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Abstract. The present study investigates the dust emissioris positive over the basin: 1.7 WTA on average over the
and load over the Mediterranean basin using the coupledvediterranean Sea at the surface, and 0.6 W at TOA.
chemistry—aerosol-regional climate model RegCM-4. The
first step of this work focuses on dust particle emission size
distribution modeling. We compare a parameterization in
which the emission is based on the individual kinetic energyl Introduction
of the aggregates striking the surface to a recent parameteri-
zation based on an analogy with the fragmentation of brittleAtmospheric aerosols have substantial impacts on the Earth’s
materials. The main difference between the two dust schemeglimate through their direct, semi-direct and indirect effects.
concerns the mass proportion of fine aerosol that is reducedhis is the reason why it is essential to include the descrip-
in the case of the new dust parameterization, with consetion of aerosol processes (sources, evolution during trans-
guences for optical properties. At the episodic scale, comparport, deposition, chemical, physical and optical properties)
isons between RegCM-4 simulations, satellite and groundin regional and global climate models. AccordinglRCC
based data show a clear improvement using the new dugf007, the aerosol radiative forcing estimated in 2005, rel-
distribution in terms of aerosol optical depth (AOD) values ative to the preindustrial year 1750, is negative at the global
and geographic gradients. These results are confirmed at ttgeale (0.5 W ni-2 for the direct effect and-0.7 W n2 for
seasonal scale for the investigated year 2008. This changde cloud albedo effect), with a large uncertainty notably
of dust distribution has sensitive impacts on the simulateddue to their huge spatial and temporal variability. Not only
regional dust budget, notably dry dust deposition and the recan different natural processes emit aerosols, namely desert
gional direct aerosol radiative forcing over the Mediterraneandust lifting, sea spray, volcanic explosions or biogenic or-
basin. In particular, we find that the new size distribution pro-ganic emissions, but anthropogenic activities can also be a
duces a higher dust deposition flux, and smaller top of atmosignificant contributor, notably because of biomass burning,
sphere (TOA) dust radiative cooling. A multi-annual simu- fossil fuels combustion and industrial production. Aerosols
lation is finally carried out using the new dust distribution have generally short atmospheric life times (from a few days
over the period 2000-2009. The average SW radiative forcto several weeks), are associated with local sources, and
ing over the Mediterranean Sea reachd8.6 Wnt2 atthe  possibly undergo rapid chemical evolution, thereby affect-
surface, and-5.5W n1 2 at TOA. The LW radiative forcing  ing transport and removal processes (&gllivan et al,
2007. Their physicochemical and optical properties are
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consequently highly variable in space and time. These propef these uncertainties comes from the representation of the
erties determine their interactions with shortwave (SW) andemission dust size distribution. Different approaches have
longwave (LW) radiation and clouds, with ensuing impacts been proposed to parameterize this distribution. The first ap-
on climate. As representative of this complexity, the Mediter- proach consists in directly assigning a representative size dis-
ranean basin has been identifiedLslieveld et al (2002 as  tribution to the integrated vertical mass flux from measure-
a crossroads of air masses carrying numerous and variouments. In global modeling a background size distribution is
aerosols. In this region, aerosols of different sources accueften considered (e.gender et al.2003, which could be
mulate: industrial and urban aerosols from Europe and Norttpotentially unrealistic close to emitting regions. When local
African towns, biomass burning aerosols from Eastern Eu-emission distribution data are available, this approach has
rope, dust aerosols from Africa, and marine particles fromproved to be regionally more realisti€umeyrolle et al.
the seaBasart et al(2009 outline the resulting large variety 2011) but is a priori tied to a specific domain of study. A sec-
in aerosol properties over the basin. Given this high aerosobnd approach, notably used Bifaro and Gome$2001) and
contentin this region, their effects can be important to the cli-Shao(2001), consists of using a physically explicit scheme to
mate and ecosystems of the Mediterranean. Regional climaténk the emission size distribution to both the wind speed at
response to aerosol is all the more complex as local windsemission and soil properties such as the size distribution, ag-
complex coastlines and orography have strong interactions igregate binding energy, and soil plastic pressure. However,
the atmospheric flow. In this context, high resolution model- many of these parameters are difficult to measure and even
ing in this region is essential5@o et al, 2006 Giorgi and  more difficult to scale up over extended geographic domains.
Lionello, 2008 Colin et al, 201Q Herrmann et a).2011), The most recent approach for representing the dust size dis-
and the use of a regional climate model (RCM) to investigatetribution at emission is to use the analogy of the fragmen-
these effects is particularly relevant. tation of brittle materials such as glass with the emission of
Desert dust is on average the principal aerosol componemndust aerosols through the cracking of soil aggregates,(
over the basin and strongly influences the Mediterranean cli20113. In contrast to the schemes éfifaro and Gomes
mate Barnaba and Gobp2004). Desert dust aerosols come (2001) and Shao(2001), this approach results in a size dis-
from suspension, saltation and creeping processes associat&tbution that is independent of wind speegdok, 20111.
with wind erosion §hag 2008 Kok et al, 2012. Dustemis-  This is consistent with measurements of the dust size dis-
sion is not a homogeneously continuous phenomenon, anttibution at emissionGillette, 1974 Shao et al.2011), and
mostly occurs in episodic events of intense near-surface windhad previously been hypothesizedRgid et al (2008 based
conditions, able to lead to dust outbreaks over the Mediter-on the observation that the in situ dust size distribution is
ranean Sea\oulin et al, 1997). Dust aerosols can be lifted relatively independent to changes in wind speed. Moreover,
up to high altitudes, namely between 1.8 and 9 Wvioita Kok (20113 has suggested that the relatively small amount
et al, 2008 Kalivitis et al,, 2007), especially for the finer par-  of scatter between measurements suggests that the dust size
ticles, and then be transported over thousands of kilometreddistribution at emission is also relatively independent of the
They potentially play an important role in the climate systemregional soil properties, and used this observation to propose
because of their optical properties (absorption and scattering universal size distribution.
of infrared and solar radiation, as well as emission of infrared The present study explores the sensitivity of a regional cli-
radiation,Slingo et al, 2006, which modify the Earth’'s ra- mate model (RegCM-4) to these different approaches in rep-
diative budget through complex mechanisr8sKolik et al, resenting dust emission distribution, and the impact it can
200]). They also influence biogeochemistry, as dust depo-have on the dust budget (emission, concentration, dry and
sition to the ocean is an important source of iron in high- wet deposition), associated aerosol optical depth (AOD) and
nutrient—low-chlorophyll (HNLC) regiondahowald et al. ~ aerosol direct radiative forcing, both in SW and LW radia-
2009 de Madron et a).2011), which is crucial for phyto-  tion. In order to find the most realistic distribution, two sim-
plankton growth. Many global climate models simulate dustulations have been performed for the year 2008. The objec-
emission and transport in a coherent mankérddage etal.  tive is also to characterize the aerosol optical depth, emission
2010, but the total impact of dust aerosols on Earth’s radia-and deposition in the Mediterranean over a ten-year period
tive budget still constitutes an important uncertain®GC, in order to estimate their potential impact on climate through
2007 Kok, 20113. There are large differences in global cli- direct SW and LW radiative forcing. It should be noted that
mate models in the simulation of the dust cycle and the re-only the direct effect of aerosols is considered in the present
sulting impact on climateHuneeus et al.2011). A large  work. After a description of methodology in Sect. 2, we focus
inter-model variability is also found at the regional scales on both dust particle size distributions in Sect. 3. Results of
(Uno et al, 2006, notably due to differences in dust emission a comparison on dust outbreaks over the Mediterranean are
parameterizationsTodd et al, 2008. Numerous parameters then evaluated against satellite and surface remote-sensing
such as soil properties, surface wind and roughness variabilebservations in Sect. 4. Section 5 presents the results at the
ity are responsible for emission uncertainties, affecting saltaseasonal scale, and the aerosol characteristics over a longer
tion and the total emission mass flux. Another component
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period before our summary and concluding remarks detailedxtinction coefficient), which are computed for each aerosol

in Sect. 6. type and each wavelength of the RegCM-4 radiation scheme
(18 wavelength bandiehl et al, 1996 using a Mie scat-
tering code. The LW emissivity and absorptivity are calcu-

2 Methodology lated using prognostic dust bin concentrations, LW refractive
indices and absorption cross sections consistent Weihg
2.1 The RegCM-4 model et al.(2006. Even though the present study focuses on dust

aerosols, the presence of all aerosol types in RegCM-4 en-

The Regional Climate Model system, namely RegCM, hasables us to compare total AOD with satellite measurements.
been developed since 1989 at the National Center for AtmoRegCM-4 based aerosol regional climate impacts have been
spheric Research (NCAB ckinson et al.1989 and then at  carried out over different regions, such as East AZlsahg
the International Centre for Theoretical Physics (ICTP, Tri- et al, 2009 Yan et al, 2011), West Africa Sylla et al, 2010
este — Italy,Giorgi and Mearns1999. The current version Solmon et al. 2008 Konare et al. 2008 Malavelle et al.
used in this study is RegCM-&forgi et al, 2012. The main ~ 201% Solmon et al.2012 and South AfricaTummon et al.
characteristic of this model is to be user-friendly and highly 2010. As far as the Mediterranean is concerned, studies have
portable to a variety of computer platforms. It can also in- been led about dust outbreal&afitese et gl2010, but it is
terface with many reanalyses, such as the European Centtée first time to our knowledge that a longer simulation with
for Medium-range Weather Forecasts (ECMVBWla et al, a coupled-chemistry regional climate model including dust
2009 or the National Center for Environmental Prediction aerosols has been proposed in this region.
(NCEP), and the GCM (Global Climate Model) boundary The simulations of this study use boundary conditions
conditions to provide a full suite of simulation options. Its from ERA-INTERIM (Dee et al. 2011). These data, com-
horizontal resolution can vary from 10 to 100 km, for simula- ing from the ECMWEF, are a reanalysis of the period 1979—
tion periods can vary from days to decades. It is a hydrostaticpresent in preparation for the next-generation extended re-
sigma vertical coordinate model (18 levels), whose dynami-analysis to replace ERA-40. Aerosols are not included in the
cal core is historically based on the hydrostatic version of thelateral boundary conditions, and we have defined the domain
fifth generation of the mesoscale model MMB5réll et al, in order to account for the main aerosol sources over the
1994. The formation of precipitation is divided between re- Mediterranean basin, notably the Saharan dissaélevich
solvable (or large-scale) precipitation using the subgrid ex-et al, 2012.
plicit moisture SUBEX schemes(undqyvist et a).1989, and The latter extends from 25 to 58l and from—10t0 45 E
convective precipitation using in the present work the MIT- and represents a region of 4750 by 3600 km, with a resolu-
Emanuel schemeEfmanuel 1991). The biosphere is taken tion of 50km (120x 97 points in the grid model). At each
into account thanks to BATS (Biosphere-Atmosphere Trans-extremity, 12 grid points constitute the buffer zone, where
fer SchemeDickinson et al. 1993, which gives the trans- a relaxation method allows a smooth transition in order to
fer of energy, mass and momentum between the atmosphemvoid an abrupt change between the RCM simulation and
and biosphere. There is no two-way interaction between thehe lateral boundary conditions, and reduces noise genera-
ocean and the atmosphere. Fluxes from open bodies are ontjon. Outputs for all the simulations performed in this study
computed from prescribed sea surface temperatures (SSTre provided every 6 h.
so that the atmosphere cannot affect the ocean.

In RegCM-4, the basic aerosol scheme accounts for sul2.2 Observation data
fate, organic carbon, black carbon, dust and sea salt aerosols,
and is described b@ian et al.(200]) and Solmon et al. The simulated aerosol optical depth (AOD) will be com-
(2006. Assuming an external mixture, it includes advection pared with satellite data from the MODerate resolution
by atmospheric winds, diffusion by turbulence, vertical trans-Imaging Spectroradiometer (MODIS), the Cloud-Aerosol
port by deep convection, surface emissions, dry and wet rekIdar with Orthogonal Polarization (CALIOP) instrument
moval processes, and gas and aqueous phase chemical cand in-situ observations from the AErosol RObotic NET-
version mechanisms. work (AERONET). The year 2008 has been chosen for the

The emission terms of the anthropogenic aerosols com&egCM-4 simulation and the comparison because of the
from different inventories based on reference years. Dust andvailability of these three kinds of data.
sea salt emissions are basedZakey et al.(2006 2008 MODIS is a passive radiometer, based on NASA's Aqua
with modifications described iGiorgi et al.(2012. Differ- satellite, designed to retrieve aerosol optical and microphys-
ent studies have shown the ability of RegCM-4 to reproduceical properties over land and oceara(€ et al, 1997 Levy
the basic regional patterns and seasonality of the differenet al, 2007). Over bright surfaces such as the Saharan desert,
aerosols over Europe and Africa (e$plmon et al.2006. a specific algorithm called “Deep Blue” is usddsu et al,
The SW radiative effect is calculated using optical properties2004. It is based on the blue wavelengths and libraries of
(asymmetry factor, Single Scattering Albedo (SSA) and massurface reflectance, and enables the retrieval of AOD on
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regions where the land algorithm, which relied on finding RegCM-4, the physical dust emission scheme consists of two
dark targets, is inadequate. For this study, we have used thgrocesses: saltation and sandblasting, based on the studies of
Level-3 aerosol products (collection 5.1, standard and DeefMarticorena and Bergametfi 995 and Alfaro and Gomes
Blue algorithms) at the & 1° resolution. (2002). Particles of~ 100 um are most readily lifted by wind,
CALIOP is an instrument based on the Cloud-Aerosol because the lifting of smaller and larger particles is impeded
Lidar and Infrared Pathfinder Satellite Observationsby increases in the strength of the cohesive and gravitational
(CALIPSO) satellite. Launched in April 2006, its purpose forces, respectively, relative to aerodynamic fordesréen
is to study the impact of clouds and aerosols on the Earth’sand White 1982 Kok et al, 2012. These patrticles are sub-
radiation budget and climat&gughan et a).2004 Winker mitted to ballistic trajectories (saltation), and are transported
et al, 2009. It has the advantage that it retrieves the verticalby wind. When these saltating particles fall down, their im-
profiles of aerosol properties compared to standard radiomepacts eject dust particles-(0.1-50 pm) from dust aggregates
ters that provide aerosol properties only for the atmospherién the soil (sandblasting). This is the main dust emission pro-
column. In this study the vertical distribution of aerosol cess contributing to the dust vertical flugHao et al.1993.
types is of particular interest, since it allows us to follow the In the current parameterization of RegCM-4, a minimum
transport of dust aerosols (especially their altitude) over thevalue of the wind friction velocity is necessary in order for
Mediterranean basin. These comparisons with CALIOP aresaltation to occurNlarticorena et aJ.1997; otherwise the
just used to assess the vertical distribution of aerosols, angarticles cannot be lifted. This erosion threshold depends
we used it in synergy with the total AOD estimated from on the dry soil distribution, on the soil moisture and on the
passive surface and satellite techniqug®6n et al, 2011). roughness due to the presence of nonerodible elements.
AERONET is a ground-based internationally federated, The soil moisture effect on the particle cohesive forces and
globally distributed network of automatic sun/sky radiome- the erosion threshold is also taken into acco&étan et al.
ters Holben et al. 1998 2001). Sunphotometer observa- 1999. Many theoretical and experimental studi€iliette,
tions are used to retrieve AOD at different wavelengths andl979 Shao et a.1993 have shown that the horizontal flux
also the microphysical (volume size distribution) together (G), namely the saltation flux, is proportional to the third
with optical (refractive index, SSA and asymmetry param- power of the wind friction velocity. The dust vertical flux is
eter) properties for the whole atmospheric column follow- then inferred from the saltation flux, since the dust aerosol
ing the algorithm detailed irbubovik and King (2000. production corresponds to the rupturing of the interparti-
Associated uncertainties of the different aerosol parametersle bonds linking dust particles to each other or to the sur-
are provided in this article. In the present work, we haveface @lfaro et al, 1997. In this approach, the emitted mass
mainly used the AOD data (daily average quality-assuredand the distribution depend on the individual kinetic energy
data — Level 2.0 — downloaded from the AERONET website: of the aggregates striking the surfaddfaro and Gomes

http://aeronet.gsfc.nasa.gov (2007 proposed a distribution based on three lognormally
distributed modes, related to three binding energies deter-
2.3 Taylor diagrams mined from wind tunnel experiments. These energies corre-

spond to different thresholds of disruption of the aggregates.
To evaluate the model more precisely, we will use Tay-When the kinetic energy of an individual saltating aggregate
lor diagrams. Presented ifaylor (2001), they are two-  of given size reaches the threshold of one binding energy,
dimensional graphs which indicate how closely a patternparticles from this mode are released.
matches observation. Every Taylor diagram represents three Even if the dust emission process as describedAby
statistics, namely the correlation coefficient (indicated by thefaro and Gome$2001) is qualitatively understood, quanti-
azimuthal angle), the standard deviation normalized by thefying emissions is still difficult. Indeed, cohesive forces on
observed standard deviation (the radial distance from the oriPM20 (soil particles smaller than 20 um) are poorly under-
gin) and the root-mean-square (RMS) difference (the dis-stood Shag 2001), which causes large uncertainties in these
tance to the point on the x-axis identified as “observed”). Thetheoretical predictions of the size distribution of emitted dust
distance between the points representing the simulation anderosols. It is suggested ok (20113 that this representa-
the observation can be seen as a measure of the error: it tfon possibly overestimates the fine dust fraction in climate
the bias-corrected RMS difference. Thus, it enables a quicknodels.
comparison of several simulations, for instance in terms of Recently,Kok (20114 has pointed out that dust emission
seasonal means or interannual variability. is actually analogous to another phenomenon which is better
understood: the fragmentation of brittle materials. Just like
an object of glass or gypsum will fragment upon receiving
3 Simulation design an impact of sufficient energy, a dry soil aggregate can also
fail after the impact of a saltating particle. More precisely,
This study investigates the particle size distribution for thethree different regimes exist to classify the resulting parti-
emitted dust vertical flux. In the regional climate model cle size distribution: the elastic regime (low impact energy,
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no fragments produced), the damage regime (larger impact Results: comparison of both distributions at the
energies, several fragments of which the largest one is com- episodic scale

parable in size to the original object) and the fragmentation

regime (even larger impact energies, producing fragments of\S mentioned in Sect. 1, the aim is to evaluate the impact of
a wide range of sizes). Conveniently, the size distribution ofthe new dust size distribution on the dust aerosol load, de-
fragments in the fragmentation regime is “scale invariant” Position and direct radiative forcing, both at the episodic and
(i.e. follows a power law) for a limited size regime. Assum- seasonal scale. We perform simulations with bothAtiaro

ing that most dust emission is due to fragmenting impactsand Gomeg200]) and the newkok (20113 size distribu-
and that the production of aerosols of si2gis proportional  tion, which we refer to as the REF and the NEW simulation,

to the volume fraction of soil particles with sizes < Dy, respectively. From the point of view of climate, the long tem-
Kok (20113 derived the following equation for the volume poral scales are the most critical, but given their intermittent
size distribution of emitted dust aerosols: nature, evaluating dust events is a first necessary step to as-
3 sess the realism of emission and transport processes. In this
dvy — Dq [1 + erf (%)} exp| — (ﬂ) , section, we consider the event scale first with two dust out-
dinDg  cv V2Inos A breaks over the Mediterranean in 2008 and then with daily

h temporal series in three AERONET stations. Different re-
gions of the Mediterranean basin have been chosen for these
r(I)utbreaks in order to take into account the possible different
responses according to wind conditions and soil properties.
Spring and early summer are the favourable period for
(20113 used least-squares fitting on measured particle sizéhe “shgrav cyclones”, which tend to move along the North-
distribution of arid soils to determinBs=3.4+1.9ym and €™M African coast a}n_d cross the Meqne_rranean towards the
0s=3.0+ 0.4 um. north between Tunisia and Egypt, bringing dust to these re-
QPions Moulin et al, 1998. On the contrary, in summer and
measurements of the size-resolved vertical dust flukdk autumn, dust transport is concentrated over the central and
(20118, where excellent agreement was found between thewestern basins because of the Saharan depression combined

ory and measurements over a sample of data. Moreover, the&é’th the s?ml_-phermanent ”dgﬁ C;Vﬁr L.|byé§lﬂkas et 6}"‘
measurements suggest that previously used empirical modé012 sraelevich et al.2012). The following two examples

relations could overestimate the mass fraction of emitted clay!UStrate both these situations. For each case, the different

aerosols Pg < 2 um) and underestimate the fraction of emit- Parameters characterizing aerosols (such as AOD and depo-
ted large silt aerosolgly > 5 um). Consequently, these esti- S|t|qn) are averaged over the corresponding period and do-
mate errors could cause model errors, especially in the spatiama'n’ both for MODIS and RegCM-4 data.

distribution of dust, and in the balance between dust radiative ) .
cooling and heatingkok, 20113. We will study more pre- 4.1 Case 1: 31 October-2 November 2008

cisely the impact of this change of distribution in RegCM-4 The first case occurred in early November 2008, when a dust
over the Mediterranean region in Sects. 4 and 5. plume blew from the Sahara across the Mediterranean Sea to-
In order to implement this new distribution for the dust \4.q Europe. Figuréd shows this phenomenon captured by
vertical flux in RegCM-4, we will keep the same calculation \iop|s. The plume might come from sand seas in Algeria
for the horizontal saltation fluG previously described in namely between Grand Erg Oriental near the Algeria-Libya
this section. The vertical flux will then be deduced withan  pqrder and Grand Erg Occidental. It is crossing the sea, mix-
empirical 'relationsh.ip given biMlarticorena and Bergametti ing with clouds over Greece. MODIS AOD (Fi@a) shows
(1999, using the soil clay content % clay: the trace between the Algeria-Libya border and Greece, with
B f _ »« 10P-134%clay-6 values up to 0.8 at 550 nm. With regards to RegCM-4 exper-
&= T Calpha ’ iments, REF (Figlb) clearly overestimates AOD over this

where cappha is a normalization constant adapted to have a®9ion- NEW (Fig.1c) is in better agreement with MODIS,
value ofa relevant compared to the one used in other mod-9iven the narrow band of AOD between 0.6 and 0.7 between

els (seeTodd et al, 2008, using cajpha=0.035. The dust Libya a_md Gree<_:e. However, some discreparjcies appear in
size distribution ofKok (20113 can then be applied to this e African continent. The Taylor diagram (Fige) shows
emitted vertical flux. It should be outlined that this change & 'educed error for NEW experiment, notably for the simu-
of parameterization also modifies the total integrated emit/ated standard deviation (0.12 over the affected zone during
ted dust flux. This aspect will be taken into account in the the episode) much closer to the obgerved standard deviation
following discussions. Another important point is that dust (0:13 for MODIS) than REF experiment (0.42). The RMS
bin optical properties are kept constant between the twdlifference is consequently reduced in NEW (1.32) compared

parameterizations. to REF (3.09).

where Vy is the normalized volume of dust aerosols wit
size Dy, A is the side crack propagation length and is
a normalization constant. The geometric standard deviatio
os and the median diameter by volunig describe the log-
normal distribution of fully disaggregated soil particl&ak

This new dust size distribution has been compared to fiel
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Table 1. Average dust emission, integrated concentration, optical depth (550 nm) and deposition during the outbreak (31 October-2 Novem-
ber 2008) over the affected zone (25248 5-30 E) for each dust bin. 1: 0.01-1.0 pm, 2: 1.0-2.5pum, 3: 2.5-5.0um, 4: 5.0-20.0 ym.
The largest value for each bin is indicated in boldface. The normalized value (for a total emission of 1008 duyﬁil) of each term is

indicated between brackets, and in a specific line for the emission of each bin.

Parameter REF NEW
Dust bin 1 2 3 4 Toel 1 2 3 4 Total
(horm) (norm)
Emission 65.9 73.5 20.5 521.9 681.7 14.8 61.2 2147 666.9 957.6
(normalized) (96.6) (107.8) (30.0) (765.6) (1000) (15.5) (63.9) (224.2) (696.4) (1000)
(mgm2day™1)
Column burden 250.8 301.4
110. 1. 11.4 77. 25. 45, 127. 102.
(mg.m-2) 0.5 513 6 (367.8) 5.5 5.5 5 02.9 (314.7)
Optical depth 0.33 0.17
(550 nm) 0.27 0.04 0.01 0.01 (0.49) 0.06 0.04 0.05 0.02 (0.18)
Dry deposition 350.4 505.9
14.8 30.4 9.0 296.2 3.0 241  92.2 386.6
(mgnm2day™1) (514.0) (528.3)
Wet deposition 3.1 2.8
1.3 0.7 0.2 0.9 0.2 0.4 1.2 1.0
(mgm2day 1) (4.4) (3.0
(b) - REF

(a) - MODIS

UasE

el g

(d) - Visible

Standard Deviation

Fig. 1. Dust event between 31 October and 2 November 2008 — Comparison of aerosol optical depth (AOD) at 550 nm between MODIS
data(a), REF (b) and NEW(c). White line: the trace of CALIOP on 1 November 2008, see Rig-.at the bottom: satellite image from

MODIS on 1 Novembe(d) and corresponding Taylor diagra(e).

Table1 presents different dust parameters (emission, col-emitted dust aerosols outside the affected region could also
umn burden, AOD, dry and wet deposition) for each dust bin,have been modified. In terms of mass, emitted fine aerosols
(smaller than 2.5 um) are prevailing with the Alfaro scheme
(REF), contrary to the Kok distribution (NEW) which en-
are also indicated in order to take into account the change imances the coarse bin. This shift to larger dust sizes in the
the total emitted mass. It should be noted for this budget thathange from Alfaro to the Kok scheme is also reflected in the

on average over the affected region (25-M35-30 E). The
normalized values for a total emission of 1000 mgfday 1

Atmos. Chem. Phys., 12, 105430567 2012
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simulated dust concentration and deposition. In total mass, 14000
these two terms have increased, but compared to the tota ls"'ﬁ“os'phe”C feature
dust emitted flux, the proportion of atmospheric dust content 120001 ]
has decreased, and dust deposition within the affected do-
main slightly increased. Fine aerosols, prevailing in mass in
the REF simulation, have longer atmospheric lifetimes (e.qg.
Tegen and Lacisl996, and are thus deposited further from
source regions than coarse dust aerosols. With regards tc
AOD, only the first bin shows a big difference between the
REF and NEW simulations, because fine aerosols have the 500!
strongest impact on SW radiation extinction (élggen and
Lacis 1996. Despite the fact that the total emitted flux has 2000/
increased with the new distribution, dust AOD has decreased
substantially in the NEW simulation. On average over the af- Qe P
fected region, total AOD from NEW is 0.30 against 0.46 for Latitude

.REF’ while MODIS. _AOD_ Is 0.24. Thls_decrease in AOD Fig. 2. Vertical profile of aerosols measured by CALIOP on
is even more sensitive with the normalized values. Indeed, \ovember 2008. The corresponding trace is plotted in Fag.

the average extinction given by the ratio between the AODthe AOD of dust aerosols simulated in RegCM-4 by REF is indi-
and the column burden is higher in REF (1.3gn") thanin  cated with the red line, by NEW with the blue line (solid line: dust
NEW (0.56 ¥ g~1). AOD =0.01, dashed line: dust AOD =0.03).

Figure2 presents the vertical profile of aerosols measured
by CALIOP on 1 November 2008. Both REF and NEW sim-
ulate the presence of dust aerosols at a similar altitude agsw SSA McConnell et al.2008, and thus the RF is slightly
CALIOP, which is to say between 500 and 4000 m. Furtherpositive over this dust-emitting region. Furthermore, more
from the sources (around 2N in latitude), REF probably coarse dust particles lead to an additional positive TOA LW
overestimates the presence of dust aerosols in altitude conforcing.
pared to NEW and CALIOP. However, the presence of high
clouds beyond 38N might disturb the identification of dust 4.2 Case 2: 23-25 March 2008
aerosols in lower troposphere by CALIOP.

These simulated differences in the size distribution, load-The second case refers to a dust episode occurring in late
ing and altitude of the dust also impact the direct radiativeMarch 2008. Figurel shows Saharan dust blowing north-
forcing (RF) at the regional scale. The RF is the differenceward over the Mediterranean Sea towards Turkey, then turn-
between the net fluxes in the presence and absence of atmotg east and blowing over part of the Black Sea (Fid).
spheric aerosols (for the exact same atmosphere). The suMMODIS AOD at 550 nm (Fig4a) has two maxima: one over
face (resp. TOA) net fluxKney) is the difference between the sea near Cyprus (1.7) and the other one in the east-
the downward and upward irradiances at the Earth’s surern Black Sea (1.4). The latter is better seen by RegCM-
face (resp. TOA). It can be computed for LW or SW ra- 4 (Fig. 4b) and (Fig.4c), especially by NEW (1.2 against
diation. Figure3 presents aerosol radiative forcing (short- 1.0 for REF). Both experiments simulate the first maximum
wave and longwave) at the surface and at the top of the atin a different place, namely in northwestern Egypt. Com-
mosphere (TOA). In the REF simulation, the presence ofpared with Deep Blue data, the inland maximum around
many fine aerosols, which produce a strong cooling effect20® E (0.7) is excessively simulated by NEW (1.0) and REF
through efficient scattering of SW radiatiohigo and Sein-  (1.3), in addition to a geographic error for the latter. The cor-
feld, 1998 Miller et al., 2006, increases the negative forc- relation coefficient (Figde) is higher for the NEW experi-
ing both at the TOA and at the surface, resulting in an RFment (0.56) than for REF (0.48), and an improvement is also
up to~ 20 and 30 W m? at TOA and the surface, respec- noticed for the standard deviation (0.25 for NEW, 0.24 for
tively. Since the size distribution of the NEW simulation con- MODIS and 0.27 for REF) and the RMS difference (0.97 for
tains a much smaller mass fraction of fine dust aerosols (TaNEW instead of 1.09 for REF).
ble 1), the RF is decreased by50 % to maximum values of Table?2 presents the same parameters for this second case
~5and 15W n12 at TOA and the surface, respectively, de- as Tablel. The same phenomenon can be noticed: the fine
spite higher total emission and burden (TabjeMoreover, = mode is prevailing in REF, while more coarse aerosols are
over the North African continent, the sign of RF has changedemitted in NEW. However, the response of the Alfaro scheme
at the TOA. This occurs because coarse dust aerosols, whids not exactly the same as for the first case, probably be-
are more numerous in NEW compared to fine aerosols (coneause of different wind conditions or soil characteristics,
trary to REF), are more absorbing in the visible spectral re-such that the difference between the two simulations for the
gion. Indeed, the addition of coarse dust particles decreasefirst bin is less important. Therefore, the difference in dust
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| ISmoke
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Polluted continental
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Table 2. Average dust emission, integrated concentration and optical depth (550 nm) and deposition during the outbreak (23—25 March 2008)
over the affected zone (25-4Bl, 6—45 E) for each dust bin. 1: 0.01-1.0 ym, 2: 1.0-2.5 um, 3: 2.5-5.0 ym, 4: 5.0-20.0 pm. The largest value
for each bin is indicated in boldface. The normalized value (for a total emission of 100031@&;1—1) of each term is indicated between
brackets, and in a specific line for the emission of each bin.

Parameter REF NEW
Dust bin 1 2 3 4 Total 1 2 3 4 Total
(norm) (norm)
Emission 404 450 13.7 502.0 601.1 164 67.7 2375 737.7 1059.3
(normalized) (67.2) (74.9) (22.7) (835.2) (1000) (15.5) (63.9) (224.2) (696.4) (1000)
(mgm2day 1)
Column burden 190.6 348.6
65.6 335 8.4 83.1 258 50.2 1455 127.1
(mgm2) (317.2) (329.1)
Optical depth 0.21 0.11
(550 nm) 0.17 0.03 0.00 0.01 (0.36) 0.04 0.03 0.03 0.01 (0.10)
Dry deposition 3224 564.5
8.2 18.2 6.0 290.0 35 27.5 105.1 428.4
(mgm2day 1) (536.5) (532.9)
Wet deposition 8.8 15.7
A4 1 . . 1. 2. 7. 4.2
(mgm2dayl) ° 9 05 30 (14.6) 3 ® 6 (14.9)

VOL

QoeyIng

-30 25'3(‘5‘ \ ““““ R ’;OE -30
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x 10E 156 20E 5E
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Fig. 3. Direct radiative forcing (in W m?2, shortwave and longwave) simulated in REF (left panels) and NEW (right panels), at the surface

(bottom panels) and at the top of the atmosphere (TOA, top panels) during the outbreak (31 October—2 November 2008).

20E

AOD is smaller than in the first case, but AOD has still burden is substantially higher in REF (1.2gr?) than in
decreased in the NEW simulation. On average over the afNEW (0.32nf g 1), as also occurred for case 1. In terms of
fected zone, NEW AOD (0.30) is now closer to MODIS AOD proportion compared with the total emitted mass, the dust
(0.24) than REF AOD (0.40). Moreover, the average extinc-column burden and dry deposition of NEW are nearly the
tion given by the ratio between the AOD and the column same as in REF. With regards to radiative forcing in Bg.
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(a) - MODIS (b) - REF (c) - NEW

Standard Deviation

0

Fig. 4. Dust event between 23 and 25 March 2008 — Comparison of aerosol optical depth (AOD) at 550 nm between MOB)SREF#b)
and NEW(c) — white line: the trace of CALIOP on 24 March 2008, see BigAt the bottom: satellite image from MODIS on 24 Mar()
and corresponding Taylor diagra(e).

values for NEW are in this case larger (in absolute terms) a#t.3 Dust outbreaks in AERONET data
the surface than for the REF simulation, notably in the east-
ern Black Sea where MODIS has shown a maximum AOD.To confirm this evaluation, we compare the results of our
At the TOA, the sign change of radiative forcing over dust- simulations with AERONET data.
emitting regions is highlighted. At the surface, the area situ- Three stations have been chosen in different places over
ated east of Crete shows a positive RF. This positive sign ighe Mediterranean basin for periods when dust outbreaks
due to a positive LW forcing related to the presence of coarsd0ok place and measurements were available. These sta-
dust aerosols, which becomes higher than the negative SWons are Blida (Algeria, 365N, 2.9 E), representing a lo-
forcing (dimming). cation in the vicinity of dust sources; Barcelona (Spain,
Figure6 presents the vertical profile of aerosols measured#1.4 N, 2.1° E), located in the Western Mediterranean; and
by CALIOP on 24 March 2008. In both simulations, dust Crete (Greece, 353, 25.3 E) in the Eastern basin. Since
aerosols are not emitted high enough over Africa comparedAERONET provides in-situ observations at specific loca-
to CALIOP’s observations (up to 5000 m in CALIOP, only tions, we need to interpolate the results of RegCM-4 sim-
3500 m in RegCM-4). Further from dust sources, REF showg!lations to provide AOD for the AERONET locations. The
too many dust aerosols in altitude compared to NEW andcomparison is performed for AOD at 550 nm, so that the
CALIOP, because of fine aerosols emitted in too large quanAngstrom coefficient has been used to get AERONET val-
tities in REF. This also implies a change in the dust diabaticues at this wavelengtfeCk et al, 1999, from measurements

heating profile, with possible consequences on regional climade at 440 nm.
mate responses. In Blida (Algeria), Fig.7a shows daily data in summer

From these two cases, we can conclude that the NEW ex2008. Both RegCM-4 simulations and AERONET observa-
periment shows a significant improvement in AOD in terms tions show a similar evolution with time at first sight with two
of intensity and geographical positions, although some dif-major peaks corresponding to dust loading maxima. How-
ferences are still observed compared to MODIS data. ThigVver, the intensity of these maxima is generally overesti-

improvement is mainly due to the change in dust emissionmated by RegCM-4, especially by REF, which highlights
distribution rather than emitted mass. the improvement in the NEW experiment. Further from dust

sources, Figrb and ¢ shows the evolution of AOD in places
influenced by dust transport over the Mediterranean Sea;
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NEW
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JoryIng

307y

- 30E

Fig. 5. Direct radiative forcing (in W M2, shortwave and longwave) simulated in REF (left panels) and NEW (right panels), at the surface
(bottom panels) and at the top of the atmosphere (TOA, top panels) during the outbreak (23—25 March 2008).

14000 6 September and 7 December, five major peaks can be seen

Stratospheric feature in the AERONET measurements. Four of them are overes-
timated by REF, whereas the first one is underestimated by
both the REF and NEW simulations. The measured varia-

12000+
Cloud

10000 ey tions in AOD are qualitatively reproduced by the simulations,
= aoool Smoke although NEW is ip better qugntitative agreement t_han REF.
e Polluted dust The corresponding Taylor diagrams (F&yemphasize the
£ o0l Clean continental improvement of the NEW simulation in the standard devia-
< Polluted continental

tion with respect to AERONET measurements. The intensity

ouet of dust peaks is better assessed than in REF experiment and

4000 Clean marine

Not determined the correlation coefficient is also slightly increased.
2000 No data The comparison with AERONET stations has confirmed
Surface the improvement brought by the Kok distribution at the
il i ! ! Subsurface . .
% 30 =40 a5 episodic scale both close and far from dust sources. At the
Latitude episodic scale, AOD is better simulated with the new distri-

Fig. 6. Vertical profile of aerosols measured by CALIOP on butiqn, dug to the increasg of emi.tted. coarse dust aerosols
24 March 2008. The corresponding trace is plotted in Bg.The relat_|ve to f|n_e aerqsols. Indirect v_alld_atlon through AOE_) has
AOD of dust aerosols simulated by REF is indicated with the red confirmed this choice. The question is now whether this im-
line, by NEW with the blue line (solid line: dust AOD = 0.01, dashed Provement can be verified at the seasonal scale in order to ap-
line: dust AOD =0.03). ply it for a climatic objective. Therefore, in the next section
we will test whether our model is able to better reproduce
AOD seasonal variability in the Mediterranean area with the

) ) NEW simulation.
Fig. 7b refers to Barcelona in October 2008. AERONET

measurements show an increase in AOD of 0.15 to 0.4
from 8 to 15 October. This increase is reproduced with
the NEW simulation, whereas REF substantially overesti-
mates it. Figur&c concerns the eastern basin, namely Crete,
in the favourable time period to dust outbreaks. Between
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(a) Blida, 03/06 - 07/08 2008 (b) Barcelona, 06-21/10/2008 (c) Crete, 06/09-08/12 2008

-~ ~AERONET -~ ~AERONET
—NEW 08k ——NEW 0.45
12 ——REF ’ ——REF

= = =AERONET
—NEW
——REF

0%%/09 16/09 26/09 06/10 16/10 26/10 5/11 15/11 25/11 5/12

Q
08/06 18/06 28/06 8/07 18/07 28/07 07/08 06/10 1110 16/10 21/10
Date Date

Fig. 7. Comparisons of AOD at 550 nm between AERONET measurements and REF (red line) and NEW (blue line) experiments at three
different locations: Blidga), Barcelonalb) and Cretg(c). Time series of AOD values (dashed green lines) represent seven-day-averaged
daily values.

COrre, the sea. These values are similar in both simulations, but
25 2 43 ‘7{/0/7 with a slight underestimation especially in REF in the East-

: ern Mediterranean. The average difference with MODIS over
the sea is-0.019 for REF and only-0.007 for NEW. Over
Northern Africa, AOD is clearly overestimated in Algeria,
with a bias reaching 0.27 compared to Deep Blue data, re-
duced in 0.14 in NEW. The underestimation between 20 and
-8 25° E by REF is also corrected by NEW.

In spring, dust begins transport over the sea increases be-
cause of changing circulation patter@kikas et al. 2012
and intense dust uplift over the Libyan and Egyptian deserts
(Moulin et al, 1998, thereby increasing the AOD. For this
period, the satellite data show a contrast between the West-
ern and Eastern Mediterranean Sea. This contrast is well rep-
resented by both simulations, with a maximum along the
Libyan coast. As far as the Saharan desert is concerned, what
is striking is the overestimation by REF of the dust emission

Fig. 8. Taylor diagram representing the correlation in time between'" Algeria and Tunisia (between 0.4 and 0.8 at 550 nm) com-
observations (AERONET data presented in Figand RegcM-4  Pared to Deep Blue data (between 0.3 and 0.6). The NEW

simulations of the AOD. Red points: REF, blue points: NEW, green Simulation performs better, with AOD ranging from 0.3
point: MODIS. to 0.6 too. We can also notice local maxima, for example

in northeastern Algeria, where AOD at 550 nm reaches 0.55
both in MODIS and NEW. Over the Mediterranean Sea, the
average difference with MODIS AOD is reduced from 0.043
in REF to 0.017 in NEW. However, a problem remains over
5.1 Comparison of simulations with observations in l\!ear E‘T"St’ as MODIS AOD is a_round 0.9 whereas RegCM-4
2008 simulations are around 0.4. This may be due to dust advec-
tion from eastern regions, which are not taken into account
in our domain.
Figure 10 presents the comparison between MODIS and

15 ,

’ SRR -

7 \/\
, Barcelena-~
7 N

Standard Deviation

0.5] 47

0

5 Results: impact at the seasonal scale

This section compares AOD simulations with MODIS data

for the four seasons of the year 2008. The atmospherngegC'\/l_4 for summer (JJA: June—July—August) on the left

aerosol content follows a seasonal cycle, strongly influence
Y gy and for autumn (SON: September—October—November) on

by dust transportMoulin et al, 1998. Figure 9 shows . .
the results in winter (on the left, DJF: December—January—the right. Over the Mediterranean Sea, summer AOD ranges

February), and in spring (on the right, MAM: March— from 0.2 to 0.4 according to MODIS data, with a maximum

April-May). The AOD over the Mediterranean Sea is small ai;)(;? ath?eg(rzzéhnvtvsvsiiﬁrgopt\lzn;aen é('\)/lejt's;rrzja?gg'sm:méi'?]
in winter because heavy rainfall and strong wind preventg 9 9 ' 9

aerosols from accumulating in the domain atmosphere. AOI:!t Is too widespread in REF around Sicilia, giving a max-

at 550 nm reaches about 0.1 to 0.2 from west to east ove'rmal difference over the sea with MODIS of 0.12 instead
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Fig. 9. Comparison of aerosol optical depth (AOD) at 550 nm between MODIS data (top panels), REF-experiment (middle panels) and
NEW-experiment (bottom panels) in winter (December—January—February) 2008 (on the left) and in spring (March—April-May) 2008 (on
the right).

of 0.06 for NEW. In Northern Africa, AOD is well simu- for example to inaccurate soil properties, leading to an un-
lated in western Algeria, but the maximum seen in Deep Bluerealistic distribution amongst the bins, possibly corrected in
data over Northern Tunisia is not represented by RegCM-4the NEW approach. Spatial AOD gradients over the sea are
We can also notice an underestimation of AOD by REF inalso improved in the NEW simulation, particularly along the
Egypt (0.15 around 3CE), which is corrected in the NEW North African coast. The problem of underestimation of the
simulation (0.3), reducing the average bias over the North-simulated AOD in the Near East is still present.

ern African continent from—0.091 in REF t0—0.055 in Compared to summer, autumnal AOD values over the
NEW. In some regions, REF also underestimates AOD, duesea are smaller according to Fi@0, ranging from 0.15
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Fig. 10. Comparison of aerosol optical depth (AOD) at 550 nm between MODIS data (top panels), REF-experiment (middle panels) and
NEW-experiment (bottom panels) in summer (June—July—August) 2008 (on the left) and in autumn (September—October—November) 2008
(on the right).

to 0.35 in MODIS data. The maximum along the northwest-from 0.2 to 0.35. In REF, AOD is out of this range in Tunisia
ern African coast is still observed, but is not as well repre-(0.5) and in Egypt (0.15).

sented in RegCM-4 simulations as for the summer. Indeed, In brief, Figs.9 and10 indicate that the new dust particle

it is too widespread, especially in REF whose AOD valuessize distribution in the NEW simulation produces a signif-
are about 0.1 higher than in NEW. The average differencdcant improvement in the simulated AOD. In particular, the
over the sea with MODIS is indeed 0.023 for REF, improv- observed spatial AOD gradient over the sea is generally bet-
ing to —0.010 for NEW. Over Africa, Deep Blue data and the ter reproduced in the NEW simulation. The main cause of
NEW simulation are in good agreement with values rangingthis difference between the REF and the NEW simulations is
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the different predicted mass fractions for the first dust binestimate the potential impact of dust aerosols on the Mediter-
(0.01-1.0 um diameter), which produces the largest massranean climate. The direct and semi-direct effects of aerosols
weighted effect on AOD (e.glegen and Lacisl996. Since  on climate are caused by their influence on SW and LW radi-
particles in this size range also have the longest lifetimes, ation. In order to better assess the resulting radiative forcing,
larger mass fraction of particles in this bin produces a smallefa longer simulation, namely NEW 2000-2009, has been per-
AOD spatial gradient. Similar to the results of the episodic formed over the period 2000—-2009.
dust outbreaks in the previous section, the mass fraction for This ten-year simulation enables us to elaborate on the sea-
the first bin in the REF parameterization is a factor~ob sonal cycle of aerosols over the Mediterranean region. Fig-
larger than for the NEW distribution, which consequently ure 13a presents the monthly means of AOD over Northern
produces a weaker spatial AOD gradient. This effect is forAfrica (from 25° N to the sea), the Mediterranean Sea and
example illustrated in the summer in the central Mediter- Southern Europe (from the sea to 4m§ for REF 2008,
ranean (Figl0). The effect of the different size distribution NEW 2008 and NEW 2000-2009 simulations. The inter-
on the simulated dust burden is presented in Ei.with annual variability is assessed with a 95 % confidence inter-
averages of every dust bin integrated concentration over thgal around the average. The AOD cycle is consistent with
year 2008. With the REF scheme, the relative weight of theFigs.9 and10 shown in Sect. 5.1, which also show an over-
fine mode over the Saharan regions is clearly larger than foestimation in the REF simulation of AOD in spring and au-
the NEW scheme. In contrast, with the new size distribution,tumn. Compared to the average 2000/2009, AOD for the ref-
the column burden of the larger dust 1.0 um) is substan- erence year 2008 is close to this average, and is included
tially increased, especially for the third dust bin (2.5-5.0 umfor most of months in the 95 % confidence interval (except
diameter). Since larger dust aerosols have greater fall speed3ctober notably). The main maximum of AOD occurs in
and are thus deposited earlier and closer to the source respring, when dust is transported from the Eastern Sahara
gions than smaller aerosols, this change in the size distributo the Eastern Mediterranean. In summer, this phenomenon
tion over the Saharan source regions affects the size distrimoves to the Western Mediterranean, with a second maxi-
bution of dust transported over the Mediterranean Sea. Thisnum in September. Indeed, the aerosol episodes are most
effectis clearly seen in Fig.1: the smallest particle bin dom- frequently observed during the dry period, from June to Oc-
inates the REF column burden over the Mediterranean Sedpber Gkikas et al. 2012). In contrast, AOD is minimal in
whereas the larger particle bins dominate the NEW columnwinter. This variation is related to synoptic meteorological
burden. conditions. During the dry period, namely from June to Oc-
In conclusion, we can deduce from these comparisons, betober, the synoptic conditions prevailing over the Mediter-
tween satellite data, in-situ observations and RegCM-4 sim+anean favour the accumulation of aerosol particles in the
ulations, that dust emissions are better simulated with theatmosphere. Specifically, during this period, the subtropi-
new dust size distribution. In particular, this new scheme hasal Atlantic high (Azores) prevails over the Mediterranean
corrected some inaccurate AOD estimations in the REF pabasin, being enhanced and causing subsidence. It results thus
rameterization over the Mediterranean region. This improve-n an extremely stable atmosphere and in absence of rain-
ment is confirmed by the corresponding Taylor diagram infall, conditions that favour the aerosol accumulation in the
Fig. 12. For each season, the blue point representing theatmosphere.
NEW-experiment is closer to the MODIS observation (in  Figure13b and c present the monthly-averaged radiative
green) than the red point representing the REF-experimentorcing (RF), respectively, at the surface and at the top of
This indicates that the new dust scheme reduces the simulahe atmosphere (TOA) for LW and SW radiation, and Biy.
tion error. Other sources of error include inaccuracies in sim-presents the corresponding maps for the NEW 2000-2009
ulated soil properties (roughness and texture), surface windsimulation. Table3 summarizes their annual and seasonal
or anthropogenic aerosols, which can explain why the correaverages over Northern Africa, the Mediterranean Sea and
lation coefficient is not so high. In this set of simulations, a Southern Europe. With the new emitted dust size distribution,
deeper analysis shows that RegCM-4 actually underestimateRF has been significantly modified. The surface SW RF is
the anthropogenic sulfates over Europe in summer. Morenegative on the whole domain, but the strongest values (up to
over, secondary organic as well as nitrate aerosol components22 W m~2) are observed in spring in dust-emitting regions
are not included in these simulations. Since our purpose herand over the sea near the coast, with a north—south gradient.
is clearly to discuss the dust component, we do not analyséndeed, dust prevents the Sun’s radiation from reaching the
further the contribution of these other aerosol types. surface, producing a dimming and a cooling (direct) effect.
This maximum in shortwave direct effect is coherent with the
5.2 Impact on the aerosol content and direct radiative study ofBenas et al(201]) in Crete. Over the period 2000—
forcing with a decadal simulation 2010, calculations performed with a radiation transfer model
based on Terra and Agua MODIS data has shown a simi-
Since the new size distribution has substantially improved thdar seasonal cycle, despite a stronger aerosol direct radiative
simulations at the seasonal scale over our region, we use it tiorcing over Crete{26+ 16 W m~2 against-13 W m~2 for
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Fig. 11.Dust integrated concentration over an atmospheric column (ﬁ?g for REF (left panels) and NEW (right panels) experiments over
the year 2008 for each of the four bins of RegCM-4.
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Table 3. Annual (first line of each cell) SW and LW direct radiative forcing averages (V%')nat the surface and TOA for the NEW
simulation over Northern Africa (from 23N to the sea), the Mediterranean Sea and Southern Europe (from the sea’t)4BBasonal
averages (DJF/MAM/JJA/SON) are indicated on the second line of each cell for the same regions and parameters.

RF Northern Africa Mediterranean Sea Southern Europe
Surface -14.9 —13.6 -10.3
SwW (—-9.7/~20.2/-18.5~11.4) (7.9/~19.5~15.3~11.5) (-5.8/~13.6/-12.4}-9.2)
TOA 0.1 -55 -3.1
(—1.1/0.7/1.24-0.6) (—3.8/~8.2/-5.5/-4.7) (—2.3~4.6/-2.5/-3.0)
Surface 5.8 1.7 0.8
LW (4.2/8.6/6.5/4.1) (1.1/3.1/1.3/1.3) (0.5/1.2/0.7/0.7)
TOA 1.0 0.6 0.3
(0.3/1.5/1.6/0.6) (0.4/1.0/0.5/0.4) (0.1/0.6/0.3/0.2)

the Mediterranean Sea because of the influence of both dust
from Africa and anthropogenic particles from the continent
and a lower surface albedo. These values are in quite good
agreement with SW aerosol radiative forcing from the ar-
ticle of Papadimas et a{2012), calculated with a spectral
radiative transfer model from MODIS Terra (collection 5
and 5.1) Level-3 data. In the latter study, the direct SW radia-
tive effect over the broader Mediterranean basin (29-°4¢,5
10.5 W=38.5 E) over the period 2000-2007 is estimated at
the surface betweer5W m~2 in winter and—20 W 2

in spring and summer, close to the variations simulated
in NEW 2000/2009. The difference in summer probably
comes from the lack of anthropogenic sulfates discussed in
Sect. 5.1. With regards to the TOA, the SW RF is estimated
between—1 W m~2 in winter and—4 Wm~2 in summer in
MODIS data, slightly higher than in the NEW 2000/2009
simulation. For the investigated year 2008, the changes ob-

Fig. 12. Taylor diagram of seasonal averaged AOD (550 nm) com-served at the TOA and at the surface for the SW RF show

puted with MODIS observation, REF and NEW experiments. Red@" improvement in the simulation O,f RF by RegCM-4. Over
points: REF, blue points: NEW, green point: MODIS. Northern Africa, the TOA SW RF is close to zero for the

summer months for the NEW 2008 and 2000/2009 simula-
tions, which agrees with satellite observatioRatadia et aJ.
. 2009 Yang et al, 2009. In contrast, the REF simulation
RegCM-4) probably due to the lack of sulfate aerosols in - )

9 ) p y au . ! produces too much TOA radiative cooling over the Sahara

RegCM-4 (see Sect. 5.1). At the TOA, the SW RF is alsodesertin comparison with these satellite observations. This is
negative except in Northern Africa where it is slightly posi- . . X . -
9 b gty p consistent with the larger mass fraction of fine dust in REF,

tive because of a high surface albedo in this region, enhanc-" . ;
ing absorption of reflected radiation. The LW RF is posi- which tends to produce a net cooling effect at TORok,
tive everywhere both at the surface and at TOA, but stronge?mla'
at the surface since dust is essentially present in the lower
troposphere. 5.3 Impact on the deposition with a decadal simulation

With the new distribution (NEW), the LW RF has in-
creased over Africa because of the presence of more coardeust aerosols also play an important role by depositing mi-
dust aerosols. Altogether, the annual-averaged surface RF ionutrients to the Mediterranean S&auieu et al. 2002.
negative on the whole domain, with the highest values lo-Indeed, dust contains iron which is an essential micronutrient
cated along the North African coast (uptd5W m2). Itis for ocean biota growthi\lahowald et al.2009 and can affect
stronger in spring, where monthly mean reach@® W 2 the productivity of marine and terrestrial ecosystems. The
in April and May in NEW 2000/2009 over the Mediterranean carbon cycle and therefore the atmospheric greenhouse gas
Sea. At TOA, RF remains positive only on the African con- content could also be influenced. FigliZl presents the dry
tinent. To sum up, the SW RF is the most negative overand wet deposition of dust aerosols for the three simulations.

Standard Deviation
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Fig. 13.Monthly means of different parameters (aerosol optical depth at 550 nm, TOA and surface radiative forcing, dry and wet deposition)
for three simulations: REF (red) and NEW (blue) in 2008, and NEW 2000-2009 (light blue). Means are calculated over three regions:
Northern Africa (left panels), the Mediterranean Sea (middle panels) and Southern Europe (right panels).

Since REF produces more fine dust aerosols, which can stagroductivity of marine and terrestrial ecosystems. A similar
longer in the atmosphere and deposit further from sourcéncrease in deposition rate with the theoretical size distribu-
regions, deposition is smaller than in NEW. This effect in- tion of Kok (20113 relative to empirical size distributions
creases dust deposition to the Mediterranean Sea by on awith larger mass fractions of fine dust was found in the recent
erage 57 % over the year 2008, and could affect directly theglobal modeling study ofto et al. (2012. Changes in the
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Fig. 14. Direct radiative forcing (in W m?2) simulated in NEW 2000-2009, at the surface (left panels) and at the top of the atmosphere
(TOA, right panels), for total (top panels), longwave (middle panels) and shortwave (bottom panels) radiations.

dust size distribution could also change the bioavailable ironSea in late autumn (November). This secondary maximum

fraction (to et al, 2012, which depends on the deposited seems consistent with the dust episodes in autumn and the

dust size ilahowald et al.2009. respective maximum of the wet deposition. In Africa, dry de-
With regards to dry deposition, the longer simulation position is ten times higher than in Southern Europe and over

shows a large 95% confidence interval, indicating an im-the sea. On the contrary, wet deposition is very weak in this

portant interannual variability. Its seasonal cycle is regulatedregion because of the quasi-absence of rainfall. Over the sea

by the aerosol content and the winds. The highest depositioand the European continent, wet deposition is maximum at

values occur during the first four months of the year; because¢he end of the wet season (April) in the Eastern basin, when

of the circulation in winter associated with stronger winds rain is still important, and dust begins to be lifted and trans-

and higher precipitation, the residence time of aerosols igorted over the sea. A second maximum occurs in November.

more important in summer than in winter. The role of winds

is particularly important in Southern Europe, where the max-

imum is earlier (February) than in Africa and over the sea

(April). Besides, a secondary maximum in autumn can be

noticed in Africa in September, and over the Mediterranean
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6 Conclusions region. More studies should now be carried out to evalu-
ate the impact of this new distribution over other dusty re-

The effect of two dust particle size distribution schemes ongions. It should also be noted that other parameters such as

the simulated dust cycle over the Mediterranean region havelust optical properties play an important role. In order to

been compared by using the regional climate model RegCM<arry out studies to validate simulated dust deposition, the

4 to simulate both episodic dust outbreaks over the Mediter-ChArMEXx project (Chemical Aerosol Mediterranean Exper-

ranean Sea and the seasonal dust cycle over the basin. Timent,http://charmex.lsce.ipsl.irvill also help in providing

REF simulation with the initial scheme \ffaro and Gomes  more measurements in the following years.

(2001 produces a large mass fraction of emitted fine dust As far as the impact of aerosols on climate is concerned,

aerosols, causing errors in the spatial distribution of dustthis study is limited by the fact that RegCM-4 has no two-

as inferred from the spatial gradient of AOD, and thereforeway interaction between atmosphere and oceans, despite the

in the radiative budget. These problems were alleviated inpotential importance of ocean evaporation. The ideal solution

the NEW simulation that uses a recent dust size distributiorwould be to resort to a coupled mod8&ldmot et al.2008), in

scheme based on the analogy of dust emission with the fragerder to take into account the role of SST notably, which has

mentation of brittle material¥Kpk, 20113. In both studied  been found to be very influential on simulated dust-induced

episodic dust outbreak cases, the AOD simulated in REF iglimate changeYue et al, 2017). This study has shown an

too large compared to MODIS data, whereas NEW showsextra cooling simulated with the SST responses to dust forc-

more realistic values. Indeed, REF produces too many fineng at the global scale{0.09 K in surface air temperature on

aerosols, which have a strong impact on SW radiation andiverage with interactive SSTs instead of +0.02 K with pre-

can be easily transported to remote regions. In contrast, NEVécribed SSTs).

simulated more coarse dust aerosols. This AOD overestima-

tion by the REF simulation has been confirmed using obser-

vations from the AERONET network. With regards to sea- AcknowledgementsMODIS data used in this paper were produced

sonal means over the year 2008, AOD spatial gradients ar@”th the Giovanni online data system, developed gnd maintained

also better estimated over the sea in the NEW simulatior”, "¢ NASA GES DISC. CALIOP data were obtained from the

due to more coarse and fewer fine dust aerosols compared ASA Langley Re§earch Center Atmosph_erlc Smgnce Data Cen_ter.
S . . ome of this work is supported by the National Science Foundation

REF. The average bias in spring over the Mediterranean S_e@nder Award AGS 1137716,
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REF to 0.017 in NEW. Since a substantial improvement hassdited by: C. Mitsakou

been found compared to satellite and in-situ observations, as

quantified using Taylor diagrams, this study has validated the

use of the theoretical dust size distributiorkatk (20113 in

RegCM-4 at both event and seasonal time scales.

A longer simulation (over the period 2000-2009) has also
been carried out with the new size distribution in order to bet-
ter assess the radiative forcing due to aerosols. Dust aerosa
prevail over the Mediterranean region, so that the surface
SW RF is negative (direct effect), with maximal values in The publication of this article is financed by CNRS-INSU.
spring along the North African coast. The average SW RF
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