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Abstract

The present study investigates the dust emission and load over the Mediterranean
basin using the coupled-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 kinetic5

energy of the aggregates striking the surface to a recent parameterization based on
an analogy with the fragmentation of brittle materials. The main difference between
the two dust schemes concerns the mass proportion of fine aerosol which is reduced
in the case of the new dust parameterization, with consequences for optical proper-
ties. At the episodic scale, comparisons between RegCM-4 simulations, satellite and10

ground-based data show a clear improvement using the new dust distribution in terms
of Aerosol Optical Depth (AOD) values and geographic gradients. These results are
confirmed at the seasonal scale for the investigated year 2008. A multi-annual simu-
lation is finally carried out using the new dust distribution over the period 2000–2009.
This change of dust distribution has sensitive impacts on the simulated regional dust15

budget, notably dry dust deposition and the regional direct aerosol radiative forcing over
the Mediterranean basin. This could clearly modify the possible effects of dust aerosols
on the biogeochemical activity and climate of the Mediterranean basin. In particular, we
find that the new size distribution produces a higher dust deposition flux, and smaller
top of atmosphere (TOA) dust radiative cooling.20

1 Introduction

Atmospheric aerosols have substantial impacts on the Earth’s climate through their di-
rect, semi-direct and indirect effects. This is the reason why it is essential to include
the description of aerosol processes (sources, evolution during transport, deposition,
chemical, physical and optical properties) in regional and global climate models. Ac-25

cording to IPCC (2007), the aerosol radiative forcing estimated in 2005, relative to the
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preindustrial year 1750, is negative at the global scale (−0.5 Wm−2 for the direct ef-
fect and −0.7 Wm−2 for the cloud albedo effect), with a large uncertainty notably due
to their huge spatial and temporal variability. Not only can different natural processes
emit aerosols, namely desert dust lifting, sea spray, volcanic explosions or biogenic
organic emissions, but anthropogenic activities can also be a significant contributor,5

notably because of biomass burning, fossil fuels combustion and industrial produc-
tion. Aerosols have generally short atmospheric life times (from a few days to several
weeks), are associated with local sources, and possibly undergo rapid chemical evo-
lution, thereby affecting transport and removal processes (e.g. Sullivan et al., 2007).
Their physicochemical and optical properties are consequently highly variable in space10

and time. These properties determine their interactions with shortwave (SW) and long-
wave (LW) radiation and clouds, with ensuing impacts on climate. As representative of
this complexity, the Mediterranean basin has been identified by Lelieveld et al. (2002)
as a crossroads of air masses carrying numerous and various aerosols. In this re-
gion, aerosols of different sources accumulate: industrial and urban aerosols from Eu-15

rope and North African towns, biomass burning aerosols from Eastern Europe, dust
aerosols from Africa, and marine particles from the sea. Basart et al. (2009) outline
the resulting large variety in aerosol properties over the basin. Given this high aerosol
content in this region, their effects can be important to the climate and ecosystems of
the Mediterranean. Regional climate response to aerosol is all the more complex as20

local winds, complex coastlines and orography have strong interactions in the atmo-
spheric flow. In this context, high resolution modeling in this region is essential (Gao
et al., 2006; Giorgi and Lionello, 2008; Colin et al., 2010; Herrmann et al., 2011), and
the use of a regional climate model (RCM) to investigate these effects is particularly
relevant.25

Desert dust is on average the principal aerosol component over the basin, and
strongly influence the Mediterranean climate (Barnaba and Gobbi, 2001). Desert dust
aerosols come from suspension, saltation and creeping processes associated with
wind erosion (Shao, 2008; Kok et al., 2012). Dust emission is not a homogeneously
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continuous phenomenon, and mostly occurs in episodic events of intense near-surface
wind conditions, able to lead to dust outbreaks over the Mediterranean Sea (Moulin
et al., 1997). Dust aerosols can be lifted up to high altitudes, namely between 1.8 and
9 km (Mona et al., 2006; Kalivitis et al., 2007), especially for the finer particles, and then
be transported over thousands of kilometres. They potentially play an important role in5

the climate system because of their optical properties (absorption and scattering of in-
frared and solar radiation, as well as emission of infrared radiation, Slingo et al., 2006)
which modify the Earth’s radiative budget through complex mechanisms (Sokolik et al.,
2001). They also influence biogeochemistry, as dust deposition to the ocean is an im-
portant source of iron in high-nutrient-low-chlorophyll (HNLC) regions (Mahowald et al.,10

2009; de Madron et al., 2011), which is crucial for phytoplankton growth. Many global
climate models simulate dust emission and transport in a coherent manner (Woodage
et al., 2010), but the total impact of dust aerosols on Earth’s radiative budget still consti-
tutes an important uncertainty (IPCC, 2007; Kok, 2011a). There are large differences in
global climate models in the simulation of the dust cycle and the resulting impact on cli-15

mate (Huneeus et al., 2011). A large inter-model variability is also found at the regional
scales (Uno et al., 2006), notably due to differences in dust emission parameteriza-
tions (Todd et al., 2008). Numerous parameters such as soil properties, surface wind
and roughness variability are responsible for emission uncertainties, affecting saltation
and the total emission mass flux. Another component of these uncertainties comes20

from the representation of the emission dust size distribution. Different approaches
have been proposed to parameterize this distribution. The first approach consists in
directly assigning a representative size distribution to the integrated vertical mass flux
from measurements. In global modeling a background size distribution is often consid-
ered (e.g. Zender et al., 2003) which could be potentially unrealistic close to emitting25

regions. When local emission distribution data are available, this approach has proved
to be regionally more realistic (Crumeyrolle et al., 2011) but is a priori tied to a specific
domain of study. A second approach, notably used by Alfaro and Gomes (2001) and
Shao (2001), consists of using a physically explicit scheme to link the emission size
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distribution to both the wind speed at emission and soil properties such as the size dis-
tribution, aggregate binding energy, and soil plastic pressure. However, many of these
parameters are difficult to measure and even more difficult to scale up over extended
geographic domains. The most recent approach for representing the dust size distribu-
tion at emission is to use the analogy of the fragmentation of brittle materials such as5

glass with the emission of dust aerosols through the cracking of soil aggregates (Kok,
2011a). In contrast to the schemes of Alfaro and Gomes (2001) and Shao (2001), this
approach results in a size distribution that is independent of wind speed (Kok, 2011b).
This is consistent with measurements of the dust size distribution at emission (Gillette,
1974; Shao et al., 2011), and had previously been hypothesized by Reid et al. (2008)10

based on the observation that the in situ dust size distribution is relatively independent
to changes in wind speed. Moreover, Kok (2011a) has suggested that the relatively
small amount of scatter between measurements suggests that the dust size distribu-
tion at emission is also relatively independent of the regional soil properties, and used
this observation to propose a universal size distribution.15

The present study explores the sensitivity of a regional climate model (RegCM-4) to
these different approaches in representing dust emission distribution, and the impact
it can have on the dust budget (emission, concentration, dry and wet deposition), as-
sociated Aerosol Optical Depth (AOD) and aerosol direct radiative forcing, both in SW
and LW radiation. In order to find the most realistic distribution, two simulations have20

been performed for the year 2008. The objective is also to characterize the aerosol
optical depth, emission and deposition in the Mediterranean over a ten-year period, in
order to estimate their potential impact on climate through direct SW and LW radiative
forcing. It should be noted that only the direct effect of aerosols is considered in the
present work. After a description of methodology in Sect. 2, we focus on both dust par-25

ticle size distributions in Sect. 3. Results of a comparison on dust outbreaks over the
Mediterranean are then evaluated against satellite and surface remote-sensing obser-
vations in Sect. 4. Section 5 presents the results at the seasonal scale, and the aerosol
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characteristics over a longer period before our summary and concluding remarks de-
tailed in Sect. 6.

2 Methodology

2.1 The RegCM model

The Regional Climate Model system, namely RegCM, has been developed since 19895

at National Center for Atmospheric Research (NCAR, Dickinson et al., 1989) and then
at International Centre for Theoretical Physics (ICTP, Trieste (Italy), Giorgi and Mearns,
1999). The current version used in this study is RegCM-4 (Giorgi et al., 2012). The main
characteristic of this model is to be user-friendly and highly portable to a variety of com-
puter platforms. It can also interface with many reanalyses, such as European Centre10

for Medium-range Weather Forecasts (ECMWF, Sylla et al., 2009) or National Center
for Environmental Prediction (NCEP), and GCM (Global Climate Model) boundary con-
ditions to provide a full suite of simulation options. Its horizontal resolution can vary from
10 to 100 km, for simulation periods from days to decades. It is a hydrostatic, sigma ver-
tical coordinate model (18 levels), whose dynamical core is historically based on the hy-15

drostatic version of the fifth generation of the mesoscale model MM5 (Grell et al., 1994).
The formation of precipitation is divided between resolvable (or large-scale) precipita-
tion using the subgrid explicit moisture SUBEX scheme (Sundqvist et al., 1989), and
convective precipitation using in the present work the MIT-Emanuel scheme (Emanuel,
1991). The biosphere is taken into account thanks to BATS (Biosphere-Atmosphere20

Transfer Scheme, Dickinson et al., 1993) which gives the transfer of energy, mass and
momentum between the atmosphere and biosphere. There is no two-way interaction
between the ocean and the atmosphere. Fluxes from open bodies are only computed
from prescribed sea surface temperatures (SSTs), so that the atmosphere cannot af-
fect the ocean.25
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In RegCM-4, the basic aerosol scheme accounts for sulfate, organic carbon (OC),
black carbon (BC), dust and sea salt aerosols, and is described by Qian et al. (2001)
and Solmon et al. (2006). Assuming an external mixture, it includes advection by atmo-
spheric winds, diffusion by turbulence, vertical transport by deep convection, surface
emissions, dry and wet removal processes, and gas and aqueous phase chemical con-5

version mechanisms.
The emission terms of the anthropogenic aerosols come from different inventories

based on reference years. Dust and sea salt emissions are based on Zakey et al.
(2006, 2008) with modifications described in Giorgi et al. (2012). Different studies have
shown the ability of RegCM to reproduce the basic regional patterns and seasonality10

of the different aerosols over Europe and Africa (e.g. Solmon et al., 2006). The SW ra-
diative effect is calculated using optical properties (asymmetry factor, single scattering
albedo and mass extinction coefficient) which are computed for each aerosol type and
each wavelength of the RegCM radiation scheme (18 wavelength bands, Kiehl et al.,
1996), using a Mie scattering code. The LW emissivity and absorptivity are calculated15

using prognostic dust bin concentrations, LW refractive indices and absorption cross
sections consistent with Wang et al. (2006). Even though the present study focuses on
dust aerosols, the presence of all aerosol types in RegCM enables us to compare to-
tal AOD with satellite measurements. RegCM based aerosol regional climate impacts
have been carried out over different regions, such as East Asia (Zhang et al., 2009;20

Yan et al., 2011), West Africa (Sylla et al., 2010; Solmon et al., 2008; Konare et al.,
2008; Malavelle et al., 2011; Solmon et al., 2012) and South Africa (Tummon et al.,
2010). As far as the Mediterranean is concerned, studies have been led about dust
outbreaks (Santese et al., 2010), but it is the first time to our knowledge a longer sim-
ulation with a coupled-chemistry regional climate model including dust aerosols has25

been proposed in this region.
The simulations of this study use boundary conditions from ERA-INTERIM (Dee

et al., 2011). These data, coming from the ECMWF, are a reanalysis of the period 1979-
present in preparation for the next-generation extended reanalysis to replace ERA-40.
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Aerosols are not included in the lateral boundary conditions, and we have defined the
domain in order to account for the main aerosol sources over the Mediterranean basin,
notably Saharan dust (Israelevich et al., 2012).

The latter extends from 25 to 55◦ N and from −10 to 45◦ E and represents a region of
4750 by 3600 km, with a resolution of 50 km (120×97 points in the grid model). At each5

extremity, 12 grid points constitute the buffer zone, where a relaxation method allows
a smooth transition in order to avoid an abrupt change between the RCM simulation
and the lateral boundary conditions, and reduces noise generation.

2.2 Observation data

The simulated Aerosol Optical Depth (AOD) will be compared with satellite data from10

the MODerate resolution Imaging Spectroradiometer (MODIS), the Cloud-Aerosol LI-
dar with Orthogonal Polarization (CALIOP) instrument and in-situ observations from
the AErosol RObotic NETwork (AERONET). The year 2008 has been chosen for the
RegCM simulation and the comparison because of the availability of these three kinds
of data.15

MODIS is a passive radiometer, based on NASA’s Aqua satellite, designed to retrieve
aerosol optical and microphysical properties over land and ocean (Tanré et al., 1997;
Levy et al., 2007). Over bright surfaces such as the Saharan desert, a specific algorithm
called “Deep Blue” is used (Hsu et al., 2004). It is based on the blue wavelengths and
libraries of surface reflectance, and enables the retrieval of AOD on regions where the20

land algorithm, which relied on finding dark targets, is inadequate.
CALIOP is an instrument based on the Cloud-Aerosol Lidar and Infrared Pathfinder

Satellite Observations (CALIPSO) satellite. Launched in April 2006, its purpose is to
study the impact of clouds and aerosols on the Earth’s radiation budget and climate
(Vaughan et al., 2004; Winker et al., 2009). It has the advantage that it retrieves the25

vertical profiles of aerosol properties compared to standard radiometers that provide
aerosol properties only for the atmospheric column. In this study the vertical distribution
of aerosol types is of particular interest, since it allows us to follow the transport of dust
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aerosols (especially their altitude) over the Mediterranean basin. These comparisons
with CALIOP are just used to assess the vertical distribution of aerosols, and we used
it in synergy with the total AOD estimated from passive surface and satellite techniques
(Bréon et al., 2011).

AERONET is a ground-based internationally federated, globally distributed network5

of automatic sun/sky radiometers (Holben et al., 1998, 2001). Sunphotometer observa-
tions are used to retrieve AOD at different wavelengths but also the microphysical (vol-
ume size distribution) together with optical (refractive index, single scattering albedo
and asymmetry parameter) properties for the whole atmospheric column following the
algorithm detailed in Dubovik and King (2000). Associated uncertainties of the different10

aerosol parameters are provided in this article. In the present work, we have mainly
used the AOD data (daily average quality-assured data (Level 2.0) downloaded from
the AERONET website: http://aeronet.gsfc.nasa.gov).

2.3 Taylor diagrams

To evaluate more precisely the model, we will use Taylor diagrams. Presented in Taylor15

(2001), they are two-dimensional graphs which indicate how closely a pattern matches
observation. Every Taylor diagram represents three statistics, namely the correlation
coefficient (indicated by the azimuthal angle), the standard deviation normalized by
the observed standard deviation (the radial distance from the origin) and the root-
mean-square (RMS) difference (the distance to the point on the x-axis identified as20

“observed”). The distance between the points representing the simulation and the ob-
servation can be seen as a measure of the error: it is the bias-corrected RMS differ-
ence. Thus, it enables a quick comparison of several simulations, for instance in terms
of seasonal means or interannual variability.
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3 Simulation design

This study investigates the particle size distribution for the emitted dust vertical flux.
In the regional climate model RegCM-4, the physical dust emission scheme consists
of two processes: saltation and sandblasting, based on the studies of Marticorena and
Bergametti (1995) and Alfaro and Gomes (2001). Particles of ∼100 µm are most readily5

lifted by wind, because the lifting of smaller and larger particles is impeded by increases
in the strength of the cohesive and gravitational forces, respectively, relative to aerody-
namic forces (Iversen and White, 1982; Kok et al., 2012). These particles are submitted
to ballistic trajectories (saltation), and are transported by wind. When these saltating
particles fall down, their impacts eject dust particles (∼0.1–50 µm) from dust aggre-10

gates in the soil (sandblasting). This is the main dust emission process contributing to
the dust vertical flux Shao et al. (1993).

In the current parameterization of RegCM-4, a minimum value of the wind friction ve-
locity is necessary in order for saltation to occur (Marticorena et al., 1997); otherwise
the particles cannot be lifted. This erosion threshold depends on the dry soil distribu-15

tion, on the soil moisture and on the roughness due to the presence of nonerodible
elements.

The soil moisture effect on the particle cohesive forces and the erosion threshold is
also taken into account (Fécan et al., 1999). Many theoretical and experimental stud-
ies (Gillette, 1979; Shao et al., 1993) have shown that the horizontal flux (G), namely20

the saltation flux, is proportional to the third power of the wind friction velocity. The
dust vertical flux is then inferred from the saltation flux, since the dust aerosol pro-
duction corresponds to the rupturing of the interparticle bonds linking dust particles to
each other or to the surface (Alfaro et al., 1997). In this approach, the emitted mass
and the distribution depend on the individual kinetic energy of the aggregates striking25

the surface. Alfaro and Gomes (2001) proposed a distribution based on three lognor-
mally distributed modes, related to three binding energies determined from wind tunnel
experiments. These energies correspond to different thresholds of disruption of the
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aggregates. When the kinetic energy of an individual saltating aggregate of given size
reaches the threshold of one binding energy, particles from this mode are released.

Even if the dust emission process as described by Alfaro and Gomes (2001) is qual-
itatively understood, quantifying emissions is still difficult. Indeed, cohesive forces on
PM20 (soil particles smaller than 20 µm) are poorly understood (Shao, 2001), which5

causes large uncertainties in these theoretical predictions of the size distribution of
emitted dust aerosols. It is suggested in Kok (2011a) that this representation possibly
overestimates the fine dust fraction in climate models.

Recently, Kok (2011a) has pointed out that dust emission is actually analogous to
another phenomenon which is better understood: the fragmentation of brittle materials.10

Just like an object of glass or gypsum will fragment upon receiving an impact of suffi-
cient energy, a dry soil aggregate can also fail after the impact of a saltating particle.
More precisely, three different regimes exist to classify the resulting particle size dis-
tribution: the elastic regime (low impact energy, no fragments produced), the damage
regime (larger impact energies, several fragments for which the largest one is compa-15

rable in size to the original object) and the fragmentation regime (even larger impact
energies, producing fragments of a wide range of sizes). Conveniently, the size distri-
bution of fragments in the fragmentation regime is “scale invariant” (i.e., follows a power
law) for a limited size regime. Assuming that most dust emission is due to fragmenting
impacts and that the production of aerosols of size Dd is proportional to the volume20

fraction of soil particles with size Ds ≤ Dd, Kok (2011a) derived the following equation
for the volume size distribution of emitted dust aerosols:

dVd

dlnDd
=

Dd

cV

[
1+erf

(
ln(Dd/Ds)
√

2lnσs

)]
exp

[
−
(
Dd

λ

)3
]

(1)

where Vd is the normalized volume of dust aerosols with size Dd, λ is the side crack25

propagation length and cV is a normalization constant. The geometric standard de-
viation σs and the median diameter by volume Ds describe the log-normal distribu-
tion of fully disaggregated soil particles. Kok (2011a) used least-squares fitting on
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measured particle size distribution of arid soils to determine Ds = 3.4±1.9µm and
σs = 3.0±0.4µm.

This new dust size distribution has been compared to field measurements of the
size-resolved vertical dust flux in Kok (2011a), where excellent agreement was found
between theory and measurements over a sample of data. Moreover, these mea-5

surements suggest that previously used empirical model relations could overestimate
the mass fraction of emitted clay aerosols (Dd < 2µm) and underestimate the fraction
of emitted large silt aerosols (Dd > 5µm). Consequently, these estimate errors could
cause model errors, especially in the spatial distribution of dust, and in the balance
between dust radiative cooling and heating (Kok, 2011a). We will study more precisely10

the impact of this change of distribution in RegCM-4 over the Mediterranean region in
Sects. 4 and 5.

In order to implement this new distribution for the dust vertical flux in RegCM-4, we
will keep the same calculation for the horizontal saltation flux G previously described
in this section. The vertical flux F will then be deduced with an empirical relationship15

given by Marticorena and Bergametti (1995), using the soil clay content %clay:

α =
F
G

= calpha ·100.134·%clay−6 (2)

where calpha is a normalization constant adapted to have a value of α relevant com-
pared to the one used in other models, see Todd et al. (2008), we use calpha = 0.035.20

The dust size distribution of Kok (2011a) can then be applied to this emitted vertical
flux. It should be outlined that this change of parameterization also modifies the total
integrated emitted dust flux. This aspect will be taken into account in the following dis-
cussions. An other important point is that dust bin optical properties are kept constant
between the two parameterizations.25
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4 Results: comparison of both distributions at the episodic scale

As mentioned in Sect. 1, the aim is to evaluate the impact of the new dust size dis-
tribution on the dust aerosol load, deposition and direct radiative forcing, both at the
episodic and seasonal scale. We perform simulations with both the Alfaro and Gomes
(2001) and the new Kok (2011a) size distribution, which we refer to as the REF and5

the NEW simulation, respectively. From the point of view of climate, the long temporal
scales are the most critical, but given their intermittent nature, evaluating dust events
is a first necessary step to assess the realism of emission and transport processes. In
this section, we consider the event scale first with two dust outbreaks over the Mediter-
ranean in 2008 and then with daily temporal series in three AERONET stations. Differ-10

ent regions of the Mediterranean basin have been chosen for these outbreaks, 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 the “sharav cyclones”, which
tend to move along the northern African coast and cross the Mediterranean towards15

the north between Tunisia and Egypt bringing dust to these regions (Moulin et al.,
1998). On the contrary, in summer and autumn, dust transport is concentrated over
the central and western basins because of the Saharan depression combined with the
semi-permanent ridge over Libya (Gkikas et al., 2012; Israelevich et al., 2012). The
following two examples illustrate both these situations. For each case, the different20

parameters characterizing aerosols (such as AOD and deposition) are averaged over
the corresponding period and domain, both for MODIS and RegCM data.

4.1 Case 1: 31 October–2 November 2008

The first case occurred in early November 2008, when a dust plume blew from the Sa-
hara across the Mediterranean Sea toward Europe. Figure 1d shows this phenomenon25

captured by MODIS. The plume might come from sand seas in Algeria, namely be-
tween Grand Erg Oriental near the Algeria-Libya border, and Grand Erg Occidental. It
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is crossing the sea, mixing with clouds over Greece. MODIS AOD (Fig. 1a) shows the
trace between the Algeria-Libya border and Greece, with values up to 0.8 at 550 nm.
With regards to RegCM experiments, REF (Fig. 1b) clearly overestimates AOD over
this region. NEW (Fig. 1c) is in better agreement with MODIS, given the narrow band
of AOD between 0.6 and 0.7 between Libya and Greece. However, some discrepancies5

appear in the African continent. The Taylor diagram (Fig. 1e) shows a reduced error for
NEW experiment, notably for the simulated standard deviation (0.12 over the affected
zone during the episode) much closer to the observed standard deviation (0.13 for
MODIS) than REF experiment (0.42).

Table 1 presents different dust parameters (emission, column burden, AOD, dry and10

wet deposition) for each dust bin, on average over the affected region (25–43 ◦ N, 5–
30◦ E). The normalized values for a total emission of 1000 mgm−2 day−1 are also indi-
cated, in order to take into account the change in the total emitted mass. It should be
noted for this budget that emitted dust aerosols outside the affected region could also
have been modified. In terms of mass, emitted fine aerosols (smaller than 2.5 µm) are15

prevailing with the Alfaro scheme (REF) contrary to the Kok distribution (NEW) which
enhances the coarse bin. This shift to larger dust sizes in the change from Alfaro to
the Kok scheme is also reflected in the simulated dust concentration and deposition.
In total mass, these two terms have increased, but compared to the total dust emitted
flux, the proportion of atmospheric dust content has decreased, and dust deposition20

within the affected domain slightly increased. Fine aerosols, prevailing in mass in the
REF simulation, have longer atmospheric lifetimes (e.g. Tegen and Lacis, 1996), and
are thus deposited further from source regions than coarse dust aerosols. With regards
to AOD, only the first bin shows a big difference between the REF and NEW simula-
tions, because fine aerosols have the strongest impact on SW radiation extinction (e.g.25

Tegen and Lacis, 1996). Despite the fact that the total emitted flux has increased with
the new distribution, AOD has decreased substantially in the NEW simulation. This de-
crease in AOD is even more sensitive with the normalized values. Indeed, the average
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extinction given by the ratio between the AOD and the column burden is higher in REF
(1.3 m2 g−1) than in NEW (0.56 m2 g−1).

Figure 2 presents the vertical profile of aerosols measured by CALIOP on 1 Novem-
ber 2008. Both REF and NEW simulate the presence of dust aerosols at a similar
altitude as CALIOP, that is to say between 500 and 4000 m. Further from the sources5

(around 40◦ N in latitude), REF probably overestimates the presence of dust aerosols in
altitude compared to NEW and CALIOP. However, the presence of high clouds beyond
38◦ N might disturb the identification of dust aerosols in lower troposphere by CALIOP.

These simulated differences in the size distribution, loading and altitude of the dust
also impact the direct radiative forcing (RF) at the regional scale. The RF is the differ-10

ence between the net fluxes in the presence and absence of atmospheric aerosols (for
the exact same atmosphere). The surface (resp. TOA) net flux (Fnet) is the difference
between the downward and upward irradiances at the Earth’s surface (resp. TOA). It
can be computed for LW or SW radiation. Figure 3 presents aerosol radiative forcing
(shortwave and longwave) at the surface and at the top of the atmosphere (TOA). In15

the REF simulation, the presence of many fine aerosols, which produce a strong cool-
ing effect through efficient scattering of SW radiation (Liao and Seinfeld, 1998; Miller
et al., 2006), increases the negative forcing both at the TOA and at the surface, result-
ing in an RF up to ∼20 and 30 Wm−2 at TOA and the surface, respectively. Since the
size distribution of the NEW simulation contains a much smaller mass fraction of fine20

dust aerosols (Table 1), the RF is decreased by ∼50 % to maximum values of ∼5 and
15 Wm−2 at TOA and the surface, respectively, despite higher total emission and bur-
den (Table 1). Moreover, over the North-African continent, the sign of RF has changed
at the TOA. This occurs because coarse dust aerosols, which are more numerous in
NEW compared to fine aerosols (contrary to REF), are more absorbing in the visible25

spectral region. Indeed the addition of coarse dust particles decreases SW SSA (Mc-
Connell et al., 2008), and thus the RF is slightly positive over this dust-emitting region.
Furthermore, more coarse dust particles lead to an additional positive TOA LW forcing.
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4.2 Case 2: 23–25 March 2008

The second case refers to a dust episode occurring in late March 2008. Figure 4 shows
Saharan dust blowing northward over the Mediterranean Sea towards Turkey, then
turning East and blowing over part of the Black Sea (Fig. 4d). MODIS AOD at 550 nm
(Fig. 4a) has two maxima: one over the sea near Cyprus (1.7) and the other one in the5

eastern Black Sea (1.4). The latter is better seen by RegCM (Fig. 4b) and (Fig. 4c),
especially by NEW (1.2 against 1.0 for REF). Both experiments simulate the first max-
imum in a different place, namely in northwestern Egypt. Compared with Deep Blue
data, the inland maximum around 20◦ E (0.7) is excessively simulated by NEW (1.0)
and REF (1.3), in addition with a geographic error for the latter. The correlation coeffi-10

cient (Fig. 4e) is higher for the NEW experiment.
Table 2 presents the same parameters for this second case as Table 1. The same

phenomenon can be noticed: the fine mode is prevailing in REF, while more coarse
aerosols are emitted in NEW. However, the response of the Alfaro scheme is not exactly
the same as for the first case, probably because of different wind conditions or soil15

characteristics, such that the difference between the two simulations for the first bin is
less important. Therefore the difference in total AOD is smaller than in the first case, but
total AOD has still decreased in the NEW simulation. Moreover the average extinction
given by the ratio between the AOD and the column burden is substantially higher
in REF (1.1 m2 g−1) than in NEW (0.32 m2 g−1), as also occurred for case 1. In terms20

of proportion compared with the total emitted mass, the dust column burden and dry
deposition of NEW are nearly the same as in REF. With regards to radiative forcing in
Figure 5, values for NEW are in this case larger (in absolute terms) at the surface than
for the REF simulation, notably in the eastern Black Sea, where MODIS has shown
a maximum AOD. At the TOA, the sign change of radiative forcing over dust-emitting25

regions is highlighted. At the surface, the area situated east of Crete shows a positive
RF. This positive sign is due to a positive LW forcing related to the presence of coarse
dust aerosols, which becomes higher than the negative SW forcing (dimming).
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Figure 6 presents the vertical profile of aerosols measured by CALIOP on 24 March
2008. In both simulations, dust aerosols are not emitted high enough over Africa com-
pared to CALIOP’s observations (up to 5000 m in CALIOP, only 3500 m in RegCM).
Further from dust sources, REF shows too many dust aerosols in altitude compared to
NEW and CALIOP, because of fine aerosols emitted in too large quantities in REF. This5

also implies a change in the dust diabatic heating profile, with possible consequences
on regional climate responses.

From these two cases, we can conclude that the NEW experiment shows a significant
improvement in AOD in terms of intensity and geographical positions, although some
differences are still observed compared to MODIS data. This improvement is mainly10

due to the change in dust emission distribution rather than emitted mass.

4.3 Dust outbreaks in AERONET data

To confirm this evaluation, we compare the results of our simulations with AERONET
data.

Three stations have been chosen in different places over the Mediterranean basin,15

for periods when dust outbreaks took place and measurements were available. Since
AERONET provides in-situ observations at specific locations, we need to interpolate
the results of RegCM simulations to provide AOD for the AERONET locations. The
comparison is performed for AOD at 550 nm, so that the Angstrom coefficient has been
used to get AERONET values at this wavelength (Eck et al., 1999), from measurements20

made at 440 nm.
In Blida (Algeria), Fig. 7a shows daily data in summer 2008. Both RegCM simula-

tions and AERONET observations show a similar evolution with time at first sight with
two major peaks corresponding to dust loading maxima. However, the intensity of these
maxima is generally overestimated by RegCM, especially by REF, which highlights the25

improvement in the NEW experiment. Further from dust sources, Fig. 7b, c shows
the evolution of AOD in places influenced by dust transport over the Mediterranean
sea; Fig. 7b refers to Barcelona in October 2008. AERONET measurements show an
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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 overestimates it. Figure 7c concerns
the eastern basin, namely Crete, in the favourable time period to dust outbreaks. Be-
tween 6 September and 7 December, five major peaks can be seen in the AERONET
measurements. Four of them are overestimated by REF, whereas the first one is un-5

derestimated by both the REF and NEW simulations. The measured variations in AOD
are qualitatively reproduced by the simulations, although NEW is in better quantitative
agreement than REF.

The corresponding Taylor diagrams (Fig. 8) emphasize the improvement of the NEW
simulation in the standard deviation with respect to AERONET measurements. The10

intensity of dust peaks is better assessed than in REF experiment and the correlation
coefficient is also slightly increased.

The comparison with AERONET stations has confirmed the improvement brought by
the Kok distribution at the episodic scale both close and far from dust sources. At the
episodic scale, AOD is better simulated with the new distribution, due to the increase15

of emitted coarse dust aerosols relative to fine aerosols. Indirect validation through
AOD has confirmed this choice. The question is now whether this improvement can be
verified at the seasonal scale, in order to apply 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.20

5 Results: impact at the seasonal scale

5.1 Comparison of simulations with observations in 2008

This section compares AOD simulations with MODIS data for the four seasons of the
year 2008. The atmospheric aerosol content follows a seasonal cycle, strongly influ-
enced by dust transport (Moulin et al., 1998). Figure 9 shows the results in winter (on25

the left, DJF: December-January-February), and in spring (on the right, MAM: March-
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April-May). The AOD over the Mediterranean sea is small in winter, because heavy
rainfall and strong wind prevent aerosols from accumulating in the domain atmosphere.
AOD at 550 nm reaches about 0.1 to 0.2 from West to East over the sea. These values
are similar in both simulations, but with a slight underestimation especially in REF in
the Eastern Mediterranean. Over North Africa, AOD is clearly overestimated in Algeria5

and underestimated around 20◦ E by REF compared to Deep Blue data, while NEW
shows an improvement in simulated AOD.

In spring, dust begins transport over the sea increases because of changing circula-
tion pattern (Gkikas 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 satellite10

data show a contrast between the Western and Eastern Mediterranean Sea. This con-
trast is well represented 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 in Algeria and Tunisia (between 0.4 and 0.8 at 550 nm) com-
pared to Deep Blue data (between 0.3 and 0.6). The NEW simulation performs better,15

with AOD ranging from 0.3 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.
However, a problem remains over Near East, as MODIS AOD is around 0.9 whereas
RegCM simulations are around 0.4. This may be due to dust advection from eastern
regions, which are not taken into account in our domain.20

Figure 10 presents the comparison between MODIS and RegCM for summer (JJA:
June-July-August) on the left, and for autumn (SON: September-October-November)
on the right. Over the Mediterranean sea, summer AOD ranges from 0.2 to 0.4 accord-
ing to MODIS data, with a maximum along the northwestern African coast. This maxi-
mum is in good agreement with both RegCM simulations, although it is too widespread25

in REF around Sicilia. In North Africa, AOD is well simulated in western Algeria, but
the maximum seen in Deep Blue data over northern Tunisia, is not represented by
RegCM. We can also notice an underestimation of AOD by REF in Egypt (0.15 around
30◦ E), which is corrected in the NEW simulation (0.3). In some regions, REF also
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underestimates AOD, due for example to inaccurate soil properties, leading to an unre-
alistic distribution amongst the bins, possibly corrected in the NEW approach. Spatial
AOD gradients over the sea are also improved in the NEW simulation, particularly along
the North-African coast. The problem of underestimation of the simulated AOD in the
Near East is still present.5

Compared to summer, autumnal AOD values over the sea are smaller according to
Fig. 10, ranging from 0.15 to 0.35 in MODIS data. The maximum along the northwest-
ern African coast is still observed, but is not as well represented in RegCM simulations
as for the summer. Indeed, it is too widespread, especially in REF whose AOD values
are about 0.1 higher than in NEW. Over the rest of Africa, Deep Blue data and the NEW10

simulation are in good agreement, with values ranging from 0.2 to 0.35. In REF, AOD
is overestimated in Tunisia (0.5), and underestimated in Egypt (0.15).

In brief, Figs. 9 and 10 indicate that the new dust particle size distribution in the
NEW simulation produces a significant improvement in the simulated AOD. In particu-
lar, the observed spatial AOD gradient over the sea is generally better reproduced in15

the NEW simulation. The main cause of this difference between the REF and the NEW
simulations is the different predicted mass fractions for the first dust bin (0.01–1.0µm
diameter), which produces the largest mass-weighted effect on AOD (e.g. Tegen and
Lacis, 1996). Since particles in this size range also have the longest lifetimes, a larger
mass fraction of particles in this bin produces a smaller AOD spatial gradient. Similar20

to the results of the episodic dust outbreaks in the previous section, the mass frac-
tion for the first bin in the REF parameterization is a factor of ∼5 larger than for the
NEW distribution, which consequently produces a weaker spatial AOD gradient. This
effect is for example illustrated in the summer in the central Mediterranean (Fig. 10).
The effect of the different size distribution on the simulated dust burden is presented25

in Fig. 11. With the REF scheme, the relative weight of the fine mode over the Saha-
ran regions is clearly larger than for the NEW scheme. In contrast, with the new size
distribution, the column burden of the larger dust (> 1.0µm) is substantially increased.
Since larger dust aerosols have greater fall speeds and are thus deposited earlier and
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closer to the source regions than smaller aerosols, this change in the size distribution
over the Saharan source regions affects the size distribution of dust transported over
the Mediterranean Sea. This effect is clearly seen in Fig. 11: the smallest particle bin
dominates the REF column burden over the Mediterranean Sea, whereas the larger
particle bins dominate the NEW column burden.5

In conclusion, we can deduce from these comparisons, between satellite data, in-situ
observations and RegCM simulations, that dust emissions are better simulated with the
new dust size distribution. In particular, this new scheme has corrected some inaccu-
rate AOD estimations in the REF parameterization over the Mediterranean region. This
improvement is confirmed by the corresponding Taylor diagram in Fig. 12. For each10

season, the blue point representing the NEW-experiment is closer to the MODIS ob-
servation (in green) than the red point representing the REF-experiment. This indicates
that the new dust scheme reduces the simulation error. Other sources of error include
inaccuracies in simulated soil properties (roughness and texture), surface wind, or an-
thropogenic aerosols, which can explain why the correlation coefficient is not so high. In15

this set of simulations, a deeper analysis shows that RegCM actually underestimates
the anthropogenic sulfates over Europe in summer. Moreover secondary organic as
well as nitrate aerosol components are not included in these simulations. Since our
purpose here is clearly to discuss the dust component, we do not analyse further the
contribution of these other aerosol types.20

5.2 Impact on the aerosol content and direct radiative forcing with a decadal
simulation

Since the new size distribution has substantially improved the simulations at the sea-
sonal scale over our region, we use it to estimate the potential impact of dust aerosols
on the Mediterranean climate. The direct and semi-direct effects of aerosols on cli-25

mate are caused by their influence on SW and LW radiation. In order to better assess
the resulting radiative forcing, a longer simulation, namely NEW 2000–2009, has been
performed over the period 2000–2009.
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This ten-year simulation enables us to elaborate on the seasonal cycle of aerosols
over the Mediterranean region. Figure 13a presents the monthly means of AOD over
North Africa (from 25◦ N to the sea), the Mediterranean Sea and Southern Europe (from
the sea to 47.5◦ N) for REF 2008, NEW 2008 and NEW 2000–2009 simulations. The
interannual variability is assessed with a 95 % confidence interval around the average.5

The AOD cycle is consistent with Figs. 9 and 10 shown in Sect. 5.1, which also show
an overestimation in the REF simulation of AOD in spring and autumn. Compared to
the average 2000/2009, AOD for the reference year 2008 is close to this average,
and is included for most of months in the 95 % confidence interval (except October
notably). The main maximum of AOD occurs in spring, when dust is transported from10

the Eastern Sahara to the Eastern Mediterranean. In summer, this phenomenon moves
to the Western Mediterranean, with a second maximum in September. Indeed, the
aerosol episodes are most frequently observed during the dry period, from June to
October (Gkikas et al., 2012). In contrast, AOD is minimal in winter. This variation is
related to synoptic meteorological conditions. During the dry period, namely from June15

to October, the absence of rain favours a strong aerosol maximum. In the wet season,
rain can remove aerosols from the atmosphere and strong winds prevent particles from
accumulating in the atmosphere.

Figure 13b, c presents the monthly-averaged radiative forcing (RF), respectively at
the surface and at the top of the atmosphere (TOA) for LW and SW radiation, and20

Fig. 14 presents the corresponding maps for the NEW 2000–2009 simulation. With
the new emitted dust size distribution, RF has been significantly modified. The surface
SW RF is negative on the whole domain, but the strongest values (up to −22 Wm−2)
are observed in spring in dust-emitting regions and over the sea near the coast, with
a North-South gradient. Indeed, dust prevents the sun’s radiation from reaching the25

surface, producing a dimming and a cooling (direct) effect. At the TOA, the SW RF
is also negative except in North Africa where it is slightly positive because of a high
surface albedo in this region, enhancing absorption of reflected radiation. The LW RF
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is positive everywhere both at the surface and at TOA, but stronger at the surface since
dust is essentially present in the lower troposphere.

With the new distribution (NEW), the LW RF has increased over Africa, because of
the presence of more coarse dust aerosols. Altogether, the annual-averaged surface
RF is negative on the whole domain, with the highest values located along the North-5

African coast (up to −15 Wm−2). It is stronger in spring, where monthly mean reaches
−20 Wm−2 in April and May in NEW 2000/2009 over the Mediterranean Sea. At TOA,
RF remains positive only on the African continent. To sum up, the SW RF is the most
negative over the Mediterranean Sea, because of the influence of both dust from Africa
and anthropogenic particles from the continent and a lower surface albedo. These10

values are in a quite good agreement with MODIS SW RF measurements from the
article of Papadimas et al. (2011). In the latter study, the direct SW radiative effect
over the broader Mediterranean basin (29.5–46.5◦ N, 10.5◦ W–38.5◦ E) is estimated at
the surface between −5 Wm−2 in winter and −20 Wm−2 in spring and summer, close
to the variations simulated in NEW 2000/2009. The difference in summer probably15

comes from the lack of anthropogenic sulfates discussed in Sect. 5.1. With regards
to the TOA, the SW RF is estimated between −1 Wm−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 observed at the TOA and at the surface for the SW
RF show an improvement in the simulation of RF by RegCM-4. Over North Africa, the20

TOA SW RF is close to zero for the summer months for the NEW 2008 and 2000/2009
simulations, which agrees with satellite observations (Patadia et al., 2009; Yang et al.,
2009). In contrast, the REF simulation produces too much TOA radiative cooling over
the Sahara desert in comparison with these satellite observations. This is consistent
with the larger mass fraction of fine dust in REF, which tends to produce a net cooling25

effect at TOA (Kok, 2011a).
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5.3 Impact on the deposition with a decadal simulation

Dust aerosols also play an important role by depositing micronutrients to the Mediter-
ranean Sea (Guieu et al., 2002). Indeed, dust contains iron which is an essential mi-
cronutrient for ocean biota growth (Mahowald et al., 2009) and can affect the produc-
tivity of marine and terrestrial ecosystems. The carbon cycle and therefore the atmo-5

spheric greenhouse gas content could also be influenced. Figure 13d presents the dry
and wet deposition of dust aerosols for the three simulations. Since REF produces
more fine dust aerosols, which can stay longer in the atmosphere and deposit further
from source regions, deposition is smaller than in NEW. This effect increases dust de-
position to the Mediterranean Sea by on average 57 % over the year 2008, and could10

affect directly the productivity of marine and terrestrial ecosystems. A similar increase
in deposition rate with the theoretical size distribution of Kok (2011a) relative to em-
pirical size distributions with larger mass fractions of fine dust was found in the recent
global modeling study of Ito et al. (2012). Changes in the dust size distribution could
also change the bioavailable iron fraction (Ito et al., 2012), which depends on the de-15

posited dust size (Mahowald et al., 2009).
With regards to dry deposition, the longer simulation shows a large 95 % confidence

interval, indicating an important interannual variability. Its seasonal cycle, similar in the
three regions, is regulated by the aerosol content and the winds. The maximum occurs
during the first four months of the year: because of the circulation in winter associated20

with stronger winds, the residence time of aerosols is more important in summer than
in winter. In Africa, it is ten times higher than in Southern Europe and over the sea. On
the contrary, wet deposition is very weak in this region, because of the quasi-absence
of rainfall. Over the sea and the European continent, wet deposition is maximum at
the end of the wet season (April) in the Eastern basin, when rain is still important, and25

dust begins to be lifted and transported over the sea. A second maximum occurs in
November.
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6 Conclusions

The effect of two dust particle size distribution schemes on the simulated dust cycle
over the Mediterranean region have been compared by using the regional climate
model RegCM-4 to simulate both episodic dust outbreaks over the Mediterranean
Sea and the seasonal dust cycle over the basin. The REF simulation with the initial5

scheme by Alfaro and Gomes (2001) produces a large mass fraction of emitted fine
dust aerosols, causing errors in the spatial distribution of dust, as inferred from the
spatial gradient of AOD, and therefore in the radiative budget. These problems were al-
leviated in the NEW simulation that uses a recent dust size distribution scheme based
on the analogy of dust emission with the fragmentation of brittle materials (Kok, 2011a).10

In both studied episodic dust outbreak cases, the AOD simulated in REF is too large
compared to MODIS data, whereas NEW shows more realistic values. Indeed REF
produces too many fine aerosols, which have a strong impact on SW radiation and
can be easily transported to remote regions. In contrast, NEW simulated more coarse
dust aerosols. This AOD overestimation by the REF simulation has been confirmed15

using observations from the AERONET network. With regards to seasonal means over
the year 2008, AOD spatial gradients are also better estimated over the sea in the
NEW simulation, due to more coarse and fewer fine dust aerosols compared to REF.
Since a substantial improvement has been found compared to satellite and in-situ ob-
servations, as quantified using Taylor diagrams, this study has validated the use of the20

theoretical dust size distribution of Kok (2011a) 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 better assess the radiative forcing due to aerosols. Dust
aerosols prevail over the Mediterranean region, so that the surface SW RF is negative25

(direct effect), with maximal values in spring along the North-African coast. The LW RF
is positive over the basin, stronger at the surface than at TOA because of the presence
of dust aerosols in the lower troposphere. With regards to deposition, its seasonal cycle
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is controlled by the aerosol atmospheric content and the winds. Dry deposition is more
important than wet deposition close to dust sources, and is stronger in winter.

This study has focused on the Mediterranean basin so that the improvement shown
in RegCM with the new emitted dust size distribution has only been proved over this
region. More studies should now be carried out to evaluate the impact of this new5

distribution over other dusty regions. It should also be noted that other parameters
such as dust optical properties play an important role.

As far as the impact of aerosols on climate is concerned, this study is limited by the
fact that RegCM has no two-way interaction between atmosphere and oceans, despite
the potential importance of ocean evaporation. The ideal solution would be to resort10

to a coupled model (Somot et al., 2008), in order to take into account the role of SST
notably, which has been found to be very influential on simulated dust-induced climate
change Yue et al. (2011).
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Miller, W., Mortier, L., Mostajir, B., Mousseau, L., Moutin, T., Para, J., Perez, T., Petrenko, A.,
Poggiale, J.-C., Prieur, L., Pujo-Pay, M., Pulido-Villena, Raimbault, P., Rees, A., Ridame, C.,
Rontani, J.-F., Pino, D. R., Sicrem, M., Taillandier, V., Tamburini, C., Tanaka, T., Taupier-
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Table 1. Average dust emission, integrated concentration, optical depth (550 nm) and depo-
sition during the outbreak (31 October–2 November 2008) over the affected zone (25–43◦ N,
5–30◦ E) for each dust bin. 1: 0.01–1.0 µm, 2: 1.0–2.5 µm, 3: 2.5–5.0 µm, 4: 5.0–20.0 µm. The
largest value for each bin is indicated in boldface. The normalized value (for a total emission
of 1000 mgm−2 day−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 65.9 73.5 20.5 521.9 681.7 14.8 61.2 214.7 666.9 957.6
(normalized) (96.6) (107.8) (30.0) (765.6) (1000) (15.5) (63.9) (224.2) (696.4) (1000)
(mgm−2 day−1)
Column burden

110.5 51.3 11.4 77.6
250.8

25.5 45.5 127.5 102.9
301.4

(mgm−2) (367.8) (314.7)
Optical Depth

0.27 0.04 0.01 0.01
0.33

0.06 0.04 0.05 0.02
0.17

(550 nm) (0.49) (0.18)
Dry deposition

14.8 30.4 9.0 296.2
350.4

3.0 24.1 92.2 386.6
505.9

(mgm−2 day−1) (514.0) (528.3)
Wet deposition

1.3 0.7 0.2 0.9
3.1

0.2 0.4 1.2 1.0
2.8

(mgm−2 day−1) (4.4) (3.0)
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Table 2. Average dust emission, integrated concentration and optical depth (550 nm) and de-
position during the outbreak (23 March–25 March 2008) over the affected zone (25–48◦ N,
6–45◦ E) for each dust bin. 1: 0.01–1.0 µm, 2: 1.0–2.5 µm, 3: 2.5–5.0 µm, 4: 5.0–20.0 µm. The
largest value for each bin is indicated in boldface. The normalized value (for a total emission
of 1000 mgm−2 day−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 40.4 45.0 13.7 502.0 601.1 16.4 67.7 237.5 737.7 1059.3
(normalized) (67.2) (74.9) (22.7) (835.2) (1000) (15.5) (63.9) (224.2) (696.4) (1000)
(mgm−2 day−1)
Column burden

65.6 33.5 8.4 83.1
190.6

25.8 50.2 145.5 127.1
348.6

(mg.m−2) (317.2) (329.1)
Optical depth

0.17 0.03 0.00 0.01
0.21

0.04 0.03 0.03 0.01
0.11

(550 nm) (0.36) (0.10)
Dry deposition

8.2 18.2 6.0 290.0
322.4

3.5 27.5 105.1 428.4
564.5

(mgm−2 day−1) (536.5) (532.9)
Wet deposition

3.4 1.9 0.5 3.0
8.8

1.3 2.6 7.6 4.2
15.7

(mgm−2 day−1) (14.6) (14.9)
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(a) – MODIS (b) – REF (c) – NEW

(d) – Visible (e) – Taylor diagram
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(a) - MODIS (b) - REF (c) - NEW

(d) - Visible (e) - Taylor diagram
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Fig. 1. Dust event between 31st October and 2nd 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 1stNovember 2008, see Figure 2 - At the bottom : Satellite image from
MODIS on 1st November (d) and corresponding Taylor diagram (e)

Table 1. Average dust emission, integrated concentration, optical depth (550 nm) and deposition during the outbreak (31st October - 2nd

November 2008) over the affected zone (25-43◦ N, 5-30◦ E) for each dust bin. 1 : 0.01 - 1.0µm, 2 : 1.0 - 2.5µm, 3 : 2.5 - 5.0µm, 4 : 5.0 -
20.0µm. The largest value for each bin is indicated in boldface. The normalized value (for a total emission of 1000 mg.m−2.day−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 65.9 73.5 20.5 521.9 681.7 14.8 61.2 214.7 666.9 957.6
(normalized) (96.6) (107.8) (30.0) (765.6) (1000) (15.5) (63.9) (224.2) (696.4) (1000)

(mg.m−2.day−1)
Column burden 110.5 51.3 11.4 77.6

250.8
25.5 45.5 127.5 102.9 301.4

(mg.m−2) (367.8) (314.7)
AOD 0.27 0.04 0.01 0.01

0.33
0.06 0.04 0.05 0.02 0.17

(550 nm) (0.49) (0.18)
Dry deposition 14.8 30.4 9.0 296.2

350.4
3.0 24.1 92.2 386.6 505.9

(mg.m−2.day−1) (514.0) (528.3)
Wet deposition 1.3 0.7 0.2 0.9

3.1
0.2 0.4 1.2 1.0 2.8

(mg.m−2.day−1) (4.4) (3.0)

aerosols. With regards to AOD, only the first bin shows a big
difference between the REF and NEW simulations, because
fine aerosols have the strongest impact on SW radiation ex-
tinction (e.g. Tegen and Lacis, 1996). Despite the fact that
the total emitted flux has increased with the new distribu-465

tion, AOD has decreased substantially in the NEW simula-
tion. This decrease in AOD is even more sensitive with the

normalized values. Indeed, the average extinction given by
the ratio between the AOD and the column burden is higher
in REF (1.3 m2.g−1) than in NEW (0.56 m2.g−1).470

Figure 2 presents the vertical profile of aerosols measured
by CALIOP on 1stNovember 2008. Both REF and NEW
simulate the presence of dust aerosols at a similar altitude
as CALIOP, that is to say between 500 and 4000m. Further

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 Fig. 2 – at the bottom: satellite image from MODIS on 1
November (d) and corresponding Taylor diagram (e).
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Fig. 2. Vertical profile of aerosols measured by CALIOP on 1st

November 2008. The corresponding trace is plotted on Figure 1.
The AOD of dust aerosols simulated in RegCM by REF is indi-
cated with the red line, by NEW with the blue line (solid line : dust
AOD=0.01, dashed line : dust AOD=0.03).

from the sources (around 40◦ N in latitude), REF probably475

overestimates the presence of dust aerosols in altitude com-
pared to NEW and CALIOP. However, the presence of high
clouds beyond 38◦ N might disturb the identification of dust
aerosols in lower troposphere by CALIOP.

These simulated differences in the size distribution, load-480

ing and altitude of the dust also impact the direct radiative
forcing (RF) at the regional scale. The RF is the difference
between the net fluxes in the presence and absence of atmo-
spheric aerosols (for the exact same atmosphere). The sur-
face (resp. TOA) net flux (Fnet) is the difference between485

the downward and upward irradiances at the Earth’s surface
(resp. TOA). It can be computed for LW or SW radiation.
Figure 3 presents aerosol radiative forcing (shortwave and
longwave) at the surface and at the top of the atmosphere
(TOA). In the REF simulation, the presence of many fine490

aerosols, which produce a strong cooling effect through ef-
ficient scattering of SW radiation (Liao and Seinfeld, 1998;
Miller et al., 2006), increases the negative forcing both at
the TOA and at the surface, resulting in an RF up to ∼20
and 30 W.m−2 at TOA and the surface, respectively. Since495

the size distribution of the NEW simulation contains a much
smaller mass fraction of fine dust aerosols (Table 1), the RF
is decreased by ∼ 50% to maximum values of ∼ 5 and 15
W.m−2 at TOA and the surface, respectively, despite higher
total emission and burden (Table 1). Moreover, over the500

North-African continent, the sign of RF has changed at the
TOA. This occurs because coarse dust aerosols, which are
more numerous in NEW compared to fine aerosols (contrary
to REF), are more absorbing in the visible spectral region.
Indeed the addition of coarse dust particles decreases SW505

SSA (McConnell et al., 2008), and thus the RF is slightly
positive over this dust-emitting region. Furthermore, more

coarse dust particles lead to an additional positive TOA LW
forcing.

4.2 Case 2 : 23rd - 25th March 2008510

The second case refers to a dust episode occurring in late
March 2008. Figure 4 shows Saharan dust blowing north-
ward over the Mediterranean Sea towards Turkey, then turn-
ing East and blowing over part of the Black Sea (figure 4d).
MODIS AOD at 550 nm (figure 4a) has two maxima : one515

over the sea near Cyprus (1.7) and the other one in the eastern
Black Sea (1.4). The latter is better seen by RegCM (figure
4b) and (figure 4c), especially by NEW (1.2 against 1.0 for
REF). Both experiments simulate the first maximum in a dif-
ferent place, namely in northwestern Egypt. Compared with520

Deep Blue data, the inland maximum around 20◦ E (0.7) is
excessively simulated by NEW (1.0) and REF (1.3), in ad-
dition with a geographic error for the latter. The correlation
coefficient (figure 4e) is higher for the NEW experiment.

Table 2 presents the same parameters for this second case525

as Table 1. The same phenomenon can be noticed : the
fine mode is prevailing in REF, while more coarse aerosols
are emitted in NEW. However, the response of the Alfaro
scheme is not exactly the same as for the first case, probably
because of different wind conditions or soil characteristics,530

such that the difference between the two simulations for the
first bin is less important. Therefore the difference in total
AOD is smaller than in the first case, but total AOD has still
decreased in the NEW simulation. Moreover the average ex-
tinction given by the ratio between the AOD and the column535

burden is substantially higher in REF (1.1 m2.g−1) than in
NEW (0.32 m2.g−1), as also occurred for case 1. In terms
of proportion compared with the total emitted mass, the dust
column burden and dry deposition of NEW are nearly the
same as in REF. With regards to radiative forcing in Fig-540

ure 5, values for NEW are in this case larger (in absolute
terms) at the surface than for the REF simulation, notably
in the eastern Black Sea, where MODIS has shown a maxi-
mum AOD. At the TOA, the sign change of radiative forcing
over dust-emitting regions is highlighted. At the surface, the545

area situated east of Crete shows a positive RF. This positive
sign is due to a positive LW forcing related to the presence of
coarse dust aerosols, which becomes higher than the negative
SW forcing (dimming).

Figure 6 presents the vertical profile of aerosols measured550

by CALIOP on 24thMarch 2008. In both simulations, dust
aerosols are not emitted high enough over Africa compared
to CALIOP’s observations (up to 5000m in CALIOP, only
3500m in RegCM). Further from dust sources, REF shows
too many dust aerosols in altitude compared to NEW and555

CALIOP, because of fine aerosols emitted in too large quan-
tities in REF. This also implies a change in the dust diabatic
heating profile, with possible consequences on regional cli-
mate responses.

Fig. 2. Vertical profile of aerosols measured by CALIOP on 1 November 2008. The corre-
sponding trace is plotted on Fig. 1. The AOD of dust aerosols simulated in RegCM by REF is
indicated with the red line, by NEW with the blue line (solid line: dust AOD=0.01, dashed line:
dust AOD=0.03).
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REF NEW

TO
A

S
urface

Fig. 3. Direct radiative forcing (in Wm−2, shortwave and longwave) simulated in REF (left) and
NEW (right), at the surface (bottom) and at the top of the atmosphere (TOA, top) during the
outbreak (31 October–2 November 2008).
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(a) – MODIS (b) – REF (c) – NEW

(d) – Visible (e) – Taylor diagram
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(a) - MODIS (b) - REF (c) - NEW

(d) - Visible (e) - Taylor diagram
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Fig. 4. Dust event between 23rd and 25th March 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 24thMarch 2008, see Figure 6. At the bottom : Satellite image from MODIS
on 24th March (d) and corresponding Taylor diagram (e)

REF NEW

TO
A

Surface

Fig. 5. Direct radiative forcing (in W.m−2, shortwave and longwave) simulated in REF (left) and NEW (right), at the surface (bottom) and
at the top of the atmosphere (TOA, top) during the outbreak (23rd - 25th March 2008).

tions, we need to interpolate the results of RegCM simu- lations to provide AOD for the AERONET locations. The

Fig. 4. Dust event between 23 and 25 March 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 24 March 2008, see Fig. 6. At the bottom: satellite image from MODIS on 24 March
(d) and corresponding Taylor diagram (e).
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Fig. 5. Direct radiative forcing (in Wm−2, shortwave and longwave) simulated in REF (left) and
NEW (right), at the surface (bottom) and at the top of the atmosphere (TOA, top) during the
outbreak (23–25 March 2008).
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Fig. 6. Vertical profile of aerosols measured by CALIOP on 24th

March 2008. The corresponding trace is plotted on Figure 4. The
AOD of dust aerosols simulated by REF is indicated with the red
line, by NEW with the blue line (solid line : dust AOD=0.01, dashed
line : dust AOD=0.03).

comparison is performed for AOD at 550 nm, so that the575

Angstrom coefficient has been used to get AERONET val-
ues at this wavelength (Eck et al., 1999), from measurements
made at 440 nm.

In Blida (Algeria), Figure 7 (a) shows daily data in sum-
mer 2008. Both RegCM simulations and AERONET ob-580

servations show a similar evolution with time at first sight
with two major peaks corresponding to dust loading max-
ima. However, the intensity of these maxima is generally
overestimated by RegCM, especially by REF, which high-
lights the improvement in the NEW experiment. Further585

from dust sources, Figure 7 (b) and (c) shows the evolution of
AOD in places influenced by dust transport over the Mediter-
ranean sea; Figure 7 (b) 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 reproduced590

with the NEW simulation, whereas REF substantially over-
estimates it. Figure 7 (c) concerns the eastern basin, namely
Crete, in the favourable time period to dust outbreaks. Be-
tween 6 September and 7 December, five major peaks can be
seen in the AERONET measurements. Four of them are over-595

estimated by REF, whereas the first one is underestimated by
both the REF and NEW simulations. The measured varia-
tions in AOD are qualitatively reproduced by the simulations,
although NEW is in better quantitative agreement than REF.

The corresponding Taylor diagrams (Figure 8) emphasize600

the improvement of the NEW simulation in the standard de-
viation with respect to AERONET measurements. The inten-
sity of dust peaks is better assessed than in REF experiment
and the correlation coefficient is also slightly increased.

The comparison with AERONET stations has confirmed605

the improvement brought by the Kok distribution at the
episodic scale both close and far from dust sources. At the

episodic scale, AOD is better simulated with the new distri-
bution, due to the increase of emitted coarse dust aerosols
relative to fine aerosols. Indirect validation through AOD610

has confirmed this choice. The question is now whether this
improvement can be verified at the seasonal scale, in order
to apply it for a climatic objective. Therefore, in the next
section we will test whether our model is able to better re-
produce AOD seasonal variability in the Mediterranean area615

with the NEW simulation.

5 Results : Impact at the seasonal scale

5.1 Comparison of simulations with observations in
2008

This section compares AOD simulations with MODIS data620

for the four seasons of the year 2008. The atmospheric
aerosol content follows a seasonal cycle, strongly influenced
by dust transport (Moulin et al., 1998). Figure 9 shows
the results in winter (on the left, DJF : December-January-
February), and in spring (on the right, MAM : March-April-625

May). The AOD over the Mediterranean sea is small in win-
ter, because heavy rainfall and strong wind prevent aerosols
from accumulating in the domain atmosphere. AOD at
550 nm reaches about 0.1 to 0.2 from West to East over the
sea. These values are similar in both simulations, but with630

a slight underestimation especially in REF in the Eastern
Mediterranean. Over North Africa, AOD is clearly overes-
timated in Algeria and underestimated around 20◦ E by REF
compared to Deep Blue data, while NEW shows an improve-
ment in simulated AOD.635

In spring, dust begins transport over the sea increases be-
cause of changing circulation pattern (Gkikas et al., 2011)
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-640

ern and Eastern Mediterranean Sea. This contrast is well
represented 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
in Algeria and Tunisia (between 0.4 and 0.8 at 550 nm) com-645

pared to Deep Blue data (between 0.3 and 0.6). The NEW
simulation performs better, with AOD ranging from 0.3 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. However, a problem remains over650

Near East, as MODIS AOD is around 0.9 whereas RegCM
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 and655

RegCM for summer (JJA : June-July-August) on the left,
and for autumn (SON : September-October-November) on
the right. Over the Mediterranean sea, summer AOD ranges

Fig. 6. Vertical profile of aerosols measured by CALIOP on 24 March 2008. The corresponding
trace is plotted on Fig. 4. The AOD of dust aerosols simulated by REF is indicated with the red
line, by NEW with the blue line (solid line: dust AOD=0.01, dashed line: dust AOD=0.03).
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Blida (a), Barcelona (b) and Crete (c). Time series of AOD values (dashed green lines) represent seven-day-averaged daily values.
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from 0.2 to 0.4 according to MODIS data, with a maximum
along the northwestern African coast. This maximum is in660

good agreement with both RegCM simulations, although it
is too widespread in REF around Sicilia. In North Africa,
AOD is well simulated in western Algeria, but the maximum
seen in Deep Blue data over northern Tunisia, is not repre-
sented by RegCM. We can also notice an underestimation of665

AOD by REF in Egypt (0.15 around 30◦ E), which is cor-
rected in the NEW simulation (0.3). In some regions, REF
also underestimates AOD, due for example to inaccurate soil
properties, leading to an unrealistic distribution amongst the
bins, possibly corrected in the NEW approach. Spatial AOD670

gradients over the sea are also improved in the NEW simu-
lation, particularly along the North-African coast. The prob-
lem of underestimation of the simulated AOD in the Near
East is still present.

Compared to summer, autumnal AOD values over the sea675

are smaller according to Figure 10, ranging from 0.15 to

0.35 in MODIS data. The maximum along the northwestern
African coast is still observed, but is not as well represented
in RegCM simulations as for the summer. Indeed, it is too
widespread, especially in REF whose AOD values are about680

0.1 higher than in NEW. Over the rest of Africa, Deep Blue
data and the NEW simulation are in good agreement, with
values ranging from 0.2 to 0.35. In REF, AOD is overesti-
mated in Tunisia (0.5), and underestimated in Egypt (0.15).

In brief, Figures 9 and 10 indicate that the new dust parti-685

cle size distribution in the NEW simulation produces a sig-
nificant improvement in the simulated AOD. In particular,
the observed spatial AOD gradient over the sea is generally
better reproduced in the NEW simulation. The main cause
of this difference between the REF and the NEW simula-690

tions is the different predicted mass fractions for the first dust
bin (0.01-1.0µm diameter), which produces the largest mass-
weighted effect on AOD (e.g. Tegen and Lacis, 1996). Since
particles in this size range also have the longest lifetimes, a
larger mass fraction of particles in this bin produces a smaller695

AOD spatial gradient. Similar to the results of the episodic
dust outbreaks in the previous section, the mass fraction for
the first bin in the REF parameterization is a factor of ∼5
larger than for the NEW distribution, which consequently
produces a weaker spatial AOD gradient. This effect is for700

example illustrated in the summer in the central Mediter-
ranean (Figure 10). The effect of the different size distri-
bution on the simulated dust burden is presented in Figure
11. With the REF scheme, the relative weight of the fine
mode over the Saharan regions is clearly larger than for the705

NEW scheme. In contrast, with the new size distribution,
the column burden of the larger dust (> 1.0µm) is substan-
tially increased. Since larger dust aerosols have greater fall
speeds and are thus deposited earlier and closer to the source
regions than smaller aerosols, this change in the size distri-710

bution over the Saharan source regions affects the size distri-
bution of dust transported over the Mediterranean Sea. This
effect is clearly seen in Figure 11: the smallest particle bin
dominates the REF column burden over the Mediterranean
Sea, whereas the larger particle bins dominate the NEW col-715

Fig. 7. Comparisons of AOD at 550 nm between AERONET measurements and REF (red line)
and NEW (blue line) experiments at three different locations: Blida (a), Barcelona (b) and Crete
(c). Time series of AOD values (dashed green lines) represent seven-day-averaged daily val-
ues.
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observations (AERONET data presented in Figure 7) and RegCM
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from 0.2 to 0.4 according to MODIS data, with a maximum
along the northwestern African coast. This maximum is in660

good agreement with both RegCM simulations, although it
is too widespread in REF around Sicilia. In North Africa,
AOD is well simulated in western Algeria, but the maximum
seen in Deep Blue data over northern Tunisia, is not repre-
sented by RegCM. We can also notice an underestimation of665

AOD by REF in Egypt (0.15 around 30◦ E), which is cor-
rected in the NEW simulation (0.3). In some regions, REF
also underestimates AOD, due for example to inaccurate soil
properties, leading to an unrealistic distribution amongst the
bins, possibly corrected in the NEW approach. Spatial AOD670

gradients over the sea are also improved in the NEW simu-
lation, particularly along the North-African coast. The prob-
lem of underestimation of the simulated AOD in the Near
East is still present.

Compared to summer, autumnal AOD values over the sea675

are smaller according to Figure 10, ranging from 0.15 to

0.35 in MODIS data. The maximum along the northwestern
African coast is still observed, but is not as well represented
in RegCM simulations as for the summer. Indeed, it is too
widespread, especially in REF whose AOD values are about680

0.1 higher than in NEW. Over the rest of Africa, Deep Blue
data and the NEW simulation are in good agreement, with
values ranging from 0.2 to 0.35. In REF, AOD is overesti-
mated in Tunisia (0.5), and underestimated in Egypt (0.15).

In brief, Figures 9 and 10 indicate that the new dust parti-685

cle size distribution in the NEW simulation produces a sig-
nificant improvement in the simulated AOD. In particular,
the observed spatial AOD gradient over the sea is generally
better reproduced in the NEW simulation. The main cause
of this difference between the REF and the NEW simula-690

tions is the different predicted mass fractions for the first dust
bin (0.01-1.0µm diameter), which produces the largest mass-
weighted effect on AOD (e.g. Tegen and Lacis, 1996). Since
particles in this size range also have the longest lifetimes, a
larger mass fraction of particles in this bin produces a smaller695

AOD spatial gradient. Similar to the results of the episodic
dust outbreaks in the previous section, the mass fraction for
the first bin in the REF parameterization is a factor of ∼5
larger than for the NEW distribution, which consequently
produces a weaker spatial AOD gradient. This effect is for700

example illustrated in the summer in the central Mediter-
ranean (Figure 10). The effect of the different size distri-
bution on the simulated dust burden is presented in Figure
11. With the REF scheme, the relative weight of the fine
mode over the Saharan regions is clearly larger than for the705

NEW scheme. In contrast, with the new size distribution,
the column burden of the larger dust (> 1.0µm) is substan-
tially increased. Since larger dust aerosols have greater fall
speeds and are thus deposited earlier and closer to the source
regions than smaller aerosols, this change in the size distri-710

bution over the Saharan source regions affects the size distri-
bution of dust transported over the Mediterranean Sea. This
effect is clearly seen in Figure 11: the smallest particle bin
dominates the REF column burden over the Mediterranean
Sea, whereas the larger particle bins dominate the NEW col-715

Fig. 8. Taylor diagram representing the correlation in time between observations (AERONET
data presented in Fig. 7) and RegCM simulations of the AOD. Red points: REF, blue points:
NEW, green point: MODIS.
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Fig. 9. Comparison of Aerosol Optical Depth (AOD) at 550 nm between MODIS data (top), REF-experiment (middle) and NEW-experiment
(bottom) in winter (December-January-February) 2008 (on the left) and in spring (March-April-May) 2008 (on the right)

umn burden.
In conclusion, we can deduce from these comparisons, be-

tween satellite data, in-situ observations and RegCM simula-
tions, that dust emissions are better simulated with the new
dust size distribution. In particular, this new scheme has cor-720

rected some inaccurate AOD estimations in the REF parame-
terization over the Mediterranean region. This improvement
is confirmed by the corresponding Taylor diagram in Figure
12. For each season, the blue point representing the NEW-
experiment is closer to the MODIS observation (in green)725

than the red point representing the REF-experiment. This
indicates that the new dust scheme reduces the simulation
error. Other sources of error include inaccuracies in simu-
lated soil properties (roughness and texture), surface wind,
or anthropogenic aerosols, which can explain why the cor-730

relation coefficient is not so high. In this set of simulations,
a deeper analysis shows that RegCM actually underestimates
the anthropogenic sulfates over Europe in summer. Moreover
secondary organic as well as nitrate aerosol components are
not included in these simulations. Since our purpose here735
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Fig. 9. Comparison of Aerosol Optical Depth (AOD) at 550 nm between MODIS data (top), REF-
experiment (middle) and NEW-experiment (bottom) in winter (December-January-February)
2008 (on the left) and in spring (March-April-May) 2008 (on the right).
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Fig. 10. Comparison of Aerosol Optical Depth (AOD) at 550 nm between MODIS data (top), REF-experiment (middle) and NEW-experiment
(bottom) in summer (June-July-August) 2008 (on the left) and in autumn (September-October-November) 2008 (on the right)

is clearly to discuss the dust component, we do not analyse
further the contribution of these other aerosol types.

5.2 Impact on the aerosol content and direct radiative
forcing with a decadal simulation

Since the new size distribution has substantially improved the740

simulations at the seasonal scale over our region, we use it to
estimate the potential impact of dust aerosols on the Mediter-
ranean climate. The direct and semi-direct effects of aerosols
on climate are caused by their influence on SW and LW radi-

ation. In order to better assess the resulting radiative forcing,745

a longer simulation, namely NEW 2000-2009, has been per-
formed over the period 2000-2009.

This ten-year simulation enables us to elaborate on the
seasonal cycle of aerosols over the Mediterranean region.
Figure13 (a) presents the monthly means of AOD over North750

Africa (from 25◦ N to the sea), the Mediterranean Sea and
Southern Europe (from the sea to 47.5◦ N) for REF 2008,
NEW 2008 and NEW 2000-2009 simulations. The inter-
annual variability is assessed with a 95% confidence inter-
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Fig. 10. Comparison of Aerosol Optical Depth (AOD) at 550 nm between MODIS data (top),
REF-experiment (middle) and NEW-experiment (bottom) in summer (June-July-August) 2008
(on the left) and in autumn (September-October-November) 2008 (on the right).
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REF NEW

Fig. 11. Dust integrated concentration over an atmospheric column (mg m−2) for REF (left) and
NEW (right) experiments over the year 2008 for each of the four bins of RegCM.
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Fig. 12. Taylor diagram of seasonal averaged AOD (550 nm) com-
puted with MODIS observation, REF and NEW experiments. Red
points : REF, Blue points : NEW, green point : MODIS.

tober (Gkikas et al., 2011). In contrast, AOD is minimal in
winter. This variation is related to synoptic meteorological
conditions. During the dry period, namely from June to Oc-
tober, the absence of rain favours a strong aerosol maximum.770

In the wet season, rain can remove aerosols from the atmo-
sphere and strong winds prevent particles from accumulating
in the atmosphere.

Figures 13 (b) and (c) present the monthly-averaged radia-
tive forcing (RF) respectively at the surface and at the top of775

the atmosphere (TOA) for LW and SW radiation, and Figure
14 presents the corresponding maps for the NEW 2000-2009
simulation. With the new emitted dust size distribution, RF
has been significantly modified. The surface SW RF is neg-
ative on the whole domain, but the strongest values (up to780

-22 W.m−2) are observed in spring in dust-emitting regions
and over the sea near the coast, with a North-South gradi-
ent. Indeed, dust prevents the sun’s radiation from reaching
the surface, producing a dimming and a cooling (direct) ef-
fect. At the TOA, the SW RF is also negative except in North785

Africa where it is slightly positive because of a high surface
albedo in this region, enhancing absorption of reflected radi-
ation. The LW RF is positive everywhere both at the surface
and at TOA, but stronger at the surface since dust is essen-
tially present in the lower troposphere.790

With the new distribution (NEW), the LW RF has in-
creased over Africa, because of the presence of more coarse
dust aerosols. Altogether, the annual-averaged surface RF is
negative on the whole domain, with the highest values lo-
cated along the North-African coast (up to -15 W.m−2). It is795

stronger in spring, where monthly mean reaches -20 W.m−2

in April and May in NEW 2000/2009 over the Mediterranean
Sea. At TOA, RF remains positive only on the African con-

tinent. To sum up, the SW RF is the most negative over
the Mediterranean Sea, because of the influence of both dust800

from Africa and anthropogenic particles from the continent
and a lower surface albedo. These values are in a quite
good agreement with MODIS SW RF measurements from
the article of Papadimas et al. (2011). In the latter study,
the direct SW radiative effect over the broader Mediter-805

ranean basin (29.5-46.5◦ N, 10.5◦W-38.5◦ E) is estimated at
the surface between -5 W.m−2 in winter and -20 W.m−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 section 5.1.810

With regards to the TOA, the SW RF is estimated between -1
W.m−2 in winter and -4 W.m−2 in summer in MODIS data,
slightly higher than in the NEW 2000/2009 simulation. For
the investigated year 2008, the changes observed at the TOA
and at the surface for the SW RF show an improvement in the815

simulation of RF by RegCM-4. Over North Africa, the TOA
SW RF is close to zero for the summer months for the NEW
2008 and 2000/2009 simulations, which agrees with satel-
lite observations (Patadia et al., 2009; Yang et al., 2009). In
contrast, the REF simulation produces too much TOA radia-820

tive cooling over the Sahara desert in comparison with these
satellite observations. This is consistent with the larger mass
fraction of fine dust in REF, which tends to produce a net
cooling effect at TOA (Kok, 2011a).

5.3 Impact on the deposition with a decadal simulation825

Dust aerosols also play an important role by depositing mi-
cronutrients to the Mediterranean Sea (Guieu et al., 2002).
Indeed, dust contains iron which is an essential micronutri-
ent for ocean biota growth (Mahowald et al., 2009) and can
affect the productivity of marine and terrestrial ecosystems.830

The carbon cycle and therefore the atmospheric greenhouse
gas content could also be influenced. Figure 13 (d) presents
the dry and wet deposition of dust aerosols for the three sim-
ulations. Since REF produces more fine dust aerosols, which
can stay longer in the atmosphere and deposit further from835

source regions, deposition is smaller than in NEW. This ef-
fect increases dust deposition to the Mediterranean Sea by on
average 57% over the year 2008, and could affect directly the
productivity of marine and terrestrial ecosystems. A similar
increase in deposition rate with the theoretical size distribu-840

tion of Kok (2011a) relative to empirical size distributions
with larger mass fractions of fine dust was found in the recent
global modeling study of Ito et al. (2012). Changes in the
dust size distribution could also change the bioavailable iron
fraction (Ito et al., 2012), which depends on the deposited845

dust size (Mahowald et al., 2009).
With regards to dry deposition, the longer simulation

shows a large 95% confidence interval, indicating an im-
portant interannual variability. Its seasonal cycle, similar in
the three regions, is regulated by the aerosol content and the850

winds. The maximum occurs during the first four months

Fig. 12. Taylor diagram of seasonal averaged AOD (550 nm) computed with MODIS observa-
tion, REF and NEW experiments. Red points: REF, Blue points: NEW, green point: MODIS.
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16 P. Nabat et al.: Dust emission size distribution impact over the Mediterranean

(a) - Aerosol Optical Depth
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(b) - TOA Radiative Forcing
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(c) - Surface Radiative Forcing
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(d) - Dust deposition
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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 : North
Africa (left), the Mediterranean Sea (middle) and Southern Europe (right).

of the year : because of the circulation in winter associated
with stronger winds, the residence time of aerosols is more
important in summer than in winter. In Africa, it is ten times

higher than in Southern Europe and over the sea. On the con-855

trary, wet deposition is very weak in this region, because of
the quasi-absence of rainfall. Over the sea and the European

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:
North Africa (left), the Mediterranean Sea (middle) and Southern Europe (right).
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Fig. 14. Direct radiative forcing (in Wm−2) simulated in NEW 2000–2009, at the surface (left)
and at the top of the atmosphere (TOA, right), for total (top), longwave (middle) and shortwave
(bottom) radiations.
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