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AbstrAct
the mediterranean region, being the area well known for its predominantly mild climate, has been 
subject to human intervention for millennia. the fast population growth and its intense rural and trans-
portation activities are the main responsible factors that contribute to increasing anthropogenic air-
borne pollutant emissions. in addition to anthropogenic emissions, the area is influenced also by natural 
emissions such as episodes of wind-blown mineral dust from the sahara desert. in order to assess and 
speciate the growing emissions over the mediterranean region, we used Wrf-chem chemical trans-
port model. one-year modellings based on two distinct simulations, have been carried out: the first 
considering only mineral dust (‘dustonly’ simulation) and the second one considering other types 
of emissions, such as biogenic and anthropogenic (‘mozmosAic’ simulation). both simulations use 
the Goddard chemistry Aerosol radiation and transport dust emission scheme. the national centers 
for environmental prediction (ncep)/national center for Atmospheric research (ncAr) reanalysis 
data were used to assess the accuracy of simulated meteorological fields such as temperature, rela-
tive humidity and wind speed and direction, showing a great capability of Wrf-chem to model the 
experimental fields and their spatial trends. the comparison between the modelled dust column mass 
density and the same field calculated through the corresponding modern-era retrospective Analysis 
for research and Applications, version 2 (merrA2) reanalysis showed an evident dust load overes-
timate over north Africa. such overestimate is confirmed by the comparison of both simulations with 
the Aeronet aerosol optical depth (Aod) (550 nm) products: rome and naples stations have nearly 
the same trend and Aod peaks are captured well, but the dust concentrations are overestimated from 
both simulations.
Keywords: dust outbreak, GOCART dust emission, MOZART chemistry, MOSAIC aerosol, WRF-Chem.

1 introduction
Various studies showed the influence of anthropogenic and natural aerosols on the atmospheric 
and terrestrial systems with an increasing interest in climate processes. Atmospheric aerosols, 
along with clouds, have a considerable effect over the radiative energy balance of the earth’s 
ecosystem. considering the aerosol total mass, the mineral dust is the main atmospheric 
 natural aerosol; it includes up to 75% of the global aerosol mass and, therefore, plays a very 
important role in the earth radiative system [1]. the aerosol particles interact with the atmos-
phere through direct and indirect effects. the direct effects are due to the particle scattering and 
absorption capacity that have consequences in the net heating rate, while the indirect effects are 
due to the interaction of particles with clouds. for instance, they can affect the radiative budget 
via altered cloud properties, such as cloud drop size, cloud lifetime and cloud thickness [2–4].

the sahara desert is the main source of mineral dust on the planet: about half of the total 
emissions is generated in the sahara desert [5]. the convection, produced by strong surface 
heating, can lift dust particles for several kilometres into the free troposphere and transport 
them over large distances. While a significant fraction is transported westward across the 
Atlantic ocean, large quantities of mineral dust are also transported across the mediterra-
nean sea to europe in episodic events (outbreaks) [6,7]. during the outbreaks, mineral dust 
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particles become the major component of pm10 in urban and rural sites of the mediterranean 
basin, contributing to a significant percentage of pollution episodes. At european level, the 
areas most affected by the presence of such aerosols are italy, Greece and spain [8].

the studies of the mineral dust transport are getting increasing attention from the scientific 
community allowing better investigation about its impact on the terrestrial radiation budget, 
on the microphysics of clouds as well as on air quality and human health. the mineral dust 
emission parameterization and the relative transport are still difficult to determine due to the 
uncertainties related to the extensive nature of emissions, the nature of the soil, the aerosol 
chemistry complexity and the meteorological conditions. however, intensive measurement 
campaigns have been conducted to increase our understanding of the effects of dust pollution 
[9]. in addition to the measurement campaigns, satellite observations provide crucial infor-
mation on the global distribution of dust (e.g. modis – moderate resolution imaging spec-
troradiometer). finally, the Aeronet network (aerosol robotic network) provides consider-
able information on the optical and physical properties of aerosols [10]. furthermore, thanks 
to the simulations of dust intrusions by global and regional chemical/climate models (e.g. 
Geos-chem [11], cAm-chem [12], modern-era retrospective Analysis for research 
and Applications, version 2 (merrA-2) [13] and Wrf-chem [14,15]), a more accurate 
understanding of the aerosol parametrization and transport can be now obtained. the numeri-
cal models applied in previous studies, to simulate the saharan episodes over the mediter-
ranean basin, present a wide diversity in simulating the transport of dust, as also evident in 
a recent study concerning a comparison of a set of nine simulations of regional models of 
mineral dust on europe [16]. this can be attributed to different parameterizations of emission 
models and to different deposition schemes, as well as to various model configurations and 
soil surface properties [17,18].

most of the mineral dust sources are in arid and semi-arid regions that extend from the 
west coast of north Africa, the middle east and into the central Asia. the global mineral 
dust emission rates are estimated in a range between 1,000 and 3,000 tg/year [19]. the dust 
emissions from the sahara desert range between 500 and 1,400 tg/year, contributing to about 
50% to 70% of total emissions [20,21]. the bodélé depression is one of the driest places on 
earth and one of the most important point for dust emissions in the sahara desert, due to the 
erodibility of the surface material and the wind erosion potential [22]. it is estimated that such 
small area produces about 50% of saharan mineral dust deposited in the Amazon rainforest 
[23,24].

satellite images and measurements confirm that the mineral dust emitted from the saha-
ran desert can be transported to great distances. in spring/summer, the air over north Africa 
is loaded by a considerable amount of mineral dust; low-pressure systems called ‘sharav 
cyclones’ activate the suspended mineral dust and transport it to north and to east along the 
mediterranean coast. storms of mineral dust begin to appear in the western mediterranean 
and move eastward, and most of them travel at least to the eastern mediterranean coast [25].

2 mAteriAl And methods
to perform the assessment of saharan dust outbreaks to the mediterranean basin, the chemi-
cal transport model Wrf-chem version 3.9 [14,15] was applied for the whole of the year 
2017 (from 1 January 2017 00:00 utc to 1 January 2018 00:00 utc) to outline the seasonal 
changes and the mineral dust outbreaks occurred during this period. the model domain cov-
ered most of northern Africa and southern europe, the areas that could be affected by the 
saharan dust outbreaks (e.g. italy, spain, portugal and Greece). the domain has 430×330 grid 
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points centred at 30°n and 10°e with a horizontal grid spacing of 15 km and 40 vertical 
levels up to 50hpa.

the initial and boundary meteorological conditions were provided by erA-interim, while 
the latest global atmospheric reanalysis was produced by the european centre for medium-
range Weather forecasts. the system includes a four-dimensional variational analysis (4d-
Var) with a 12-h analysis window. the spatial resolution of the dataset is approximately 80 km 
on 60 vertical levels from the surface up to 0.1 hpa [26]. the static geographical fields, such as 
terrain height, soil properties, vegetation, land use and albedo, were interpolated from 30-arc 
second (∼900 m) united states Geological survey maps to the model domain by using the 
Wrf pre-processing system (Wps). four-dimensional data assimilation (fddA) technique 
was also applied to limit the model errors in the simulated meteorological fields [27,29].

two simulations were run to assess the impact of the saharan dust outbreaks on the 
mediterranean basin: the first one, with the ‘dust-only’ option, and the second one, with the 
chemical option using mozArt (model for ozone and related chemical tracers version 4) 
[30–33] for the trace gas fragment and mosAic (model for simulating aerosol interactions 
and chemistry) [34] for the aerosol phase species. in the first simulation, no other emission 
has been added (anthropogenic, biomass burning and biogenic emission). the second simu-
lation is more comprehensive as the edGAr-htAp (emission database for Global Atmos-
pheric research) emission inventory was used to provide the anthropogenic emissions, while 
the biomass burning emissions were obtained from the database finn (fire inventory from 
ncAr) [35]; other biogenic emissions were obtained from meGAn database and the chemi-
cal boundary data for both gas and aerosol were provided through the mozbc pre-processor.

3 results

3.1 Wrf-chem modelling of meteorological fields

the evaluation of meteorological parameters was performed considering ncep/ncAr [36] 
reanalysis products to examine spatial patters (i.e. wind speed at 10 m, temperature and rela-
tive humidity at 2 m). the following maps show the spatial distribution of the monthly aver-
age for temperature (°c) and relative humidity (%) at 2 m (fig. 1) and the wind speed (m/s) 
and direction at 10 m (fig. 2). for each variable, the left column shows the modelled values 
(Wrf-chem results with 15 km grid cells), while the right column shows the ncAr/ncep 
reanalysis products (46) (horizontal resolution of 2.5°×2.5°). the plots show the four annual 
seasons: winter (January), spring (April), summer (July) and autumn (october).

the Wrf-chem monthly average temperature compares well with the reanalysis data and 
its spatial trend. overall for all seasons, model and reanalysis results are in a good agreement, 
showing the same temperature development from the central-east european area to the medi-
terranean sea, near the north Africa coast, emphasizing a temperature rise in the southeastern 
direction. the monthly average of relative humidity shows a suitable correlation, and a very 
similar spatial tendency, between the model and the reanalysis data. changes in the relative 
humidity magnitude, related to the seasonal development, are well noted. the modelled wind 
speeds and directions show an appropriate agreement with the ncep/ncAr reanalysis. in 
general, wind directions are better captured than wind speeds.

the selected meteorological parameters (i.e. temperature, relative humidity and winds) 
have been analysed since the aeolian erosion in semi-arid regions occurs only when a thresh-
old value of the surface friction velocity is reached depending on the soil moisture and surface 
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features and then on the land surface scheme used [18,37]. thus, the production and transport 
of dust aerosols depend substantially on the accuracy of simulated meteorology and the land 
surface schemes.

3.2 Wrf-chem modelling of aerosol phase

the aerosol spatial distribution modelled by Wrf-chem was compared, in terms of total 
mass distribution, with merrA-2 [13] reanalysis and, in terms of optical properties, with 
modis retrievals [38] and Aeronet data [39]. the merrA-2 is the newest atmospheric 
reanalysis produced by nAsA’s Global modeling and Assimilation office with a spatial reso-
lution of about 50 km. the merrA-2 includes aerosol assimilation obtained by modis and 
Aeronet. the aerosols are integrated by using Goddard chemistry Aerosol radiation and 
transport (GocArt) model [40].

the merrA-2 dust column mass density has been compared with the dust column mass 
density from the ‘dust-only’ simulation. the 3-month average of the dust column mass den-
sity is represented in fig. 3: April, may and June are the most active for the dust transport 
[1]. figure 3 shows that Wrf-chem overpredicts the merrA-2 reanalysis data by a factor 
of about 10 in the most part of north Africa (sahara desert) and by a factor of about 2 in the 
mediterranean basin.

since the Wrf-chem ‘dust-only’ chemistry option does not explicitly calculate the aero-
sol optical properties, its output file does not contain the related fields. since the vertical 
summation of each extinction coefficient field multiplied by the related layer depth represents 

figure 1:  spatial distribution of monthly average temperature (°c) (left) and monthly relative 
humidity right at 2 m: comparison between the ncAr/ncep reanalysis (right 
columns) [36] and Wrf-chem results (left columns).
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figure 2:  spatial distribution o of winds at 10 m (colour contour maps show the wind speed 
(m/s), black arrows show wind direction): comparison between the ncAr/ncep 
reanalysis (right column) and Wrf-chem results (left column).

the computed aerosol optical depth (Aod) at a particular wavelength, to calculate the Aod, 
the associated equation proposed by chang et al. [41], adapted to dust load, was introduced:
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where

•	 DL is the dust load of the bin ith (kg/m2);

•	 ρ is the density of the bin ith (kg/m3);

•	 r
eff

 is the effective radius of the bin ith (m).

the Aod at 55 μm was calculated as follows:
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where

•	 extcoef55, as output from the model, is the extinction coefficients for 55 μm wavelength;

•	 ∆z
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 is the i-layer depth between z
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figure 4 shows the comparison between monthly average Aod of the ‘dust-only’ simulation 
calculated with such equation and the modis Aod retrievals. the discrepancies of Aod 
values over europe are significant in April and may and less important in June. A remark-
able similarity in the Aod spatial distribution occurs over north Africa and other regions 
dominated by dust, showing the same spatial Aod development with higher values located 
at the well-known dust emitting points [1]. on the other hand, a notable Aod overprediction 
is visible in the saharan region, regardless of the considered month: the Wrf-chem model 
largely overestimates Aod.

preliminary results, shown in fig. 4, indicate that ‘dust-only’ and ‘mozArt-mosAic’ runs 
show comparable distributions of mass and Aod optical properties. however, both distribu-
tions reveal a large overprediction both in terms of mass when compared with merrA-2 rea-
nalysis and in terms of optical properties when compared with modis retrievals. this means 

figure 3:  spatial distribution of the 3-month average of the dust column mass density (kg/m2); 
‘dust-only’ Wrf-chem simulations compared with merrA-2 dust outputs.
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that different chemistry/aerosol phases (GocArt/GocArt for dust only and mozArt/
mosAic for the second one) produce only small differences when simulating dust advection 
and, thus, that the amount of dust emitted by the GocArt scheme should be in some way 
reduced.

the last stage of the present study was the comparison between the daily average of Aod 
at 550 nm of the two simulations described above and the Aeronet Aod level 2 data 
(i.e. cloud-screened and quality assured) at selected stations located in central and southern 
italy, regions where the dust outbreaks are more intense [7, 42]. five stations were selected: 
rome, naples, lecce, Aquila and potenza. At rome station (not shown), both simulations 
overpredicted the Aod value. naples Aeronet station shows the same trend as rome but 
shows the largest overprediction in the beginning of the year (not shown). the fourth week 
of April, in lecce station (fig. 5), shows a noteworthy episode in which all the data are very 
close (Aod

d17
 = 1.2; Aod

m17
 = 0.9; Aod

Aer
 = 1), due to a dust intrusion in southern italy 

that occurred during 26–30 April 2017.

4 conclusions
the aim of the present study was to model saharan dust intrusions in southern europe and 
to find out their effects on air quality in selected italian cities. this was achieved considering 
two Wrf-chem simulations over 1 year (1 January 2017 00:00 utc to 1 January 2018 00:00 
utc). model was configured at first to have a simulation, where only the dust emissions 
were considered and computed (‘dust_only’) and then to achieve a more comprehensive 

figure 4:  monthly average Aod spatial distributions: ‘dust-only’ Wrf-chem simulations 
(top), Aod at 550 nm for the simulation considering the ‘mozArt-mosAic’ 
chemical option (centre) and modis Aod product (low) for April, may and June 
2017.
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simulation where anthropogenic emissions and biogenic emissions had been added to the 
aerosol loading (‘mozArt_mosAic’).

the evaluation of meteorological parameters has been performed against one experimental 
dataset: the ncep/ncAr reanalysis product to assess the spatial distribution of simulations 
results (i.e. the temperature and relative humidity at 2 m and the winds at 10 m) to validate 
one of the most important driving parameters for dust source, the wind speed. the monthly 
average of temperature, relative humidity and wind showed a noteworthy capability of the 
model to reproduce the experimental evidence: small deviations are present mainly due to 
the different resolutions of the ncAr/ncep reanalysis and of the model. the fddA tech-
nique, used to nudge the meteorological parameters each 6 hours, was fundamental for these 
simulations.

mineral dust source assessment and transport assessment were based mainly on datasets 
such as merrA-2, modis and ground-based sun photometer network Aeronet. on the 
regional scale, the comparison between the modelled Aod and the dust column mass den-
sity fields with the corresponding modis retrievals and merrA-2 reanalysis showed that 
both Wrf-chem simulations (‘dustonly’ and ‘mozmosAic’) reasonably resolve the 
spatial evolution and the saharan dust sources but largely overestimate dust load and Aod 
over the north Africa regions by a factor of 10 for the column mass density and by a factor 
of 2 for the Aod and still slightly overestimate also over the mediterranean countries. the 
modelling overestimate is also evident in the comparison of both simulations, with the daily 

figure 5:  comparison of the daily average of Aod at 550 nm: ‘dust-only’ (d17) simulation 
and ‘mozArt-mosAic’ (m17) simulation against Aeronet Aod level 2 at 
lecce station (Aer).
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averages of Aeronet Aod (550 nm) at rome and naples stations. this is not so evident 
in the ‘dustonly’ simulation when Aeronet measurements at lecce and naples sta-
tions recorded higher values. this could be due to a dust intrusion that was offset by the m17 
simulation. to examine this question, it will be necessary to analyse detailed Aod maps for 
that period.

Given the preliminary results, future developments and analyses are necessary. first, the 
assessment of the natural and anthropogenic aerosols is still embryonal. then, it would be 
important to introduce further data not used by now (e.g. Aod from merrA-2 and misr, 
aerosol index from ozone monitoring instrument (omi)) to better understand the dust out-
breaks that occurred during the period considered in this study. furthermore, the dust emis-
sion mechanisms actually implemented in Wrf-chem (namely the GocArt/AfWA and 
dust university of cologne (uoc)) should be better screened as well. finally, another possi-
bility would be simply utilizing more Aeronet stations in order to extrapolate more robust 
statistical parameters (e.g. rmse, biAs and correlation coefficient) but also a more compre-
hensive experimental dataset, or field campaigns, with a aerosol speciation to discriminate 
the contribution of natural and anthropogenic aerosols over the mediterranean basin.
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