CaO at the urban
site are clearly affected by the resuspension of local soils, construction
activities and road dust, whereas concentrations of Fe,Os are clearly af-
fected by anthropogenic emissions, mainly brake discs from vehicles.
This confirms the limitation of using CaO and Fe,O3 as tracers of
African dust, as concluded by Alastuey et al. (2016) for specific episodes.

Both continuous measurements of PMx levels and chemical specia-
tion allowed us to evidence that the increased concentrations during
ADOs are caused by the following factors:

* The transport of mineral matter from desert dust, frequently causing
exceedances of the daily PM10 standards when added to the local
and regional PM, as demonstrated in this study and a number of
prior ones (Rodriguez et al., 2001; Querol et al., 2009; Pey et al.,
2013; among others).

* The co-transport of dust with anthropogenic pollutants emitted by

large petrochemical plants from N Africa and Mediterranean-wide
shipping emissions. Levels of nssSOZ", V and Ni that were closely re-
lated to these sources were found to be high during ADOs. Moreno
et al. (2010) and Rodriguez et al. (2011) also evidenced this co-
transport.
The accumulation of locally-emitted anthropogenic PM pollutants
(SO7", As, Bi, Cu, Cd, EC, Pb, Sn, Sb, among others) during ADOs,
which has been evidenced in our study using Ti-normalised enrich-
ment factors. This accumulation can be attributed to:

o Arelatively low MLH (even thinner than during WAEs, around 20%
thinner at midday than the average obtained for non-ADO days in
our study).

o The high dust load during ADOs favouring the formation of second-
ary pollutants from local semi-volatile chemicals on the surface of
mineral particles. This scenario is especially plausible in the case of
nssSO03 .

o ADO frequency in most of mainland Spain is higher in summer,
when the capability of the atmosphere to produce secondary PM
pollutants is larger than during the other seasons.

In view of the above results, we would like to highlight that patterns
of PM during ADOs are very complex and this might influence human
health. As a consequence, not only the measure of PMx levels has to
be quantitatively contrasted with potential health effects. The occur-
rence of ADOs also favours the occurrence of individual or synergistic ef-
fects that might involve meteorology, the preferential accumulation of
locally-emitted pollutants and the long-range co-transport of anthropo-
genic pollutants, giving rise to increases in the levels of secondary PM
species and metals in metropolitan areas, such as Barcelona, with high
population densities. The impact of this complex mix of PM compounds
on human health should be also assessed in health assessment analyses
of ADOs. Thus, it is not only mineral dust that matters in terms of air
quality during African dust episodes.
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