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Abstract (300 words)

To broaden the knowledge about desert dust (DD) aerosols in western Mediterranean Basin, their
fingerprints on optical and microphysical properties are analyzed during DD episodes in the north-
central plateau of the Iberian Peninsula between 2003 and 2014. Aerosol columnar properties obtained
from the AErosol RObotic NETwork (AERONET), such as aerosol optical depth (AOD), Angstrom
exponent (AE), volume particle size distribution, volume concentration (VC), sphericity, single
scattering albedo, among others, are analyzed in order to provide a general characterization, being some
of them compared to particle mass surface concentrations PMi, PM;s, and their ratio, data obtained
from EMEP network. The mean intensity of DD episodes exhibits: AODg4onm = 0.27+0.12, PMy, =
24+18 ],tg/m3, AE=0.94+0.40 and PM,s/PM1;=0.54+0.16. The AOD and PMj, annual cycles show
maximum intensity in March and summer and minima in winter. A customized threshold of AE=1
distinguishes two types of dusty days, those with a prevailing desert character and those of mixed type,
which is corroborated by sphericity values. Three well established intervals are obtained with the fine
mode volume fraction (VCg/VCy). Coarse-mode-dominated cases (VCe/VCr < 0.2) present a mineral
dust character: e.g., particle maximum concentration about 2 um, non-sphericity, stronger absorption
power at shorter wavelengths, among others. The relevance of the fine mode is noticeable in mixtures
with a predominance of particles about 0.2-0.3 pm radii. Conditions characterized by
0.2 <VCg/VCr<0.45 and VCe/VCr>0.45 present a larger variability in all investigated aerosol
properties. Relationships between AOD and columnar particle volume concentration give volume
extinction efficiencies between 1.7 and 3.7 pm*um® depending on VCi/VCr. Aerosol scale height is
obtained from relationships between surface and columnar concentrations displaying very large values
up to 10 km. The uncertainty associated with the transformation between AOD and PMji, can be

partially reduced when the aerosol microphysical properties are known.
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1. Introduction

Airborne dust is a key player in the atmospheric science studies since it is considered to impact
climate, air quality and human health by causing respiratory diseases and infections or even certain
epidemics; Earth’s radiative budget by scattering/absorbing solar radiation; life cloud cycle acting as
cloud condensation nuclei or ice nuclei; air visibility that can affect traffic or military operations;
different continental and maritime ecosystems by changing the provided nutrients; and the soil erosion
in agriculture (e.g., Horvath et al., 1998; Dubovik et al., 2002; Eck et al., 2010; Yannopoulos et al.,
2015; Gkikas et al., 2013; Knippertz and Stuut, 2014). Mineral dust accounts for 13% of the total natural
emissions in the Earth’s system (e.g., Viana et al., 2014), being the Sahara and Sahel deserts the most
relevant natural sources of crustal aerosols in the Northern Hemisphere (Prospero et al., 2002) with
more than 200 Tg per year emitted to the atmosphere and transported over the Atlantic Ocean
(Kaufmann et al., 2005). The injection of desert dust (DD) into the atmosphere from the Sahara’s two
major dust sources (Bodélé depression and eastern Mauritania) by different re-suspension processes can
achieve high atmospheric layers, being responsible for high aerosol loads that are transported very large
distances, to the northern Atlantic Ocean, Caribbean Sea, Amazon Basin, Mediterranean Basin, and
European continent (e.g., Goudie and Middleton, 2001).

Focusing on the studies devoted to the analysis of DD over the Iberian Peninsula (IP), it has been
observed that different areas exhibit different behavior and annual cycle of DD events because of the
orography and the uneven synoptic conditions along the IP (Toledano et al., 2007; Obregdn et al., 2015;
Mateos et al., 2014). The closeness of the IP to the African continent enhances the impact of these high
turbidity events on different aspects. For example, DD outbreaks impact on air quality by increasing
aerosol load, being the main responsible of the daily exceedances over 50 pug m™ (limit established by
the 2008/50/EC European Directive) in the particulate matter (PMyp) levels (e.g., Escudero et al., 2007;
Querol et al., 2014; Salvador et al., 2013, 2014). This is reinforced by long residence times of dust
particles in the atmosphere favored by the low precipitation levels (e.g., Escudero et al., 2005; Cabello
et al., 2012). Moreover, aerosol seasonal patterns are modulated by mineral dust producing two maxima
along the year of PM or aerosol optical depth (AOD) in certain areas of the IP (e.g., Mateos et al., 2015).
The DD aerosols also present influence on the radiative budget with an aerosol forcing efficiency about
-70 Wm' at the surface in south-eastern IP (Valenzuela et al., 2014). Acute effects on human health also
occur during DD events in Spain, accelerating cardiovascular and respiratory mortality (Pérez et al.,
2012; Reyes et al., 2014).
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Different methodologies have been recently developed in order to detect and identify DD intrusions
by means of PM (X refers here to the upper particle cut-off) or AOD data. Likewise, other tools are
used to identify DD outbreaks, such as aerosol model forecasts, air mass back trajectories, satellite
images, among others (e.g., Pace et al., 2006; Tafuro et al., 2006; Escudero et al., 2007; Toledano et al.,
2007; Querol et al., 2009; Cabello et al., 2012; Pey et al., 2013; Salvador et al., 2014; and Cachorro et
al., 2016). All these tools can be used in very different and combined ways in order to carry out the DD
detection and the evaluation of its occurrence, intensity and impact, as for example over the entire
Mediterranean Basin.

An extensive work about desert dust studies has been carried out during the last years in the
Mediterranean area. Pace et al., (2006) and Meloni et al., (2007) obtained occurrence maxima in May
and July in the Lampedusa island (Central Mediterranean) using MFRSR measurements and air mass
backward trajectories in the DD detection. A summer maximum (June and August) is reported by
Toledano et al., (2007) in south-western Spain by a combination of Sun photometer data and back-
trajectory analysis of air mass origin. Valenzuela et al., (2012) reported the maximum of annual
occurrence in July over south-eastern Spain by analyzing air mass back trajectories. Pey et al., (2013)
obtained a shifted annual maximum from April to July between eastern and western Mediterranean
Basin in the 2000s using PMy surface data and a combination of meteorological products, aerosol maps,
satellite images and air mass back-trajectories. Cachorro et al., (2016) obtained an annual cycle of dusty
day occurrence over north-central IP of similar characteristics to that reported by Salvador et al. (2013)
for Madrid area, but with lower occurrence.

The application of the mentioned methodologies for DD detection allows further characterization
studies, which are related to the evaluation of the different properties that define DD aerosols. However,
only some of these properties are used in the methodology of DD identification. In our case, columnar
AOD and Angstrom exponent (AE), and surface PMyq concentration are used for detection. These
quantities will be characterized in the present study, together with other properties, such as volume
particle size distribution (VPSD), asymmetry parameter (g) or single scattering albedo (SSA).

Previous studies in the African surroundings have shown that mineral dust aerosols are dominated by
large particles beyond 0.6 um, and they exhibit non-sphericity and a pronounced absorption in the blue
spectral range, among others (e.g., Dubovik et al., 2002; Eck et al., 2010; Giles et al., 2012). These are
however the expected properties for pure dust near the sources. The dust over our study region has
experienced long-range transport, with possible apportioning of other aerosol particles as well as
mixture with local aerosol. So it is to expect that some variability and differences with respect to pure

dust properties are found in the intensive properties.
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The aerosol characterization developed in this article is based on a DD inventory previously reported
by Cachorro et al. (2016). This inventory is composed by DD event days occurring in the north-central
area of the Iberian Peninsula between January 2003 and December 2014. The methodology behind the
inventory simultaneously uses columnar and surface aerosol data to identify DD events. Once the DD
fingerprint is recognized in one or both of these core variables, a thorough manual inspection of the data
is carried out together with the analysis of air mass backward trajectories, meteorological maps, satellite
images, and model forecasts, in order to corroborate the right classification of each DD outbreak.

As a natural continuation of the inventory analysis, the aim of this study is to carry out the
characterization of the main optical and microphysical properties during mineral dust events, for a better
understanding of mineral aerosol over the IP. One of the most interesting results reported by Cachorro et
al. (2016) is the analysis of the two sub-groups of DD aerosols, one labeled as desert (D) and the other
one labeled as mixed-desert (MD). These groups were discriminated by means of the Angstrém
exponent. Such kind of study is required in those areas where aerosol mixtures play a non-negligible
role caused by different reasons (large distance to the sources, orography, presence of big industrial
cities or other aerosol types, among others) and where the DD identification is complicated since the
boundaries among well-known (pure) aerosol types are ambiguous.

A detailed analysis of the aerosol surface concentration and columnar optical and microphysical
properties is carried out here using EMEP (European Monitoring and Evaluation Programme) and
AERONET (AErosol RObotic NETwork, Holben et al., 1998) observations. These data allow the study
about how columnar and surface quantities are related. Relationship between different size parameters
are studied, like AE, effective radius (ER), the fraction of the fine mode volume concentration
(VCr/VCr) and surface PM;s/PMyg ratio. Relationships between columnar volume concentrations and
aerosol loads by columnar AOD and surface PMy are also reported to better define their validity during
high turbidity dust events as one of the most relevant results. To the best of our knowledge, some of
these relationships are established for the first time. Finally, radiative quantities are also investigated to
provide a general insight about absorbing and scattering properties: sphericity fraction, single scattering
albedo and asymmetry factor during DD events. Hence, this is the first DD aerosol characterization
based on a long-term inventory with emphasis on the relationship between columnar and surface

properties.
2. Desert Dust Inventory: sites, databases and method
2.1. Sites and databases

The monitoring sites for the columnar and surface properties are placed in “Castilla y Ledn” region,
covering the north-central part of the Iberian Peninsula in an elevated plateau (~800 m a.s.l., called
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“Meseta Central”), surrounded by three mountain systems in the north, south and east. These large
landforms (up to 2500 m a.s.l.) make it difficult the arrival of air masses from southern areas. The study
area exhibits a clean continental aerosol background, isolated from any large urban or industrial centres,
which implies that aerosol observations are representative of the whole region. The detection of
moderate or even minor DD aerosol intrusions is possible since they notably modify the background

properties.

Columnar aerosol data measured by CIMEL CE-318 (Holben et al., 1998) Sun photometers from
AERONET contains instantaneous values of spectral AOD (at 7 different wavelengths) and its
associated Angstrém exponent (AE) at Palencia site (41.9° N, 4.5° W, and 750 m a.s.l.), which are
completed with the nearby Autilla site (41.9° N, 4.6° W, and 870 m a.s.l., 7 km away) when gaps appear
in the database. The Sun photometer performs direct sun measurements every 15 minutes during
daytime. The AOD at 440nm wavelength is selected in this study to perform the DD characterization.
Furthermore, the CIMEL instrument hourly measures sky radiances, both in almucantar and principal
plane geometries, at 440, 670, 870, and 1020 nm wavelengths. Table 1 summarizes the aerosol
properties used in this study. Further details about the inversion algorithm were deeply described by,
e.g., Dubovik et al. (2000; 2006), Holben et al., (2006), and Eck et al. (2008). All the instantaneous
columnar aerosol data are daily averaged in the characterization presented in this study. As can be seen
in Table 1, a notable reduction in the number of inversion products compared to AOD is due to the
fewer radiance measurement sampling and the quality constraints imposed by AERONET inversion

algorithm.

The closest site to Palencia with measurements of aerosol surface concentrations (PMio and PM;5s)
belonging to EMEP network is located in Pefiausende (41.28°N, 5.87°W, and 985 m a.s.l.). These PMy,
and PM,s concentrations are obtained daily by gravimetric determinations. These are the official data
reported to the European Commission and their high quality is guaranteed (e.g., Pey et al., 2013). The
PM ratio (PM.s / PMy) gives also an idea of the predominance of fine (large ratio) or coarse (low ratio)
particle modes.

Apart from the conceptual differences between columnar and surface aerosol load represented by
AOD and PMy, there exist some significant differences in relation with the sampling of both aerosol
concentration measurements. The CIMEL Sun photometer measures nearly instantaneous data under
clear-sky conditions during daytime, whereas PM data give surface information integrated over 24
hours under all sky conditions. Details and discussion about the AOD-AE and PM, measurements and
their sampling can be seen in Bennouna et al. (2016).
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Table 1. Information on the columnar and surface quantities used in this study. ND is the number of
days with available data into the DD dataset (a total of 418 days in 2003-2014).

Network Site Quantities Time resplutlon used for ND +Info
daily means
AOD, AE 15-min 324 Level 2.0
VPSD
— ER1/r/c 1h 182 | Level 1.5 + other criteria®
L Palencia VCrric
8 N Level 1.5
EEJ Autilla Sphericity 1h 122 + other criteria®
Level 1.5
SSA. g 1h 163 + other criteria®
o PMyg 399 .
U§J Pefiausende PM.s 24h 403 P'\]flrlgrﬁn ddi ;gfé:tc;ﬁizlrged
Ll PM, s/PM1g 387

a) same AERONET level 2.0 criteria (solar zenith angle >50°, number of symmetrical angles, and sky
error between 5% and 8% depending on AOD), but there is no filter with respect to AOD; b) same
AERONET level 2.0 criteria but with AOD > 0.2 (see Dubovik et al., 2006); ¢) same AERONET level
2.0 criteria but with AOD > 0.15 (see Mallet et al., 2013; Mateos et al., 2014).

2.2. Methodology

The employed methodology for desert outbreak identification based on columnar and surface aerosol
data (AOD/AE/PMyg) is explained in detail by Cachorro et al. (2016) and therefore only a short
description is provided here. A set of thresholds for AOD (440nm) and PMy, (0.18 and 13 pg m™,
respectively) are selected taking into account a long-term statistical analysis. Moreover, other important
ancillary information is also taken into account together with aerosol information: air mass backward
trajectories, satellite images, meteorological maps and aerosol model forecasting, which are manually
analysed. Therefore this methodology does not restrict DD events identification to those days with
aerosol data. It is worth mentioning here that the DD inventory of dusty days is elaborated with
instantaneous AOD data when available while the foregoing characterization is performed on a daily
basis. The use of the instantaneous data allowed us to detect the sharp time when the intrusion arrives,
although DD conditions are attributed to that day regardless the arrival time. Therefore, for those days
showing the arrival of dust after midday, daily means can present slightly modified values with respect
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to the “expected” DD aerosol properties. These “non-typical” values have been thoroughly investigated

in order to accurately accomplish the DD characterization.

The AE threshold to separate DD event days into two sub-groups is set to 1.0, since it corresponds to
a typical value assigned to separate fine and coarse mode predominant aerosols (e.g, Toledano et al.,
2007; Di Biagio et al., 2010; Guirado et al., 2014). Those days with mean AE values below 1.0 are
noted as “D type”. However, during Saharan dust intrusions, mixing with other aerosol types can occur,
being DD aerosols a fraction of that mixture (with a wide range of concentrations), therefore the values
of the aerosol properties may not be the ones expected for pure mineral dust (e.g., Pace et al., 2006;
Tafuro et al., 2006; Basart et al., 2009; Eck et al., 2010). In our inventory, this category can be
represented by 1 < AE < 1.5 and is indicated by MD type. It must be highlighted that “mixture”
conditions mean the possible superposition of different aerosol layers located at different heights and
loaded with different aerosol types. The measurements of the aerosol optical properties of the entire
column take into account all such layers and, therefore, their values are not attributed to one specific
aerosol type. Generally, a desert dust episode is composed of D and MD event days, because the
majority of the detected DD episodes are of moderate intensity. The selection of criteria to differentiate
between fine and coarse particle predominance is not an easy task due to the strong site dependency
(local aerosol) and the variable characteristics of the DD events (origin and formation, the followed
path, among others). Therefore, many different thresholds used by different authors worldwide can be
found in the literature (e.g., Gkikas et al., 2016).

Overall, the number of DD event days is 418 for the 12-year period (2003-2014) according to the
inventory described by Cachorro et al., (2016), but only 304 coincident days are available for AOD and
PMyo. Hence, the available DD database is reduced by almost 30% in the aerosol characterization study.
The DD database contains 162 days of D type and 142 of MD type. Figure 1 shows daily aerosol loads
for the two types together with the non-DD event days (a total of 2466) that comprise the whole
database for both AOD (Figure 1a) and PM, (Figure 1b) during the analyzed period. As it can be seen,
dusty days represent ~11% of the total. DD outbreaks are responsible for 45% of the moderate and high-
turbidity days showing AOD > 0.2. This percentage increases up to 52% for those days with PMo > 20
ug m=. The remaining percentage can be attributed to other high-turbidity episodes such as biomass

burning or industrial aerosol.
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Figure 1. Frequency histograms of AOD (a), PMyo (b) during no DD (gray), D (blue), and MD (red)
event days in the period 2003-2014.

3. Results and Discussion
3.1. Characteristics of AOD, PMo, AE, and PM,s/PMj during DD events
3.1.1 Frequency histograms

The frequency histograms of the daily values of AOD, PM;o, AE, and PM,5/PM;o for D and MD
event days are shown in Figure 2. Aerosol load during the DD events presents most AOD daily values in
the range 0.15 — 0.35 (~72%) and between 15 and 35 pg m™ for PMyy (~60%). The occurrence
frequency for AOD peaks in 0.2 for both subgroups and decreases forwards. A similar behavior is
observed for PMy, quantity with the maximum about 15-20 pg m™ depending on the category or
subgroup. The most intense events present AOD and PMy, mean values over 0.40 and 40 pg m™,
respectively representing about 10% of the total dusty days. In particular, exceedances beyond 50 ug m"
% threshold established by the 2008/50/EC European Directive, are achieved in 19 cases or the ~5% of
the total dusty days in the period 2003-2014.
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Figure 2. Frequency histograms of AOD (a), PMyo (b, in ug m™), AE (c), and PM5/PMy, (d) during D
and MD event days in the period 2003-2014.

With respect to the aerosol size predominance, represented by the AE, Figure 2c illustrates the
threshold values used for the discrimination between D and MD categories. Around 76% of AE values
fall between 0.5 and 1.5, displaying an even distribution. The lowest AE values (<0.5), that indicates
strong coarse mode predominance, represent about 18% of the DD event days.

The PM2s/PMyy is useful to complete the analysis since this is the only variable not (directly) used in
the DD identification. The PM ratio values span from 0.1 to 0.95, with most of the data concentrated in
the range 0.4-0.7 (~62%). The extreme categories 0-0.4 and 0.7-1.0 present similar weight (~19%). The

PM ratio frequencies considerably mix up D and MD categories, with a wider interval for D type.

Daily mean values out of the established thresholds (see Section 2) are registered due to two possible
situations. On one hand, daily averages are considered in the characterization meanwhile the thresholds

to detect a DD event day are established for the instantaneous AOD values within a day (as mentioned
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above). Thus, if an outbreak occurs after midday, it is possible to detect it thanks to the instantaneous
values in spite of the fact that the daily mean does not overcome the corresponding threshold. On the
other hand, the followed methodology allows identifying an outbreak when its impact is only visible at
high layers or only at surface level, in which case only the AOD or PMy, quantity overcomes its
established threshold. These cases highlight the advantage of this methodology. Overall the daily mean
values out of the thresholds represent the ~15% (~18%) of the total event days for AOD (PMyy).

Table 2 briefly summarizes the statistics of AOD, PMjo, AE, and PM,s/PMj, quantities for desert
dust intrusion days. Overall, DD outbreaks showing large aerosol loads rule the mean value since this
statistical parameter stays above the median. However, this effect is weaker in the MD subset. The
differences between mean and median values are generally larger for PM;o quantity than for AOD. This
fact can be understood from the histograms shown in Figure 2, where surface aerosols present a wider
interval, achieving concentrations above 100 pg m™. However, AE and PM,s/PM, present very similar
values of the mean and median, indicating a more even distribution of their data. The AOD, PMyo, AE,
and PM_s/PMj, data sets do not follow a normal distribution. The AOD and PM;q exhibit a log-normal
shape (O’Neill et al., 2000), whereas AE and PM,s/PMy, frequency distributions present platykurtic
shapes. These behaviors are linked with the frequency histograms shown in Figure 2. The stronger loads
and larger particles associated to D type are corroborated by the percentile values (larger P95 of AOD
and PM, and lower P5 of AE and PM;5/PMyy).

Table 2. Mean and standard deviation (SD), median and quartile deviation (QD), percentiles 5 (P5) and
95 (P95), maximum, skewness (s) and kurtosis (k) for AOD, PMyq (in pg m™), AE, and PM,s/PM, for
each D, MD, and D+MD event days.

Event Days | Quantity Mean£SD | MedianzQD | P5 P95 | Max.| s k
AOD 0.27+0.12 0.25+0.07 0.12 | 0.50 | 0.87 | 1.49 | 7.05
D+ MD AE 0.94+0.41 0.98+0.33 0.25 | 154 | 1.82 - 2.02
PMyo 24+18 207 8 49 197 | 4.44 | 33.75
PM,s/PMyg | 0.54+0.16 0.54+0.12 031 | 0.82 | 0.94 | 0.07 | 2.62
AOD 0.29+0.13 0.26+0.08 0.11 | 054 | 0.87 | 1.31 | 5.61
D AE 0.62+0.26 0.63+0.23 0.19 | 1.00 | 1.10 - 1.87
PMy 27122 2119 8.15 | 60.55| 197 | 3.80 | 24.16
PM,s/PMyo | 0.49+0.16 0.46+0.11 028 | 0.8 | 093 | 0.41 | 2.89
AOD 0.25+0.09 0.24+0.05 0.12 | 0.38 | 0.65 | 1.07 | 6.89
MD AE 1.30+0.19 1.32+0.14 1.01 | 1.59 | 1.82 | 0.07 | 2.48
PMyg 1848 1745 7.8 36 50 |1.04| 451
PM,s/PMyo | 0.61+0.12 0.63+0.14 0.43 | 0.83 | 0.94 | 0.20 | 2.39

10
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3.1.2 Scatter plots

Figure 3 shows the AE-AOD scatterplot for all daily means and dusty days including information
about the corresponding PM;o or PM,s/PMyq values. In order to obtain a better visualization in Figure
3b, an upper threshold of 40 ug m™ has been established for PMyq values. The right identification of DD
events with the employed method is corroborated in Figure 3a, in which dusty days stand out among the
entire dataset. The shape of this diagram for D type is similar to that reported by the analysis of DD
aerosols performed in previous studies about nearby areas (e.g., Toledano et al., 2007; Di Biagio et al.,
2010; Valenzuela et al., 2012; Obregoén et al.,
associated to MD type put the DD intrusions of this sub-group in the unexpected area (AE >1) of this

kind of diagram.
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Figure 3. AE-AQD scatterplot for all data (a) and for DD intrusions (b,c), with the corresponding daily

value of PMyq (b) and PM,5/PMj (C) in colour scale. The two types of DD intrusions are represented by

triangles (D type) and circles (MD type).

2015). The mixing of dust with other aerosol types

11
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Previous studies have also stated that DD intrusions in the Mediterranean Basin can present moderate
AOD values associated with large AE values (e.g., Pace et al., 2006; Tafuro et al., 2006). The same has
been shown by Pey et al., (2013) when analyzing the intensity of DD outbreaks by PMy values for the
whole Mediterranean basin. In order to analyze the intensity of the DD outbreaks and following the
AOD criterion used by Gkikas et al. (2016), the mean plus four times standard deviation, our extreme
DD events are those with an AOD larger than 0.5. This extreme subset represents 16 dusty days (about
5% of the total DD event days). Strong episodes, determined with the AOD interval between mean plus
two and four times the standard deviation, range between 0.3 and 0.5. There are 85 cases (26% of days).
Finally, 223 days (69%) are low-moderate DD outbreaks and exhibit an AOD below 0.3.

The relationships among AOD, AE and surface concentrations under DD intrusions display different
behaviors (see Figures 3b and 3c). For the D subset, the four most intense columnar events (AOD > 0.7)
are linked with large surface concentrations too (PMg > 40 ug m™®), with a predominance of the coarse
mode (PM25/PMy < 0.5 and AE < 0.6). For instance, Figure 4b shows the time series of all the
quantities during a strong event in October 2008: AOD values about 0.6 and a maximum PM;, larger
than 40 pg m™. It is worth mentioning that during this episode, there was high temporal agreement
between columnar and surface aerosol load, although the PM ratio only reached values close to 0.4

meanwhile AE was close to zero.
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Figure 4. Time series of AOD (solid squares), AE (open squares), PMyq (solid circles), and PM2s/PMyg

(open circles) during three particular DD events quoted in the text.
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Overall, most of the strong and extreme DD intrusions of AOD (>0.3) also present PM, values > 25
ng m>. However, the discrepancy between surface and columnar impact of DD aerosols frequently
occurs due to delays in the deposition phenomena. There are PMyo values below 15 pg m™ and
PM,s/PM;q > 0.5 with a high AOD. For instance, on September 5th, 2004 (PMyo= 12 pg m>, AOD =
0.54, AE = 0.33, and PM,s/PMy, = 0.67, see Figure 4a) is enclosed in a 10-day event (1*-10"
September, 2004) which represents a DD outbreak with more impact on high atmospheric levels than at
the surface. This DD event is also reported in south-western Spain by Prats et al. (2008) in the first
fortnight of September-2004. The possible delay in deposition to the ground, considering the 24h filter
sampling in the surface concentration, could also produce large PMjo and low PM;s/PMy, values with
simultaneous weak columnar loads (AOD < 0.3) when the event is starting/finishing.

For the MD subset, the intensity of columnar events is in general low to moderate, with AOD values
<0.4, the majority of surface concentrations under 25ug m™ and PM,s/PMy, ranging from 0.5 to 0.7.
Overall, MD event days show lower PMj, and higher PM,s/PMyo values than D type due to the
presence of aerosol mixtures. In particular, there is larger frequency of biomass burning or
anthropogenic aerosol events during summer (e.g., Mateos et al., 2015). Large variability of the PMyy
occurs for the MD type and AOD ranges between 0.2 and 0.4. Overall, low AOD (<0.2) implies PMyg <
20 ug m3 with intermediate values of the PM,s/PMjo ratio. However, large PMyo and low PM;5/PMy,
values can also occur for this AOD range. For instance, a 3-day event from 8th to 10th March, 2011 (see
Figure 4c) represents a case with more impact at low atmospheric layers than in the column (e.g., PMy
=33 pg m>, AOD = 0.16, AE = 0.7, and PM5/PM, = 0.33 on March 3rd, 2011). The 4-day event
shows low AE values and AOD about 0.2 with surface concentrations ranging between 20 and 30 pg m™
and PM, s/PMy, about 0.4.

3.1.3. Relationships of columnar and surface quantities: PM1o-AOD and PM ratio-AE

One important task carried out in aerosol studies in the last years has been the development of a
method for monitoring surface aerosol levels (generally accomplished by air quality networks) by means
of remote sensing data, such as the AOD data provided by satellite sensors (e.g., Liu et al., 2004;
Kacenelenbogen et al., 2006; Rohen et al., 2011). A theoretical background supports this analysis
between AOD and PMjo quantities (for further details see Bennouna et al., 2016). In the present study,
the AOD-PMy, and AE-PM,s/PMy, relationships are reported in Figure S1 only for mineral dust
aerosols (the general comparison for the entire long-term database was presented by Bennouna et al.,
2016). Overall the correlation or Pearson's coefficient (R) is around 0.6 for PMyo vs AOD relationship,
being lower (R~0.5) for PM,s/PMy, vs AE. During DD intrusions the change of PMq is larger than that

shown by AOD (see linear fits in Figure S1). This fact can also be proved with the range of surface
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concentration values achieving a maximum of ~200 pug m™, meanwhile AOD does not reach 1.0. If the
total mean values in the 2003-2014 period are used as reference (PM1p=10.3 pgm™ and AOD=0.13), the
mentioned maxima correspond to changes around 20 and 8 times the mean values of PM;o and AOD,
respectively. Therefore, although the surface-columnar relationship presents limitations, there are still
similarities that point out the usefulness of the joint interpretation of these two quantities during high
turbidity events such as DD outbreaks.

3.2. Annual cycle of AOD, PM;g, AE, and PM;s/PMy, during DD events

The annual cycles for DD event days obtained for AOD, PMjo, AE, and PM,s/PMyq are shown in
Figure 5. Regarding AOD, Figure 5a illustrates the intensity of the dusty days (D + MD curve).
Maximum values about 0.32 appear in March and the summer months of July and August, local
minimum in May and absolute minimum during the winter months (0.15 in January). The three annual
cycles (D, MD, and D+MD) exhibit very similar AOD values in February, April, June and August.
Overall, DD intensity is governed by D type but certain differences are noticeable. The maximum in
March is governed by D type (reaching values up to 0.36) because MD event days have stable AOD
from February to April. The decrease on the DD outbreak intensity in May is observed in both subsets,
being more intense for the MD type. The slight AOD decrease in June in the D curve is counteracted by
the large increase in the MD type. In July, the D type presents a more marked maximum with a notable
fall in August, again, counteracted by the load increase during MD events. The behavior in September
and October is ruled by MD type while D is the only event type encountered in November and
December. To our knowledge, this study presents the first evaluation of the DD intensity monthly cycle
for AOD in the western Mediterranean area. The seasonal means of AOD intensity during DD outbreaks
over 4-year period (2003-2006) in Palencia site are studied by Basart et al., (2009) obtaining values in
the interval 0.23-0.33 (taking the wavelength of 670 nm). This range is proven here to be still acceptable
for a longer period (2003-2014) with values (at 440 nm): 0.22 (DJF), 0.28 (MAM), 0.30 (JJA), and 0.24
(SON). With respect to the AE, the variation of seasonal means in this study is almost negligible
between 0.91 (MAM) and 0.96 (DJF and JJA) with the D type exhibiting seasonal values around 0.61.
These figures are higher than those reported by Basart et al., (2009) around 0.45. This discrepancy can
be attributed to the different AE criteria used to identify dusty days, established in 0.7 (Basart et al.,
2009) or 1.0 (Cachorro et al., 2016).
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369 Some of the main characteristics shown for AOD are similar in the PMjo annual cycle for D+MD
370  curve (see Figure 5b): maximum in March (34 ug m™®) and summer months (being in this case more
371 prominent the month of August), local minima in April and May and absolute minimum during winter
372 (16-18 pg m™). The D+MD seasonality is only governed by the D type, reaching its absolute maximum
373 in August with almost 40 pg m™. The MD type shows a more stable pattern throughout the year, without
374  marked changes. We have compared the magnitude of the PM;, seasonal cycle with that obtained in
375  other regions of the Iberian Peninsula by Pey et al. (2013). These authors have reported the seasonal
376  cycle intensity for the NE and SE sectors, which is quantitatively larger than our results for the north-

377  central area.
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381  Figure 5. Annual cycles of AOD (a), PMyq (b, in pg m™), AE (c) and PM,s/PMyq ratio (d) for the DD
382 inventory (squares) and the two subsets or categories of desert dust aerosols, D (triangles) and MD
383  (circles).
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The value of AE parameter, linked to particle size predominance (see Figure 5c), corroborates the
well-known behavior mentioned above for DD intrusions by decreasing and increasing in an opposite
way than AOD. Thus, the AOD maximum of March becomes a minimum of AE (about 0.8) and the
same occurs during summer months. For D subset, the largest coarse particle predominance observed in
October (annual minimum of AE, ~0.45) is not linked to the most intense loads. However, the low AE
observed in March and July, occur with the strongest events. The MD type follows an even distribution

throughout the year.

Finally, the PM2s/PM ratio (see Figure 5d) presents a strong minimum (larger concentration of
coarse mode) in March of ~0.5 and a weak variability in the rest of the year. A particular difference with
respect to AE is observed in July: the ratio values increase from June and AE decreases indicating a
different weight of fine/coarse particles at the surface and the entire column. The minimum of D type in
the AE in October is also observed in the PM;s/PMyg ratio but this is not as pronounced as in the AE
(local minimum compared to September and November). There is a small difference between
PM,5/PMyg values for the D and MD types. In addition, for most of the year their behaviour is similar,

being only remarkable the difference in August and September.
3.3. Characterization of columnar microphysical properties during DD events
3.3.1. Columnar volume particle size distribution

AE and PM ratio are simple derived parameters used to represent the particle size predominance. The
columnar microphysical properties obtained by inversion methods (Dubovik et al., 2000; 2006; Torres et
al., 2014) are more explicit quantities, such as the columnar volume particle size distribution and its
derived parameters: volume concentration, effective radius for total, fine and coarse modes, fine mode
volume fraction, etc. Therefore, these columnar microphysical properties have been investigated during
DD events in the study area. As a first step, VPSD during these outbreaks is compared to the overall
mean of available AERONET inversion data, in Figure 6a. The VPSD for all data exhibits a clear
bimodality, the fine mode peaks at 0.15 um and the coarse mode at 2.24 um (but with a large flat shape
between 1 and 3.5 pm), being the concentrations about 0.011 pm*/um?. This feature is already reported
by, e.g., Prats et al., (2011) in southern Spain but only during the cold season (November through
February), since in the summer months the southern area has a clear coarse particle predominance. This
fact highlights the difference between northern and southern areas of the Iberian Peninsula with respect

to the aerosol properties and seasonality.
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Figure 6. Aerosol volume size distribution at Palencia AERONET site in 2003-2014: a) for All days
(solid black line), all dusty days (D+MD, lilac squares), and D (blue triangles) and MD (red circles)

event days; b) for the entire V¢/Vt range.

However, these characteristics are strongly modified during DD events. For the total number of DD
event days (D + MD curve), the increase of the coarse mode concentration is evident and presents a
slimmer shape compared to the former. Besides, a more prominent maximum appears about 2 pum
radius, which is in the size range (1-3.5 um) reported by Ryder et al. (2013) in the Central Sahara and is
similar to the values reported at other sites affected by African desert dust (e.g., Cuesta et al., 2008;

Guirado et al., 2014). The fine mode concentration does not suffer any reduction during these events, as
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it was also reported by previous studies in other Mediterranean sites (e.g. Gkikas et al., 2013). In this
mode, the center of the peak is also shifted to smaller radii (0.11pm).

Concerning the D type, the mean VVPSD peaks at 1.7 pm (0.08 pm*/um?). It is noticeable that for both
fine and coarse mode, the maxima are shifted to smaller radii with respect to the overall mean (black
line in Figure 6a). In presence of mixtures with dust (MD curve) the fine mode concentration is on
average higher than the coarse mode.The fine mode peaks at 0.15 um, slightly shifted to larger radii
when compared to the D curve but with a similar concentration. The features presented here about
VPSD for DD are in line with previous studies in the Mediterranean Basin for particular or strong DD
episodes (e.g., Tafuro et al., 2006; Cachorro et al., 2008; Prats et al., 2008; Valenzuela et al., 2012;
among others).

Eck et al. (2010) obtained a notable dependence of VPSD curves on the fine mode volume fraction,
presenting large fine mode concentrations under certain mixture conditions of desert dust with biomass
burning at llorin site in Nigeria. Similar results were reported by Toledano et al. (2011) for Cape Verde
islands, when DD episodes occuring at different heights and mixed with biomass burning aerosols were
analyzed. Figure 6b shows the VPSD dependence on VCg/VC+ (the ratio of volume concentration for
the fine mode, VCp, to the total one, VCy). The VPSD curves for the strongest coarse concentrations
(corresponding to VC(/VCy < 0.2) present the maximum concentration at about 2 um radii and the fine
mode is almost negligible. Furthermore, a small concentration increase about 0.6 pum is found, which
could be analogous to the third mode reported by Eck et al. (2010) and Toledano et al. (2011) for dust
observed nearby the Sahara desert. This third mode is an unusual characteristic in most worldwide
aerosol sites. Hence, DD intrusions observed in our study area with VC/VC+ < 0.2 show the expected
characteristics for Saharan mineral dust aerosols. The feature at 0.6 um dissapears in Figure 6b for
larger fine mode fractions; in contrast to the previous studies nearby Sahara, which present this extra-
mode until intermediate fine mode fractions. In the 0.2 < VCg/VCy < 0.5 range, bimodality is evident
with similar concentration in the fine and coarse modes. With respect to the coarse mode, the maximum
concentration is shifted to larger radii between 2 and 4 pum for increasing fine mode fraction, while the
fine mode peaks around 0.1 um. When the fine mode predominates (VCg/VC+ > 0.5), its radius for the

maximum concentration is shifted to larger values, between 0.15 and 0.30 um.

To understand the role played by mixtures during African dust episodes in central Iberian Peninsula,
Salvador et al. (2013) reported the mean source contributions to PMjo values in the Madrid region for
short field campaigns. Their results highlight that mineral contribution can achieve the 66% of the total
bulk of PM3, during dusty days for a rural environment, while the remaining ‘non-negigible’ percentage

is attributed to road traffic, secondary inorganic aerosol, sea salt, among others. Furthermore, no less
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than 25% of other sources are even present when the daily limit value of PMyy = 50 ug m™ is overcome

during intense DD intrusions.

3.3.2. Relationships between the size and shape parameters: AE, fine mode volume fraction,
sphericity, and PM;s/PMyg

Different parameters representing the aerosol size are directly derived from the VPSD, such as the
effective radius or the fine mode volumen fraction (VCg/VCy). This latter quantity may be considered
analogous to the surface PM ratio (PM,s/PMjg). Besides, the AE obtained from the AOD spectral
dependence is also related to the prevailing aerosol size (Eck et al., 2008). A relevant quantity provided
by the AERONET inversion algorithm (Dubovik et al., 2006) is the sphericity (portion of spherical
particles) , ranging from 0 to 1 and thus indicating the spherical (values near 1) or non-spherical (values
near 0) shape of the aerosol particles. The relationships between these four quantities related to the
aerosol size and shape in different ways are studied in this subsection, with focus on their general

features as part of the aerosol characterization of mineral dust and its mixtures over our study area.

Figure 7a shows how the VC¢/VCr ratio is related to the Angstrém exponent, which is a more simple
parameter to obtain. Overall, the correlation between VC/VC+ and AE is in general poor, as obtained
by previous studies such as Prats et al., (2011) for “El Arenosillo” site in the south-western Iberian
Peninsula; Rodriguez et al., (2012) and Toledano et al., (2012) in Sub-Arctic areas. However, the
correlation is higher when only D-type intrusions are analyzed, with a correlation coefficient ~0.8
showing an almost linear dependence for AE values up to 1.0. The correlation is much lower for the MD
type (R~0.4) without any marked dependence. In order to extend the columnar analysis to the surface,
the VCe/VCr vs PM,s/PMyg scatterplot is shown in Figure 7b. High dispersion leading to a weak
correlation is observed. The highest correlation is obtained for D event days with R~0.6 (~0.3 for MD
type). Overall, an increasing trend of PM,s/PMy, from 0.2 to 0.9 is observed in the entire range of
VCe/VC+. This novel result must be highlighted because of the different techniques used to derive PM
ratio values and columnar inversion products. The lower sampling frequency of Sun photometer
inversion products (VCr, VCr and Sphericity, see Table 1) have also caused a notable reduction in the
number of availabe data, 182 in Figure 7a and 165 in Figure 7b, from the total of 304 with simultaneous

AOD and PMy, data. Hence, this fact difficults the usage of these quantities in the DD detection process.
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Figure 7. Scatterplots of: a) VCe/VCt vs AE, b) VCe/VCt vs PM,s/PMyy, ¢) Sphericity vs AE, d)
Sphericity vs PM,s/PMio, and e) Sphericity vs VCg/\VVC+ for the D (blue triangles) and MD (red circles)

event days.

A general feature can be drawn from Figures 7a-b: three zones have been identified considering the
type of DD intrusions falling in each one. First at all, those intrusions with a predominant coarse mode
(VCe/VCr < 0.2) are only of D type, with AE below 0.7 and PM,s/PM;o between 0.2 and 0.6. This
behavior is an indicator of strong coarse particle predominance in the atmospheric column meanwhile
weak mixture conditions can occur at the surface. About a quarter of all the available points fall in this
interval of VCg/VCr. In contrast, there is a zone where the fine mode predominates even in the presence
of dust (VC/VCr > 0.45, AE > 1.2 and 0.5 < PM;5/PMjg < 1.0) being all classified as MD type. The
presence of mineral dust is always ensured by the analysis of the ancillary information described in
Section 2.2. Furthermore, the intermediate zone (0.2 < VCg/VCy < 0.45) presents both D and MD types
with a wide range of AE (0.6-1.8) and PM ratio (0.3-0.8) values, which corroborates the relevance of
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analyzing aerosol mixtures including mineral dust over our site. About 75% of the total DD event days
with columnar inversion products present mixtures in greater or lesser extent. These three established
zones of VC(/VC+ can be considered a main feature in the study of other aerosol properties during DD

outbreaks.

The non-spherical shape of mineral dust aerosols has been extensively demonstrated (e.g., Dubovik
et al., 2006; Eck et al., 2005; Prats et al., 2008; Bedareva et al., 2014; Taylor et al., 2015), hence this is a
key parameter in the aerosol characterization studies. The AERONET retrievals of sphericity fraction
(e.g, Dubovik et al., 2006) are used in this section. Figures 7c-e show the sphericity vs AE, PM,s/PMyy,
and VCg/VCy scatterplots, respectively. Overall, the mean sphericity fraction during DD episodes is
0.25, being as low as 0.05 for D type and about 0.4 for MD type. As expected, most of aerosols present
non-spherical shapes (sphericity fraction values below 0.20 in the 64% of the cases), but a non-
negligible part (16%) nearly displays a predominant spherical shape (sphericity fraction beyond 0.70).
For the D type, most of the sphericity fractions are below 0.20 pointing out the predominance of non-
spherical particles, whereas sphericity in the MD type spans in the entire 0-1 interval indicating mixtures
of spherical and non-spherical particles in different proportions.

Figure 7c clearly shows two well defined areas below and above AE=1, demonstrating that aerosols
with AE values below 1 are very predominantly DD aerosol because of the very low sphericity fraction,
whereas above AE=1 we can find a mixture of particle shapes with a high variability in the sphericity
fractions. On the other hand, as can be seen in Figure 7d, PM ratio and sphericity do not follow any

correspondence, thus demonstrating the less ability of PM ratio for DD detection.

In terms of the VCg/VVCr ranges established above, the mean sphericity fraction is about 0.01 for
VCHVCr <0.2. Hence, those cases showing AE values below 0.7 and PM,5/PM;o between 0.2 and 0.6
present non-sphericity, as it is typical in Saharan surroundings (e.g., Dubovik et al., 2006). For the
interval 0.2 < VC{/VCy < 0.45), the mean portion of spherical particles increases up to 0.17. These two
fractions are in line with previous studies analyzing areas with notable weight of dust particles (e.g.,
Taylor et al., 2015). The mean sphericity values in these two first intervals of VC/VC+t (where coarse
mode predominates) highlight that the choice of the selected threshold of AE = 1 in order to distinguish
between D and MD dusty days in our study area is reliable and correct, since this quantity hardly
reaches values of 0.17. Finally, those cases with VC¢/VC+ > 0.45 show a mean sphericity fraction of
0.56, thus indicating a minor role of mineral dust particles.

All the results presented in this subsection, with a wide range of AE, VCg/VCy, PM ratio, and
spherictiy fraction, point out a mixture of aerosols, but the purer DD intrusions are reliably detected too.
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The large number of mixture cases is due to the low-moderate DD events registered. Besides, these
results again highlight that the detection of strong DD events could be affordable using AE, VC¢/VC+ or
sphericity, but bearing in mind that the amount of available columnar inversion data is much less than
AOD and AE observations. Hence, the most suitable quantity to carry out this task is the Angstrém

exponent, which can present DD fingerprints even in low and moderate episodes.
3.3.3. Effective radius and its relation with other particle size parameters

Effective radius is the most important parameter representing the size of the VPSD, thus its relation
with the other quantities related to the particle size is of general interest for atmospheric aerosol
community. Figure 8 displays the Effective Radius (ER) for the total (ERy), fine (ERf), and coarse
(ERc) modes vs AE, VCE/VCr, and PM,s/PMyg size parameters. Figure 8c is the first attempt, to our
knowledge, of establishing a relationship between columnar microphysical and surface aerosol size
properties. Both ERg and ERc span in the following tight intervals: (0.1, 0.22 um) and (1.3, 3 um),
respectively. Therefore, as it can be seen in Figure 8a they are practically independent of AE, VCH/VCry
or PM,5/PMy. On the contrary, ERt shows a wider range between 0.15 and 1.2 um, and certain
correlation with AE, VC/VC+ or PM,s/PMy is to be expected in spite of the different size information
contained in each quantity. The correlation coefficients for our DD database are -0.8 for ERt vs AE, -0.9
for ERr vs VCg/VCy, and -0.6 for ERy vs PM,s/PMy. le., the larger the AE or VCg/VCr or

PM,s5/PMg, the smaller the total effective radius.

The largest particles during DD outbreaks are placed in the ERt range of 0.5-1.2 um and they
correspond to AE values below 0.5, VC¢/VCy<0.2, and PM ratio up to ~0.5, being only D type
intrusions. However, there are similar PM,s/PMjo values occurring for smaller particles (ERt of 0.2-
0.5 um for D and MD types), which does not happen in the AE and VCg/VCy intervals. Overall, the
mean ER+ during all events is 0.40 um, which increases up to 0.50 um for D type cases and decreases

until 0.31 um for MD type cases.

The highest correlation between AE and ER+ is found for the D type with a correlation coefficient of
-0.78, which is also noticeable (R=-0.88) in the ERt vs VCg/VVC+ scatterplot and slightly lower in the
ERt vs PM,s/PMy, scatterplot (R= -0.6). The scatterplots present different behaviors: ERt vs AE and
PM,5/PMyg exhibit linear relationship (Figures 8a and 8c) while power functions are used to fit ERt vs
VCH/VC+ (Figure 8b). Note that logarithmic scale is used for the y axis. With respect to MD event days,
high correlation (R ~ 0.8) is observed in Figure 8b in the VC/VCy analysis, whilst AE and PM;s/PM1g
are almost independent on ER+ (with slope of linear fits close to 0 and R below 0.5).
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The analysis of dusty days allows establishing a consistent relationship between the total effective
radius and AE (Prats et al., 2008). The higher correlation for the ERt vs VCg/VVC+ study is related to the
fact that the both variables are retrieved in the same inversion process (e.g., Gonzi et al., 2002; Prats et
al., 2011; Rodriguez et al., 2012). Finally, Figure 8c shows certain correlation (R=-0.58) between the
total effective radius and PM ratio recorded at surface for the D type aerosol. All these features are in
line with previous results discussed in Figures 6 and 7.

3.3.4. Columnar volume particle concentration and its relationship with AOD and surface mass

concentration

Columnar aerosol load can also be expressed by means of the columnar volume (or mass) particle
concentration derived from the VPSD, where we can separate the concentration of the fine and the
coarse modes. Aerosol optical depth can be expressed as a function of the columnar volume (or mass)
particle concentration (e.g., Fraser et al., 1984; Kokhanovsky, et al., 2009), defining the columnar
volume efficiency factor Ey. Empirical relationships between AOD and total volume particle
concentration (VCr) were analyzed in previous studies (Prats et al., 2011; Toledano et al., 2012). These
studies highlight that the relationship between these two columnar quantities represented by Ey is ruled
by the VCg/VCr ratio. In order to empirically prove this kind of relationship for dusty days in north-
central Iberian Peninsula, Table 3 and Figure 9 illustrate the linear relationship between different
columnar and surface quantities during DD events using the three intervals established in Figure 7.
Figure 9 is depicted as an example of visualization of this kind of scatterplots for the AOD vs VCr,
PMjo vs VCr, and AOD vs PM,5 cases. Linear fits without intercept have been assumed in order to
avoid the lack of physical meaning for no aerosol conditions.
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Figure 9. AOD vs VCr (a), PMyy vs VCy (b), and AOD vs PM,5 (c) for three different intervals of
VCVCr during DD episodes. Linear fits are reported in Table 3.

For the coarse-mode-dominated cases (VCg/VC+ < 0.2), there is an excellent agreement between VCr
and AOD (Figure 9a), with R values about 0.98. The slopes of these fits are the columnar volume
extinction efficiencies (e.g., Toledano et al., 2012) which present units of pm?um?®. Hence, for a given
AOD, the larger the slope the smaller the VVC+. For strong DD outbreaks observed in south-western
Spain in summer 2004, Prats et al. (2011) reported a mean efficiency value of 1.8 pm?/um?, with an
extreme threshold of 1.4 pm?/um® for coarse particles. Our columnar volume extinction efficiency for
this category (1.7 pm?%um?®) falls between these two values. As the fine mode gains weight, the slope
becomes larger, up to a value of 3.7 um?%um® for VCe/VCr > 0.45. This figure in is line with previous
results for fine particles in southern Spain (Prats et al., 2010) and Sub-Arctic areas (Toledano et al.,
2012). The VCg/VC+ governs the columnar volume extinction efficiency, related to different aerosol
types. Overall, the mean columnar volume extinction efficiency obtained during all dusty days is about
2.1 +0.06 pm?%/pm®.

To correctly interpret the slope of PMy, vs VCr fit (Figure 9b and Table 3), it must be born in mind
that the ratio between the columnar aerosol optical depth and the horizontal extinction coefficient
defines the scale height H (e.g., Horvath et al., 2002), which can be understood as the height a
homogenous aerosol layer with given extinction coefficient would extend in order to have the given
optical depth. The scale height factor makes the transformation from surface to columnar quantities.
Besides, the slope of the fit between PM;o and VCr gives the ratio between two particle concentrations,
one expressed by mass and the other one by volume, thus this slope is the ratio between aerosol particle

density p (in g cm™,in this case of desert dust particles) and the scale height H. In this sense, the slope
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between the surface and columnar concentration can provide an estimate of the scale height or the
particle density, depending on the known quantities.

Table 3 presents the linear fits between PMyo and VC+, PM; 5 and VCg, and PM35.10 and VCec. These
three linear fits exhibit correlations coefficients about 0.9 with the expected exceptions of the fine mode
fit in the VCe/VCt < 0.2 category and the coarse mode fit in the VCe/VCt > 0.45 one. The PMyo vs VCr
exhibits increasing slopes as the fine mode fraction gains weight. The opposite is observed in the PM; 5
vs VC fit. The slopes of these fits in Table 3 are in g m™ (or ug cm™).

Table 3. Linear fits (y = b x) for three different categories of VC/VCr ratio: c1) VCH/VCt < 0.2, ¢2)
0.2 < VCE/VCt < 0.45, and c3) VCH/VCt > 0.45. The ‘StE’, ‘R’, and ‘N’ are the standard error,
correlation coefficient and number of data, respectively. The ‘H’ column in the PMy vs VCx fits is the
corresponding scale height, assuming a particle density for crustal material of 2.2 g cm™ (e.g., Sorribas
et al., 2015). See text for units.

Fit VCEVCr |y | sie | R | N | Hm)
category
cl 168 | 005 |098 41| -
AOD vs VCr 02 249 | 007 09776 -
c3 3.74 | 014 |0097]48| -
c1 226 | 16 | 00141 9725
PMyo vs VCr 02 236 | 12 109276 9329
c3 272 | 19 0.0 |48 | 8080
c1 620 | 64 08441 3546
PM,s vs VCr o2 377 | 19 | 09276 5843
c3 309 | 21 | 00148 7117
c1 172 | 13 | 0014112781
PMys1ovs VCe | c2 163 | 10 | 0887613517
c3 217 | 25 |0.79 |48 | 10157
¢l 0006200005089 41| -
AODVSPMy | c2 | 00091 0.0005| 09276 -
c3 00114 0.0008 | 0.00 |48 | -
¢l 0018400015089 41| -
AODVsPM,s | c2 00169 | 00009 | 0.92] 76| -
c3 0018600012 | 001 48| -

If the assumption of crustal material having a density of 2.2 g cm™ is considered (Wagner et al.,
2009; Sorribas et al., 2015), the scale factors H obtained with the PMjo vs VC+ slope (shown in Table 3)
range between ~8000 and ~10000 m depending on the VCg/VVCr interval. When fine particles are
analyzed (PM2s vs VCr and VC(/VCy > 0.45 category) the scale factor is ~7000 m, assuming the same
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density (Sorribas et al., 2015),. Finally, for the coarse particles a larger scale height H around 13000 m
is obtained for the categories VCr/VCt < 0.2 and 0.2 < VC/VCr < 0.45. All these large scale factors
indicate that a relevant portion of dust is contained in high layers with limited impact on the extinction
at the ground. When there is not impact of neither desert dust nor other high turbidity events, the scale
height H takes a mean value about 2700 m, which is in line with the results reported by Horvath et al.
(2002) in two sites in Spain and Austria during short campaigns, who obtained values ranging from
3000 to 5000 m.

With this information, the ratio between AOD and PMy, or PM;5 can be understood as an efficiency
factor, with units of m*/g. Hence, analogously to the efficiency introduced at the surface by Waggoner et
al. (1981), the AOD/PM3, and AOD/PM, 5 ratios represent the mass extinction efficiency for the whole
atmospheric column. The slopes for AOD vs PMyj fits are strongly dependent on the VC¢/VCy category,
meanwhile AOD vs PM;s presents similar slopes for the three intervals. If the AOD quantity is
estimated from the surface PMjo concentrations, a high dispersion is expected during DD outbreaks
although the right identification of the aerosol microphysical properties can help to reduce the

uncertainty.
3.4. Aerosol radiative properties during DD events

One of the most relevant aerosol parameter related to the aerosol absorption is the single scattering
albedo (SSA). In order to characterize this quantity during DD events, its spectral dependence is shown
in Figure 10a. The SSA values indicate a less absorbing power when mineral dust aerosols are
identified, since they increase compared to non-dusty days for all wavelengths. For instance, the SSA
values for D type increases with respect to the non-dusty conditions: from 0.89 to 0.94 at 675 nm and
from 0.85 to 0.94 at 1020 nm. The curve for the all the DD episodes (D+MD curve, with a mean SSA
about 0.92) is almost wavelength independent but still contains the fingerprint of the increasing values
from the UV to near-infrared (NIR) range that characterizes the mineral dust aerosol (see the D type
curve). The marked increase between 440 and 670 nm is found for Saharan dust (Dubovik et al., 2002;
Kim et al., 2011; Garcia et al., 2008; Eck et al., 2010; Toledano et al., 2011, Giles et al., 2013, among
others) but also at various Spanish sites during desert dust events (Cachorro et al., 2008, 2010;
Valenzuela et al., 2012). The less absorbing character of DD aerosol still remains when analyzing the
MD type but SSA decreases with wavelength, similarly to the non-dusty days. In this case, the fine
mode becomes more relevant and the difference between SSA for MD and non-DD event days is weaker
(e.g., from 0.89 to 0.91 at 675 nm and from 0.85 to 0.89 at 1020 nm).
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Figure 10. Spectral single scattering albedo: a) during DD and no DD episodes; b) for three different
intervals of VC{/VCr.

As it was shown by Eck et al. (2010) at llorin site, the SSA displays a strong dependence on the fine
mode volume fraction VCg/VVCy, including its spectral behavior. Actually, the larger the fine mode
volume fraction, the smaller the differences among the spectral SSA values; i.e., there is a notable SSA
increase with wavelength for VC¢/VC+ up to about 0.5, while beyond this threshold there is no spectral
change. In order to corroborate this behavior in our study area, Figure 10b shows the SSA spectral
dependence in the three categories of VC{/VCy for the D+MD cases. Our results for VCe/VCr < 0.2
change from SSA = 0.91 at 440 nm to SSA = 0.96 at 1020 nm, thus indicating the typical less absorbing
power at longer wavelengths. The SSA curve for the intermediate range (0.2 < VCg/VCy < 0.45)
remains even, about 0.91, meanwhile those conditions ruled by the fine mode (VCg/VCy > 0.45) present
a SSA decrease from 0.93 at 440 nm to 0.89 at 1020 nm, pointing out most absorbing aerosols at longer
wavelengths. Focusing on SSA at 440 nm, very similar values are obtained for our three VCg/VC+
categories, which is in line with previous findings by Eck et al. (2010) for Kampur and XiangHe sites.
This effect suggests that there is not any change on absorption power at 440nm among all the DD
episodes in the inventory regardless the fine mode volume fraction. Another important intensive aerosol
quantity related to the scattering processes is the asymmetry factor (g) which gives information about
the angular distribution of the light scattered by particles and spans from 0.6 to 0.8 for most of the
aerosol types. Similarly to the SSA analysis, Figure 11 shows the g spectral dependence for different
DD intrusion types and VCg/VCy fractions. The non-dusty days are described by strong decreasing
wavelength dependence from 0.71 at 440 nm to 0.6 at 1020 nm. This decrease is softened for DD
outbreaks (with larger values for the D event days, about 0.70-0.72), because g increases with the

particle size (Horvath et al. 1998; Cachorro et al., 2000). This feature is also noticeable when studying g
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dependence on VC/VCy for the D+MD cases. The categories of VCe/VC+ < 0.2 and 0.2 < VC/VCy <
0.45 present similar values being g about 0.74-0.70 at 440 nm and 0.72-0.67 at 1020 nm, respectively.
Finally, for the fine-mode-dominated cases (VCg/VCr > 0.45), g strongly decreases with wavelength
(0.72-0.62). Dubovik et al. (2002) reported ranges of 0.69-0.65 and 0.73-0.71 at Solar Village and Cape
In a DD
characterization study in Granada (southern Iberian Peninsula) by Valenzuela et al. (2012), these authors

Verde sites between 440 and 1020 nm for a desert dust and oceanic environment.

obtained similar values for g spectral dependence, i.e. from 0.7 to 0.66 in the 440-1020 nm interval.
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Figure 11. Asymmetry factor: a) during DD and no DD episodes; b) for the three different intervals of
VCe/VCr.

4. Conclusions

The main statistics and characterization of aerosol size and load involving both surface and columnar
properties of dusty days over north-central IP for a long-term period (2003-2014) is presented here. This
study is based on a reliable inventory of DD intrusions obtained by the simultaneous usage of surface
and columnar data (Cachorro et al., 2016). As a relevant result, the study reveals that most of the DD
outbreaks contain desert dust aerosols mixed with other aerosol types, mainly anthropogenic pollution,
biomass burning, or marine aerosols. Some of the aerosol properties studied are directly derived from
measurements, like surface PMg and PMs 5 and its ratio, or columnar data like AOD or AE, and others
are retrieved from a more complex inversion algorithm which requires sky radiance measurements, like

the columnar particle size distribution and its derived parameters: effective radius, volume particle
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concentration, etc. Besides, optical parameters like the asymmetry factor and single scattering albedo are
also considered.

This study highlights the relevance of the joint interpretation of surface and columnar aerosol data
which includes certain relationships for DD episodes. Examples of these relationships are the total
effective radius versus AE, the fine mode volume fraction or the PM ratio, and the VCy vs AOD or
PMjo, allowing the determination of the volume extinction factor or the scale height factor. For the first
time, PMy measurements are linked to columnar inversion products during DD events for long term
data, which is one of the novelties of the present study. The surface-columnar relationships are well
established once the columnar aerosol DD properties are known. For instance, the slopes of the fits for

each interval of VC¢/VCy range are obtained with high correlation coefficients.

Characterization aerosol studies are site-dependent due to the specific local conditions occurring over
each site, but they are required to better understand how aerosol properties change over certain areas,
particularly those relatively far away from the sources which receive frequent desert dust intrusions
likely mixed, in greater or lesser extent, with other aerosol types. Our results are mostly in line with
previous DD characterization studies carried out in the Mediterranean Basin and northern African
surroundings. For the purest mineral dust events, all the aerosol properties present their typical values.
The size (AE, PM ratio and total effective radius) and concentration (AOD, PMy, and volume particle
concentration) quantities exhibit significant correlation (in a greater or lesser extent). Furthermore, other
microphysical and radiative properties such as non-sphericity and single scattering albedo are also
congruent with previous results. Those cases showing fine mode volumen fraction below 0.2 represent
25% of the DD database with columnar inversion data. The remaining part (~75%) highlights the large
relevance of mixtures with mineral dust, which produce a wide range of aerosol properties. For instance,
VCg/VCr can be above 0.45, sphericity fraction can overcome 0.7, effective radii can reach 0.3 pm, and

fair correlations (R < 0.6) between PM;0/PM, s and columnar volume concentrations can be found.

Analyzing the results of this study, some parameters seem to be more suitable than others to detect
and classify desert dust aerosols, like AE and sphericity fraction. Defined ranges of these parameters
allow the classification in different aerosol categories, as those given by AE or VCg/VVC+. A threshold of
AE = 1 is suitable for our area to distinguish between intrusions composed of aerosols with a strong
prevailing DD character and those presenting a mixture of aerosols. This classification is corroborated
by the non-sphericity and low values of VC(/VCy. The advantage of using AE quantity relies on its

larger sampling compared to the other inversion products.
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Overall, the rapport between surface and columnar aerosol properties during DD intrusions here
reported is relevant due to the different measurement techniques that are involved. The 12-years
inventory is an extraordinary tool to investigate how DD fingerprints on aerosol properties change at
both levels during different types of DD episodes. In particular, the columnar and surface retrievals
about aerosol speciation during this kind of events can be a very interesting topic for further studies.
Hence, this study is required to better understand their behavior along the whole Mediterranean Basin

and can be used to validate DD forecast models or satellite DD products.
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982  Figure S1. PM1p-AOD (a) and PM;,s/PMo-AE (b) scatterplots for D (blue triangles) and MD (red
983  circles) event days. Solid lines are the linear fits, being the black one the fit for the total DD database.
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