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ABSTRACT

We address observations of physical and chemical properties of Saharan dust advections (SDA) as observed in the
Central Mediterranean basin, within the framework of the LIFE + 10, DIAPASON project (www.diapason-life.eu).
DIAPASON aimed at the definition of best practices and tools to detect and evaluate the contribution of Saharan
dust to ground particulate matter (PM) loads. Polarization-sensitive, automated lidar-ceilometers (PLC) are one
of the tools prototyped and used in the Rome area to reach this goal. The results presented in this study focus on:
1) the effectiveness of various observational tools at detecting and characterizing atmospheric dust plumes, and
2) processes and properties of Saharan dust advections reaching the central Mediterranean region. In this re-
spect, the combination of numerical model forecasts and time-resolved (at least hourly) PLC or chemical ob-
servations was found to constitute an efficient way to predict and confirm the presence of Saharan dust. In the
period 2011-2014, Saharan dust advections were observed to reach over Rome on about 32% of the days. In
some 70% of these days the dust reached the ground in dry conditions, while 30% of advection days involved
wet deposition. Dry (wet) deposition was found to maximize (minimize) in summer. The northern Sahara be-
tween Algeria and Tunisia (Grand Erg Oriental), was confirmed as the most frequent region of origin of the dust
mobilized towards central Italy. Secondary source regions include northern Morocco and Libya. On a statistical
basis, Saharan advections to Rome were preceded by increasing atmospheric pressure and stability. These
conditions were found to favor the accumulation of aerosols related to local emission sources before the SDA
reached the ground. Meteorology (precipitation and turbulence in primis) resulted to be an important modulator
of PM concentrations during SDAs. Magnitude and timing of these factors should be well considered to correctly
evaluate the dust share in PM loads or the related health effects. Saharan advections observed during DIAPASON
affected particle concentrations down to diameters of about 0.6-1 pm, with number concentrations peaking at
the 2.5 um diameter range. These advections were associated with a significant increase in Si-rich particles
containing a non-negligible fraction of water. Rainfall was observed to preferentially remove dust particles larger
than 2 um, causing a significant depletion in the Ca-rich fraction with respect to the Si-rich one. The increase in
PLC depolarization ratios above 5%, as well as the hourly PIXE records of the Si/Ca ratio increasing above 1 were
found to represent good markers for the actual presence of Saharan dust particulate matter, when Saharan
advection conditions are occurring.
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1. Introduction

Advection of mineral dust from arid regions is one of the main
sources of natural aerosols on Earth (Prospero et al., 2002; Ginoux
et al., 2012; Knippertz and Stuut, 2014). The Sahara region is the most
important source of mineral dust advections to southern Europe (e.g.,
Guerzoni et al., 1997; Goudie and Middleton, 2001; Evan et al., 2016).
Saharan dust advections (SDA) to Mediterranean countries are modu-
lated by meteorology along rather regular seasonal patterns (e.g.,
Barnaba and Gobbi, 2004; Knippertz and Todd, 2012; Gkikas et al.,
2012; Pey et al., 2013). Typically, SDAs to the central Mediterranean
occur during cyclonic conditions in winter, spring and fall and during
anti-cyclonic conditions in summer (e.g., Gaetani et al., 2012). As a
consequence, deposition of Saharan dust to the central Mediterranean is
mostly dry in summertime and mixed (wet and/or dry) in the remaining
months (e.g., Guerzoni et al., 1997). Extreme dust transport events are
also frequent (e.g. Gkikas et al., 2016), and single outbreaks can ac-
count for more than 50% of the total annual Saharan dust deposition
(Guerzoni et al., 1997). The northern Sahara region between 30°N and
35°N, extending in longitude from the Southern slopes of the Moroccan
Atlas range to the Tunisian Erg Oriental (10°W-10°E), includes the
principal sources of the mineral dust reaching the central Mediterra-
nean (e.g., Prospero et al., 2002; Ginoux et al., 2012; Evan et al., 2016).

In terms of impact on air quality (AQ), Saharan advections to
Southern Europe can result in important increases in the PM;, loads
measured at the ground (e.g., Gobbi et al., 2007; Querol et al., 2009;
Nava et al., 2012; Pey et al., 2013; Gobbi et al., 2013; Barnaba et al.,
2017). These episodes can cause exceedances in both the daily and
yearly PM;, limits set by the EU Air Quality Directive (2008/50/EC),
i.e.,, 50ug/m® for the daily average, and 40ug/m® for the yearly
average. When assessing PM;, exceedances, the European air quality
legislation allows for subtracting the Saharan, as well as other natural
contributions from the total PM;, loads observed at AQ stations. To
determine SDA conditions, the specific EC Guidelines provided to im-
plement Directive 2008/50 (EC, 2011) do not require direct evidence of
the presence of dust. Such demonstration is delegated to a series of
indirect information as satellite retrievals, model forecasts, and back-
trajectory analysis.

Currently, Saharan dust advections are rather well predicted by a
variety of numerical models (e.g., Kallos et al., 1997, 2007; Alpert et al.,
2002; Grell et al., 2005; Kishcha et al., 2007; Basart et al., 2012;
Georgoulias et al., 2018) and, in the absence of clouds, their horizontal
extent can be observed by satellites (e.g., Kaufman et al., 2002; Tafuro
et al., 2006; Breon et al., 2011; Ashpole and Washington, 2012). These
methods have been widely used to characterize SDAs over the Medi-
terranean both in extent and optical depth (e.g., Barnaba and Gobbi,
2004; Antoine and Nobileau, 2006; Gkikas et al., 2013). Still, assessing
how many of these dust overpasses reach the ground, and evaluating
their share in PM;, mass is not a straightforward exercise. Even the
most direct techniques (chemical analysis of collected dust) can be
made uncertain by local mineral contaminants. On the other hand, a
spatially extended, operational evaluation of such contributions is ne-
cessary to assess SDA's effects, in particular to implement the 2008/50/
EC Directive.

The DIAPASON project (www.diapason-life.eu) was implemented to
make the EC Guidelines simpler and sound at proving the presence and
quantifying the share of Saharan dust at AQ monitoring stations. To
reach this goal, DIAPASON proposed two new tools: i) a modified
methodological approach, tailored to facilitate and extend the opera-
tional use of the EC-Guidelines by AQ agencies (this work is presented
in Barnaba et al., 2017), and ii) prototypes of new remote-sensing de-
vices, suitable for being integrated in AQ monitoring stations to attest
the presence of mineral dust advections. These instruments are up-
grades of the automated lidar-ceilometers (ALC), i.e., active remote-
sensing devices capable of a continuous, affordable monitoring of PM
vertical profiles in the whole troposphere (e.g., Haeffelin et al., 2011).
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Standard ALC are currently commercialized and employed in EU
countries and worldwide (e.g., the EUMETNET- E-Profile initiative
(http://eumetnet.eu/activities/observations-programme/current-
activities/e-profile/alc-network), the German Weather Service (DWD;
https://www.dwd.de/EN/research/projects/ceilomap), and the Italian
Alice-net (www.alice-net.eu), e.g., Dionisi et al., 2018; Diéemoz et al.,
2018). In fact, these ALC systems cannot discriminate amongst aerosol
types as polarization-sensitive lidars allow to do (e.g., Sassen, 1991). In
this respect, the polarization lidar technique was demonstrated to be
very effective at detecting SDAs both at single stations (e.g., Gobbi
et al., 2000; Gobbi et al., 2003; Tafuro et al., 2006), and (mostly within
the EARLINET project) at the European scale, (e.g., Ansmann et al.,
2003; Papayannis et al., 2008). To this end, DIAPASON took in charge
the development of prototypal polarization-sensitive lidar-ceilometers
(PLC) to demonstrate their capability at assessing the presence of Sa-
haran advections over the monitored region, along a year-round, 24/7
operational schedule, an almost impossible or over-expensive task for
“standard” lidars. Such demonstration has been performed by de-
ploying three PLC systems in the Rome region (central Italy), and
running them over a one-year period since October 2013.

Within the DIAPASON project, two intensive campaigns provided
the opportunity to collect detailed chemical and physical observations
together with modelling of the Saharan dust advected to the central
Mediterranean. A first exploitation of these observations allowed for
setting up new recommendations to evaluate the SDA contribution to
PM,, loads in Europe (Barnaba et al., 2017). To complete the descrip-
tion of DIAPASON's main outcomes, this paper will address: i) the
general, long-term properties of SDAs as analyzed along the project
(Section 3.1); ii) a detailed physical and chemical characterization of
single SDAs (Section 3.2), and iii) an evaluation of the PLC prototype
capability at certifying the presence of such advections in the opera-
tional manner required by AQ agencies (Section 3.2).

2. Methods

Hereafter we describe the observational set up and the modelling
tools employed in the course of the project. A complementary de-
scription of these tools and relevant results can be found in Barnaba
et al. (2017).

2.1. DIAPASON's target region

The pilot study area of DIAPASON was the Latium region in central
Italy, in particular the Rome area (Fig. 1). To explore horizontal
variability of dust advections, DIAPASON established three observa-
tional sites: 1) Downtown Rome (via Boncompagni); 2) Castel di Guido,
a rural site some 30 km west of central Rome; and 3) Rome Tor Vergata,
a semi-urban site some 20 km south-east of central Rome (Fig. 1b). Each
station was equipped with a PLC. Full ARPA Lazio (Latium region en-
vironmental agency) AQ instrumentation was run at Castel di Guido
and Rome Boncompagni. Conversely, Rome Tor Vergata home of the
ISAC atmospheric supersite (CIRAS), hosted additional instrumentation
for the characterization of aerosols (e.g., Section 2.3, and the Appendix
Section). Observations aimed at providing a one-year characterization
of SDA events occurring in the Rome area. During this year, two in-
tensive observation periods (IOP1 and IOP2) were implemented, in-
volving a variety of co-operative, detailed observations conducted in
Tor Vergata (e.g., Struckmeier et al., 2016; Barnaba et al., 2017; Rizza
et al., 2017).

2.2. The DIAPASON PLC prototype

As mentioned, lidars (light detection and ranging) systems are
widely employed in the profiling of atmospheric aerosol properties
(e.g., Weitkamp, 2005; Winker et al., 2009). Polarization-sensitive li-
dars allow for discriminating spherical (droplet-like) from non-
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Fig. 1. a) map of Italy (yellow) with marked borders of the Latium region; (b) position of the DIAPASON monitoring sites (red diamonds) in the Rome area (light gray
line) within the Latium region; c) image of the PLC and the Arpa Lazio air quality cabin at the Castel di Guido site.

spherical (e.g., dust, ice crystals) scatterers. This is made possible by the
high depolarization the latter ones introduce in the backscatter signal
with respect to the null depolarization of spherical scatterers (e.g.,
Sassen, 1991; Gobbi, 1998; Liu, 2009; Sakai et al., 2010).

Ceilometers are automatic, low-power lidars, originally developed
to retrieve cloud-height by continuous sounding of the atmosphere.
Latest generation of ceilometers proved to be capable of aerosol pro-
filing (e.g., Wiegner and Geif, 2012; Diéemoz et al., 2018). By ex-
ploiting aerosol particles as a tracer, ceilometers also allow to infer the
daily cycle of the mixing layer height (MLH), e.g., Eresmaa et al.
(2006); Seibert et al. (2000); Haeffelin et al. (2011). So far, commer-
cially available ceilometers have been single-channel instruments, i.e.,
unable to discriminate scatterers' shape. DIAPASON prototyped and
tested the first polarization-sensitive ceilometer with the aim of
creating an affordable, robust system to be widely used in the identi-
fication and profiling of dust-like aerosol layers. To this goal, the ceil-
ometer manufacturer and project partner Jenoptik ESW (now Lufft)
implemented the first PLC ever, as a development of their CHM15K -
Nimbus system. As in the standard CHM15K, the PLC laser emits po-
larized pulses at 1064 nm, with a pulse rate of 5-7 kHz, and a pulse
energy of 8pJ. The receiver employs an avalanche photo-diode de-
tector. In the PLC version, a second detector-chain is added to sense and
store the cross-polarized atmospheric return. The two backscatter sig-
nals (parallel and cross-polarized) are calibrated by the half-wave plate
method described in Mc Gill et al. (2002). Starting October 1, 2013 and
until December 15, 2014 this PLC system has been operating at the
DIAPASON site of Castel di Guido (Fig. 1) with the aim of demon-
strating its 24/7 dust-layers detection and monitoring capabilities. At
the same time, other polarization lidar systems were operated at the
other two DIAPASON stations of Rome Boncompagni and Rome Tor
Vergata (Fig. 1b). Thumbnails of these measurements were posted daily
on the DIAPASON web-site (www.diapason-life.eu), and are also
available at the ALICE-Net site (www.alice-net.eu).

As an example of PLC capabilities, Fig. 2 presents two days of the
Jenoptik PLC measurements recorded in Rome on May 19 (Fig. 2a and
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2b), and May 22 (Fig. 2¢ and 2d), 2014, along an important advection
of Saharan dust which occurred during IOP2 (Barnaba et al., 2017;
Rizza et al., 2017). Panels a) and c) detail each day's plot of PLC parallel
backscatter range (R)-corrected signal (Spa,), that is In (Spar*Rz), up to
6 km altitude. Conversely, panels b), and d) illustrate the relevant vo-
lume depolarization ratio (8,%), that is the ratio between the inter-
calibrated PLC's cross (Scrs), and parallel (Spar) backscatter signals.
Therefore, 6,% is a weighted average of the depolarization introduced
in the lidar signal by the combined action of atmospheric aerosols and
molecules (e.g., Gobbi, 1998). At the PLC wavelength (1064 nm), the
ratio R between aerosol and molecular backscatter is R > > 1, typi-
cally 10-100. Therefore, the measured backscatter radiation is mostly
generated by aerosol particles. As a consequence, the volume depolar-
ization ratio (8,%) is a good-to-optimal approximation of the particu-
late matter depolarization (8p%), that is, the depolarization generated
by aerosols alone. Since light backscattered by spherical particles keeps
the original polarization plane, liquid droplets (e.g., rain or aerosols)
are characterized by null or very low depolarization ratios. Conversely,
non-spherical particles (e.g., ice crystals, mineral dust) can be dis-
criminated by significantly larger depolarization ratios (e.g., Sakai
et al., 2010). Dust-rich raindrops, as well as mixtures of liquid and dust
aerosols depolarize as a function of their dust content. At 1064 nm, a
typical depolarization ratio of pure Saharan dust away from its source is
8p = 20%. Employing this value in Eq. 10 of Gobbi (1998) shows that
depolarization values 8, = 8p > 5% (a safe level to avoid noise-induced
errors) can be reached only when the non-spherical aerosol backscatter
is larger than half the spherical aerosol one. The same relationship
approximately holds in terms of aerosol volume (e.g., Dionisi et al.,
2018). Therefore, in our PLC measurements mineral dust can be de-
tected by a 5% depolarization threshold when its volume concentration
is larger than half the coexisting liquid aerosols one.

Considering that backscatter signal increases with size and con-
centration of scatterers, the polarization lidar technique allows for
discriminating clouds (highest backscatter, low/high depolarization
when liquid/frozen), fogs (high backscatter, low depolarization, low
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Fig. 2. Image plots of the Jenoptik PLC measurements recorded during an advection of Saharan dust observed in Rome on May 19 (panels a, b), and May 22 (panels c,
d), 2014. Panels (a) and (c) depict PLC parallel backscatter, range-corrected signal (In (S*R?) up to 6km altitude. Conversely, panels (b) and (d) illustrate the

relevant depolarization ratio (8,%).

altitude) and aerosol types (low backscatter and low/high depolariza-
tion in the case of liquid droplets/solid dust). Mineral dust plumes can
be revealed by the coupled increase in backscatter and depolarization
ratio they generate in the PLC signals (e.g., Gobbi et al., 2000). In the
backscatter plots of Fig. 2 (panels a) and c)), clouds correspond to red
colours, while aerosol signals range from pale blue to yellow. In the
presence of thick clouds (as of May 19, panel (a)), the backscatter signal
gets extinguished just above the initial layers. In this case the mea-
surement characterizes only the lowermost portion of the cloud.

In Fig. 2a we can observe the lowermost part of a cloud-embedded
dust layer (we know from model forecasts being originated in northern
Africa) descending from about 4 to 2 km altitude, along the day of May
19, 2014. Precipitation appears as stripes dropping from cloud base
towards the ground (but not always reaching it). Due to dominance of
water droplets at backscattering the lidar pulses, the inner of the cloud
shows very low depolarization (Fig. 2b). Conversely, clouds lowermost
sectors and morning precipitation are characterized by higher depo-
larization ratios (= 10-20%), distinctive of scavenging of desert dust by
rain droplets. This is typical of dust-containing precipitation, where
hundreds of micron-sized dust grains are embedded within millimetre-
sized droplets (e.g., Appendix Figure D.2). Such dust scavenging is
taking place up to about 12 UTC of May 19, 2014. In this period de-
polarization at the ground increases within the precipitation stripes

(Fig. 2-b). Conversely, the afternoon precipitation is characterized by
very low depolarization, that is, this rain contains little or no dust at all.
Furthermore, the strong precipitation removes most of the low-level
dust layer (revealed by higher depolarization between ground and
about 1.5 km altitude) thus temporarily cleansing the atmosphere down
to the ground. When rain stops, the advection keeps bringing dust in the
same atmospheric levels, i.e., up to about 1.5 km.

In the afternoon of May 22, 2014, Saharan dust layers descend to-
wards the ground (Fig. 2d). A shallow (=500 m thick) mixing layer is
noticed to develop between 8 and 15 UTC (Fig. 2c). Weak, depolarizing
precipitation from the upper layer then occurs at about 20 UTC. Con-
versely, the stronger precipitation occurring at 22 UTC cancels for some
time the 0-2 km, dust-generated depolarization signal. This period co-
incides with the peaking of the dust advection of IOP 2, which will be
discussed in more detail in Section 3.2.1. These two illustrative days
well summarize features of the dust advections that can be tracked and
characterized by means of the analysis of PLC data.

2.3. DIAPASON observations and modelling
Starting October 1st, 2013, DIAPASON initiated a one-year mon-

itoring phase aiming at the long-term characterization of Saharan dust
advections to the Rome area. The two intensive observation periods
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Table 1
Research groups and tools involved with the DIAPASON's measurement campaigns.
Group Location Measurement/Model type Period References
CNR-ISAC Institute of Atmospheric Sciences and Rome Tor Vergata PLC, online aerosol optical properties All Year www.diapason-life.eu
Climate, Rome Rome Boncompagni Barnaba et al. (2017)
Castel di Guido Appendix A
ARPA Lazio Rome Tor Vergata PM;o-Meteo and turbulence All Year www.arpalazio.net/main/aria/sci/
Rome Boncompagni
Max Planck Institute for Chemistry, Mainz Rome Tor Vergata MoLa online aerosol characterization IOP1 &2 Drewnick et al. (2012), Struckmeier et al.
(2016)
INFN National Institute of Nuclear Physics, Florence Rome Tor Vergata 1-h PM, s & PM;, sampling for PIXE IOP1 &2 Lucarelli et al. (2014) & 2018, Calzolai
elemental analysis et al., (2015)
Appendix B
CNR-IIA Institute for Atmospheric Pollution Rome Montelibretti ~ 24-h filters for chemical analysis; I0P 2 Perrino et al. (2016)
Research, Rome 48-h,10-stage impactor for SEM analysis Pietrodangelo et al. (2015)
Appendix C & D
CNR-ISAC-Lecce Lecce WRF-Chem modeling IOP 2 Rizza et al. (2017)
Appendix E
Barcelona Supercomputing Centre Barcelona BSC-DREAMS8D simulations 2011-2014 Basart et al. (2012), Appendix F

(IOP1 and IOP2) have been carried-out from October 22 to November
2, 2013, and between May 19 and May 27, 2014, respectively. These
IOPs involved an extra number of observations and model simulations
made in collaboration with networking research groups. The partici-
pating groups and references to relevant tools are summarized in
Table 1. Supplemental description of the measurement techniques
employed in the DIAPASON campaigns is provided in the Appendix
Sections (A-F).

Results presented in the following sections include general proper-
ties of the Saharan dust advections determined on the basis of the
DIAPASON one-year monitoring data (October 2013-September 2014),
together with multi-year PM;o data from ARPA Lazio. BSC-DREAMS8b
model outputs (Basart et al., 2012) have been employed to reconstruct
series of SDA timings and mass loads at Rome's ground level (e.g.,
Appendix F). Concurrently, detailed chemical and mineralogical dust
properties have been determined during the IOPs to evaluate the
quantitative properties of Saharan dust reaching the region, and to
develop an improved methodology to evaluate the SDA contribution to
PM loads (Barnaba et al., 2017). Finally, detailed model simulations by
WRF-Chem (e.g., Grell et al., 2005) were performed to address the
meteorological processes accompanying the generation and transport of
the dust observed during the DIAPASON's second IOP (Rizza et al.,
2017).

3. Results

Advections of Saharan dust affecting Italy and central Europe are
mostly associated with North African depressions and cyclones, (e.g.,
Fiedler et al., 2014; Fiedler et al., 2015; Gaetani et al., 2012; Knippertz
and Todd, 2012; Gkikas et al., 2012). The inter-annual variability of
Saharan dust exports can be rather high over both the yearly (Guerzoni
et al., 1997) and the decadal (Evan et al., 2016) timescales. Wet de-
position, subsidence and boundary layer entrainment represent effec-
tive mechanisms to convey the dust to the ground. In terms of dust
properties measured at the receptor point, processes occurring during
the transit and deposition of the dust can lead to a variety of changes
with respect to the original conditions. Hereafter we try characterizing
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these conditions by addressing separately both the long-term (year-
scale) and short-term (event, i.e., IOP-scale) properties of the dust ad-
vections observed to reach central Italy during DIAPASON.

3.1. ’Long-term' properties of observed Saharan advections

The DIAPASON ‘long-term' picture of Saharan dust advections is
based on the one-year observations database (October 2013-September
2014), plus an additional analysis of BSC-DREAMS8b simulations and
HYSPLIT back-trajectories (Stein et al., 2015) addressing the 3-year
period October 2011-September 2014, an extended time span chosen to
support the statistics of this study.

3.1.1. The 3-year period: source regions and deposition

The density of transits in the planetary boundary layer (PBL) of the
5-day NOAA-HYSPLIT back-trajectories reaching Rome Boncompagni
at 750 m MSL in the period October 2011-September 2014 is presented
in Fig. 3. These were computed each day, starting at 6, 12 and 18 UTC,
totalling about 1000 trajectories per year. The back-trajectories em-
ployed the GDAS meteorological data, and the 'vertical velocity' model.

Based on BSC-DREAMSD forecasts, back-trajectories were divided
into ‘Saharan dust-affected’ and ‘no-dust’ cases (Fig. 3 left and right
column, respectively). The back-trajectories were then analyzed to de-
rive the spatial statistics of transits in the PBL they went through during
their journey to Rome. A similar analysis, addressing the period
2001-2004, was presented in the supplemental material of Mallone
et al. (2011), a study which evidenced some health consequences of
SDAs observed in Rome. Similarly, most of the 2011-2014 Saharan
advections analyzed in Fig. 3 originated north of 30°N, and the Grand
Erg Oriental (at the southern slopes of the Atlas range at 33°N, between
Algeria and Tunisia) is confirmed as the most frequent region of origin
of the dust mobilized towards Italy (e.g., Prospero, 2003). Secondary
source regions of the dust advected to Rome include northern Morocco
and Libya. It is worth noticing that before reaching Rome most of these
SDA trajectories travel in the Tyrrenian sea boundary layer. Conversely,
PBL transits of non-SDA trajectories extend mostly to the NE (Slovenia
and Austria) and NW (southern France), without intersecting northern
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Fig. 3. Contour plots of the density of PBL transits of 5-day back-trajectories reaching Rome at 750 m MSL in the years 2012, 2013, and 2014, in the presence of SDA
conditions (panels a, ¢ and e, respectively) and in non-SDA days (panels b, d and f).

Africa (Fig. 3, right column).

Table 2 presents some statistics on the SDA properties studied
within DIAPASON. In particular, the 3-year BSC-DREAMS8b simulations
pointed-out that in this period (October 2011-September 2014) some
32% of the days were affected by SDA transiting above Rome. About
30% of the advection's time involved wet deposition, while about 70%
involved dry transport to the ground. Only 11% of wet deposition oc-
curred in summer, while 33% of the total dry deposition times occurred
in summertime. Also in Table 2, are reported the average ground-level
PM;, loads (for single advection days, and for the whole year) asso-
ciated with the SDA events occurring in the period 2011-2014 (see also
Barnaba et al., 2017).

In the DIAPASON one-year monitoring period described in the fol-
lowing section, the occurrence of dust overpasses and of ground-

deposition (validated by PLC observations) was 33% and 25% of the
time, respectively. These numbers are in good agreement with the
frequency of Saharan dust advections reported to reach Rome in the
longer periods 2011-2014 (Table 2), and in 2001-2004 (Gobbi et al.,
2004, 2013).

3.1.2. The 1-year period: meteorology and mixing layer's roles

Physical and meteorological variables of relevance to SDA, as re-
corded during the DIAPASON one-year observation time (October
2013-September 2014), are presented in Fig. 4. Days when BSC-
DREAMSD forecasted the presence of Saharan dust at Rome's ground
are marked by yellow squares. To better perceive the main drivers of
Rome's PM loads during DIAPASON, Fig. 4 includes the records of daily-
averaged turbulence kinetic energy (TKE, blue squares), daily

Table 2

Three-year (October 2011-September 2014) statistics of SDA properties observed in Rome.
VARIABLE Value SOURCE
% of SDA days 32 BSC-DREAMS8b
% days with SDA dust at ground 22 BSC-DREAMS8b
% dry deposition time during SDAs. 70 BSC-DREAM8b
% wet deposition time during SDAs. 30 BSC-DREAMS8b
Year average SDA impact on PM;, (pg/mg) 1.3 £ 0.3 Barnaba et al. (2017)
Average PM,, increase in SDA-day (ug/m>) 10.2 £ 1.3 Barnaba et al. (2017)
Min-Max number of PM;, exceedances per year 41-57 Barnaba et al. (2017)
Min-Max number of SDA-induced PM;, exceedances per year 4-13 Barnaba et al. (2017)
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maximum mixing layer height (MLH, green triangles), and daily-aver-
aged PM;, (red stars). TKE is the mean kinetic energy per unit mass,
associated with atmospheric shear, friction or buoyancy. TKE is a good
indicator of the atmospheric convective and wind-shear dispersion
potential (e.g., Srivastava and Sarthi, 2002). It was retrieved from the
Arpa Lazio sonic anemometer measurements performed at the Rome-
Boncompagni site. In Rome, high TKE is associated with clean atmo-
spheric conditions, often generated by northerly circulation.

The MLH characterizes the pollutants dilution capability of the
lower troposphere. MLH is mainly associated with convection, that is, it
has a sinusoidal behaviour, reaching maximum values in the middle of
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Fig. 5. Hourly data median values of: a) atmospheric pressure (hPa), b) mixing
layer height (km), c) turbulence kinetic energy (J/kg), and d) PM;o (ug/m3)
during the 7 days preceding the SDA arrival at the ground (—7:0) and during
the 18 SDA events (t > 0) which occurred during the DIAPASON one-year
monitoring period.
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the day and in summertime (e.g., Garratt, 1994). In this analysis the
MLH was inferred by an operator-assisted analysis (e.g., Haeffelin et al.,
2011; Angelini et al., 2014) of the lidar-ceilometer data recorded at
Rome Boncompagni.

Together with atmospheric pressure and precipitation, TKE and
MLH are the principal meteorological modulators of pollutant con-
centrations. The low-frequency patterns of both TKE and MLH in Fig. 4,
show a summer maximum 2-3 times larger than the winter minimum
for both variables. Conversely, the high frequency variability (daily) is
mostly associated with TKE bursts occurring in wintertime. Purple
boxes in Fig. 4 encompass the two DIAPASON's IOP periods, called on
the basis of forecasts of significant Saharan dust advections. These
periods are: i) October 22 - November 2, 2013 (maximum predicted
PM;, dust mass of about 20 ug/m3), and ii) 19-27 May, 2014 (max-
imum predicted dust mass in PM;o of about 80 ug/m®). Actual mea-
surements (reported in Barnaba et al., 2017) show the maximum in-
crease in daily PM;, associated with these two SDAs. to be of 10, and
20 pg/m>, respectively.

Typical values of meteorological variables associated with the SDAs
which occurred during this one-year period are presented in Fig. 5.
Here are plotted the median levels of the MLH, TKE, PM,,, and atmo-
spheric pressure hourly data collected during the eighteen SDA events
recorded in Rome along this year. The x-axis in Fig. 5 spans from 7 days
before to 7 days after the dust 'touch-down' (set at time zero). Main
outcomes of this analysis are the occurrence of systematic increases in
pressure and PM;, load, coupled with a decrease in MLH, which pre-
cede the touch-down. Together with a flat behaviour of the TKE, these
records indicate that stable conditions typically occurred before the
arrival of dust. This condition results into a systematic increase in PM
loads starting some 6 days ahead of the dust appearance at the ground
(Fig. 5d). Such a pattern was also observed to occur over the broader
area of Latium and Tuscany (Barnaba et al., 2017), and in previous
years (Gobbi et al., 2013).

To correctly attribute PM loads to SDAs, it is then important to se-
parate 'pre' from 'during’- advection times. Even though a general de-
crease in MLH (and flattening of the TKE) are visible during the days
preceding the SDA event, we typically observed an increase in MLH to
occur right at time zero, with an increase in TKE occurring during the
following two days. On the whole, this indicates the dust touch-down to
be usually associated with increasing turbulence, precipitation and, as
expected, with dust-increased PM;, loads. In fact, the median rise in
PM;, registered during the days just preceding the SDAs touch-down
was comparable to the median increase associated with the dust events
themselves (Fig. 5d), i.e., DIAPASON found SDAs meteorology (mostly
high pressure conditions) to generate a non-dust, PM increase right
before dust reaches the ground. The discussion in Section 3.2.5 will
confirm this increase to affect PM; loads from local emission sources. In
general, during the SDA events we observed the concentration of
0.56 um diameter particles to follow more closely the pattern of the
atmospheric pressure than particles coarser than 0.8 pm ones (e.g.,
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Fig. 6. Multivariable plot of the SDA event occurring from May 18 till May 27, 2014: Image plots of PLC range-corrected, parallel backscatter (a) and volume
depolarization ratio (b) signals up to 6 km; (c) Cl, Si, Al and Ca concentrations in PM;, from PIXE analysis; (d) Ca/Al, Fe/Al and Si/Ca ratios of PM;, components
from the PIXE analysis; (e) aerosol volume distribution (dV/dLogD) at aerodynamic diameters of 0.56, 1, 2 and 5 um, as measured by the APS systems; (f) image plot

of Saharan dust PM,, up to 6 km, as simulated by WRF-Chem.

discussion of Fig. 6 in Section 3.2.1). This latter dimensional class
possibly represents a lower limit of the Saharan dust size distribution.

These results partly support the 'MLH-driven pollutant concentra-
tion effect' attributed to SDAs by Pandolfi et al. (2014), where SDA
conditions in Barcelona were found to be statistically associated with
significant decreases in MLH, therefore with a diminished atmospheric
dilution capability. In our Rome record, such conditions pertain mainly
to the days before the dust touch-down. Furthermore, pressure drop
together with the increase in TKE and precipitation observed at the
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ground during the SDA first days, indicate the possible occurrence of
PM-reducing mechanisms along with the advent of the mineral dust.
Such decreases in PM loads have been observed during some SDAs,
especially in wintertime, when precipitation is more common. Overall,
the increase in stability observed in Rome during the days preceding
SDAs could also bear a role in the health effects associated with SDAs,
e.g, Perez et al. (2008), Pandolfi et al. (2014), Stafoggia et al. (2016). In
this respect, an exact timing of the pre and post dust intrusion phases
appears to be important to separate the different mechanisms possibly
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associated with them. It is worth noticing that Pandolfi et al. (2014)
addressed the coastal site of Barcelona, where the yearly average MLH
is of about 800 m, a fairly low value which suggests a dependence of the
MLH on marine circulation (marine MLH is commonly lower than in-
land). Conversely, our records show the inland site of Rome to be
characterized by a yearly average continental-type MLH of about
1200 m. Since in both cities SDA mainly approach from marine quad-
rants, it is likely that also the larger MLH reduction observed in Bar-
celona during SDAs is due to its proximity to the sea. All these me-
chanisms definitely need to be addressed in further specific studies
based on multi-year analyses.

3.2. The single advection time-scale perspective from IOP2

In this section we address specific properties of single dust advec-
tions observed during DIAPASON. In particular, we focus on the May
2014 IOP2, since this was characterized by both a maximum number of
measurements, and by detailed model simulations. Model forecasts and
observations of Saharan dust advections are commonly used to trigger/
validate each other. In DIAPASON we employed BSC-DREAMS8b SDA
forecasts to trigger observations (see also Barnaba et al., 2017), and
WRF-Chem model runs to simulate mechanisms and physical properties
of dust advections (Rizza et al., 2017).

3.2.1. Physical observations

Fig. 6 includes experimental data collected during the IOP2 at the
DIAPASON sites of Castel di Guido (coastal), and Rome Tor Vergata
(semi-urban, see Fig. 1). These data are plotted together with WRF-
Chem, model calculations of dust PM;, loads for the period 18-27 May,
2014. In particular:

e panels (a) and (b): image plots of PLC range-corrected, parallel
backscatter signal, and volume depolarization ratio (cross over
parallel backscatter) up to 6 km altitude, respectively

e panel (c): time series of the Cl, Si, Al and Ca concentrations in PM;,
as retrieved by Particle-Induced X-ray Emission analysis (PIXE) of
the collected filters (e.g., Sections 3.2.3, and Appendix B)

e panel (d): time series of the Ca/Al, Fe/Al and Si/Ca ratios of PM;,
components, as retrieved by the analysis of the PIXE dataset

e panel (e): aerosol volume distribution (dV/dLogD) at aerodynamic
diameters of 0.56, 1, 2 and 5 um, as retrieved by the ISAC (18-20
May) and MoLa (20-27 May) aerodynamic particle sizer (APS)
measurements (e.g., Appendix A)

e panel (f): contour plot of Saharan dust PM;, up to 6 km altitude, as
simulated by WRF-Chem (Rizza et al., 2017).

As in Fig. 2, dust plumes in Fig. 6 can be identified by the concurrent
increase in backscatter signals and depolarization ratios in the PLC
measurements (panels (a) and (b), respectively). Conversely, spherical
(liquid) aerosol particles generate an increase in backscatter signal
alone. In this framework, the altitude position of the dust plumes is
found to be well marked-out by depolarization ratios larger than 5%.
Such values are typically encountered during SDAs. Still, it would be
difficult to attribute such observations to a Saharan advection if it were
not forecast by model and identified by PLC coincidence. Overall, the
WRF-Chem simulations (Fig. 6f) well catch the timing and altitude
distribution of the advection.

A combined interpretation of the PLC measurements (panels (a) and
(b)) and of the WRF-Chem simulations (panel (f)), explains that the
IOP2 advection was composed of four main pulses reaching aloft, over
Rome, on 19, 21, 22 and 25 May, 2014, respectively (see also Rizza
etal., 2017). Analysis of the history-making of these four plumes, and of
their lidar imprints observed over Rome (e.g., Fig. 2 and 6) suggests
they have formed and evolved in the following way:
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® Plume 1: Generated by the union of several plumes: the first one
originating in the afternoon of May 17 in the Grand Erg region
comprised within 31-33°N, and 5-10°E), the second in the morning
of May 18, 2014 at about 34°N-8°E (Algerian-Tunisian Southern
Atlas, Grand Erg Oriental desert). Finally, a weaker third one, ori-
ginating in the afternoon of May 18, 2014 at about 34°N-3°E
(Algerian Southern Atlas, Grand Erg Occidental desert). All plumes
were generated during local rainstorms, and then travelled towards
Rome unaffected by significant precipitation. The combined plume
reached Rome (at about 2.5 km above MSL) on May 19, undergoing
some sporadic precipitation in the morning, and more intense pre-
cipitation in the afternoon. It then descended to the ground in the
mid of May 20, 2014 (e.g., panels (a) and (b)).

Plume 2: Originated without precipitation in the afternoon of May
20 at about 32°N-3°W (Southern Moroccan-Algerian Atlas). It tra-
velled without important precipitation to reach above Rome (at
2-4km above MSL) in the late afternoon of May 21. It then des-
cended to the ground in the afternoon of May 22. Some intense
precipitation from plume 3 superimposed to it in the evening (e.g.,
panels (a) and (b)).

Plume 3: Had dry origin in the mid of May 21 at 33°N-2°E (Southern
Algerian Atlas, Grand Erg Occidental), then travelled NE without
significant precipitation. It reached high above Rome (3-7 km above
MSL) in the afternoon of May 22, then rapidly descended to the
ground along with precipitation events in the night between May 22
and 23 (e.g., panels (a) and (b)) and in the morning of May 23.
Plume 4: Originated in dry conditions in the mid of May 24 at 34°N-
3°E (Algerian Atlas southern slopes). It travelled within intermittent
precipitation to reach above Rome (2-4km above MSL) in the
morning of May 25. Ground contact occurred in the mid of May 25,
adding PM to the pre-existing dust load. The whole event was over
on May 26 (e.g., panels (a) and (f)).

All these mineral dust plumes originated at the South of the Atlas
Mountains, in northern Sahara regions rich in dry lakes (Chotts) and
sand seas (e.g., Prospero et al., 2002; Ginoux et al., 2012; Dewitte et al.,
2013; Journette et al., 2014).

Fig. 6 allows for reconstructing the temporal evolution of the most
significant properties of this dust advection as observed in the Rome
area: The dust plume reaches over Rome at about 4 km altitude in the
morning of May 19 (Fig. 6a-b). Occasional, down-lift of dust particles is
performed by light rain events (3 and 6 UTC), possibly evaporating
before reaching the ground (e.g., Section 2.2). In the PLC traces this is
evidenced by rain bands extending from the dust layer towards the
ground (e.g., Fig. 6 a-b, and Fig. 2 a-b). Concurrently, values of Ca, Ca/
Al and 5 pm sized particles strongly increase at the ground, suggesting
rain is preferentially transporting down larger particles, rich in Cal-
cium. Later on (10-15 UTC), precipitation starts much more intense,
e.g., Fig. 6 a-b and Fig. 2 a-b. In this case, after an initial increase in
5um sized particles, dust wash-out (marked by the lowering depolar-
ization) ends-up dominating with respect to near-ground subsidence.
Conversely, when on May 20at 9 UTC this dust plume reaches the
ground, Ca/Al ratios decrease to 1.5, and the volume distribution is
dominated by 2 um particles, with 5 and 1 um particles also increasing
but not as much. These differing properties measured over samples of
the same plume suggest that rather than differences in origins of the
plume, wet-removal processes can play, at times, a leading role at de-
termining the composition and size distribution of the Saharan dust
reaching the ground. As in the latter case, the large-particles subsidence
process was not observed during the following heavy rain events which
occurred within the period May 22-23, 2014.

Ground deposition of the first plume is still going on at 12 UTC of
May 22, when Plume 2 begins reaching the ground, mixing with plume
1 (e.g., Figs. 6 b and Fig. 2 c-d), with both Si/Ca and Ca/Al ratios
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remaining in the range 1.5-2. Plume 2 starts dominating past 22 UTC.
Correspondingly, the Si/Ca ratio starts increasing while Ca, Ca/Al, and
5 um particle concentrations decrease, indicating the plume 2 as poorer
in Ca and confirming Ca as typical for particles of the larger sizes. Along
with some precipitation events, plume 3 mixes-in during the night with
no major effects on components trends. Strong precipitation at 9 UTC of
May 23 then removes most of the Ca-rich, 5 pm particles, while 2 um
ones and the Si/Ca ratio increase (the latter up to 3) during the fol-
lowing 24 h. As on May 19, precipitation affects mainly the larger, Ca-
rich particles.

The effects of plumes 2 and 3 strongly decrease in the afternoon of
May 24 (Fig. 6¢). On May 25, plume 4 reaches the ground bringing a
sharp increase in Si concentrations, and in 2, 5 and 1um particle's
volume concentrations (Fig. 6, panels (c) and (e)). The effects of this
last pulse almost vanish by the end of May 27th. As well as its begin-
ning, the termination of the event is well marked by a low (< 5%)
depolarization ratio at near-ground levels, low Si concentration, and
low Si/Ca ratio. In fact, the Si/Ca ratio increasing above 1 appears to be
a good marker of the dust presence along the whole event. In a com-
parable way, lidar depolarization ratios larger than 5% mark the in-
creasing presence of non-spherical, dust particles.

Both total (i.e., PM;,) Si and Ca concentrations measured by PIXE
grow during the advection (e.g., Fig. 6 c). However, while the fine
(PM, sp) to total (PM,or) ratio for Si also increases (not shown in the
figure), the ratio Cap/Car remains constant. This is a confirming evi-
dence of the understanding that the calcium (Feldspars in general)/
aluminium-silicate ratio in observed mineral aerosols is higher in par-
ticles of larger sizes (e.g., silt, which is characterized by D > 2 um)
with respect to smaller ones (clays, which are characterized by D < 2
um), e.g, Molinaroli et al. (1993); Claquin et al. (1999); Perlwitz et al.
(2015). Furthermore, data in Fig. 6 also indicate wet removal as being
more efficient on 5 pm sized particles than on 2 um ones. Two processes
may contribute to such effects: 1) the preferential nucleation of rain-
drops on soluble Ca-rich particles, followed by precipitation (e.g.,
Ohata et al., 2016), and 2) a preferential scavenging of aerosol particles
larger than 2 um in diameter. In this respect, Andronache (2003) de-
monstrates below-cloud scavenging by raindrops to be 2-3 orders of
magnitude more effective on particles of diameters ranging between 3
and 10 um, with respect to aerosol particles with diameters sized be-
tween 0.1 and 2 pm. Also considering that each nucleated rain-droplet
contains hundreds of dust grains (e.g., Fig. A4.2), the selective wet-
subsidence/removal mechanism appears to be the most likely driver of
the observed depletion in the larger, Ca-rich particles. In fact, the strong
precipitation affecting Plumes 2 and 3 on May 23 (9 UTC) selectively
removed most of the particles larger than 5 um. Conversely, 2 um, 1 pm,
and 0.56 um sized particles remained unaffected. This condition per-
sisted until the afternoon of May 24, when the dust plume extended
back to ground level (e.g., Fig. 6). Such selective processes are also
confirmed by the comparison of Saharan dust size distributions as
collected in air versus those collected in rain water in Sardinia by
Guerzoni et al. (1997). These authors reported wet-deposited dust to be
richer in larger particles, to minimize in summer months, and to convey
to the ground 2-2.5 times the mass associated with dry events. Section
3.2.2 shall further address size-resolved mineralogy of the dust col-
lected during these advections.

It is worth mentioning that the SDA affected APS-measured particle
concentrations down to aerodynamic diameters of about 0.8 um, with
minor modification of the smaller particles concentrations. The 0.8 pm
dimensional class then represents the lower limit of the Saharan dust
size distributions observed during the IOP.

Finally, the combined analysis of PLC and PIXE observations, to-
gether with BSC-DREAMS8b, and WRF-Chem simulations confirms a
good capability of the PLC depolarization signal at detecting SDA
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layers. In particular, we find the 5% depolarization level as a good
threshold to ascertain the presence of dust. The same analysis, also
confirms good skills of the two models at determining the timing of the
SDA. Conversely, the dust mass concentration estimates (PM;,) made
by the two models are higher than those observed. (e.g., Section 3.1.2
and comparison of Figs. 6f and 8). One possible mechanism con-
tributing to this discrepancy is the wet-removal process observed to act
on the largest particles.

The following sections address some details about the chemical
composition of the atmospheric aerosols as observed during the DIAP-
ASON IOP2 by means of chemical analysis of 24-h PM;, filter (3.2.2,
and Appendix C), PIXE analysis of hourly PM, 5 and PM; filters (Sec-
tion 3.2.3, and Appendix B), and SEM mineralogy of 10-stage impactor
filters (Section 3.2.4, and Appendix D).

3.2.2. PM chemical analysis

Aerosol chemical analysis has been performed on 24-h PM; filters
collected in the period 16-27 May, 2014, that is encompassing the peak
of the Saharan dust advection event. Methods employed in the analysis
are described in Appendix C. Fig. 7 illustrates the daily variation of PM;q
macro-components resulting from this analysis. A remarkable increase
in the concentration of soil-related components is observed during the
days characterized by the dust intrusion. In particular, while before and
after the SDA period the sum of soil-related elements is in the order of
5ug/m?>, it increases up to 22-23 ug/m?> at the peak of the event. In the
periods before and after the advection, carbonates exceed silicates and
organics exceed minerals. During the advection both ratios invert, sili-
cates exceed carbonates and soil-related exceed total organic and in-
organic aerosols. Furthermore, during the SDA the increase in soil-re-
lated elements is paralleled by an increase in PM-bound water. In this
respect, previous studies have highlighted desert dust as being char-
acterized by high water content (about 5% of the mass of soil-related
components and up to 10% of the mass of PM;,), and that this specific
water contribution is detected in the temperature range 100-180 °C
when using the thermal-ramp Karl-Fisher method (Perrino et al., 2016).
Moreover, the mass size distribution of PM-bound water during the
study period has shown that in dust-affected days, when crustal species
are the main PM components, water mass is distributed mainly in the
coarse size range of silicates, and its size-distribution is very similar to
that of desert dust chemical components (Canepari et al., 2017).
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Fig. 8. Partitioning between the two mineral dust species associated with the SDA, and marine aerosol component as obtained by PMF analysis applied to PIXE data

collected along with the DIAPASON IOP 2.

The time-variation of concentrations of individual soil-related
components indicates that the loads of calcium and carbonate are the
first to increase on May 18, then peaking on May 22, 2014. Conversely,
concentrations of Al, Si and Fe increase only on May 20, then reaching a
peak on May 23, 2014. This confirms the relative depletion in silt-rich
versus clay-rich aerosol (e.g., Claquin et al., 1999) observed during the
second part of the dust event, when the Si/Ca ratio and D < 2 pm
particles increase while D = 5 um particles decrease (e.g. Section 3.2.1,
Fig. 6d). This point will also be confirmed by the discussion of PIXE
data in the following section.

3.2.3. PM bulk composition from PMF analysis of PIXE data

A source identification analysis combining the PIXE data of the
whole PM;, load (e.g. Appendix B) and equivalent black carbon (eBC)
data from MoLa (Drewnick et al., 2012) has been carried out by Positive
Matrix Factorization (PMF) statistical analysis (Paatero and Hopke,
2003) using the US EPA PMF v5 software. Hourly-resolved PM;, mass
concentration was derived from aerosol size distributions collected by
the Aerodynamic Particle Sizer (APS, TSI, e.g., Appendix A), and used
as “total variable” in PMF to obtain the absolute source profiles and
weights. The APS-derived PM;o loads were checked to be in good
agreement (mean differences of 10%) with PM;, high time resolution
mass concentrations obtained by the MoLa Environmental Dust Monitor
(Grimm EDM180, EU standard EN12341 compliant), which was only
available past May 20, 2014 (Drewnick et al., 2012; Struckmeier et al.,
2016). The Polissar et al. (1998) procedure was used to prepare the data
and their associated uncertainties as the PMF input data. PMF solutions
from 5 to 10 factors were systematically explored and the resulting Q
values, the scaled residuals, and the F and G matrices were examined to
find the best solution. The solution with seven factors (i.e., source
types) was found to be the most realistic, the scaled residuals (i.e. the
differences between measured and modelled, divided by the un-
certainty) being almost normally distributed, and ranging between = 3
for the majority of the species (more details given in Appendix B).

Four anthropogenic components/sources were identified: 1) a traffic-
related source characterized by BC, Fe, Cu, associated with direct exhaust
emission, abrasion of brakes and tires, and resuspension of the dust de-
posited on the roads, all showing the characteristic two-peak, rush-hour
timing; 2) a sulphate-containing component, attributed to secondary
sulphate and aged aerosols likely due to a regional background con-
tribution; 3) A combustion-type source, characterized by high BC and K
fingerprints; and 4) a component characterized by Zn and some Pb,
possibly attributed to industrial emissions. In fact, some authors attrib-
uted these metals to emissions from smelters (e.g., Moreno et al., 2011;
Amato et al., 2016), or to local workshops and ateliers (Richard et al.,
2011). Some other authors found a similar source and attributed it to the
combustion of municipal waste (Tan et al., 2002). Combustion and
traffic-related sources, observed during IOP2, have been addressed in
Struckmeier et al. (2016), and will not be discussed here.

Three natural components/sources were also identified by the PMF
analysis: a sea-salt source primarily characterized by Na, Cl, S and Mg,

with inter-elemental ratios very close to those of the sea salt composition
(Cl/Na = 1.8, Mg/Na = 0.13, S/Na = 0.08), plus two mineral dust
sources characterized by high loadings of all soil-related elements (Si, Al,
Mg, K, Ca, Ti, Mn, Fe) with enrichment factors very close to the ones
typical of the earth crust (Mason, 1966). The main difference between the
two mineral dust sources is the higher Ca enrichment factor (10 versus
1.5) of one with respect to the other. Both sources are clearly associated
with the Saharan intrusion (that is, they are not of local origin) since they
are only present during the transport event. The time evolution of the
aerosol load associated with the three natural sources is shown in Fig. 8.

Together with the chemical analysis presented in the previous
Section 3.2.2, these results tend to confirm the data interpretation
formulated in Sections 2.2, and 3.2.1, that is, the Ca-rich mineral dust
component being strongly depleted with respect to the Al-rich compo-
nent after the intense wet removal events which occurred between 22
UTC of May 22, and 9UTC of May 23, 2014. Similar mechanisms pos-
sibly acted upon the Al-rich, precipitation-affected plume 4. The single
particle's mineralogy addressed in the next section, will help detailing
some features of the two different dust conditions.

Data in Fig. 6 also explain the noticeable decrease in depolarization
observed starting May 26 (e.g., Fig. 6b) as an effect of the increasing
marine (spherical) aerosols successively replacing the decreasing dust
concentrations. The increase in the marine aerosol component is con-
firmed by the rising Cl concentrations in Fig. 6c.

3.2.4. PM mineralogy by SEM analysis

Mineralogy and composition assessment of the aerosol advected
during IOP2 have been carried-out by SEM/XEDS analysis of filter-
sampled dust. A single air sampling on a 10-stage impactor (e.g.,
Appendix D) was performed from 1lam of May 21, through 11am of
May 23, 2014, that is the period of highest concentrations of Ca-rich
dust (e.g., 3.2.3). Some microphotographs of the sampled dust are
presented in Appendix D.

Particles investigated by SEM/XEDS microanalysis were classified
as: 1) Ca-rich carbonates and sulfates (Ca-rich); 2) silicates and silica
(Si-rich); 3) Sodium-nitrate and Sodium-chloride (Na-rich); 4) K-rich
phosphates mixed with other inorganic salts (Salts), and 5) carbonac-
eous particles (C-rich). In fact, the share of the latter class (C-rich) was
found to be negligible, therefore it is not considered in the following
discussion. The Ca-rich (1), Na-rich (3) and salts (4) classes are mainly
composed of Calcium-carbonate, Sodium-nitrate and Potassium-phos-
phate, respectively. These species should be thus considered as the
markers for the above mentioned particulate components. Due to the
contribution of the aluminum foils used as collection support in the
cascade impactor, further discrimination into silicates and silica was
not possible for the Si-rich (2) class. For the goals of this analysis, only
the Ca-rich (1), and Si-rich (2) particles will be discussed hereafter.

Fig. 9 reports the overall number and volume size distributions of
the Ca-rich (1) and Si-rich (2) particles collected along the 48h in the
four-bin size range 1-10 pm. The four central bin sizes are 1.4, 2.5, 4.4,
and 7.8 um, respectively. In both distributions, the Si-rich fraction is
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1200 80000 Fig. 9. Number (a) and volume (b) distributions
a) Number 70000 b) Volume of the Ca-rich (blue bars) and Si-rich (red bars)
1000 mCa-rich particles, as obtained by SEM/XEDS analysis of
500 = Si-rich 60000 Caich the range 1-10pum of multi-stage impactor fil-
50000 aSixich ters collected in the time-span May 21-May 23,
600 diiooi 2014 (DIAPASON's IOP2). The central bin sizes
of the four stages (1-4) are 1.4, 2.5, 4.4, and
400 s0000 7.8 um, respectively. (For interpretation of the
20000 references to colour in this figure legend, the
200 10000 reader is referred to the Web version of this ar-
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always found to be larger than the Ca-rich one. At the same time, the
ratio Si-rich/Ca-rich decreases with increasing size for both number and
volume distributions. In the case of volume distribution, this ratio is
2.9, 2, 1.5, and 1.8, respectively. The larger Si-rich/Ca-rich ratios ob-
served at smaller sizes are in good agreement with the elevated values
of the Si/Ca ratio found in the period May 23-25, when both Calcium
(from PIXE), and particles with sizes larger than 2 pym (from APS), were
strongly depleted in the dust plume, possibly by precipitation events
(see discussion related to Fig. 6). In the same way, a decrease in the Si/
Ca ratio and a sharp increase in 5um particles concentrations, as ob-
served on May 19 during light, evaporating precipitation events, appear
to be well explained by the preferential subsidence of particle of larger
sizes caused by warm rain. Overall, this analysis supports the previous
interpretation of a preferential wet removal of coarser particles
(> 2um) and of a larger relative abundance of Ca-rich (with respect to
Si-rich) aerosol particles in this coarser fraction.

3.2.5. Time-resolved PM; composition

Starting on the afternoon of May 20, PM concentrations and PM;
chemical composition were measured using the Mobile Laboratory
MoLa (Drewnick et al., 2012; Struckmeier et al., 2016) at the ISAC
Rome Tor Vergata site. In Fig. 10, highly time-resolved data (5-min
data, panel a) as well as daily averages (panel b) of fine (PM;) and
coarse (PMjg-»5) particle concentrations as well as PM; chemical
composition are shown. Aerosol composition was measured by HR-ToF
AMS (Aerodyne Res. Inc.: sulphate, nitrate, ammonium, organics) and a
black carbon monitor (MAAP, Thermo Sci. Inc.: equivalent BC).

In good agreement with the PLC observations presented in Section
3.2.1, and Fig. 6, coarse particle concentrations peak on the afternoon
and night of May 22 (Fig. 10a), when plume 2 descends down to ground

level and show a secondary peak on May 25, when plume 4 (Section
3.2.1) reaches the ground. Already on May 20, elevated coarse particle
concentrations, with respect to post-SDA event concentrations (after
May 27), were observed. This agrees well with the timing of ground
contact of plume 1 as discussed in Section 3.2.

Contrary to the coarse particle concentrations, which peak on May
22 and then strongly decrease until May 27, daily averaged PM; con-
centrations start at an elevated level at the beginning of the measure-
ments and decrease only slightly throughout the SDA event (Fig. 10b)
before they drop to background values on May 27. The highly time-
resolved data (panel a) do not show a strong correlation of PM; con-
centrations with those of the coarse particles, reflecting the different
sources which were dominating the two aerosol modes. For PM; sul-
phate, nitrate and ammonium, no general trend over the SDA event and
no strong daily variations were found. These aerosol components are
mainly associated with aged secondary aerosols and therefore only
slightly affected by local source or mixing layer height dynamics. On
the other hand, PM; organics and equivalent black carbon show the
decreasing trend over the SDA event (panel b), but also strong diurnal
variability according to emission dynamics of local sources like traffic
or cooking activities, with peak concentrations during rush-hour and
meal times (panel a, Struckmeier et al., 2016).

Even though no data were available from before the event, due to
the beginning of the MoLa measurements just before the peak of the
SDA, these results suggest that PM; is not directly affected in a sig-
nificant way by the dust intrusion, but indirectly by meteorological
conditions associated with the onset of the SDA, as low TKE and high
atmospheric pressure (e.g., Figs. 4 and 5). These conditions support the
accumulation of aerosol, related to local emission sources like traffic or
cooking activities, while advected secondary aerosols are less affected.
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Fig. 10. Temporal evolution of fine (PM;) and coarse (PM; ., 5) particle concentrations as well as AMS PM; chemical composition for the SDA event observed during
IOP2 at the ISAC Rome Tor Vergata site, presented as high time-resolution data (panel a) and daily averaged concentrations (panel b).
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4. Main outcomes and conclusions

Analysis of observations and model simulations carried-out along
the LIFE + DIAPASON project (2011-2015) provided new insight into
the processes generating and governing the advection and deposition of
Saharan dust to the southern Europe, central Mediterranean region.
Physical and chemical properties of the dust advected to Rome (Italy)
have been characterized in depth, using, amongst others, new techni-
ques as the polarization lidar-ceilometer (PLC) one.

In the period October 2011-September 2014, Saharan dust advec-
tions were found to occur over Rome on about 32% of the days. Some
30% of the advection's time involved wet deposition, while 70% was
associated with dry deposition. This latter number matches the fre-
quency of SDA dry deposition events observed at ground in Rome in the
period 2001-2004 (Gobbi et al., 2013). While 33% of the total dry
deposition events occurred in summer, only 11% of wet deposition
events occurred in that season. The Grand Erg Oriental at 33N
(southern slopes of the Atlas range, between Algeria and Tunisia) was
confirmed as the most frequent region of origin of the dust mobilized
towards central Italy. Secondary source regions include northern Mor-
occo and Libya. Saharan advections in Rome were usually preceded by
increasing atmospheric pressure and decreasing TKE. These conditions
favour the accumulation of aerosols associated to local emission sources
before the actual arrival to the ground of the SDA. In fact, both PM; (BC
and organics during IOP2), and PM;, were observed to increase before
the dust plume reached the ground. A pressure drop, frequently ac-
companied by rainfall, then characterized the dust event period. In
general, meteorology (precipitation and turbulence in primis) resulted
to be an important modulator of PM loads. These results indicate that
together with the exact timing of the events, meteorology should al-
ways be considered in the analysis of both the dust share in PM;, loads,
and of the health effects of SDA events.

Detailed analysis of an SDA during the DIAPASON May 2014 IOP
showed the advection to affect particle concentrations down to dia-
meters of about 0.8 um. In the range 1-10 pm, number size distributions
of the advected dust peaked in the 2.5 pm diameter range. Conversely,
volume size distributions peaked at the largest sizes, were the Ca-rich
component becomes relatively more important. Rainfall was observed
to preferentially remove particles larger than 2pum, thus causing a
significant depletion in the dust, Ca-rich fraction with respect to the Si-
rich one. Wet-removal processes appear then to be rather effective at
changing the composition and size distribution of the Saharan dust
before it reaches the ground.

The combined analysis of PLC, standard chemistry, and PIXE ob-
servations, together with DREAM8b, and WRF-Chem numerical simu-
lations confirmed the good capability of the PLC depolarization signal
at detecting SDA layers. We found exceedance of the 5% depolarization
level to be a good threshold to indicate the presence of dust.

Model forecasts demonstrated to perform rather well at predicting
the timing of SDA evolution, not so well at predicting dust loads.
Combination of methodologies (modelling and PLC observations) was
found to be an effective way to predict and 'certify' the presence of
Saharan dust on the basis of 'online' information. Conversely, both
PIXE, chemical and mineralogical analysis provided (off-line) reliable
evidence of the presence of Saharan dust. In general, this presence was
associated with a significant increase in Si-rich particles. A non-negli-
gible fraction of water was also observed to be associated with the Si-
rich component of dust. The hourly PIXE records of the Si/Ca ratio
increasing above 1 were found to represent a robust marker of the
presence and evolution of the Saharan dust loads.

Dry deposition of Saharan dust was observed to occur in Rome on
about 22% of the time, bringing in these days an average PM;, increase
of the order of 10 pg/m?>. These results are consistent with the findings
and extend the statistics on SDA properties we set off over a decade ago
(Gobbi et al., 2013).
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