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Abstract. The regional climate model RegCM3 coupled aerosol online feedback on the radiation budget decreases the
with a radiatively active aerosol model with online feedback domain-average daily-mean value of the 2 m-temperature,
is used to investigate direct and semi-direct radiative aerosaherosol column burden (CB), and short-wave (SW) atmo-
effects over the Sahara and Europe in a test case of July 2008pheric forcing by—0.52°C, 14%, and 0.9%, respectively
The aerosol model includes dust particles in addition to sul-on 17 July and by-0.39°C, 12% and 12%, respectively on
fates, hydrophobic and hydrophilic black carbon and organic24 July. The comparison of REF and Exp2 reveals that on
carbon. The role of the aerosol online feedback on the ra47 July, radiatively-active dust particles decrease the daily-
diation budget and the direct radiative forcing (short-wavemean 2 m-temperature averaged over the whole simulation
and long-wave) by dust particles are investigated by inter-domain by 0.4% even if are responsible for 99.8% and 97%
comparing results from three experiments: REF, includingof the daily-mean aerosol column burden and SW atmo-
all interactive aerosol components, Expl, not accounting forspheric forcing, respectively.

the aerosol radiative feedback, and Exp2 not accounting for
desert dust particles. The comparison of results in the REF

experiment with satellite observations, sun/sky radiometer

measurements, and lidar profiles at selected Central Meditert  Introduction

ranean sites reveals that the spatio-temporal evolution of the

aerosol optical depth is reasonably well reproduced by theThe influence of aerosols on the Earth’s climate is not yet
model during the entire month of July. Results for the dustadequately taken into account in climate models. As a con-
outbreaks of 17 and 24 July, averaged over the simulation dosequence, research activities aimed at improving the aerosol
main, show that the daily-mean SW direct radiative forcing representation in climate models are essential for a more
by all particles is—24 Wn12 and —3.4Wn12 on 17 July  accurate prediction of climatic changes. Indeed, an ad-
and —25Wn12 and —3.5Wn12 on 24 July at the surface vanced, multi-disciplinary approach that integrates surface
and top of the atmosphere, respectively. This is partially off-and space-based measurements with models needs to be
set by the LW direct radiative forcing, which is 7.6 W&  developed to achieve the goal of reducing uncertainties in
and 1.9Wn12 on 17 July and 8.4 Wr? and 1.9 WnT2 on aerosol impacts on climate (US Climate Change Science Pro-
24 July at the surface and top of the atmosphere, respectivelgram; Chin et al., 2009). The Mediterranean basin has a
Hence, the daily-mean SW forcing is offset by the LW forc- particular relevance in aerosol-climate studies, as this area
ing of ~30% at the surface and 6/50% at the ToA. Itisalso is particularly affected by air pollution. In addition to sea-
shown that atmospheric dynamics and hence dust productiogpray aerosols, mineral dust and biomass burning particles
and advection processes are dependent on the simulation asem Northern and Central Africa, long-range transported
sumptions and may significantly change within few tens of urban/industrial and biomass burning aerosols from North-
kilometers. The comparison of REF and Exp1 shows that theern and Eastern Europe converge over the Mediterranean.
As a consequence, several studies indicate that the aerosol
radiative forcing is among the highest in the world during

Correspondence tdvl. Santese Mediterranean summers (e.g. Lelieveld et al., 2002; An-
m (monica.santese@le.infn.it) dreae et al., 2002). In addition, Giorgi (2006) identified
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the Mediterranean as one of the most responsive regions tusions over the Central Mediterranean. Note that the inclu-
GHG-induced global climate change, so that the aerosol forcsion of the aerosol feedback both at solar and thermal wave-
ing is expected to strongly interact with the GHG forcing lengths can lead to a decrease of the bias between modeled
over this region. and observation-based atmospheric parameters. RegCM3 is
Mineral dust is among the major aerosol components oveused in this study to simulate the test period of July 2003,
the Mediterranean, however its radiadive impact is still notwhich includes two significant episodes of mineral dust intru-
well defined. The net perturbation of the radiation balancesions from the Sahara onto the Central Mediterranean on 17
(solar and terrestrial) imposed by mineral dust (i.e. the dustand 24 July, 2003 (Tafuro et al., 2006). The RegCM3 aerosol
radiative forcing) is complex (Sokolik et al., 2001) due to module includes, in addition to dust particles, sulphates, hy-
its scattering, absorption, and emission properties. Sign androphobic and hydrophilic black carbon and organic carbon
magnitude of the direct dust radiative forcing are controlled (Solmon et al., 2006; Zakey et al., 2006). Note that com-
by the dust optical properties, which depend on the dust sizeared to the work of Zhang et al. (2009) that is related to
distribution and refractive index. The latter in turn dependsthe simulation of dust aerosol over East Asia, our simula-
on the mineral composition and particle mixing state, whichtions also include anthropogenic aerosols. As mentioned,
might vary regionally due to potentially different soil proper- the Mediterranean basin is characterized by a complex at-
ties of dust source regions (Tegen, 2003). Therefore the nanospheric chemistry influenced by regional and long-range
dust radiative forcing (sum of solar and long-wave) exhibits transported emissions from both continental Europe and the
large regional variations, which makes it difficult to estimate Africa deserts (Santese et al., 2008). Therefore, it is very
a global mean. important to use a model where the contribution of different
The recent development of high-resolution regional cli- aerosol components is considered even during dust events.
mate models (RCMs) offers a useful tool to assess the reRecent studies at a South-East Italian site (Bellantone et al.,
gional impacts of aerosols, including mineral dust (e.g. Za-2008) clearly revealed that carbonaceous and sulphate parti-
key et al., 2006; Perez et al., 2006; Heinold et al., 2007).cles were the main components of fine-mode aerosols dur-
Compared to General Circulation Models (GCMs), the rel-ing dust outbreaks, representing more than 50% of the total
atively high-resolution and detailed physical parameteriza-aerosol burden.
tions of RCMs are particularly suitable to describe the com- The RegCM3/aerosol model performance is tested in this
plexity of aerosol processes (Solmon et al., 2006). Furtherpaper with case studies by comparison with a range of ob-
more, the results from regional models are well suited forservations, including satellite products, sun/sky radiometer
comparison with measurements of individual events at semeasurements, radio sounding measurements, and lidar pro-
lected sites. files at selected Central Mediterranean sites. A better un-
In an effort to improve the understanding of mineral dust derstanding of the model behavior can allow improving the
impacts on regional climate, Zakey et al. (2006) recently de-parameterization of aerosol processes in order to contribute
veloped a radiatively active desert dust module and coupledo the understanding of the aerosol role in the climate system.
it to the regional climate model RegCM3 (Version 3.1, Pal et At present, there exists considerable uncertainty in model
al., 2007), developed at the Abdus Salam International Cenestimates of both anthropogenic-aerosol and dust emission.
tre for Theoretical Physics (ICTP) of Trieste (Italy). The Therefore, the improved parameterization of aerosol pro-
dust module, which includes emission, transport, gravita-cesses is an important step in the further development of cli-
tional settling, wet and dry removal and calculations of dustmate and Earth system models. After a brief model descrip-
optical properties, has further been improved by Konare etion is given in Sect. 2, the comparison of observations and
al. (2008) and Zhang et al. (2009) by including the radia- model data in the reference (REF) experiment is presented in
tive feedback associated with Sahara dust and the long-wavBect. 3 and the aerosol radiative effect is analyzed in Sect. 4.
radiative forcing, respectively. Heinold et al. (2007) also de- In addition to the REF simulation, two experiments are ana-
veloped a new regional model system (LM-MUSCAT) to es- lyzed to highlight both the effects of the aerosol online feed-
timate the dust direct and semi-direct forcing by means of arback on the radiation scheme (Sect. 5) and the direct and
online feedback of dust on the model radiation scheme. Irsemi-direct radiative effects by dust particles both at solar
addition, Perez et al. (2006) demonstrated the impact of dustand thermal wavelengths (Sect. 6). Summary and conclusion
radiation interaction on weather forecast improvements byare given in Sect. 7.
using the Dust REgional Atmospheric Modeling (DREAM)
system.
In this paper, RegCM3 is coupled with a radiatively active 2 RegCM3 modeling system
aerosol model with online feedback on the radiation scheme
(Zakey et al., 2006, Konare et al., 2008; Todd et al., 2008;The Regional Climate Model Version 3 (RegCM3) used in
Zhang et al., 2009), and for the first time, it is used to investi-the present work is a hydrostatic, sigma vertical coordi-
gate the aerosol radiative forcing (at solar and thermal wavenate model based on the mesoscale model MM5 (Grell et
lengths) and related climate effects during African dust in-al., 1994), with improvements in various physics packages
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(Pal et al., 2007). Typical horizontal grid spacings for cli- The dust module has a size spectrum from 0.01 to 20.0 um,
mate applications range from 20 to 80 km. Atmospheric ra-which is divided into 4 size-bins, each covering part of the
diative transfer processes at solar (SW) and thermal (LW)whole spectrum of particle diameter: i.e. the fine (0.01-
wavelengths are from the NCAR global model CCM3 and 1.0 um), accumulation (1.0-2.5um), coarse (2.5-5.0 um),
are described by Kiehl et al. (1996). Land surface processeand giant (5.0—20.0 um) particle mode. The evolution of each
which describe the transfer of energy, mass and momenturbin is described by a prognostic equation for the dry size of
between the atmosphere and the biosphere, are representa: dust particle (Zakey et al., 2006; Solmon et al., 2006).
via the Biosphere-Atmosphere Transfer Scheme (BATSle; The radiative code in the RegCM3 employs thie
Dickinson et al., 1993). Planetary boundary layer compu-Eddington approximation for radiative flux calculations, and
tations follow the non-local parameterization of Holtslag et the wavelength spectrum is divided into 18 discrete intervals
al. (1990). The mass flux scheme of Grell (1993) is usedfrom 0.2 to 4.5 um. Seven of these span the ultraviolet (0.2—
to describe convective precipitation and the sub-grid explicit0.35 pum), one covers the visible (0.35-0.64 yum) and the re-
moisture scheme of Pal et al. (2000) is used to represent nonmaining bands cover the infrared or special absorption win-

convective precipitation. dows. Zhang et al. (2009) provide a detailed description of
the aerosol parameters used to perform radiative forcing cal-
2.1 Anthropogenic aerosol model culations.

The dust SW radiative effect is calculated using asymme-
The anthropogenic aerosol model implemented withintry factor, single scattering albedo, and mass extinction coef-
RegCM3 includes prognostic equations for six tracers: theficient obtained from Mie calculations. The refractive indices
SOZISOAZ[ system, hydrophobic and hydrophilic black car- of mineral dust aerosols for the relevant SW spectral win-
bon (BC) and organic carbon (OC). Solmon et al. (2006)dows are taken from the OPAC database (Hess et al., 1998).
presents a detailed description of this scheme along with the In the LW domain, dust effects are accounted for by intro-
emission inventories used by the model. Solmon et al. (2006§ucing the dust emissivity (and hence absorptivity) according
evaluated the model performance in terms of surface conto the parameterization of Kiehle et al. (1996). The dust LW
centrations and aerosol optical depth over a wide and conemissivity is calculated according to:
trasted domain extending from Northern Europe to southern
sub-tropical Africa at a 60 km spatial grid spacing without ew(z) =1
considering the aerosol radiative forcing.

_ e_DkIwabsb(Z) (1)

where D = 1.66 is a diffusivity factor,b(z) is the dust bur-
den (gnT?) of a given layer andaps (Mg~ 1) is the mass
absorption coefficient calculated using Mie theory for the rel-

The d d dule impl d within ReaCM3 is d evant LW spectral windows, for each size bin and using LW
e desert dust module implemented within Reg IS 08 efractive indices consistent with Wang et al. (2006).

scribed in detail by Zakey et al. (2006). It is based on the The OPAC dataset allows the calculation of dust opti-
works of Marticorena and Bergametti (1995) and Alfaro and b

. o L al properties at 61 wavelengths between 0.25 and 40 um,
Gomes (2001) and includes emission, transport, grawtatlonag brop g H

) . ) roviding the real and imaginary parts of the refractive in-
settling, wet and dry removal, and calculation of dust optlcaldices for each wavelength range. In our study we use the
properties. The coupled RegCM3—dust model, without the :

line feedback of d h del radiafi h wavelength range from 0.2 to 4.5pum. Figure 1 shows (a)
online feedback of dust on the mo €l ra _|at|on scheme, Wa‘*gingle scattering albedo and (b) asymmetry factor versus
tested by Zakey et al. (2006) by simulating a Northeaster

Mvavelength retrieved from Mie calculations for the four size
Africa dust outbreak and a West Africa-Atlantic dust out- 9

) . - bins. The plots of Fig. 1a and b are in satisfactory accor-
break, as well as by pe.rformmg. a three mlonth SImUIat'ondance with the corresponding ones by OPAC dataset and with
over an extepded dqmam covering the Afrlca—Europg SECAERONET data (e.g. Bergamo et al., 2008).
tor. Comparisons with observations gave encouraging in-
dications concerning the use of the dust model for climatep 3 Experiment design
applications.

The coupled RegCM3-dust model was then used byThe model domain used in this study covers major parts of
Konare et al. (2008) to investigate the effect of the short-the Sahara desert and Southern Europe withxa® grid
wave radiative forcing of Saharan dust on the West Africapoints at a horizontal grid spacing of 50 km, with 18 vertical
monsoon. It was shown that the short-wave forcing was domsigma layers and model top at 100 hPa. It is worth noting that
inant in generating a reduction of monsoon northward pen-the grid spacing of 50 km used in this test study is not much
etration and precipitation over the Sahel. More recently, ashigher than the ones used by some GCMs with an aerosol
we have previously mentioned, the coupled RegCM3-dustmodule. Nevertheless, we believe that the selected grid spac-
model was further implemented by Zhang et al. (2009) toing does not represent a limiting factor of the paper’'s main
simulate over East Asia the net radiative forcing (short-wavescope. However, our modeling system can operate at smaller
and long-wave) and related climate effects of dust aerosols.grid spacing. Figure 1c shows the model domain in addition

2.2 Dust model
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Fig. 1. (a) Single scattering albedo arfd) asymmetry factor versus wavelength retrieved from Mie calculations for the four size(g)ns.
Sand source percentages inside the model domain. Full dots indicate the location of some Italian AERONET sites and of site A. B, C, and D
indicate the the geographical location of In Salah, Bechar, and Cagliari, respectively.

to sand source percentages (color coded plot) to indicate théREF) simulation. The second simulation (Expl) includes
location of main dust sources over the model domain. Me-the radiatively active aerosol model, but the online feedback
teorological initial and time-evolving lateral boundary condi- on the RegCMS3 radiation is not accounted for. Finally, in or-
tions for the RegCM3 simulations are from the National Cen-der to examine the contribution of the mineral dust radiative
ters for Environmental Prediction/National Center for Atmo- forcing a simulation not accounting for the mineral aerosol
spheric Research (NECP/NCAR) re-analysis (Kalnay et al.component is performed (Exp2).
1996). The land cover is specified using the Global Land
Cover Characterization (GLCC) Version 2 data provided by o
the US Geology Survey (USGS) Earth Resources Observa3 Model validation
tion System Data Center (Loveland et al., 2000). Soil texture
data are based on the USDA texture classification (USDA,
1999). The model time step is of six hours.

The model simulations extend from 1 to 31 July 2003

Model results are validated at selected Central Mediterranean
sites, by comparison with aerosol optical depths (AODs)
from satellites and sun/sky radiometer measurements, with
extinction coefficient vertical profiles obtained from lidar

n orde:jto capttr:JreNThsltmam Afrlcsm .duzt '.ntru:c’]'olnsztgg;measurements, and with radio sounding temperature mea-
occurred over the iediterranean basin during July 'surements. The evaluation of individual dust events is a nec-

Tlhe;gggve_lpﬁen wgll dlo:?umented fordexa}[mdple %y Tafluro %ssary step in order to assess the realism of emission and
al ( .)'. ree simuiations aré conducted and analyze ansport processes in numerical models.

The radiatively active aerosol model with online feedback

on the RegCM3 radiation scheme is used for the reference

Atmos. Chem. Phys., 10, 13856 2010 www.atmos-chem-phys.net/10/133/2010/



M. Santese et al.: Modeling of Saharan dust outbreaks over the Mediterranean 137

Longitude (°)

Latitude (°)

Fig. 2. (a—0 SeaWiFsS true color images andHf) color-coded plots of simulated AODs (daily average) at the 350—640 nm model band for
17, 23, and 24 July 2003, respectively.

3.1 Overview of July 2003 african dust intrusion between the simulated daily mean wind fields at 10m (a—
episodes c¢) and the corresponding NCEP-NNRP2 reanalysis dataset
used for the model initial and lateral boundary conditions in-
Particularly intense sand storms occurred over Northwestterpolated onto the model grid for 17, 23 and 24 July, re-
ern Africa on 17 July, and 23-24 July, 2003, as revealedspectively. The wind patterns are well captured by RegCM3.
by the true-color images from the Sea Wide Field-of-view Daily mean values of dust emission fluxes (ugis!) are
Sensor (SeaWiFSittp://www.nrimry.navy.mil/aerosgl/on ~ reported in Fig. 3g—i by color coded plots for 17, 23 and
board of the NASA SeaStar spacecraft (Fig. 2a—c). One pic24 July, respectively. We observe that Western Sahara is
ture per day is shown in Fig. 2a—c for the whole Mediter- the main dust source on 17 July, even if significant dust
ranean region as a composite of the data collected betweespurces also are activated over Mauritania and Algeria. In-
11:00 and 13:00 UTC along the spacecraft polar orbit (Tafurotense dust emissions are especially activated over the Mauri-
et al., 2006). Figure 2 shows that the dust intrusion fromtania/Mali/Algeria border on 23 and 24 July.
the Western Sahara extends all the way to the Italian penin-
sula and Western Greece. Figure 3 presents a comparison
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Fig. 3. Comparison betweera{c RegCM3 simulated 10-m winds and-f) NCEP-NNRP?2 reanalysis for 17, 23 and 24 July, respectively.
Daily mean values of dust emission fluxes (ug4s—1) are shown ing—i) by color coded plots for 17, 23 and 24 July 2003, respectively.

3.2 Comparison of simulated and observed aerosol retrieved from sun/sky photometer measurements at Lampe-
optical depths dusa (35.52N, 12.63 E), Oristano (39.91N, 8.5 E), Etna
(37.6T N, 15.02 E), Lecce (40.33N, 18.10 E), and Rome

Figure 2d—f show by color coded plots the simulated (daily (41.84 N, 12.65 E) are plotted in Fig. 4a—e. These Italian

average) total aerosol optical depth (AOD) at the model band®ERONET sites (Fig. 1c) have been significantly affected
350-640 nm for 17, 23 and 24 July, respectively. Compari-by dust outbreaks in July 2003, as clearly seen in Fig. 2. Itis
son with Fig. 2a—c reveals that RegCM3 catches the spatig®lso worth mentioning that we use AERONET daily-mean-
distribution of the dust intrusions over the Central Mediter- values of the Angstrom coefficient (440 nm/870 nm) and the
ranean. The AOD reaches values of up to 6 over the dusfOD at 440 nm to estimate AODs at 550 nm. The uncertainty
source regions (Fig. 2d—e) and decreases to values of up @0 AERONET AODs ist 0.01 and is assumed wavelength-

1.5 over the Central Mediterranean and the Italian Peninsuladndependent (Dubovik et al., 2000). Daily-mean-values of

Daily AOD-mean-values from the model (dashed blackthe Angstrom coefficientq) that are plotted in Fig. 4a—e by

lines) are compared in Fig. 4a—e to corresponding da"ygrey dotted lines also indicate that AOD peak values are due

AOD (solid black lines) retrieved from cloud-screened andtc_J dudst;nlgrutglon e\(/jentsA rr;altnl()j/_ deﬁends on tredgerosol
quality-assured AERONET sun/sky photometer measure>'2€ distribution and severai studies have reveale hm.'
ments. More specifically, AOD daily-mean-values at 550 nmPears as a good marker to trace the temporal evolution of
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Fig. 4. AOD daily-mean-values for July 2003 from the model (black dashed line), AERONET sun/sky radiometer measurements (black
solid line), and MODIS satellite measurements (grey solid line), and daily-mean-values of the Angstrom coefficient (grey dotted line) at
(a) Lampedusa(b) Oristano,(c) Lecce,(d) Rome, ande) Etna. (f) AOD daily mean values from the model (black dashed line) and from
MODIS (grey solid line) at site A (37.60N, 5.00 E).

dust outbreaks (e.g. Tafuro et al., 2006). Typical values rangécrosses), and Rome (boxes). The solid black lines in the fig-
from A > 2 for fresh smoke particles, which are dominated ures represent the linear regression line fitting the data points.
by accumulation mode aerosol, to nearly zero for large dusRegression line slope and linear correlation coefficigtjt (
particles (Dubovik et al., 2000). are also given for each plot in addition to the root mean
Figure 4 shows a good performance of the model in catchsSquare (RMS) difference between RegCM3 AODs and the
ing the AOD evolution with time at most sites. The events corresponding daily AERONET AODs. We observe from
on 17, 23, and 24 July are captured at Lampedusa, Oristand;ig- 5a that the regression line slope is €.8.1 and that
Roma and Etna. The AOD is generally underestimated att = 0.5 at the stations Lampedusa and Oristano closer to
Lecce, the location farthest away from the dust source reihe dust source region. Conversely, the regression line slope
gions, suggesting a somewhat weak long range transport b Fig. 5b is significantly lower (0.36 0.05) and the data
the model. In fact, we observe from Fig. 4 that the differ- are less correlated®(= 0.35) at the stations farther away.
ences between model- and observation-based-AODs increaddese results indicate that on average RegCM3 underesti-
with the distance of the AERONET site from the North-West mates AODs and that this underestimation increases with the
Africa coast. This result is further illustrated by Fig. 5a distance from the dust sources.
and b which show the scatterplot of RegCM3 AODs ver-
sus AERONET AODs retrieved (a) at Lampedusa (full dots)
and Oristano (open triangles) and (b) at Lecce (rombs), Etna
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dots) and Oristano (open triangles) gddi at Etna (crosses), Lecce (rombs), and Rome (boxes). The solid black line represents in each plot
the linear regression line fitting the data points. Regression line slope and linear correlation coefficinet §lso given in each plot in
addition to the root mean square (RMS) difference.

The AOD daily mean values retrieved by measurementsThe site A location (37.60N, 5.00 E) is shown in Fig. 1c.
of the Moderate Resolution Imaging SpectroradiometerMODIS AODs at 550 nm have been calculated by averag-
(MODIS), onboard of both the EOS Terra and Aqua polar-ing all data points of a 5050 kn? box centered at site A.
orbiting satellites (King et al., 1992) are also shown in Figure 4f also shows the good model performance in catch-
Fig. 4a—f (grey solid line). In particular, MODIS Lardcean  ing the AOD evolution with time but, peak values of model-
AODs at 550nm calculated by averaging all data pointsAODs are significantly larger than peak values of MODIS-
of a 50x50 kn? box centered at the AERONET site are AODs. This last result showing that the model overestimates
plotted in Fig. 4a—e. The consistency of MODIS AODs AODs at sites closest to dust sources, are consistent with pre-
with AERONET AODs is quite satisfactory, even if the vious findings.
AERONET AODs are retrieved from local measurements.
Figure 5¢c—d shows the scatterplot of RegCM3 AODs ver-
sus MODIS AODs retrieved (c¢) at Lampedusa (full dots) and
Oristano (open triangles) and (d) at Etna (crosses), Lecc
(rombs), and Rome (boxes). Again, the solid black line
represents the linear regression fitting the data points. Fig
ure 5¢c shows that the regression line slope of the Lampedus
Oristano scatterplot is 0.800.09, while the regression line

In comparing simulated and observed AODs, it should be
stresses that a contribution to the differences between sim-
ulated and observed AODs is due to the fact that both the
AERONET- and MODIS-AODs are representative of the to-
tal aerosol load, while the RegCM3 model only includes
few aerosol components (sulfate, black carbon, organic car-
%—on, and dust). The underestimate of sulfate and carbon
particle concentrations representing the main anthropogenic

slope in Fig. 5d is 0.33:0.04. In addition, the data points of aerosol components of local origin and/or long-range trans-

Fig. 5d are less corr_elated than_ those of Fig. 5c. These resunﬁorted from industrialized areas (e.g. Bellantone et al., 2008;
thus generally confirm the findings based on the AERONETSantese et al., 2008) may also be responsible for the un-

observations. Figure 4f shows AOD daily mean values from S . X
the model (black dashed line) and from MODIS (grey solid derestimation of AODs mainly at sites far away from dust
' 9rey Sold 4 rces. In this respect, it is worth noting from Fig. 4 that

line) retrieved~87 km away from the Africa coast (site A). AODs larger than 0.05 were found at all AERONET sites on
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and at Lecce offc) 17 and(d) 24 July. In particular, the extinction coefficient profile retrieved at Etna by lidar measurements performed
on 17 July from 14:05 to 14:15UTC is compared in Fig. 6a to the RegCM3 extinction coefficient profile at 12:00 UTC. While, the 24 July
extinction coefficient profile retrieved by lidar measurements from 19:30 to 19:40 UTC is compared in Fig. 6b with the one by RegCM3 at
18:00 UTC. Lecce’s extinction coefficient profiles have been retrieved by lidar measurements (grey dotted lines) from 13:00 to 14:00 UTC
(c) on 17 July and from 20:00 to 21:00 UTC (d) on 24 July. Black lines show the extinction coefficient profiles by RegCM3 at (c) 12:00 and

(d) 18:00 UTC, respectively.
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dust-free days, when the simulated AODs were very smallnitrate, sulfate, and carbon particles, can represent more than

The uncertainties on dust optical properties that depend 0%0% of the aerosol load even during dust outbreaks (Bellan-

the particle size and refractive indices (Zhang et al., 2009)one et al., 2008).

may also contribute to the differences between RegCM3-and Radio sounding measurements of temperatdie der-

observation-based-AODs. To this end, work is on progress tdormed at selected meteorological statioht(://esrl.noaa.

investigate if simulated particle sizes and refractive indicesgov/raobsy are compared to corresponding REF-simulation

can help to explain the overestimation/underestimation of theprofiles to further test the model performance. Figure 7

dust load after transport. shows as an example temperature vertical profiles by the
model (black line) and by radio sounding measurements
(grey dashed line) at In Salah (27°20, 2.47 E), Bechar

3.3 Comparison of simulated and measurement-based (31.62 N, 2.23 W), and Cagliari (39.25N, 9.05 E) meteo-

vertical profiles of aerosol and temperature rological stations for (a—c) 17 and (d—f) 24 July, respectively.

The accordance between modeled and measured temperature
profiles is satisfactory at all sites. The geographical location

Aerosol extinction coefficient profiles by lidar measure- o |y Salah, Bechar, and Cagliari is indicated in Fig. 1c by
ments at Etna and Lecce are compared to corresponding prepe |etter B, C, and D, respectively.

files provided by RegCM3 in Fig. 6a—d, respectively. An

elastic-Raman lidar employing a XeF excimer laser has rou-

tinely been used during 2003 at the Physics Department of o ]

Salento’s University, at the suburbs of Lecce, for monitoring4 Aerosol radiative effect during dust outbreaks:
aerosol vertical profiles. In particular, Lecce’s lidar allows  reference simulation

the retrieval of vertical profiles of the aerosol extinction co-

efficientaext at 351 nm (De Tomasi and Perrone, 2003). At |n this section we analyze the short-wave (SW), long-wave
Mount Etna, a vehicle-mounted lidar system (VELIS, Gobbi, (Lw), and net aerosol radiative forcing over the model do-
2000) that employs a Nd:YAG laser has operated from 15 tomain during the simulated dust intrusion events. Accord-
31 July, 2003. The VELIS lidar allows the retrieval of ex- ing to IPCC-2007, the level of scientific understanding of
tinction coefficient vertical profiles at 532 nm (TanfO et al., the aerosol forcing is medium-k)mnp://ipcc-Wg]__ucar_edu/
2006). wgl/wglhome.htm) and a great effort has been dedicated to
Figure 6 shows examples of vertical profiles of extinction improve its estimates through dedicated measurement cam-
coefficients on 17 and 24 July at the two locations as ob-paigns and integrated analyses (e.g. Yu et al., 2006). The
served by lidar and as simulated at the closest model gricherosol forcing depends on several parameters such as sur-
point and time. In Fig. 6¢—d lidar profiles at 550 nm are plot- face albedo, aerosol layer altitude, aerosol particle median
ted using Angstrom coefficient values retrieved by sun/skydiameter, and aerosol optical thickness. The sign of the radia-
photometer measurements. Relative uncertainties on lidative forcing is mainly determined by the value of the aerosol
extinction profiles vary in the range of 5-30%. single scattering albedo, which is an uncertain parameter in
Given all the uncertainties underlying the comparison of current aerosol radiation models (Helmert et al., 2007). Dust
grid point modeled data and station profiles, the agreemengerosols are large in size and have absorbing properties in
with observations at the Etna site is satisfactory. Converselythe infrared spectral region. Hence, unlike other aerosol
at Lecce significantly larger extinction coefficients are found species, they also influence the long-wave radiation. Here
in the lidar data, primarily below 3 km of altitude. The high we specifically analyze results for the dust events of 17 and
variability within few hours of the aerosol vertical distribu- 24 July, when a large amount of dust entered the Mediter-
tion during Sahara dust outbreaks (e.g. Tafuro et al., 2007)fanean basin (Fig. 4). 17-July daily-mean-values of the SW,
may partially account for the differences between experimendL W, and net aerosol forcing at the top of the atmosphere
tal and simulated extinction profiles. However, the extinction (ToA) and at the surface (sfc) are shown in Fig. 8a—f, re-
coefficient underestimation at Lecce is consistent with thespectively, while corresponding values for 24 July are shown
AOD data of Figs. 4 and 5. Thus, the larger extinction co- in Fig. 9a—f.
efficients retrieved at Lecce by lidar measurements may also Figures 8a and 9a show that daily mean values of the direct
be an indication of weak long range transport of dust. NoteSW-ToA aerosol forcing are on average positive over dust-
that dust particles affect all the aerosol column few hourssources. In particular, the SW-ToA aerosol forcing reaches
after the onset of the dust event, in accordance with lidarvalues up to 50 Wm? at the sites where daily mean val-
measurements, (e.g. Pavese et al., 2008). The underestimaies of dust emission fluxes (ugfs1) are highest. Con-
of the anthropogenic aerosol amount also may represent gersely, the SW-ToA aerosol forcing is on average negative
contributing factor: morphological and elemental analysesover the Mediterranean areas affected by the dust intrusion.
on particulate matter samples collected at Lecce show thathis change in sign of the SW-ToA aerosol forcing is related
the anthropogenic fine mode aerosol, mainly composed ofo the dependence of mineral aerosol radiative effects on the
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Fig. 8. 17 July 2003 daily mean values of the SW direct aerosol forcing (#nat the(a) ToA and(d) surface, of the LW direct aerosol
forcing (Wni2) at the(b) ToA and(e) surface, and of the net direct aerosol forcing (Winat the(c) ToA and(f) surface for the REF-
experiment.

brightness of the underlying surface (e.g. Balkanski et al.,aerosol forcing averaged over Europe and the Mediterranean
2007). Over bare surfaces with a high surface albed@.8), Sea is—3.9 and—4.9 Wn12 on 17 and 24 July, respectively
such as the Sahara desert, the mineral aerosol tends to warffable 1). Conversely, the daily SW-ToA aerosol forcing av-
the atmospheric column by providing a less reflecting layer.eraged over the Sahara-is3.0 and—2.6 Wn12 on 17 and
Conversely, over dark surfaces, such as ocean and decid@4 July, respectively (Table 1).

ous forests, where the surface albedo is less than 0.15, the Daily mean values of the SW-sfc aerosol forcing are al-
effect of the mineral dust is similar to that of sulphates and\yays negative (Figs. 8d and 9d), reaching values of up

lead to cooling of the atmospheric column. Therefore, oury, _240Wnt2 at the sites where daily mean values of
results show that the cooling effect by aerosol at the ToA ispnops are highest (Figs. 2 and 3). In particular, the

larger over Europe than over the Sahara: the daily SW-ToAy,jly Sw-sfc aerosol forcing averaged over Europe and the
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Fig. 9. 24 July 2003 daily mean values of the SW direct aerosol forcing (\Kl)nat the(a) ToA and(d) surface, of the LW direct aerosol
forcing (Wn~2) at the(b) ToA and(e) surface, and of the net direct aerosol forcing (Winat the(c) ToA and(f) surface for the REF-
experiment.

Mediterranean Sea is8 and—10 Wn2 on 17 and 24 July, the whole simulation domain and for the regions below and
respectively (Table 1), while averaged over Sahara-38 above 38N are given in Table 1. We observe from Table 1
and—35Wm 2 on 17 and 24 July, respectively (Table 1).  that the LW aerosol forcing offsets the SW forcing averaged
The LW aerosol forcing is positive throughout the do- over Sahara by about 100% and 36% at the ToA and surface,
main (Figs. 8 and 9) and over Africa daily values vary up respectively on 17 July. Model results also show that the net-
to 110 and 50 Wm? at the surface and ToA, respectively. TOA aerosol radiative forcing is positive over Sahara when
LW aerosol forcing values are significantly smaller over the dust sources are activated and lead to AOD38. Under
Mediterranean. As a consequence, the LW aerosol forcthese conditions, the net-ToA aerosol forcing thus enhances
ing enhances the ToA radiative forcing over dust sourceghe ToA forcing due to greenhouse gases.
and offsets the (negative) SW-ToA forcing away from them.
Daily values of the LW aerosol forcing averaged both over
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Table 1. REF-simulation: daily-mean values of the short-wave (SW) and long-wave (LW) aerosol forcing at the top of the atmosphere (ToA)
and surface (sfc), the SW forcing efficiency (FE) at the ToA and surface, the SW atmospheric forcing (AF), the aerosol optical depth (AOD),
the aerosol column burden (CB), the 2 m-temperatlire &nd the ground wind speed (WS) averaged over the whole simulation domain
(Wh-domain) and over the simulation domain located above\Bfa — 35 N) and below 38N (b — 35 N) by the REF-simulation and for

17 and 24 July.

17 July 24 July
Parameters Wh-domain a-38 b-3%N Wh-domain a-35N b-3%N
SW-ToA (Wm2) -34 -39 -3.0 -35 -4.9 -26
SW-sfc (Wnt2) —24 -8 -33 -25 —-10 -35
LW-ToA (Wm~2) 1.9 0.3 3.0 1.9 0.4 3.0
LW-sfc (Wm™2) 7.6 0.8 12.2 8.4 0.9 13.6
FE-ToA (Wni2) -1 —-19 -5 -1 -18 -6
FE-sfc (WnT2) —76 —108 —54 —-80 —114 —57
AF (Wm~2) 20 4 30 21 5 32
AOD 0.52 0.14 0.78 0.54 0.17 0.79
CB (g m‘z) 0.63 0.09 0.99 0.63 0.09 1.0
T (°C) 27.34 20.46 32.00 27.79 20.87 32.48
WS (ms1 5.17 4.88 5.36 4.97 4.54 5.27

Ground based measurements of AOD and shortwave irPerez et al. (2006), instantaneous (12:00 UTC) AODs at 550
radiance at the Mediterranean island of Lampedusa duringm reach the value of 3.5 over the Algeria/Tunisia/Libya bor-
2003 and 2004 were recently used by di Sarra et al. (2008§ier on 12 April and vary within the 0.5-3 range over Italy. In
to estimate daily average values of the SW-sfc aerosol raaddition they show that the instantaneous (12:00 UTC) SW-
diative forcing. They found that at the equinox the averageToA forcing is positive both over Sahara and Central Europe
AOD at 496 nm was 0.3% 01 and that the forcing was about lands affected by dust intrusion, reaching values as high as
of —24Wn1 2 for desert dust. Meloni et al. (2005) used 500 Wn12. Conversely, the instantaneous (12:00 UTC) SW
an observation based radiative transfer model to calculatéorcing at the surface is negative and reaches values smaller
at Lampedusa daily average values of the SW aerosol forcthan —700 Wni2 both over North-West Africa and Italy.
ing both at the ToA and surface during the Sahara dust outtW aerosol forcing values by Perez et al. (2006) are also
break on 18 May 1999. They found that the aerosol forcingsignificantly larger than the one of this paper. The large
was—27.6 and—3.6 Wn1 2 at the surface and ToA, respec- modelled dust load is probably responsible for the high ra-
tively. The measured AOD around ®8olar zenith angle diative effects by dust particle reported by Perez et al. (2006).
was 0.49 at 550 nm. The above reported AODs and aerosol Table 1 provides main statistics of the daily-averaged SW
radiative forcing estimates are in satisfactory agreement wittaerosol forcing efficiency (FE) at the ToA and surface on
the RegCM3 estimates (Figs. 4a, 8 and 9) even if they re-17 and 24 July, respectively. The aerosol FE is the radia-
fer to different dust outbreaks than the ones analyzed in thidive forcing produced by a unit of aerosol optical depth and
paper. Observation-based aerosol properties also were usésl mainly dependent on aerosol size and composition. The
by Tafuro et al. (2008) to initialize radiative transfer simula- ToA-FE varies over Sahara from30 Wni2 up to 50 Wn12
tions. They also found results consistent with the ones of thidsoth on 17 and 24 July. Conversely, the ToA-FE is always
paper by analyzing the Sahara dust outbreak of 18 July 2005egative and varies from80 to —30 Wn 2 range over the

The instantaneous aerosol forcing is characterized by duropean areas affected by dust intrusion. Aerosol FE es-
larger variability range over the model domain. In particular, timates are generally in line with previous reported values
the instantaneous (12:00 UTC) SW aerosol forcing gets val{e.g. Fouquart et al., 1987; Meloni et al., 2004; Helmert et
ues up to 75 Wm? and — 470 WmZ, at the ToA and surface, al., 2007). The different contribution of dust and anthro-
respectively either on 17 and 24 July. Significantly larger pogenic particles, which varies with the distance from the
instantaneous aerosol radiative forcing estimates have begparticle sources, is mainly responsible for the different vari-
reported by Perez et al. (2006) by analyzing a Saharan dustbility range of FEs over Sahara and Europe, as clearly re-
outbreak over the Mediterranean basin. A system based omealed by Table 1, where mean FEs over Europe and Sahara
the limited-area NCEP/Eta model as an atmospheric driveare reported.
of the DREAM model was used by Perez et al. (2006) for
the simulation of a major dust outbreak that occurred in the
Mediterranean region on 11-13 April 2002. According to
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Fig. 10. REF-experiment: daily-averaged-values of the SW-atmospheric forcing (AF‘,%anr (a) 17 and(c) 24 July 2003; differences
between REF and Expl SW-AF values (W#) for (b) 17 and(d) 24 July. Black full dots and corresponding numbers in Fig. 10b indicate
the 4 sites where the simulated vertical profiles of aerosol extinction coeffigiemMR and WS shown in Figs. 13 and 14 are provided.

Daily-averaged SW atmospheric forcing (AF) values arethe Expl-simulation were analyzed and compared. Daily-
plotted in Fig. 10a and ¢, for 17 and 24 July, respectively.averaged aerosol column burden (CB) values {gnre-
The AF, defined as the difference between ToA and surdating to the REF simulation are shown in Fig. 11a and b
face aerosol forcing at a solar wavelength, is an indicatorfor 17 and 24 July, respectively. The differences between
of aerosol effects on the atmosphere energy budget. FigREF and Expl aerosol CB values are plotted in Fig. 11c
ure 10 shows that the SW-AF values vary up to 250¥¥m and d for 17 and 24 July, respectively. The REF aerosol
over Africa’s regions where AODs are highest (Fig. 2). Con- CB reaches values up to 18 gfover the main dust sources
versely, SW-AF values vary within the 3-30 Wirange  on 17 and 24 July and takes values below 1¢fraver the
over the European regions affected by dust intrusion (Mel-Mediterranean Sea and Europe. This is in satisfactory agree-

oni et al., 2005). ment with the results by Helmert et al. (2007), who used a
model system consisting of the chemistry-transport model
5 Aerosol radiative feedbacks MUSCAT with a dust emission scheme to simulate the Sa-

haran dust outbreak of 13 October 2001, which affected the
A simulation (Exp1) including the aerosol model without ac- Central-West Mediterranean and Central Europe.
counting for its radiative feedback was performed in order to
isolate the effects of the interactive aerosol online feedback.
To this end, aerosol column burden, direct radiative forc-
ing, and meteorological parameter values in the REF- and
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Fig. 11. REF-experiment: daily-averaged-values of the aerosol column burden (CB?)gfm (a) 17 and(b) 24 July 2003. Differences
between REF and Exp1 CB values foj 17 and(d) 24 July. Differences between REF and Exp1 ground wind speeds (WSg) fiof and
(f) 24 July.

Color-coded plots showing the daily-averaged differencesspite the large values of local CB differences (Tables 1, 2).
between REF and Expl aerosol CB values (Fig. 11c and dHence, the interactive aerosol with the RegCM3 radiation
are very patchy: aerosol CB differences take positive andscheme decreases the daily-averaged aerosol CB over the
negative values that are comparable to the total aerosol CBnodel domain by about 14% and 12% on 17 and 24 July,
values either over Sahara or Europe. In fact, aerosol CBespectively. Similar results have also been obtained by
differences vary over the Sahara dust sources (Fig. 1) fronHeinold et al. (2007). Aerosol effects on the atmospheric
about—16gnT2 up to 18gnT2. Conversely, CB differ- dynamics and hence on dust production and advection to-
ences vary over Europe from0.25gn12 up to 0.25 g m? ward Europe are responsible for the marked dependence over
and from—0.50gnT2 up to 0.25gm?2 on 17 and 24 July, the whole simulation domain of aerosol CB values on the
respectively. The domain-averaged aerosol CB difference isimulated experiment. Figure 11e and f shows the daily-
—0.1 and—0.09 g2 on 17 and 24 July, respectively, de- averaged differences between REF and Expl ground wind
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Fig. 12. REF-experiment: daily-averaged-values of the 2 m-temperat@)gfér (a) 17 and(c) 24 July 2003. Differences between REF and
Expl 2 m-temperature values fgir) 17 and(d) 24 July.

speeds (WS) for 17 and 24 July, respectively and it is worthciated with less efficient dust production induced either by
noting that color-coded plots are very patchy: daily-averagedhe lower ground wind speeds and by the increased stability
WS differences take positive and negative values that vandue to dust-forced surface cooling (Zhang et al., 2009), as
from —6ms up to 6ms? either over Sahara or Europe. outlined below.

Hence, local surface wind speeds may markedly change be- Daily-averaged 2 m-temperatures for the REF simulation
tween the interactive- and non-interactive case. In particu-are plotted in Figs 12a and c for 17 and 24 July, respectively.
lar, the comparison of Fig. 11a and e, and of Fig. 11b andThe 2 m-temperature averaged over the whole simulation do-
f, shows that WS differences are markedly large over themain is 27.34 and 27.7€ on 17 and 24 July, respectively
domain areas affected by dust transport. Daily values of(Table 1). Figures 12b and d show the 2 m-temperature dif-
ground WSs averaged both over the whole simulation doferences{C) between REF- and Expl-simulation for 17 and
main and for the regions below and above Bbare given 24 July, respectively. Temperature differencag] are quite

in Table 1 and 2 for the REF-and the Expl-simulation, re-dependent on location, generally following the CB differ-
spectively. The domain-averaged WS difference is 0.015ences.AT takes positive and negative values and varies from
and —0.014ms?! on 17 and 24 July, respectively, despite about—8°C up to~3°C on 17 and 24 July, respectively.
the large values of local WS differences. In addition, the The 2 m-temperature differences averaged over the simula-
mean WS difference is-0.002 and-0.052mston 17 and  tion domain areAT = —0.52°C and AT = —0.39°C on

24 July over the Western Africa domain located fromi Y0 17 and 24 July, respectively. Hence, the interactive aerosol
to 15° E, where main dust sources are located. Thereforedecreases the domain-average daily-mean value of the 2 m-
the decreased CB of the REF simulation is probably assotemperature.

Atmos. Chem. Phys., 10, 13856 2010 www.atmos-chem-phys.net/10/133/2010/



M. Santese et al.: Modeling of Saharan dust outbreaks over the Mediterranean 149

ext_coefficient (km")
0.0 0.1 0.2 0.3 0.4 0.5
10_! 1 1 1 1 l

Altitude (km)

(e)
_ | — REF ]
€ —— Exp1
5 | = = = Exp2 —
Iy
o
2
=
0-% :
T T T T T B T T T T I I
0 10 20 30 40 0 5 10 15 20 0 5 10 15 20
T(°C) MR (g Kg) WS (m s)

Fig. 13. Daily-averaged vertical profiles of the aerosol extinction coefficient, temperature, water vapor mixing ratio, and wind speed for
17 July 2003 at two selected North-West Africa sites:d site 1 (36.10 N, 2.07 E) and ¢—f) site 2 (27.76 N, 2.75 E). Black-solid-line,
grey-solid-line, and dotted-line relate to REF-, Exp1-, and Exp2-simulation, respectively.

Table 2. Expl-simulation: daily-mean values of the short-wave (SW) and long-wave (LW) aerosol forcing at the top of the atmosphere
(ToA) and surface (sfc), of the SW atmospheric forcing (AF), the aerosol optical depth (AOD), the aerosol column burden (CB), the 2-m
temperature®’), and the ground wind speed (WS) averaged over the whole simulation domain (Wh-domain) and over the simulation domain
located above 35N (a — 3% N) and below 383N (b — 35 N) by the REF-simulation and for 17 and 24 July.

17-July 24-July
Parameters Wh-domain a-38 b-3%N Wh-domain a-35N b-35N
SW-ToA (Wm2) -3.2 -3.8 —2.7 -35 —4.9 —2.6
SW-sfc (Wnt2) -25 -8 —37 -25 -8 —37
LW-ToA (Wm~2) 25 0.3 4.0 2.6 0.5 3.9
LW-sfc (Wm—2) 9.1 0.8 14.7 8.6 1.2 13.6
AF (Wm~2) 22 4 34 24 7 36
AOD 0.57 0.14 0.85 0.65 0.23 0.94
CB (gnT?) 0.73 0.09 1.17 0.72 0.13 1.1
T (°C) 27.86 20.49 32.8 28.18 20.96 33.07
WS (ms1 5.15 4.86 5.35 5.09 4.86 5.24
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Fig. 14. Daily-averaged vertical profiles of the aerosol extinction coefficient, temperature, water vapor mixing ratio, and wind speed for
17 July 2003, at two selected Italian sitea=¢) site 3 (40.38 N, 18.06 E) and () site 4 (42.40N, 12.43 E). Black-solid-line, dotted-
line, grey-solid-line, and dotted-line relate to REF-, Expl-, and Exp2-simulation, respectively.

Daily-averaged vertical profiles of the aerosol extinction tions. Figure 13c shows that Expl-WSs (grey profile) are
coefficient at 550 nm, temperatur&)( water vapor mix-  significantly lower than corresponding REF-scenario-WSs at
ing ratio (MR), and wind speed (WS) at randomly se- least up to about 7 km. Figure 13d—f shows aerosol extinc-
lected sites are plotted in Figs. 13 and 14 to better high+ion coefficient,T, MR, and WS vertical profiles provided
light aerosol online feedback effects on the vertical pro-by the model on 17 July at a different North-West Sahara
files of atmospheric parameters and of the aerosol extinclocation: site 2 (27.76N; 2.75 E, Fig. 10b) that is rather
tion coefficient. Figure 13a—c shows extinction coefficient, close to a main dust source. We observe that the interac-
T, MR, and WS vertical profiles of 17 July for the REF-case tive aerosol simulation (REF) produces in the lower tropo-
(black line) and the Exp1 simulation (grey line) at a selectedsphere lower temperatures and larger MR and WS values
North-West Sahara site: site 1 (36210, 2.07 E, Fig. 10b).  than the Expl-simulation, in accordance with Fig. 13a—c.
It is worth noting thatT', MR, and WS vertical profiles de- It is also worth noting at site 2, that the interactive aerosol
pends on simulated experiment. In particular, Fig. 13a showsignificantly lowers the aerosol load located from about 0.5
that Expl-temperatures (grey profile) are larger than REF{0 4km even if it is responsible for larger wind speeds. In
temperatures up to about 1.1 km then the differences betweefact, the REF-extinction coefficient takes val@e6.3 knt 1
the two profiles reduce with altitude. This result shows thatfrom 0.5 to 4 km while, the Expl-extinction coefficient varies
the aerosol online feedback increases the aerosol cooling efsp= 0.5 k! from 0.5 to 4 km. On the contrary, Fig. 13are-
fect in the lower troposphere, in accordance with Fig. 12b.ferring to a site that is far away from dust sources (Fig. 10b)
REF-simulation MR values are slightly larger than corre- shows that the aerosol vertical distribution is poorly affected
sponding Exp1-MRs up to about 3km. Then, the differencesby the interactive aerosol online feedback.
between the two profiles reduce with altitude. WS verti-
cal profiles are also quite dependent on simulation assump-
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Fig. 15. Expl-simulation: daily averaged values of the SW aerosol forcing (\Rbnat the(a) ToA and (b) surface for 17 July 2003.
Differences between REF and Expl SW aerosol forcing values é&)XfAeA and(d) surface.

Figure 14a—f show the aerosol extinction coefficiehf, thatlarger atmospheric forcing values lead to a stabilizing ef-
MR, and WS vertical profiles provided by the REF- (black fect of the atmospheric stratification. Figure 10b and d show
line) and Expl-simulation (grey line) on 17 July at two ran- that daily-averaged SW-AF differences vary over the Sahara
domly selected Italian sites located at 40.B8-18.06 E from —180 up to 140 Wm?Z on 17 and 24 July, respectively.
(site 3) and at 42.40N-12.43 E (site 4), respectively However, SW-AF differences averaged over Sahara lead to
(Fig. 10b). The differences between REF and Expl pro-a mean difference of-4 Wm~2 on 17 and 24 July, respec-
files are on average smaller than the ones in Fig. 13. Thidively. Hence, the aerosol SW-AF mainly decreases over
is due to the fact that the radiative aerosol effects depend owfrica if the aerosol online feedback on the radiation bud-
the aerosol column burden, which over Italy is significantly get is accounted for, in accordance with the results on the
smaller than that over the Sahara. CB differences. In fact, the comparison of Figs. 10b and 11b

The differences between daily-averaged SW-AF values byand of Fig. 10d and 11d clearly reveals the strong relation-
the REF- and the Expl-simulation for 17 and 24 July areship between SW-AF differences and aerosol CB differences.
shown in Fig. 10b, d, respectively. SW-AF differences sig- Daily-averaged SW-AF differences are significantly smaller
nificantly vary from site to site especially over the Sahara. Asover Europe.

a consequence, aerosol effects on atmospheric dynamics may Figure 15a and ¢ show the 17-July-daily-averaged SW
significantly change with location over the Sahara. Negativeradiative forcing at the ToA and surface, respectively for
values of the SW-AF differences (Fig. 10b—d) indicate thatthe Expl-simulation. The differences between REF and
the Expl-simulation is responsible for an increase of the enExpl radiative forcing values are plotted in Fig. 15b and
ergy stored within the atmosphere and it is worth mentioningd for the ToA and surface, respectively. On average the
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Fig. 16. Expl-simulation: daily averaged values of the SW aerosol forcing (\Rbmat the(a) ToA and (c) surface for 24 July 2003.
Differences between REF and Expl SW aerosol forcing values @}i®A and(d) surface.

Expl-simulation strengthens the aerosol radiative forcing a6 Interactive mineral dust radiative effects
the surface. In fact, the REF and Expl SW radiative forcing
at the surface, averaged over the whole simulation domainA simulation without any desert aerosol affecting the ra-
is —24 and—25 W2, respectively on 17 July. Conversely, diation (Exp2) was performed to isolate the radiative forc-
at the ToA, the REF and Exp1 SW radiative forcing averageding by mineral dust. Figure 17a and b show the Exp2-
over the whole domain is 3.4 and—3.2 Wn1 2, respectively ~ daily-averaged SW aerosol forcing at the ToA and surface,
on 17 July. However, the patchy pattern of Fig. 15b and drespectively for 17 July. The SW aerosol forcing by the
shows that the differences between REF and Exp1 values ar‘éOz/SOff system, hydrophobic and hydrophilic black car-
locally significantly larger both at the ToA and surface. bon and organic carbon varies froml.6 to 0.5Wn12 and
Figure 16a and ¢ show the daily-averaged SW radiativefrom —4.5 Wn1 2 to negligible values at the ToA (Fig. 17a)
forcing at the ToA and surface, respectively for 24 July andand surface (Fig. 17b), respectively. The daily averaged LW
for the Expl-simulation. The differences between REF andaerosol forcing is close to negligible both at the ToA and
Expl values are plotted in Fig. 16b and d for the ToA andsurface. The comparison of Fig. 8a and b to Fig. 17a and
surface, respectively. The strengthening of the surface SW clearly shows the significant role of mineral dust on ToA
radiative forcing if the aerosol online feedback on the radia-and surface aerosol forcing. Exp2-SW aerosol forcing val-
tion budget is not accounted for is also revealed by Fig. 16dues averaged over the whole simulation domain and over
The REF and Expl SW radiative forcing averaged over thethe simulation domain above and below’ 36are given in
whole domain is—24 and—25Wni 2, respectively at the Table 3, in addition to daily-averaged values of the AOD,
surface. aerosol CB, and 2 m-temperature. Table 3 shows that the
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0.5 Table 3. Exp2-simulation: 17 July-daily averaged values of the
0.3 short-wave (SW) aerosol forcing at the top of the atmosphere (ToA)
0.2 and surface (sfc), the SW atmospheric forcing (AF), the aerosol
04 optical depth (AOD), the aerosol column burden (CB), and of
the temperature7() averaged over the whole simulation domain
0.05 (Wh-domain) and over the simulation domain located abo¥e\35
(] (a—35 N) and below 38N (b — 35 N).
-0.1
-0.5 17-July
P Parameters Wh-domain a-38 b-3%N
-1.2 SW -ToA (Wm2) —0.06 -0.17 0.02
16 SW-sfc (Wn12) -0.6 -0.8 0.4
W m?) AF (Wm~2) 0.5 0.6 0.4
AOD 0.006 0.007 0.006
0 CB (gnT?) 0.0012 0.0010 0.0014
5 T (°C) 27.46 20.48 32.16
= 05
—_— E '1
S E 3 that the anthropogenic aerosol is responsible for larger AODs
3 E and hence for lager aerosol direct radiative effects over the
2 2o Mediterranean basin (e.g. Bergamo et al., 2008).
E 5_4_5 Figure 17c¢ shows the 2m-temperature differences be-
Wwm?  tween REF- and Exp2-simulation for 17 July. Temperature
differences vary from-5°C to 3.5°C. However, the mean
temperature difference over the whole simulation domain

35 and above and below 38 is —0.10,—0.01, and-0.16°C,
2 respectively.

I 1 Interactive anthropogenic aerosol effects on meteorologi-

0.5 cal parameter vertical profiles can be inferred from Figs. 13
and 14 wherd’, MR, and WS vertical profiles for 17 July by
the Exp2-simulation are plotted (dotted line). The MR,

and WS vertical profiles in Exp2 are generally close to the
corresponding ones in Expl. It is also worth noting that ex-
tinction coefficients due to the 5(503‘ system, hydropho-

bic and hydrophilic black carbon and organic carbon, take
values over Africa and the Central Mediterranean that are on
average 500 and 100 times smaller than the corresponding
ones due to desert dust.

Longitude ( °)

7 Conclusions
Fig. 17. Exp2-simulation: daily averaged values of the SW-forcing
(Wm~2) at the(a) ToA and(b) surface on 17 July 200%c) Differ-  The regional climate model RegCM3 coupled with a radia-
ences between REF and Exp2 2 m-temperature vat@s ( tively active aerosol model with online feedback on the ra-

diation budget has been used to evaluate the aerosol radia-

tive forcing of dust intrusion events over the Mediterranean
AOD averaged over the whole simulation domain is equalbasin. In particular, two major dust outbreaks with origin
to 0.006 and that the aerosol forcing averaged over the wholén North-West Sahara were analyzed, which occurred on 17
simulation domain is-0.06 and—0.6 Wn1 2 at the ToA and  and 24 July, 2003. Both dust outbreaks carried significant
surface, respectively. We believe that the underestimatioramounts of mineral dust over the Central Mediterranean Sea
of contribution by the S@SOE( system, hydrophobic and and continental Europe. Even if several papers have been
hydrophilic black carbon and organic carbon (anthropogenigoublished on this subject, dust particles radiative effects are
aerosol component) is probably responsible for the rather lowstill not well parameterized in numerical models, as revealed
aerosol radiative forcing and AOD values provided by Exp2 by the differences between results from different models and
simulation. Several experimental-based studies have showhetween numerical and experimental data.
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The RegCM3 simulation was first validated at selected Our results show the importance of considering aerosol
Central Mediterranean sites against a range of observationgarticles and corresponding radiative effects over the
AOD by satellite (MODIS) and AERONET sun/sky radiome- Mediterranean region. The aerosol effects on the atmosphere
ter measurements, extinction coefficient vertical profiles byradiative budget may significantly change within few tens of
lidar measurements, temperature vertical profiles by radidkilometers following variations in the aerosol CB. Hence, the
sounding measurements. We find that RegCM3 is able tomportance of using high resolution regional climate models
capture the dust outbreaks during July 2003, with a gento properly account for aerosol effects on climate is high-
erally satisfactory agreement with observations. The mairighted. Work is on progress to improve parameterization of
deficiency of the simulations is an underestimate of aerosoherosol optical and microphysical properties in RegCM3 by
amounts at locations far from the dust source, particularlyalso including sea-salt particles and a full treatment of or-
in the lower troposphere. This is probably an indication of ganic aerosols.
weak long range transport, although a contribution to it is
also given by an underestimate of background anthropogeniécknowledgementsM. Santese has carried out this work with the
aerosols (probably related to the limited number of aerosofuPPort of a post-doc fellowship by Centro euroMediterraneo per
types in the model). Another factor affecting this result is | C@mbiamenti Climatici (CMCC). This work also has been sup-
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