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Abstract: Mineral dust from desert areas accounts for a large portion of aerosols globally, estimated
at 3—4 billion tons per year. Aerosols emitted from arid and semi-arid areas, e.g., from parched lakes
or rivers, are transported over long distances and have effects on a global scale, affecting the planet’s
radiative balance, atmospheric chemistry, cloud formation and precipitation, marine biological
processes, air quality, and human health. Desert dust transport takes place in the atmosphere as the
result of a dynamical sequence beginning with dust uplift from desert areas, then followed by the
long-range transport and terminating with the surface deposition of mineral dust in areas even very
far from dust sources. The Mediterranean basin is characterized by frequent dust intrusion events,
particularly affecting Spain, France, Italy, and Greece. Such events contribute to the increase in PMj
and PM, 5 concentration values, causing legal threshold values to be exceeded. In recent years, these
events have shown a non-negligible increase in frequency and intensity. The present work reports the
results of an analysis of the dust events that in recent years (2018-2023) affected the Mediterranean
area and in particular central Italy, focusing on the more recurrent meteorological configurations
leading to long-range transport and on the consequent increase in aerosol concentration values. A
method for desert intrusion episodes identification has been developed using both numerical forecast
model data and PM; observed data. A multi-year dataset has been analyzed by applying such an
identification method and the resulting set of dust events episodes, affecting central Italy, has been
studied in order to highlight their frequency on a seasonal basis and their interannual variability. In
addition, a first attempt at a meteorological classification of desert intrusions has been carried out
to identify the most recurrent circulation patterns related to dust intrusions. Understanding their
annual and seasonal variations in frequency and intensity is a key topic, whose relevance is steeply
growing in the context of ongoing climate change.

Keywords: mineral desert dust; PM;; weather types classification

1. Introduction

Mineral desert dust constitutes a significant component of atmospheric aerosols on
a global scale [1-4]. The phenomenon of desert dust in the atmosphere and oceans is
linked to a range of physical processes, including cloud formation and precipitation [5-7].
These processes can influence radiative transfer, either directly or indirectly. Consequently,
desert dust plays a role in the development of meteorological dynamics and in feedback
mechanisms on a climatological scale [8-10]. Moreover, mineral dust exerts a significant
influence on the biogeochemical processes of the Earth system, affecting both terrestrial
and oceanic ecosystems [11,12].

The presence of desert dust in the atmosphere is linked to the establishment of a
sequence of processes, which can be described as follows: atmospheric loading, long-range
transport, and ground deposition.

The dust loading into the atmosphere requires uplift mechanisms, linked to the wind
intensity in the lower layers and the turbulence induced by them in the boundary layer,
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associated with the presence of sufficiently intense and deep convection to carry the dust to
high altitudes. Extreme phenomena linked to these dynamics are sandstorms and haboobs,
which produce the uplift of large quantities of dust from the ground, with major impacts in
the directly affected areas [1,2].

The availability of significative quantities of dust on the ground is specific to certain
regions of the globe, characterized by arid conditions, which provide the accumulation
of dust and sediment. This can be observed in areas such as desiccated or ephemeral
rivers and lakes, which contain clay; silt, and salts [1,2,13]. These conditions are strongly
influenced by soil moisture, and in some source areas, by snow cover. They are also subject
to seasonal variations and climatic trends.

The source areas that contribute most to the release of mineral dust into the atmosphere
are predominantly located within the desert regions of the subtropics. The main one of
them is the Saharan area and its surroundings [1,13-15]. Other important source areas
are placed in Arabia, central Asia, southwestern United States, and Australia [1,2,13]. In
addition, the high-latitude arid zones (>50° N and >40° S) constitute source areas capable of
releasing minor but not insignificant amounts of dust, amounting to about 5% of the global
budget [16,17]. In a climate change scenario, the importance and extent of the various
source areas could change significantly.

The atmospheric loading phase is followed by the long-range transport phase: the
dust plume formed in the first phase is transported by the intense high-altitude winds. The
distance over which the dust is transported depends on the wind intensity, in some cases,
far away from the source areas.

The recurring development of similar atmospheric circulation patterns is reflected
in the regular occurrence of dust transport events from a given source area to certain
deposition areas. On the other hand, on a given deposition area, dust can be transported
originating from different source areas, depending on the recurrent onset of different circu-
lation patterns. The source area of the transported mineral dust can be determined through
specific chemical and physical analyses of aerosol, based on the typical soil composition of
the different source regions [18,19].

The ground deposition phase of desert dust occurs as a result of local dynamics
capable of activating a downward motion of the air mass. The onset of such dynamics
coinciding with the arrival of a plume of desert dust can produce significant changes in
the concentration of particulate matter in the boundary layer, with significant impacts on
local physical and chemical conditions, thus decisively affecting air quality, with reduced
visibility and effects on human health [20-23].

The use of satellite monitoring enables a comprehensive assessment of the contribution
of desert dust to the atmosphere. One phenomenon that is clearly visible from satellites
is the transport of Saharan dust across the nearby Atlantic Ocean into Central and South
America by the intense easterly zonal circulations, that are typically present over west-
central Africa. The desert dust transported contributes significantly to the biogeochemistry
of the Atlantic and Amazonian area [11,24-26].

Additionally, the Mediterranean area and central and northern Europe are also frequently
affected by desert intrusions [27]. The long-range transport of mineral dust can cause elevated
concentrations of PM;y, which in some instances may contribute to exceedances of the limit
values established by European legislation (Directive 2008/50/EC) [28-30]. In order to identify
these contributions, which in some European countries—Spain, Italy, and Greece—can
have a non-negligible impact [19,31-33], desert intrusion forecast services are available
(Copernicus, https://aerosol-alerts.atmosphere.copernicus.eu/; AEMET, https://dust.
aemet.es/products/daily-dustproducts, accessed on 20 October 2024).

Desert transport episodes in the Mediterranean Basin (MB) are more frequent dur-
ing the spring and summer months. The seasonal variation of desert dust transport is
determined by circulation climatology, which results in a recurrence of desert episodes
between late winter and early spring in the eastern Mediterranean Basin (MB), in late
spring in the central MB, and in late summer in the western MB [27]. With regard to Italy,
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desert intrusions are more frequent in the south, with higher quantities than in central and
northern Italy [33].

While most of the mineral dust intrusions in the MB and central and northern Europe
originate from Saharan sources, a minority of these come from the Arabian Peninsula
and, in rare instances, from western central Asia [27]. In March 2020, an anomalous
transport of non-Saharan desert dust, attributable to the arid regions east of the Caspian
Sea, occurred [34,35]. This intense episode affected Eastern Europe, the Balkan countries,
and also Italy, where the desert dust caused the PM; limit value to be exceeded at numerous
air quality monitoring stations, between 27 and 30 March 2020 [34].

In recent years, there has been an observable increase in the frequency and intensity
of desert intrusions in the Mediterranean area [5,36]. A recent paper [37] highlights that
during the winters of 2020-2022, several intense dust intrusions, originating from North
Africa, impacted Europe with an unprecedented duration. The most significant impact
of these events was observed in the western MB, with a notable increase in frequency
compared to the period between 2003 and 2019. Furthermore, the paper examines the
atmospheric circulation patterns during these episodes, postulating a shift in atmospheric
circulation as a potential driver of the observed increase in Saharan dust intrusions over
the western MB in February and March 2020-2022.

The current rapid climate change is associated with a change in the climatology of the
main circulation patterns and their respective frequencies of occurrence [38], which in turn
affects the mode and speed of climate change itself [39]. Such alterations in the prevailing
atmospheric circulation patterns can give rise to variations in the frequency of mineral dust
uplift and transport episodes, as well as in the distribution of source regions [5,36,37].

In this context, the present paper describes our recent studies, with the principal aim
of deepening the analysis on central Italy, by considering the main desert dust intrusion
events that occurred in the last six years (2018-2023). This work has been developed by
performing statistical analyses for the estimation of the frequency of occurrence of such
events, and by utilizing a weather-type classification in order to characterize all the events
from the point of view of the respective underlining meteorological flux pattern.

This work is still in the first stage, nevertheless, relevant features emerged, regarding
the seasonal variation of the desert dust events occurrence frequency and the recurrence of
specific meteorological patterns in correlation with the onset of desert dust intrusions in
the area under study.

In the present paper, the general structure of the implemented investigation framework
is described together with a synthesis of the main results of the performed statistical analysis
and of the weather-types-based dust events characterization. Moreover, in order to provide
evidence of the significance of the recurring meteorological patterns in correspondence
with desert dust intrusions, representative case studies are illustrated in detail, tracing the
dust plume track evolution to the respective meteorological flux pattern.

2. Materials and Methods
2.1. Area and Period of Interest

In the present work, the Central MB area was studied, focusing in particular on the
Tuscany region, Italy (Figure 1), in the six-year period from 2018-2023. In order to identify
the main desert dust intrusions that occurred in this period over the area of interest, a hybrid
approach was implemented by exploiting data both from a numerical forecast model, and
from PM; observation stations. The model used was CHIMERE, provided by PREV’AIR
(http:/ /www2.prevair.org/, accessed on 20 October 2024), while PM;( observed data came
from two background stations of the Tuscany Region Air Quality monitoring network
managed by ARPAT (https://www.arpat.toscana.it/temi-ambientali/aria/qualita-aria/,
accessed on 20 October 2024). The stations whose data were used in this study are IT1149A
(PI-Montecerboli; lat 43.25, lon 10.88) and IT1681A (AR-Casa Stabbi; lat 43.66, lon 11.90), as
shown in Figure 1.
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Figure 1. Mediterranean Basin. Red border: area of interest, Tuscany region. Red dots, background
stations, IT1149A (lat 43.25, lon 10.88) and IT1681A (lat 43.66, lon 11.90) of Tuscany Region Air Quality
monitoring network.

The identification of the main dust episodes had the main goal of creating the dataset
to be used in the subsequent analysis, and was performed in accordance with the method-
ologies employed by the European Community for estimating the dust contribution to
PMjj (e.g., the European reference method for desert dust estimation, as from the Directive
2008/50/CE [28-30]) and with reference to the method proposed in [31,32] for the Italian
territory (hereafter “Diapason-Methodology”). It must be pointed out that the present study
is only concerned with the episode identification, rather than with the dust contributions
quantification, which is instead targeted by the aforementioned methods.

2.2. Dust Days Dataset

The dust values estimated by the CHIMERE model allow for easy identification of
episodes; however, the resolution of the adopted model is not sufficient for a detailed
description of the deposition process. In some cases, where dust transport is confined to
the higher levels of the atmosphere and conditions for ground deposition do not occur, an
incorrect prediction of the deposition may cause false alarms. Hence, in order to avoid
such false alarms, a check of the correct identification of desert contribution episodes was
performed using the PM;y observed data from background stations. Only background
stations located in rural areas were considered for this check, because desert episodes
are better detectable in their data. The criterion adopted to determine the days affected
by desert contributions was based on the selection of days on which the estimated dust
values exceeded a threshold value, chosen as 5 p1g/m3, with reference to the “Diapason-
Methodology” [31,32]. The PM;( observed data were then used to confirm the consistency
of the desert event (and hence to identify false alarms), by checking if the observed PM
value on the selected days exceeded an empirical threshold value, chosen equal to the
mean value over the period from 2018-2023, plus half a standard deviation. In accordance
with the aforementioned criteria, days on which both conditions were met simultaneously
were designated as dust days. In this way, we obtained a list of days affected by desert
dust, diagnosed using model estimates and cross-checked using PM;p measurements
for confirmation.

Days for which the model estimates exceeded the threshold of 5 jig/m?, but there
was no match from the PM;y measurements, were considered false alarms (Properly false
alarms were referred to the selection based on the model only). Conversely, days for which
the model estimates remained below the threshold of 5 ng/ m3, but the PM;y measured
values exceeded the cross-check threshold (i.e., the mean value over the six-year period
by a standard deviation), simultaneously at the two background stations, were considered
missed alarms. These dust episodes can be verified by consulting other models, such as the
MERRAZ2 reanalysis (https://fluid.nccs.nasa.gov/reanalysis/chem2d_merra2/, accessed
on 20 October 2024), NOAA Hysplit model (https:/ /www.ready.noaa.gov/HYSPLIT.php/,
accessed on 20 October 2024), ensemble of the CAMS (https:/ /atmosphere.copernicus.eu/
charts/packages/cams_air_quality/, accessed on 20 October 2024), MONARCH model
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(https:/ /dust.aemet.es/about-us/monarch#daily-dust-service/, accessed on 20 October
2024), and SKYRON model (https:/ /forecast.uoa.gr/en/forecast-maps/dust/, accessed on
20 October 2024).

The comprehensive examination of the whole dataset with dust days, and false and
missed alarms allowed for an assessment of the employed selection methodology.

2.3. Weather Types Classification

The availability at Consorzio LaMMA of a recently implemented weather types
classification—PCT—was exploited to relate the selected dust episodes with the corre-
sponding meteorological patterns, at both the synoptic and the local level [40].

PCTO09 is a nine classes classification built by utilizing the mean sea-level pressure
field (MSLP) as the main predictor and using the COST733class-1.2 classification software
package [41]. The nine classes of PCT(9 classification are described in Table 1, and the
corresponding MSLP patterns are shown in Figure 2 through representative centroids.

Table 1. Description of the main features of the nine classes (centroids) of PCT09 classification.

Circulation Types Description
CT1 High pressure over central-northern Italy, weak low over Ionian Sea with easterly flow
CT2 Orographic low pressure over Adriatic Sea with strong north-easterly flow
CT3 High pressure with maximum values over northern—eastern Italy with no pressure flow
CT4 Orographic low pressure over Ligurian or northern Tyrrhenian Sea with strong southerly flow
CT5 High pressure with maximum values over north-western Italy, weak low over Ionian Sea with no pressure flow
CTo High pressure over central-southern Italy, low pressure over Alpes with westerly zonal flow
CT7 Orographic low pressure over northern Italy, with strong westerly or north-westerly flow
CT8 High pressure with light southerly flow
CT9 High pressure over northern Italy, weak low over central-southern Italy with easterly flow

MY EE M WM B WD G WA IR TMD IR HE IR N I e

Figure 2. Maps of the representative (centroids) MSLP patterns of the nine classes of PCT09 classification.
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3. Results

The results of the statistical analysis of the desert dust episodes obtained by applying
the selection methodology described in the previous section are presented below. In
particular, the seasonal distribution of the detected episodes and missed and false alarms,
in different years and over the whole period, is analyzed. Furthermore, the episodes are
correlated with the weather types classification, PCT09, in order to highlight the most
recurrent meteorological configurations at desert intrusions. Finally, some case studies
for relevant desert dust episodes are described to illustrate their correlation with the
corresponding atmospheric circulation patterns.

3.1. Dataset Analysis

The total number of dust days identified over the six-year period from 2018-2023 was
263 days, corresponding to an average of 44 days per year. A total of 74 episodes can be
identified, consisting of a variable number of consecutive dust days, between 2 and 6 days.
The number of episodes per year is also variable, ranging from 10 to 15. These results,
summarized in Table 2, are in line with those reported in the literature for the Tuscany
region [33].

Table 2. Dust intrusions during the analyzed period 2018-2023.

Analyzed Period 6 Years 2018-2023
Dust intrusions 74 episodes, 263 days
Dust days per year 44 days
Dust intrusions per year 10-15 episodes, 2-6 days

In most cases, false alarms take place immediately before or immediately after dust
days (about 70 per cent of cases). In a smaller number of instances, however, there are
false alarms not close in time to dust days. In both cases, desert dust is present (due to
long-range transport) at high altitude but does not settle on the ground.

Missed alarms can occur far in time from dust days. In such cases, missed alarms
could be traced to an inaccurate model simulation of the dust lift and subsequent transport
processes. However, in cases where the missed alarms occur immediately after a dust day,
the observed high PM;, concentrations values can be attributed to the resuspension of
desert dust particles transported on site on the previous days and trapped in the boundary
layer. This resuspension also occurs after the end of the transport phenomenon. Hence, in
these cases, the occurrence of the missed alarm could be traced to the incorrect simulation
of boundary layer dynamics by the model.

Table 3 and Figure 3 show the number of dust days, of missed alarms and of false
alarms identified by applying the adopted method as outlined above, for each year and for
the entire period. For the corresponding dust days, the missed and false alarms percentage
values were obtained as the ratio to the respective total number of dust and missed and
false alarm days in each year.

Table 3. Dust days, missed alarms, and false alarms for each year and for the whole period from
2018-2023. Percent is normalized, respectively, to the total number of dust and missed and false
alarms days for each year.

Years Dust Days Missed Alarms False Alarms Total Days
2018 68 59% 8 7% 39 34% 115 100%
2019 41 60% 9 13% 18 26% 68 100%
2020 31 53% 11 19% 16 28% 58 100%
2021 40 75% 1 2% 12 23% 53 100%
2022 45 64% 6 9% 19 27% 70 100%
2023 38 73% 6 12% 8 15% 52 100%
2018-2023 263 63% 41 10% 112 27% 416 100%
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Figure 3. Percentage of dust days (blue), missed alarms (orange), and false alarms (grey), for the
whole period from 2018-2023 for each year. Percentage values are normalized to the correspond-
ing total number of days for the whole period and for each year, reported on the right of each
respective diagram.

Missed alarms average 10% of total days, and false alarms about 30%, with inter-
annual variability.

The number of dust days and false alarms in 2018 is higher than in subsequent
years; furthermore, in 2023, there is a significant reduction in the false alarm rate (Table 3,
Figure 3). These results could be due to an upgrade of the CHIMERE model improving its
dust prediction performance since 2018, and especially in 2023.

The following Figures (Figures 4—6) show histograms of the number of dust days, and
false and missed alarms on a seasonal basis (winter, jan—mar; spring, apr—jun; summer,
jul-sept; autumn, oct-dec), for each year and for the entire six-year period. The histograms
in Figure 4 show the seasonal percentage of dust days, normalized to the total number of
dust days occurring in each year, reported on the right of each respective diagram. Dust
days occur more frequently in spring and summer, in accordance with the literature for the
Central Mediterranean area [27]. Similarly, Figures 5 and 6 show the percentage, evaluated
on a seasonal basis, of false alarms and missed alarms, respectively. In the period from
2018-2023, there are 112 false alarms, with a prevalence in spring and summer. Compared
with dust days (Figure 4), there is an increase in the frequency of occurrence of false alarms
during the autumn (Figure 5). With regard to missed alarms, with 41 days in total for
the whole six-year period, Figure 6 shows significant variability from year to year, with a
prevalence of missed alarms in the cold season, and a very low frequency of occurrence
in spring.

Thanks to the use of observed data from background stations, the adopted dust days
identification method is not affected by the problem of false alarms, which would be
relevant if the identification was based only on model estimates. However, to further
reduce missed alarms, the method could be improved by adopting more than one model,
i.e., not only the CHIMERE model, but also, e.g., the ensemble of CAMS, MONARCH, or
SKYRON models.
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Figure 4. Seasonal frequency of dust days: for the whole period from 2018-2023 for each year.
Percentage values are normalized to the respective total number of dust days in the whole period
and for each year, reported on the right of each respective diagram.
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Figure 5. Seasonal frequency of false alarms: for the whole period from 2018-2023 for each year, the
number of false alarms is reported. Percentage values are normalized to the respective total number
of dust days in the whole period and for each year, reported on the right of each respective diagram.
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Figure 6. Seasonal frequency of missed alarms: for the whole period from 2018-2023 for each year, the
number of missed alarms is reported. Percentage values are normalized to the respective total number of
dust days in the whole period and for each year, reported on the right of each respective diagram.
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PCT classes

3.2. Relation with Weather Types PCT09

The frequency of the weather types from the PCT09 classification (Figure 2, Table 1)
was computed for dust days, and false and missed alarms over the six-year period from
2018-2023, and the results are shown in Figure 7. The percentage values were normalized
to the total number of days for each group, respectively, the whole period (2191 days), the
dust days (263 days), the false alarms (112 days), and the missed alarms (41 days).

DUST DAY

i — 1 7
e —
e 131,
ki
E—

i

16%:
1%

ks
—— S,

13%
e t— 0

0% L% 10% 15% 20% 25%

duct daye (263 dayd)  Wleeriod 18-23 (2191 day)

@ o=d Bm LD

PLCT chasses
Li

= fd b s

FALSE ALARMS MISSED ALARMS

T ——— 17 8 ='i"" R
et 1 1%, 1 1
7 L I 43 T 7 h 131%
6 — B 6 —
S — Y, T — 107
s i E 4 — 1%
e 1 3 i e
Z e 7 ———
| b— 10 | —

% i) 1054 15% 2 23 0% 5% 100 156% 20% 25% 30
Efalse alarms (112 days] Mperind 1823 (2191 daws) Bmissed alarms (41 days) lpencd 18-F3 (2397 days)

Figure 7. Frequency of PCT classes in the six-year period from 2018-2023 (blue) in the dust days (red),
in the false alarms (grey), and in the missed alarms (orange), over the entire period. The percentage
is normalized to the total number of days of each group, respectively.

Considering the whole dataset for the six years, almost all classes of weather types,
with the exception of CT6 (high pressure over central-southern Italy, low pressure over
Alpes with westerly zonal flow) and CT1 (high pressure over central-northern Italy, weak
low over Ionian Sea with easterly flow), show a similar frequency of occurrence, with values
ranging between 10% and 13%. Considering the dust days group, the most prevalent class is
CT8 (high pressure with light southerly flow). With regard to false alarms, the most frequent
classes are CT7 (orographic low pressure over northern Italy, with strong westerly or north-
westerly flow) and CT4 (orographic low pressure over Ligurian or northern Tyrrhenian
Sea with strong southerly flow), while for missed alarms, the CT3 (high pressure with
maximum values over northern—eastern Italy with no pressure flow) class is the most
frequent (Figure 7).
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The greater recurring classes during dust days and missed alarms, CT8 and CT3,
respectively, are related to anticyclonic circulations, that typically favor dust deposition.
Regarding the false alarms, there is a high incidence of CT7 and CT4. From the point of
view of the respective atmospheric circulation pattern, CT7 corresponds to a flux from
west-northwest, favoring the entrance of Atlantic air masses, while CT4 corresponds to
a southerly flux, favoring dust transport from North Africa. Differently from markedly
anticyclonic configurations, both of these flux patterns are more compliant with dust
transport without deposition. Each episode of dust intrusion is made up of more than
one day. These correspond to the phase when relevant amounts of particulate matter are
extracted from the high-altitude plume and reach the lowest levels of the atmospheric
boundary layer, where they settle on the surface in a specific target area. This phase, on
a given target area, is sometimes preceded and/or followed by a phase of high-altitude
transport without dust deposition that, in our approach, are identified as false alarm days
immediately adjacent in time to dust days. Hence, it is plausible that in our analysis
focused on the Central Mediterranean area, such false alarms are mainly correlated with
southerly or westerly fluxes. A southerly flux (as in CT4) can be responsible for desert
dust transport coming from the Saharan source area and heading directly to the Central
Mediterranean area. This represents the “direct” and more frequent configuration for
Saharan dust intrusion over Italy. A westerly flux (as in CT7) can be responsible for
“indirect” transport over the Mediterranean Sea of a Saharan dust plume, previously
injected over the Atlantic Ocean by the strong easterly atmospheric fluxes frequently
occurring from the Sahara through to the west African coasts.

Additionally, the frequency of the PCT classes was calculated on a seasonal basis, and
the percentage was normalized to the total number of days, for each season. For example,
during the summer, the frequency of the PCT classes for the total days was normalized to
552 days; for dust days, to 105 days; for false alarms, to 24 days; and for missed alarms, to
17 days (Table 4).

Table 4. Number of days and prevalent PCT class for the total days in 2018-2023, the dust days, the
missed alarms, and false alarms, in each season and in the whole period.

Period 2018-2023 Winter Spring Summer Autumn
PCT Days PCT Days PCT Days PCT Days PCT Days
Total days 2,3,4,5,7,8,9 2191 1,9 541 7,8,5 546 2,5 552 3,4 552
Dust days 8 263 3 27 8,4,5 99 8 105 3,8 32
False alarms 7,4 112 7,4,3 17 , 4 46 2 24 3,9 25
Missed alarms 3 41 3 13 3 3 1,3,9 17 3,8,2 8

The frequency of the PCT classes during the six-year period shows a typical seasonal
variation: during the winter, the most frequent classes are CT1 (high pressure over central—-
northern Italy, weak low over Ionian Sea with easterly flow) and CT9 (high pressure over
northern Italy, weak low over central-southern Italy with easterly flow); in spring, the CT7
(orographic low pressure over northern Italy, with strong westerly or north-westerly flow),
CT8 (high pressure with light southerly flow) and CT5 (high pressure with maximum values
over north-western Italy, weak low over Ionian Sea with no pressure flow); in summer,
the CT2 (orographic low pressure over Adriatic Sea with strong north-easterly flow) and
CT5 (high pressure with maximum values over north-western Italy, weak low over Ionian
Sea with no pressure flow); and in autumn, the CT3 (high pressure with maximum values
over northern—eastern Italy with no pressure flow) and CT4 (orographic low pressure over
Ligurian or northern Tyrrhenian Sea with strong southerly flow) (Figure 8).
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Figure 8. Frequency of PCT classes in the six-year period from 2018-2023 (blue) and in the dust
days (red), on a seasonal basis. The percentage is normalized to the total number of days of each

group, respectively.

During dust days, CT3 and CT5 are more frequent in winter, CT8, CT4, and CT5 in
spring, CT5 and CT8 in summer, and CT3 and CT8 in autumn (Figure 8). In all seasons,
the anticyclonic classes conducive to deposition are more prevalent, with the exception of
CT4, which, as previously stated, is compatible with a southerly flow and, therefore, with
Saharan transport.

Regarding false alarms, the most frequent classes are CT7, CT4, and CT3 in winter, CT7
and CT4 in spring, CT2 in summer, and CT3 and CT9 in autumn. In the winter and autumn,
only class CT3 is anticyclonic; the others (CT7, CT4, CT2, and CT9) are characterized by
orographic flows from the west or northeast, which may be related to transport without
deposition. The most frequent class for missed alarms is CT3 in all seasons, with CT8 and
CT2 also recurring in autumn. The first two classes are anticyclonic and favor deposition,
while CT2 corresponds to a north-easterly flow.

The figures of the seasonality frequency of PCT classes for false and missed alarms are
reported in the Supplementary Materials (Figures S1 and S2), as well as the complete table
of the seasonality frequency of PCT classes (Table S1).

Even on a seasonal basis, there are notable differences between the frequency of
occurrence of PCT09 classes on dust days, and false and missed alarms. Class CT8 is a
reliable indicator of dust days during the spring and summer seasons. However, Class CT3
presents a challenge in terms of attributing its occurrence, in particular during the colder
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semester, where it is frequently associated with both dust days and false and missed alarms.
Conversely, during the warmer semester, it is predominantly linked to missed alarms.

Given that dust episodes typically persist for several days, it is not feasible to trace each
episode to a single PCT class. Each such episode corresponds to a sequence of PCT classes,
typically anticyclonic and conducive to deposition during dust days, compatible with
transport without deposition in preceding phases. It should be noted that the predominant
direction of the origin of the dust is south-southwest (“direct” case), but west-northwest
flows are also frequent (“non-direct” case).

3.3. Case Studies

The notable prevalence of “non-direct” desert episodes prompts an investigation
into particularly interesting cases related to the omega configuration. Indeed, the latter
represents a blocking condition, occurring with a higher frequency in February and March.
As a consequence of climate change, the frequency and duration are both increasing [42].

Here below, three cases studies from the set of dust episodes identified in the five six-
year 2018-2023 dataset are described as examples illustrating part of the dynamical variabil-
ity of the events. The first case study exemplifies a “direct” Saharan dust event, representing
one of the most prevalent configurations. The other two are “non-direct” Saharan dust
events, characterized by the omega structure. The case studies are schematically illustrated
by GFS reanalysis maps, MERRA-2 reanalysis, and NOAA Hysplit backward trajectories.

3.3.1. Case Study 1—Direct Saharan Dust Event—May 2020

As the first case, a direct Saharan dust event is considered that took place from 13 to
15 May 2020. During these days, a south-westerly flow drove the Saharan dust over the
Central Mediterranean area, crossing the Tyrrhenian Sea and impinging on the western side
regions of Italy. From the observed data in correspondence with the two selected sampling
stations, during the period of this case study, the main PM concentration peak occurred on
May 14th (CT4), with a local wind average direction observed from south-west (Figure 9).

o : Al

Figure 9. Satellite images composite from Terra MODIS Corrected Reflectance (true-color) imagery
for 14 May 2020 (ref) [https:/ /worldview.earthdata.nasa.gov, accessed on 20 October 2024].

The synoptic situation leading to this dust event is reported in Figure 10, showing the
baric configurations for a few antecedent days. It is characterized by the evolution of a
structured low-pressure system over the eastern Atlantic, extending through the western
Iberian Peninsula, and by the further presence of a high-pressure area over the central-
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eastern Mediterranean Sea. In accordance with this pressure field pattern, a strong westerly
flow can be diagnosed over the central Mediterranean Sea, as from the 500 hPa geopotential
field (color shading) shown in Figure 10. This flow condition is particularly evident in
the bottom left and right panels, valid for 12 UTC of 13th and 14th May, respectively. The
lifting of Saharan desert dust in this event can be traced to the development of a secondary
local low-pressure system, between Morocco and Algeria, related to the main low-pressure
system and to intervening mid-tropospheric cold air infiltrations. Such a secondary low
can be recognized in the surface pressure pattern (white isolines) in the top-right and
bottom-left panels of Figure 10, valid for 12 UTC of 12th and 13th May, respectively.
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Figure 10. GFS reanalysis maps of 500 hPa geopotential (color shading) and surface pressure (white
isolines) fields, for 11, 12, 13, and 14 May 2020 at 12 UTC (maps from: https:/ /www.wetterzentrale.
de/en/reanalysis.php?model=cfsr, accessed on 27 November 2024).

The transport of the lifted Saharan desert dust by the strong south-westerly winds
from Algeria to the Central Mediterranean area can be seen in the left panel of Figure 11,
showing the dust mass content on the whole air column, estimated from the MERRA 2
dataset for 00 UTC of 14 May. The corresponding dust concentration at the surface level,
peaking in central Italy, can be seen in the right panel of Figure 11, estimated from the
MERRA 2 dataset for the same hour. The type of weather assigned to this day is PCT4,
which is generally associated with moderate—strong winds from the southwest. Looking at
Figure 10 (bottom right), however, we note that in this case, there was a weak baric gradient
with light winds favorable to the deposition of dust.
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Figure 11. MERRA 2 dust column mass (left) and dust surface mass (right) maps for 14 May 2020 at
00 UTC.

This dust transport dynamics reconstruction is confirmed by the back-trajectories
from the NOAA HYSPLIT model shown in Figure 12. These were generated by setting the
terminal location in correspondence with our study area in the Tuscany region at 15 UTC
of 14 May.
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Figure 12. NOAA HYSPLIT back-trajectories estimated for 14 May 2020 at 15 UTC. The lines represent
the trajectories of a particle starting at different altitudes (500, 1500, and 2000 m for the red, blue, and
green lines, respectively). The bottom panel shows the altitude of the particles over time.

3.3.2. Case Study 2—Non-Direct Saharan Dust Event—February 2019

This case is characterized by a strong high-pressure ridge centered on Italy, surrounded
at lower latitudes by two low-pressure centers conferring a characteristic omega-like shape
to its pressure pattern, as visible in the left panel of Figure 13, valid for 17 February 2019 at
12 UTC. In the right panel of Figure 13, a satellite composite from Terra MODIS Corrected
Reflectance (true-color) imagery is shown for 18 February 2019. A clear-sky area is present
with borders all along a wide arc running from western Europe, passing through central—-
northern European states, and reaching the Black Sea on the eastern side. The presence
of particulate matter can be identified on many portions of such an arc, especially over



Air 2024, 2

458

northern Europe, Italy, and the northern Adriatic Sea. Accordingly, measurements from the
observing stations of the Tuscany region utilized in this study give peak PM concentration
values on 18 February, continuing with gradually lower values on 19 February.
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Figure 13. Upper panel: 500 hPa geopotential and temperature fields from the 25 Km resolution
ECMWEF global model are shown for 12 UTC of 17 February 2019. Bottom panel: satellite images
composite from Terra MODIS Corrected Reflectance (true-color) imagery for 18 February 2019
(https:/ /worldview.earthdata.nasa.gov, accessed on 20 October 2024).
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The evolution of the meteorological conditions of this case is shown in Figure 14, with
four panels for 12 UTC of 15, 16, 17, and 18 February 2019. The high-pressure ridge over
the central Mediterranean Area persists in the area for several days, as also confirmed by
anticyclonic PCT classes (15, 16, 17, and 18 February 2019, CT3, CT1, CT5, CT8, respectively).
The low-pressure center on the left side of the omega-like pressure pattern contributes to
generating the flux of Saharan desert dust and to driving it towards the eastern Atlantic.
There sustained winds, corresponding to the relevant pressure gradient all along the arc
around the high-pressure center, drive such Saharan dust along a curved track across
Europe reaching the eastern region over the Black Sea, where part of it is then transported
to Italy by the action of north-westerly winds produced by the low-pressure center on the
right side of the omega-like pressure pattern.
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Figure 14. GFS reanalysis maps of 500 hPa geopotential (color shading) and surface pressure
(white isolines) fields, for 15, 16, 17, and 18 February 2019 at 12 UTC. (maps from: https://www.
wetterzentrale.de/en/reanalysis.php?model=cfsr, accessed on 27 November 2024).

The long journey of the Saharan dust matter, circling up to the high latitudes of the
Scandinavian peninsula, then down to the lower latitudes of the Black Sea and finally to
Italy from the east, is well illustrated by the plots of Figure 15, showing the total column
dust matter and the corresponding surface deposition, from the MERRA archive for 18
February 2019, the day of the maximal measured PM concentration in Tuscany.
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Figure 15. MERRA 2 dust column mass (left) and dust surface mass (right) maps for 18 February 2019.

The computed NOAA HYSPLIT back-trajectories of Figure 16 give further confir-
mation of these dynamics, showing the last portion of the long track of an atmospheric
tracer arriving in Tuscany at about 14 UTC on 18 February 2019 (CT8). The shown back-
trajectories provide evidence that, after having been brought to the east of Europe, the
dust is carried back towards Italy by easterly winds, evidencing the non-direct type of this
Saharan dust episode. Moreover, a further detail emerges regarding the very last part of
the track: due to a very local circulation pattern, linked to the presence of the high-pressure
center and its interaction with the local orography, the dust matter is brought to Tuscany
by south-westerly winds, after a clockwise turn of the flux in the very proximity of central
Italy, south of Tuscany.
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Figure 16. NOAA HYSPLIT back-trajectories estimated for 18 February 2019, at 00 UTC. The lines
represent the trajectories of a particle starting at different altitudes (500, 1000, 2000 m for the red, blue,
and green lines, respectively). The bottom panel shows the altitude of the particles over time.
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3.3.3. Case Study 3—Non-Direct Saharan Dust Event—February 2021

This case consists of a non-direct Saharan dust episode, because it can be characterized
by a northerly provenience on the Italian peninsula of the Saharan particulate matter,
with deposition on the Tuscany Region beginning on 23 February 2021, reaching peak PM
concentration values on 24 February and continuing with a gradual decrease to 27 February.
It must be pointed out that, during the month of February 2021, several strong wind events
took place in the Saharan region that lifted into the atmosphere huge amounts of dust [37],
subsequently spread by the winds to wide portions of the Atlantic Ocean and western
Europe. Record peak values of measured PM concentration were recorded not only in the
nearby Canary Islands, but also in the Iberian Peninsula and in France [37]. The event
considered here corresponds to the terminal part of the sequence that took place in February
2021 and is the one with the highest impact on the Tuscany region.

The meteorological conditions during the days of maximal dust deposition are shown
in Figure 17. In the left panel the 500 hPa geopotential and temperature fields from
the 25 Km resolution ECMWF global model are shown for 00 UTC of 23 February 2023,
evidencing a typical omega-like pressure pattern, with a deeply northward-extending
pressure ridge centered on Italy and Balkan area, surrounded by two low-pressure systems
in its westward and eastward flanks. This kind of configuration produces a sustained and
persistent northward flux on its westward flank, frequently inducing a relevant transport
of Saharan dust on western and central Europe and, especially, on Italy. In the right panel
of Figure 17, a satellite images composite from Terra MODIS Corrected Reflectance (true-
color) imagery is shown for the subsequent day (24 February). The presence of the dust is
evident over most of western and central Europe and the Mediterranean basin, in rough
coincidence with the high-pressure ridge, that appears in turn surrounded by thick frontal
clouds systems.

The dynamics conducting to such a configuration are shown in Figure 18. On the
westward side of the high-pressure ridge, a deep trough, driven by a relevant low-pressure
system in the northern Atlantic, penetrates down across the Iberian Peninsula to Morocco
(top-left panel of Figure 18, valid for 21 February at 12 UTC), determining a cut-off low
(top-right panel of Figure 18, valid for 22 at 06 UTC) then moving South in central Algeria,
that constitutes the westward flank of the omega-like pattern and contributing to a further
lifting of Saharan dust during its southward evolution (bottom panels of Figure 18, valid
for 23 and 24 February both at 12 UTC)

The circulation induced by the trough over the Atlantic, West of Iberian Peninsula,
in combination with the high-pressure ridge over Mediterranean Sea centered right over
central-northern Italy, drives a large amount of desert dust along a track covering Spain,
then France, and then Italy, as evidenced in the left panel of Figure 19. In this condition, a
relevant dust deposition can be seen all along the track, bringing the Saharan desert dust
onto most of the Italian peninsula with a local northeasterly provenience. Such a track is
evidenced by the surface dust pattern shown in the right panel of Figure 19, and confirmed
by the back-trajectories reported in Figure 20. In particular, Figure 20 shows that all three
trajectories reach the target area with a north-eastern origin, even if the green and red lines
show that part of northern Italy is affected by a direct injection of dust. On the other hand,
PCT3 on the days before February 24 and on the day of maximum dust deposition confirm
a high-pressure circulation favorable for dust deposition with a weak eastern circulation.
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Figure 17. Upper panel: 500 hPa geopotential and temperature fields from the 25 Km resolution
ECMWEF global model are shown for 00 UTC of 23 February 2021. Bottom panel: satellite images
composite from Terra MODIS Corrected Reflectance (true-color) imagery for 24 February 2021
(https:/ /worldview.earthdata.nasa.gov, accessed on 20 October 2024).
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Figure 18. GFS reanalysis maps of 500 hPa geopotential (color shading) and surface pressure
(white isolines) fields, for 21 February 2021 at 12 UTC, 22 February 2021 at 06 UTC, and 23 and 24
February 2021 at 12 UTC. (maps from: https:/ /www.wetterzentrale.de/en/reanalysis.php?model=
cfsr, accessed on 27 November 2024).
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Figure 19. MERRA 2 dust column mass (left) and dust surface mass (right) maps for 24 February
2021, at 00 UTC.
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Figure 20. NOAA HYSPLIT back-trajectories estimated for 24 February 2021, at 13 UTC. The lines
represent the trajectories of a particle starting at different altitudes (100, 500, and 1500 m for the red,
blue, and green lines, respectively). The bottom panel shows the altitude of the particles over time.

4. Conclusions

The meteorological configurations that determine the occurrence of desert intrusions
over the MB, and in particular Italy, can vary considerably, both in terms of the source
areas and the trajectories that the mineral dust takes. Focusing on Saharan dust, which is
the most prevalent in the study area, the meteorological patterns that favor the transport
can be distinguished by south and southwest flows (“direct” case) or by longer trajectories
from different directions (west and northwest, “non-direct” case). Consequently, the identi-
fication of desert episodes can be challenging, as the data obtained from local variables,
such as wind and atmospheric pressure, may be inadequate to describe the meteorological
dynamics that have developed over several days across a vast area, including the MB and
source areas.

This work proposed an approach for the analysis of a multi-year dataset of desert
episodes affecting central Italy, in order to highlight their frequency of occurrence on a
seasonal basis, and their interannual variability. Additionally, a first attempt at a meteoro-
logical classification of desert intrusions was presented, using the PCT09 classification.

The method for identifying desert episodes adopted, based on a hybrid approach
which exploits both the numerical forecast model data and the PM;o observed data, was also
evaluated on the basis of false and missed alarms. In particular, false alarms, which in 70 per
cent of cases occur in the days before or after dust days, can, therefore, provide information
in relation to the transport phase without dust deposition, increasing knowledge of the
various phases of desert intrusions.

The analysis of the dataset of desert episodes showed that dust days occur more
frequently in spring and summer, in correspondence with anticyclonic conditions associated
with a low baric gradient and weak winds (prevailing class CT8). Conversely, the days
classified as false alarms are mainly related to classes characterized by winds from the
south, west, and from north-west, compatible with transport conditions without dust



Air 2024, 2

465

deposition (classes CT4 and CT7, respectively). Such circulation patterns mainly occur
during the warm semester, but also in winter, albeit with less recurrence.

This significant frequency of ‘non-direct” desert episodes has prompted the study of
some particularly interesting cases related to the omega configuration. In fact, the latter
represents a blocking condition, more frequent in February and March, which is increasing
in frequency and duration as a result of climate change. Of the three case studies described
in detail, the first represents the more recurrent ‘direct’ configuration, while the other two
‘non-direct’ cases concern this specific configuration, in February 2019 and 2021.

As for missed alerts, these account for about 10 per cent of the desert episodes, and are
characterized by anticyclonic conditions, particularly with a high frequency of occurrence
of class CT3. Looking ahead, more than one forecasting model should be used to reduce
the number of missed alerts, to improve the method of selecting dust days.

Regarding the classification of the meteorological conditions favorable to desert in-
trusions, the application of the PCT09 classification, while revealing interesting results,
is nevertheless a limited approach. In fact, this classification was not created specifically
with the aim of identifying the circulations that favor dust deposition, but is limited to
providing information on the day itself, without taking into account the processes that
occurred on previous days at a large scale. Moreover, the domain used for the PCT09
classification includes the entire Italian territory, but does not extend to the MB and source
areas. Therefore, in order to analyze the entire process that determines desert intrusions,
it would be necessary to develop a specific classification that takes into account both a
broader domain comprising the source areas and the patterns that develop in the days
preceding dust deposition.

On the other hand, a specific classification of the various types of meteorological
structures conducive to desert intrusions, applied to a multi-year dataset, can help not only
to better understand the phenomenon in all its aspects, but also to understand variations in
the frequency and intensity of episodes occuring in relation to particular patterns.

In the context of ongoing climate change, the implementation of appropriate classi-
fication schemes of circulation types could indeed highlight how these changes impact
the dynamics of desert dust intrusions. In relation to this, the CORDEX [43] could offer a
basic framework.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/air2040026/s1, Figure S1: Seasonality frequency of PCT
classes for false alarms; Figure S2: Seasonality frequency of PCT classes for missed alarms; Table S1:
Table of seasonality frequency of PCT classes for dust days, false and missed alarms.
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