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Abstract: In this study, multi-model simulations are performed in fully-coupled configurations for 
investigating the effect of desert dust on spatial-temporal variation of precipitation. Dust-based 
processes of formation/removal of ice nuclei (IN) and cloud condensation nuclei (CCN) are 
investigated by using both on-line access model WRF-CHIMERE and online integrated model WRF-
Chem. The comparisons of models’ predictions with measured (GRISO: Spatial Interpolation 
Generator from Rainfall Observations) precipitations over Italian Peninsula, point out the models’ 
skills in reproducing at least the severe orographic precipitations occurred over the alpine areas. To 
quantify the impact of the mineral dust transport concomitant to the Atmospheric River (AR) on 
cloud formation, a sensitivity study is performed by using WRF-CHIMERE model (i) by zeroing dust 
concentrations, and (ii) by modifying the Thompson Aerosol-Aware microphysics scheme setting (i.e. 
DeMott 2015). Our findings show that, although important instantaneous changes are modelled at 
local scale for precipitation and for temperature, not significant total changes in precipitation and air 
temperature averaged over the whole domain are pointed out by sensitivity test. On the other hand, 
the WRF/Chem simulation differs from WRF-CHIMERE in temporal-spatial variability of dust 
concentrations and precipitations. 

Keywords: online and offline models; precipitation; cloud microphysics 
 

1. Introduction 

The high complexity of atmospheric composition is due to the simultaneous factors such as the 
mixture of particles which interact in different manner over the time and the space. Aerosol particles 
are either emitted directly to the atmosphere by anthropogenic and natural sources (primary 
pollutants) or they are formed in the atmosphere by condensation of low-volatility compounds 
(secondary pollutants) [1]. Aerosols radiative, chemical and physical aerosol properties are strongly 
related to a combination of natural emissions, modification of the natural emissions by human 
activities, such as land-use change, and anthropogenic emissions from biofuel combustion and 
industrial processes.  Nevertheless, large uncertainties still exist both for many aerosol sources, in 
terms of emitted fluxes and new particles formation from global to local scale and for their 
quantitative effect on the meteorology. Atmospheric particles can modify cloud microphysical 
properties such as droplet number and size and water/ice phase, and thus altering the intensity and 
spatial distribution of precipitations events [2]. These effects are associated with modifications in the 
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boundary layer meteorology from local to global scale [3,4] , which are certainly relevant both in air 
quality modeling and in the prediction of future temperatures and precipitation (meteorology). 
Although the sustained research efforts done, the mechanisms by which the aerosols particles affect 
the clouds and the substantial rainfall remain still unclear. Nevertheless, this challenging topic (i.e. 
the impact of aerosols cycling and formation on meteorology and vice versa) relies on robust and 
consolidated results from literature ([2,5–8]). It is well known that physical and chemical properties 
of atmospheric particles may influence the meteorology through direct, semi-direct, and indirect 
effects [9,10]. Direct aerosol effect refers to aerosols scattering and absorption of solar radiation. These 
effects on radiation result in changes in temperature, wind speed, relative humidity, and atmospheric 
stability, which are named semi-direct effects [11]. While, the effects of aerosols through clouds are 
classified as indirect effects [12], which in turn are sub-classified into the formation of cloud 
condensation nuclei (CCN) or ice nuclei (IN) [2].  

In this context, we can state that at least the impact of columnar aerosol loading for estimating 
radiative transport throughout the atmosphere is clear [13], while there is more uncertainty in 
quantifying the effects of atmospheric particles on cloudiness and precipitation. An adequate 
numerical representation of these effects is crucial, this is the major motivation to recommend the 
migration from offline to online integrating modeling systems. They can guarantee a consistent 
treatment of processes and allow two-way interactions of physical and chemical components, 
particularly for air quality (AQ) and numerical weather prediction (NWP) communities [4]. For cloud 
properties, having online aerosols is most probably an advantage, while for precipitation the benefits 
are not yet clear. It is also unclear whether the advantages demonstrated for short-term episodes with 
extreme aerosol loading are still present in more common situations relevant for daily weather 
prediction. Idealized model sensitivity studies on isolated clouds show a clear aerosol effect, while 
in more realistic simulations the atmospheric feedback is more complex, including chains of 
interactions with many other processes and with compensating effects.  

As pointed out by the results achieved by the international initiative on Air Quality Modeling 
Evaluation (AQMEII [14]), the indirect effects seem to be very sensitive to the sophistication of the 
chosen parameterizations and to the details of the implementation. For instance, employing 
essentially the same theoretical approaches for CCN sometimes very different results are achieved 
[14]. In fact, dust particles, which cover approximately 50% of the global load of the natural airborne 
particles [15], play a key role in the rainfall formation as they provide a surface for condensation. 
Previous studies on the aerosols effects on the rainfalls have reported contradicting results, with some 
indicating that dust enhance rainfall while others report a suppressing effect. Thus, dust can both 
increase and decrease rainfall by affecting air mass circulation at local scale [16]. In general, feedback 
effects seem to have a crucial impact in the vicinity of large emission sources, such as Saharan desert. 
Western Europe and Mediterranean basin, where intense mesoscale vortices [17] are often associated 
with heavy mineral dust transport from Sahara Desert [18] might be considered like a natural 
laboratory in which investigate such processes. Remy et al,. [13] highlighted how important accurate 
forecasts of the timing of the storm are, since depending on the local time of the dust lifting episodes, 
the interactions between aerosol and boundary layer meteorology are of a very different nature. 
Menut et al., [19] - in their sensitivity experiments carried out to evaluate the impact of the aerosols 
on the meteorology in southern west Africa - stated that the most important effect of aerosol cloud 
interactions is found by halving the emissions of mineral dust which results in a decrease of the 2 m 
temperature by 0.5 K and of the boundary layer height by 25 meters on a monthly average over the 
Saharan region. The presence of dust aerosols also increases (decreases) the shortwave (longwave) 
radiation at the surface by 25 W m−2. Parajuli et al., [20] pointed out that although the domain-average 
rainfall change caused by dust appeared small, the effect can be large at different locations and times. 
Besides, the same authors, by investigating in quantitative manner the direct and indirect dust effect 
over a ten-years period, found that dust enhanced rainfall for extreme rainfall events but suppress 
rainfall for normal rainfall events [20]. Flaounas et al., [21] in their recent paper argue about the key 
rule of mineral dust particles mobilization from northern Africa under cyclonic circulation 
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conditions; they point out the current lack of acknowledge about the net effect - ascribable to the huge 
load of mineral dust particles – on (i) the radiation balance of the atmosphere, and (ii) cloud and 
precipitation processes during the triggering and the development of severe episodes.  

The purpose of this paper is to address the role of Saharan dust in affecting the regional weather 
system in the Mediterranean basin. The investigation of VAIA thunderstorm episode (29th October 
2018) is reported with the aim to shed light on this topic by carrying out three different experiments 
with two state of the art fully coupled models, namely WRF-CHIMERE and WRF-Chem: (i) the 
control run, (ii) removing the mineral dust, (iii) replacing the parametrization for cloud condensation 
nuclei (CCN) and ice-nucleating particle (INP) formation (DeMott et al., 2010 and DeMott et al., 2015). 

2. Data and Methods 

2.1. Description of Numerical Modeling 

Numerical simulations of severe Mediterranean Saharan dust storm were carried out by using 
two fully coupled models used for this study: WRF-CHIMERE v2020r3 and WRF-Chem v4.2.1 [22]. 
The simulations focused on the day of October 29 of 2018, when an intense Saharan dust outbreak 
occurred over the Mediterranean basin. Figure 1 depicts the integration domains considered for this 
study designed for WRF-Chem (left panel) and WRF-CHIMERE (right panel).  

  

Figure 1. Integration domains considered for this study. Left panel: integration domains of WRF-Chem run. It is 
centered over Tunisia with a grid spacing of about 5km. Right panel: integration domains of WRF-CHIMERE 
simulation considered for this study. It is the nested in European domain (not shown) and centered over the 
Italy with a grid spacing of about 3km. 

2.2. CHIMERE Model Fully Coupled with WRF 

In this work, we have used the version 2020r3 of the WRF-CHIMERE model. WRF-CHIMERE is 
an online access meteorology-chemistry coupled model which allows the simulation of aerosol direct 
and indirect effects [23–25]. In this modeling tool, the mesoscale meteorological model WRF V3.7.1 is 
coupled with the CHIMERE chemical and transport model [25,26] exchanging the meteorological and 
aerosol fields via the external coupling software OASIS3-MCT [27] with sub hourly frequency chosen 
by the user. The models run on the same horizontal grid, but vertical grids are different. WRF feeds 
CHIMERE with 28 meteorological fields. The direct effect is simulated by using the aerosol optical 
depth, aerosol single scattering albedo, and asymmetry parameter calculated starting from aerosol 
mass distribution size predicted by CHIMERE. These optical properties are diagnosed with Mie 
theory under an external mixing assumption and are used in WRF to force the Rapid Radiative 
Transfer Model for GCMs (RRTMG) scheme [28] in both visible and infrared bands. Further details 
are provided in [23]. Aerosol indirect effects are simulated as described by Tuccella et al. (2019) [24] 
via the aerosol-aware cloud microphysics scheme developed by Thompson and Eidhammer (2014) 
[29]. This scheme considers the aerosol activation as cloud droplet and ice nucleation starting from 
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an aerosol climatology assumed to be log-normally distributed. In WRF-CHIMERE, this approach 
has been replaced with the aerosol fields predicted by CHIMERE. Aerosol size distribution and bulk 
hygroscopicity diagnosed from aerosol mass calculated by CHIMERE following a sectional approach 
[25,26] are used in WRF to calculate the aerosol activation rate as cloud droplet according to Abdul-
Razzak (2002) [30], with a maximum supersaturation determined from a Gaussian spectrum of 
updraft velocity according to Ghan et al. (1997) [31]. Following Thompson and Eidhammer (2014) 
[29], aerosol activation occurs in the cloud when the number of activated aerosols is larger than the 
existing droplet mixing ratio. Heterogeneous and homogeneous ice nucleation are parameterized 
following Thompson and Eidhammer (2014) [29], but the climatology of ice nucleating particles and 
deliquesced aerosol are replaced with the fields predicted by CHIMERE. In WRF-CHIMERE, dust 
particles with diameter larger than 0.5 µm are considered as ice nuclei for heterogeneous ice 
nucleation. The number of dust particles which nucleate as ice particles is determined with the 
parameterization of De Mott et al. (2015) [32]. Homogeneous nucleation of deliquesced aerosols is 
parameterized according to Koop et al. (2000) [33].  In WRF-CHIMERE a mixture of sea salt, 
inorganic and secondary organic aerosols with diameter larger than 0.1 µm is considered as 
deliquesced aerosols suit-able for ice homogeneous nucleation. 

The horizontal domain designed for WRF–CHIMERE runs is composed of a parent domain 
which covers Europe with horizontal resolution of 15 km, and the nested one which covers the Italian 
peninsula with horizontal grid spacing of 3 km, reported in Figure 1 (right panel). The simulation 
started on October 27, 2018 (00:00 UTC) and ended on October 31, 2018 (00:00 UTC). WRF vertical 
grid is composed of 33 levels extending up to 50 hPa, CHIMERE is set with 28 vertical meshes up to 
150 hPa. The exchange frequency between the models is 5 minutes. The parameterizations adopted 
for WRF-CHIMERE are the same used in Tuccella et al. (2019) [24]. This setup has been successfully 
implemented in different previous works (e.g., [8,19]). As described above, the Thompson and 
Eidhammer (2014) [29] and RRTMG [28] schemes are adopted for cloud microphysics and radiation. 
Planetary boundary layer is parameterized with the YSU scheme [34], Noah is used as land surface 
model [35], and convective parameterization adopted is the scheme of Grell and Freitas (2014) [36]. 
No cumulus parameterization is used in the inner domain. The gas-phase chemical model adopted 
in CHIMERE is the MELCHIOR2 scheme [37], photolytic rates are calculated with the Fast-JX model 
according to Wild et al. (2000) [38]. Aerosol evolution is parameterized with a sectional approach 
([25,26,39]). The aerosol species predicted by CHIMERE are sulfate (SO4), nitrate (NO3), ammonium 
(NH4), black carbon (BC), primary unspeciated aerosol, primary organic matter (POM), secondary 
organic aerosols (SOA), aerosol water, mineral dust and sea salt. Anthropogenic emissions are from 
EMEP inventory, biogenic emissions are calculated with the model of Emissions of Gases and 
Aerosols from Nature (MEGAN) [40], soil dust emission flux is parameterized according to the 
description provided in Menut et al. (2015) [41], and sea salt emissions follow Monahan (1986) [42]. 

2.3. WRF-Chem Fully Coupled Online Model 

WRF-Chem model version 4.2.1 has been utilized in a numerical domain covering the upper 
Sahara Desert and the central Mediterranean. Figure 1 (left panel) reports the WRF-Chem integration 
domain with 600×600 points and a horizontal grid spacing of 5 km. As the WRF-CHIMERE runs, the 
simulation started on October 27 and ended on October 31, 2018 (00:00 UTC). Boundary and initial 
conditions are at 1-degree resolution and provided from NCAR/NCEP Final Analysis from Global 
Forecast System (FNL from GFS). Basically, the meteorological model WRF used the same physical 
set of parameterizations. Based on the WRF setup recommended by Rizza et al. (2020) [43], the 
following parameterizations are utilized: the Mellor–Yamada–Janjic Scheme (MYJ) parameterization 
is used to describe the planetary boundary layer (bl_pbl_physics = 2), and surface layer 
(sf_sfclay_physics = 2) Eta similarity scheme. The Noah-MP Land Surface Model (sf_surface_physics 
= 4) is chosen to represent the land surface processes [44]. The Four-dimensional data assimilation 
(FDDA) schemes based on the Analysis Nudging (grid_fdda = 1) as described by Stauffer and Seaman 
(1994) [45] is utilized to account for the meteorological large-scale forcing on the Mediterranean basin 
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[43]. The radiative schemes are parameterized using the Rapid Radiative Transfer Model [28] for both 
short-wave (ra_sw_physics = 4) and long-wave (ra_lw_physics = 4) and coupled with the Goddard 
Chemistry Aerosol Radiation and Transport (GOCART) model [46] by the variable “aer rad 
feedback” defined in the namelist.input chem-section. The coupling strategy between the aerosol 
field forecast from the GOCART model (chem_opt = 300) and the microphysics parameterization is 
implemented here following a recent methodology formulated by Su and Fung (2018) [47]. In this 
context, the updated Thompson microphysics scheme (mp_physics = 28), that is a bulk two-moment 
aerosol-aware microphysics scheme that considers the mixing ratios and number concentrations for 
the following five water species: cloud water, cloud ice, snow, rain, and a mixed hail-graupel class 
[29], is coupled with the GOCART aerosol model enabling WRF-Chem to online simulate the effect 
of dust aerosol in the ice nucleation processes during simulations [47]. In particular, the updated 
Thompson–Eidhammer scheme in its default version incorporates the activation of aerosols serving 
as cloud condensation nuclei (CCN) and ice nuclei (IN), and therefore it explicitly predicts the 
number concentrations of CCN (NWFA - Number Water Friendly Aerosols) and IN (NIFA - Number 
Ice Friendly Aerosols), as well as the number concentrations of cloud droplets and ice crystals. In the 
coupling proposed here, the bulk number concentration of ice-friendly aerosol from the GOCART 
aerosol model is passed into the DeMott et al. (2015) [32] ice nucleation scheme for the calculation of 
the number concentration of ice nucleating particles. 𝑃௜௖௘௜௝௞ = 𝑐௙𝐺𝑁𝐼𝐹𝐴ఈ(ଶ଻ଷ.ଶି்ೖ)ାఉexp (𝛾(273.2 − 𝑇௞) + 𝛿)  (1)

Where P(i, j, k) is the ice crystal number per unit produced by the ice nucleation induced by ice-
friendly aerosols, with α = 0, β = 1.25, γ = 0.46, δ = -11.6, and cf = 3. GNIFA (Gocart Number Ice 
Friendly Aerosol) represents an additional coupling variable that should be defined in the 
registry.chem WRF configuration file and defined in the code as the ratio between the concentration 
and the total mass of dust aerosols: 𝐺𝑁𝐼𝐹𝐴௜௝௞ = ∑ ஼೙೔ೕೖఘ೙(రయഏೝ೙య )ହ௡ୀଵ   (2)

In eq. 2 n = 1,5 is the index of the five aerosol bins defined in the GOCART scheme, described 
below. The final coupling step consists in passing out the tendency of aerosol number concentration 
for wet removal calculation that represents the tendency term for bulk aerosol number concentration. 
The WRF-Chem setup related to the aerosols concerns the hybrid bulk/sectional GOCART model. 
This may be utilized by putting the namelist variable chem_opt = 300. It consists of seven bulk aerosol 
species – organic carbon (OC1, OC2), black carbon (BC1, BC2), other GOCART primary species 
(PM2.5, PM10), and sulfate (only secondary aerosol species). The current version of the AFWA dust 
emission scheme (dust_opt = 3) implemented in WRF-Chem [48] considers five dust size bins ranging 
between 200 nm and 20 µm. A detailed description of the AFWA dust emission scheme is already 
provided by the recent works of LeGrand et al. (2019) [48], Ukhov et al. (2020) [49], and Rizza et al. 
(2021) [50]. It is important to point out that in this kind of parameterization, the dust emission is 
controlled by the saltation of larger particles (0 - 100 µm) that are activated by wind shear at the 
surface. This leads to the emission and entrainment in the air of smaller particles (0 - 10 µm) by 
saltation bombardment, the resulting vertical bulk dust flux is calculated as: 𝐹௕௨௟௞ = 𝐺 𝑥 𝐸𝑅𝑂𝐷ఊ𝑥 𝛽  (3)

with 𝛽 = 10଴.ଵଷସ(%௖௟௔௬ି଺) (4)

Where G is the total streamwise horizontal saltation flux [48], β is the sandblasting mass 
efficiency calculated considering only the soil clay fraction and is the exponential tuning constant for 
erodibility. Once the total bulk emission (Fbulk) is established, size-resolved dust emission fluxes (g 
cm² s⁻¹) are obtained according to the five dust size bins distribution described above. 
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3. Observations 

3.1. Modis Dataset 

The MODerate-resolution Imaging Spectroradiometer (MODIS; Salomonson et al., 1989) 
instrument has flown on board the Aqua spacecraft since May 2002. It has 36 wavelength bands 
covering the visible and the infrared spectrum and high spatial resolution. Aqua, whose data are 
used here, overpasses the Equator at 13:30 LST. The characterization of aerosols is the core of the 
MODIS mission [51] and the Aerosol Optical Depth (AOD) is still the most important aerosol physical 
parameter derived from space. Two different approaches are currently used to retrieve the AOD from 
MODIS data. These are indicated as “Dark Target” [51] and “Deep Blue” [52]. The algorithm at the 
basis of the DT approach is further differentiated when applied over ocean [53] or land [3]. On the 
other side, the DB approach was developed to be applied over bright surfaces (deserts, snow, sun 
glint) to complement the DT retrievals. The most recent collection (C006) of MODIS AOD data 
provides a single AOD product combining both the DT and the DB AOD retrievals (here we use the 
MODIS daily product MYD08 D3 v6; https://modis.gsfc.nasa.gov/data/dataprod/mod08.php). 

3.2. GMP 

The Global Precipitation Measurement (GPM) Microwave Imager (GMI) instrument is a multi-
channel, conical-scanning, microwave radiometer consisting of thirteen microwave channels ranging 
in frequency from 10 GHz to 183 GHz. The GPM Microwave Imager (GMI) with its 885 Km swath 
provides a broad view of cyclones and other storm systems. The data from GMI is used as a reference 
standard for an international network of partner precipitation-measuring satellites known as the 
GPM Constellation. The data from the GPM Core Observatory and these partner satellites are unified 
into a single global precipitation dataset called IMERG (Integrated Multi-satellitE Retrievals for the 
Global Precipitation Measurement), which is updated every three hours 
(https://gpm.nasa.gov/missions/GPM). 

3.3. VIIRS 

The Visible Infrared Imaging Radiometer Suite VIIRS is onboard the joint NASA/NOAA Suomi 
National Polar-orbiting Partnership (Suomi NPP) and NOAA-20 satellites collecting visible and 
infrared imagery. VIIRS extends observational data collected by analogous sensors like MODIS and 
NOAA’s Advanced Very High-Resolution Radiometer (AVHRR). VIIRS specialized algorithms are 
designed to warrant continuity between MODIS and VIIRS data products to facilitate long-term 
climate data records. 

3.4. SEVIRI 

SEVIRI is a scanning radiometer that provides image data in four Visible and Near-InfraRed 
(VNIR) channels (0.4 – 1.6 µm) and eight InfraRed (IR) channels (3.9 – 13.4 µm). The principal feature 
of this sensor is its continuous imaging of the Earth in 12 spectral channels with a baseline recurrence 
sequence of 15 min. The imaging sampling distance is 3 km at the sub-satellite point for standard 
channels, and down to 1 km for the High Resolution Visible (HRV) channels. 

3.5. GRISO 

GRISO (Spatial Interpolation Generator from Rainfall Observations) is a software tool designed 
to perform spatial interpolation of rainfall data collected from weather stations or similar 
observational networks. By utilizing various interpolation techniques (e.g., kriging, inverse distance 
weighting, or spline methods), GRISO generates continuous spatial rainfall distribution maps from 
discrete data points. It is commonly used in hydrology, meteorology, and environmental 
management to analyze rainfall patterns, assess water resource availability, and support decision-
making in flood forecasting and agricultural planning. 
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4. Synoptic Description by Modeling and Satellite Data 

As reported in the recent literature between 26 and 30 October 2018, a Mediterranean extreme 
event took place in its western sector. The authors pointed out the presence of an Atmospheric River 
developed within a typical autumn synoptic circulation, generally associated with heavy rain 
conditions over the western Mediterranean Sea basin. In particular, such a Mediterranean storm—
called “Vaia”—was characterized by explosive cyclogenesis, storm surge, and extremely intense 
wind gusts on the western Mediterranean basin and the Northern Sahara Desert. As depicted in 
Figure 2, taken by Davolio et al., 2020, an atmospheric river was detected. 

 

Figure 2. (a) The atmospheric river by Davolio et al., 2020 (a) at 18:00 UTC on October 28th, 2018 (blue shading). 
Cross section (b) of normal wind speed component (contour lines every 5 m/s) and of water vapor flux (color 
shading, g/m²s). 

It was about 3000 km long and confined in the lower troposphere, below 3000 m all along its 
path and it reached its maximum intensity over the Mediterranean area. Associated with such 
synoptic circulation, on 29th October 2018, a huge Saharan dust intrusion over the Italian peninsula 
was observed from the MODIS sensor onboard Aqua Spacecraft, which passed over Sardinia at 12:40 
UTC on October 29 and over Albania at 11:40 UTC on October 30. 

 
Figure 3. (a) AOD at 550 nm from Modis Aqua for October 29; (b) AOD at 550 nm from Modis Aqua for October 
30. 

5. Modeling Results 

Numerical simulations of the event that occurred on 29th October 2018 were performed with 
WRF/CHIMERE and WRF/Chem models. Firstly, the outputs are first compared with Copernicus 
Atmosphere Monitoring Service (CAMS) reanalysis, which are considered as a benchmark, since the 
validated reanalysis are data-assimilated fields of air pollutant concentrations based on observation 
data rigorously validated according to the air quality reporting principles set in EU Decision 
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2011/850/EU on reciprocal exchange of information and reporting on ambient air quality. The 
comparison of PM10 concentrations at ground level is depicted in Figure 4.  

  

 

Figure 4. Daily PM10 map concentrations at ground level for the October 29, 2018. CAMS European air quality 
interim reanalysis, provided by COPERNICUS European air quality service and produced by COPERNICUS 
Atmosphere Monitoring Service (upper left panel) and WRF-CHIMERE (upper right panel) appear quite similar, 
while WRF-CHEM (lower panel) largely overestimates the particulate matter mass concentrations. 

Basically, the spatial patterns and timing of high PM10 levels are well reproduced by our 
simulations, even if WRF-CHEM largely overestimates the concentrations calculated at ground level. 
It is worth noticing that the comparison is done remapping CAMS (i.e., 10 km) and WRF/Chem (i.e., 
5 km) over the highest resolution grid of WRF-CHIMERE (i.e., 3 km). The discrepancies found with 
the considered benchmark might be due to (i) different starting integration domains and/or (ii) 
different dust emission schemes, which are basically a threshold process that critically depends on 
the estimation of the 10-m wind speed. Nevertheless, non-redundant model settings are likely useful 
to quantify the uncertainties associated with each numerical estimation. Secondly, simulated 24-
hours accumulated precipitation for October 29, 2018, was compared with gridded observations 
elaborated using the Random Generator of Spatial Interpolation from uncertain Observations 
(GRISO). We performed such comparison including the different WRF-CHIMERE runs we did as 
report in Table 1. 

Table 1. Different runs performed by the WRF-CHIMERE model. 

 WRF-CHIEMERE runs 
Label CPL1 CPL4 CPL4nd 

Coupling off line on line on line 
Aerosols all species all species all species without dust 
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Figure 5. Comparison of accumulated daily precipitation for October 29, 2018, over Italian peninsula between 
observations (upper panel) and the WRF-CHIMERE and WRF-CHEM simulations performed by using different 
settings: WRF-CHIMERE off-line, on-line, on-line no dust, and WRF/Chem on line (as reported in figure labels). 

The comparison between observations and numerical results shows that the main characteristics 
of the storm are well simulated by both models, even if WRF-CHEM underestimates the accumulated 
rain over the Apuane Alps, which can be considered as the first orographic barrier of AR. On the 
other hand, WRF-CHIMERE overestimates the precipitation in the western part of the Po basin, 
where the observation clearly shows a sharp decrease compared with both alpine areas of Liguria on 
the south side and Lombardy and Piedmont regions on the north side. Besides, we analyzed the 
accumulated hourly precipitation at Malga Valine (Figure 6), which has been chosen as representative 
of the pre-alpine region, where extreme accumulated precipitation was recorded. 

At this specific location, the timing seems captured by models: the start of precipitation after a 
few hours’ interval without precipitation in the night between October 28th and 29th is well 
reproduced. Nevertheless, both models fail in simulating the extremely high values observed 
between 12 UTC and 15 UTC. In addition, WRF-CHIMERE overestimates the precipitation at the 
ending of the event, between 17 UTC and 21 UTC. WRF-CHEM better reproduces the daily behavior 
precipitation, while WRF-CHIMERE calculates a short precipitation break in the afternoon, which is 
not observed by the weather station. Overall, the day we considered, the models underestimate the 
24-h accumulated rain. The weather station of Malga Valine measured 216 mm day−1, while the 
models calculated 140 mm day−1 by WRF-CHIMERE in offline mode, 130 mm day−1 in online mode, 
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and 138 mm day−1 in online mode without dust. WRF/Chem predicts 128 mm day−1 for 29 October. 
The models underestimation ranges between 35% and 40%. By focusing on the WRF-CHIMERE runs 
compared with measurements, we did not find linearity in terms of hourly bias among the different 
sensitivities. The authors argue about the role of aerosols in the precipitation process, which is still 
unclear, due to the complexity of indirect effects calculation in online models. In Section 5.1, we report 
a few preliminary results which aim to shed light on these interesting aspects. 

 

Figure 6. Hourly precipitation measured (gray bars) at Malga Valine compared with WRF-CHIMERE with 
different settings: offline (black line), online (red line), online zeroing dust (blue line) and WRF-CHEM in fully 
coupled mode (green line). 

5.1. WRF-CHIMERE Sensitivity Tests 

In order to determine the effects of dust in a model we consider as baseline simulation the on-
line WRF-CHIMERE run performed by including all aerosols (dust, sea salt, sulphate, organic, and 
black carbon). This baseline simulation well reproduces the real-world scenario for October 29 of 
2018. The results of this run were compared with no-dust simulation (in Section 5 named CLP4nd) in 
which we assigned zero values to dust concentrations. Both of the aforementioned simulations 
include aerosol-radiation, aerosol-cloud, and microphysical interaction, therefore they represent the 
total effect of the aerosols, direct and indirect. Thus, we analyze the differences we found for a few 
key parameters, such as Cloud Condensation Nuclei for different supersaturation thresholds (0.02%, 
0.04%, 0.1%, 0.2%, 0.5% and 1%) and the aerosol hygroscopicity, liquid droplets and ice nuclei 
number. Figure 7 reports the percentage variation resulted by zeroing dust concentrations in WRF-
CHIMERE on-line runs. 

 
Figure 7. Percentage differences which test zeroing the dust concentrations exerts by running WRF-CHIMERE 
in on line mode on key parameters, such as CCN, aerosols hygroscopicity and liquid droplets and ice nuclei 
number. The values refer to the overall integration domain. 
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As expected, zeroing dust concentrations a significant PM10 and PM2.5 decrease (i.e., 78% and 
59%, respectively) was found as average mass concentration overall 3D integration domain. Acting 
the aerosols as CCN we can expect that lower PM concentrations in the atmosphere would result in 
lower number of CCN. Surprisingly, except for CCN activated for lower supersaturation percentage 
of 0.02%, the CCN volume concentration increase in the no-dust run. The authors argue about the 
changes of the aerosols hygroscopicity, which increases of about 40% by removing dust particles from 
the atmosphere. In CHIMERE model mean hygroscopicity parameter calculation is based on the 
volumetric average of hygroscopicity of the single model species, and dust is treated as hydrophobic 
specie (i.e., dust hygroscopicity is 0.03, the highest hygroscopicity of sea salt is 1.16, the lowest 
hygroscopicity of black carbon is 10−6). 

Basically, the effects of aerosols or dust particles on rainfall are governed by multiple 
microphysical, dynamic and radiative interactions, which can suppress, enhance, or cause no net 
effect on rainfall depending on the topography and - more in general - on the case study. In addition, 
the differences on radiation by the scattering and albedo effects of the dust particles themselves were 
found and as consequence significant variation on surface temperature, planetary boundary layer 
(PBL) height, wind speed and shortwave radiation. Figure 8 reports the Hovmöller diagrams for the 
mentioned parameters. 

  

  
Figure 8. Hovmoller diagram of absolute differences cpl4 - cpl4nd of surface temperature, planetary boundary 
layer height, wind speed and short-wave radiation. 

Figure 8 pointed out the net effect of mineral dust on spatial distribution of the above-mentioned 
variables: the dust load presence results in shifting of spatial patterns of T2m and wind speed, as well 
as of vertical motions associated with the calculation of PBL; the shortwave radiation reaching the 
surface is - as expected, due to higher atmosphere transparency - higher in no-dust conditions 
throughout the latitude of entire integration domain. 

6. Conclusions and Discussion 

This study provides valuable insights into the influence of desert dust on the spatial and 
temporal variations of precipitation, based on multi-model simulations. The application of both fully 
coupled and off-line configurations, through WRF-CHIMERE and WRF-Chem, allowed for an 
examination of the role of dust in cloud microphysics, specifically in the formation and removal of 
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ice nuclei (IN) and cloud condensation nuclei (CCN). The findings reveal that while both models 
effectively simulate the spatial patterns and timing of high PM10 levels associated with desert dust 
transport, discrepancies exist, particularly with WRF-Chem overestimating ground-level 
concentrations. These differences likely arise from variations in integration domains and dust 
emission schemes, highlighting the necessity of carefully tuning model settings to mitigate 
uncertainties in numerical estimations. 

A key outcome of this study is the evaluation of accumulated precipitation during the VAIA 
storm (October 29, 2018). While both WRF-CHIMERE and WRF-Chem capture essential storm 
characteristics, they exhibit significant biases in specific regions, underestimating total accumulated 
rainfall by approximately 35-40% compared to observations. This underestimation points out the 
inherent complexity of accurately modeling precipitation events, especially in regions characterized 
by complex orography.  

The sensitivity analyses conducted with WRF-CHIMERE, where dust concentrations were 
removed, demonstrated expected reductions in PM10 and PM2.5 levels but also revealed an 
unexpected increase in CCN volume concentrations under certain conditions. This finding suggests 
that local variations in aerosol concentrations can induce significant changes in precipitation and 
temperature. However, these effects did not translate into notable total changes in precipitation when 
averaged over the entire integration domain, implying a potentially weak overall relationship 
between dust transport and precipitation. This warrants further investigation to delineate the precise 
mechanisms driving aerosol-cloud-precipitation interactions, as the microphysical and radiative 
effects of aerosols remain highly context-dependent. 

The results of this study underpin the complexity of aerosol-precipitation interactions, which 
involve multiple competing processes that may lead to different outcomes based on regional and 
meteorological contexts. The interplay between aerosols and precipitation is not a straightforward 
cause-effect relationship but rather a dynamic process influenced by a variety of factors including 
cloud dynamics, thermodynamics, and atmospheric circulation patterns. Consequently, this 
experiment highlights the necessity for continued improvements in aerosol modeling within coupled 
meteorological frameworks. 

Future research should focus on refining dust emission schemes, enhancing cloud microphysics 
parameterizations, and conducting additional case studies to improve predictive capabilities of 
numerical weather models. In particular, further investigation into the thresholds at which aerosols 
significantly impact/trigger precipitation processes could contribute to a more nuanced 
understanding of these interactions. 
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