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Abstract. A reliable identification of desert dust (DD)
episodes over north-central Spain is carried out based on the
AErosol RObotic NETwork (AERONET) columnar aerosol
sun photometer (aerosol optical depth, AOD, and Angstrém
exponent, «) and European Monitoring and Evaluation
Programme (EMEP) surface particulate-mass concentration
(PM,, x =10, 2.5, and 2.5-10 um) as the main core data.
The impact of DD on background aerosol conditions is de-
tectable by means of aerosol load thresholds and complemen-
tary information provided by HYSPLIT (Hybrid Single Par-
ticle Lagrangian Integrated Trajectory Model) air mass back
trajectories, MODIS (Moderate Resolution Imaging Spectro-
radiometer) images, forecast aerosol models, and synoptic
maps, which have been carefully reviewed by a human ob-
server for each day included in the DD inventory. This iden-
tification method allows the detection of low and moderate
DD intrusions and also of mixtures of mineral dust with other
aerosol types by means of the analysis of «. During the pe-
riod studied (2003-2014), a total of 152 DD episodes com-
posed of 418 days are identified. Overall, this means ~ 13
episodes and ~ 35 days per year with DD intrusion, repre-
senting 9.5 % days year~!. During the identified DD intru-
sions, 19 daily exceedances over 50 uygm™> are reported at
the surface. The occurrence of DD event days during the
year peaks in March and June, with a marked minimum in
April and lowest occurrence in winter. A large interannual
variability is observed showing a statistically significant tem-
poral decreasing trend of ~ 3 days year~—!. The DD impact

on the aerosol climatology is addressed by evaluating the
DD contribution in magnitude and percent (in brackets) for
AOD, PMp, PM> 5, and PM> 5_10, obtaining mean values
of 0.015 (11.5%), 1.3ugm™3 (11.8 %), 0.55 ugm—> (8.5 %)
and 0.79 ugm—3 (16.1 %), respectively. Annual cycles of the
DD contribution for AOD and PM;( present two maxima —
one in summer (0.03 and 2.4 ugm=3 for AOD in June and
PMj in August) and another in March (0.02 for AOD and
2.2ugm3 for PMjg) — both displaying a similar evolution
with exceptions in July and September. The seasonal cycle
of the DD contribution to AOD does not follow the pattern
of the total AOD (close to a bell shape), whereas both PM
cycles (total and DD contribution) are more similar to each
other in shape, with an exception in September. The inter-
annual evolution of the DD contribution to AOD and PM
has evidenced a progressive decrease. This decline in the lev-
els of mineral dust aerosols can explain up to 30 % of the
total aerosol load decrease observed in the study area dur-
ing the period 2003-2014. The relationship between colum-
nar and surface DD contribution shows a correlation coef-
ficient of 0.81 for the interannual averages. Finally, synop-
tic conditions during DD events are also analysed, observing
that the north African thermal low causes most of the events
(~ 53 %). The results presented in this study highlight the
relevance of the area studied since it can be considered rep-
resentative of the clean background in the western Mediter-
ranean Basin where DD events have a high impact on aerosol
load levels.
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1 Introduction

Atmospheric aerosol particles play a key role in the radiation
scattering and absorption physical processes that contribute
to the Earth’s radiative budget (Trenberth et al., 2009; Wild et
al., 2013). Their impact on Earth’s climate is represented by
their direct radiative forcing (Haywood and Boucher, 2000;
Boucher et al., 2013), but aerosols also act as cloud conden-
sation nuclei modifying cloud properties and giving rise to a
set of feedback processes that constitute the indirect radia-
tive effect (Lohmann and Feichter, 2005; Lohmann et al.,
2010; Boucher et al., 2013). All these aerosol climate ef-
fects have been enhanced due to anthropogenic aerosol par-
ticles (mainly sulfate and carbonaceous substances), which
have increased the mean global temperature in the last cen-
tury and have modified the atmospheric composition sub-
stantially (Boucher et al., 2013). Aerosol radiative proper-
ties, such as aerosol optical depth (AOD) or single scattering
albedo (d’Almeida et al., 1991; Cachorro et al., 2000; Eck et
al., 2010) are important issues to consider when studying the
impact of atmospheric aerosol on climate.

Beside the climatological aspect of atmospheric aerosols,
another element to be considered is their direct effect on air
quality (Ganor et al., 2009; Kulmala et al., 2009; Querol
et al., 2013). In environmental studies, particulate matter is
mostly represented by its level of mass concentration at the
surface represented by various size fractions (PMjg, PM3 s,
PM;, etc., where the subscript indicates the upper cut-off
of the aerodynamic diameter of particles and PM, is used
here as a general term referring to these fractions) and by the
chemical speciation of its components: sulfates, nitrates, car-
bonaceous material, and minerals, among others. Aerosols
can have a strong adverse impact on human health (e.g. Pope,
2000; Pérez et al., 2012) and ecosystems (Mahowald et al.,
2010).

Desert or mineral dust aerosol is one of the main natu-
ral types of atmospheric aerosol particles, with a strong im-
pact on the Earth system due to its worldwide distribution
and temporal variability (Goudie and Middleton, 2006; Knip-
pertz and Stuut, 2014; Viana et al., 2014). The injections of
desert dust (DD) into the atmosphere, from the main two Sa-
hara dust sources (Bodélé depression and eastern Mauritania)
by different resuspension processes, can result in aerosol lay-
ers at high altitude being transported long distances to the
Atlantic Ocean and Europe (e.g. Prospero, 1999; Prospero
et al., 2002; Escudero et al., 2006, 2011; Engelstaedter and
Washington, 2007; Knippertz and Todd, 2012; Guirado et al.,
2014).

Our interest in this work focuses on atmospheric aerosol
studies over the Iberian Peninsula (IP), which constitutes a
peculiar area due to the large spatio-temporal variability in
aerosol properties, types, and mixing processes as a result
of the contrasting influences of the Atlantic Ocean, Mediter-
ranean Sea, European continent, and the Saharan area. Based
on sun-photometer data studies, different sectors of the IP,
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defined by their topography or geography, can exhibit dif-
ferent aerosol climatologies (Alados-Arboledas et al., 2003;
Vergaz et al., 2005; Estellés et al. 2007; Toledano et al.,
2007a; Obregén et al., 2012; Bennouna et al., 2013; Mateos
etal., 2014a). In particular, the Sahara and Sahel desert areas
are the most important natural sources of mineral aerosols
for the IP. The closeness of the IP to the African continent
intensifies the impact of desert dust events on the aerosol
load, measured as the whole atmospheric column (AOD) and
at the surface (PM,). Different synoptic weather conditions
and circulation patterns influence the arrival of desert dust in-
trusions in the IP, resulting in differences in the seasonal be-
haviour (Escudero et al., 2005, 2006; Toledano et al., 2007b;
Basart et al., 2009; Valenzuela et al., 2012a; Pey et al., 2013a;
Salvador et al., 2013, 2014). These intrusions are character-
ized by isolated or episodic events of short duration (around
2-3 days). However, episodes in summer months are longer
and more frequent than in other seasons, so that often succes-
sive episodes are linked due to the recirculation of air masses
producing feedback processes, which give rise to a long res-
idence time of desert dust particles in the atmosphere when
there is low precipitation (Rodriguez et al., 2002; Escudero
et al., 2005). Therefore, desert dust aerosols are one of the
most important types over the IP, having an important influ-
ence on the air quality and radiative properties, and hence
their detection, quantification, and characterization are im-
portant research tasks.

There are different ways to approach the detection or iden-
tification of desert dust events depending on the objectives
of each study. The detection depends on the different tech-
niques used: surface measurements, remote sensing (satellite
or ground-based), back-trajectory evaluation, aerosol mod-
els, or a combination of these. Air mass trajectories are one
of the first and most used techniques to identify the origin
of the transport of mineral dust aerosols to different regions
worldwide (e.g. Hogan and Rosmond, 1991; Prospero et al.,
2002; Kallos et al., 2003; Pace et al., 2006). Although there
is abundant literature about mineral dust over southern Eu-
rope or the Mediterranean areas, most of the studies about
detection, characterization, and/or the impact of desert dust
aerosols are focused on case studies or particularly strong
episodes: e.g. in Italy (e.g. Meloni et al., 2007; di Sarra et
al., 2011; Begue et al., 2012), Greece (e.g. Kaskaoutis et al.,
2008), or the Iberian Peninsula (e.g. Lyamani et al., 2005;
Cachorro et al., 2006, 2008; Pérez et al., 2006; Guerrero-
Rascado et al., 2009; Cérdoba-Jabonero et al., 2011). Few
studies are based on long-term datasets of desert dust using
different techniques, such as sun photometers (Toledano et
al., 2007b; Valenzuela et al., 2012b), satellite sensors (Kauf-
man et al., 2005, Kaskaoutis et al., 2012; Gkikas et al., 2013,
2015), lidar measurements (Mona et al., 2006, 2014; Pa-
payannis et al., 2008), or PM, data (Escudero et al., 2005;
Pey et al., 2013a; Salvador et al., 2013, 2014; Rodriguez et
al., 2015). As can be seen from this list only recent studies
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contain long-term data sets and only in some of them is the
net contribution to the aerosol load of DD evaluated.

The PM, observations provided by different networks
have constituted one of the most frequent tools for the es-
tablishment of DD inventories (e.g. Escudero et al., 2005;
Pey et al., 2013a; Salvador et al., 2013, 2014) in order to
evaluate their contribution to PM, levels required by the EU
directives. The EU 2008/50/EC directive (EC, 2008) on air
quality establishes threshold values for the concentration of
particles with an aerodynamic diameter below 10 (PMjg)
and 2.5 (PM,5) um: an annual mean and 24 h mean of 40
and 50 g m~3 for PMjo and an annual PM; s average of
25ugm™3. In this sense it is necessary to know the contri-
bution of natural and anthropogenic components to the total
aerosol load. Therefore, the contribution of mineral dust in
south Europe is important because of the link between PM g
exceedances and DD intrusions or outbreaks.

Once the identification of DD African aerosols is carried
out, the next task is to quantify their contribution to the to-
tal aerosol load. The evaluation of the contribution of DD
episodes to PM, data is viable by means of a chemical spe-
ciation analysis (Rodriguez et al., 2001, 2002, 2015), but
this method requires high manpower and has poor temporal
sampling. Hence, in order to avoid this expensive technique,
other methods have been developed using PM, (Escudero et
al., 2007; Ganor et al., 2009) and AOD data (Toledano et al.,
2007b). As reported by Viana et al. (2010) and taking into
account more recent publications (e.g. MAGRAMA, 2013,
2015), no more than three methods are currently used with
PMy,, including receptor models (Pey et al., 2013b; Belis et
al., 2013). However, these techniques would need to be up-
dated to the measuring site for DD contribution estimates. In
a similar way columnar aerosol algorithms can facilitate the
apportioning of the different aerosol types (Dubovik et al.,
2002; O’Neill et al., 2003) to the total aerosol load.

The advantage of remote sensing techniques, such as sun
photometry, for DD detection is the spectral information
recorded by their AOD measurements and given by the
Angstrém exponent, «. This is a powerful tool in the identi-
fication and classification of the different aerosol types (Eck
et al., 1999; Toledano et al., 2007a) but also allows “near-
real-time” processing of data by means of reasonably so-
phisticated algorithms (Dubovik et al., 2002; O’Neill et al.,
2003) that retrieve aerosol properties. The evolutions of sur-
face PM, and columnar AOD differ in the seasonal cycles
(see, e.g., Bennouna et al., 2014; Mateos et al., 2015), and
hence their DD impact can also present some discrepancies
in that cycle. The PM, sampling used here is based on daily
filter records (see Aas et al., 2013), while sun photometers
provide instantaneous measurements of the columnar load
but their sampling is limited to daytime cloud-free conditions
(Toledano et al., 2007a, b).

The usefulness of a DD inventory is that it opens the pos-
sibility of the evaluation of the desert dust contribution to
the total aerosol load. However, very few studies have ac-
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complished this task over a long period and from a multi-
year perspective. To our knowledge, only the inventory of
Toledano et al. (2007b) addressed the DD contribution to
AOD between 2000 and 2005 at a Spanish south-western
site (El Arenosillo). For PM, data we have found various
studies, such as the more recent publication by Salvador et
al. (2013, 2014) and Pey et al. (2013a). Salvador et al. (2013)
reported a DD inventory, and the corresponding contribution
of DD is determined over the Madrid area over the period
2001-2011, which is extended to several stations covering
the whole IP by Salvador et al. (2014). Pey et al. (2013a),
with the same methodology as Salvador et al. (2013), anal-
ysed the period 2001-2011 for PM; at different sites over
the whole Mediterranean Basin. In these three studies, the
method used for the evaluation of the DD contribution to
PM, is different to that for AOD. Therefore, the develop-
ment of methodologies for the evaluation of DD contribution
is an open area of research, for instance, to obtain the near
real-time DD contribution value.

Within this framework, the main purpose of this study
is to establish an inventory of DD episodes together with
the evaluation of their contribution to the total aerosol load,
using both AOD and PM, data. This is the first time, to
our knowledge, that DD events are identified by the si-
multaneous use of both columnar (AOD and «) and sur-
face (PM,) aerosol observations. The methodology is ap-
plied over one of the cleanest atmospheric areas in south-
western Europe, the north-central area (Castilla y Leén re-
gion) of the Iberian Peninsula, for a long time period span-
ning more than 1 decade (2003-2014). Regarding the colum-
nar aerosol data, the reliable measurements performed within
the AErosol RObotic NETwork, AERONET (Holben et al.,
1998), are used. For the study area, the only available aerosol
long-term data set is recorded at the Palencia site (41.9° N,
4.5°W; 750 m a.s.l.). Regarding surface aerosols, we use the
high-quality particulate-matter data recorded by the Euro-
pean Monitoring and Evaluation Programme (EMEP) net-
work in the nearby Pefiausende station (41.28° N, 5.87° W;
985ma.s.l.), with similar background conditions to Palen-
cia. In this way, the use of these two worldwide extended
and high-quality networks will ensure the feasibility of im-
plementing the proposed method in other regions. The long-
term inventory described hereafter has been employed to
establish the main characteristics of the DD episodes in
north-central Spain: their climatology, interannual behaviour,
trends for the number of episodes and associated days, and
occurrence under different synoptic scenarios. In addition,
the evaluation of the DD contribution to the total mean val-
ues of AOD and PM, is also addressed over the period in-
vestigated from a climatological and interannual perspective,
which emphasizes the correlations between both quantities.

Section 2 describes the region of study and the datasets
used. The methodology followed in the DD identification
and in the evaluation of its contribution to aerosol load is
presented in Sect. 3. In Sects. 4.1-4.3, the seasonal cycles
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Figure 1. Location of the main sites used in this study belonging to
AERONET (blue diamonds) and EMEP (red stars) networks.

and interannual evolution of DD events and dusty days and
the DD contribution to AOD and PM, are investigated. Sec-
tion 4.4 provides an estimation of the uncertainty in this
method and Sect. 4.5 describes the synoptic scenarios asso-
ciated with the arrival of DD episodes in the north-central
Iberian Peninsula. Finally, Sect. 5 summarizes the main find-
ings obtained in this study.

2 Sites of measurements and database

2.1 AERONET network and AOD and ;\ngstriim
exponent database

The main database for this study includes the instantaneous
values of AOD obtained for 440 nm (henceforth AOD for
clarity) and the Angstrbm exponent (« for the 440-870 nm
range) measured at the Palencia site of the AERONET-
EUROPE network (see Fig. 1 and Table 1). The instrument
used to obtain these data is a Cimel CE318 radiometer which
measures under clear sky conditions and every 15 minutes.
The raw measurements in all-sky conditions (level 1.0 of
AERONET criteria), the cloud-screened data (level 1.5), and
the high-quality processed data in level 2.0 are used in this
study. Lower-quality levels help to reliably determine the du-
ration of each DD episode, in particular, when the event in-
cludes cloudiness. Aerosol measurements have been avail-
able at the Palencia site since 2003, one of the longest se-
ries of aerosol optical measurements in the Iberian Penin-
sula (Mateos et al., 2014a). The number of available days for
every year in this study can be seen in Table 1. The stan-
dardization protocols of AERONET require pre- and post-
calibration of the instruments after a field measuring period
of 12 months, which helps to ensure the quality of the ob-
tained data and associates an uncertainty for AODy40nm of
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40.01 and for the derived o parameter of about +0.03 (see,
e.g., Toledano et al., 2007a).

The Palencia site is placed in the autonomous region of
Castilla y Ledn in the north-central Iberian Peninsula, which
is also known as the Castilian plateau, with an average al-
titude of ~800m. This region is the third-least populated
community in Spain due to its large area (94 193 km?) and its
low population (2 543 413 inhabitants registered in the cen-
sus in 2012), with a population density just a bit higher than
27 inhabitants per square kilometre. Palencia is a small city
(100 000 inhabitants) located in the north of Castilla y Le6n
but the measuring site is located on the outskirts, being sur-
rounded by rural areas, removed from big urban and indus-
trial centres. Hence, this area exhibits an exceptionally clean
atmosphere, and aerosol observations are representative of
the background conditions for the whole region. Therefore,
desert dust intrusions can be observed since they significantly
modify the background aerosol properties.

In order to fill the gaps in the Palencia AOD database, the
site Autilla (42.00° N, 4.60° W; 873 ma.s.l.) close to Palen-
cia (7km apart) has been used (for details see Bennouna et
al., 2013). This site is used by GOA (Grupo de Optica At-
mosférica) as the calibration platform for Cimel sun pho-
tometers within the AERONET-EUROPE infrastructure and
also works as a routine measurement site. Under these con-
siderations, the columnar aerosol data series used in this
study is consistent and allows one to perform the inventory
of DD events in this region.

2.2 EMEP network and PM database

Daily PM ¢ and PM> 5 measurements provided by the EMEP
network constitute the second core database used to carry out
this study (see Fig. 1 and Table 1). This network has the ob-
jective of regularly providing qualified scientific data to inter-
ested organizations in order to analyse and assess the trans-
boundary transport and emission of pollutants (e.g. Aas et
al., 2013). This is the objective of the LRTAP (Long-Range
Transboundary Air Pollution) convention that establishes a
framework for cooperative action for reducing the impact of
air pollution. Using the PM1¢ and PM3 5 data, the particulate
matter associated with coarse particles (PM> 5_1¢) can be de-
termined by taking the difference of these quantities (PMg—
PM; 5).

PMp and PM; 5 data belonging to the EMEP site of
Pefiausende have also been used for the detection of dusty
days and for the evaluation of the DD contribution to the to-
tal PM, levels. However, in order to better detect the DD
episodes that arrive at our study area, two nearby stations
(Campisabalos, 41.28° N, 3.14° W, 1360 m a.s.1., and Barcar-
rota, 38.48°N, 6.92°W, 393 ma.s.l.; see Fig. 1) are taken
as complementary sites. All these three sites (Pefiausende,
Campisdbalos, and Barcarrota) are placed in rural areas
where background values are measured and the detection of
Saharan desert dust intrusions is also possible. Among all
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Table 1. Annual sum of days with aerosol data of AERONET and EMEP databases (“all days”) used in this study. Yearly number of dusty
days in the DD inventory (“desert dust event days”) identified by criteria of AOD, PMg, AOD, and PM|( and other ancillary information.
The relative coverage (percentage) is also given in parenthesis. See Sect. 3 for further details about the criteria used.

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014  Total
All days
Sampling AOD 156 265 295 190 271 280 256 244 269 252 220 249 2947
(%) (42.8) (72.4) (80.8) (52.1) (742) (76.5) (70.1) (66.8) (73.7) (68.9) (63.3) (68.2) (67.2)
Sampling PM 1 343 349 340 347 349 333 341 347 347 319 332 335 4082
(%) (94.0)0 (954) (932) (95.1) (956) (91.0) (934) (951) (95.1) (87.2) (91.0) (91.8) (93.1)
Coincident sampling 149 256 279 183 259 255 243 238 256 219 200 234 2771
(%) (40.8) (69.9) (76.4) (50.1) (71.0)0 (69.7) (66.6) (65.2) (70.1) (59.8) (57.5) (64.1) (63.2)
Desert dust event days

Number of dusty days 44 44 41 67 44 31 24 19 32 29 15 28 418
Only AOD criterion 5 8 9 6 14 4 4 5 9 12 2 2 80
(%) (11.4) (182) (2200 (9.00 (318 (129 16.7) (263) (28.1) (414 (133) (@7.) (19.1)
Only PM criterion 19 3 11 37 6 2 7 2 0 1 8 18 114
(%) (43.2) (6.8) (26.8) (55.2) (13.6) (6.5 (29.2) (10.5) 0) (34) (53.3) (643) (27.3)
AOD&PM criteria 20 33 21 23 22 25 11 9 23 15 4 8 214
(%) (45.5) (75.0) (51.2) (343) (50.0) (80.6) (45.8) (474) (719 (1.7) (26.7) (28.6) (51.2)
Other criteria 0 0 0 1 2 0 2 3 0 1 1 0 10
(%) 0) ) 0) (1.5) (4.5) 0) (83) (15.8) ) (3.4) 6.7) 0) 24

Spanish EMERP sites, these two complementary sites (Camp-
isdbalos and Barcarrota) have not been randomly selected,
since their geographical locations help us to have more in-
formation about the path followed by the intrusion before
arriving in our study area. The direction of arrival can be es-
tablished by measurements from the west (by the Pefiausende
site), south-west (by the Barcarrota site), and south-east (by
the Campisdabalos site).

The available time period for the PM, data starts in 2001,
but the same period (2003-2014) used in the AOD4409nm is
considered for the homogenization of the results presented
in this study. It is important to emphasize here that in spite
of the distance between the Peflausende and Palencia sites
(~100km), the absence of any large landforms between
them together with their atmospheric and background con-
ditions make possible the joint discrimination and evaluation
of these observations of AOD and PM, for the detection of
DD intrusions. Furthermore, an analysis of the air masses
at Pefausende and Palencia sites (not shown here) has been
carried out, corroborating that the geographical distance be-
tween them is negligible for the analysis of regional quan-
tities such as AOD, water vapour, and the ozone column,
among others.

The use of AODy40nm, @, PMjg, and PM> 5 observations
provides a comprehensive database to carry out an analysis
of aerosol load and particle size, both at the surface and in
the whole atmospheric column. Table 1 presents a detailed
description of the number of days with available data ev-
ery year for each database. Overall, PM, presents a larger
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amount of days with data than AOD. Particularly, the year
2003 presents the lowest AOD sampling (42 % of 365 days)
because of gaps just at the start of the sun photometer mea-
surements.

2.3 Ancillary information

To carry out a more accurate evaluation and discrimination
of days that constitute a desert dust intrusion, ancillary in-
formation is also considered. Air mass back trajectories ar-
riving at Palencia at 12:00 UTC have been calculated with
the HYSPLIT model (Hybrid Single-Particle Lagrangian In-
tegrated Trajectory), version 4 (Draxler et al., 2014; Stein et
al., 2015). Due to the fact that desert dust aerosols can be
transported to altitude levels higher than the boundary layer,
back trajectories have been calculated for three heights (500,
1500, and 3000 m above ground level) and analysed 5 days
back in time (120 h), using the model vertical velocity in the
calculations. The meteorological database used as input for
HYSPLIT is the Global Data Assimilation System (GDAS)
GDASI1 dataset (e.g. Su et al., 2015). These three levels are
commonly used in these studies to represent the air masses
near the surface, in the boundary layer, and in the free tropo-
sphere, in order to follow the vertical transport of aerosols.
Information about cloudiness is obtained from MODIS
(Moderate Resolution Imaging Radiometer) rapid re-

sponse imagery products (https://earthdata.nasa.gov/
data/near-real-time-data/rapid-response).  In  addition,
GIOVANNI  (Geospatial Interactive Online Visual-
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ization ANd aNalysis Infrastructure) MODIS AOD
aerosol maps  (http://giovanni.gsfc.nasa.gov/giovanni/)
and those provided by the AERONET website
(http://aeronet.gsfc.nasa.gov/cgi-bin/bamgomas_interactive)
are used to determine the extension and path followed
by the mineral dust air masses for a DD identified
event. The NAAPS Global Aerosol model (Navy
Aerosol Analysis and Prediction System; available at
http://www.nrlmry.navy.mil/aerosol/) is also used to test
whether model forecasts also detect a given DD episode over
the study area.

As shown in previous studies (Escudero et al., 2005;
Toledano et al., 2007b) desert dust intrusions over Spain take
place under certain synoptic scenarios (see Sect. 4.5 for fur-
ther details). Through the Earth System Research Labora-
tory of NOAA (National Oceanic and Atmospheric Admin-
istration), the plots of the geopotential height at 700 hPa and
mean sea level pressure are obtained in order to evaluate the
synoptic scenario associated with a given DD episode among
the four possibilities (see Sect. 4.5) proposed by Escudero et
al. (2005).

3 Methodology
3.1 Detection of desert dust episodes

This study is based on instantaneous AOD449pm and o val-
ues, as well as daily PM¢ and PM3 5 / PMj ratio data. The
method for the detection of desert dust (DD) intrusions is a
manual inspection of the evolution of these four quantities
together with the origin of the air masses at the three levels
of altitude at 500, 1500, and 3000 ma.s.l. and the auxiliary
material of AOD MODIS maps, aerosol models, and syn-
optic scenarios. The methodology for detection is similar to
that applied in Toledano et al. (2007b) with the added infor-
mation of PM, data, and not much different from that used
in other studies also based on a set of different observations
(Escudero et al., 2005; Pace et al., 2006; Kalivitis et al., 2007,
MAGRAMA, 2013). The difference between these methods
lies on the weight given to each quantity and the way the
information is analysed. For example in our case the AOD-
PM, data are the primary information, but in other studies
the primary variable is the origin of the air masses (Pace et
al., 2006; Valenzuela et al., 2012a). Meteorological products
and forecast aerosol models can also be used for this task
(MAGRAMA, 2013). Although automatic methods can be
applied in the DD identification, a visual inspection should
be performed to corroborate each classification.

This study has been carried out as a year-by-year service
to the “Consejerfa de Medio Ambiente” of the Autonomous
Community of Castilla y Leén by means of two research
programmes from 2006 to 2013 entitled “Discrimination,
characterization and evaluation of desert dust outbreaks over
‘Castilla y Ledn’ region”. These programmes aim to help im-
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plement the “Environmental Quality Improvement Policy” of
the EU by the national and regional governments of Spain.
The experience gained with this year-by-year identification
provides the final DD inventory presented in this study.

Thresholds have been established to identify those condi-
tions which stand above the clean background over the study
area. Hence, the choice of these thresholds is based on the
aerosol climatology of the site from our investigations (Ben-
nouna et al., 2014; Mateos et al., 2015) and previous results
(see, e.g., Querol et al., 2009, 2014). The mean values for the
long-term period 2003-2014 are 0.13 £ 0.09 for AOD440nm
and 1049 ugm™3 for PMjq. Hence, to detect the DD in-
trusions a visual inspection of the entire database is per-
formed. When a day shows a group of a number of points
of the instantaneous AOD > 0.18 and/or the daily PM;¢ >
13 ugm™3, that day is further investigated. The AOD thresh-
old corresponds to the mean value plus half of the standard
deviation, approximately; meanwhile that for PM g is about
the mean plus one third of the standard deviation. Hence,
these thresholds must be taken as “warning flags” in the sense
that these values alone do not define the classification as a
dusty day. They also need the ancillary information given by
the air mass backwards trajectories, satellite images, weather
maps, and model forecasts to determine and corroborate the
origin of aerosols and synoptic conditions. Therefore, with
all this information, the human observer decides if a day must
be included or not in the DD inventory.

In parallel to the above analysis, the evolution of the «
quantity is also checked, allowing the identification of two
different types of DD intrusions. Those days displaying o <
1.0 in most of the instantaneous columnar data are identified
as the “purer” desert dust intrusions, and they are denoted by
a D flag. Those days with « values in the interval 1.0 < o <
1.5 (which have been classified as dusty days by their aerosol
load and/or the ancillary information) present a mixture with
other types (e.g. clean continental aerosols) and they are de-
noted by an MD (mixed desert) flag. The MD event days may
either be a part of an intense event (generally of the D type) or
form by themselves a low to moderate intensity event. Pre-
vious studies have also shown that DD intrusions into the
Mediterranean Basin can present moderate AOD associated
with large o values (e.g. Pace et al., 2006; Tafuro et al., 2006;
Boselli et al., 2012). The limit of & < 1 for identifying coarse
particles has been established by previous studies in differ-
ent worldwide areas (e.g. Eck et al., 1999, 2010; Dubovik et
al., 2002; Meloni et al., 2007; Boselli et al., 2012), making
this threshold suitable for our study area. It is important to
emphasize here that the o parameter allows a more accurate
identification of desert dust events. In particular, it allows the
identification of those of low intensity, which have less of the
characteristics identifying a desert origin (overall, the larger
the AOD of a desert event, the lower the o) because they
are generally mixed with other aerosol types and are not ac-
counted for in many DD studies (e.g. Gkikas et al., 2013).
These DD events of low intensity are more difficult to detect
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because of the low signal of mineral dust aerosols, and hence
it is more difficult to evaluate their contribution or impact
on AOD and PM,, daily values. In fact, although the aerosol
load threshold used in this study might seem very low, we
must note again here that all these quantities are manually
supervised by the expert observer who will take the final de-
cision of the inclusion or not of a dusty day, bearing in mind
all the available information given by these data and all the
complementary material.

Another problem to be considered in the identification of
a dusty day is when AOD and PM;g measurements show
different information. For instance, AOD fingerprints seem
to indicate a possible desert dust presence meanwhile PMjg
does not. It must be taken into account that the PM;¢ quan-
tity does not necessarily follow the same temporal behaviour
as the AOD and possible time delays in PM concentration
due to the fact that deposition processes can occur. Desert
dust events can reach the IP at high-altitude layers (e.g. above
2000 m; Gkikas et al., 2015), and dry deposition can last var-
ious hours day~!. Assuming an average speed of deposition
of around 0.6cms™! (Zender et al., 2003), DD particles can
remain in the troposphere for up to 2 days after an episode
ends (Escudero et al., 2007). Hence, these possible time de-
lays between columnar air masses and surface PMg are very
variable (e.g. Kalivitis et al., 2007; Pey et al., 2013a). There-
fore, AOD and PM observations must be considered to be
complementary information to detect mineral dust aerosols
since with the evolution of both quantities it is easier to iden-
tify DD fingerprints.

It is worth mentioning that in the general detection of both
intensity and duration of a particular event, DD causes an
increase in the AODy40,m and PM g values, which then sur-
pass or just reach the corresponding threshold, together with
a decrease in the o and PMj 5 / PM1¢ values, giving rise to
an increase in the mean size of the particle distribution. The
duration of each intrusion can be established, since the low
typical values, characteristic of the regional background, are
recovered when the event finishes. The central or most in-
tense days of each event are easy to detect due to the large
increment of aerosol load with large particles (¢ even close
to zero) but low to moderate events are more difficult to de-
tect. Although the events vary in their nature, the first and last
days of a DD event show a low or moderate signature of min-
eral dust particles because of its mixture with other aerosol
types (e.g. clean continental aerosol in our study area), with
the exception of the strong DD events which generally have
a notable impact on the aerosol load levels from the first day
of the episode.

In the inspection of the instantaneous columnar dataset,
non-reliable records are identified and removed due to their
high spread in the data likely attributed to cloudy conditions.
In the corroboration of some critical decisions made by the
expert observer the ancillary information (see Sect. 2.3) con-
stitutes a key point of the methodology. For instance, the ver-
ification of cloudy conditions can be supported by means of a
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comparison between AOD instantaneous data from different
levels, 1.0 (all-sky conditions) and 1.5 (cloud-screened data),
and the visualization of cloud systems in MODIS true-colour
and cloud product images. If there are signs of cloud pres-
ence, instantaneous AOD data are carefully checked to dis-
cern between cloud-contaminated data and a DD intrusion.

Once aerosol load measurements for a given day indicate
the likely classification as a dusty day, the air mass back
trajectories (calculated as described in Sect. 2.3) are visu-
alized to check if the origin of the path or the path fol-
lowed crosses the north African region and/or its surround-
ings. Therefore, the air mass back-trajectory analysis and
the geopotential maps (establishing a particular synoptic sce-
nario, see Sects. 2.3 and 4.5) lead to the final decision with
respect to a DD event day classification, even for those days
showing cloudiness. Finally, to help in the understanding of
the general situation regarding the geographical distribution
of the aerosol plumes, AOD MODIS maps and NAAPS fore-
casts are also visualized for ensuring the final choice. The
consistency of the information used provides a reliable iden-
tification of the DD event.

It is worth mentioning here that the final decision to in-
clude a day as D or MD is made by the human observer with
all the available information at hand. Perhaps this methodol-
ogy is not the most adequate to apply for a big area with a
high number of sites and long-term databases, but it is neces-
sary for developing methodologies, because it will allow the
validation of other more automatic methods (e.g. those only
based on threshold criteria), most of them using satellite ob-
servations (e.g. Gkikas et al., 2013, 2015).

3.2 Evaluation of desert dust contribution to total AOD
and total PMj, concentration

Once the DD inventory is established, the evaluation of the
DD contribution can be addressed on seasonal and annual
scales. Following Toledano et al. (2007b), the contribution of
the DD events to AOD can be obtained as the difference of
the multi-annual monthly means considering all days and the
corresponding value without including the desert dust cases.
This procedure was also used for PM( data in a 3-year eval-
uation of net DD contribution at several sites in the Mediter-
ranean Basin (Querol et al., 2009). In this study, the annual
cycle of the DD contribution to AOD / PM;, is evaluated with
this same methodology over the entire period 2003-2014, us-
ing the DD event days classified in the inventory. Further-
more, the relative DD contribution to AOD / PM, can be ob-
tained by dividing each one with respect to the corresponding
total AOD / PM, value. Regarding the seasonal evaluations,
the classification is as follows: winter (December-January-
February), spring (March-April-May), summer (June-July-
August), and autumn (September-October-November). Anal-
ogously, the yearly AOD / PM, means excluding dusty days
are subtracted from the yearly AOD / PM, means for all days
to obtain the DD contribution on an annual timescale.
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This method assumes that the entire daily aerosol load
(both surface and columnar) is due to DD aerosols, with the
contribution of regional background aerosols also included.
Thus, suitable timescales for this kind of DD contribution
calculation are the annual and multi-annual monthly means
over 12 years of data. The evaluations for every single day
or month can be addressed using other methods, for instance
the determination of percentile 40 of the time series with-
out dusty days to evaluate the background conditions that
are subtracted from PM, levels (Escudero et al., 2007). This
method has been taken as the standard by the European Com-
mission for the evaluation of DD contribution to aerosol load
at the surface (Viana et al., 2014; MAGRAMA, 2013, 2015).

The methodology used in this study leads to lower uncer-
tainty in the annual cycle evaluation since there is good data
coverage for the multi-annual monthly sampling (12 years).
However, in the evaluation of the year-by-year DD contri-
bution to aerosol load, a given year can present low cover-
age leading to a higher uncertainty. The inclusion or not of
an uncertain DD event (e.g. data contaminated with clouds
where cloud optical depth is assigned to aerosol AOD) can
substantially modify the corresponding yearly mean as has
been shown in Bennouna et al. (2014). This source of uncer-
tainty must be considered in the temporal-trend evaluation.
It is not easy to establish an adequate methodology to eval-
uate the DD aerosol contribution to aerosol load (Viana et
al., 2010) and much less its corresponding associated error.
A further investigation is necessary on this subject. A discus-
sion about the uncertainty of our approaches in the DD iden-
tification and in the evaluation of DD contribution to aerosol
load can be found in Sect. 4.4.

4 Results and discussion

4.1 Evaluation of the number of episodes and days:
annual cycle and year-to-year variability

4.1.1 Evaluation of the number of episodes and dusty
days

The inventory of desert dust intrusions includes the follow-
ing: information on each episode and its associated days; the
daily mean AOD, «, PMjq, and PM> s5; and cloudiness, syn-
optic scenarios, and air mass origin at three altitude levels
(500, 1500, and 3000 m a.s.1.). Tables 1 and 2 show the infor-
mation used to classify DD events and the main statistics for
this inventory, respectively.

The PM ¢ sampling presents the best coverage of the mea-
suring time period with 93.1 % of the days, AOD is available
67.2 % of the time, and the coincident sampling is available
63.2 % of the time. As can be deduced from Table 1, the ma-
jority (51.2 %) of the DD event days composing the inven-
tory are noticeable in both AOD and PM( datasets. How-
ever, 46.4 % of the total detected days are over the required
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thresholds only in one quantity (AOD or PMyg). This is the
advantage of the proposed inventory because DD outbreaks
are identified with two complementary quantities about the
aerosol load. The reasons behind this 46.4 % (19.1 % only
with AOD and 27.3 % only with PM1g) are due to time de-
lays between columnar and surface levels related to depo-
sition phenomena and also are due to the lack of AOD or
PM;¢ measurements. Therefore, if the inventory is addressed
by only one quantity, a large number of dusty days can be
lost in their identification. Finally, a smaller number of cases
(2.4 %) are identified as dusty days using the ancillary infor-
mation when AOD and PM( data are not available.

The smaller amount of available data in the AOD time se-
ries (see Table 1), in comparison with PMjg, is not a ma-
jor handicap in DD detection. There are several years (2004,
2007, 2008, 2010, 2011, and 2012) with more DD days de-
tected only by AOD than only by PMjg, in spite of the
smaller AOD sampling (between 53 and 103 days less per
year). However, years 2003 and 2006, which present less than
200 daily AOD data, require the use of PMjg to better iden-
tify DD intrusions.

As reported in Table 2, during 2003-2014, a total number
of 152 episodes has been identified, composed of 418 days.
Among them, 242 days have been classified as days with
desert aerosols (D) and 176 days with mixed aerosols (MD).
Overall, this means 13 episodes and 35 days per year with
desert dust intrusion, representing 9.5 % of the days each
year. The duration of DD episodes is very variable, ranging
from 1 to 13 days, but a value of 2.7 days is obtained as the
mean episode duration. Due to the high variability in the in-
tensity of these intrusions it is difficult to distinguish when an
event has ended or its intensity has simply fallen below our
threshold. During summer, the recirculation of air masses in
the IP is very frequent and the DD episodes are subject to
large intensity variations. We have considered separate DD
episodes when there is, at least, 1 day that does not meet the
DD requirements between two DD episodes.

Our percentage of dusty days of 9.5 % is lower than that
reported by Salvador et al. (2013), which is around 18 %
(18 episodes and 65 days per year). Salvador et al. (2013)
analysed DD intrusions over the central Iberian Peninsula
(Madrid area) between 2001 and 2008. This large difference
between two nearby areas (separated by ~200km) can be
explained by the different time periods considered and the
existence between these areas of a high mountain range (Sis-
tema Central), with peaks up to 2400 m a.s.l. For the north-
eastern area of the Iberian Peninsula, Escudero et al. (2005)
reported 15 % of DD intrusions (16 episodes and 54 days per
year) in the period 1996-2002, and Pey et al. (2013a) ob-
tained 17-18 % between 2001 and 2011.

4.1.2 Annual cycle of the number of episodes and days

The annual cycles of the number of episodes and number
of days with DD conditions are presented in Fig. 2. In gen-
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Figure 2. Annual cycle of (a) total number of episodes per month
for total DD intrusions; (b) total (blue bars) number of days per
month for total DD intrusions and for desert (D, green bars) and
mixed desert (MD, red bars) categories in 2003—-2014. Mean values
per month can be derived by dividing by 12.

eral, the seasonal pattern along the year followed by the num-
ber of episodes (Fig. 2a) and dusty days (Fig. 2b) is similar,
with a significant increase in the DD occurrence in March
(13 events and 34 dusty days), a weak fall of DD event days
in April (14 events and 25 dusty days), a notable increment
between May and September (around 17 events and 53 dusty
days per month), and a progressive decline to the minima
in November and December. The number of episodes and
event days peaks in June (20 events and 65 dusty days). A
noteworthy feature of this figure is the local minimum in the
number of DD episodes in July (15 episodes in 2003-2014)
which is shifted to August in the number of DD event days
(46 dusty days in 2003-2014). Figure 2b is similar in shape
to that reported by Salvador et al. (2013) with the exception
of September, and it is also similar to that of Escudero et
al. (2005) with the exception of October. Concerning the two
types of DD conditions distinguished in our inventory, the D
type controls the annual cycle in the March maximum and
April minimum, while the MD type controls the evolution
between August and October.

Some features mentioned above regarding the seasonal be-
haviour of DD events for the north-central Spanish region
are also observed for other areas of the IP. For instance, the
March maximum and April minimum are common features
in south-western (Toledano et al., 2007b; Obregén et al.,
2012), north-eastern (Escudero et al., 2005; Papayannis et al.,
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Figure 3. Interannual variability of (a) total number of episodes;
(b) total (blue bars) number of days for the desert dust (DD) intru-
sions and for desert (D, green bars) and mixed desert (MD, red bars)
categories.

2008), and central (Salvador et al., 2013) Spain. In spite of
the different measuring instruments (sun photometer, lidar, or
particulate-mass concentration), time periods, and method-
ologies employed in the DD event identification, its impact
over (almost) all of the Iberian Peninsula follows the same
pattern with the two maxima — one in late winter/early spring
(March) and the other in summer — and the accentuated mini-
mum of winter. Several minor discrepancies are found for the
rest of the year; for example, the maximum number of DD
event days during the summer months with a local minimum
(in July) between them seems to be a characteristic of the an-
nual cycles of the south-western (Toledano et al., 2007b) and
north-central areas. Conversely, the eastern region presents a
local maximum in October (Escudero et al., 2005; Pey et al.,
2013a) which is not seen in our study region. These results
confirm that different areas have different aerosol properties
in the IP (Mateos et al., 2015). The larger occurrence of dusty
days in summer and in certain spring and fall months is also
observed in other Mediterranean areas using lidar networks
to identify the occurrence of DD outbreaks (e.g. Mona et al.,
2006; Papayannis et al., 2008).

4.1.3 Interannual variability and trends of the number
of episodes and days with DD

The year-to-year variability for the number of both the
episodes and days is reported in Table 2 and illustrated in
Fig. 3. A large interannual variability is observed, which is
more accentuated for the number of DD event days (Fig. 3b)
with an apparent decreasing trend during the analysed pe-
riod. A large number of dusty days is reported during the first
5 years (2003-2007), the maximum being in 2006 (67 days).

Atmos. Chem. Phys., 16, 8227-8248, 2016
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After 2007 there is a decline in DD event days up to 19 days
in 2010, and a small upturn is observed in 2011, 2012, and
2014, with a sharp reduction in 2013. The lowest occurrence
of DD events was in 2013 with only seven episodes and 15
dusty days that year (4.11 %). By contrast, the largest number
of events took place in 2016 with 17 episodes composed of
67 days of dust intrusion (18.4 %). Nevertheless, the number
of episodes and the number of days are not directly linked.
For instance, 12 episodes are observed in both 2007 and 2010
but the former registered 44 days of intrusion, whereas the
latter registered just 19 days. Furthermore, even though 2006
is the year with the highest occurrence of dusty days, it is
not linked with the most intense events. Both AODg44¢nm and
PMjp means (for DD days) are lower in 2006 than for pre-
vious years, in which a smaller occurrence of DD conditions
is observed. The minimum load during DD days is registered
in 2013 for the AODg449nm (0.18) and in 2009 for the PMg
(16 ugm—3), while the maximum occurred in 2004 (0.33 for
AOD and 30 ug m—3 for PMjg). Concerning the two classifi-
cations of DD event days (D and MD types), the years 2003,
2006, 2009, 2012, and 2014 are governed by the purer D type
intrusions.

To quantify the decreasing trends in the number of
episodes and associated days, the Theil-Sen estimator and
Mann—Kendall test for significance have been used. The
trends for the number of DD episodes and days are reported
in Table 3 for the yearly values. A statistically significant
trend at the 95 % significance level presents a p value below
0.05 (e.g. Sanchez-Lorenzo et al., 2013). The total number
of dusty days has decreased by 2.7 days per year (p value of
0.02) between 2003 and 2014. This change, however, does
not cause a significant trend in the number of episodes, which
presents a decrease of 0.67 episodes per year with a p value
around 0.03 (~97 % of significance level). These figures
corroborate a significant decrease in the DD events seen in
the north-central area of the Iberian Peninsula over the past
decade. This result is in line with the findings obtained by
Gkikas et al. (2013) for the whole Mediterranean Basin us-
ing MODIS data between 2000 and 2007 and considering
only very intense DD events selected by a high AOD thresh-
old.

4.2 Desert dust contribution to total AOD: seasonal
cycle, interannual variability, and trends

4.2.1 Annual seasonal cycle

Figure 4 and Table 4 show the annual cycle of the DD contri-
bution (small red bars in the figure) together with the multi-
annual monthly means considering all days and only days
without DD aerosols (the difference between these two val-
ues gives the DD contribution). Overall, the mean DD con-
tribution to AOD is 0.015 or 11.5 % in 2003-2014.

The total AOD annual cycle representing the climatology
follows the well-known pattern previously reported and ex-
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Table 3. Temporal trends (Theil-Sen estimator), p value, and confidence interval ([il, i2]) given by the quantities considered for all days
and for the contribution of DD. For the DD inventory the number of episodes and DD event days is also included. Negative trend means a

decrease in the quantity analysed.

Quantity Trend p value il i2  Trend units Trend
(% per year)
AOD —-0.006 <0.01 —0.009 —0.003 AOD units per year —4.6
All days PMg —0.46 <0.01 —0.66 —0.30 pg m~3 per year —4.5
PM, 5 —0.38 <0.01 —0.49 —0.30 pg m3 per year —-6.3
PM>5_10 —0.07 0.19 —-0.19 0.07 pg m3 per year —1.6
Number of episodes —0.67 0.03 —1.00 0.00 N.E. per year =52
Number of DD event days 2.7 0.02 —4.2 —1.30 N.D. per year -8.0
. DD contribution to AOD —0.0019 0.016 —0.003 —0.000 AOD units per year —-11.2
DD inventory . -3
DD contribution to PM1 —0.14 0.06 —0.26 0.01 pgm™~ per year —10.1
DD contribution to PM» 5 —0.079 <0.01 —0.12 —0.04 pg m3 per year —13.7
DD contribution to PM»> 5_19 —0.085 0.06 —0.16 0.00 pgm™3 per year —10.0

Table 4. Monthly mean contribution of DD to total AOD and PM,, in absolute (“abs.”, AOD units and ug rn73) and relative (“rel.”, %) values

during the 2003-2013 period.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total
AODg4opnm abs. 0.006 0.011 0.018 0.014 0.014 0.027 0.018 0.026 0.023 0.014 0.008 0.004 0.015
rel. 6.05 994 1338 937 9.86 17.07 12.07 17.42 1566 1237 9.55 540 11.51
PMj abs.  0.51 0.58 2.23 0.81 0.96 2.28 2.35 2.38 1.16 1.37 0.83 0.23 1.31
rel. 7.70 6.73  20.13  9.78 854 17.69 1651 16.13 961 1357 11.57 364 11.80
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0.25————— —————————40 of the year, almost provide a well-defined bell shape. As for
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0.2} N oD contribution {30 § the bell pattern found before for the general case, except for
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< 01 a excluded, in contrast with the larger increment observed for
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0.05 i However, the seasonal pattern followed by the DD con-
0 BRI < tribution displays two maxima: the first one in March (late
JFMAMUJJASONTD = winter/early spring) with 0.018 or 13.4 % and the strongest
Month

Figure 4. Annual cycle for DD contribution to the total monthly
AOD means in absolute (red bar) and relative values (black line)
in 2003-2014. Blue bars (also indicated as all data) represent the
annual cycle of total AOD and green bars the corresponding values
without including the days of desert dust (indicated as non desert).

plained for the Palencia site (see, e.g., Bennouna et al., 2013;
Mateos et al., 2014a). To summarize: the increasing values
from January to June (just when the maximum is found), with
a slight reduction in May and a decreasing trend to the end

www.atmos-chem-phys.net/16/8227/2016/

one occurring in the summer period (June and August) with
~0.027 or ~ 17 %. Together with these maxima, there are
two local minima: in April-May (around 0.014 or 9.5 %) and
in July (0.018 or 12 %). After August, a progressive decline
in the DD contribution is observed with the minimum in win-
ter (December and January show similar values about 0.004
or 5.4 %). It is worth mentioning here the different characters
of the two local minima occurring in April-May and July.
The former generally occurs in the IP (linked to the precip-
itation cycle), while the latter is more typical of the central
and south-western areas of Spain. For instance, the July min-
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Figure 5. Interannual variability of DD contribution to the total
yearly AOD in absolute (red bar) and relative values (black line).
Blue bars (also indicated as all data) represent the mean yearly AOD
value and green bars the corresponding values without including the
days of desert dust (also indicated as non desert).

imum seems to be related to the arrival of drier air masses in
the low troposphere as it is observed in the precipitable water
vapour cycle (Ortiz de Galisteo et al., 2013).

The annual cycle of the DD contribution to the Palen-
cia site (representing north-central Spain) presents a simi-
lar shape to that obtained in the El Arenosillo site (south-
western area) by Toledano et al. (2007b) for an inventory of
6 years, from 2000 to 2005. This is an important result in
two aspects: one related to the shape of the annual cycle or
seasonal behaviour and the other one related to the different
contribution of north and south areas of the IP. In relation to
the geographical gradient of the African dust contribution, a
quantitative difference is observed between these two areas.
The total AOD signal is clearly impacted by DD events in the
southern Iberian coast (with relative contributions being over
30 %), while in the north-central region the DD influence is
weaker; thus, a south-north-decreasing gradient over the IP
is observed regarding the DD contribution to AOD values.
This behaviour is well known in the IP from earlier aerosol
studies based on PM, data (Querol et al., 2009; Pey et al.,
2013a; Salvador et al., 2013, 2014), but this is the first time
this is confirmed by an inventory of AOD data.

4.2.2 Interannual variability and trends

With respect to the interannual change in the DD contribu-
tion to AOD, Fig. 5 and Table 5 show its annual values be-
tween 2003 and 2014 (using the methodology explained in
Sect. 3.2). In a quick-look analysis, both total AOD and DD
contributions have a significant year-to-year variability with
a decreasing trend during the period studied. The maximum
DD contribution with a value of 0.033 or 21.2 % took place in
2004 and also showed a maximum in the total AOD around
0.15 (the mean value of 2003 is clearly affected by the low
sampling: 42.7 %, compared to the 72.4 % in 2004). The year
2013 presents the absolute minimum of the DD contribution
to AOD with 0.004 or ~ 4 %, with a low contribution in 2009
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too (0.006 or ~5 %). There is a weak evolution of the DD
contribution until 2008, although 2005 presents a marked
local minimum (DD contribution to AOD around 0.016 or
11 %). There are years with simultaneous decreases (2008,
2009, 2013) or increases (2011, 2014) in both total AOD and
its DD contribution, but in other years they present the op-
posite behaviour (2005 and 2006). The solid line in Fig. 5
illustrating the evolution of the relative DD contribution to
AOD highlights the minima of 2013, 2009, and 2005 and the
maxima of 2004 and 2012. The high interannual variability
can be explained by the typical variability of the different
African source areas and associated emission processes to-
gether with the atmospheric conditions and transport patterns
of DD aerosols that can reach the Iberian Peninsula (Pros-
pero et al. 2002; Kaufman et al., 2005; Escudero et al., 2006;
Knippertz and Todd, 2012; Salvador et al., 2014).

The temporal trends in total AOD and in the DD contri-
bution to AOD are also evaluated and shown in Table 3. The
decrease in the total AOD in the Palencia site in 2003-2014
is 0.006 AOD units per year (with a p value < 0.01) or 4.6 %
per year, which is in line with previous findings for the same
site by Bennouna et al. (2014) and Mateos et al. (2014b) for
shorter (4 and 3 years, respectively) periods. With respect to
the DD contribution to AOD, a decrease of 0.0019 AOD units
per year (p value=0.02) or 11.2 % per year is calculated.
Therefore, this rate represents 30 % of the total AOD decreas-
ing trend. Hence, the natural decrease in DD aerosols has
notably affected AOD levels over the north-central Iberian
Peninsula during the study period.

4.3 Desert dust contribution to PM, levels: annual
cycle, interannual variability, and trends

4.3.1 Annual seasonal cycle

In the same way as for AOD, the contribution of desert dust
events to mean values of PM g, PMj 5, and PM» 5_1¢ have
also been calculated. The annual cycle and the interannual
evolution of these three quantities and the corresponding DD
contributions are reported in Tables 4 and 5 and also illus-
trated by Figs. 6 and 7, respectively.

The DD contribution to the total PMjg, PM»,s, and
PM; 5_10 is not usually evaluated at the same time. To our
knowledge, this is the first time that fine- and coarse-mode
contributions are evaluated in a long-term desert dust inven-
tory of this type. Furthermore, the temporal trends for the
interannual DD contributions are also discussed. It is worth
mentioning here that as PM g and PM» 5 are obtained from
independent filters (see Sect. 2.2) while PMj5_1¢o is only
available with simultaneous PM, data, the amount of data
used in the evaluation of DD contribution for each quantity
differs slightly.

According to Table 4, the mean DD contributions to
PM, during the study period are 1.3pgm™> (12%) for
PMig, 0.6pugm™3 (9 %) for PMy 5, and 0.8 ugm™> (16 %)
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Table 5. Mean annual contribution of DD to total AOD and PMy in absolute (“abs.”, AOD units, and pg m3, respectively) and relative
(“rel.”, %) values during the 2003—2013 period.

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

AODggopm abs. 0.029 0.033 0.016 0.022 0.022 0.018 0.006 0.012 0.017 0.018 0.004 0.008

rel. 15.87 2122 1076 1559 16.06 14.78 4.68 11.75 12.03 14.67 3.76 7.25

PMj abs.  2.29 2.35 2.07 2.39 1.18 1.08 0.50 0.94 1.11 1.14 0.39 1.25

rel. 18.12 17.80 16.10 21.49 11.02 11.04 559 1081 1092 1236 487 1454

PM; 5 abs. 1.04 0.87 0.92 1.23 0.52 0.68 0.25 0.34 0.31 0.31 0.16 0.30

rel. 13.07 1027 1195 17.79 8.10 1036 4.76 6.92 5.99 6.88 3.52 6.55

PM>5_10 abs. 1.38 1.61 1.21 1.21 0.73 0.42 0.27 0.65 0.71 0.91 0.18 1.01

rel.  27.00 30.99 2291 2697 1585 1252 6.72 1534 1442 1831 4.88 2257
20 ————— ———————————50 & for the north-central area of the IP. In particular, PM| is sim-
5 e T Relative DD °‘<’;t)”b““°" luo 8 ilar to the averages in the north-eastern area (< 2 ugm~3) and
(?_E 9 I oD contributiom L é smaller than the values obtained at southern sites (up to 5—
2 40 g 6 ug m~3). Our relative contribution is in line with the lowest
= 120 é values of the ranges reported by Salvador et al. (2013) us-
a5 {10 ¢ ing a chemical speciation analysis at three different sites near
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€ | I 0D contributiom £ spring (considering our seasonal classification with March as
= 10 ]20 8 part of the spring). There is also a winter minimum and an-
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2 tire dataset is also followed if the DD events are excluded.
0 0 2 The evolution of these two latter curves is also followed by

J FMAMJI J A S O ND

-AII Data — Relative DD contribution
[ Non Desert () 140
I DD confsjbution

3
PM, . o (Hg'm™)
[$)]
Relative DD contribution (%)

J FMAMJJ ASOND
Month

Figure 6. Annual cycle for DD contribution to the total monthly
PMo (a), PM, 5 (b), and PM; 5_1¢ (¢) means in absolute (red bar)
and relative values (black line) in 2003-2014. Blue bars represent
the annual cycle of total PM g (a), PM; 5 (b), and PMj 5_1¢g (¢)
and green bars the corresponding values without including the days
of desert dust.

for PM3 5_19. Our findings during 20032014 are in line with
those given by Querol et al. (2009): 2 ug m ™~ for a 3 year pe-
riod (2004-2006) of PM ¢ data at the Pefiausende site. A de-
creasing south to north gradient of African dust contribution
to PMjg (e.g. Querol et al., 2009; Pey et al., 2013a) is found
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the DD contribution to PMg. The largest DD contribution
is observed in March (2.2 ugm™3 or 20 %) and in the sum-
mer months of June to August (~2.3pugm™> or ~ 17 %).
The months of April and May (~ 0.9 uygm™2 or ~9 %) dis-
play a notable decrease with respect to March. After summer,
there is a sharp fall in September (1.2 ugm=3 or 10 %) pro-
ducing a local minimum and beyond October a progressive
decline leading to the weakest effect (< 8 %) of the African
intrusions during winter months (DJF). The maximum rel-
ative DD contribution to PMjg can reach 20 %, which is
within the range (10-50 %) observed by Pey et al. (2013a)
for the eastern Spanish coast. Comparing the seasonal cy-
cles of DD contribution to PMjq in the latter area with re-
spect to north-central Iberian Peninsula, some common fea-
tures appear (March maximum, April-May decrease, sum-
mer increase, and September drop) but the maximum in Oc-
tober seen on the Mediterranean coast does not happen in the
north-central area.

Even though both AOD and PM( express the aerosol load,
these quantities present noticeable differences. To facilitate
the comparison of the results shown above, Fig. S1 (Supple-
ment) shows the annual cycles of AOD and PM total means
and their DD contributions together. The annual cycle of the
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Figure 7. Interannual variability of DD contribution to the total
yearly PM1g (a), PM; 5 (b), and PM> 5_1( (c) in absolute (red bar)
and relative values (black line). Blue bars represent the mean year
PMjg (a), PM» 5 (b), and PM3 5_1¢ (c) value and green bars the
corresponding values without including the days of desert dust.

two quantities, total AOD and PM, for the complete dataset
follows a similar behaviour between August and March, with
differences in April (local PM minimum) and May (local
AOD minimum), and a slightly different evolution in June—
July. These discrepancies between these quantities lead to a
moderately high correlation coefficient of 0.82 between AOD
and PMj, but their physical meaning is uncertain, taking
into account the discrepancies in the two annual cycles. The
seasonal cycles of DD contribution (both absolute and rela-
tive), to AOD and PM differ in July (with a local minimum
of AOD) and September (sharp fall of PM1g). Furthermore, it
is worth mentioning that the maximum of March is more in-
tense for the DD contribution to PM( than the DD contribu-
tion to AOD. Hence, the correlation factors between the DD
contribution to PM|o and to AOD are moderately high: 0.84
and 0.74 for the absolute and relative values, respectively.
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The fine mode, represented by the PM; 5 data, follows the
same pattern as PMg in the total and DD contribution curves
(Table 4 and Fig. 6b). The DD contribution to PM5 5 is below
10 % for most of the year, with a mean value of ~ 9 %.

The total coarse-mode (PMj 5_1¢) curve is also similar to
that obtained for the total PM ¢, although the mean contribu-
tion of the DD events is 16 % of the total PM; 5_1¢, in con-
trast to the 12 % of the PM | (see Table 4). The DD contribu-
tion to PM» 5_10 (Table 4 and Fig. 6¢) exhibits a strong max-
imum in March (1.7 ugm=3 or 33 %), a reduction in April
and May (around 14 %), large values in June (1.4 pgm™3
or 25 %) followed by a weak decrease in July and August
(1.3ugm™3 or 21 %), and low values in autumn and winter.

4.3.2 Interannual variability and trends

The interannual variations of total PM;g, PMjs5, and
PM; 5_10 and the corresponding DD contributions to these
PM, concentrations are plotted in Fig. 7 and reported in Ta-
ble 5. In the shape of the DD contribution we can distinguish
two periods associated with the strong minimum of 2009.
The first period has a decreasing trend from 2003 to 2009
where the first 4 years have similar DD contributions among
them. The second period starts with a strong rise of the DD
contribution from 2009 to 2012, followed by a significant fall
in 2013 and a final rise in 2014. The absolute maximum DD
contribution occurs in 2006 (2.4 ug m~3 or 21 %) and the ab-
solute minimum is observed in 2013 with 0.4 ugm™ or 5 %,
although it is very similar to the value in 2009. The solid line
in Fig. 7 illustrating the evolution of the relative contribu-
tion highlights the minima of 2005, 2009 and 2013 and the
maxima of 2004, 2006, 2012, and 2014.

The interannual evolutions of the total PM;p and AOD
are very similar (see Fig. S2, Supplement) with a correla-
tion coefficient of around 0.9 in 2003-2014. With respect to
the yearly values of DD contributions to AOD and PM;,
they show a correlation coefficient of 0.81. The agreement is
also quite good for the relative DD contributions to AOD and
PM;g (correlation coefficient around 0.7). This high agree-
ment, extremely good during 2009-2013, is not seen for
some years. For instance, the reason behind the low DD con-
tribution to AOD in 2006 can be explained by the poor sam-
pling during that year (see Table 1). So far, no reasonable
explanation has been found for the strong fall between 2004
and 2005 in the DD contribution to AOD despite the fact that
total AOD and PMj( display the same behaviour. The DD
contribution to PMg is notably larger than that obtained for
AOD in 2014. The high interannual variability of these quan-
tities highlights the necessity of longer time periods to assess
this kind of relationships, bearing in mind that the net con-
tribution of DD aerosols is represented by very low values
with a high uncertainty; hence this variability falls within the
expected range of change. These results are of interest for
long-term studies of columnar and surface aerosol loads in
relation to their evolution and trends for climate studies be-
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cause tropospheric aerosols have a strong regional signature
and the area studied presents exceptional background condi-
tions representative of the western Mediterranean Basin.

The weak impact of the DD events on the PM; 5 levels
(fine mode, see Fig. 7b and Table 5) is reflected in the low rel-
ative contribution with only 3 years (2003, 2005, and 2006)
presenting values higher than 12 %. The last years of the pe-
riod analysed (2009-2014) present a notable low DD contri-
bution to PM» 5 below 7 %. By contrast, PMj 5_1¢ (Fig. 7c
and Table 5) still follows the PMjq pattern. The initial years
are the ones with the largest contributions (around 27 % until
2006), while 2013 shows the minimum values (around 5 %)
together with 2009 (~ 7 %).

There is a decreasing trend of all the quantities shown in
Fig. 7. The general decrease in PM, levels has been previ-
ously reported for the Pefiausende site and for shorter peri-
ods (e.g. Barmpadimos et al., 2012; Bennouna et al., 2014;
Mateos et al., 2014b; Querol et al., 2014), and it has been cor-
roborated by the temporal trends obtained in this study (see
Table 3). Cusack et al. (2012) pointed out a percentage re-
duction ranging between 7 to 41 % in the yearly PM; 5 from
2002 and 2010 at 11 Spanish sites. To quantify the observed
decrease in the DD impact, Table 3 also presents the temporal
trends of the DD contribution of PM o, PM> 5, and PM» 5_ 9.
The general decrease in PM g (0.46 ugm™> per year, with a
p value < 0.01) at the Pefiausende site for the period 2003—
2014 is in line with previous studies (e.g. Querol et al., 2014;
Mateos et al., 2015). Regarding the DD contribution, the fall
in the three quantities is quantified as around —10 % per year.
In particular, the DD contribution to PM1( has decreased by
an absolute amount of 0.14 ug m—> per year (p value of 0.06)
and 0.08 ugm—3 per year (p value < 0.01) for PM, 5. The re-
duction observed in the DD event days (see Sect. 4.1.3) has
also led to a significant fall in total particulate matter. Com-
paring the temporal trends of the PM¢ DD contribution and
the rate for the total quantity, the DD impact has caused 30 %
of the total PM ¢ decrease in north-central Spain. This per-
centage is smaller (about 21 %) for the PMj 5 case. In the
north-eastern region, Querol et al. (2014) showed that crustal
matter accounted for 14 % of the total PM, s decrease be-
tween 2001 and 2012.

4.4 Estimation of associated uncertainty of the
methodology

No quantification has been done for the associated uncertain-
ties in the number of events and associated days in most of
the literature. The same happens for the uncertainty linked
to the DD contribution, which can be evaluated as a conse-
quence of the earlier error of DD detection. One way to esti-
mate a possible range of the real uncertainty is the compar-
ison of results obtained from different methodologies. This
task was addressed by the above-mentioned study of Viana
et al. (2010) showing relative differences in the number of
dusty days of about 12 and 28-50 % for the DD absolute con-
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tribution. A big step took place when the proposed method-
ology by Escudero et al. (2007) was taken as the official stan-
dard method. However, the 30 days moving percentile used
to establish the regional background has been changed from
30 % (reported by Escudero et al., 2007) to 40 % (Pey et al.,
2013a; Salvador et al., 2013, 2014). There is evidence that
this percentile may be site dependent, thus demonstrating the
difficulty of this evaluation. Otherwise, it must be borne in
mind that a big difference exists between the Escudero et
al. (2007) methodology and that applied by us. This sub-
section describes a first attempt to estimate the uncertainty
associated with the method used in our study.

Fingerprints of each DD event day are visible on at least
one of the quantities related to aerosol load (columnar or
surface) analysed in the inventory evaluation (see Sect. 3),
plus the additional information on air mass back trajectories,
satellite images, and synoptic scenarios. Usually, several of
these variables simultaneously corroborate the DD presence,
especially due to the low background values that characterize
the north-central Spanish region. Therefore, the thorough in-
spection of all the information provided by different sources
at the same time causes the error in the DD identification to
be minimal. From our experience during these 12 years of
data, we consider that possible error sources can be, mainly,
the following: gaps in the data series, classification or not of
a day when the aerosol load is close to the threshold values,
and uncertainty of the instrumental techniques and the ancil-
lary tools. Therefore, we can estimate that about 3—5 days per
year could be missed in the annual sum of dusty days. This
assumption is based on our long-term expertise in this eval-
uation when the DD inventory has been re-evaluated to en-
sure its accuracy. So the associated relative uncertainty, con-
sidering the average of 35 DD event days per year, is ~ 9—
15 %, which is in line with the results reported by Viana et
al. (2010) as mentioned above. This estimation gives a real-
istic range for the error associated with this methodology of
visual inspection. The 5 days per year uncertainty (or 15 %)
can overestimate the real error, but even this percentage can
be considered acceptable as the maximum average error. Re-
garding the sum of dusty days in the seasonal cycle, the same
range of error can be assumed in every monthly interannual
value.

The possibility of missing these few days with DD finger-
prints (~ 3-5 per year and per interannual month) leads to
an uncertainty in the evaluation of the DD contribution to
AOD values. Hence, to quantify the uncertainty in the sea-
sonal cycle of the DD contribution to AOD each interannual
monthly database is extended adding 9 % of DD event days
(considering that 3 days are missed). For these “extra” days
the AOD is assumed as the mean value during the DD events
in that month. For instance, 4 days are added in June with
a mean AOD of 0.27 and 1 day is added in January with
AODy40nm = 0.18. The DD contribution is calculated for the
new data series, evaluating the differences with those values
shown in Sect. 4.2 (from the original database). The results

Atmos. Chem. Phys., 16, 8227-8248, 2016



8242

show a small change in the DD contribution to AOD, always
below 0.002. For instance, for June the relative uncertainty
caused by the added days is 6.7 % (the absolute DD contri-
bution for the original evaluation is 0.027). However, those
months with less absolute DD contribution to AOD cause a
relative difference between 15 and 20 % (such as January and
December). Overall, the mean uncertainty is 0.0013 or 9.7 %
when the uncertainties of the 12 multi-annual monthly val-
ues are averaged. This relative uncertainty is in line with the
10 % calculated by receptor modelling studies (Viana et al.,
2010). The same procedure is applied for the interannual DD
contribution to AOD. On average, the inclusion of 9 % DD
extra days causes an uncertainty of 0.0014 or 8.3 %. If the
assumption of a missing 3 days per year is even increased to
5 days per year, the uncertainties caused regarding the DD
contribution to AOD values only increase up to 14 %. Hence,
the reliability of the method followed here is demonstrated
because of the low changes in the results when the DD in-
ventory is augmented with possible dusty days missed.

In the same way, the study of the uncertainties of the DD
contribution to PM | is also addressed with the same method
(adding 9-15 % extra DD event days). The results for PM g
indicate a mean uncertainty of 0.1-0.13 ugm™—> or 8-14 %
in the evaluation of both annual cycle and interannual evolu-
tion. Hence, this relative uncertainty can be also extrapolated
to the PMj 5 and PMj 5_19 DD contributions showing the
feasibility of this method.

4.5 Analysis of the synoptic scenarios during desert
dust episodes

Using the ancillary information used in the final choice of the
DD identification, the synoptic scenarios that favour the ar-
rival of air masses originating in the north of Africa are also
studied. These scenarios are those defined and described by
Escudero et al. (2005): via the Atlantic Arch (North Africa
High located at surface level, NAH-S), directly from north-
ern Africa by deep low pressure (Atlantic Depression, AD)
or by a convective system (North African High located at up-
per levels, NAH-A), and from the Mediterranean area (North
African Depression, NAD). Overall, the geographical posi-
tions and heights of the high- and low-pressure systems pro-
duce the mineral aerosols that reach the IP. Figure 8 presents
the annual cycle and interannual variability of the number of
episodes associated with each synoptic scenario. The synop-
tic scenario of each episode has been established considering
all the daily meteorological maps during the episode.

The synoptic scenario analysis of the DD events (see
Fig. 8a) has shown a predominance of the NAH-A (81 out of
152 episodes), in particular, during the warm season (from
May to October). This scenario is produced by an intense so-
lar heating of the Saharan desert. These air masses present
large DD loads which can arrive at high altitudes (up to
5kma.s.l.). In our study region, the NAH-S scenario governs
(38 out of 152 episodes) the DD intrusions between Decem-
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Figure 8. Annual cycle (a) and interannual (b) variability of DD
episodes classified in terms of their synoptic scenarios: NAH-S
(white bars), AD (green bars), NAD (red bars), and NAH-A (blue
bars). The four synoptic scenarios are described in the text (see
Sect. 4.5).

ber and April (being also significant in October) and gener-
ates transport at the lower atmospheric levels (generally be-
low 1kma.s.l.). The AD scenario plays a minor role (24 out
of 152 episodes) but with an influence confined to between
February and May, September, and November. The NAD
scenario only presents an important contribution in March
and December (9 out of 152 episodes).

The fingerprints of the evolution of these synoptic sce-
narios are reflected in the climatology of the DD episodes
shown in Fig. 2. The rapid increase in DD events in March
(see Fig. 2) is caused by a larger influence of NAH-S (3 to 5
DD events with respect to February), the marked appearance
of NAD (3 events), and a slight increase in AD (2 to 3 DD
events with respect to February). The synoptic situation in
April changes and the NAD scenario almost disappears while
NAH-S and AD increase their influence. The local summer
minimum in July is caused by the lower occurrence of the
NAH-A conditions. Previous studies have found this mini-
mum for other columnar quantities, such as the vertical pre-
cipitable water vapour (Ortiz de Galisteo et al., 2013). The
absolute DD event minimum of November is caused by the
total disappearance of the NAH-A scenario.

Comparing these results with previous inventories per-
formed in other geographical areas of the IP, the synoptic
scenario climatology presents some discrepancies. Toledano
et al. (2007b) have also found a predominance of the NAH-A
conditions during summer for the El Arenosillo site (south-
western IP) in the period 2000-2005. However, the role
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played by the NAH-S seems to be minor during winter com-
pared to the north-central area. The DD inventory in the
northern Mediterranean Spanish coast has been analysed by
Escudero et al. (2005) between 1996 and 2002. They also ob-
tained the major predominance of the NAH-A during sum-
mer, although the NAD scenario shows a notable impact
on the DD events in May and November. These outbreaks
arriving from the Mediterranean area are also reported in
the months of February, March, and November in the El
Arenosillo inventory.

The interannual distribution of DD events and the four
synoptic scenarios (see Fig. 8b) corroborate the predomi-
nance of the synoptic scenario NAH-A every year. Overall,
there is a mean of seven episodes per year due to this scenario
in the north-central area of the IP, the maximum influence
being in 2012 where 9 out 12 events occurred in this situa-
tion. A special feature is the simultaneous appearance of the
four scenarios only in the years 2004, 2006, and 2014. The
last 2 years of the analysed period (2013-2014) have shown
a decrease in the number of episodes that can be attributed
to the absence of synoptic conditions favouring mineral dust
transport during summer (NAH-A scenario). The occurrence
of the NAH-S and AD scenarios presents high interannual
variability but the number of DD episodes they caused is al-
ways smaller than those caused by NAH-A. Finally, NAD
conditions in the north-central IP are only relevant in 2004,
2011, and 2014 with 2, 3, and 2 events, respectively. How-
ever, this scenario plays a key role in the north-eastern area of
the IP (e.g. Escudero et al., 2005), which shows that DD in-
trusions arriving through the Mediterranean area rarely reach
the north-central region of Spain.

5 Conclusions

In this study, a methodology to obtain a reliable identifica-
tion of desert dust (DD) intrusions is proposed and applied
to the north-central area of the Iberian Peninsula. Long-term
datasets of AOD and PM, for the background sites of Palen-
cia and Pefiausende (representative of the study area) have
been used as core information for the detection of desert dust
intrusions in this area during an 12-year period (from January
2003 to December 2014). The analysis of ancillary informa-
tion, such as air mass back trajectories at three altitude levels
(500, 1500, and 3000 m a.s.l.), MODIS-AOD and true-colour
images, and meteorological maps, has been used to establish
the duration of each desert dust episode, creating a reliable
inventory of desert dust episodes. The main conclusions can
be summarized as follows:

1. The simultaneous consideration of surface and colum-
nar aerosols has been shown to be a reliable tool in
DD identification. More than half of the inventory has
been detected by AODy49nm and PM ¢ data at the same
time. However, each quantity can provide DD detection
by itself in a large number of cases (114 and 80 out of
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418 days detected by only PM¢ and AOD data, respec-
tively). The smaller coverage of AOD sampling is not a
major handicap in this process.

. Atotal of 152 episodes composed of 418 days presented

desert dust aerosols during the entire period. The annual
cycles of the number of DD episodes and days follow
a similar pattern: an increase in March, a weak fall of
event days in April, a notable increment between May
and September, and a progressive decline to the abso-
lute minimum in winter, with the absolute maximum in
June and local minimum in July or August. Interannual
variability of the number of DD episodes and dusty days
is high, ranging between 7 episodes (15 dusty days) in
2013 and 17 episodes (67 dusty days) in 2006. A tempo-
ral trend of —2.7 dusty days per year (95 % significance
level) highlights the decrease between 2003 and 2014.
Therefore, a reduction in the DD outbreaks in the north-
central area of the Iberian Peninsula is found during the
period studied.

. Overall, the mean DD contribution to AODg449nm 1S

0.015 or 11.5%, while for the surface concentration
PMjo, PM> 5, and PM» 5_19 thisis 1.3 ug m™3 (11.8 %),
0.55ugm™3 (8.5), and 0.79ugm=> (16.1 %), respec-
tively.

. The annual cycle of the DD contribution to the aerosol

load peaks in March, decreases in April-May, notably
increases during summer months (the AOD curve has a
local minimum in July), and experiences a progressive
decline after summer (with a significant fall in Septem-
ber for the PM|g curve) towards minimum values in
winter. The maximum DD contribution to AOD occurs
in June and August close to 0.03, while the PM o maxi-
mum DD contribution reaches ~ 2.4 ugm~3 in August.

. The interannual variability of the DD contribution to the

aerosol load is at a maximum in 2004 for AOD with
0.03 and 2006 for PM o with 2.4 ugm~2 and at a mini-
mum in 2013 (0.004 for AOD440 nm and 0.4 pug m~3 for
PM ). The correlation coefficient between the DD con-
tribution to AOD449nm and PMq yearly means is 0.81.

. The temporal trends of the DD contribution to AOD,

PMjp, and PM> 5 have values of —0.0019 (p value of
0.02), —0.14ugm™3 (p value of 0.06) per year, and
—0.08 ugm~3 (p value < 0.01) per year in the analysed
period, respectively. All these negative rates indicate a
decrease in the levels of natural mineral dust aerosols,
which represents around 30 % of the total aerosol load
decrease shown by AOD (columnar) and PMjg (sur-
face) in 2003-2014. This decrease is around 20 % for
the PM> 5 case.

. DD outbreaks have mainly reached the north-central

Iberian Peninsula directly from northern Africa by a
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convective system (NAH-A synoptic scenario), with
clear predominance in the summer months. The NAH-S
(via the Atlantic Arch) and AD (directly from northern
Africa by a deep low pressure) scenarios present a vari-
able influence thorough the year, while the NAD (from
the Mediterranean area) conditions are only important
in March and December.

The proposed inventory is the first one based on long-
term AOD-PM data series. The use of worldwide networks
(EMEP and AERONET) ensures that this method can be im-
plemented in other regions with background aerosol obser-
vations, as long as nearby PM, and AOD measurement sites
in clear remote (background) locations are analysed.

With careful inspection of all the information, the inven-
tory can be a useful tool to develop and validate automated
methodologies which use other instruments such as Raman
lidars and ceilometers or which use model forecasts. The
comparison between different methodologies allows a more
reliable estimation of uncertainties in DD detection and its
contribution to total aerosol load. Future studies based on
this inventory will be focused on a global characterization
of microphysical and radiative properties of desert dust in-
cluding the evaluation of its radiative forcing over the study
region. Therefore, these results are useful for assessing re-
gional climate change studies linked to atmospheric aerosols
because of the excellent clean background conditions of the
area, which may be considered one of the few sites or areas
in south-western Europe with these conditions.

6 Data availability

Data used in this study are freely available from AERONET
and EMEP networks. The specific inventory dataset is the
intellectual property of the research group that carried out
this work.

The Supplement related to this article is available online
at doi:10.5194/acp-16-8227-2016-supplement.
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