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Abstract

In the region including Africa and Europe, the main part of mineral dust emissions is
observed in Africa. The particles are thus transported towards Europe and constitute
a non-negligible part of the surface aerosols measured and controlled in the framework
of the European air quality legislation. The modelling of these African dust emissions5

fluxes and transport is widely studied and complex parameterizations are already used
in regional to global model for this Sahara-Sahel region. In a lesser extent, mineral
dust emissions occur locally in Europe, mainly over agricultural areas. Their modelling
is generally poorly done or just ignored. But in some cases, this contribution may be
important and may impact the European air quality budget. In this study, we propose an10

homogeneized calculations of mineral dust fluxes for Europe and Africa. For that, we
extended the CHIMERE dust production model (DPM) by using new soil and surface
datasets, and the global aeolian roughness length dataset provided by GARLAP from
microwave and visible satellite observations. This DPM is detailed along with academic
tests case results and simulation on a real case results.15

1 Introduction

Mineral dust particles are part of the measured particles that are important for the air
quality monitoring and which play an important role in determining the regional and
global aerosol changes, even over major pollution source regions (Chin et al., 2014).
They are produced by erosion of arid and semi-arid surfaces and transported into the20

atmosphere before being deposited.
Considering all possible sources of dust emissions is important for air quality as-

sessment. Northern part of Africa is a major source of mineral dust emissions (Ginoux
et al., 2001; Prospero et al., 2002). It has been established that dust plumes emitted in
the Saharan area may be transported over the Mediterranean sea and reach Europe25

(Vautard et al., 2005; Perez et al., 2006; Ansmann et al., 2007; Bègue et al., 2012;
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Israelevich et al., 2012; Kallos et al., 2006). This results in higher levels of particles in
Europe. Therefore, taking into account major African mineral dust emission sources in
regional modeling over Europe is important to obtain precise pollutant concentrations.
However, there are also some important sources of mineral dust in Europe that are
often neglected or ill represented in regional models. In Bessagnet et al. (2008), a dust5

emission plume originated in Ukraine is considered which results in an improved mod-
eling of PM10 (particles smaller than 10 µm) concentration amplitudes over western Eu-
rope. Gomes et al. (2003a, b) studied the wind erosion in a semiarid agricultural area in
Spain as part of the WELSONS project. Some emitting dust events were observed with
vertical flux ranging from 0.4 to 70 µg m−2 s−1. Escudero et al. (2007) studied the num-10

ber of daily limit value exceedances for PM10 in regional background areas of Spain.
The African dust outbreaks generated most of the PM10 exceedances, however, some
were not clearly related to advection, suggesting a local contribution. Querol et al.
(2004) studied the origin of PM10 and PM2.5 (particles smaller than 2.5 µm) in some
European cities and concluded that there are mineral contributions of PM10 ranging15

from around 2 µg m−3 to 5.5 µg m−3 in the Eastern and Southern Iberian Peninsula,
with the exception of the Canary Islands (8 µg m−3), and with sporadic African dust
outbreaks over Southern Europe that may induce very high PM10 and PM2.5 levels.

The total amount of mineral dust particles in Europe is then related to mineral dust
emitted in the Sahara region (sporadic but intense) and also to those emitted locally in20

Europe (more regular but moderate). Therefore, it is important to model African mineral
dust emissions, in order to assess correctly peaks of emissions, but also European
emissions that are mainly background emissions.

Soil and surface information are important to determine the wind velocity threshold
at which erosion occurs and whether the surface is erodible or not in order to iden-25

tify the potential dust emission sources. Some approaches are based on topographic
(Ginoux et al., 2001), hydrological (Tegen et al., 2002) or geomorphological informa-
tion (Zender et al., 2003). Another common approach is to use the aeolian surface
roughness length, a parameter that characterize the vulnerability of a surface to wind
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erosion. Some parameterizations of physical dust emission models are based on func-
tions of the aeolian surface roughness length. Thus, these models are limited by the
dataset availability (Laurent et al., 2008; Darmenova et al., 2009). Prigent et al. (2005)
derived an aeolian roughness length for all arid and semi-arid regions from satellite
microwave backscattering with a 25 km spatial resolution, using the ERS scatterome-5

ter: GARL (Global Aeolian Roughness Lengths). Prigent et al. (2012) uses a bi-linear
regression between in situ measurements on one hand and visible/near-infrared obser-
vations (PARASOL) and satellite microwave backscattering (ASCAT) data on the other
hand in order to create a new dataset of aeolian roughness length with a 6 km spatial
resolution: GARLAP (Global Aeolian Roughness Lengths from ASCAT and PARASOL).10

The aim of this paper is to extent and update the dust production model, presented in
Menut et al. (2013b). It uses the emission schemes based on Marticorena and Berga-
metti (1995) and Alfaro and Gomes (2001) that were developed for calculations over
western Africa only. The extension is done in the CHIMERE chemistry-transport model
(Schmidt et al., 2001; Bessagnet et al., 2004; Menut et al., 2013a), often used for15

atmospheric pollution studies over Europe, where the dust emissions were crudely es-
timated. It will use the GARLAP dataset along with the required homogeneous soil and
surface datasets. The input datasets and the updated version of the dust production
model are presented in Sect. 2. Academic test case results are presented in Sect. 3.
Finally, simulation results on a real case are presented and discussed in Sect. 4.20

2 The dust production model: background and new developments

In this section, we present the dust production model already available and used in the
CHIMERE model, as well as all improvements developed for this study. Soil and surface
datasets required to compute dust emissions are presented in Sect. 2.1. The aeolian
roughness length is described in Sect. 2.2 and the vegetation variability in Sect. 2.3.25

The basis of the saltation and sandblasting calculations are presented in Sect. 2.4.
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The differences in methods to estimate dust fluxes are described in the Table 1. The
previous versions correspond to several configurations of the CHIMERE model: the
CHIMERE-Europe version was developed to estimate saltation and resuspension of
mineral dust over Europe only, in a very simple way and for European air quality only,
(Vautard et al., 2005). The CHIMERE-Africa version was developed to study mineral5

dust emitted over western Africa only: the emission schemes are considered as state-
of-the-art parameterizations for saltation and sandblasting, (Menut et al., 2013b). If
the soil moisture was a key point for the calculation over Europe, this meteorological
variable was not considered over Africa. In addition, for the two previous versions the
vegetation was not taken into account, probably leading to overestimated mineral dust10

emissions fluxes over Europe and Sahel. In the new version, hereafter called extended
dust model, soil moisture and vegetation are taken into account in the flux calculations.

2.1 Soil and landuse properties

Soil and landuse properties are required to model mineral dust emission flux. They
allow to determine where the mineral dust emission can occur (depending on the sur-15

face erodibility or not) and with which intensity and above which wind velocity threshold
particles will be emitted. The datasets used in this study are the same than those ex-
tensively described in Menut et al. (2013b), but some changes are done in the way
these data are used.

Soil properties are considered as “families” combining a fraction of predefined soil20

types (e.g. loamy sand, clay loam) to each grid cell of the high resolution database.
Predefined soil types are established as a combination of soil textures (i.e. coarse
sand, fine-medium sand, silt, clay, salts). A mean value and a sigma value is associated
to each soil textures to define its particle diameters distribution in the predefined soil
types, and consequently, to the soil type of the grid cell. The STATSGO-FAO dataset is25

used which is an hybrid dataset created by joint effort among NCAR (National Center
for Atmospheric Research), NCEP (National Centers for Environmental Prediction),
AFWA (Air Force Weather Agency) and UCLA (University of California, Los Angeles).
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It is a global datasets based on the FAO 16-category soil texture map with a 30 s
resolution (US Department of Agriculture, 1994).

Landuse properties are estimated by combining a fraction of surface occupation for
each erodible landuse categories to each grid cell. The USGS dataset is used with the
same resolution as the soil types dataset (30 s) provided by NCAR (Homer et al., 2004).5

In Menut et al. (2013b), landuse types shrubland and barren soil were considered as
erodible because it corresponds to the most important landuse classes able to produce
dust in Northern Africa (Table 2). Over Europe, the main erodible landuse is cropland,
as observed in Ukraine and Spain. Thus, in the extended model version, we consider all
these landuse as potentially erodible: cropland, grassland and shrubland (the USGS10

categories ranging from 2 to 9) and the barren or sparsely vegetated surfaces (the
USGS category 19).

2.2 Aeolian roughness length

The aeolian roughness length accounts for small vegetation and obstacles near the
ground. Values represent very local surface heterogeneities and their values range15

from millimeter to centimeter. In Menut et al. (2013b), the CHIMERE model was ex-
tended to use satellite-derived estimates (Prigent et al., 2005) in place of tabulated z0
values over Africa. In this study we also use satellite data, the GARLAP dataset pre-
sented in Prigent et al. (2012) and displayed in Fig. 2. This dataset is global and with
an horizontal resolution of 6 km.20

Even though a global dataset of aeolian roughness length is provided, the authors
limit their study to arid and semi-arid areas, defined as area where z0 < 0.1 cm. Euro-
pean areas are not considered as arid or semi-arid regions and roughness lengths data
are often higher than 0.1 cm. By using the emission paramaterizations developed and
used for arid and semi-arid regions, no emission flux can occur. However, dust is likely25

to be emitted over some regions in Europe such as semi-arid regions in Spain (Escud-
ero et al., 2007) or over chernozem soils in Ukraine (Birmili et al., 2008). In addition,
aeolian roughness length measurements in Europe showed values inferior to 0.1 cm
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in some regions (Gomes et al., 2003a). In order to save the benefit of the spatial vari-
ability of the satellite-derived datasets, a correction of the GARLAP data is applied to
retrieve roughness length values consistant with the terrain data recorded over Spain.
The correction is empirical in this model version and consists in the function defined in
Eq. (1).5

f (z0) =

{
z0 if z0 < 0.08cm

log(a · z0 +b) if z0 ≥ 0.08cm
(1)

The coefficients a and b are chosen such as f (0.08) = 0.08 and f (0.25) = 0.1 (i.e.
a ' 0.129 and b ' 1.073), therefore, there is no discontinuity in the data and averaged
aeolian roughness length are reduced while preserving the spatial variability. Distri-10

butions of roughness lengths are now centered around 0.1 cm making the emissions
of mineral dust possible under normal wind conditions. This is a rough correction that
should be seen as a first approximation to be improved in future work. Finally, in the
extended dust production model, for a given grid cell i , a given soil type s and a given
landuse type l , the aeolian roughness length z0 will be defined as the average of the15

non-zero elements of the ensemble (Eq. 2). Note that zero values are non-registered
value, which are located over seas and oceans and that they are excluded from the
average computation to avoid to create artificially low values.

z0(i ,s, l ) = mean
(
{z0(i ,s, l )|z0(i ,s, l ) > 0}

)
(2)

20

The total emissions flux will be the sum of the flux computed for each soil and landuse
type, weighted by the percentage of the soil and landuse type.

2.3 Seasonal vegetation variation

The density of the vegetation cover has an impact on the dust emissions flux (Wolfe
and Nickling, 1993) and the seasonal variation of vegetation affects the aeolian rough-25

ness length (Prigent et al., 2005). Landcaster and Baas (1998) explain that aerody-
namic roughness length and threshold wind shear velocity increase with vegetation
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cover and that there is a negative exponential decrease in sediment flux with increas-
ing vegetation cover. In the CMAQ model, the vegetation is taken into account by ap-
plying a reduction factor to the aeolian roughness length, depending on the landuse
(Choi and Fernando, 2008). This method takes into account the current vegetation but
is not suitable to model the seasonal variation of the vegetation. It would require the5

use of a seasonal landuse information, which is not available. The GARLAP dataset
is representative of northern winter months (Prigent et al., 2012) only, thus it does
not take into account vegetation seasonal variations either. Therefore, we propose to
weight the GARLAP aeolian roughness length by the green fraction coefficient of the
current month, provided by NCAR, divided by the green fraction coefficient of January.10

This is a simple correction that takes into account seasonal variability and which could
be improved in future work.

2.4 Saltation and sandblasting fluxes

Dust particles are set into motion by forces that influence them (i.e., the weight, the
wind shear stress and the inter-particle cohesion forces). Three types of grain motion15

were defined by Bagnold (1941): suspension for finest particles (i.e with a mass median
diameter Dp < 60 µm), saltation for soil grains with 60 < Dp < 2000 µm and creeping for
larger particles. The particle motion will be initiated when the friction velocity reaches
a threshold defined as the smooth threshold friction velocity and estimated following
Shao and Lu (2000), multiplied by the soil moisture correction divided by a drag effi-20

ciency. The drag efficiency is a function of the aeolian roughness length and the smooth
roughness length estimated following Marticorena et al. (1997).

For the CHIMERE-Africa version, denoted M13 in reference to Menut et al. (2013b),
the saltation is estimated following the White (1979) and Marticorena and Bergametti
(1995) schemes. The vertical sandblasting fluxes are computed using the parameteri-25

zation of Alfaro and Gomes (2001) (denoted AG01 hereafter), optimized by Menut et al.
(2005), based on partitioning the kinetic energy of individual salting aggregates and the
cohesion energy of the populations of dust particles. The saltation being considered as
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a subgrid scale process, it may not be well represented by a large resolution wind
field. In order to overcome this issue, a Weibull distribution of wind velocity is used,
as in Cakmur et al. (2004) and Pryor et al. (2005). Three modes of emitted dust
fluxes are estimated, defined by log-normal distributions and having diameter proper-
ties of d1 = 1.5 µm, d2 = 6.7 µm and d3 = 14.2 µm and standard deviations of σ1 = 1.7,5

σ2 = 1.6, and σ3 = 1.5 (Alfaro et al., 1998).
For the CHIMERE-Europe version, denoted V05 in reference to (Vautard et al.,

2005), the sandblasting scheme is a simple function of the saltation schemes, itself
a simplified version of the Marticorena and Bergametti (1995) scheme. In this version,
the roughness length (used to estimate a potential of erodibility) is replaced by a func-10

tion of soil moisture. All landuses are considered as erodible and an attenuation factor
is estimated using the parameterization of Fecan et al. (1999), assuming that when the
soil moisture increases, the threshold friction velocities will increase as well, thereby
leading to lower dust emission fluxes.

For the extended dust model version, the M13 configuration is retained over the15

whole modeled domain, covering both Africa and Europe. The vegetation and soil hu-
midity influences are added as described before, and the GARLAP satellite dataset is
used.

3 Sensitivity study with an academic case

The goal of this section is to evaluate the extended dust model step by step. Each fea-20

ture is successively added to the CHIMERE dust production model and comparison is
made with the previous version. Table 3 summarizes the case configurations compared
in this section. The REFERENCE case uses the dust production model and datasets
from the M13 scheme whereas in the NEW_DATASETS case, new soil, landuse and
aeolian roughness length datasets are used and the AG01 dust production model is25

applied over the entire domain. The CROPLAND case refers to the NEW_DATASETS
case with additional landuse types considered as erodible surfaces (USGS landuse
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categories ranging from 2 to 9 and category 19). In the HUMIDITY case, the Fecan pa-
rameterization (Fecan et al., 1999) is added. In the VEGETATION case, the vegetation
is taken into account. Note that the VEGETATION case configuration is equivalent to
the complete extended dust model, where all new processes are taken into account.

For each case, dust emission fluxes are computed over a domain that cover both5

Europe, upper part of Africa, Middle East and western Asia with a 60 km resolution.
Meteorological variables that can influence the emissions of mineral dust are the wind
velocity and the convective velocity, along with the soil moisture for the Fecan param-
eterization. To better quantify the differences between the several model configura-
tions, smaller regions are defined. These regions are displayed in Fig. 1. The large10

areas of “Europe” and “Africa” correspond to simulation domains widely used with the
CHIMERE model. Additional sub-regions are defined to highlight the variability of sev-
eral areas known to be erodible and thus able to produce mineral dust fluxes.

Sensitivity tests are presented in two different forms:

– As maps covering the whole modeled domain. In this case, a constant value of15

the wind speed |U | = 14 m s−1 is used to clearly highlight the emissions over the
whole domain.

– As spatially integrated fluxes over selected regions and for several wind speeds.
In this case, fluxes are calculated for wind speed ranging from 1 m s−1 to 20 m s−1,
with a discrete step of 1 m s−1.20

In the two cases, the convective velocity is set to a constant value of 0.1 m s−1 and the
soil moisture is fixed to RH = 0.25.

3.1 Comparison of mineral dust emission flux maps

Figure 3 presents the vertical mineral dust fluxes (in 10−9 g cm−2 s−1), with a 14 m s−1

wind velocity for all cases. On the REFERENCE case figure, edges of both Euro-25

pean and African artificial masks are distinguishable. They delimit the area of calcula-
tion of both dust production models that are used in the REFERENCE case. On the
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NEW_DATASETS figure, major differences occur over Europe, where the emissions
fluxes are almost zero. Another major difference between the first two cases is western
Asia, which was excluded from calculation in the REFERENCE case and which is re-
vealed to be an important dust source. With the additional erodible landuse categories,
some emission fluxes appear over some regions where cropland landuse categories5

are predominant. Finally, the HUMIDITY case show a significant decrease of the dust
emissions, coherent with the use of soil humidity parameterization (Fecan et al., 1999).
Table 4 show that there is a 96% increase of vertical fluxes over Europe and a 57% in-
crease over Africa, with the HUMIDITY case from the REFEREENCE case. Over most
regions of interest the HUMIDITY case tends to increase the total emissions flux. Note10

that the VEGETATION case is discussed separately in Sect. 3.3, because it depends
on the modeled period and not on meteorological parameters.

3.2 Spatially averaged dust fluxes for varying wind speed

In Europe, Spain and Ukraine regions are shown here because they are known to be
important European mineral dust sources, as explained in Gomes et al. (2003a) and15

Birmili et al. (2008). In Africa, Mali, Chotts, Lybian desert, Bodele and Arabian desert
correspond to the most important mineral dust sources in Africa, as described in Menut
et al. (2013b).

For each of these regions, the mineral dust fluxes is estimated for spatially con-
stant wind speeds ranging from 1 to 20 m s−1, with a constant step of 1 m s−1. Calcu-20

lations are performed for the REFERENCE, NEW_DATASETS, CROPLAND and HU-
MIDITY cases. Comparisons are presented in Fig. 4. In addition, in order to quantify
the changes between the emission fluxes over each sub-region, the flux distributions
with a 14 m s−1 wind velocity are displayed in Fig. 5.
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3.2.1 Impact over Europe

The simulation domain over Europe was originally limited to the western Europe: the
Ukraine was not covered, explaining that there is no REFERENCE result for this sub-
region. Thus, for the comparison over Europe, note that the V05 model is used in the
REFERENCE case and the M13 configuration is used for other cases.5

The Fig. 4 shows for Europe the same behaviour for the flux between the whole Eu-
rope and the sub-regions Spain and Ukraine. Indeed, there is a wind velocity thresh-
old below which dust fluxes are zero and above which the average mineral dust flux
increases as the wind velocity increases. However, this threshold is different among
those cases, about 6 m s−1 for the REFERENCE case and about 12 m s−1 for the other10

cases. This difference among thresholds is explained by differences between models
themselves. Indeed, in the V05 dust production model, the threshold value is based
on constant values that were tuned under the specific conditions of an important dust
emission event (i.e., using a constant aeolian roughness length of 0.05 cm), explaining
high fluxes values occurring at low wind conditions. On the other hand, with the M1315

dust production model, the threshold depends on an aeolian roughness dataset with
high values over Europe (i.e., averaged value of 0.1 cm), therefore explaining the high
threshold and the significant difference with the REFERENCE case.

The extension of the use of the AG01 dust production model to the whole do-
main along with the use of new soil, landuse and aeolian roughness length datasets20

(NEW_DATASETS case) induce a significant reduction in the mineral dust fluxes over
Europe due to the increase of the threshold at which mineral dust is emitted. Indeed,
distribution curves of the dust flux with a 14 m s−1 wind velocity over the entire Eu-
ropean domain differ significantly (Fig. 5). Values are much higher with the REFER-
ENCE case (values up to 10−8 g cm−2 s−1) than with the NEW_DATASETS case (most25

values inferior to 10−10 g cm−2 s−1). However, the use of additional landuse types con-
sidered as erodible surfaces (CROPLAND case) yields a significant increase of dust
fluxes due to the importance of croplands over some European regions (values up to
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10−6 g cm−2 s−1). Finally, the Fecan parameterization (HUMIDITY case) creates a re-
duction of flux intensity but values stay close to those of the CROPLAND case.

3.2.2 Impact over Africa

The averaged mineral dust flux were also computed over some African regions as
a function of the wind velocity along with the distribution of the flux with a 14 m s−1 wind5

velocity. Results are presented in Figs. 4 and 5.
Differences among cases are smaller over African regions than over European re-

gions. This can be explain by the fact the AG01 dust production model is used for the
REFERENCE case over Africa, which is not the case over Europe, and by the fact that
croplands are less present over Africa.10

The use of new soil, landuse and aeolian roughness length datasets
(NEW_DATASETS case) tend to increase the intensity of the averaged vertical fluxes
but the wind velocity threshold at which dust is emitted remain unchanged between
the REFERENCE and NEW_DATASETS cases (around 6 m s−1). However, differences
between the REFERENCE curve and the NEW_DATASETS curve tend to increase as15

the wind velocity increases. The use of additional landuse types considered as erodi-
ble surfaces (CROPLAND case) does not create any significant change in the aver-
aged vertical mineral dust fluxes nor in the distribution of the mineral dust fluxes. The
Fecan parameterization (HUMIDITY case) reduces significantly the intensity of dust
fluxes and increases the threshold at which dust is emitted (around 7 m s−1). How-20

ever, as the wind velocity increases, differences between the HUMIDITY cases and the
NEW_DATASETS cases are reduced (curves overlap).

The HUMIDITY case produces higher mineral dust emission fluxes over Africa than
the REFERENCE case, however differences among model results are small. On the
other hand, over Europe results differ significantly between those two cases. Over Eu-25

rope, zones of important emissions differ and the threshold at which dust is emitted is
higher with the HUMIDITY case.
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3.3 Impact of the vegetation

The VEGETATION case allows the assessment of the vegetation effect on the cal-
culated emissions fluxes. Yearly variations of the averaged green fraction over two
regions, associated to the induced yearly variations of the averaged mineral dust emis-
sion fluxes is shown in Fig. 6. Over Europe, each variation of the averaged green5

fraction value is reflected on the averaged mineral dust fluxes. Over Africa, the aver-
aged green fraction variations are smaller (less than 0.02), therefore the impact on
the averaged mineral dust emission fluxes is not significant. Nevertheless, without any
measurement it is difficult to assess whether or not the magnitude of these emitted flux
differences is realistic.10

Figure 7 shows maps of dust emissions fluxes and of the green fraction evolution
from January, for months of January, May and September with the VEGETATION case.
Green fraction patterns are well reflected on the dust emission flux maps. In May,
there is a significant reduction of fluxes all over Europe, western Asia and below 15◦

of latitude. In October, there is an increase of fluxes over Spain and north Africa and15

a decrease of fluxes over on the south of the Saharan desert. Regions located between
15◦ and 25◦ of latitude (part of Africa and Middle East) are little affected by the annual
vegetation variations and mineral dust is emitted at high rate all over the year.

4 Aerosol optical depth comparisons during the summer of 2012

In this section, the extended dust model presented above (hereafter refer to as ExtMod)20

is compared to the M13 dust production model on a real case. Simulation results are
compared to 440 nm AERONET sun photometer aerosol optical depth measurements
(Holben et al., 2001).
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4.1 Models set-up

The simulation domain remains the same as presented in Fig. 1 and calculations are
performed for the period from 15 May to 1 September 2012. Three models are used to
calculate the emissions and the transport of mineral dust concentrations:

– The WRF model for the meteorological fields (Skamarock et al., 2007).5

– The CHIMERE model for the emissions and transport of the mineral dust concen-
trations (Menut et al., 2013a).

– The GOCART global model to provide boundary conditions to the CHIMERE re-
gional model (Ginoux et al., 2001).

WRF 3.2.1 is forced by the meteorological analysis data of NCEP (Kalnay et al., 1996).10

These fields are provided on a regular 1.125◦ ×1.125◦ grid and are used as boundary
conditions and nudging. WRF is used in its non-hydrostatic configuration. The hori-
zontal grid of 157×107 grid points in longitude and latitude is used with a Lambert
projection to ensure a regular grid spacing of ∆x = ∆y = 60 km. The vertical grid cov-
ers 32 levels from the surface to 50 hPa and the integration time step is 4 min. For the15

microphysics, the WRF Single Moment-5 class scheme is chosen allowing for mixed
phase processes and super cooled water (Hong et al., 2004). The radiation scheme is
RRTMG (Mlawer et al., 1997). The surface physics is calculated using the Noah Land
Surface Model with four soil temperature and moisture layers (Chen and Dudhia, 2001).
The planetary boundary layer physics is processed using the Yonsei University scheme20

(Hong et al., 2006) and the cumulus parameterization uses the ensemble scheme of
(Grell and Devenyi, 2002).

CHIMERE characteristics are explained in Menut et al. (2013a). Here, CHIMERE is
used with mineral dust emissions only. It takes into account horizontal advection and
vertical transport, including advection and mixing described by the Kz parameterization25

(Troen and Mahrt, 1986). Dry and wet depositions are treated as described in Wesely
(1989) and Loosmore and Cederwall (2004). Two simulations are made, one with the
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M13 dust production model and the other with the extended dust production model. The
simulations are performed using 18 vertical levels (hourly dependent on the pressure),
from the surface to 300 hPa. The calculation time step is ten minutes and the results
are stored every hour for the analysis.

Level 2.0. quality assured AERONET data have been extracted from the NASA5

website. Lower extinction Ångström exponent values are representative of large min-
eral dust particles while higher values are representative of smaller particles such as
black carbon and urban-industrial particles (Dubovik et al., 2002; Russell et al., 2010).
Hence, stations containing the most data with the extinction Ångström exponent inferior
to 0.4 during the modeled period were selected and are listed in Table 5.10

4.2 Maps of aerosol optical depths

Figure 8 shows dust aerosol optical depth (AOD) maps at 440 nm, averaged over five
days for the M13 model and the extended model along with the difference between
both models. Both models show similar patterns and differences are small. With the
M13 model, the AOD is mainly higher than the extended model AOD over Europe and15

northern Africa. Figure 9 shows time series of the aerosol optical depth at 440 nm
averaged over both European and African regions. AOD is much higher over Africa
(between 0.2 and 0.5) than over Europe (between 0.1 and 0.2) but differences among
models are small (less than 0.15).

4.3 Time series of aerosols optical depth20

Figure 10 and Table 6 present comparison of hourly time series and hourly perfor-
mance indicators computed at several stations over both Europe and Africa, for both
models against AERONET daily measurements. Note that to ensure a 15 day spin up,
results prior to the 30 May were not considered. Performance indicators are defined
as:25
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– Correlation:∑N
i=1(Oi −O)(Mi −M)√∑N

i=1(Oi −O)2
√∑N

i=1(Mi −M)2

– RMSE (root mean square errror):√√√√ 1
N

N∑
i=1

(Mi −Oi )25

– MNBE (mean normalized bias error):

1
N

N∑
i=1

Mi −Oi

Oi
×100

where Mi and Oi are the modeled and observed values, respectively and x = 1
N

∑N
i=1xi .10

Figure 10 shows a better agreement between models and observations over Europe
than over Africa and discrepancies among models seem more important over Africa
than over Europe. However, mineral dust is not a predominant source over Europe,
therefore the AOD as such is not an efficient indicator of mineral dust. The averaged
extinction Ångström exponent over the whole modeled period appears in Table 6 and,15

indeed, values are higher over Europe (ranging from 0.54 to 0.91) than over Europe
(ranging from 0.14 to 0.6). Thus, other performance indicators in Table 6 were com-
puted for extinction Ångström exponent values inferior to 0.4 only.

Despite the extinction Ångström exponent filter, correlations are mainly higher over
Europe (up to 0.76) than over Africa (up to 0.35). Root mean square errors and corre-20

lations are improved (or equal) with the extended model at most stations (all stations
except Malaga for the RMSE and all stations except Masdar Institute and Calhau for
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the correlation). At Granada, Tabernas PSA-DLR and Malaga stations both models
underestimates observations (negative bias) and values are lower (higher absolute
values) with the extended model (values ranging from −20.58 % to −9 %) than with
the M13 model (values from −14.11 % to −2.39 %). On the other hand, at La Laguna,
Capo Verde and Calhau stations, both models overestimate the observations (positive5

bias) and biases are still lower with the extended model (values ranging from 2.95 %
to 42.33 %) than with the M13 model (values from 5.28 % to 54.55 %). At the Oujda
station, the bias is positive with the M13 (4.5 %) model and negative with the extended
model (−5.11 %), both with similar absolute values. At Solar Village and Masdar Insti-
tute stations, the biases are negative but with higher absolute values for the extended10

model. Finally, Lampedusa and IER Cinzana stations present very low correlations
(less than 0.1) implying that the models did not manage to detect dust emission events
at those stations.

5 Conclusions

In this paper, an improved dust production model for the CHIMERE model is presented.15

It includes new global soil and surface input datasets and uses a satellite-derived ae-
olian roughness length database (GARLAP). The CHIMERE African dust production
model is extended over any domain and parameterizations for humidity and seasonal
vegetation variation are included.

Academic test cases are conducted over a domain that covers Europe, upper part20

of Africa, Middle East and western Asia. Computed fluxes are significantly higher over
Europe with the extended dust production model while they are higher but close over
Africa. Some regions such as western Asia, that were not considered in the M13 min-
eral dust flux computations, are revealed to be an important source of mineral dust with
the extended model.25

The M13 and extended models comparison to the AERONET AOD observations is
satisfactory regarding uncertainties on mineral dust emissions. Performance indicators
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show a reduced root mean square error, a better correlation at most stations along with
a reduced bias at about half of the stations. Two stations present very low correlation
(less than 0.1) implying that both models did not manage to detect dust emission events
at those stations.

Future work will focus on the adjustment of the emitted particle size distribution. In-5

deed, in this study, we choose as a first approximation to use a constant size distribution
of emitted particles. Making the emitted dust particles size distribution dependant on
the soil properties is an interesting approach that might improve performances. A possi-
ble solution to be studied is to make a soil type dependant apportionment of computed
fluxes into the three emitted particle modes. Thus, inducing a spatial variation in the10

particle emission. In addition, the correction on the aeolian roughness length dataset
and the vegetation parameterization presented in the paper are rather rough and would
also require some improvement.
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Table 1. Main characteristics of the several model configurations used with CHIMERE to cal-
culate mineral dust emissions and transport: over Africa only, over Europe only and over any
domain within this study.

CHIMERE-Africa CHIMERE-Europe Extended dust model

Soil properties STATSGO-FAO none STATSGO-FAO
Surface properties USGS USGS USGS
Erodible surface Shrubland and barren soils All landuse Cropland, grassland, shrubland

and barren soils
Aeolian z0 GARL, Prigent et al. (2005) No GARLAP, Prigent et al. (2012)
Saltation scheme Marticorena and Bergametti

(1995)
Marticorena and Bergametti
(1995)

Marticorena and Bergametti
(1995)

Sandblasting scheme Alfaro and Gomes (2001) Constant factor Alfaro and Gomes (2001)
Friction velocity threshold Shao and Lu (2000) Constant value Shao and Lu (2000)
Soil moisture No Fecan et al. (1999) Fecan et al. (1999)
Vegetation No No Yes (USGS)

References Menut et al. (2013b) Vautard et al. (2005) This study
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Table 2. Erodible landuse percentages averaged over each region of interest (see Fig. 1 for the
definition of the region of interest).

% Cropland % Grassland % Shrubland % Barren soils

USGS code 2 3 4 5 6 7 8 9 19

Europe 72 0 0 5 16 1 1 5 0
Spain 24 1 0 0 56 0 7 12 0
Ukraine 75 0 0 14 10 1 0 0 0
Africa 1 0 0 0 1 6 15 1 76
Bodele 0 0 0 0 0 1 3 0 96
Mali 0 0 0 0 0 0 6 0 94
Chotts 0 0 0 0 0 1 3 0 96
Lybian desert 0 0 0 0 0 0 0 0 100
Arabian desert 0 0 0 0 0 0 14 0 86
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Table 3. Summary of the different configurations for each test case. The “REFERENCE” con-
figurations correspond to the different model versions used over Europe or Africa. The “NEW
DATASETS” scheme corresponds to the extension of the Africa model (described in M13) to
the whole domain, including Europe and Africa, and with the use of the GARLAP satellite data
for the estimation of the aeolian roughness length. The “CROPLAND”, “HUMIDITY” and “VEG-
ETATION” configurations correspond to the “NEW DATASETS” with additional processes (see
text for details).

Label Version Erodible surface Soil Humidity Vegetation

REFERENCE (over Europe) V05 all landuse yes no
REFERENCE (over Africa) M13 8 and 9 no no

NEW_DATASETS M13+GARLAP 8 and 9 no no
CROPLAND M13+GARLAP 2 to 9 and 19 no no
HUMIDITY M13+GARLAP 2 to 9 and 19 yes no
VEGETATION M13+GARLAP 2 to 9 and 19 yes yes
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Table 4. Averaged vertical fluxes Fv over regions of interest (in 10−9 g cm−2 s−1) with a 14 m s−1

wind velocity and percentages of increase/decrease from the REFERENCE case values.

Region
Cases

REFERENCE NEW_DATASETS CROPLAND HUMIDITY
Fv Fv ∆Fv Fv ∆Fv Fv ∆Fv

Europe 0.32 0.0 −100 % 2.81 +790 % 0.62 +96 %
Spain 0.31 0.01 −96 % 1.25 +304 % 0.91 +195 %
Ukraine 0.0 0.0 – 0.91 – 0.88 –
Africa 14.16 27.68 +95 % 30.71 +117 % 22.2 +57 %
Arabian desert 39.04 132.28 +239 % 132.29 +239 % 107.66 +176 %
Bodele 88.62 141.97 +60 % 143.13 +62 % 121.47 +37 %
Chotts 27.05 36.83 +36 % 37.17 +37 % 26.65 −1 %
Lybian desert 17.86 30.11 +69 % 30.13 +69 % 21.65 +21 %
Mali 65.69 81.18 +24 % 83.92 +28 % 69.88 +6 %
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Table 5. AERONET stations used in this study.

Station Longitude Latitude

Calhau −24.87 16.86
Capo_Verde −22.93 16.73
Granada −3.60 37.16
IER_Cinzana −5.93 13.28
La_Laguna −16.32 28.48
Lampedusa 12.63 35.52
Malaga −4.48 36.71
Masdar Institute 54.62 24.44
Solar Village 46.40 24.91
Tabernas PSA-DLR −2.36 37.09
Oujda −1.90 34.65
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Table 6. Performance indicators of both M13 and the extended model against AERONET AOD
measurements.

Station name Nobs EAE O M RMSE Correlation MNBE
Model label M13 ExtMod M13 ExtMod M13 ExtMod M13 ExtMod

Europe

Granada 463 0.54 0.34 0.3 0.28 0.14 0.14 0.75 0.76 −2.39 −12.37
Tabernas PSA-DLR 316 0.62 0.46 0.41 0.39 0.18 0.18 0.43 0.48 −4.05 −9.00
Malaga 292 0.59 0.47 0.38 0.36 0.18 0.19 0.68 0.68 −14.11 −20.58
La Laguna 260 0.64 0.63 0.54 0.54 0.43 0.41 0.24 0.31 5.28 2.95
Lampedusa 230 0.91 0.41 0.44 0.39 0.21 0.21 0.01 0.04 18.33 5.72

Africa

Masdar Institute 464 0.44 0.74 0.26 0.41 0.54 0.45 0.3 0.17 −63.34 −39.88
Capo Verde 394 0.14 0.5 0.67 0.63 0.44 0.43 0.33 0.33 45.78 36.09
Solar Village 374 0.49 0.64 0.12 0.3 0.56 0.43 0.24 0.26 −81.04 −52.20
IER Cinzana 363 0.18 0.46 0.38 0.41 0.29 0.29 0.03 0.07 17.68 24.55
Oujda 346 0.37 0.47 0.45 0.42 0.36 0.3 0.18 0.35 4.50 −5.11
Calhau 232 0.17 0.47 0.66 0.6 0.33 0.3 0.28 0.24 54.55 42.33
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R.Briant et al.: Homogeneized modeling of mineral dust emissions over Europe and Africa using the CHIMERE model 3

CHIMERE-Africa CHIMERE-Europe Extended dust model
Soil properties STATSGO-FAO none STATSGO-FAO
Surface properties USGS USGS USGS
Erodible surface Shrubland and barren soils All landuse Cropland, grassland, shrubland

and barren soils
Aeolian z0 GARL (Prigent et al., 2005) No GARLAP (Prigent et al., 2012)
Saltation scheme (Marticorena and Bergametti,

1995)
(Marticorena and Bergametti,
1995)

(Marticorena and Bergametti,
1995)

Sandblasting scheme (Alfaro and Gomes, 2001) Constant factor (Alfaro and Gomes, 2001)
Friction velocity threshold Shao and Lu (2000) Constant value Shao and Lu (2000)
Soil moisture No (Fecan et al., 1999) (Fecan et al., 1999)
Vegetation No No Yes (USGS)
References (Menut et al., 2013b) (Vautard et al., 2005) This study

Table 1: Main characteristics of the several model configurations used with CHIMERE to calculate mineral dust emissions
and transport: over Africa only, over Europe only and over any domain within this study.

from 2 to 9) and the barren or sparsely vegetated surfaces
(the USGS category 19).175
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Fig. 1: Definition of the modeled areas. The largest one in
gray represent the whole modeled domain with the new dust
production model developed in this study. The two regions
called ’Europe’ and ’Africa’ represent the two regions previ-
ously modeled with the CHIMERE model for air quality and
African mineral dust respectively. The smallest sub-regions
correspond to mineral dust sources and results will be pre-
sented over these regions to finely understand the behaviour
of the new dust production model.

2.2 Aeolian roughness length

The aeolian roughness length accounts for small vegetation
and obstacles near the ground. Values represent very local
surface heterogeneities and their values range from millime-
ter to centimeter. In Menut et al. (2013b), the CHIMERE180

model was extended to use satellite-derived estimates (Pri-
gent et al., 2005) in place of tabulated z0 values over Africa.
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Fig. 2: Aeolian surface roughness length map of the GAR-
LAP dataset (in cm).

In this study we also use satellite data, the GARLAP dataset
presented in Prigent et al. (2012) and displayed in Figure 2 .
This dataset is global and with an horizontal resolution of 6185

km.
Even though a global dataset of aeolian roughness length

is provided, the authors limit their study to arid and semi-arid
areas, defined as area where z0 < 0.1 cm. European areas
are not considered as arid or semi-arid regions and rough-190

ness lengths data are often higher than 0.1 cm. By using
the emission paramaterizations developed and used for arid
and semi-arid regions, no emission flux can occur. How-
ever, dust is likely to be emitted over some regions in Europe
such as semi-arid regions in Spain (Escudero et al., 2007) or195

over chernozem soils in Ukraine (Birmili et al., 2008). In
addition, aeolian roughness length measurements in Europe
showed values inferior to 0.1 cm in some regions (Gomes
et al., 2003a). In order to save the benefit of the spatial vari-
ability of the satellite-derived datasets, a correction of the200

GARLAP data is applied to retrieve roughness length values
consistant with the terrain data recorded over Spain. The cor-

Figure 1. Definition of the modeled areas. The largest one in gray represent the whole modeled
domain with the new dust production model developed in this study. The two regions called
“Europe” and “Africa” represent the two regions previously modeled with the CHIMERE model
for air quality and African mineral dust respectively. The smallest sub-regions correspond to
mineral dust sources and results will be presented over these regions to finely understand the
behaviour of the new dust production model.
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R.Briant et al.: Homogeneized modeling of mineral dust emissions over Europe and Africa using the CHIMERE model 3

CHIMERE-Africa CHIMERE-Europe Extended dust model
Soil properties STATSGO-FAO none STATSGO-FAO
Surface properties USGS USGS USGS
Erodible surface Shrubland and barren soils All landuse Cropland, grassland, shrubland

and barren soils
Aeolian z0 GARL (Prigent et al., 2005) No GARLAP (Prigent et al., 2012)
Saltation scheme (Marticorena and Bergametti,

1995)
(Marticorena and Bergametti,
1995)

(Marticorena and Bergametti,
1995)

Sandblasting scheme (Alfaro and Gomes, 2001) Constant factor (Alfaro and Gomes, 2001)
Friction velocity threshold Shao and Lu (2000) Constant value Shao and Lu (2000)
Soil moisture No (Fecan et al., 1999) (Fecan et al., 1999)
Vegetation No No Yes (USGS)
References (Menut et al., 2013b) (Vautard et al., 2005) This study

Table 1: Main characteristics of the several model configurations used with CHIMERE to calculate mineral dust emissions
and transport: over Africa only, over Europe only and over any domain within this study.

from 2 to 9) and the barren or sparsely vegetated surfaces
(the USGS category 19).175
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Fig. 1: Definition of the modeled areas. The largest one in
gray represent the whole modeled domain with the new dust
production model developed in this study. The two regions
called ’Europe’ and ’Africa’ represent the two regions previ-
ously modeled with the CHIMERE model for air quality and
African mineral dust respectively. The smallest sub-regions
correspond to mineral dust sources and results will be pre-
sented over these regions to finely understand the behaviour
of the new dust production model.

2.2 Aeolian roughness length

The aeolian roughness length accounts for small vegetation
and obstacles near the ground. Values represent very local
surface heterogeneities and their values range from millime-
ter to centimeter. In Menut et al. (2013b), the CHIMERE180

model was extended to use satellite-derived estimates (Pri-
gent et al., 2005) in place of tabulated z0 values over Africa.
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Fig. 2: Aeolian surface roughness length map of the GAR-
LAP dataset (in cm).

In this study we also use satellite data, the GARLAP dataset
presented in Prigent et al. (2012) and displayed in Figure 2 .
This dataset is global and with an horizontal resolution of 6185

km.
Even though a global dataset of aeolian roughness length

is provided, the authors limit their study to arid and semi-arid
areas, defined as area where z0 < 0.1 cm. European areas
are not considered as arid or semi-arid regions and rough-190

ness lengths data are often higher than 0.1 cm. By using
the emission paramaterizations developed and used for arid
and semi-arid regions, no emission flux can occur. How-
ever, dust is likely to be emitted over some regions in Europe
such as semi-arid regions in Spain (Escudero et al., 2007) or195

over chernozem soils in Ukraine (Birmili et al., 2008). In
addition, aeolian roughness length measurements in Europe
showed values inferior to 0.1 cm in some regions (Gomes
et al., 2003a). In order to save the benefit of the spatial vari-
ability of the satellite-derived datasets, a correction of the200

GARLAP data is applied to retrieve roughness length values
consistant with the terrain data recorded over Spain. The cor-

Figure 2. Aeolian surface roughness length map of the GARLAP dataset (in cm).
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6 R.Briant et al.: Homogeneized modeling of mineral dust emissions over Europe and Africa using the CHIMERE model

Label Version Erodible surface Soil Humidity Vegetation
REFERENCE (over Europe) V05 all landuse yes no
REFERENCE (over Africa) M13 8 & 9 no no
NEW DATASETS M13 + GARLAP 8 & 9 no no
CROPLAND M13 + GARLAP 2 to 9 & 19 no no
HUMIDITY M13 + GARLAP 2 to 9 & 19 yes no
VEGETATION M13 + GARLAP 2 to 9 & 19 yes yes

Table 3: Summary of the different configurations for each test case. The ’REFERENCE’ configurations correspond to the
different model versions used over Europe or Africa. The ’NEW DATASETS’ scheme corresponds to the extension of the Africa
model (described in M13) to the whole domain, including Europe and Africa, and with the use of the GARLAP satellite data
for the estimation of the aeolian roughness length. The ’CROPLAND’, ’HUMIDITY’ and ’VEGETATION’ configurations
correspond to the ’NEW DATASETS’ with additional processes (see text for details).

(a) REFERENCE (b) NEW DATASETS
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(c) CROPLAND (d) HUMIDITY (RH = 0.25)
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Fig. 3: Vertical mineral dust fluxes (in 10−9g.cm−2.s−1), with a 14m.s−1 wind velocity for the REFERENCE,
NEW DATASETS, CROPLAND and HUMIDITY cases.

For each of these regions, the mineral dust fluxes is esti-
mated for spatially constant wind speeds ranging from 1 to370

20 m.s−1, with a constant step of 1 m.s−1. Calculations are
performed for the REFERENCE, NEW DATASETS, CROP-
LAND and HUMIDITY cases. Comparisons are presented
in Figure 4 . In addition, in order to quantify the changes
between the emission fluxes over each sub-region, the flux375

distributions with a 14 m.s−1 wind velocity are displayed in

Figure 5 .

3.2.1 Impact over Europe

The simulation domain over Europe was originally limited
to the western Europe: the Ukraine was not covered, ex-380

plaining that there is no REFERENCE result for this sub-
region. Thus, for the comparison over Europe, note that the

Figure 3. Vertical mineral dust fluxes (in 10−9 g cm−2 s−1), with a 14 m s−1 wind velocity for the
REFERENCE, NEW_DATASETS, CROPLAND and HUMIDITY cases.
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R.Briant et al.: Homogeneized modeling of mineral dust emissions over Europe and Africa using the CHIMERE model 7

Region
Cases

REFERENCE NEW DATASETS CROPLAND HUMIDITY
Fv Fv ∆ Fv Fv ∆ Fv Fv ∆ Fv

Europe 0.32 0.0 -100% 2.81 +790% 0.62 +96%
Spain 0.31 0.01 -96% 1.25 +304% 0.91 +195%
Ukraine 0.0 0.0 - 0.91 - 0.88 -
Africa 14.16 27.68 +95% 30.71 +117% 22.2 +57%
Arabian desert 39.04 132.28 +239% 132.29 +239% 107.66 +176%
Bodele 88.62 141.97 +60% 143.13 +62% 121.47 +37%
Chotts 27.05 36.83 +36% 37.17 +37% 26.65 -1%
Lybian desert 17.86 30.11 +69% 30.13 +69% 21.65 +21%
Mali 65.69 81.18 +24% 83.92 +28% 69.88 +6%

Table 4: Averaged vertical fluxes Fv over regions of interest (in 10−9g.cm−2.s−1) with a 14 m.s−1 wind velocity and percent-
ages of increase / decrease from the REFERENCE case values.

Fig. 4: Averaged vertical mineral dust fluxes over the European and African regions of interest, as a function of the wind
velocity (in 10−9g.cm−2.s−1).

V05 model is used in the REFERENCE case and the M13
configuration is used for other cases.

The Figure 4 shows for Europe the same behaviour for385

the flux between the whole Europe and the sub-regions Spain

Figure 4. Averaged vertical mineral dust fluxes over the European and African regions of inter-
est, as a function of the wind velocity (in 10−9 g cm−2 s−1).
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R.Briant et al.: Homogeneized modeling of mineral dust emissions over Europe and Africa using the CHIMERE model 9

Fig. 5: Distributions of the vertical mineral dust emission fluxes in 10−9g.cm−2 s−1 over the European and African regions
of interest with a 14m.s−1 wind velocity.

4.1 Models set-up

The simulation domain remains the same as presented in
Figure 1 and calculations are performed for the period from490

15 May to 1st September 2012. Three models are used to
calculate the emissions and the transport of mineral dust con-
centrations:

– The WRF model for the meteorological fields (Ska-
marock et al., 2007).495

– The CHIMERE model for the emissions and transport
of the mineral dust concentrations (Menut et al., 2013a).

– The GOCART global model to provide boundary con-
ditions to the CHIMERE regional model (Ginoux et al.,
2001).500

WRF 3.2.1 is forced by the meteorological analysis data
of NCEP (Kalnay et al., 1996). These fields are provided

on a regular 1.125◦ × 1.125◦ grid and are used as boundary
conditions and nudging. WRF is used in its non-hydrostatic
configuration. The horizontal grid of 157 × 107 grid points505

in longitude and latitude is used with a Lambert projection
to ensure a regular grid spacing of ∆x = ∆y = 60km. The
vertical grid covers 32 levels from the surface to 50 hPa and
the integration time step is 4 minutes. For the microphysics,
the WRF Single Moment-5 class scheme is chosen allow-510

ing for mixed phase processes and super cooled water (Hong
et al., 2004). The radiation scheme is RRTMG (Mlawer et al.,
1997). The surface physics is calculated using the Noah
Land Surface Model with four soil temperature and mois-
ture layers (Chen and Dudhia, 2001). The planetary bound-515

ary layer physics is processed using the Yonsei University
scheme (Hong et al., 2006) and the cumulus parameteriza-
tion uses the ensemble scheme of (Grell and Devenyi, 2002).

CHIMERE characteristics are explained in Menut et al.
(2013a). Here, CHIMERE is used with mineral dust emis-520

Figure 5. Distributions of the vertical mineral dust emission fluxes in 10−9 g cm−2 s−1 over the
European and African regions of interest with a 14 m s−1 wind velocity.
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10 R.Briant et al.: Homogeneized modeling of mineral dust emissions over Europe and Africa using the CHIMERE model

Averaged green fraction Averaged dust fluxes

Fig. 6: Yearly variations of the averaged green fraction (left)
and yearly variations of the averaged mineral dust emission
fluxes (right), over European (top) and African (bottom) re-
gions of interest.

sions only. It takes into account horizontal advection and
vertical transport, including advection and mixing described
by the Kz parameterization (Troen and Mahrt, 1986). Dry
and wet depositions are treated as described in Wesely (1989)
and Loosmore and Cederwall (2004). Two simulations are525

made, one with the M13 dust production model and the other
with the extended dust production model. The simulations
are performed using 18 vertical levels (hourly dependent on
the pressure), from the surface to 300 hPa. The calculation
time step is ten minutes and the results are stored every hour530

for the analysis.
Level 2.0. quality assured AERONET data have been ex-

tracted from the NASA website. Lower extinction Ångström
exponent values are representative of large mineral dust
particles while higher values are representative of smaller535

particles such as black carbon and urban-industrial parti-
cles (Dubovik et al., 2002; Russell et al., 2010). Hence, sta-
tions containing the most data with the extinction Ångström
exponent inferior to 0.4 during the modeled period were se-
lected and are listed in Table 5 .540

4.2 Maps of aerosol optical depths

Figure 8 shows dust aerosol optical depth (AOD) maps at
440 nm, averaged over five days for the M13 model and
the extended model along with the difference between both
models. Both models show similar patterns and differences545

are small. With the M13 model, the AOD is mainly higher
than the extended model AOD over Europe and northern
Africa. Figure 9 shows time series of the aerosol optical
depth at 440 nm averaged over both European and African
regions. AOD is much higher over Africa (between 0.2 and550

Station Longitude Latitude
Calhau -24.87 16.86
Capo Verde -22.93 16.73
Granada -3.60 37.16
IER Cinzana -5.93 13.28
La Laguna -16.32 28.48
Lampedusa 12.63 35.52
Malaga -4.48 36.71
Masdar Institute 54.62 24.44
Solar Village 46.40 24.91
Tabernas PSA-DLR -2.36 37.09
Oujda -1.90 34.65

Table 5: AERONET stations used in this study.

0.5) than over Europe (between 0.1 and 0.2) but differences
among models are small (less than 0.15).

4.3 Time series of aerosols optical depth

Figure 10 and Table 6 present comparison of hourly time
series and hourly performance indicators computed at sev-555

eral stations over both Europe and Africa, for both models
against AERONET daily measurements. Note that to ensure
a 15-day spin up, results prior to the 30th of May were not
considered. Performance indicators are defined as:

– Correlation :

N∑
i=1

(Oi−O)(Mi−M)√√√√ N∑
i=1

(Oi−O)2

√√√√ N∑
i=1

(Mi−M)2

560

– RMSE (root mean square errror) :√√√√ 1
N

N∑
i=1

(Mi−Oi)2

– MNBE (mean normalized bias error) :
1
N

N∑
i=1

Mi−Oi

Oi
×100

565

where Mi and Oi are the modeled and observed values,

respectively and x=
1
N

N∑
i=1

xi.

Figure 10 shows a better agreement between models and
observations over Europe than over Africa and discrepancies570

among models seem more important over Africa than over
Europe. However, mineral dust is not a predominant source
over Europe, therefore the AOD as such is not an efficient
indicator of mineral dust. The averaged extinction Ångström
exponent over the whole modeled period appears in Table 6575

and, indeed, values are higher over Europe (ranging from

Figure 6. Yearly variations of the averaged green fraction (left) and yearly variations of the
averaged mineral dust emission fluxes (right), over European (top) and African (bottom) regions
of interest.
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January May September

Green fraction Green fraction difference: (May - January) Green fraction difference: (September - January)
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Fig. 7: Green fraction and green fraction difference from January (upper part) and mineral dust vertical emission fluxes (lower
part) in 10−9g.cm−2 s−1 for the VEGETATION case for January (left), May (center) and September (right).
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24/07/2012:  (ExtMod − M13)

Fig. 8: Maps of the aerosol optical depths at 440 nm, averaged over five days starting on the 24 of July. Results computed with
the M13 model are shown on the left, with the extended model on the center and the absolute difference between the extended
model and the M13 model on the right.

0.54 to 0.91) than over Europe (ranging from 0.14 to 0.6).
Thus, other performance indicators in Table 6 were com-
puted for extinction Ångström exponent values inferior to 0.4
only.580

Despite the extinction Ångström exponent filter, correla-
tions are mainly higher over Europe (up to 0.76) than over
Africa (up to 0.35). Root mean square errors and correlations
are improved (or equal) with the extended model at most
stations (all stations except Malaga for the RMSE and all585

stations except Masdar Institute and Calhau for the correla-
tion). At Granada, Tabernas PSA-DLR and Malaga stations
both models underestimates observations (negative bias) and

values are lower (higher absolute values) with the extended
model (values ranging from -20.58% to -9%) than with the590

M13 model (values from -14.11% to -2.39%). On the other
hand, at La Laguna, Capo Verde and Calhau stations, both
models overestimate the observations (positive bias) and bi-
ases are still lower with the extended model (values ranging
from 2.95% to 42.33%) than with the M13 model (values595

from 5.28% to 54.55%). At the Oujda station, the bias is
positive with the M13 (4.5%) model and negative with the
extended model (-5.11%), both with similar absolute val-
ues. At Solar Village and Masdar Institute stations, the biases
are negative but with higher absolute values for the extended600

Figure 7. Green fraction and green fraction difference from January (upper part) and mineral
dust vertical emission fluxes (lower part) in 10−9 g cm−2 s−1 for the VEGETATION case for Jan-
uary (left), May (center) and September (right).
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Fig. 7: Green fraction and green fraction difference from January (upper part) and mineral dust vertical emission fluxes (lower
part) in 10−9g.cm−2 s−1 for the VEGETATION case for January (left), May (center) and September (right).
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Fig. 8: Maps of the aerosol optical depths at 440 nm, averaged over five days starting on the 24 of July. Results computed with
the M13 model are shown on the left, with the extended model on the center and the absolute difference between the extended
model and the M13 model on the right.

0.54 to 0.91) than over Europe (ranging from 0.14 to 0.6).
Thus, other performance indicators in Table 6 were com-
puted for extinction Ångström exponent values inferior to 0.4
only.580

Despite the extinction Ångström exponent filter, correla-
tions are mainly higher over Europe (up to 0.76) than over
Africa (up to 0.35). Root mean square errors and correlations
are improved (or equal) with the extended model at most
stations (all stations except Malaga for the RMSE and all585

stations except Masdar Institute and Calhau for the correla-
tion). At Granada, Tabernas PSA-DLR and Malaga stations
both models underestimates observations (negative bias) and

values are lower (higher absolute values) with the extended
model (values ranging from -20.58% to -9%) than with the590

M13 model (values from -14.11% to -2.39%). On the other
hand, at La Laguna, Capo Verde and Calhau stations, both
models overestimate the observations (positive bias) and bi-
ases are still lower with the extended model (values ranging
from 2.95% to 42.33%) than with the M13 model (values595

from 5.28% to 54.55%). At the Oujda station, the bias is
positive with the M13 (4.5%) model and negative with the
extended model (-5.11%), both with similar absolute val-
ues. At Solar Village and Masdar Institute stations, the biases
are negative but with higher absolute values for the extended600

Figure 8. Maps of the aerosol optical depths at 440 nm, averaged over five days starting on
the 24 of July. Results computed with the M13 model are shown on the left, with the extended
model on the center and the absolute difference between the extended model and the M13
model on the right.
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Fig. 9: Aerosol optical depth time series at 440 nm, averaged over European (left) and African (right) regions. Results
computed with the M13 model and with the extended model.

Fig. 10: Comparisons between the AERONET measured optical depth and the CHIMERE modeled optical depth for a wave-
length of λ = 440 nm.

model. Finally, Lampedusa and IER Cinzana stations present
very low correlations (less than 0.1) implying that the mod-
els did not manage to detect dust emission events at those
stations.

5 Conclusions605

In this paper, an improved dust production model for the
CHIMERE model is presented. It includes new global soil
and surface input datasets and uses a satellite-derived aeo-
lian roughness length database (GARLAP). The CHIMERE
African dust production model is extended over any domain610

and parameterizations for humidity and seasonal vegetation
variation are included.

Figure 9. Aerosol optical depth time series at 440 nm, averaged over European (left) and
African (right) regions. Results computed with the M13 model and with the extended model.
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Fig. 9: Aerosol optical depth time series at 440 nm, averaged over European (left) and African (right) regions. Results
computed with the M13 model and with the extended model.

Fig. 10: Comparisons between the AERONET measured optical depth and the CHIMERE modeled optical depth for a wave-
length of λ = 440 nm.

model. Finally, Lampedusa and IER Cinzana stations present
very low correlations (less than 0.1) implying that the mod-
els did not manage to detect dust emission events at those
stations.

5 Conclusions605

In this paper, an improved dust production model for the
CHIMERE model is presented. It includes new global soil
and surface input datasets and uses a satellite-derived aeo-
lian roughness length database (GARLAP). The CHIMERE
African dust production model is extended over any domain610

and parameterizations for humidity and seasonal vegetation
variation are included.

Figure 10. Comparisons between the AERONET measured optical depth and the CHIMERE
modeled optical depth for a wavelength of λ = 440 nm.
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