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11 Abstract

12 A reliable identification of Desert Dust (DD) episodes over North-central Spain is carried out based on
13 AErosol RObotic NETwork (AERONET) columnar aerosol sun-photometer (aerosol optical depth, AOD,
14  and Angstrdom exponent, o) and European Monitoring and Evaluation Programme (EMEP) surface
15  particulate mass concentration (PMx x=10, 2.5, and 2.5-10 pm) as main core data. The impact of DD on
16  background aerosol conditions is detectable by means of aerosol load thresholds and complementary
17  information provided by HYSPLIT (Hybrid Single Particle Lagrangian Integrated Trajectory Model) air
18  mass back-trajectories, MODIS (Moderate Resolution Imaging Spectroradiometer) images, forecasting
19  aerosol models, and synoptic maps, which had been carefully reviewed by a human observer for each day
20 included in the DD inventory. This identification method allows the detection of low and moderate DD
21 intrusions and also mixtures of mineral dust with other aerosol types by means of the analysis of a. During
22 the period studied (2003-2014), a total of 152 DD episodes composed of 419 days are identified. Overall,
23 this means ~13 episodes and ~35 days per year with DD intrusion, representing 9.6% days/year. During the
24 identified DD outbreaks, 19 daily exceedances over 50 ug m™ are reported at the surface. The occurrence
25 of DD event days along the year peaks in March and June with a marked minimum in April and lowest
26 occurrence in winter. A large inter-annual variability is observed showing a statistically significant
27  temporal decreasing trend of ~3 days/year. As a key point, the DD impact on the aerosol climatology is
28  addressed by evaluating the DD contribution to AOD, PMj4, PM,5, and PM, 5.1 Obtaining mean values of
29  0.015 (11.5%), 1.3 ug m™ (11.8%), 0.55 pg m™ (8.5%) and 0.79 pug m™ (16.1%), respectively. Almost

30 similar annual cycles of DD contribution are obtained for AOD and PMj, with two maxima, one in
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31 summer (0.03 and 2.4 ug m™ for AOD in June and PMy, in August, respectively) and another in March
32 (0.02 for AOD and 2.2 pug m™ for PMyp), discrepancies occurring only in July and September. It is worth
33  mentioning that the seasonal cycle of DD contribution to AOD does not follow the pattern of the total AOD
34  (near bell shape), meanwhile both PMyg cycles (total and DD contribution) present more similar shapes
35  between them, although a main discrepancy is observed in September. The inter-annual evolution of the
36 DD contribution to AOD and PMy has evidenced a progressive decrease. This decline in the levels of
37  natural mineral dust aerosols can explain up to the 30% of the total aerosol load decrease observed in the
38  study area during the period 2003-2014. The relationship between columnar and surface DD contributions
39 s evident with a correlation coefficient of 0.81 for the inter-annual averages. Finally, synoptic conditions
40  during DD events are also analysed observing that the North African thermal low causes most of the events
41 (~53%). The results presented in this study highlight the relevance of the area studied since it can be
42 considered as representative of the clean background in Western Mediterranean Basin where DD events

43 have a high impact on aerosol load levels.
44

45  Keywords: Desert Dust Long-term Inventory; Aerosol Optical Depth; Particulate Matter; Occurrence and

46  Trends; Desert Dust Contribution to Aerosol Load.
47
48 1. Introduction

49 Atmospheric aerosol particles play a key role in the radiation scattering and absorption physical processes
50 that contribute to the Earth’s radiative budget (Trenberth et al., 2009; Wild et al., 2013). Their impact on
51  Earth’s climate is represented by their direct radiative forcing (Haywood and Boucher, 2000; Boucher et
52 al. 2013), but aerosols also act as cloud condensation nuclei (CCN) modifying cloud properties and giving
53  rise to a set of feedback processes that constitute the indirect radiative effect (Lohmann and Feichter, 2005;
54  Lohmann et al., 2010; Boucher et al., 2013). All these aerosol climate effects have been enhanced due to
55 anthropogenic aerosol particles (mainly sulphate and carbonaceous substances) which have increased the
56  mean load of the world in the last century and have modified substantially the atmospheric composition
57  (Boucher et al.,, 2013). Aerosol radiative properties, such as aerosol optical depth (AOD) or single
58  scattering albedo (d’Almeida et al., 1991; Cachorro et al., 2000; Eck et al., 2010) are important issues to

59  consider when studying the impact of atmospheric aerosol on climate.

60 Beside the climatological aspect of atmospheric aerosols, another element to be considered is their direct

61 incidence on air quality (Kulmala et al., 2009; Ganor et al., 2009; Querol et al., 2013). The particulate
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62  matter in environmental studies is mostly represented by its level of mass concentration at the surface
63  represented by various size fractions (PMjo, PM,s, PM;y, etc., where the subscript indicates the upper cut-
64  off of the aerodynamic diameter of particles and PMx is used here as a general term referring to these
65 fractions) and by its chemical speciation to derived specific aerosol components: sulphates, nitrates,
66  carbonaceous, mineral, etc.. The different properties of aerosols are linked to derived effects like the strong
67  adverse impact on human health (Pope 2000; Pérez et al., 2012), and ecosystems (Mahowald et al., 2010).

68  Desert dust or mineral aerosol is one of the main natural types of atmospheric aerosol particles, with a
69  strong impact on the Earth system due to its worldwide distribution and spatio-temporal variability (Goudie
70  and Middleton, 2006; Knippertz and Stuut, 2014; Viana et al., 2014). The injections of Desert Dust (DD)
71  into the atmosphere, from the two Sahara’s major dust sources (Bodélé depression and Eastern Mauritania)
72 by different re-suspension processes, can result in high layers being transported through very large
73 distances (e.g., Prospero et al., 1999; 2002; Escudero et al., 2006; Engelstaedter and Washington, 2007;
74  2011; Knippertz and Todd, 2012; Guirado et al., 2014).

75  Our interest in this work focuses on atmospheric aerosol studies over the Iberian Peninsula (IP), which
76  constitutes a peculiar area due to the large spatio-temporal variability in aerosol properties, types and
77 mixing processes as a result of the contrasting influences of the Atlantic Ocean, Mediterranean Sea,
78  European continent and the Saharan area. Based on sun-photometer data studies, different sectors of the IP,
79  basically defined by its topography/geography, can exhibit different aerosol climatologies (Alados-
80  Arboledas et al., 2003; Vergaz et al., 2005; Estellés et al. 2007; Toledano et al., 2007a; Obreg6n et al.,
81  2012; Bennouna et al., 2013; Mateos et al., 2014a). In particular, the Sahara and Sahel desert areas are the
82  most important natural sources of mineral aerosols for the IP. The closeness of the IP to the African
83  continent intensifies the impact of desert dust events on the aerosol load, measured on the whole
84  atmospheric column (AOD) and at the surface (PMx). Different synoptic weather conditions and
85  circulation patterns define the arrival of desert dust intrusions in the IP with a different seasonal behaviour
86  (Escudero et al., 2005, 2006; Toledano et al., 2007b; Basart et al., 2009; Valenzuela et al., 2012; Pey et al.,
87  2013a; Salvador et al., 2013, 2014). These intrusions are characterized by isolated or episodic events of
88  short duration (around 2-3 days) but episodes in summer months are longer and more frequent in such a
89  way that often successive episodes are linked due to the recirculation of air masses producing feedback
90  processes, which give rise to a long residence time of desert dust particles in the atmosphere when there is
91 low precipitation (Rodriguez et al., 2002; Escudero et al., 2005). Therefore, desert dust aerosols are one of
92  the most important types over the IP, having an important influence on the air quality and radiative

93  properties and hence its detection, quantification and characterization are important research tasks.
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94  There are different ways to approach the detection or identification of desert dust events depending on the
95  objectives of each study. The detection depends on the different techniques used: surface measurements,
96  remote sensing (satellite or ground-based), back-trajectories evaluation, aerosol models, or a combination
97  of them. Air mass trajectories have been one of the first and most used techniques to identify the origin of
98 the transport of mineral dust aerosols to different regions worldwide (e.g., Hogand and Rosmond, 1991,
99  Prospero et al., 2002; Kallos et al., 2003; Pace et al., 2006). Although there is abundant literature about
100 mineral dust over Southern Europe or Mediterranean areas, most of the studies about detection,
101  characterization and/or impact of desert dust aerosols are focused on case studies or particularly strong
102  episodes: e.g., in Italy (e.g., Meloni et al., 2007; di Sarra et al., 2011; Begue et al., 2012), Greece (e.g.,
103 Kaskaoutis et al., 2008) or the Iberian Peninsula (e.g., Lyamani et al., 2005; Pérez et al., 2006; Cachorro et
104 al., 2006, 2008; Guerrero-Rascado et al., 2009; Cdrdoba-Jabonero et al., 2011). Few studies are based on
105 long-term datasets of desert dust using different techniques, such as sun photometers (Toledano et al.,
106  2007b; Valenzuela et al., 2012), satellite sensors (Kaufman et al., 2005, Kaskaoutis et al., 2012; Gkikas et
107  al., 2013; 2015), LIDAR measurements (Mona et al., 2006; 2014) or PMx data (Escudero et al., 2005;
108  Salvador et al., 2013; 2014; Pey et al., 2013a; Rodriguez et al., 2015). As can be seen only recent studies
109  contain long-term data sets and only in some of them the net contribution of DD is evaluated.

110  PMx observations provided by different networks have constituted one of the most frequent tools for the
111 establishment of DD inventories (e.g., Escudero et al., 2005; Pey et al., 2013a; Salvador et al., 2013; 2014)
112 in order to evaluate their contribution to PMx levels demanded by the EU directives. The EU 2008/50/EC
113 directive (EC, 2008) on air quality establishes threshold values for the concentration of particles with
114  aerodynamic diameter below 10 (PMj) and 2.5 (PMzs) pm: an annual mean and 24 hour mean of
115  respectively 40 ug m > and 50 ug m > for PMyoand an annual PMys average of 25 ug m™>. In this sense it is
116  necessary to know the contribution of natural and anthropogenic components to the total aerosol load.
117  Therefore, the contribution of mineral dust in South-Europe is important because of the linkage of PMyg
118  exceedances and DD outbreaks.

119  Once the identification or discrimination of DD African aerosols is carried out, the next task is to quantify
120 their contribution to the total aerosol load. The evaluation of impact or contribution of DD episodes to PMx
121  data is viable by means of a chemical speciation analysis (Rodriguez et al., 2001, 2002, 2015) but this
122 method requires a high man power and presents poor temporal sampling. Hence, in order to avoid this
123 expensive technique other methods have been developed taking PMx (Escudero et al., 2007; Ganor et al.,
124  2009) and AOD data (Toledano et al., 2007b) or need to be developed. As reported by Viana et al., (2010)
125  and taking into account more recent publications (e.g., MAGRAMA, 2013, 2015) no more than three
126 methods are nowadays used. However, other techniques such as receptor models widely applied for surface

127  data (Pey et al., 2013b; Belis et al., 2013) may be updated or improved for DD contribution estimates. In a
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128  similar way columnar aerosol algorithms can facilitate the apportioning of the different aerosol types
129  (Dubovik et al., 2002; O’Neill et al., 2003) to the total aerosol load.

130  The advantage of remote sensing techniques, such as sun-photometry, for DD detection is the spectral
131 information recorded by their AOD measurements and given by the Angstrdm exponent, o. This is a
132 powerful tool in the identification and classification of the different aerosol types (Eck et al., 1999;
133  Toledano et al., 2007a) but also allows “near-real-time” processing of data by means of reasonably
134  sophisticated algorithms (Dubovik et al., 2002; O’Neill et al., 2003) to retrieve aerosol properties. Surface
135  PMx and columnar AOD quantities present notable differences between them (see Bennouna et al., 2014;
136  Mateos et al., 2015) and hence their DD impact can also present some discrepancies. The PMx sampling is
137  based on daily records (see, Aas et al., 2013) while sun photometers provide instantaneous measurements
138  of the columnar load but their sampling is limited to sun cloud-free conditions (Toledano et al., 2007a,b).
139  The usefulness of a DD inventory is that it opens the possibility of the evaluation of desert dust
140  contribution to the total aerosol load. However, very few studies have accomplished this task over a long
141 period and under a climatological perspective. To our knowledge, only the inventory of Toledano et al.
142 (2007b) addressed the DD contribution to AOD between 2000 and 2005 in a Spanish South-western site.
143 For PMx data we have found various studies, as those of more recent publication by Salvador et al. (2013;
144  2014) and Pey et al. (2013a). Salvador et al. (2013) reported a DD inventory and the corresponding
145  contribution of DD is determined over the Madrid area from 2001-2011. This study is extended to several
146  stations covering the whole IP by Salvador et al. (2014). Pey et al. (2013a), with the same methodology,
147  analysed the period 2001-2011 for PMy, at different sites over the whole Mediterranean Basin. In these
148  three mentioned studies, the method followed for the evaluation of the DD contribution to PMx is different
149  to that for AOD. Therefore, the development of methodologies for the evaluation of DD contribution is an

150  open area of research.

151 Within this framework, the main purpose of this study is to establish a reliable inventory of DD episodes
152  together with the evaluation of their contribution to the total aerosol load, using both AOD and PMx data.
153  As an innovative aspect, this is the first time, to our knowledge, that DD events are identified by the
154  simultaneous use of both columnar (AOD/a) and surface (PMx) aerosol observations. The methodology is
155  applied over one of the atmospheric cleanest areas in Southwestern Europe, the North-central area
156  (‘Castilla y Ledn’ region) of the Iberian Peninsula, for a long time period spanning more than one decade
157  (2003-2014). Regarding the columnar aerosol data, the reliable measurements performed within the
158  Aerosol Robotic Network, AERONET (Holben et al., 1998), are considered. For the study area, the only
159  available aerosol long-term data set is recorded in Palencia site (41.9° N, 4.5° W, and 750 m a.s.l.).
160  Regarding surface aerosols, the high quality particulate matter data recorded by European Monitoring and
161  Evaluation Programme (EMEP) network are considered in the nearby Pefiausende station (41.28°N,
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162  5.87°W, and 985 m a.s.l.), with similar background conditions to Palencia. In this way, the usage of these
163 two worldwide extended networks ensures the feasibility of implementing the proposed method in other
164  regions. The long-term inventory described hereafter has been employed to establish the main
165  characteristics of the DD episodes in North-central Spain: their climatology, inter-annual behaviour, trends
166  for the number of episodes and associated days, and occurrence under different synoptic scenarios. In
167  addition, the evaluation of the DD contribution to the total mean values of AOD and PMx is also addressed
168  over the period investigated under a climatological and inter-annual perspective, which emphasizes the

169  correlations between both quantities.

170  Section 2 describes the region of study and the datasets used. The methodology followed in the DD
171  identification and in the evaluation of its contribution is presented in section 3. In subsections 4.1-4.3, the
172 seasonal cycles and inter-annual evolution of DD events, dusty days, and DD contribution to AOD and
173 PMx are deeply investigated. Subsection 4.4 provides an estimation of the uncertainty of this method and
174  subsection 4.5 describes the synoptic scenarios leading the arrival of DD episodes to North-central Iberian

175  Peninsula. Finally, Section 5 sums up the main findings obtained in this study.
176 2. Sites of measurements and database
177  2.1. AERONET network and AOD/ Angstrém exponent database

178  The main database for this study contains the instantaneous values of AOD obtained for 440 nm
179 (henceforth AOD for shake of clarity) and Angstrom exponent (a for the 440-870 nm range) measured in
180  Palencia site of the AERONET-Europe network (see Figure 1 and Table 1). The instrument used to obtain
181  these data is a CIMEL CE318 radiometer which measures under clear sky conditions and each 15 minutes.
182  The raw measurements in all sky conditions (level 1.0 of AERONET criteria), the cloud screened data
183  (level 1.5), and the high quality processed data in the level 2.0 are used in this study. Lower quality levels
184  are of great help to reliably determine the duration of each DD episode, in particular, when the event is

185  mixed with cloudiness.

186  Aerosol measurements are available in the Palencia site since 2003, one of the longest series of aerosol
187  optical measurements in the Iberian Peninsula (Mateos et al., 2014a). The number of available days for
188  every year in this study can be seen in Table 1. The standardization protocols of AERONET demand pre-
189  and post- calibration of the instruments after a field measuring period of 12 months, which helps to assure
190 the quality of the obtained data and associates an uncertainty for AODasonm of £0.01 and for the derived a

191  parameter of about £0.03 (see, e.g., Toledano et al., 2007a).
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192  The Palencia site is placed in the autonomous region of “Castilla y Ledn” in the North-central Iberian
193 Peninsula, which is also known as the “Castilian plateau” with an average altitude of ~800 m. This region
194 is the third less-populated community in Spain due to its big surface (94,193 km?) and its low population
195  (2.543.413 inhabitants registered in the census in 2012), with a population density just a bit higher than 27
196  inhabitants per km?. Palencia is a small city (100.000 inhabitants) placed in the north of “Castilla y Le6n”
197  but the measuring site is located outskirts being surrounded by rural areas, removed from of big urban and
198 industrial centres. Hence, this area exhibits an exceptionally clean atmosphere and aerosol observations are
199  representative of the background conditions for the whole region. Therefore, desert dust intrusions are

200  observed since they notably modify the background aerosol properties.

201 In order to fill the gaps in the Palencia AOD database, the site “Autilla” (42.00°N, 4.60°W, and 873 m
202  as.l.) close to Palencia (7 km apart) has been used (see for details Bennouna et al., 2013). This site is being
203  used by GOA (Grupo de Optica Atmosférica) as the calibration platform for Cimel sun photometers within
204 the AERONET-EUROPE infrastructure and also works as a routine measurement site. Under these
205  considerations, the columnar aerosol data series used in this study is consistent and allows one to perform

206  the inventory of DD events in this region.
207  2.2. EMEP network and PM database

208  Daily PMyo and PM, 5 measurements provided by the EMEP network constitute the second core database
209 used to carry out this study (see Figure 1 and Table 1). This network has the objective of regularly
210 providing qualified scientific data to the interested organizations in order to analyse and assess the
211  transboundary transport and emission of pollutants (e.g., Aas et al., 2013). This is the objective of the
212 LRTAP (Long-Range Transboundary Air Pollution) convention that establishes a framework for
213 cooperative action for reducing the impact of air pollution. Using the PM;o and PM; 5 data, the particulate

214  matter associated with coarse particles (PM2s.10) can be determined by subtracting these quantities.

215 PMyo and PM, 5 data belonging to the EMEP site of Pefiausende have been used for the detection of days
216  with DD load in correspondence with AOD-a data of the Palencia site and for the evaluation of their
217  contribution to the total PMx levels. However, in order to better detect the DD episodes that arrive to our
218  study area, two nearby stations (Campisabalos, 41.28°N, 3.14°W, and 1360 m a.s.l., and Barcarrota,
219  38.48°N, 6.92°W, and 393 m a.s.l., see Figure 1) are taken as complementary sites. All these three sites are
220 placed in rural areas where background values are measured and the detection of Saharan desert dust
221 intrusions is also possible. Among all Spanish EMEP sites, these two complementary sites have not been
222 randomly selected, since their geographical locations help us to have more information about the path

223 followed by the intrusion before arriving in our study area. The arrival direction can be established from
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224 the west (by the Pefiausende site), South-west (by the Barcarrota site) and South-east (by the Campisabalos
225 site).

226 The available time period for the PMx data starts in 2001, but the same period (2003-2014) used in the
227 AODy4onm is considered. It is important to emphasize here that in spite of the distance between Pefiausende
228 and Palencia sites (~100 km), the absence of any large landforms between them together with their
229  atmospheric and background conditions make possible the joint discrimination and evaluation of these
230  observations of AOD and PMx for the detection of DD intrusions. Furthermore, a deep analysis about the
231  air masses at Pefiausende and Palencia sites (not shown here) has been carried out, corroborating that the

232 geographical distance between them is negligible in the analysis of regional quantities.

233 The use of AODgsonm o, PM31g, and PM; s observations provides a complete and detailed database to carry
234 out an analysis in terms of aerosol load and particle size, both at the surface and in the whole atmospheric
235  column. Table 1 presents a detailed description of the annual sampling of each database. Overall, the PMx
236 temporal sampling is larger than for AOD. Particularly, the year 2003 presents the lowest AOD sampling

237  because of the gaps at the start of the sun photometer measurements.
238  2.3. Ancillary information

239 With the aim of performing a more accurate evaluation and discrimination of days that constitute a desert
240  dust intrusion, ancillary information is taken into account. Air mass back-trajectories arriving at Palencia at
241  12.00 UTC have been calculated with the HYSPLIT model (Hybrid Single-Particle Lagrangian Integrated
242 Trajectory), version 4 (Draxler et al., 2014; Stein et al., 2015). Due to the fact that desert dust aerosols can
243  be transported to altitude levels higher than the boundary layer, back-trajectories have been calculated for
244 three heights (500, 1500 and 3000 meters above ground level) and analysed 5 days back in time (120 h),
245  assuming the model vertical velocity in the calculations. The meteorological database used as input for
246 HYSPLIT is the Global Data Assimilation System (GDAS) dataset. These three levels are very usual in
247  this type of studies to represent the air masses near the surface, in the boundary layer and in the free

248  troposphere, in order to follow the vertical transport of aerosols.

249  Valuable information about cloudiness is obtained from MODIS (Moderate Resolution Imaging
250 Radiometer) rapid response imagery products (https://earthdata.nasa.gov/data/near-real-time-data/rapid-
251  response). In addition, GIOVANNI (Geospatial Interactive Online Visualization ANd aNalysis
252 Infrastructure) MODIS AOD aerosol maps (http://giovanni.gsfc.nasa.gov/giovanni/) and those provided by

253 the AERONET website (http://aeronet.gsfc.nasa.gov/cgi-bin/bamgomas _interactive) are used to determine

254  the extension and path followed by the mineral dust air masses for a DD identified event. The NAAPS
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255  Global Aerosol model (Navy Aerosol Analysis and Prediction System; available at

256  http://www.nrimry.navy.mil/aerosol/) is also used.

257  As it has been analysed in previous studies (Escudero et al. 2005; Toledano et al. 2007b) desert dust
258 intrusions over Spain take place under certain synoptic scenarios. For evaluating these scenarios, the
259  geopotential height at 700 hPa and mean sea level pressure are required. Through the Earth System
260 Research Laboratory of NOAA (National Oceanic and Atmospheric Administration), the plots of
261  atmospheric quantities can be obtained for the selected days and one possible scenario among the four

262  possibilities proposed by Escudero et al. (2005) is identified.
263 3. Methodology
264 3.1 Detection of desert dust episodes

265  This study is based on instantaneous AODg440nm and o values, as well as daily PMjo and PM;o/PM; 5 ratio
266  data. The method for the detection of Desert Dust (DD) intrusions is a manual inspection of the evolution
267  of these four quantities together with the origin of the air masses at the three levels of altitude and the
268  auxiliary material of AOD MODIS maps, aerosol models and synoptic scenarios. The methodology for
269  detection is similar to that applied in Toledano et al., (2007b) with the added information of PMx data, and
270  not so much different from that used in other studies also based on a set of different observations (Escudero
271 et al., 2005; Pace et al., 2006; Kalivitis et al., 2007; MAGRAMA, 2013). The difference between these
272 methods lies on the weight played by each quantity, or the way to analyse the information. For example in
273 our case the AOD-PMx data is the first and primary information, but in other studies the key variable is the
274  origin of the air masses (Pace et al., 2006; Valenzuela et al., 2012). Meteorological products and forecast
275  aerosol models can also be used for this task (MAGRAMA, 2013). Although automatic methods can be

276  applied in the DD identification, a visual inspection should be performed to corroborate each classification.

277  This study has been carried out as a year by year service to the “Consejeria de Medio Ambiente” of the
278  Autonomous Community of ‘Castilla y Ledn’ by means of two Research Programmes from 2006-2013
279  about the “Discrimination, characterization and evaluation of desert dust outbreaks over ‘Castilla y Leén’
280  region”. These programmes have the purpose of accomplishment programmes aim to help accomplish the
281  “Environmental Quality Improvement Policy” of the EU by the National and Regional Governments. The
282  experience gained with this year by year identification gives rise to the final DD inventory presented in this

283 study.

284  Certain thresholds have been established in order to identify those conditions which are separated from the

285  background over the studied area. Hence, these choices are based on the aerosol climatology of the site. For
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286  Palencia, mean AODg4onm is 0.13 with a standard deviation (std) of 0.09 and 0=1.27 + 0.36. Consequently,
287 DD intrusions are firstly detected using the following thresholds: AODgsonm > 0.2 (AOD Criterion in Table
288 1), which is the mean plus the standard deviation approximately, and o < 1.0 for instantaneous values. If a
289  day has about 50% of these data, the day is considered as a dusty day and these events are called “pure
290  desert aerosols”, denoted by (D). However, days with instantaneous values of AODg4onm > 0.2 and 1.0 < o
291 < 1.5 may also present desert dust aerosols but mixed with other types (indicated by the high o value),
292  which is corroborated by the desert origin of air mass backwards trajectories, satellite images, and model
293  forecasts. This type of days, named MD (Mixed Desert), may either be a part of an intense event (generally
294  of D type) or form by themselves a low-moderate intensity event. Previous studies have also stated that DD
295 intrusions in the Mediterranean Basin can present moderate AOD associated with large o values (e.g., Pace
296  etal., 2006; Tafuro et al., 2006).

297  The limit of a < 1 for identifying coarse particles has been established by previous studies in different areas
298  (e.g., Eck et al., 1999; 2010; Dubovik et al., 2002, Meloni et al., 2007), making this threshold suitable for
299  our study area. It is important here to emphasize that the a parameter allows a more fine identification of
300 desert dust events, mainly those of low intensity with a less desert character (the larger the AOD of a desert
301 event, the lower o), generally those mixed with other type of aerosols which are not accounted for in many
302 DD studies (e.g., Gkikas et al., 2013). DD events of low intensity are more difficult to detect and hence it is

303  more difficult to evaluate their contribution or impact on the AOD and PMx daily values.

304  The criterion for the PMyq values is selected from our investigations (Bennouna et al., 2014; Mateos et al.,
305  2015) and previous results (see, e.g., Querol et al., 2009; 2014), giving a threshold of PM> 13 pg m’ for
306 the daily values of the particulate mass concentration (PM Criterion in Table 1). The mean value of PMyg
307  over the period 2003-2014 is 10+9 pug m™, thus 13 is the mean plus one third of the standard deviation.
308  However, this value alone must be taken as a “warning value” and not as a true threshold, in the sense that
309 this value alone does not define a dusty day. This PMyg value could seem very low but we must note here
310 that all these values are manually supervised by the expert-observer who will take the final decision of the
311 inclusion or not of a dusty day, having in mind all the available information given by these data and all the

312  complementary material.

313 Another problem to be considered in the identification of a dusty day is when AOD and PMy,
314  measurements show different information, e.g., AOD indicates desert dust presence but PMjo does not. It
315  must be taken into account that PM;o quantity does not necessarily follow the same temporal behaviour as
316 the AOD and possible delays due to deposition can occur. Desert dust events can reach the IP at high
317  altitude layers (e.g., above 2000 meters, Gkikas et al., 2015), and dry deposition can last various

318 hours/days. Assuming an average speed of deposition of around 0.6 cm s (Zender et al., 2003), DD
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319  particles can remain up to two days after an episode ends (Escudero et al., 2007). Hence, the delays
320  between air masses and PMyq are very variable (e.g., Kalivitis et al., 2007; Pey et al., 2013a). Therefore, as
321  mentioned AOD and PM3, observations must be consider as complementary information to detect mineral

322 dust aerosols.

323 It is worth mentioning here that in the general detection of both intensity and duration of a particular event,
324 DD causes an increase in the AODg40nm and PMyg values, which then surpass the corresponding threshold,
325  together with a decrease in the o and PM;s/PMj, values given rise to an increase of the mean size of the
326  particle distribution. The duration of each intrusion can be established, since the background values are
327  recovered when the event finishes. The central or most intense days of each event are easy to detect due to
328 the large increment of aerosol load with large particles (a even close to zero) but low to moderate events
329 are more difficult to detect. Although the events vary in their nature, the first and last days of a DD event
330 show a low or moderate signature of mineral dust particles because of its mixture with other aerosol types
331  (clean continental aerosol in our study area), with the exception of the strong DD events which generally

332 have a notable impact on the aerosol load levels since the first day.

333 In the inspection of the instantaneous columnar dataset, non-reliable records are identified and removed
334  due to their high dispersion likely attributed to cloud contaminated conditions. To corroborate some critical
335 decisions, the ancillary information (see section 2.3) constitutes a key point of the methodology. For
336 instance, the verification of cloudy conditions can be supported by means of a comparison between AOD
337 instantaneous data from different levels, 1.0 (all-sky conditions) and 1.5 (cloud-screened data), and the
338  visualization of cloud systems in MODIS true colour and cloud product images. If there are signs of cloud
339  presence, instantaneous AOD data are carefully checked to discern between non-valid data and a DD

340 intrusion.

341  Once aerosol load measurements for a certain day indicate the likely classification as a dusty day, the air
342  mass back-trajectories (calculated as described in Section 2.3) are visualized in order to check if the origin
343  of the path or the path followed crosses the North-African region and/or its surroundings. Therefore, the air
344  mass back-trajectory analysis and the geopotential maps (establishing a particular synoptic scenario, see
345  Sections 2.3 and 4.5) lead to the final decision with respect to a DD event day classification, even in those
346  days showing cloudiness. Finally, to help in the understanding of the general situation about the
347  geographical distribution of the aerosol plumes, AOD MODIS maps and NAAPS forecasts are also

348  inspected. The consistency of the information used provides a reliable identification of the DD event.

349 It is worth mentioning here that the final decision to include a day as D or MD is made by the human-

350  observer with all the available information at hand. Perhaps this methodology is not the most adequate to
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351 apply for a big area with a high number of stations and long-term databases, but it is necessary for
352 developing methodologies, because it will allow validation of other more automatic methods (e.g., those

353  only based on threshold criteria), most of them using satellite observations (e.g., Gkikas et al., 2013, 2015).
354 3.2 Evaluation of desert dust contribution to total AOD and total PM;o concentration

355  Once the DD inventory is established, the evaluation of DD contribution can be addressed at seasonal and
356 annual scales. Following Toledano et al., (2007b), the contribution of the DD events to AOD can be
357  obtained as the difference of the multi-annual monthly means considering all days and the corresponding
358  value without including the desert dust cases. This procedure was also used for PMjo data in a 3-year
359  evaluation of net DD contribution in several sites at the Mediterranean Basin (Querol et al., 2009). In this
360  study, the annual cycle of the DD contribution to AOD/PMXx is evaluated with this same methodology over
361 the entire period 2003-2014, using the DD event days classified in the inventory. Furthermore, the relative
362 DD contribution to AOD/PMx can be obtained normalizing with respect to the total AOD/PMx value.
363  Regarding the seasonal evaluations, the classification is used as follows: winter (DJF), spring (MAM),
364 summer (JJA), and autumn (SON). Analogously, the yearly AOD/PMx means excluding dusty days are
365  subtracted from the yearly AOD/PMx means for all days for obtaining the DD contribution at annual time

366  scale.

367  This method assumes the entire daily aerosol load (both surface and columnar) due to DD aerosols, being
368 included the contribution of regional background aerosols. Thus, suitable time scales for this kind of DD
369  contribution calculation are the annual and climatological monthly means. Those evaluations for every
370  single day or month can be addressed using other methods, for instance the determination of percentile 40
371  to evaluate the background conditions that are subtracted from PMx levels (Escudero et al., 2007). This
372 method has been taken as the standard by the European Commission for the evaluation of DD contribution
373  (Vianaetal., 2014; MAGRAMA, 2013, 2015).

374  The methodology used in this study leads to lower uncertainty in the annual cycle evaluation since there is
375 good data coverage for the multi-annual monthly sampling, but higher uncertainty for a yearly evaluation.
376  The inclusion or not of an uncertain DD event (e.g., very contaminated with clouds where cloud optical
377  depth is assigned to aerosol AOD) can substantially modify the corresponding yearly mean as it has been
378 shown in Bennouna et al. (2014). This source of uncertainty must be considered in the temporal trend
379  evaluation. It is not easy to establish an adequate methodology to evaluate the DD aerosol contribution
380 (Viana et al., 2010) and much less with its corresponding associated error. A further investigation is
381  necessary about this subject. A discussion about the uncertainty of our approaches in the DD identification

382 and in the evaluation of DD contribution to aerosol load can be found at the end of the results section.
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383 4. Results and discussion
384 4.1 Evaluation of the number of episodes and days: annual cycle and year-to-year variability
385  4.1.1. Mean Evaluation of the number of episodes and dusty days

386  The inventory of desert dust intrusions includes: information on each episode and its associated days; the
387  daily mean AOD, o, PM;q, and PM;s; cloudiness, synoptic scenarios, and air mass origin at the three
388 altitude levels mentioned above. Tables 1 and 2 show the information used to classify DD events and the

389  main statistics for this inventory, respectively.

390 The PMjo sampling presents the best coverage of the measuring time period with a 93.1% of the days,
391  AOD is available 67.2% of the time, and the coincident sampling is available 63.2% of the time. As can be
392 deduced from Table 1, the majority (51.3%) of the DD event days composing the inventory are noticeable
393  in both AOD and PMy, datasets. However, 46.3% of the total detected days are over the required thresholds
394  only in one quantity (AOD or PMyg). This is the great advantage of the proposed inventory. The reasons
395  behind this 46.3% (19.1% only with AOD and 27.2% only with PM1) are due to delays between columnar
396  and surface levels related to deposition phenomena and the lack of AOD or PM;o measurements. Finally, a
397  smaller number of cases (2.4%) are identified as dusty days using the ancillary information when AOD and

398 PMy data are not available.

399  The smaller coverage of AOD is not a major handicap in DD detection. There are several years (2004,
400 2007, 2008, 2010, 2011, and 2012) with more DD days detected only by AOD than only by PMy, in spite
401 of the smaller AOD sampling (between 53 and 103 days less per year). However, years 2003 and 2006,
402  which present less than 200 daily AOD data, require the use of PMy in order to better identify DD

403  intrusions.

404  As reported in Table 2, during 2003-2014, a total number of 152 episodes have been identified, composed
405  of 419 days. Among them, 243 have been classified as days with desert aerosols (D) and 176 with mixed
406  aerosols (MD). Overall, this means 13 episodes and 35 days per year with desert dust intrusion,
407  representing the 9.6% of the days each year. The duration of DD episodes is very variable, ranging from 1
408  to 13 days, but a value of 2.7 days is obtained as the mean episode duration. Due to the high variability of
409 these intrusions it is difficult to distinguish when an event has ended or its intensity has simply fallen below
410  our threshold. During summer, the recirculation of air masses in the IP is very frequent and the DD
411  episodes are subject to large variations. We have considered separate DD episodes when there is, at least,

412 one day that does not meet the DD requirements between two DD episodes.
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413 Our percentage of dusty days of 9.6% is lower than that reported by Salvador et al. (2013), which is around
414  18% (18 episodes and 65 days per year), who analysed DD intrusions over the central Iberian Peninsula
415  (Madrid area) between 2001 and 2008. This large difference between two nearby areas (separated by ~200
416 km) can be explained by the different time periods considered and the existence in between of a high
417  mountain range (Sistema Central), up to 2400 m (a.s.l.). For the North-eastern area of the Iberian
418  Peninsula, Escudero et al. (2005) reported 15% of DD intrusions (16 episodes and 54 days per year) in the
419  period 1996-2002, and Pey et al. (2013a) obtained 17-18% between 2001 and 2011. In the comparison with
420  our results, we must note that not all DD episodes have a net impact on PMx levels because of the
421  mentioned characteristics of transport and deposition of DD intrusions. The contribution of these episodes

422 to PMx and AOD will be analysed in the next subsections.
423 4.1.2. Annual cycle of the number of episodes and days

424  The annual cycles of the number of episodes and number of days with DD conditions are presented in
425  Figure 2. In general, the seasonal pattern along the year followed by the number of episodes (Figure 2a)
426  and dusty days (Figure 2b) is similar with a significant increase of the DD occurrence in March (13 events
427 and 34 dusty days), a weak fall of DD event days in April (14 events and 25 dusty days), a notable
428  increment between May and September (around 17 events and 53 dusty days per month), and a progressive
429  decline to the minima in November and December. The number of episodes and event days peaks in June
430 (20 events and 65 dusty days). A noteworthy feature of this figure is the non-expected local minimum in
431 the number of DD episodes in July (15 episodes in 2003-2014) which is shifted to August in the number of
432 DD event days (46 dusty days in 2003-2014). Figure 2b is similar in shape to that reported by Salvador et
433 al,, (2013) with the exception of September and also similar to that of Escudero et al. (2005) with the
434  exception of October. Concerning the two types of DD conditions distinguished in our inventory, D type
435  controls the annual cycle in the March maximum and April minimum, while MD controls the evolution

436 between August and October.

437  Some features mentioned above regarding the seasonal behaviour of DD events for the North-central
438  Spanish region are also observed for other areas of the IP. For instance, the March maximum and April
439 minimum are common features in South-western (Toledano et al., 2007b; Obregén et al., 2012), North-
440  eastern (Escudero et al., 2005), and Central (Salvador et al., 2013) Spain. In spite of the different time
441  periods and methodologies employed in the DD event identification, its impact over (almost) all the Iberian
442  Peninsula seems to follow the same pattern with the two maxima, one at late-winter/early-spring (March)
443  and the other in summer, and the accentuated minimum of winter. Several minor discrepancies are found
444 for the rest of the year; for example, the maximum number of DD event days during summer months with a

445  local minimum (in July) between them seems to be a characteristic of the annual cycles of the South-
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446  western (Toledano et al., 2007b) and North-central areas. Conversely, the eastern region does not show this
447  behaviour and presents a local maximum in October (Escudero et al., 2005; Pey et al., 2013a). These

448  results confirm that different areas have different aerosol properties in the IP (Mateos et al., 2015).
449  4.1.3. Interannual Variability and trends of the number of episodes and days with DD

450  The year-to-year variability for both number of episodes and days is reported in Table 2 and illustrated in
451  Figure 3. A large inter-annual variability is observed, more accentuated for the evaluation of the number of
452 DD event days (Figure 3b) with an apparent decreasing trend during the analysed period. A large number
453 of dusty days is reported during the first five years (2003-2007), being the maximum in 2006 (68 days).
454  Beyond 2007 there is a decline of DD event days up to 19 days in 2010, and a small upturn is observed in
455 2011, 2012, and 2014 with a sharp reduction in 2013. The lowest occurrence of DD events occurred in
456 2013 with only 7 episodes lasting 15 days (4.11%). On the other side, the largest occurrence is registered in
457 2006 with 17 episodes composed of 68 days of dust intrusion (18.6%). Nevertheless, the number of
458  episodes and the number of days are not directly linked. For instance, 12 episodes are observed in both
459 2007 and 2010 but the former registered 44 days of intrusion whereas the latter just 19 days. Furthermore,
460  even though 2006 is the year with the highest occurrence of days, it is not linked with the most intense
461  events. Both AODy4onm and PM;o means (for DD days) are lower in 2006 than for previous years, in which
462  a smaller occurrence of DD conditions is observed. The minimum load during DD days is registered in
463 2013 for the AODasonm (0.18) and in 2009 for the PMyo (16 pg m™®), while the maximum occurred in 2004
464  (0.33 for AOD and 30 ug m™ for PMyg). Concerning the two classifications of DD event days, years 2003,
465 2006, 2009, 2012, and 2014 are governed by D type intrusions.

466  To quantify the decreasing trend rates in the number of episodes and associated days, the Theil-Sen
467  estimator and Mann-Kendall test for significance have been used. The trends for the number of DD
468  episodes and days are reported in Table 3 for the yearly values. A statistically significant trend at the 95%
469  significance level presents a p-value below 0.05 (e.g., Sanchez-Lorenzo et al., 2013). The total number of
470  dusty days has decreased by -2.7 days per year (p-value of 0.02) between 2003 and 2014. This strong
471 change, however, does not cause a significant trend in the number of episodes which presents a rate of -
472 0.67 episodes per year with a p-value around 0.03 (~97% of significance level). These figures corroborate a
473 notable decrease in the DD events seen in the North-central area of the Iberian Peninsula over the past
474  decade. This result is in line with the findings obtained by Gkikas et al. (2013) for the whole Mediterranean
475  Basin using MODIS data between 2000 and 2007 and considering only very intense DD events.

476  4.2. Desert dust contribution to total AOD: seasonal cycle, inter-annual variability and trends
477  4.2.1. Annual seasonal cycle
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478  Figure 4 and Table 4 show the annual cycle of the DD contribution (small red bars in the figure) together
479  with the multi-annual monthly means considering all days and only days without DD aerosols (the
480  difference between these two values gives the DD contribution). Overall, the mean DD contribution to
481  AOD is 0.015 or 11.5% in 2003-2014.

482  The total AOD annual cycle representing the climatology follows the well-known pattern previously
483  reported and explained for the Palencia site (see, e.g., Bennouna et al., 2013; Mateos et al., 2014a). To
484  summarize: the increasing values from January to June (where the maximum is found) with a slight
485  reduction in May and a decreasing trend to the end of the year, provide almost a well-defined bell shape.
486  Concerning the climatology with the DD episodes excluded, it preserves the pattern found before for the
487  general case, except for some minor discrepancies. For instance, the change between May and June is not
488  noticeable for the curve with the DD excluded, in contrast with the larger increment observed for the

489  general case.

490  However, the seasonal pattern followed by the DD contribution to AOD is considerably different to these
491  two latter curves. Two maxima are observed during the annual cycle: the first one in March (late
492  winter/early spring) with 0.018 or 13.4% and the strongest one occurring in summer period (June and
493  August), ~0.027 or ~17%. Together with these maxima, there are two local minima: in April-May (around
494  0.014 or 9.5%) and in July (0.018 or 12%). After August, a progressive decline of the DD contribution is
495  observed with the minimum in winter (December and January show similar values about 0.004 or 5.4%). It
496 is worth mentioning here the different characters of the two local minima occurring in April-May and July,
497  the former is more general of the IP (linked to the precipitation cycle) while the latter is more typical of the
498  Central and South-western areas. For instance, the July minimum seems to be related with the arrival of
499  drier air masses in the low troposphere as it is observed in the precipitable water vapour cycle (Ortiz de
500 Galisteo et al., 2013).

501  The annual cycle of DD contribution for Palencia site (representing North-central Spain) presents a similar
502  shape to that obtained in “El Arenosillo” site (South-western area) by Toledano et al., (2007b) for an
503 inventory of 6 years, from 2000 to 2005. This is an important result in two aspects, one related with the
504  shape of the annual cycle or seasonal behaviour and the other one related with the different contribution of
505 North and South areas of the IP. In relation to the geographical gradient, a quantitative difference is
506  observed between these two areas. The total AOD signal is clearly impacted by DD events in the Southern
507 lberian coast (with relative contributions being over the 30%), while in the North-central region the DD
508 influence is weaker, thus a South-North decreasing gradient over the IP is observed regarding the DD

509  contribution to AOD values. This behaviour is well known in the IP by earlier aerosol studies based on
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510 PMx data (Querol et al., 2009; Pey et al., 2013a; Salvador et al., 2013, 2014) but this is the first time this is
511  confirmed by an inventory of AOD data.

512  4.2.2. Inter-annual variability and trends

513  With respect to the inter-annual change of the DD contribution to AOD, Figure 5 and Table 5 show its
514  annual values between 2003 and 2014 (using the methodology explained in Section 3.2). In a quick-look
515 analysis, both total AOD and DD contributions have a significant year-to-year variability with a decreasing
516  trend during the period studied but with different patterns (also observed in the relative DD contribution to
517  AOD). The maximum DD contribution with a value of 0.033 or 21.2% took place in 2004, with also a
518  maximum in the total AOD around 0.15 (the mean value of 2003 is clearly impacted by the low sampling:
519  42.7%, compared to the 72.4% in 2004). The year 2013 presents the absolute minimum of the DD
520  contribution to AOD with 0.004 or ~4%, with a low contribution in 2009 too (0.006 or ~5%). There is a
521  weak evolution of DD contribution until 2008, although 2005 presents a marked local minimum (DD
522 contribution to AOD around 0.016 or 11%). There are years with simultaneous decreases (2008, 20009,
523  2013) or increases (2011, 2014) of both total AOD and its DD contribution, but in other years they present
524  the opposite behaviours (2005 and 2006). The line illustrating the evolution of the relative DD contribution
525  to AOD highlights the minima of 2013, 2009, and 2005 and the maxima of 2004 and 2012. The high inter-
526 annual variability can be explained by the typical variability of the different African source-areas and
527  associated emission processes together with the atmospheric conditions and transport patterns of DD
528  aerosols that can reach the Iberian Peninsula (Prospero et al. 2002; Kaufman et al., 2005; Escudero et al.,
529  2006; Knippertz and Todd, 2012; Salvador et al., 2014).

530  The temporal trends in total AOD and in the DD contribution to AOD are also evaluated and shown in
531  Table 3. The decrease of the total AOD in the Palencia site in 2003-2014 is -0.006 AOD-units per year
532  (with a p-value <0.01) or -4.6% per year, which is in line with previous findings for the same site by
533  Bennouna et al., (2014) and Mateos et al., (2014b) for shorter periods. With respect to the DD contribution
534  to AOD, arate of -0.0019 AOD-unit per year (p-value = 0.02) or -11.2% per year is calculated. Therefore,
535 this rate represents the 30% of the total AOD decreasing trend. Hence, the natural decrease of DD aerosols

536  has notably affected AOD levels over North-central Iberian Peninsula during the study period.

537  4.3. Desert dust contribution to PMx levels: annual cycle, inter-annual variability and trends

538  4.3.1. Annual seasonal cycle

539 In the same way as for AOD, the contribution of desert dust events to mean values of PM;o, PM>5, and

540 PM_s.10 have also been calculated. The annual cycle and the inter-annual evolution of these three quantities
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541  and the corresponding DD contributions are reported in Tables 4 and 5 and also illustrated by Figures 6 and

542 7, respectively.

543  The DD contribution to the total PMyg, PM3s, and PM, .10 is not usually evaluated at the same time. To our
544  knowledge, this is the first time that fine and coarse mode contributions are evaluated in a long-term desert
545  dust inventory of this type. Furthermore, the temporal trends for the inter-annual DD contributions are also
546  discussed. It is worth mentioning here that as PMyy and PM;s are obtained from different filters (see
547  Section 2.2) while PM;s.10 is only available with simultaneous PMx data, the data number used in the

548  evaluation of DD contribution for each quantity slightly differs.

549  According to Table 4, the mean DD contributions to PMx during the study period are 1.3 ug m™ (12%) for
550  PMyg, 0.6 pg m™ (9%) for PMys, and 0.8 ug m™ (16%) for PMas.10, respectively. Our findings during
551  2003-2014 are in line with those given by Querol et al., (2009): 2 pg m™ for a 3-year period (2004-2006) at
552  the Pefiausende site. A decreasing south to north gradient of African dust contribution to PMyg (e.g., Querol
553  etal., 2009; Pey et al., 2013a) is found for the North-central area of the IP. In particular, PMyg is similar to
554  the averages in the North-eastern area (< 2 ug m=) and smaller than the values obtained in southern sites
555  (up to 5-6 ug m™). Our relative contribution is in line with the lowest values of the ranges reported by

556  Salvador et al. (2013) using a chemical speciation analysis in three different sites in sites near Madrid.

557  The total PMo annual cycle (see Figure 6) is well known in the North-central area of the Iberian Peninsula
558  (see, e.g., Bennouna et al., 2014, Mateos et al., 2015): there are two maxima, a major one in summer and a
559  secondary one in early spring (considering our seasonal classification with March as part of the spring), a
560  winter minimum and another minimum in April. This general behaviour for the entire dataset is also
561  followed if the DD events are excluded. Furthermore, the evolution of DD contribution to PMyg is very
562  similar to these two latter curves. The largest DD contribution is observed in March (2.2 ug m™ or 20%)
563  and summer months, June to August (~2.3 pg m™ or ~17%). The months of April and May (~0.9 ug m™ or
564  ~9%) display a notable decrease with respect to March. After summer, there is a sharp fall in September
565 (1.2 ug m™ or 10%) producing a local minimum, and beyond October a progressive decline leading to the
566  weakest effect (<8%) of the African intrusions during winter months (DJF). The maximum relative DD
567  contribution to PMjq can reach 20%, which is within the range (10%-50%) observed by Pey et al. (2013a)
568  for the eastern Spanish coast. Comparing the seasonal cycles of DD contribution to PMyy in the latter area
569  with respect to North-central Iberian Peninsula, some common features appear (March maximum,
570  April/May decrease, summer increase, and September drop) but a particular difference occurs in October

571  since in the Mediterranean coast there is a notable rise of DD contribution at the surface.
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572 Even though both AOD and PMy, express the aerosol load, these quantities present noticeable differences.
573  To facilitate the comparison of the results shown above, Figure S1 (supplementary information) shows
574  together the annual cycles of AOD and PMyq total means and their DD contributions. The annual cycle of
575 the two quantities, total AOD and PMyg, for the complete dataset follows a similar behaviour between
576  August and March, with the differences in April (local PM-minimum) and May (local AOD-minimum)
577  being remarkable, and a different evolution in June-July. These discrepancies between these quantities lead
578  to a moderate-high correlation coefficient of 0.82 between AOD and PMyy, but their physical meaning is
579  uncertain taking into account the mentioned discrepancies in the two annual cycles. With respect to the
580  correlation between the seasonal cycles of DD contributions, the absolute and relative ones for AOD and
581 PMyo show the most significant discrepancies in July (with a local minimum of AOD) and September
582  (sharp fall of PMyp). Furthermore, the maximum of March is more intense for the DD contribution to PMyq
583  than to AOD. The correlation factors between these quantities are moderate-high: 0.84 and 0.74 for the

584  absolute and relative curves, respectively.

585  The fine mode, represented by the PM,s data, follows the same pattern as PMyg in the total and DD
586  contribution curves (Table 4 and Figure 6b). The DD contribution to PM;s is below 10% for most of the

587  year, with a mean value of ~9%.

588  The total coarse mode (PM;s.10) curve is also similar to that obtained for the total PMy, although the mean
589  contribution of the DD events is 16% of the total. The DD contribution to PM; .19 (Table 4 and Figure 6c)
590  exhibits a strong maximum in March (1.7 pg m™ or 33%), a reduction in April and May (around 14%),
591  large values in June (1.4 ug m™ or 25%) followed by a weak decrease in July and August (1.3 pg m™ or

592  21%), and low values in autumn and winter.
593  4.3.2. Inter-annual variability and trends

594  The inter-annual variations of total PMo, PM;5s and PM;5.40 and the corresponding DD contributions to
595 these PMx concentrations are plotted in Figure 7 and reported in Table 5. In the shape of the DD
596  contribution we can distinguish two periods associated with the strong minimum of 2009. The first period
597  has a decreasing trend from 2003-2009 where the first four years have similar DD contributions among
598  them. The second period starts with a strong ascent of DD contribution from 2009 to 2012, followed by a
599 significant fall in 2013 and a final rise in 2014. The absolute maximum DD contribution occurs in 2006
600 (2.4 pg m™ or 21%) and the absolute minimum is observed in 2013 with 0.4 pg m™ or 5%, although very
601  similar to the value in 2009. The solid line in Figure 7 illustrating the evolution of the relative contribution
602  highlights the minima of 2005, 2009 and 2013 and the maxima of 2004, 2006, 2012, and 2014.
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603  The inter-annual evolutions of the total PMj, and AOD are very similar (see Figure S2, supplementary
604  information) with an excellent agreement between them represented by a correlation coefficient around 0.9
605 in 2003-2014. With respect to the yearly values of DD contributions to AOD and PMy,, they show a
606  correlation coefficient of 0.81. The agreement is also quite good for the relative DD contributions to AOD
607 and PMj, (correlation coefficient around 0.7). This high agreement, extremely good during 2009-2013, is
608  not seen for some years. For instance, the reason behind the low DD contribution to AOD in 2006 can be
609  explained by the poor sampling during that year (see Table 1). So far, no reasonable explanation has been
610  found for the strong fall between 2004 and 2005 in the DD contribution to AOD despite the fact that total
611  AOD and PMy, display the same behaviour. The DD contribution to PMy, is notably larger than that
612  obtained for AOD in 2014. The high inter-annual variability of these quantities highlights the necessity of
613  longer time periods to assess this kind of relationships, but bearing in mind that the net contribution of DD
614  aerosols is represented by very low values with a high uncertainty, hence this variability is into the
615  expected range of change. These results are of extraordinary interest for long-term studies of columnar and
616  surface aerosol loads in relation to their evolution and trends for climate studies because tropospheric
617  aerosols have a strong regional signature and the area studied presents exceptional background conditions
618  representative of Western Mediterranean Basin.

619  The weak impact of the DD events on the PM; s levels (fine mode, see Figure 7b and Table 5) is reflected
620 in the low relative contribution with only three years (2003, 2005, and 2006) presenting values higher than
621  12%. The last years of the period analysed (2009-2014) present a notable low DD contribution to PM, s
622  below 7%. On the contrary, PM;s.10 (Figure 7c and Table 5) presents a sharper behaviour than previous
623  PMx results although still following the PMj, pattern. The starting years are the ones with the largest
624  contributions (around 27% until 2006) while 2013 shows the minimum values (around 5%) together with
625 2009 (~7%).

626  There is a decreasing trend of all the quantities shown in Figure 7. The general decrease of PMx levels has
627  been previously reported for the Peflausende site and shorter periods (e.g., Barmpadimos et al., 2012;
628  Bennouna et al., 2014; Mateos et al., 2014b; Querol et al., 2014) and it has been corroborated with the
629 temporal trends obtained in this study (see Table 3). Cusack et al., (2012) pointed out a percentage
630  reduction ranging between 7% to 41% in the yearly PM, 5 from 2002 and 2010 in 11 Spanish sites. In order
631 to quantify the observed decrease in the DD impact, Table 3 also presents the temporal trends of the DD
632 contribution of PMy, PM,s, and PM,s.10. The general decrease of PMiq (-0.46 pug m™ per year, with a p-
633  value <0.01) in Pefiausende site for the period 2003-2014 is in line with previous studies (e.g., Querol et
634 al., 2014; Mateos et al., 2015). Regarding the DD contribution, the fall in the three quantities is quantified
635 as around -10% per year. In particular, the DD contribution to PMj, has decreased by an absolute amount
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636  of 0.14 pg m™ per year (p-value of 0.06) and 0.08 pg m™ per year (p-value < 0.01) for PM, 5. The reduction
637  observed in the DD event days (see subsection 4.1.3) has also led to a significant fall of the total particulate
638  matter. Comparing the temporal trends of PM;o DD contribution and the rate for the total quantity, the DD
639  impact has caused 30% of the total PMyo decrease in North-central Spain. As expected, this percentage is
640  smaller (about 21%) for the PM.s case. In the North-eastern region, Querol et al., (2014) showed that
641  crustal matter accounted for 14% of the total PM; s decrease between 2001 and 2012.

642 4.4 Estimation of associated uncertainty of the methodology

643  No quantification has been done about the associated uncertainties in the number of events and associated
644  days in most of the reported bibliography. The same happens for the uncertainty linked to the DD
645  contribution, which can be evaluated as a consequence of the earlier error of DD detection, but also can be
646 evaluated based on other assumptions. A big step took place when the proposed methodology by Escudero
647 et al., (2007) was taken as the official standard method. However, the 30 days moving percentile used to
648  establish the regional background has been changed from 30% (reported by Escudero et al., 2007) to 40%
649  (Pey etal., 2013a; Salvador et al., 2013, 2014). It seems apparent that this percentile may be site dependent
650 thus demonstrating the difficulty of this evaluation. Otherwise, it must borne in mind that a big difference
651  exists between the Escudero et al., (2007) methodology and that applied by us. This subsection describes a
652  first estimated uncertainty of using the methodology proposed in this study.

653  Fingerprints of each DD event day are visible on at least one of the quantities related to aerosol load
654  (columnar or surface) analysed in the inventory evaluation (see Section 3), plus the additional
655 informational of air mass back-trajectories, satellite images, and synoptic scenarios. Usually, several of
656  these variables simultaneously corroborate the DD presence, especially due to the low background values
657 that characterize our region. Therefore, the thorough inspection of all the information provided by different
658  sources at the same time causes the error in the DD identification to be minimal. From our experience
659  during these 12 years of data, we consider that possible error sources can be, mainly, the following: gaps in
660 the data series, classification or not of a day when the aerosol load is close to the threshold values, and
661 uncertainty of the instrumental techniques and the ancillary tools. Therefore, we can estimate that about 3-5
662  days per year could be missed in the annual sum of dusty days, so the associated relative uncertainty,
663  considering the average of 35 DD event days per year, is ~9-15%. This estimation gives a realistic range
664  for the error associated with this methodology of visual inspection. The 5 days per year uncertainty (or
665 15%) can overestimate the real error, but even this percentage can be considered as acceptable as the
666  maximum average error. Regarding the sum of dusty days in the seasonal cycle, the same range of error

667  can be assumed in every monthly inter-annual value.
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668  The possible of missing these few days with DD fingerprints (~3-5 per year and per inter-annual month)
669 leads to an uncertainty in the evaluation of DD contribution to AOD values. Hence, to quantify the
670 uncertainty in the seasonal cycle of the DD contribution to AOD each inter-annual monthly database is
671  extended adding 9% of DD event days. For these “extra” days the AOD is assumed as the mean value
672  during the DD events in that month. For instance, four days are added in June with a mean AOD of 0.27
673  and one day is added in January with AODasonm = 0.18. The DD contribution is calculated for this case,
674  evaluating the differences with those values shown in Section 4.2 (from the original database). The results
675 show a small change in the DD contribution to AOD, always below 0.002. For instance, for June the
676  relative uncertainty caused by the added days is 6.7% (the absolute DD contribution for the original
677  evaluation is 0.027). However, those months with less absolute DD contribution to AOD cause a relative
678  difference between 15% and 20% (such as January and December). Overall, the mean uncertainty is 0.0013
679  or 9.7%. The same procedure is applied for the inter-annual DD contribution to AOD. On average, the
680 inclusion of 9% DD extra days causes an uncertainty of 0.0014 or 8.3%. If the assumption of missing 3
681  days per year is even enlarged to 5 days per year, the uncertainties caused on the DD contribution to AOD

682  values only increase up to 14%. Hence, the reliability of the method followed here is demonstrated.

683  In the same way, the study of the uncertainties of the DD contribution to PMy, is also addressed with the
684  same method (adding 9-15% extra DD event days). The results for PMy, indicate a mean uncertainty of
685  0.1-0.13 pg m™ or 8-14% in the evaluation of both annual cycle and inter-annual evolution. This relative

686  uncertainty can be extrapolated to the PM,s and PM, .19 DD contributions.
687 4.5 Analysis of the synoptic scenarios during desert dust episodes

688  Using the ancillary information used in the final choice of the DD identification, the synoptic scenarios that
689  favour the arrival of air masses originated in the north of Africa are also studied. These scenarios are those
690  defined and described by Escudero et al. (2005): via the Atlantic arch (NAH-S), directly from North-Africa
691 by a deep low pressure (AD) or by a convective system (NAH-A), and from the Mediterranean area
692  (NAD). Overall, the geographical positions and heights of the high and low pressure systems produce the
693  mineral aerosols to reach the IP. Figure 8 presents the annual cycle and inter-annual variability of the
694  number of episodes associated with each synoptic scenario. The synoptic scenario of each episode has been

695  established considering all the daily meteorological maps during the episode.

696  The synoptic scenario analysis of the DD events (see Figure 8a) has shown a predominance of the NAH-A
697 (81 out of 152 episodes), in particular, during the warm season (from May to October). This scenario
698  corresponds to a North African High Located at Upper Levels, produced by intense solar heating of the

699  Saharan desert. These air masses present large DD loads which can arrive at high altitudes (up to 5 km
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700  a.s.l). Inour study region, the NAH-S (North Africa High Located at Surface Level) scenario governs (38
701 out of 152 episodes) the DD intrusions between December and April (being also significant in October)
702 and produces transport in the lower atmospheric levels (generally below 1 km a.s.l.). The AD scenario
703  (Atlantic Depression) plays a minor role (24 out of 152 episodes) but with an influence confined between
704  February and May, September, and November. The NAD (North African Depression) scenario only
705  presents an important contribution in March and December (9 out of 152 episodes).

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

715  Comparing these results with previous inventories performed in other geographical areas of the IP, the
716  synoptic scenario climatology presents some discrepancies. Toledano et al. (2007b) have also found for “El
717  Arenosillo” site (South-western IP) in the period 2000-2005 a predominance of the NAH-A conditions
718  during summer. However, the role played by the NAH-S seems to be minor during winter compared to the
719  North-central area. The DD inventory in the North-Mediterranean Spanish coast has been analysed by
720  Escudero et al. (2005) between 1996 and 2002. They also obtained the major predominance of the NAH-A
721 during summer, although the NAD scenario shows a notable impact on the DD events in May and
722 November. These outbreaks arriving from the Mediterranean area are also reported in the months of

723 February, March, and November in the “El Arenosillo” inventory.

724 Inter-annual distribution of DD events and the four synoptic scenarios (see Figure 8b) corroborates the
725  predominance of the synoptic scenario NAH-A every year. Overall, there is a mean of 7 episodes per year
726  due to this scenario in the North-central area of the IP, being the maximum influence in 2012 where 9 out
727 12 events occurred under this situation. A special feature is the simultaneous appearance of the four
728  scenarios only in years 2004, 2006, and 2014. The last two years of the analysed period (2013-2014) have
729  shown a decrease of the number of episodes that can be attributed to the absence of synoptic conditions
730  favouring mineral dust transport during summer (NAH-A scenario). The occurrence of the NAH-S and AD
731 scenarios presents high inter-annual variability but the number of DD episodes they caused is always

732 smaller than those caused by NAH-A. Finally, NAD conditions in our region are only relevant in 2004,
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733 2011, and 2014 with 2, 3, and 2 events, respectively. However, this scenario plays a key role in the North-
734  eastern area of the IP (e.g., Escudero et al., 2005), which shows that DD intrusions arriving through the

735  Mediterranean area rarely reach the North-central region of Spain.
736 5. Conclusions

737  In this study, a methodology to obtain a reliable identification of DD intrusions is proposed and applied to
738  the North-central area of the Iberian Peninsula. Long-term datasets of AOD and PMx for background sites
739  of Palencia and Pefiausende (representative of the study area) have been used as core information for the
740  detection of desert dust intrusions in this area during an 12-year period (from January 2003 to December
741  2014). The analysis of ancillary information, such as air mass back-trajectories at three altitude levels (500,
742 1500 and 3000 m a.s.l.), MODIS-AOD and true colour images, and meteorological maps, has been used to
743 precisely establish the duration of each desert dust episode, creating a reliable inventory with desert dust

744  episodes. Main conclusions can be summarized as follows:

745 1. The simultaneous consideration of surface and columnar aerosols has been shown to be a reliable
746 tool in the DD identification. More than a half of the inventory has been detected by AODg440nm and
747 PM;, data at the same time. However, each quantity is able to extend the DD detection by itself in a
748 large number of cases (114 and 80 out of 419 days detected by only PMj, and AOD data,
749 respectively). The smaller coverage of AOD sampling is not a major handicap in this process.

750 2. A total of 152 episodes composed of 419 days presented desert dust aerosols during the entire
751 period. The annual cycles of the number of DD episodes and days follow a similar pattern: an
752 increase in March, a weak fall of event days in April, a notable increment between May and
753 September and a progressive decline to the absolute minimum in winter, with the absolute
754 maximum in June and local minimum in July/August. Inter-annual variability of the number of DD
755 episodes and dusty days is high, ranging between 7 episodes (15 dusty days) in 2013 and 17
756 episodes (68 dusty days) in 2006. A temporal trend of -2.7 dusty days per year (95% significance
757 level) between 2003 and 2014 is obtained. Therefore, a reduction of the DD outbreaks in the North-
758 central area of the Iberian Peninsula is found during the period studied.

759 3. Overall, the mean DD contribution to AODgsonm is 0.015 or 11.5%, while for the surface
760 concentration PMyo, PMys and PMys.10 is 1.3 ug m™ (11.8%), 0.55 pg m™ (8.5) and 0.79 pg m*
761 (16.1%), respectively.

762 4. The annual cycle of the DD contribution to aerosol load peaks in March, decreases in April-May,
763 notably increases during summer months (the AOD curve has a local minimum in July), and
764 experiences a progressive decline after summer (with a significant fall in September for the PMy,
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765 curve) towards minimum values in winter. The maximum DD contribution to AOD occurs in June
766 and August close to 0.03, while the PMy, maximum DD contribution reaches ~2.4 ug m™ in
767 August.
768 5. The inter-annual variability of the DD contribution to aerosol load is maximum in 2004 for AOD
769 with 0.03 and 2006 for PMyo with 2.4 pg m™, and minimum in 2013 (0.004 for AOD4gnm and 0.4
770 ug m™ for PMyp). The correlation coefficient between the DD contribution to AODasonm and PMyg
771 yearly means is 0.81.
772 6. The temporal trends of the DD contribution to AOD, PMyo, and PM;s have values of -0.0019 (p-
773 value of 0.02), -0.14 pug m™ (p-value of 0.06) per year, and -0.08 ug m (p-value < 0.01) per year in
774 the analysed period, respectively. This decrease of the levels of natural mineral dust aerosols
775 represents around the 30% of the total aerosol load decrease shown by AOD (columnar) and PMg
776 (surface) in 2003-2014. This decrease is around 20% for the PM; 5 case.
777 7. DD outbreaks have mainly reached the North-central Iberian Peninsula directly from North-Africa
778 by a convective system (NAH-A synoptic scenario), with clear predominance in the summer
779 months. The NAH-S (via the Atlantic arch) and AD (directly from North-Africa by a deep low
780 pressure) scenarios present a variable influence thorough the year, while the NAD (from the
781 Mediterranean area) conditions are only important in March and December.
782

783  The proposed inventory is the first one based on long-term AOD-PM data series. The use of worldwide
784  networks (EMEP and AERONET) ensures that this method can be implemented in other regions with
785  background aerosol observations, as long as nearby PMx and AOD measurement sites in clear remote

786  (background) locations are analysed.

787  With careful inspection of all the information, the inventory can be a useful tool to develop and validate
788  automated methodologies. The comparison between different methodologies will allows a more reliable
789  estimation of uncertainties in DD detection and its contribution to total aerosol load. Future studies based
790  on this inventory will be focused on a global characterization of microphysical and radiative properties of
791  desert dust including the evaluation of its radiative forcing over the study region. Therefore, these results
792  are useful for assessing regional climate change studies linked to atmospheric aerosols because of the
793  excellent clean background conditions of the area, which may be considered as one of the few sites/areas in

794  Southwestern Europe with these conditions.
795
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1098
1099  Tables

1100

1101  Table 1. Yearly sampling of AERONET and EMEP databases (all days) used in this study. Yearly number
1102  of days in the DD inventory (desert dust event days) identified by criteria of AOD, PM15, AOD&PM;g and
1103  other ancillary information. The relative coverage (percentage) is also given in parenthesis. See Section 3
1104  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) | (74.2) | (76.5) | (70.1) | (66.8) | (73.7) | (68.9) | (63.3) | (68.2) | (67.2)
Sampling PMy, 343 349 340 347 349 333 341 347 347 319 332 335 | 4082
(%) (94.0) | (95.4) | (93.2) | (95.1) | (95.6) | (91.0) | (93.4) | (95.1) | (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) | (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 68 44 31 24 19 32 29 15 28 419

Only AOD Criterion 5 8 9 6 14 4 4 5 9 12 2 2 80
(%) (11.4) | (18.2) | (22.0) | (8.8) | (31.8) | (12.9) | (16.7) | (26.3) | (28.1) | (41.4) | (13.3) | (7.1) | (19.1)
Only PMyj Criterion 19 3 11 37 6 2 7 2 0 1 8 18 114
(%) (43.2) | (6.8) | (26.8) | (54.4) | (13.6) | (6.5) | (29.2) | (10.5) (0) (3.4) | (53.3) | (64.3) | (27.2)
AOD&PM;, Criteria 20 33 21 24 22 25 11 9 23 15 4 8 215
(%) (45.5) | (75.0) | (51.2) | (35.3) | (50.0) | (B0.6) | (45.8) | (47.4) | (71.9) | (51.7) | (26.7) | (28.6) | (51.3)
Other Criteria 0 0 0 1 2 0 2 3 0 1 1 0 10
(%) () (0 © 135 |45 | 0 [ (83 (158 | (0 | B4 | (67 | (0 | (24
1105
1106
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1107

1108  Table 2. Main results of the DD inventory. Legend: N.E. (number of episodes), N.D. (number of days),
1109  P.D. (Percentage of days), and M.D. (mean duration). Yearly mean values of AOD, a and PMx data of

1110  desert dust events are also reported.

2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 [ Total | Mean
N.E. 15 13 16 17 12 14 10 12 15 12 7 9 152 | 127
N.D. 44 44 41 68 44 31 24 19 32 29 15 28 | 419 | 349
P.D. (%) 12.05 [ 12.02 | 11.23 | 18.63 | 12.05 | 847 | 658 | 521 | 877 | 7.92 | 411 | 767 | 96 9.6
M.D. (days) 293 | 314 | 256 | 400 | 3.67 | 221 | 240 | 158 | 213 | 242 | 214 | 311 | 27 2.7
Mean AOD. 032 [ 033 | 028 | 024 [ 029 | 027 | 020 | 031 | 027 [ 027 | 0.18 | 0.19 - 0.26
40nm | 40,11 | #0.16 | #0.13 | +0.08 | #0.11 | #0.10 | +0.05 | +0.11 | +0.09 | £0.10 | #0.11 | #0.09 | - | #0.05
Mean 098 [ 092 | 095 | 088 | 1.17 | 1.02 | 092 | 091 | 090 | 0.83 | 1.22 | 0.63 - 0.94
¢ +0.33 | +0.40 | +0.44 | +0.32 | +0.40 | +0.44 | +0.27 | +0.50 | +0.36 | +0.48 | +0.29 | +0.41 | -- | #0.15
Mean PMy, 287 | 300 | 298 | 212 | 193 | 215 | 160 | 250 | 21.8 | 232 | 164 | 223 - 22.9
(ug m®) #13.0 | +32.7 | 285 | #8.0 | #12.0 | #8.0 | #6.5 | +258 | +11.0 | +20.4 | #4.8 | 8.8 - +4.7
Mean PM, 5 149 | 144 | 147 | 120 | 100 | 138 | 85 | 106 | 87 7.9 8.5 8.1 - 11.0
(g m3) +6.3 | #8.9 | £10.0 | +3.7 | #41 | +44 | #50 | +94 | +3.1 | #33 | +3.7 | #26 - +2.8
Mean PM,s.o | 13.9 | 159 | 147 | 9.2 9.3 7.6 76 | 144 | 125 | 155 | 7.6 | 146 - 11.9
(g m3) £0.1 | #2511 | #20.9 | +65 | +84 | 58 | 3.1 | £165 | 8.1 | £17.7 | +4.7 | 8.0 -- +3.4
1111
1112
1113
1114
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1115

1116  Table 3. Temporal trends (Theil-Sen estimator), p-value and confidence interval ([i1, i2]) given by the
1117  considered quantities for all days and for the contribution of DD. For the DD inventory the number of
1118  episodes and DD event days are also included.

1119
. . . . Trend
Quantity Trend | p-value il i2 Trend units (% per year)
AOD -0.006 | <0.01 |-0.009 | -0.003 | AOD-units per year -4.6
N } ] . 3 45
% PMyo 0.46 <0.01 0.66 0.30 Ug m™ per year
[a)
2‘ PM,s -0.38 | <0.01 | -0.49 | -0.30 pg m per year 6.3
PMs.10 -0.07 0.19 | -0.19 | 0.07 ug m per year -16
Number of Episodes 067 | 003 | -1.00 | 0.00 N.E. per year 5.2
5 Number of DD event days -2.7 0.02 -4.2 -1.30 N.D. per year -8.0
x
g DD Contribution to AOD | -0.0019 | 0.016 | -0.003 | -0.000 | AOD-units per year 112
L
> - i . 3 -10.1
z DD Contribution to PMy, 0.14 0.06 0.26 0.01 Hg m™ per year
[a)
e - 3 -13.7
DD Contribution to PM,s | -0.079 | <0.01 | -0.12 | -0.04 Ug m™ per year '
DD Contribution to PM,s.40 | -0.085 | 0.06 | -0.16 | 0.00 | pgm? per year -10.0
1120
1121
1122
1123

1124  Table 4. Monthly mean (and total) contribution of DD to total AOD and PMX, in absolute (AOD-units and
1125 g m™, respectively) and relative (%) values during the 2003-2013 period.

Jan Feb | Mar | Apr | May | Jun Jul Aug | Sep Oct | Nov | Dec | Total

AODasonm 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 | 9.94 | 1338 | 9.37 | 9.86 | 17.07 | 12.07 | 17.42 | 15.66 | 12.37 | 9.55 | 5.40 | 11.51

PMy abs. | 0.51 | 058 | 2.23 | 0.81 | 096 | 2.28 | 235 | 2.38 | 1.16 | 1.37 | 0.83 | 0.23 | 1.31

rel. | 770 | 6.73 | 20.13 | 9.78 | 854 | 17.69 | 16.51 | 16.13 | 9.61 | 13.57 | 11.57 | 3.64 | 11.80

PM, abs. | 0.36 | 0.43 | 0.66 | 0.28 | 0.33 | 0.88 | 1.12 | 1.12 | 058 | 0.50 | 0.28 | 0.08 | 0.55

’ rel. | 785 | 7.16 | 10.50 | 5.60 | 5.00 | 11.99 | 13.64 | 13.40 | 833 | 9.71 | 7.26 | 1.88 | 8.53

PMy5.10 abs. | 0.20 | 0.17 | 1.67 | 047 | 069 | 1.40 | 1.25 | 1.33 | 058 | 0.93 | 0.56 | 0.17 | 0.79

> rel. | 8.18 | 5.55 | 32.84 | 13.89 | 14.28 | 24.76 | 20.59 | 20.90 | 11.26 | 18.50 | 16.34 | 6.57 | 16.14
1126
1127
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1129  Table 5. Mean annual contribution of DD to total AOD and PMx in absolute (AOD-units and pg m,
1130  respectively) and relative (%) values during the 2003-2013 period.

2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014
AODus 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
"M | rel. | 15.87 | 21.22 | 10.76 | 15.59 | 16.06 | 14.78 | 4.68 | 11.75 | 12.03 | 14.67 | 3.76 | 7.25

oM abs. | 229 | 235 | 207 | 239 | 1.18 | 1.08 | 050 | 094 | 1.11 | 1.14 | 039 | 1.25
10 rel. | 18.12 | 17.80 | 16.10 | 21.49 | 11.02 | 11.04 | 559 | 10.81 | 10.92 | 12.36 | 4.87 | 14.54
M abs. | 1.04 | 087 | 092 | 123 [ 052 | 068 | 025 | 0.34 | 031 | 0.31 | 0.16 | 0.30
25 rel. | 13.07 | 10.27 | 11.95 | 17.79 | 8.10 | 10.36 | 4.76 | 6.92 | 599 | 6.88 | 3.52 | 6.55
. abs. | 138 | 161 | 121 | 121 | 073 | 042 | 027 | 065 | 0.71 | 091 | 0.18 | 1.01
2510 | re|, | 27.00 | 30.99 | 22.91 | 26.97 | 15.85 | 12.52 | 6.72 | 15.34 | 14.42 | 18.31 | 4.88 | 22.57

1131
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1132 Figure captions

1133 Figure 1. Location of the main sites used in this study belonging to AERONET (blue diamonds) and EMEP
1134  (red stars) networks.

1135  Figure 2. Annual cycle of a) total number of episodes per month for total DD intrusions; b) total (blue bars)
1136  number of days per month for total DD intrusions and for desert (D, green bars) and mixed desert (MD, red
1137  bars) categories. Mean values per month can be derived dividing by 12.

1138  Figure 3. Inter-annual variability of a) total number of episodes; b) total (blue bars) number of days for the
1139  desert dust (DD) intrusions and for desert (D, green bars) and mixed desert (MD, red bars) categories.

1140  Figure 4. Annual cycle for DD contribution to the total monthly AOD means in absolute (red bar) and
1141 relative values (black line). Blue bars represent the annual cycle of total AOD and green bars the
1142  corresponding values without including the days of desert dust.

1143 Figure 5. Inter-annual variability of DD contribution to the total yearly AOD in absolute (red bar) and
1144  relative values (black line). Blue bars represent the mean year AOD value and green bars the corresponding
1145  values without including the days of desert dust.

1146  Figure 6. Annual cycle for DD contribution to the total monthly PMyg (2), PM25 (b), and PM; 510 (C) means
1147  in absolute (red bar) and relative values (black line). Blue bars represent the annual cycle of total PMy (a),
1148  PMy;5 (b), and PM_5.10 () and green bars the corresponding values without including the days of desert
1149  dust.

1150  Figure 7. Inter-annual variability of DD contribution to the total yearly PMyq (a), PM5 (b), and PMys.19 (C)
1151  in absolute (red bar) and relative values (black line). Blue bars represent the mean year PMj (2), PM2 s (b),
1152 and PM5.10 (C) value and green bars the corresponding values without including the days of desert dust.

1153  Figure 8. Annual cycle (a) and inter-annual (b) variability of DD episodes classified in terms of their
1154  synoptic scenarios: NAH-S (white bars), AD (green bars), NAD (red bars), and NAH-A (blue bars).
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1168  Figure 1. Location of the main sites used in this study belonging to AERONET (blue diamonds) and EMEP
1169  (red stars) networks.
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1176  Figure 2. Annual cycle of a) total number of episodes per month for total DD intrusions; b) total (blue bars)
1177  number of days per month for total DD intrusions and for desert (D, green bars) and mixed desert (MD, red
1178  bars) categories. Mean values per month can be derived dividing by 12.
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1184  Figure 3. Inter-annual variability of a) total number of episodes; b) total (blue bars) number of days for the
1185  desert dust (DD) intrusions and for desert (D, green bars) and mixed desert (MD, red bars) categories.
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1190  Figure 4. Annual cycle for DD contribution to the total monthly AOD means in absolute (red bar) and
1191 relative values (black line). Blue bars (also indicated as All Data) represent the annual cycle of total AOD
1192  and green bars the corresponding values without including the days of desert dust (indicated as Non
1193  desert).
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1208  Figure 5. Inter-annual variability of DD contribution to the total yearly AOD in absolute (red bar) and
1209 relative values (black line). Blue bars (also indicated as All Data) represent the mean year AOD value and
1210  green bars the corresponding values without including the days of desert dust (also indicated as Non
1211 Desert) .
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1214

1215  Figure 6. Annual cycle for DD contribution to the total monthly PM;, (2), PM2s (b), and PM2s.10 (C) means
1216  in absolute (red bar) and relative values (black line). Blue bars represent the annual cycle of total PMyy (a),
1217 PMzs (b), and PM2s.10 (C) and green bars the corresponding values without including the days of desert
1218  dust.
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20 ——————————————————50 &
I Al Data — Relative DD Contribution S

. | [ Non Desert 140 =
- 15[ I oD Contribution a) 2
> c
= S
= a
= [a)
o []
=

g

[b]

03 04 05 06 07 08 09 10 11 12 13 14 o

20 T T T T T T T T T T T T 50 &
I Al Data —— Relative DD Contribution s
— | [ Non Desert b) 140 =
= 15 I DD Contribution 2
) 130 €
3, I o
2 b 20 [a)
z st =
|02
©
0 @
03 04 05 06 07 08 09 10 11 12 13 14 o
10 T T T T T T T T T T T T 50
I A1l Data —— Relative DD Contribution
[ Non Desert c) 140
I DD Contribution

Relative DD Contribution (%)

03 04 05 06 07 08 09 10 11 12 13 14
Year

1222

1223 Figure 7. Inter-annual variability of DD contribution to the total yearly PMyg (a), PM2s (b), and PM35.10 (C)
1224  in absolute (red bar) and relative values (black line). Blue bars represent the mean year PMjg (2), PM2s (b),
1225  and PMys.10 (€) value and green bars the corresponding values without including the days of desert dust.
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1228  Figure 8
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1233 Figure 8. Annual cycle (a) and inter-annual (b) variability of DD episodes classified in terms of their
1234  synoptic scenarios: NAH-S (white bars), AD (green bars), NAD (red bars), and NAH-A (blue bars).
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