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HIGHLIGHTS

e African dust events degrade air quality
in SW Europe.

e A new method for estimating the prob-
ability of dust events occurrence is
proposed.

e Thermodynamic atmospheric variables
were used as assessing parameters.

e Future estimations and past events can
be assessed with this methodology.

e The methodology could be replicated
elsewhere with adequate assessing
parameters.
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ABSTRACT

Desert dust is currently recognized as a health risk factor. Therefore, the World Health Organization (WHO) is
actively promoting the establishment of early warning systems for sand and dust storms. This study introduces a
methodology to estimate the probability of African dust outbreaks occurring in eight different regions of the
Iberian Peninsula and the Balearic Islands. In each region, a multilinear regression model was developed to
calculate daily probabilities of dust events using three thermodynamic variables (geopotential thickness in the
1000-500 hPa layer, mean potential temperature between 925 and 700 hPa, and temperature anomalies at 850
hPa) as assessment parameters. All days with African dust transport over each study region were identified in the
period 2001-2021 using a proven procedure. This information was then utilized to establish a functional rela-
tionship between the values of the thermodynamic parameters and the probability of African dust outbreaks
occurring. The validation of this methodology involved comparing the daily probabilities of dust events
generated by the models in 2001-2021 with the daily African dust contributions to PM; regional background
levels in each region. On average, daily dust contributions increased proportionally with the increase in daily
probabilities, reaching zero for days with low probabilities. Furthermore, a well-defined seasonal evolution of
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probability values was observed in all regions, with the highest values in the summer months and the lowest in
the winter period, ensuring the physical relevance of the models’ results. Finally, upward trends were observed in
all regions for the three thermodynamic parameters over 1940-2021. Thus, the probability of dust events
development also increased in this period. It demonstrates that the aggravation of warm conditions in southern
Europe in the last decades, have modified the frequency of North-African dust outbreaks over the western

Mediterranean basin.

1. Introduction

Particulate matter (PM) emitted from arid and semi-arid surfaces,
predominantly composed of mineral matter, is commonly referred to as
desert dust. Annual emissions of desert dust into the troposphere range
between 1.2 and 1.8 billion tonnes (Textor et al., 2006; Huneeus et al.,
2011; Ginoux et al., 2012; Kok et al., 2017). Consequently, desert dust
emerges as a significant contributor to the global aerosol burden (Textor
et al., 2006).

The Sahara desert and the Sahel region in northern Africa are the
most active global dust sources, emitting between 790 and 840 million
tonnes annually. Other notable source regions include the Gobi and
Taklamakan deserts in East Asia, the Sistan Basin and other regions of
the Middle East, central Asia (Karakum desert), central Australia (Lake
Eyre Basin), South America (Atacama and Patagonian deserts), South
Africa, and the southern USA and northern Mexico (Prospero et al.,
2002; Washington et al., 2003; Huneeus et al., 2011; Ginoux et al., 2010,
2012; Varga, 2012; Orlovsky et al., 2005; Alizadeh Choobari et al.,
2013).

Key natural dust-emitting regions include topographic depressions
with accumulated alluvium, dry lakes with unconsolidated fine-grained
sediments, ephemeral streams-rivers, and inland basins known as playa-
lakes (Prospero et al., 2002; Ginoux et al., 2012). Hooper and Marx
(2018) estimated that globally dust emissions increased by a factor of
2.1 times after the Industrial Revolution. This change was associated
with human activities such as the conversion of wildlands to agricultural
landscapes and overgrazing, leading to the desiccation of lakes and
ephemeral lakes worldwide, resulting in increased dust emissions (Gill,
1996; Stout, 2001; Orlove, 2005; Neff et al., 2008; Cook et al., 2009; Ma
et al., 2010; Lee et al., 2012; Zucca et al., 2021, among others). The
contribution of dust emissions from anthropogenic sources remains
uncertain, with estimates ranging from 10 % to 50 % of the total (Tegen
et al., 1996, 2004; Sokolik and Toon, 1996). This contribution is ex-
pected to rise in the future due to increasing human impact on land use
and climate variability.

Dust source regions remain active throughout the year, with emis-
sion rates peaking in different periods depending on the region, such as
spring and summer in northern Africa, summer and autumn in the
Middle East, central Asia and Australia, autumn-winter in South Amer-
ica, summer in North and South America and southern Africa, and
autumn in eastern Asia (Querol et al., 2019a).

The development of massive dust resuspension convective processes
in source regions, coupled with the formation of nocturnal thermal in-
versions on their surface, results in the creation of dust layers at various
altitudes, making them subject to long-range transport. Desert dust is
then transported by prevailing synoptic air mass circulations and
distributed across the planet. Major transport routes include movements
from the Sahara and Sahel towards the Caribbean, South America, and
Southern USA; from the Sahara to the Mediterranean basin; from the
Gobi and Taklamakan deserts towards the Pacific Ocean; from southern
USA towards Mexico and eastern USA; from South Africa towards the
Atlantic Ocean; from South America to the southern Atlantic Ocean;
from the Middle East towards central and southern Asia; from central
Australia to different regions around; from Iceland towards Europe; and
from Ukraine towards central Europe, among others (Griffin, 2007;
Querol et al., 2019a and references therein).

Goudie and Middleton (2001) summarized some of the most

significant environmental consequences of desert dust deposition on
terrestrial and oceanic ecosystems. Dust additions play a crucial role in
delivering nutrients and sediments to the oceans, especially in the North
Atlantic Ocean. Additionally, they may enhance plankton productivity
due to the iron content typically present in dust. On the flip side, dust
can cause Caribbean-wide epidemics, diminishing coral reef vitality due
to disease-spreading spores transported by African dust. A large amount
of dust from the Sahara desert also reaches the Amazon Basin. It is
loaded with phosphorus (an estimated 22,000 tons per year). This is an
essential nutrient for plant proteins and growth, which the Amazon rain
forest depends strongly on in order to flourish (Yu et al., 2015). Desert
dust inputs to land surfaces also impact soil formation, and once in the
atmosphere, they significantly influence the climate system (Alizadeh
Choobari et al., 2014). Mineral dust directly affects the climate by
scattering and absorbing solar and infrared radiation, semi-directly by
altering atmospheric cloud cover through the evaporation of cloud
droplets, and indirectly by acting as cloud and ice condensation nuclei,
thereby altering the optical properties of clouds and potentially affecting
precipitation formation (Miller and Tegen, 1998; Ackerman et al., 2000;
Koren et al., 2004; Su et al., 2008, Rosenfeld and Woodley, 2000;
Andreae et al., 2004).

Characterizing the environmental impact of desert dust can be highly
complex, as illustrated by its influence on the Earth’s radiative balance,
which modifies certain atmospheric dynamics processes. This can have
important implications on air quality near the surface. For instance,
direct radiative forcing by desert dust plumes cools the air layers close to
the surface while warming the air aloft them (Alizadeh Choobari et al.,
2012). This alteration of the vertical temperature profile increases at-
mospheric stability within the lower troposphere. Consequently, a
reduction in the mixing layer height has been detected in some Spanish
cities during African dust outbreaks (ADO), compared to days without
the influence of desert dust (Pandolfi et al., 2014; Salvador et al., 2019).
The arrival of African dust layers not only increased the concentration of
PM;( due to the contribution of desert dust but also elevated gaseous
pollutants (NOy and CO) and fine and ultrafine particles due to accu-
mulated emissions from local anthropogenic sources in the reduced
mixing layer.

In this context, the development of desert dust outbreaks signifi-
cantly impacts air quality, particularly concerning coarse PM, over large
receptor areas. Goudie (2014) reported maximum desert dust levels of
150-2500, 134-3006, 266-15,366, 312-5000, 123-65,112, and
700-5619 pg/m> of PMi, during dust events over southern Europe,
eastern Asia, Australia, western Africa, North America, and the Middle
East, respectively. African dust is currently assumed to be the largest
PM; source in regional background sites of the Mediterranean basin
(Pey et al., 2013; Querol et al., 1998, 2004, 2009, 2019b; Rodriguez
et al., 2001; among others). Dust transport towards western Mediter-
ranean regions is caused by low-pressure systems over the Atlantic or
North Africa, high pressures over the Mediterranean, or high pressures
at upper levels over northwestern Africa, mainly in summer (Querol
et al., 2009; Salvador et al., 2014, among others). ADO over the eastern
Mediterranean generally originates in the spring-early summer and
autumn periods due to thermal lows moving eastwards throughout the
Mediterranean (Moulin et al., 1998; Kubilay et al., 2000) or the com-
bination of low pressures over North Africa with high pressures over the
Middle East (Kallos et al., 2006). Pey et al. (2013) estimated that ADO
frequency was higher in the eastern (31 % days of the year on average)
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than the western (23 %) side of the basin for the period 2001-2011. The
eastern region is also affected by dust storms originating in the Negev
and Middle East deserts (Basart et al., 2009). For this reason, the mean
African dust inputs to PM;(, were approximately two-fold higher in the
eastern locations of the Mediterranean (5.0 pg/m3) compared to the
western side (2.6 pg/m®) during the period 2001-2011 (Pey et al.,
2013). Thus, the phenomenology of ADO varies considerably across the
Mediterranean basin concerning synoptic meteorological mechanisms,
transported dust quantity, and seasonal frequency throughout the year.

Numerous studies have highlighted that ADO triggers exceedances of
the PM; daily limit value for health protection (set at 50 pg/m3 in EU
Directive 2008/50/EC on ambient air quality and a cleaner atmosphere
in Europe) at air quality monitoring stations in Southern European
countries (Achilleos et al., 2014; Aleksandropoulou and Lazaridis, 2013;
Barnaba et al., 2017, 2022; Escudero et al., 2007a; Pey et al., 2013;
Querol et al., 1998, 2004, 2009, 2019b; Salvador et al., 2013; among
others).

Moreover, other studies have reported increases in mortality and
morbidity indices due to PM;( exposure during ADO in these countries
(Pérez et al., 2008, 2012; Stafoggia and the MED-PARTICLES Study
Group, 2016; Diaz et al., 2017, among others). Tobias et al. (2019a, b)
conducted a systematic review on the health effects of desert dust and
sand storms based on 93 worldwide studies. The results indicated an
overall impact of desert dust on cardiovascular mortality and respiratory
morbidity, although the evidence was inconsistent when considering PM
sources in different geographical areas. Recognizing the significant
health risk posed by sand and dust storms, the WHO Air Quality
Guidelines have specifically addressed these phenomena in their latest
update (WHO Global Air Quality Guidelines. Particulate Matter (PM2.5 and
PM10), Ozone, Nitrogen Dioxide, Sulfur Dioxide and Carbon Monoxide,
2021).

The guidelines advocate for the establishment of early warning sys-
tems for sand and dust storms by relevant authorities. Such systems aim
to (i) inform exposed and vulnerable populations about behavioral
measures to minimize the risks of high dust exposure levels and (ii)
implement special policy and regulatory measures at the local and
regional levels to decrease anthropogenic air pollution emissions during
dust episodes (WHO Global Air Quality Guidelines. Particulate Matter
(PM2.5 and PM10), Ozone, Nitrogen Dioxide, Sulfur Dioxide and Carbon
Monoxide, 2021). Over the last decades, several numerical models, such
as NAAPS (U.S. Navy, Christensen, 1997), SKIRON (University of Ath-
ens, Kallos et al., 2006), or Monarch (Barcelona Dust Regional Center,
Pérez et al., 2011), among others, have been developed for forecasting
surface dust concentration. Although these models have significantly
improved their performance, current uncertainties in reproducing actual
dust surface concentrations in specific regions may still be substantial
(Querol et al., 2019a). Therefore, confirming the actual arrival of dust at
the surface or high altitude over a given region still requires the analysis
of surface PM concentration data and/or measurements with remote
sensing instruments such as LIDAR.

In this study, we have evaluated the connections between the dust
transport process towards specific areas of the Iberian Peninsula (IP) and
the Balearic Islands (BI) and the variability of certain thermodynamic
parameters over them. Some authors already used thermodynamic pa-
rameters to detect heat waves over areas of Europe. Sanchez-Benitez
et al. (2018) developed an algorithm to detect heatwaves events over
regions of western and central Europe, using temperature anomalies at
850 hPa (TANOM) for the climatological period 1981-2010. Sousa et al.
(2019) identified the development of summer heat waves produced by
Saharan air masses in areas of the IP, when the 1000-500 hPa layer
geopotential thickness (GT) and the mean 925-700 hPa layer potential
temperature (TPOT) exceeded 580 decameters and 40 °C, respectively.
Salvador et al. (2022) demonstrated that values of the thermodynamic
variables GT, TPOT and TANOM were significantly higher over the IP-BI
domain during the development of ADO compared to periods when such
events did not occur. This study confirmed that ADO happened in all
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regions of this domain along all the year and under values of GT and
TPOT lower than the threshold levels established by Sousa et al. (2019)
to detect summer heat waves. However, no specific threshold values
were defined for these variables whose exceedance was undoubtedly
related to the occurrence of an ADO, or at least to a certain probability of
occurrence of this phenomenon. Bearing this fact in mind, in this work
we have evaluated the possibility that the exceedance of ranges of
threshold values of GT, TPOT and TANOM over different regions of the
IP-BI domain, were associated with a given probability of occurrence of
ADO (PROB-ADO).

Bearing this fact in mind, in this work we have evaluated the pos-
sibility that the exceedance of ranges of threshold values of GT, TPOT
and TANOM over different regions of the IP-BI domain, were associated
with a given probability of occurrence of ADO (PROB-ADO). Moreover,
this evaluation has allowed us to develop a methodology for generating
multilinear models that provide estimations of PROB-ADO in each study
area based on daily values of the three thermodynamic parameters. This
approach aligns well with the WHO Air Quality Guidelines, specifically
the recommendation to create early warning systems to alert the pop-
ulation and encourage personal measures to minimize the short-term
health effects of sand and dust storms (WHO Global Air Quality Guide-
lines. Particulate Matter (PM2.5 and PM10), Ozone, Nitrogen Dioxide,
Sulfur Dioxide and Carbon Monoxide, 2021).

The occurrence and development of ADO are influenced by atmo-
spheric dynamic factors and desertification processes (Heffernan, 2016;
Hooper and Marx, 2018). These processes are notably sensitive to
changes in various climate components and forcings (IPCC, 2023).
However, recent studies present conflicting findings regarding the
impact of climate change on the frequency and intensity of ADO in re-
gions spanning the Caribbean Sea and the Mediterranean and Euro-
Atlantic sectors (Prospero and Lamb, 2003; Thomas and Nigam, 2018;
Sousa et al., 2019; Adame et al., 2022; Salvador et al., 2022; Cuevas-
Agullé et al., 2023).

With the aim of demonstrating the usefulness of this methodology in
detecting and evaluating variations in the development of ADO over a
long period of time, statistical methods were also applied to check the
occurrence of time trends of the PROB-ADO estimates in the period
1940-2021, over all regions of study.

2. Material and methods
2.1. Procedure for estimating daily PROB-ADO

The methodology applied in this study involves several stages
(Fig. 1), detailed below.

2.1.1. Stage I identification of ADO

Initially, it is imperative to identify, over the longest feasible time
frame, the dates on which ADO occurred across the 8 study areas in the
IP-BI domain (SE, SW, E, central, NE, N, and NW areas of the IP and the
BI, Fig. 2), leading to increased PM levels at the surface. This compila-
tion of events enables the evaluation of the potential relationship be-
tween assessing parameters and ADO development.

For this work, a robust procedure based on the daily interpretation of
various meteorological products was employed to identify all ADO ep-
isodes impacting PM; levels in the 8 sub-domains from 2001 to 2021.
This procedure is extensively described in Querol et al. (2013). Essen-
tially, a combination of tools was utilized, all obtained or calculated
from open-access repositories.

Firstly, daily air mass back-trajectories were computed with the
HYSPLIT trajectory model (Stein et al., 2015). Five days backward air
mass trajectories were run, ending at 12:00 UTC at three different arrival
heights (750 m, 1500 m and 2500 m above ground level) over each
region of study. They were interpreted together with synoptic meteo-
rological maps to account for the transport of air masses from Northern
Africa.
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Fig. 1. Flow chart showing the stages of the methodology used. ADO: African dust outbreaks; ADC: African dust contribution; PROB-ADO: probability of occurrence

of African dust outbreaks.

Subsequently, surface dust concentration maps generated by nu-
merical models such as SKIRON - University of Athens (Kallos et al.,
2006), DREAM/BSCDREAM8b and MONARCH - Barcelona Super-
computing Centre (Pérez et al., 2011) and NAAPs - Naval Research
Laboratory (Christensen, 1997) and satellite imagery from MODIS —
NASA (Justice et al., 2002) were analysed to detect the presence of dust
plumes over the regions of study.

Finally, time series of PMj levels from regional background moni-
toring sites (Barcarrota-SW, Viznar-SE, San Pablo-Central, Zarra-E,
Bellver-BI, O Savinao-NW, Valderejo-N, and Monagrega-NE, Fig. 2a)
were acquired to assess the actual impact of ADO on PM;( concentra-
tions (Querol et al., 2013).

2.1.2. Stage II: estimation of daily African dust contribution

Obtaining quantitative estimators of African dust contribution (ADC)
in terms of PM concentration transported on ADO days is crucial to
evaluate the intensity of ADO. Estimators of ADC can be derived from ad
hoc procedures, such as those proposed by Escudero et al. (2007b) or
Barnaba et al. (2022), or, when possible, from data on the crustal ma-
terial content in PM samples obtained from chemical analysis (Alastuey
et al., 2016).

In this study, datasets of daily mean PM;( levels from regional
background monitoring sites were utilized to quantify the net ADC
contribution for each ADO during the study period. The statistical pro-
cedure described in Escudero et al. (2007b) and Viana et al. (2010) was
applied. It involves calculating the 30-day moving 40th percentile for
regional background PM;, daily concentration time series. Previous
studies have shown that this percentile adequately reproduces regional
background levels over the IP-BI domain during periods with prevailing
atmospheric advective conditions, i.e., without external PM contribu-
tions (Escudero et al., 2007b; Querol et al., 2013). Therefore, it facili-
tates the calculation of daily net ADC when subtracted from the daily
mean PM;, regional background levels recorded in each study region
during ADO development. This method is one of the official recom-
mendations by the European Commission for evaluating ADO occur-
rence and quantifying ADC (Commission Staff Working Paper, 2011).

While PM;( measurements were available at a few regional back-
ground sites in Spain since 1995 (Querol et al., 1998), regular

monitoring across all its regions did not commence until 2001. Addi-
tionally, many numerical models for predicting dust concentration were
not fully developed before 2001. Consequently, the systematic identi-
fication of ADO in Spanish regions and the quantification of the asso-
ciated ADC began in 2001. ADO catalogs, identified through the
recognition procedure described in Section 2.1.1. and time series of ADC
estimated using this statistical method have been widely utilized for
scientific research purposes (Querol et al., 2009, 2019b; Pey et al., 2013;
Salvador et al., 2013, 2014, 2019, 2022).

2.1.3. Stage III: selection of assessing parameters
Three thermodynamic parameters were chosen as assessing
parameters:

1) GT: Geopotential thickness in the 1000-500 hPa layer measures the
vertical distance in meters from the 1000 to the 500 hPa level. It
indicates the warmth or coldness of this tropospheric layer. High
values denote warm air, while low values signify cold air. GT in-
creases due to warm air advection or diabatic warming (Galvin,
2016).

2) TPOT: This parameter represents the mean potential temperature
between 925 and 700 hPa. The potential temperature of an air parcel
is the temperature it would have if brought adiabatically to a stan-
dard pressure (usually 1000 mb). It is a conserved quantity for an air
parcel in adiabatic motion, and under normal, stably stratified con-
ditions, the potential temperature increases with height.

TANOM: This involves temperature anomalies at 850 hPa for the

climatological period 1981-2010. A temperature anomaly is the

difference from an average or baseline temperature, usually

computed by averaging 30 or more years of temperature data. A

positive anomaly indicates a temperature warmer than the baseline,

while a negative anomaly indicates a cooler temperature.

3

—

High values of GT, TPOT, and TANOM denote warm, stable, low-
density, and very dry air masses (Sousa et al., 2019) with the potential
to be warmed by downward advection processes (Wallace and Hobbs,
2006).

As an illustrative example, Figs. 3a-f display maps of daily GT, TPOT,
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Fig. 2. Geographical location of the regional background air quality monitoring stations used for estimating the daily African dust contribution registered during
African dust outbreaks (a) and of the grid points with data available in the meteorological fields for calculating thermodynamic parameters over the 8 sub-domains in

the Iberian Peninsula (IP) and the Balearic Islands (BI) (b).

and TANOM values during two intense ADO affecting the IP-BI domain
in different periods of the year. The first case (11-aug-2021) typifies a
summer event with the advection of African air masses caused by a high-
pressure system over northern Africa and the western Mediterranean
basin (Fig. 3g). The African air masses entered the IP from the SE sector,
traversed the BI, and moved over the IP in a diagonal path towards the
north (Fig. 3j). Gradual increases in GT, TPOT, and TANOM values from
SE-IP to NW-IP regions are evident in the maps (Figs. 3a-c). ADC levels
decreased from the SE-IP, E-IP, and Central-IP regions (36-53 jig/m°>) to
the SW-IP and NE-IP (33-34 pg/m°>), the BI (26 pg/m®), and the N-IP
regions (8 pg/m>). The African dust plume did not reach the NW-IP
region, where the lowest values of GT, TPOT, and TANOM were
registered.

The second episode occurred in spring (31-mar-2021). During this
period, the advection of African air masses towards the IP typically
follows an Atlantic pathway, transporting dust from the Sahel region

(Querol et al., 2004). This event resulted from the combined action of a
low-pressure system to the SW of the IP and a high-pressure system
extending over northern Africa, the Mediterranean basin, and central
Europe (Fig. 3h). In this case, African air masses first affected regions in
the western half of the IP (Fig. 3j), where GT, TPOT, and TANOM values
were higher than in areas of the Eastern half and the BI (Figs. 3d-f). The
highest value of ADC was recorded in the NW-IP region (108 pg/m>),
followed by the N-IP, Central-IP, SE-IP, and SW-IP regions (21-43 pg/
m®). In this instance, the BI was not affected by the dust episode. In all
regions reached by dust during both events, the daily mean values of GT,
TPOT, and TANOM far exceeded the mean values for August and March,
respectively, in the period 2001-2021.

Finally, fields of hourly temperature and geopotential reanalysis data
at several pressure levels were obtained from the “ERAS5 hourly data on
pressure levels from 1940 to present” dataset (Hersbach et al., 2023) to
calculate GT, TPOT, and TANOM values. These data fields, downloaded
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Fig. 3. Maps of daily mean values of thermodynamic parameters during the development of intense ADO over regions of the Iberian Peninsula and Balearic Islands

on 11-August-2021 (a-c) and 31-March-2021 (d-f), of geopotential height in the 850 hPa level at 12 UTC (g-h) and of surface dust concentration over Europe provided
by the NAAPS Global Aerosol Model (developed from Christensen, 1997) for both days (i-j).
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from the Copernicus Climate Change Service (C3S) (2023) for the period
1940-2021, were distributed in each field in a 0.25° latitude x 0.25°
longitude grid for each of the selected sub-domains of the IP-BI region
(Fig. 2b). Subsequently, we calculated, for each day of the period
1940-2021 and for each region, the daily mean values of GT, TPOT, and
TANOM.

2.1.4. Stage IV: establishing a functional relationship between assessing
parameters and ADO

After selecting the assessing parameters, it is essential to analyze the
functional relationship between their variability and the occurrence of
ADO. In this study, the thermodynamic characteristics of the air masses
in the study areas are explored to identify the arrival of African dust.
Essentially, we aim to determine if the frequency of ADO in each area
from 2001 to 2021 increased with rising values of GT, TPOT, and
TANOM.

2.1.5. Stage V: calculating PROB-ADO when exceeding threshold values of
assessing parameters

Building on the previous stages, the hypothesis that exceeding
certain threshold values of assessing parameters correlates with specific
PROB-ADO in each study area is evaluated. The list of ADO identified
from 2001 to 2021 is utilized to calculate the number of occurrences in a
region when GT, TPOT, and TANOM values surpass certain levels. The
resulting PROB-ADO is computed as the ratio of positive cases (ADO
episodic days with exceeded threshold values) to possible cases (all days
with exceeded threshold values from 2001 to 2021). Percentiles of the
time series of daily mean values of GT, TPOT, and TANOM are employed
as threshold values. This study assumes the validity of these assessing
parameters when there is a gradual increase in PROB-ADO as threshold
values increase.

2.1.6. Stage VI: assigning PROB-ADO to all days

With threshold values for all possible PROB-ADO between 0 and 100
%, estimated PROB-ADO is assigned to each day of the study period
based on associated daily mean values of GT, TPOT, and TANOM. For
instance, if all three data points for a specific day exceed the 60 %
probability threshold but not the 61 %, that day is assigned a PROB-ADO
of 60 %.

2.1.7. Stage VII: creating a statistical prediction model for daily PROB-
ADO

After estimating PROB-ADO for all days in all zones, the multiple
linear regression procedure is employed to develop a statistical predic-
tion model in each region. In this model, the independent variables are
the assessment parameters (GT, TPOT, TANOM), and the dependent
variable is PROB-ADO.

PROB —ADO = al ¢ TPOT + a2 e TANOM + a3 e GT + a4 (@D)]

Once coefficients al, a2, a3, and a4 are obtained, and the model’s
validity is confirmed through residual analysis, checking homoscedas-
ticity, normality, and linear independence (Neter et al., 1990), PROB-
ADO for a specific day can be estimated from the GT, TPOT, and
TANOM data for that day using Eq. (1).

2.1.8. Stage VIII: verifying the physical meaning of model estimations

To validate PROB-ADO values predicted by the model from 2001 to
2021, the time series of daily ADC in each study area is used. If, as ex-
pected, many days with low to moderate PROB-ADO have no ADO
occurrence (ADC is nil), the average ADC for those days should be lower
than for days with higher PROB-ADO. Thus, if the daily average ADC
increases regularly with increasing PROB-ADO levels, it serves as an
indicator of the model’s validity.

All statistical calculations were performed using the STATGRAPHICS
Centurion XVII program (Statgraphics Technologies, Inc.).
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2.2. Trend analysis

Finally, a trend analysis assesses the temporal evolution of thermo-
dynamic parameters and PROB-ADO from 1940 to 2021. “openair” data
analysis tools (Carslaw and Ropkins, 2012) and the Theil-Sen method
(Hirsch et al., 1982) are employed. This statistical procedure, expressing
trend magnitude as a positive or negative slope indicating increase or
decrease of the magnitude in units per year, is applied to time series of
numerical values (Carslaw, 2005; Karanasiou et al., 2014; Querol et al.,
2014; Salvador et al., 2015, 2022). Bootstraping techniques determine if
trend estimates are statistically significant for a given confidence level.
Time series of daily mean values of GT, TPOT, and TANOM and of daily
PROB-ADO data, estimated from the multilinear model, provide trend
estimates in meters, °C and percentage per year for each study region,
respectively. Smoothed trend plots were also generated with “openair”.
They allow evaluating the time series evolution (Carslaw and Ropkins,
2012).

3. Results and discussion

3.1. Identification of ADO and estimation of daily ADC in the IP and BI
domain

The identification procedure (Stage I) results, detailed in supple-
mentary Tables A1-A2, reveal that the proportion of ADO days during
2001-2021 varied across regions. SE-IP had the highest percentage at
33 %, while NW-IP and N-IP recorded 9 % and 12 %, respectively. Other
regions experienced ADO from 17 % to 25 % of the days. Notably, the
highest frequency occurred in summer, ranging from 32 % in NW-IP to
45 % in Central-IP and SE-IP. Spring also exhibited high frequencies,
with the lowest in winter (11 % in Central-IP to 18 % in NW-IP).

The average ADC to PM;( during ADO days (Stage II) ranged across
regions, reaching 15 pg/m> in SE-IP and Central-IP, 13 pg/m? in SW-IP
and NW-IP, and 12 pg/m® in NE-IP and BI. N-IP and E-IP recorded 10 to
11 pg/m>. Average ADC to the annual mean PM( concentration ranged
from 1.1 pg/m® in NW-IP and N-IP to 4.8 pg/m® in SE-IP. These results
align with prior studies by Querol et al. (2019b), performed in the same
areas for the period 2001-2016, showing a slight increase in event fre-
quency and minimal ADC variation.

The occurrence of ADO days exhibits a distinct negative latitudinal
gradient, indicating that the frequency decreases with increasing lati-
tude across the IP-BI domain. However, the intensity of ADO does not
exhibit the same latitudinal trend. This implies that intense ADO events
can manifest anywhere within the IP-BI domain, irrespective of the
frequency with which African air masses reach its sub-regions. This
pattern has also been observed over Italy, as documented by Barnaba
et al. (2022).

3.2. Selection of assessing parameters

GT, TPOT, and TANOM were chosen as assessing parameters (Stage
I1I) for the reasons exposed in Section 2.1.3.

3.3. Establishing a functional relationship between assessing parameters
and ADO

For illustrative purposes, results for the Central-IP zone are dis-
cussed. The results for the other regional domains are provided as sup-
plementary material.

It has been observed that the increase in GT, TPOT, and TANOM
values from 2001 to 2021 parallels the cumulative number of ADO days.
Fig. 4a-c and supplementary Figs. B1-B7 (Stage IV) demonstrate this
relationship. Range values, derived from percentile values of the time
series, show a consistent increase in the number of ADO days (Fig. 4d-f).
This reveals a growing relationship between ADO days and the values of
the selected thermodynamic parameters.
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Fig. 4. Number of ADO days for increasing cumulative values of GT (a), TPOT (b) and TANOM (c) (lower than the 10th, 20th,.30th, ... and 100th percentile of their
time series for the period 2001-2021) and for increasing ranges of values of GT (d), TPOT (e) and TANOM (f) in the central region of the Iberian Peninsula (Central-
IP). The ranges of values have been obtained from the percentiles of the time series for the period 2001-2021.
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Fig. 5. Probability of occurrence of African dust outbreaks (PROB-ADO) when exceeding threshold values of GT, TPOT and TANOM (daily mean values) in the

central region of the Iberian Peninsula (Central-IP) for all days of the period 2001-2021.
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Fig. 4 and supplementary Figs. B1-B7 reveal that the number of ADO
days does not linearly increase with the values of the thermodynamic
variables but follows a third-degree polynomial function (R? > 0.96 in
all cases, Stage IV). This non-linear relationship is explained by a more
pronounced increase in ADO above certain variable values, typically
between the 70th and 80th percentiles.

3.4. Calculating PROB-ADO when exceeding threshold values of assessing
parameters

Threshold values based on percentiles (10th, 20th, ...,90th, and
99.9th) of the time series of daily mean values of GT, TPOT, and TANOM
were initially chosen (Stage V). For instance, in the Central-IP zone,
when 60th percentile values were exceeded (26.3 °C, 1.4 °C, and 5604
m, respectively), 781 ADO episodic days out of the 1633 possible days
occurred (Fig. 5). In other words, there is a 47.8 % probability that an
ADO event will happen when these threshold values are surpassed
(Fig. 5). Consistent with previous findings, as these threshold values
increased, the PROB-ADO demonstrated an upward trend (supplemen-
tary Table A5).

3.5. Assigning PROB-ADO to all days

The obtained PROB-ADO values once again exhibited a strong fit
with those of GT, TPOT, and TANOM through a third-order polynomial
function (R? > 0.97 in all cases). This allowed for the determination of
threshold values corresponding to any probability value within the
range of 0 to 100 % (stage VI of the methodology). Fig. 6 illustrates these
functions for the Central-IP zone, along with the threshold values cor-
responding to PROB-ADO values of 10, 30, 50, 50, 70, and 90 %.
Consequently, an estimated PROB-ADO value could be assigned to each
day, as elaborated in Section 2.1.6 of the methodology (stage VI). The
polynomial functions derived for the other study regions are provided in
the supplementary material (Fig. B8).

3.6. Creating a statistical prediction model for daily PROB-ADO

The multi-linear regression procedure, detailed in the methodology
section, was applied to the 7670 daily datasets of PROB-ADO, TANOM,
TPOT, and GT for the period 2001-2021 across each study region (stage
VII of the methodology). Initially, the R? parameter’s value varied be-
tween 77.6 % in the N-IP zone and 83.2 % in the SE-IP zone. To enhance
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the linear fit of the models, the Box-Cox transformation procedure was
applied to the dependent variable (Neter et al., 1990). Consequently, the
linear fit improved across all regions, resulting in R? values ranging from
89.2 % in the BI zone to 91.3 % in the NW-IP zone.

Subsequently, the Durbin-Watson test for autocorrelation was
employed to examine the presence of serial correlation in the residuals.
This test evaluates the null hypothesis that the residuals are randomly
distributed. A rejection of the null hypothesis indicates positive auto-
correlation among the error terms, violating one of the essential as-
sumptions for a valid multiple linear regression model. Analysis of the
Durbin-Watson statistic revealed autocorrelation in all cases. There-
fore, the Cochrane-Orcutt procedure was applied (Neter et al., 1990).
Notably, no autocorrelation among residuals or heteroscedasticity in the
data was detected in any case. The R? values ultimately ranged from
83.7 % in the SE-IP zone to 87.5 % in the NW-IP zone (see supplemen-
tary Fig. B9). Further details on the Box-Cox and the Cochrane-Orcutt
procedures are provided in the supplementary information (Appendix
Q).

Fig. 7 illustrates the relationship between PROB-ADO values esti-
mated from threshold values and those predicted by the multilinear
model in the Central-IP zone. Model equations are also provided.

3.7. Verifying the physical meaning of model estimations

A well-defined seasonal evolution of estimated PROB-ADO values
was observed in all regions (Fig. 8, supplementary Tables A6a-A6c).
Values in the range 80-100 % occurred mostly between June and
August, in the range 50-70 % between May and October, in the range
30-50 % in the transition periods of spring and autumn and in the range
0-30 % between December and March. Thus, the highest values
occurred in the warm months, while the lowest were in winter, aligning
with the seasonal ADO development in the western Mediterranean basin
(Querol et al., 2004, 2019b among others).

Mean daily ADC values increased steadily with rising PROB-ADO in
all regions (Fig. 9, supplementary Table A7). Although mean levels were
positive from relatively low PROB-ADO ranges (above 20 % in the
Central-IP zone), medians were zero until higher PROB-ADO ranges
(above 60 % in the Central-IP zone). Lower PROB-ADO ranges mostly
contained non-ADO days or days with insignificant ADC. This suggests
that for early warning purposes, PROB-ADO values above 60 % are
optimal for predicting ADO with significant ADC contributions to
regional background levels in the Central-IP region. Positive medians
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32.2°C = 7
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Fig. 6. Polynomial functions representing the threshold values of GT, TPOT and TANOM associated with any probability of occurrence of African dust outbreaks
(PROB-ADO) in the central region of the Iberian Peninsula (Central-IP) in 2001-2021. The threshold values for the 10 %, 30 %, 50 %, 70 % and 90 % probabilities

have been highlighted.
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Fig. 8. Total number of days per month with different values of probability of African dust outbreaks occurrence (PROB-ADO) in 2001-2021 in the central region of

the Iberian Peninsula (Central-IP).

were observed for PROB-ADO values above 50 % in the NW-IP region,
60 % in the Central-IP, SW-IP, BI, N-IP, and NE-IP regions, and 70 % in
the SE-IP and E-IP regions (supplementary Table A7). These can be used
as threshold warning values for each region, which when forecasted by
the models will alert to the potential impact of desert dust on PM levels
to which population are exposed.

3.8. Trend analysis

GT, TPOT, and TANOM showed statistically significant increasing
trends in all study regions over 1940-2021 (Table 1). Confidence levels
ranged from 95 % to 99.9 %, with only the TPOT trend in NW-IP having
a confidence level of 90 %. The lowest trends occurred in the NW-IP
region (0.229 m/year for GT, 0.011 °C/year for TPOT, and 0.010 °C/
year for TANOM), while the highest were in the eastern regions (0.321
m/year for GT in BI, 0.017 °C/year for TPOT in SE-IP and NE-IP, and
0.016 °C/year for TANOM in SE-IP, E-IP, and NE-IP). Smoothed trends in
the Central-IP area (Fig. 10) revealed more pronounced increases from
the mid-1970s for all parameters.

These findings align with the observed surface temperature warming
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in the Northern Hemisphere throughout the 20th century, characterized
by significant temperature increases during the periods 1910-1945 and
1976-2000, primarily attributed to human-induced influences
(Marshall, 2001; Gillet et al., 2003; IPCC, 2021).

Given these circumstances, it is unsurprising that a statistically sig-
nificant positive linear trend, with a confidence level of 99.9 %, was
identified for PROB-ADO across all study regions during the 1940-2021
period. The trends varied from 0.018 % per year in the NW-IP region to
0.054 % per year in the SE-IP region (Table 1).

By season (Table 2), PROB-ADO showed statistically significant
positive trends at the 99.9 % confidence level in winter for all regions
and in summer for all regions except NW-IP. In autumn and spring,
positive trends were observed in almost all regions (no trend in NW-IP
and N-IP in autumn) but with lower confidence levels (90-95 %)
compared to the winter and summer periods.

Regionally, the highest increases in PROB-ADO were observed in E-
IP and SE-IP, while the lowest were in N-IP and NW-IP. Increases were
higher in summer compared to other seasons (from 0.060 %/year in N-IP
to 0.103 %/year in E-IP and SE-IP). Notably, the increase in PROB-ADO
was higher in winter (from 0.020 %/year in NW-IP to 0.052 %/year in E-
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of the Iberian Peninsula (Central-IP) in 2001-2021.

Table 1

Trend analysis for the mean levels of GT, TPOT and TANOM over each region for the period 1940-2021. Values of the Slope estimator for GT, TPOT and TANOM in m/
year, °C/year and °C/year, respectively. IP: Iberian Peninsula; BI: Balearic Islands. ***, * and +: statistically significant value at the 99.9 %, 95 % and 90 % confidence

level, respectively.

SE-IP SW-IP Central-IP E-IP BI NW-IP N-TP NE-IP
GT 0.319* 0.305* 0.300* 0.312* 0.321* 0.229* 0.273* 0.302*
TPOT 0.017* 0.015* 0.016* 0.017* 0.017* 0.011° 0.014* 0.017*
TANOM 0.016%** 0.013%** 0.015%** 0.016%** 0.017%** 0.010%** 0.014%%* 0.016***

IP) than in spring (from 0.015 %/year in NW-IP to 0.039 %/year in
Central-IP) and autumn (from 0.031 %/year in NE-IP to 0.047 %/year in
SE-IP). This aligns with findings of increased winter Saharan dust in-
trusions over the Western Mediterranean from 2020 to 2022 in com-
parison with those produced in the period 2003-2019, associated with
enhanced blocking activity over the Euro-Atlantic sector (Cuevas-Agullo
et al., 2023). Cresswell-Clay et al. (2022) suggest that winters with an
extremely large Azores High are more frequent in the industrial era
compared to pre-industrial times. The Azores High is a semi-permanent
high-pressure system centered near the Azores in the North Atlantic
Ocean. This pattern leads to anomalously dry conditions across the
western Mediterranean, including the IP. The implications of an
increased frequency of an extremely large Azores High include altered
atmospheric circulation patterns, potentially influencing weather and
climate conditions in the affected regions. The shift towards drier con-
ditions in the western Mediterranean, as mentioned in the context of
that study, could have various consequences, including changes in
precipitation patterns, water resources, and the occurrence of phe-
nomena like dust outbreaks.

The increasing trends observed in the thermodynamic parameters
and PROB-ADO align with the exacerbation of warm conditions in
southern Europe over the last decades. This finding supports the hy-
pothesis that ADO are becoming more likely due to global warming. The
relationship between climate change and various meteorological and
atmospheric phenomena is an area of active research, and studies like
this one contribute to our understanding of these complex interactions.

4. Conclusions

This study introduces a methodology for developing models to esti-
mate the daily probability of African dust transport events across various
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regions in the western Mediterranean basin. Employing thermodynamic
variables as assessing parameters and leveraging a catalog of previously
identified African dust outbreaks from 2001 to 2021, a functional rela-
tionship between assessing parameters and event frequency was estab-
lished. Through multilinear regression analysis, probability prediction
models were generated, demonstrating a strong correlation between the
probability of dust events and the variability in daily mean values of
these thermodynamic variables.

The study further establishes that days with higher probabilities of
occurrence also exhibit elevated dust contributions, indicating a direct
relationship between the thermodynamic properties of allochthonous
air masses and the transported dust load to the surface. Importantly,
each region has a probability threshold value above which the median
daily dust contribution surpasses zero, signifying an increased likelihood
of impactful African dust events. These threshold values can serve as
warning indicators, effectively alerting sensitive populations to the po-
tential occurrence of such events. This methodology aligns with the
WHO Air Quality Guidelines requirements, regarding the creation of
early warning systems for sand and dust storms to alert the population
and take personal measures to minimize their short-term health effects.

The proposed methodology offers a valuable complement to existing
numerical forecasting models, which are often complex and resource-
intensive. Notably, the simplicity and adaptability of this methodology
make it accessible to a broader user base. Since the thermodynamic
parameters utilized are typically included in meteorological forecast
models, the methodology could be readily applied to calculate daily
average values and predict the probability of upcoming African dust
events. This information could enhance alert and surveillance systems,
serving as a valuable tool for forecasting and complementing surface
dust concentration models.

It is crucial to emphasize that the methodology can be employed by
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Fig. 10. Smoothed trends (solid line) and 95 % confidence intervals (dashed line) of the monthly mean levels of GT (a), TPOT (b) and TANOM (c) averaged over the
central region of the Iberian Peninsula (Central-IP) in the period 1940-2021. Values of the trend estimator and the 95 % confidence interval obtained with the Theil-
Sen method are included.

Table 2
Trend analysis for the daily probability of occurrence of African dust outbreaks over each region for the period 1940-2021. Values of the Slope estimator in %/year. IP:
Iberian Peninsula; BI: Balearic Islands. ***, * and +: statistically significant value at the 99.9 %, 95 % and 90 % confidence level, respectively, NT: no trend.

SE-IP SW-IP Central-IP E-IP BI NW-IP N-IP NE-IP

All period 0.054%** 0.05.

Winter ok 0.05

Spring 0.030"

Summer 0.103***

Autumn 0.045*
various users, adapting to different assessing parameters based on their Global warming can have far-reaching effects on the Earth’s climate
demonstrated relevance to desert dust outbreak development in a given system, influencing atmospheric circulation patterns, temperature re-
region. gimes, and the frequency of extreme weather events. In the context of
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this study, the observed increasing trends in thermodynamic parameters
(GT, TPOT, TANOM) across the period 1940-2021 in each of the eight
study regions indicate a warming trend in the air masses over the Iberian
Peninsula and the Balearic Islands. This warming can contribute to the
conditions conducive to the development of African Dust Outbreaks.
Examining daily probability results revealed an overall increasing trend
in this period. Seasonal trends were also evaluated, showing a consistent
rise in the probability of African dust events, even during the less
frequent winter period. These trends align with the broader observation
that the frequency and intensity of North-African dust outbreaks in the
Mediterranean region are likely on the rise due to global warming.
The findings underscore the importance of considering long-term
climate trends when studying regional phenomena. The potential im-
plications of more frequent and intense African Dust Outbreaks extend
beyond meteorology, impacting air quality, ecosystems, and human
health. As global warming continues, understanding these changes be-
comes crucial for adapting to and mitigating the associated risks.
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