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ARTICLE INFO ABSTRACT

Handling Editor: Adrian Covaci Desert dust storms pose real threats to air quality and health of millions of people in source regions, with
associated impacts extending to downwind areas. Europe (EU) is frequently affected by atmospheric transport of
desert dust from the Northern Africa and Middle East drylands. This investigation aims at quantifying the role of
desert dust transport events on air quality (AQ) over Italy, which is among the EU countries most impacted by
this phenomenon. We focus on the particulate matter (PM) metrics regulated by the EU AQ Directive. In
particular, we use multiannual (2006-2012) PM10 records collected in hundreds monitoring sites within the
national AQ network to quantify daily and annual contributions of dust during transport episodes. The meth-
odology followed was built on specific European Commission guidelines released to evaluate the natural con-
tributions to the measured PM-levels, and was partially modified, tested and adapted to the Italian case in a
previous study. Overall, we show that impact of dust on the yearly average PM10 has a clear latitudinal gradient
(from less than 1 to greater than 10 pg/m> going from north to south Italy), this feature being mainly driven by
an increased number of dust episodes per year with decreasing latitude. Conversely, the daily-average dust-PM10
(2212 pg/m®) is more homogenous over the country and shown to be mainly influenced by the site type, with
enhanced values in more urbanized locations. This study also combines the PM10 measurements-approach with
geostatistical modelling. In particular, exploiting the dust-PM10 dataset obtained at site- and daily-resolution
over Italy, a geostatistical, random-forest model was set up to derive a daily, spatially-continuous field of
desert-dust PM10 at high (1-km) resolution. This finely resolved information represent the basis for a follow up
investigation of both acute and chronic health effects of desert dust over Italy, stemming from daily and annual
exposures, respectively.
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1. Introduction negligible contributor to the particulate matter (PM) load measured

by AQ monitoring networks is represented by desert dust (Escudero

Poor air quality (AQ) is generally believed to be associated with
anthropogenic emissions, but gases and particles of natural and biogenic
origin might largely contribute to worsen the quality of the air we
breathe (e.g., Viana et al, 2014; Xie et al., 2021). In highly anthropized
environments the intricate mixing of man-made and natural atmo-
spheric emissions can even amplify the detrimental effects of the former
(Querol et al., 2019a). Over Europe and the Mediterranean, a non-

et al., 2007; Querol et al., 2009; Aleksandropoulou and Lazaridis, 2013;
Gobbi et al., 2013; Pey et al., 2013; Achilleos et al., 2014; Barnaba et al.,
2017; Flores et al., 2017; Greilinger et al., 2019; Milford et al., 2019;
Gama et al., 2020; which is frequently transported from the arid regions
of North Africa and Middle East (Barnaba and Gobbi, 2004; Basart et al.,
2012a). Quantification of this natural contribution to AQ relevant
metrics as PM10 or PM2.5 (mass of atmospheric particles having
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aerodynamic diameter less than 10 um and less than 2.5 pym, respec-
tively) is important for air quality legislation. In Europe, the AQ Direc-
tive 2008/50 establishes for PM10 an annual limit of 40 pg/m? and a
daily limit value (DLV) of 50 ug/ms, not to be exceeded more than 35
days during a calendar year (EC, 2008). Still, if proved to be caused by
particles of natural origin, exceedances of the DLV limit value can be
considered not as such for the purpose of the Directive.

At the same time, when performed for long periods and over wide
areas, such quantification also represents the necessary basis to inves-
tigate the impact of desert dust particles on human health. This
connection remains currently unclear thus representing a forefront
multidisciplinary area of scientific investigation (e.g., Hashizume et al.,
2010; Karanasiou et al., 2012; Morman and Plumlee, 2013; Zhang et al.,
2016; Tobias et al., 2019; Kotsyfakis et al., 2019; Hashizume et al., 2020;
Arnold et al., 2020; Fussel and Kelly, 2021).

An observation-based, dust-PM10 information with fine spatial and
temporal resolution would be in this respect crucial to assess the po-
tential role of these particles on human morbidity and mortality. In fact,
the scientific community is still debating about possible negative effect
of this atmospheric component on human health. Several epidemiolog-
ical studies found association between atmospheric mineral dust and
both morbidity and mortality (e.g. Stafoggia et al., 2016, among others),
while some others found no or unclear impact in countries affected by
this phenomenon (e.g. Samoli et al., 2011). A recent systematic review
commissioned by the World Health Organization (WHO) showed that,
due to such contrasting results, no robust conclusions can be drawn yet
on the detrimental effects of desert dust PM10 on human health (Tobias
et al.,, 2019) and further investigation from both epidemiological and
toxicological perspectives is needed (e.g., Fussell and Kelly, 2021).

Sometimes, simulations from global or regional dust prediction
models rather than measurements have been employed to evaluate
exposure to dust (e.g., Giannadaki et al, 2014). Desert dust prediction
models indeed have the great advantage of producing continuous and
homogeneous (in space and time) desert dust fields, being thus able to
provide both short- and long-term exposure data. However, given the
complexity of the physical, chemical and meteorological processes
involved, accurate quantitative predictions of the desert-dust mass
transported to Europe and there affecting the lowermost PM10 atmo-
spheric levels is still challenging.

For exposure evaluation purposes, geostatistical models are also
receiving attention in the air quality scientific community (Hoek, 2017).
Within the broad spectrum of spatiotemporal land use regression
methodology, a model-based approach recently emerging to fill spatio-
temporal gaps in spatially inhomogeneous environmental measure-
ments is represented by mixed effects regression modelling and machine
learning. Specifically, these methods establish a statistical relationship
between predictor variables (representing proxies for air pollutants
concentrations, as dust or satellite-based aerosol optical depths) and
measured PM concentrations, and apply careful cross validation pro-
cedures to justify predictions of finely resolved exposures on large
spatiotemporal domains, which lack monitoring stations (e.g., Stafoggia
et al., 2019).

As a recognition of the need to prove and quantify the natural
contribution to PM10 loads, in 2011 the European Commission (EC)
released specific guidelines to Member States to suggest reference
methods for its assessment (EC, 2011). For desert dust, the reference
method (also referred to as EC-Methodology in the following) was built
on several studies mainly focused over the Iberian Peninsula (Escudero
et al.,, 2007). The EC-Methodology provided for the first time local,
regional and national administrations with a tool to discern the dust
contribution in the overall PM10. It certainly still represents a useful tool
to assess the desert dust impact on air quality in Europe and has been
indeed widely employed by the scientific community in different EU
countries (e.g., among others: Achilleos et al., 2014; Cuspilici et al.,
2017; Milford et al., 2019; Greilinger et al., 2019; Gama et al., 2020).
The procedure first requires the identification of dust-affected dates at

Environment International 163 (2022) 107204

the AQ monitoring site locations. This is performed by visual inspection
of different dust forecast model outputs, satellite true colour images and
meteorological maps. Then, the quantification of the dust-PM10 is
performed using a statistical methodology applied to the measured,
daily average PM10 data series registered at regional background (RB)
sites. For each site of the AQ network, the dust-PM10 is then set equal to
the value derived at the closest RB site.

As an effort to both extend its applicability and tailor it to user needs,
some modifications to both the identification and quantification phase
of the reference EC-Methodology have been recently proposed and
tested over Italy using a nationwide annual (2012) dataset (Barnaba
et al., 2017). The modifications were introduced to overcome some
difficulties encountered in the application of the reference method over
the Italian territory, and, as a major objective, to simplify its operability
by the potential stakeholders (i.e., regional/national Environmental
Protection Agencies in charge of the AQ monitoring) and relevant
reporting to the EC. The modified procedure is referred to in the
following as ‘Diapason-Methodology’ for brevity, as it was co-designed
with users in the framework of the EC-Life+ Project DIAPASON
(‘Desert dust Impact on Air quality through model Predictions and
Advanced Sensors ObservatioNs’, e.g., Rizza et al., 2017; Gobbi et al.,
2019). With respect to the EC-reference method, main differences of the
Diapason-Methodology are that a) it is fully automatic (i.e., neither the
site-resolved identification of dust-affected dates nor its site-resolved
quantification require the user intervention) and b) the daily dust-
PM10 values are derived in each monitoring site using the own-site
PM10 series (i.e., these are not assumed to equal the dust-PM10 value
derived in the closest RB site within the network). More details are
provided in the Methods section.

A specific validation activity (two dedicated field campaigns per-
formed in autumn 2013 and spring 2014) was also performed to eval-
uate the ‘Diapason-Methodology’ (e.g., Struckmeier et al., 2016;
Barnaba et al., 2017; Gobbi et al., 2019). This validation showed good
ability of the modified procedure to quantify the mass of desert dust
contributing to the overall PM10 measured in situ, and to reproduce the
temporal, daily-resolved evolution of the advected dust plumes (e.g.,
Struckmeier et al., 2016; Barnaba et al., 2017). A direct comparison of
results obtained applying the EC-Method and the Diapason one in the
same RB site in Central Italy (Fontechiari) over a three-year period
(2012-2014), showed agreement within 2% on the derived dust-PM10
yearly average (Barnaba et al., 2017 and Appendix E therein). In this
study, we use the Diapason-Methodology to derive daily- and site-
resolved desert dust-PM10 in over 300 monitoring sites in Italy during
the multi annual period 2006-2012, thus assessing the contribution of
this important natural component to the EU legislated, PM-related air
quality metrics. We then use this dataset to feed a machine learning
algorithm, the random forest, to obtain a finely resolved (l-kmz) desert
dust-PM10 dataset over the whole Italian domain to be used for expo-
sure evaluation purposes (e.g. Querol et al., 2019b).

2. Materials and methods
2.1. PM10 and PM2.5 datasets

For the analysis presented here we used the PM10 dataset obtained
from the Italian air quality database ‘BRACE’ (https://www.brace.
sinanet.apat.it). This is an open-access database set up and maintained
by the Italian National Institute for Environmental Protection and
Research (ISPRA), with data availability limited to the period
2006-2012.

From such multiannual record, we considered daily average PM data
collected in more than 600 monitoring stations in Italy, including rural
background (RB), urban background (UB), urban traffic (UT), suburban,
rural industrial and urban industrial site types. For each site and for each
site-dependent day affected by desert dust, we obtained a dust-PM10
value following the procedure described in Section 2.2.
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We then fixed two criteria for filtering the PM10 record at each single
site to be included in the statistically significant, national and multi-
annual assessment. These are:

1) a data coverage per year greater than 70%;
2) a minimum of 5 years of data within the 7-year period considered
(2006-2012).

The first filter was applied to avoid inhomogeneous and/or insuffi-
cient data coverage over each year included in the statistics (its appli-
cation led to a reduction of useful monitoring sites per year ranging from
9 to 18% as shown in Appendix A1, Table Al.1). Filter at point 2) was
applied to guarantee that each monitoring site included in the overall
statistics was sufficiently representative of the multiannual period
considered (2006-2012). Its application left a total of 304 PM10
monitoring sites, which therefore represents our ‘selected dataset’ for
the multiannual statistics presented is work (Section 3.1).

Fig. 1 summarizes the number of monitoring sites considered before
(red) and after (blue) the data selection criteria, resolved by Italian
administrative region. It clearly shows that, during the period
addressed, there was no homogeneous coverage of monitoring sites
within the country, with some southernmost regions suffering a quite
low number of stations before and after the data filtering process.

To further investigate specific aspects emerged during the analysis,
we also used PM2.5 daily average data to complement the analysis
(Section 3.1). In this case, due to a limited availability of this informa-
tion in the BRACE database, we restricted the analysis to two Italian
regions (Lazio and Emilia Romagna) having a sufficiently long (>3
years) PM2.5 record (2010-2012) and a suitable number of stations
classified as RB, UB and UT in the addressed period.

2.2. Methodology to derive the desert dust contribution to PM10

The method we adopted to derive the desert-dust contribution to
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PM10 (and partially to PM2.5) values is a modified version of the
reference EC-Methodology (EC, 2011). It was co-designed with potential
stakeholders (namely regional and national air quality agencies) and
tested within the EC-Life+ DIAPASON project (https://www.diapaso
n-life.eu) to better adapt to the Italian case and to simplify the use of
such kind of tools by expected final users. Here we summarize the
‘Diapason-Methodology’ scheme (Fig. 2), and briefly recall main mod-
ifications introduced, as well as pro and cons with respect to the EC
approach, full details being available in Barnaba et al. (2017).

The Diapason approach introduces modifications to both steps of the
EC-Methodology, i.e., the identification of desert-dust affected days
(step 1), and the quantification of the desert dust contribution for those
dates (step 2).

In the EC version, step 1 is made through a visual inspection of a
series of resources (back trajectories, desert dust forecasts and true
colour satellite images). This manual task gives optimal results (best
identification of desert dust affected dates) when performed by an expert
operator but requires a non-negligible time effort. With the intention to
facilitate the use of this method by any potential user not necessarily
trained in the field, in the Diapason-Methodology-step 1 we opted to
only make use of the numerical outcome of desert dust forecasts to select
desert dust days, thus making its outcome operator-independent and
fast. In particular, the daily- and site-resolved identification of desert
dust-affected days (binary yes/no dust-flag) is made using numerical
data of the BSC-DREAMS8b model (Basart et al., 2012b). With respect to
the EC-Method, this alternative procedure loses the advantage of a su-
pervised evaluation and the countercheck of desert dust presence by
visual comparison to additional resources as satellite images and/or
different dust models. This option was however preferred as it allows the
procedure to be fully automatic and reproducible (operator-indepen-
dent), which was a main requirement formulated by the involved
stakeholders. On the other hand, even the satellite-based evaluation of
the desert dust presence over the investigated area could suffer from
some difficulties as the frequent co-presence of dust and clouds and,
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Fig. 1. Region resolved number of AQ monitoring sites considered in the analysis before (red) and after (blue) the data selection criteria applied (see text) to filter the
PM10 dataset to derive the multiannual dust-PM10 statistics. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 2. Scheme of the DIAPASON-Methodology adopted in this study in which daily- and site-resolved model-based (BSC-DREAMS8D) flags of desert dust presence
(step 1) are combined to daily average PM10 values measured in the AQ network to derive the site-resolved daily average desert-dust PM10 value, if any (step 2).

primarily, from the satellite undetermined altitude of the dust plume
over the observed scene. In fact, satellite-detectable desert dust plumes
frequently impact the middle troposphere, but not the lowermost levels
which are those of interest for air quality evaluations. A further draw-
back of trusting a single model rather than an ensemble of models (as in
the reference method) could be to miss some of the desert dust events.
This is however expected to mainly occur for the weakest dust events
and on this aspect the Diapason-Methodology was already made ‘con-
servative’. In fact, in designing the dust-flag we opted to exclude from
the statistics the weakest desert dust cases predicted by the BSC-
DREAMS8b model. In particular, the procedure was set to flag as dust-
affected those days/sites where the modelled dust-PM10 daily average
exceeds 5 ug/m>. This lower limit threshold was fixed optimizing the
matching between the BSC-DREAMS8b model predictions and desert dust
plumes observations performed year-round by ground based remote
sensing in Central Italy within the DIAPASON Project (Gobbi et al.,

Italy is expected to be suitable for other regions in Europe laying in the
same latitude range. Overall, at the end of step 1, for each calendar date
and each monitoring site considered the method provides a yes/no dust
flag as indicated in Fig. 2.

Once the dust-affected dates are identified for each site, the quanti-
fication phase (step 2) is based on the relevant daily-resolved PM10 data
record.

In the EC-Methodology, the quantification of the dust-PM10 is per-
formed assuming that the presence of desert dust produces an increase
(APM10) in the observed PM10 values. This dust-induced increase is
evaluated in all regional background (RB) sites of the AQ network
following Eq. (1). More specifically, the estimated dust-PM10 is ob-
tained as the difference between the daily PM10 value recorded at the
RB site on dust-flagged days and a reference, average PM10 value
(<PM10gg(out-of-dust)>) computed outside of the dust affected period
(EC, 2011).

dust-PM10gg(dust day) = APM10 = PM10gg(dust day) - <PM10gg(out-of-dust)> (€8]

2019). This test showed that, while BSC-DREAMS8b predicted values of
dust-PM10 at surface are generally higher than those observed (further
quantification of this aspect is provided in Appendix A2), timing of the
dust plume arrival and persistence at the test-observational sites (three
sites in the Rome area) was well reproduced by the model. In fact, this
was able to correctly identify over 85% of the dust events observed by in
situ and ground based remote sensing instrumentation (e.g. Gobbi et al.,
2019). Based on these numbers, it can be estimated that, when applied
over Italy, step 1 of the Diapason-Methodology could lead to miss about
15% of the ‘real’ dust-affected dates, and likely within the weakest ep-
isodes. More in general, given the absolute values of the BSC-DREAMS8b
model dust-PM10 over Europe are mainly latitude-dependent (see Ap-
pendix A2), the minimum threshold of 5 pg/m® set in the procedure for

In the EC-approach, the PM10gg(out-of-dust) value is computed
considering a monthly moving (30-days-long) out-of-dust temporal
window including the 15 days preceding and following the selected dust
day (excluding any other dust-affected date within this window), and
the <PM10gg(out-of-dust)> value is generally taken as the PM10 40th-
percentile within this temporal window. Note however that the choice of
the 40th percentile is not strictly prescribed by the EC Guidelines (EC,
2011) which further specify that: ‘the monthly moving 40th percentile is a
site specific indicator which reproduces the background concentration exist-
ing in the Iberian Peninsula during days with prevailing atmospheric advective
conditions. The use of this indicator in other countries has not been validated
and no certainty exists on its accuracy. In absence of specific studies that
identify the statistical indicator that better reproduce PM10 background
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concentration the use of a more conservative indicator, like the average of the
PM10 concentrations registered during 15 days before and 15 days after the
analysed dust outbreak episode excluding the days with the identified episode,
or the moving 50th percentile of 30 days, should be preferred’.

Once the dust-PM10gg(dust day) values are computed in all RB sites
of the AQ network, in any other monitoring site (MS) under evaluation it
is assumed that dust-PM10ys(dust day) equals that of the closest RB site.

The quantification phase (step 2) in the Diapason-Methodology
keeps this APM10 approach of the reference method, but introduces
two modifications.

The first is that the daily resolved PM10 record measured in each
monitoring site is used to estimate the dust-PM10 at that site, i.e., Eq. (1)
is kept valid at each site, so that:
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sense that it would not occur without the additional contribution of
dust.

Although not directly linked to AQ legislated values, a third dust-
related metric addressed in this study is the ‘daily mean dust-PM10
per dust day (ug/m®)’. For each site, this is derived as the sum of the
daily dust-PM10 in a calendar year, divided by the total number of dust-
affected dates. This metric is therefore independent from the frequency
of dust events in a given site, and is useful to quantify the mean dust-
PM10 associated to each dust-affected day at that site.

2.3. The desert dust chemical transport model

dust-PM10ys(dust day) = APM10 = PM10ys(dust day) - <PM10ys(out-of-dust)> (@3]

The second is that the out-of-dust reference value is computed using
the 50th percentile over a shorter temporal window of +3 days from the
dust-affected dates.

Here we recall the main rationale behind these modifications, all the
details being thoroughly explained in Barnaba et al. (2017), and Sup-
plementary Material therein.

The first modification was introduced for two main reasons: 1) a
specific user requirement was the method to be homogeneously appli-
cable at the national level, but in Italy not all the administrative regions
have monitoring sites of RB type; 2) although it is clear that being less
affected by urban and industrial sources of PM10, advection of desert
dust is more apparent in PM10 time series of RB sites, it is not necessarily
true that monitoring sites apart from these receive the same dust input.
This happens for three main causes: i) transported desert dust plumes
show spatial inhomogeneity over distances of the order of tens of kilo-
meters; ii) complex local orography may introduce differences in dust
loads (Diapouli et al., 2017), and complex orography is typical of most
Italian regions, iii) RB sites are sometimes located at elevated locations
(hills, mountains), making them often unsuitable to represent dust
conditions in stations located at low levels.

The second modification, i.e. the reduction of the length of the ‘out-
of-dust’ background period used in Eq. (2), followed a detailed analysis
of the variability of PM10 time series at Italian sites in- and out- of dust
events. Among others, a major motivation for this reduction is that there
are important meteorological variations occurring over a 30-day time
window to consider this as an effective ‘background period’ for dust-
affected dates.

Overall, taking benefit of, and building on the EC-reference
approach, the described modifications introduced in the Diapason-
Methodology produce a site-dependent selection of desert dust
affected days and generate a site-resolved dust-PM10 field in a fully
automatic and fast way.

Once daily- and site-resolved dust-PM10 values have been deter-
mined, dust-related metrics relevant for EC Air Quality legislation have
been derived. These are:

1) The dust impact on the yearly average PM10, i.e., the yearly average
dust-PM10 (pg/ms). For each site, this is derived as the sum of the
relevant daily average dust-PM10 in a calendar year, divided by 365
(or 366 in leap years);

2) The number of dust-driven PM10 DLV exceedances per year. For
each site, this is the number of dust-affected dates in a calendar year
in which the total (measured) PM10 exceeds the EC fixed DLV (50
pg/m>), but this threshold would no longer be exceeded subtracting
the estimated daily dust-PM10 from the total PM10. In these cases, it
could thus be assumed that the exceedance is dust-driven, in the

As mentioned, within the Diapason-Methodology, daily and site-
resolved identification of dust-affected dates was performed based on
numerical data from the BSC-DREAMS8b daily dust forecast service
maintained by the Barcelona Supercomputing Center (BSC).

The BSC-DREAMS8b model (Nickovic et al., 2001; Pérez et al., 2006;
Basart et al., 2012b) predicts the atmospheric dust cycle including
emission, transport and deposition along with dust-radiation in-
teractions. BSC-DREAMS8D has been used and evaluated for long time
periods over Europe, Northern Africa and the Middle East (Basart et al.,
2012b) and it is being used for dust forecasting and as a dust research
tool. It is also one of the models whose forecasts should be evaluated
within the EC-Methodology step 1 described above.

The BSC-DREAMBSD participated in the model inter-comparison of
the Regional Center for Northern Africa, the Middle East and Europe of
the World Meteorological Organisation Sand and Dust Storm Warning
Advisory and Assessment System (WMO SDS-WAS, https://sds-was.
aemet.es/). The full model description is available in the BSC daily
dust forecast website (https://ess.bsc.es/bsc-dust-daily-forecast). For
the present work, dust-PM10 forecasts (0.3° spatial- and 1-hour- tem-
poral resolution) interpolated over the selected Italian AQ stations and
averaged on a daily basis were used for the identification of the days
affected by Saharan dust.

2.4. The spatio-temporal land use random forest model

To obtain a homogeneous, fine-scale (1-km spatial resolution) and
daily-resolved field of the dust-PM10 over Italy in the period
2006-2012, we used the Diapason-Methodology daily estimates of
monitor-based desert dust-PM10 to feed a 3-stage random forest model,
the 3 stages being “imputation” (to fill gaps in satellite retrievals),
“calibration” (to capture monitor-based PM10 variability by use of
spatial and spatiotemporal predictions), and “prediction” (to predict
daily PM10 concentrations for each km? of Italy and each day in
2006-2012). Details of the overall 3-stages approach are presented in
Stafoggia et al. (2019). Briefly, for each 1-km? grid cell of Italy and each
day in the study period we collected a number of spatial (changing from
cell to cell but assumed constant over time) and spatiotemporal (varying
also within cell by day) parameters, representing potential proxies of
desert PM10 concentrations and variability. The first group includes
among others: land use terms, elevation, imperviousness surfaces,
administrative and geo-climatic regions. The second group includes
meteorological parameters, satellite-based aerosol optical depth (AOD
from MODIS sensor on board of NASA Terra and Aqua satellites in our
case) and monthly vegetation indexes (Normalized Difference Vegeta-
tion Index — NDVI). In the first stage of the modelling strategy, the
“imputation” one, we built a random forest model aimed at
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Fig. 3. Multiannual (2006-2012) assessment of the desert dust impact on PM10 air quality in Italy in terms of a) number of dust days per year, b) dust-PM10 yearly
average, c) daily mean dust-PM10 per dust day, and d) number of dust-driven exceedances of the PM10 DLV (see text).

reconstructing missing satellite AOD retrievals using multi-band
modelled AOD from the Copernicus Atmospheric Monitoring Service
(CAMS, https://atmosphere.copernicus.eu/) as input variables. In the
second stage, the “calibration” one, we trained another random forest
model where the estimates of desert dust PM10 at the monitors were the
target variable, and the spatial and spatiotemporal parameters
mentioned above were the predictors. This model was carefully cross-
validated to ensure generalizability of its output to external points.
Finally, in the third stage, the “prediction” one, we applied the cali-
bration model to the entire spatiotemporal domain and derived daily
predictions of desert dust PM10 for each 1-km? of Italy.

3. Results and discussion
3.1. Assessment of the desert dust impact on PM10 over Italy

The summary of the desert-dust contribution to PM10 values in Italy
derived from the multiannual analysis is given in Fig. 3. This shows the
site-resolved, multiannual (2006-2012) average values of four main
metrics: a) the number of days per year classified as desert-dust affected,
b) the desert-dust impact on PM10 yearly average (i.e., the yearly
average dust-PM10), c) the daily average dust-PM10 per dust day, and
d) the number of DLV exceedances driven by the additional desert dust
contribution. Note that metrics b) and d) are those regulated by the EU
Air Quality Directive 2008/50.

As expected, Fig. 3a reveals a clear latitudinal gradient of desert dust
occurrence, from less than 40 to over 80 desert-dust affected days per
year going from Northern to Southern regions. This also reflects into a
similar, quite evident north-to-south gradient in the dust impact on the
PM10 yearly average (Fig. 3b), with values in Southern Italy more than
doubling those in the Northern regions. This is in agreement with the
results by Pey et al. (2013) who, for this same dust metric analysed over
the period 2001-2011, found a clear dependence of African dust
contribution with latitude across the Mediterranean basin, including
Italy. A quantification of this latitudinal gradient, and the direct com-
parison with relevant results obtained by Pey et al. (2013), is given in
the Appendix A2 (Figure A2.1). It also includes the comparison of the
dust-PM10 yearly averages as derived from the Diapason-Methodology
with the corresponding values simulated by the DREAMS8b model
(Figures A2.2 and A2.3 and relevant discussion).

Results in Fig. 3 are also in agreement with, and extend in time, those
obtained for the Italian peninsula by Barnaba et al. (2017), whose
country-level analysis was limited to the year 2012. In that case, a
slightly lower general impact of desert dust on PM10 values was found,
and indeed, over the 7-year period considered in the present study, the
year 2012 is associated to the lowest values of most metrics. This is
evident in Fig. 4, showing the inter-annual variability of the four dust
metrics, aggregated by administrative region.

The country-average summary of this year-to-year variability is also
summarized in Table 1 (and in Appendix A1, Tables A1.2, A1.3 and Al1.4
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Fig. 4. Inter-annual variability of the four main desert-dust metrics investigated, with data aggregated by administrative region: a) number of desert-dust days per
year, b) desert-dust impact on PM10 yearly average, c) average dust-PM10 per dust day, and d) number of desert-dust-driven exceedances of the PM10 DLV. Blue, red
and green colours are used for Northern, Central and Southern Italian regions, respectively. Note the different Y axis scale for Sicily in panel b and d. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
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Inter annual variability of the four main desert-dust metrics investigated (first column) reported as country-average values (+standard deviation and min-max range in

parenthesis) for each of the 7 years addressed.

Dust-related metric 2006 2007 2008 2009 2010 2011 2012
Number of desert dust days 53.8 £ 25.3 50.5 + 22.9 61.7 + 36.1 68.1 + 35.2 51.7 £ 39.5 42.2 £ 21.5 51.8 +£ 25.7
(28-131) (26-142) (15-184) (30-175) (13-175) (17-114) (22-138)
Yearly Average dust-PM10 (ug/ms) 1.8+1.2 1.6 £1.3 1.6 £1.3 1.7 £ 1.3 1.3+1.6 0.7 £ 0.6 0.9 £ 0.6
(0.2-6.4) (0-10.4) (0.2-6.6) (0.4-10.5) (0.1-13.8) (0.1-4.8) (0.2-3.9)
Daily mean dust-PM10 per dust day (ug/m%) 15.9 + 4.8 13.7 +£ 4.7 13.2 +£3.7 12.1 +£3.1 10.3 + 3.9 8.9 +29 10.1 + 2.4
(5.1-29.0) (4.8-34.6) (5.7-30.6) (5.8-25.9) (2.9-34.7) (3.8-22.2) (5.3-19.2)
Number of PM10 DLV exceedances due to desert dust 9.6 +£9.0 6.5 + 8.4 5.7 +£6.8 53+7.8 3.6 +7.4 2.3+42 2.2+34
(0-51) (0-69) (0-53) (0-83) (0-64) (0-37) (0-30)

by separately aggregating Northern, Central and Southern Italian re-
gions respectively).

Fig. 4a shows that, in the period considered, the number of dust-
affected dates was rather stable in the northern regions (blue), while
some increase is observed in the central (red), and particularly in the
southern (green) regions between 2008 and 2010. Corresponding data
in Tables A1.2-A1.4 indicate a frequency of dust events per year ranging
between 5% (2010) and 10% (2009) in the northern regions, 13%
(2011) and 21% (2009) in the central ones, and between 21% (2011)
and 34% (2009) in the southern regions. These numbers are also in line
with results by Stafoggia et al. (2016), reporting an annual frequency of
dust advection between 28.5% in Palermo (Sicily) and 8.8% in Emilia-
Romagna.

On the other hand, it should be noted that variability in the number
of dust affected days is somehow decoupled from that of dust-PM10
yearly average, being the latter also dependent on the absolute
amount of dust each advection episode transports.

Overall, due to its proximity to the source region, Sicily is the Italian
region receiving the largest impact of desert dust transport events, with
the maximum number of desert dust days per year (over 150, i.e. over
40%, in 2008, 2009, 2010), and the largest impact of dust on the PM10
yearly average (>5 ug/m® from 2006 to 2010, all other regions having
values lower than 4 ug/m® during the whole period addressed). Inter-
estingly, desert-dust values in Sicily are comparable to climatological
mean values derived in the Canary Islands (Spain), close to the desert
dust source area (31% of dust days and 7.9 ug/m® yearly average, Querol
et al., 2019). In this region, our results for the period 2006-2012 also
indicate a mean of 20 dust-driven PM10 DLV exceedances per year
(Fig. 4d), out of a maximum of 35 allowed by EC legislation. For com-
parison, focussing on the period following our analysis (2013-2015) and
addressing three monitoring sites in Sicily, Cuspilici et al. (2017) found
that desert dust was responsible of 1-to-8 PM10 exceedances (depending
on site and year), over a total number of exceedances ranging from 4 to
20. These numbers implied a reduction of the total number of PM10
exceedances after removal of the desert dust contribution ranging from
10% to 90%, depending on site and year. Also note that the lower
number of dust-driven PM10 exceedances detected by Culpici et al.
(2017) in the period 2013-2015 is compatible with our observed
decrease over the years in Fig. 4d (from more than 25 in 2006 to less
than 10 in 2012), possibly related to the decrease of the total PM10 in
Sicily over that period (e.g. Abita et al., 2015) due to air quality
improvement policies. This consideration also applies to the rest of the
country, Fig. 4d showing a decreasing trend of dust-driven number of
DLV exceedances in almost all regions, which is not associated to a
similar trend in the number of dust events (Fig. 4a).

Despite the north-to-south variability of the metrics in Fig. 4a and 4b,
it is worth noting that this latitudinal gradient of the dust impact is lost
when quantifying indicators that are independent from the absolute
number of dust days recorded, as the daily mean desert-dust PM10

All Italian Sites (2006-2012)
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Fig. 5. Statistics of daily mean desert dust-PM10 per dust day as derived over
the multiannual period (2006-2012) in the Italian AQ monitoring sites types
classified as ‘Rural Background’, ‘Urban Background’ and ‘Urban Traffic’. For
each category the relevant box plot shows: the average (red square), the median
(red line), and the 25th-75th inter-quartile range (blue box). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

associated to a desert-dust affected day (Fig. 3c and 4c). This finding
suggests a sort of compensation effect between frequency and intensity
of dust episodes. More specifically, the (expected) higher frequency of
dust events in the southernmost Italian regions is associated to a wider
range of their intensity while, even if sporadic, dust episodes reaching
the northernmost regions are the most intense ones.

If not much dependent on latitude, the daily mean desert-dust PM10
was rather found to be higher in correspondence to the high traffic
routes and/or over the major urbanized areas of the country in the
previous one-year investigation by Barnaba et al., (2017).

In this study we further checked existence of the same pattern over
the whole Italian territory in the longer time series addressed
(2006-2012). The results, summarized in Fig. 5, confirm that, grouping
data by site-type, there is a statistically significant increase (about 2 pg/
m?, i.e. 20%) of dust-PM10 per dust day values in urban sites compared
to those in rural background ones.

A possible explanation of this effect is that it could be related to
resuspension of desert dust by traffic due to the vehicle-generated tur-
bulence. In fact, Barnaba et al. (2017) highlighted a geographical cor-
respondence between the highest desert-dust-PM10 per dust day and the
path of main traffic routes along the Italian peninsula. To further check
this hypothesis, we also used PM2.5 data for selected Italian regions. In
fact, if from one side we know that Saharan dust advections over Italy
transport particles down to sub-micrometer dimensions (e.g., Struck-
meier et al., 2016; Gobbi et al., 2019), coarse particles still represent
most of the dust-PM10 mass, and resuspension mostly acts on the coarse
PM10 fraction (PM10-2.5) rather than over the fine one (PM2.5). For
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Fig. 6. Left column: As in Fig. 5 but limiting to AQ monitoring sites belonging to the two Italian regions of Lazio (Top) and Emilia Romagna (bottom) and to the
period 2010-2012. Right column: As in the left column, but referring to estimated desert-dust PM2.5 data (see text). Note that the reference period for this figure is

2010-2012 as sufficient PM2.5 data were only available starting from 2010.

example, using size-fractionated aluminum and silicon measurements as
a proxy for resuspension-related non exhaust emission, (Harrison et al.,
2012) investigated the contribution to mass of resuspended particles (in
the range 0.9-11.5 pm aerodynamic diameter). By comparing mea-
surements at traffic and background sites in London (UK), they found the
contribution of soil dust resuspension to mostly impact the mass size
spectra for size ranges above 2 pm.

We performed such further analysis focusing over two Italian
administrative regions having sufficient PM2.5 data coverage, and
namely Lazio (main urban centre being Rome), and Emilia Romagna
(main urban centre being Bologna). The results, summarized in Fig. 6,
show that in these two regions the effect of desert dust on PM10 (left
column) is similar to the one observed at national level (Fig. 5) while for
PM2.5 (right column) this effect is markedly reduced (Lazio) or absent
(Emilia Romagna).

This suggests that the dust-induced relative increase detectable on
PM10 in the urban environment (Figure 5, and 6a, c) relates primarily to
the coarser (i.e., PM10-2.5) fraction. Interestingly, similar conclusions
were reached by Querol et al. (2019a) based on data in the Barcelona
area (Spain). In fact, by analysing enrichment factor of specific chemical
elements during desert dust advections, the authors concluded that
mineral dust is not the only pollutant affecting air quality during African
dust episodes but, among others, identified ‘primary local species in the
coarse fraction’ as main co-pollutants.

A possible additional (or concurrent) phenomenon compatible with
the derived enhanced APM in urbanized environments during dust ad-
vections is represented by heterogeneous chemistry taking place on the
advected dust particles, acting more effectively in polluted conditions,
and possibly more efficiently on the coarse particle fraction (e.g., Den-
tener et al.,, 1996; Krueger et al., 2004; Bauer and Koch, 2005; Kar-
agulian and Rossi, 2005; Laskin et al., 2005; Ndour et al., 2009; Wang
etal.,, 2019; Wang et al., 2021). Indeed, some evidence of this effect was

found by Conte et al. (2020) in southern Italy who found Saharan dust
contributing to secondary organic aerosol in the coarse (PM10-2.5)
fraction, with no increase of other species, as BC, that could indicate co-
transport of other pollutants with dust.

Overall, this aspect would merit further, deeper investigation
particularly for health impact evaluations, as this would imply a dif-
ferential composition of desert dust particles transported to and thus
inhaled in urbanized or background sites of downwind areas.

From an AQ legislation perspective, a question could also arise on
whether this additional dust-PM10 contribution observed in urbanized
environments could be considered of natural origin. In fact, although
triggered by the presence of advected desert dust, the observed ampli-
fication effect due to traffic-related resuspension and/or secondary
aerosol processes could be more properly considered as anthropogen-
ically driven. By considering such an additional dust-PM10 as of natural
origin rather than as anthropogenic, our approach could thus over-
estimate the number of dust-driven DLV exceedances. We quantified the
error affecting our relevant statistics at urban traffic sites. In particular,
being the observed urban-to-background dust-PM10 increase of the
order of 20% (e.g., Fig. 5), we computed the decrease in the number of
dust-driven DLV exceedances that would derive by considering as
‘anthropogenic’ 10-to-40% of each dust-PM10 value derived at urban
traffic sites. The results, aggregated at regional level (see Appendix A3,
Figure A3.1), show that, in most regions, total number of dust days with
a dust-driven DLV exceedance reduce by less than 3% if attributing 20%
of the estimated daily dust-PM10 to anthropogenic factors. This is
because in those cases the actual total non-dust PM10 value is lower but
close to the DLV, so that even a reduced amount of mineral dust is able to
produce the PM10 exceedance. In the most ‘unfavourable’ cases in
which our estimated dust-PM10 at urban sites contains up to 40% of a
non-natural, dust-associated PM10 component, the reduction of the
dates with DLV exceedances attributed to desert dust keeps lower than
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measurements-based, monitoring site- and daily-resolved dust-PM10 data (2006-2012) derived in this study (see Section 3.1).

6%, with the exception of the Basilicata (-10%) and Sicily (-18%) re-
gions. To be more conservative, as a reference to evaluate dust-driven
DLV exceedances in urban areas for the purpose of the EC AQ Direc-
tive, dust-PM10 values derived at urban background sites, when avail-
able, should be preferred to those derived at urban traffic ones.

3.2. Using the derived site- and daily dust-PM10 dataset to feed a
statistical random forest model

Numerical models are necessary to extend in time and space the
inevitably limited information we can get from observational networks
and, often, to predict future scenarios in the short and long time range.
In fact, there is an increasing need of high-resolution maps on large
domains in order to capture particle matter concentrations gradients
both at the local and at the national scale (e.g., Cohen et al., 2017). A
useful approach to generate a ‘spatially continuous’ PM field as a basis
for health and epidemiological studies relies on random forest models.
As summarized in Section 2.4, here we used such kind of approach
(Stafoggia et al. 2019) to obtain daily maps (2006-2012) of desert PM10
concentrations for the entire Italy, at a very fine spatial resolution (1 km)
starting from the derived site- and daily- resolved values of dust-PM10.
Fig. 7 displays the relevant annual average concentration maps obtained
for the investigated multiannual period 2006-2012. Besides showing the
strong North-South increasing gradient of the estimated concentrations,
these maps also allow to appreciate the fine scale variability of desert
contributions to ground level PM10 concentrations. The calibration
model set up was able to capture 74% (range: 66%, 83%) of the desert
PM10 variability in held-out monitoring stations, without introducing
meaningful bias in the final predictions (intercept and slope of the

10

univariate regression between predictions and observations equal to
—0.13 (range: —0.17, —0.07) and 1.03 (1.01, 1.04), respectively).

Fig. 7 also highlights a long-term variability, with similar loads be-
tween 2006 and 2009 followed by a marked decrease of desert dust
PM10 in Northern Italy in 2010 extending to the whole country in the
last two years of the period addressed (2011-2012). Such features of
highly resolved maps (namely, strong spatial and temporal variability)
are being used in a follow up study to investigate both acute and chronic
health effects of desert dust stemming from daily and annual exposures
respectively. In fact, availability of finely-resolved, nationwide and
long-term datasets guarantees adequate statistical power to detect (even
potentially small) associations with cause-specific mortality and hospi-
tal admissions.

4. Summary and conclusions

Air quality in Europe and the Mediterranean is affected by an intri-
cate mixing of anthropogenic and natural sources. For particulate mat-
ter, a major natural source is represented by advected desert dust
originating in the arid areas of Northern Africa, and partially Middle
East.

Assessment of desert dust impacts on EU-regulated particulate mat-
ter loads is important both for complying with the EU Air Quality
Directive and to provide a base for health impact studies. In this respect
is worth highlighting that the new WHO Global AQ Guidelines (AQG)
released in 2021 (WHO, 2021) fix target values of PM levels (annual and
daily averages) stricter than before (WHO, 2005) and lower than the
relevant EC ones. In particular, for PM10 the new WHO annual average
limit is reduced from 20 to 15 ug/m3 (it is 40 pg/m3 in EU), while the
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DLV is reduced from 50 to 45 ug/m? (it keeps 50 ug/m> in EU).

In this study we quantify the multiannual impact of desert dust over
the whole Italian territory following a previously published method
(Diapason-Methodology) which introduces some modifications to the
reference, benchmark procedure suggested by the European Commis-
sion 2011 (EC, 2011) to better adapt it to the Italian case (Barnaba et al.,
2017). In particular, we derive daily desert-dust-PM10 values for hun-
dreds sites of the Italian air quality network, including site types ranging
from rural background to urban traffic. These were derived exploiting
the Italian PM database ‘BRACE’, covering the period 2006-2012. To
keep the dataset self-consistent, we preferred not to merge it with more
recent ones processed according to different QA/QC procedures. How-
ever, to further investigate long-term trends, a more extended analysis is
currently in progress employing the European Environmental Agency
dataset AirBase (https://www.eea.europa.eu/data-and-maps/data/aqe
reporting-9).

Overall, our results show that desert dust transport affects the
lowermost atmospheric levels (i.e. those relevant for air-quality) in 10%
(Northern regions)-to-30% (Southern regions) of the dates in a year.
Correspondingly, the impact of desert dust on the EC regulated PM10-
yearly average also shows a marked north to south gradient, ranging
from less than 1 pg/m? in Northern Italy to over 3 pg/m> over the
southern regions, with maxima reaching up to about 10 pg/m® in the
southernmost parts of the peninsula. Overall, based on our data, we
estimate that in the period considered (2006-2012) more than 30
Million people in Italy (i.e., half of the Italian population) have been
exposed to an annual average desert-dust-PM10 greater than 1 pg/m°.
Of these, over 2.5 Million (mainly population of Sicily) have been
exposed to yearly average desert-dust PM10 values greater than 5 pg/
m?, this representing alone 1/3 of the total-PM10 limit (i.e., including all
chemical components) fixed by the WHO AQG (WHO, 2021).

Even if desert dust transport episodes are less frequent in the
Northern part of the country, when advected to the lower atmosphere
these are found to similarly impact the daily PM10 values over the
peninsula. Mean daily contribution is of about 12 ug/m?, with a site-to-
site variability mostly related to the site type rather than to the site
latitude. In some cases, the additional contribution of desert dust to local
PM is found to produce exceedances of the EC and WHO AQG PM10
DLV. For the application of EU AQ legislation, this is particularly
important considering that the Directive 2008/50 allows to discount
DLV PM10 exceedances if it can be proved these are caused by a natural
event. In fact, in May 2018 the Commission decided to refer Italy to the
Court of Justice over persistently high levels of particulate matter (in
particular for PM10). This referral concerned exceedances of air quality
standards in 28 air quality zones in several regions including Lombardia,
Piemonte, Lazio and Veneto, in which the DLV for PM10 have been
persistently exceeded. Our results show that, despite the greater distance
from source areas, in the northern Italian regions the mineral dust loads
during dust episodes can still cause PM10 exceedances, due to the
generally higher anthropogenic PM10 burden therein.

The importance of quantifying desert-dust PM10 does not limit to
relevance for the current legislation and associated limit values. In fact,
if from one side EC allows not to consider exceedances as such for the
purpose of the EU AQ Directive, on the health perspective airborne
mineral dust represents a significant risk factor for human health (e.g.,
de Longueville et al., 2013; Goudie, 2014; Aghababaeian et al., 2021).
Still, evidences based on both epidemiological (e.g., Tobias and Sta-
foggia, 2020) and toxicological (e.g., Fussel and Kelly, 2021) studies
remain unclear and are thus a current object of scientific research.
Among the factors that produce inconsistent results from epidemiolog-
ical studies are the different metrics and methodologies used to assess
the exposure of the population to desert dust, i.e. evaluate the presence
and quantify the relative impact of the advected mineral component on
the overall PM10 mass. The results presented here were obtained
following a single, homogeneous methodology and are provided over
each AQ monitoring site of the network, regardless of the site type
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classification. This is particularly important since, over highly
anthropized regions as Europe and the Mediterranean, a complicating
aspect in the understanding of the desert dust-health relationship is to
disentangle the role of the desert-dust and non-desert-dust components
during the mineral dust transport events. In a preliminary assessment
over the Italian peninsula based on a single-year record (Barnaba et al.,
2017), the site-resolved capacity of the Diapason-Methodology adopted
unveiled a differential impact of desert-dust on highly and scarcely ur-
banized areas. The long-term analysis presented in this work confirms
and extend this finding and provide further evidences that, during desert
dust transport events, traffic sites show a higher enhancement of PM10
values with respect to background sites (this feature being weakly or not
evident for PM2.5). This is compatible with possible resuspension of
coarser particles during desert dust events in highly urbanized areas
(related to both vehicle-generated turbulence and soil sealing), this
contributing increasing PM10 values with respect to unsealed areas (as
in regional background sites). This aspect deserves further attention, as
current efforts in reducing tail-pipe traffic emissions may enhance the
relative role of traffic-related resuspension of dust on PM10 levels in the
near future. Interestingly, this finding is also compatible with results
obtained by Querol et al. (2019a) over Spain who found a major role in
PM10 increase during African advections to be played by ‘primary local
species in the coarse fraction’. In that work the authors also emphasized
that particulate matter increase during desert dust advections is caused
not only by the mineral dust load, but also by an increased accumulation
of locally emitted or co-transported anthropogenic pollutants. In our
long-term analysis, enhancement of PM10 due to co-transport of other
pollutants with mineral dust is unlikely to play a major role in the urban-
to-rural variability detected, as co-pollutants would have affected the
results in downwind regional background and urban sites in the same
way. However, an additional (and concurrent) explanation of the
observed enhancement of dust-PM10 in urban sites could be the inter-
action of mineral dust with local pollution via heterogeneous chemical
processes (and preferentially occurring over coarse particles), this
playing a role in the more polluted urban environment rather than over
suburban or background areas. This aspect, which is already docu-
mented in literature (e.g., Dentener et al., 1996; Krueger et al., 2004;
Laskin et al., 2005; Karagulian and Rossi, 2005; Ndour et al., 2009;
Wang et al., 2019; Wang et al., 2021), is particularly intriguing for the
dust-health relationship as it could imply a different health impact of
transported dust in different downwind environments. In this respect it
would be key in the future to couple a spatially and temporally detailed
desert dust PM information with health data. A preliminary attempt in
this direction is provided in the present study in which the dust-PM10
data derived in hundreds Italian AQ monitoring sites has been used to
feed a random forest model to obtain spatially finely-resolved (1 km),
daily dust-PM10 data that will be combined to health data (e.g. cause-
specific mortality and hospital admissions) in a forthcoming effort.
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