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Abstract. In the present work, atmospheric mineral dust
from a MACC-II short reanalysis run for two years (2007–
2008) has been evaluated over Northern Africa and Middle
East using satellite aerosol products (from MISR, MODIS
and OMI satellite sensors), ground-based AERONET data,5

in-situ PM10 concentrations from AMMA, and extinction
vertical profiles from two ground-based lidars and CALIOP
satellite-based lidar. The MACC-II aerosol optical depth
(AOD) spatial and temporal (seasonal and interannual) vari-
ability shows good agreement with those provided by satel-10

lite sensors. The capability of the model to reproduce AOD,
Ångström exponent (AE) and dust optical depth (DOD) from
daily to seasonal time-scale is quantified over twenty-six
AERONET stations located in eight geographically distinct
regions by using statistical parameters. Overall DOD sea-15

sonal variation is fairly well simulated by MACC-II in all
regions, although the correlation is significantly higher in
dust transport regions than in dust source regions. The abil-
ity of MACC-II in reproducing dust vertical profiles has
been assessed by comparing seasonal averaged extinction20

vertical profiles simulated by MACC-II under dust condi-
tions with corresponding extinction profiles obtained with
lidar instruments at M’Bour and Santa Cruz de Tenerife,
and with CALIOP. We find a good agreement in dust layers
structures and averaged extinction vertical profiles between25

MACC-II, the lidars and CALIOP above the marine bound-
ary layer from 1 to 6 km. Surface dust daily mean concen-

trations from MACC-II reanalysis has been evaluated with
daily averaged PM10 at three monitoring stations of the Sa-
helian Dust Transect. MACC-II correctly reproduces daily to30

interannual surface dust concentration variability, although it
underestimates daily and monthly means all year long, espe-
cially in winter and early spring (dry season). MACC-II re-
produces well the dust variability recorded along the station-
transect which reflects the variability in dust emission by dif-35

ferent Saharan sources, but fails in reproducing the sporadic
and very strong dust events associated to mesoscale convec-
tive systems during the wet season.

1 Introduction40

Mineral dust has significant impacts in many regions of the
world. Airborne mineral dust can have numerous repercus-
sions on human health, such us allergies, respiratory diseases
and eye infections (WHO, 2006; Giannadaki et al., 2014 ); it
is also linked to epidemics of deadly meningitis in the region45

known as the meningitis belt (Sultan, 2005; Thomson et al.,
2006; Pérez Garcı́a-Pando et al., 2014). Increased airborne
mineral dust reduces visibility (Wang et al., 2008) with con-
sequent problems in road and air transportation, while dust
storms have negative impacts on agriculture causing loss of50

crop and livestock (Stefanski and Sivakumar, 2009). Desert
dust deposition also influences the biogeochemical cycles of
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both oceanic and terrestrial ecosystems (Okin et al., 2004;
Jickells et al., 2005; Mahowald et al., 2005, 2010; Schulz
et al., 2012) via for example the release of iron from dust55

into seawater (Nickovic et al., 2013). Indeed, due to the many
connections with the Earth’s systems, mineral dust can also
impact the carbon cycle and atmospheric CO2 (Jickells et al.,
2005; Hamza et al., 2011).

Mineral dust also has a significant impact on the Earth60

radiative budget (IPCC, 2013), through both direct and in-
direct effects. The radiative forcing resulting from large
changes in the global dust cycle is thought to have played
an important role in amplifying past climate changes (Jansen
et al., 2007; Abbot and Halevy, 2010). Indirect effects of dust65

on cloud formation and precipitation rate can provide addi-
tional changes in the Earth’s radiation balance and hydrolog-
ical cycle. Several studies have observed that mineral dust
generates large concentrations of cloud condensation nuclei
(CCN) and ice nuclei (IN) (Vali, 1985; Klein et al., 2010;70

Hoose and Möhler, 2012). Dust particles acting both as CCN
and IN modify the cloud microphysical and macrophysical
properties, namely droplet size, cloud albedo, cloud cover,
vertical extent and lifetime (Hansen et al., 1997; Heymsfield
et al., 2009; Cziczo et al., 2013).75

The Sahara and its margins contribute to more than half of
the global dust emissions (Huneeus et al., 2011; IPCC, 2013).
Airborne African dust has a complex relationship with cli-
mate, its transport being strongly controlled in turn by cli-
mate variability (Prospero and Nees, 1986; Moulin et al.,80

1997; Ginoux et al., 2004; Mahowald et al., 2010; Alonso-
Pérez et al., 2011; Rodrı́guez et al., 2014), and changes in
the land surface conditions (Middleton and Goudie, 2001;
Moulin and Chiapello, 2004). These climatological studies
may be further extended with new and improved model sim-85

ulations for long term periods.
Dust modelling is essential, not only to have a power-

ful tool to predict the global or regional dust budget and
its interactions in the climate-weather system, but also to
complement remote sensing and in-situ observations and to90

understand the processes involved in the dust cycle. Sev-
eral experimental and operational dust forecast systems have
been developed in the recent years, including global mod-
els such as the Navy Aerosol Analysis and Prediction Sys-
tem (NAAPS; Westphal et al., 2009), INteractive Chem-95

istry and Aerosol model (INCA/LMDz; Hauglustaine et al.,
2004) and the aerosol model at the European Centre for
Medium-range Weather Forecasts (MACC-ECMWF; Mor-
crette et al., 2009; Benedetti et al., 2009); and European
regional models such as BSC-DREAM8b (Nickovic et al.,100

2001; Pérez et al., 2006a, b; Basart et al., 2012), CHIMERE
(Menut, 2008; Schmechtig et al., 2011), and NMMB/BSC-
Dust (Pérez et al.; 2011; Haustein et al., 2012). These models
are participating in the World Meteorological Organization
(WMO) Sand and Dust Storm Warning Advisory and As-105

sessment System (SDS-WAS), Regional Center for Northern
Africa, Middle East and Europe (http://sdswas.aemet.es/).

The Center seeks to achieve comprehensive, coordinated and
sustained observations and modelling capabilities of sand
and dust storms, in order to improve their monitoring state,110

increase the understanding of their formation processes, and
overall enhance the prediction capabilities of dust models.

Studies comparing and evaluating the temporal (on annual,
seasonal and daily basis) and spatial variability of desert
dust load and deposition simulated by different models, con-115

tribute to determine the degree of uncertainty in estimates
of dust emission and transport. They highlight the sources
of uncertainty in these estimates, and point to the key foci
for future research in order to constrain them (e.g. Tegen
et al., 2003; Kinne et al., 2006; Textor et al., 2006; Huneeus120

et al., 2011). Dust-related products, such as horizontal visi-
bility, particulate matter concentration, aerosol optical depth
(AOD), and extinction vertical profiles will likely be incor-
porated as added value information in future climate services
databases. Long-term dust-related observations and model125

reanalysis may contribute to understand assessments and
plan activities of health and energy communities and to other
economic sectors in many regions of the world. For example,
comprehensive long term dust records might help to under-
stand and prevent health problems through epidemiological130

studies. Dust climatologies might be used to perform feasi-
bility studies of future solar power plants in arid and desert
regions.

The present study evaluates and analyses the MACC-II
(Monitoring Atmospheric Composition and Climate; Interim135

Implementation) reanalysis dust simulation for the period
2007–2008 over Northern Africa, Middle East and adjacent
regions using ground-based and satellite observations. We
clarify that this is not the 10 year MACC reanalysis that is
publicly available for the period 2003–2012, but a reanalysis140

of two years implemented specifically for this study. The new
MACC-II reanalysis incorporates an improved dust param-
eterization scheme. Some evaluations from the atmospheric
composition MACC reanalysis have been published (e.g., El-
guindi et al., 2010; Bellouin et al., 2013; Innes et al., 2013;145

Cesnulyte et al., 2014), but none of these studies focused
specifically on mineral dust products. An important objec-
tive of the MACC-II reanalysis evaluation is to examine its
ability to reproduce aerosol spatiotemporal variability.

The description of the MACC-II reanalysis is provided in150

Sect. 2, while Sect. 3 includes the description of the different
observational datasets used for the model evaluation. The re-
sults of the comparison are shown in Sect. 4. Finally, Sect. 5
summarizes the most important findings of the present study.

2 The MACC-II Aerosol Prediction System: 2007–2008155

aerosol reanalysis

Starting in 2008, ECMWF has been providing daily aerosol
forecasts including dust as part of the EU-funded projects
GMES (Global Monitoring for Environment and Security,
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now COPERNICUS), MACC and MACC-II. A 10 year re-160

analysis for 2003–2012 has also been completed during the
MACC-II project (Inness et al., 2013). A detailed descrip-
tion of the initial implementation of the aerosol modules is
given in Morcrette et al. (2009) for the modelling part, and
in Benedetti et al. (2009) for the assimilation part. The phys-165

ical parameterizations for the aerosol processes are modelled
after the LOA/LMD-Z model (Boucher et al., 2002; Reddy
et al., 2005). However, some modifications to the original
schemes were introduced over the years. Some of these mod-
ifications are described in Morcrette et al. (2011).170

Five types of tropospheric aerosols are considered in the
model: sea-salt, dust, organic and black carbon, and sul-
phate aerosols. Prognostic aerosols of natural origin, such
as mineral dust and sea-salt are described using three size
bins. For dust, bin limits are at 0.03, 0.55, 0.9, and 20 mi-175

crons while for sea-salt bin limits are at 0.03, 0.5, 5 and 20
microns. Emissions of dust depend on the 10m wind, soil
moisture, the UV-visible component of the surface albedo
and the fraction of land covered by vegetation when the sur-
face is snow-free. A correction to the 10m wind to account180

for gustiness is also included (Morcrette et al., 2008). Sea-
salt emissions are diagnosed using a source function based
on work by Guelle et al. (2001) and Schulz et al. (2004).
In this LSCE/ECMWF formulation, wet sea-salt mass fluxes
at 80 % relative humidity are integrated for the three size185

bins, merging work by Monahan et al. (1986) and Smith and
Harrison (1998) between 2 and 4mm. Sources for the other
aerosol types which are linked to emissions from domestic,
industrial, power generation, transport and shipping activi-
ties, are taken from the SPEW (Speciated Particulate Emis-190

sion Wizard), and EDGAR (Emission Database for Global
Atmospheric Research) annual- or monthly-mean climatolo-
gies. More details on the sources of these aerosols are given
in Dentener et al. (2006). Emissions of organic matter (OM),
black-carbon (BC) and SO2 linked to fire emissions are ob-195

tained using the GFAS system based on MODerate resolu-
tion Imaging Spectrometer (MODIS) satellite observations
of fire radiative power, as described in Kaiser et al. (2012).
The 10 year reanalysis employs GFAS-based fire emissions
for 2009–2012 and the GFED3 inventory for 2003–2008 (van200

der Werf et al., 2010).
Several types of removal processes are considered: dry de-

position including the turbulent transfer to the surface, the
gravitational settling, and wet deposition including rainout
by large-scale and convective precipitation and washout of205

aerosol particles in and below the clouds. The wet and dry
deposition schemes are standard, whereas the sedimentation
of aerosols follows closely what was introduced by Tompkins
(2005) for the sedimentation of ice particles. Hygroscopic ef-
fects are also considered for organic matter and black carbon210

aerosols.
MODIS Dark Target AOD Collection 5 data at 550nm are

routinely assimilated in a 4D-Var framework which has been
extended to include aerosol total mixing ratio as extra con-

trol variable (Benedetti et al., 2009). A variational bias cor-215

rection for MODIS AOD is also implemented based on the
operational set-up for radiances, following the developments
by Dee and Uppala (2009). The bias model for the MODIS
data consists of a global constant that is adjusted variation-
ally in the minimization based on the first-guess departures.220

The observation error covariance matrix is assumed to be di-
agonal, to simplify the problem. The errors are also chosen
ad hoc and prescribed as fixed values over land and ocean
for the assimilated observations. The aerosol background er-
ror covariance matrix used for aerosol analysis was derived225

using the Parrish and Derber method (also known as NMC
method; Parrish and Derber, 1992) as detailed by Benedetti
and Fisher (2007). This method was long used for the defini-
tion of the background error statistics for the meteorological
variables and is based on the assumption that the forecast dif-230

ferences between the 48 h and the 24 h forecasts are a good
statistical proxy to estimate the model background errors.

Following positive changes in the dust parameterization
scheme, it was proposed to run a short MACC-II reanal-
ysis for two years (2007–2008) with a more recent model235

version. No additional dust-specific observations were used
in this new reanalysis, but only MODIS Dark Target AOD
at 550nm. This run is evaluated in the current paper with
special attention to the Sahara-Sahel region where most of
the changes implemented had an impact. With respect to the240

10 year reanalysis the main changes were:

1. A revision of the dust emission potential for the Sahara-
Sahel region, now divided in four sub-regions, as op-
posed to the single region in the previous version (indi-
cated in Fig. 1).245

2. A retuning of the dust emissions,

3. a bug-fix for the wet deposition,

4. meteorological model changes, including modifications
to the cloud scheme with the introduction of prognostic
rain and snow variables, improvements to the convec-250

tion scheme, and retuning of other physical processes
parameterizations (orographic gravity wave drag, diffu-
sion, surface roughness, etc.),

5. assimilation changes including snow analysis, improved
all-sky microwave assimilation, and assimilation of pre-255

cipitation from ground-based radar.

It is difficult to quantify the contribution of the individual
changes to the differences in the aerosol forecast, but it is
fair to say that possibly the biggest impact is that of the dust
parameterization and to some extent the changes in the cloud260

scheme.
The MACC-II reanalysis runs at T255L60, which is ap-

proximately 78km× 78 km at 60 levels. Dust is treated
as chemically non-reactive component, which is externally
mixed like all other aerosols in the MACC-II model. The265
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aerosol complex refractive index used in this reanalysis is
1.4–1.64×10−3i, which has been interpolated from Dubovik
et al. (2002) for desert dust.

In this study we have used MACC-II AOD and dust
aerosol optical depth (DOD) at 550nm at 06, 09, 12, 15 and270

18 UTC in the period 2007–2008 to coincide with the mea-
surement period of AERONET and satellites, which provide
data only during daylight hours.

AOD at 440 and 670 nm from MACC-II was used to de-
rive the Ångström exponent (AE). The total mixing ratio is275

converted to mass concentration (µgm−3) by multiplying by
the air density. MACC-II yields AOD for the layers bounded
by the 60 hybrid pressure-sigma levels and the surface. The
extinction at each layer is calculated from the optical depth
through division by the layer depth. In this work we have280

used total extinction profiles and natural aerosol (dust+ sea-
salt) profiles. The dust surface concentration from MACC-II
is calculated through the addition of the mixing ratios for the
different dust size bins at the lowest model layer (approxi-
mately 2.4 hPa thick).285

3 Observations used for the MACC-II re-analysis eval-
uation

Observations of different types of aerosols and mineral dust,
available in the study area, are used in this work. It should be
noted that the most important ground-based observations are290

those performed in the vicinity of dust source regions such
as the Sahara or Middle East, which are very sparse. There-
fore, aerosols measurements from satellites have been also
analyzed in this study. A summary of the most important fea-
tures of the observations used to validate estimated aerosols295

and mineral dust from MACC-II are described below.

3.1 Ground-based observations

3.1.1 AERONET

AOD and AE are obtained from the AErosol RObotic NET-
work (AERONET, http://aeronet.gsfc.nasa.gov). AERONET300

is based on ground-based CIMEL Electronique 318A spec-
tral sunphotometers which take direct-sun measurements au-
tomatically every ∼ 15min at bands nominally centred at ∼
340, 380, 440, 500, 675, 870, and 1020 nm with a 1.2 ◦ field
of view during daylight hours (Holben et al., 1998). AOD305

is determined from the direct irradiance transmission once
cloud screening has been applied (Smirnov et al., 2000) using
Lambert–Beer’s Law. The operational CIMEL sunphotome-
ters are intercalibrated every year with reference CIMEL
masters which, in turn, are absolutely calibrated using the310

Langley method at Mauna Loa or Izaña high mountain obser-
vatories. The accuracy in AOD determination from a newly
calibrated AERONET CIMEL instrument under cloud-free
conditions is < 0.01 for wavelengths > 0.44 µm, and < 0.02

for shorter wavelengths (Holben et al., 1998; Eck et al.,315

1999).
Stations selection was made based on their location and

data availability for the study period (from January 2007 to
December 2008). A total of twenty-six AERONET stations
were analyzed and grouped into eight regions with geograph-320

ically distinct characteristics: Sahara, Sahel, North West-
ern Maghreb, Subtropical North Atlantic, Western Mediter-
ranean, Central Mediterranean, Eastern Mediterranean, and
Middle East (Fig. 2 and Table ??). We are well aware that
within these regions there are some sub-regions with certain325

distinguishing characteristics caused by the contribution of
other aerosols, in addition to dust. These distinctive features
will be identified throughout this work.

Cloud-screened and calibration quality-assured
AERONET Level 2.0 data (Holben et al., 1998) has330

been extracted for each station. Since MACC-II pro-
vides AOD at 550 nm, we used AERONET values of the
AE (440nm/870 nm) and the AOD at 440 nm to derive
AERONET AODs at 550nm, according to the Angstrom’s
law:335

AOD550 = AOD440

(
550

440

)−AE440–870

(1)

Additionally, direct-sun AOD processing includes the Spec-
tral Deconvolution Algorithm (SDA) retrievals (O’Neill
et al., 2003). The SDA algorithm yields fine (sub-micron)
and coarse (super-micron) AOD at a standard wavelength of340

500nm (AODfine and AODcoarse, respectively). The am-
plitude of the errors of the derived parameters varies as the
inverse of the total AOD. In addition to measurement errors,
there are errors in the AOD retrieval due to the uncertainty
in the assumed values of the spectral curvature in each mode345

(O’Neill et al., 2001) which are most critical in coarse mode
dominated conditions. AERONET Level 2.0 SDA retrievals
have been used for each station, except for Messina, Saada,
and the stations located in the Sahel region where only Level
1.5 retrievals are available.350

3.1.2 Lidars

The vertical distribution of the total and natural (sea-salt
and mineral dust) extinction coefficient from the MACC-
II 2007–2008 reanalysis has been validated using ground-
based lidar observations. Only two operational lidars have355

provided extinction vertical profile data under almost pure
mineral dust conditions, with climatological significance,
within our study area during the period from January 2007
to December 2008: (1) at M’Bour (Dakar-Senegal, 14.4◦ N,
17.0◦ W, 13ma.s.l.), and (2) at Santa Cruz de Tenerife Ob-360

servatory (SCO; the Canary Islands-Spain, 28.5◦ N, 16.2◦ W,
52ma.s.l.). The locations of these sites are shown in Fig. 2.

The CE370-CAML lidar located at M’Bour, near Dakar
(Senegal), is an eye-safe system that comprises a Nd-Yag
II laser which emits laser pulses at 532nm, with a dura-365
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tion of 10 ns and an energy of ∼ 20 µJ. This lidar belongs
to the Laboratoire d’Optique Atmosphérique (LOA), Uni-
versité Lille, and is operational at M’Bour since 2006. De-
tailed information about the lidar program at M’Bour can be
found in Léon et al. (2009). This instrument is used to char-370

acterize desert dust, biomass burning and marine aerosols
in the Sahel region. The second lidar is located at SCO. It
is a Micro Pulse lidar version 3 (MPL-3) with a Nd:YLF
diode-pumped, emitting laser pulses at 523nm with duration
of 10 ns and an output energy of ≤ 7 µJ. This instrument,375

which is part of the NASA MPLNet (Micropulse Lidar Net-
work; http://mplnet.gsfc.nasa.gov/; Welton et al., 2005) since
November 2005, is co-managed by the Spanish Institute for
Aerospace Technology (INTA) and the Izaña Atmospheric
Research Centre (AEMET). One of the main objectives of380

the lidar at Santa Cruz de Tenerife is providing information
of the vertical structure of the Saharan Air layer (SAL) over
the North Atlantic.

In both lidar stations the raw data profiles have been range
corrected (Campbell et al., 2002), and overlap correction385

function has been applied using the slope method (Kunz and
de Leeuw, 1993). The lidar signal in both stations can be
used, for heights greater than ∼ 250m, due to the after-pulse.
The attenuated backscatter vertical profiles were converted
to vertical extinction profiles using the Klett’s inversion al-390

gorithm (Klett, 1981, 1985) and the AOD values measured
by co-located AERONET CIMEL sunphotometers. We used
the average of the available lidar extinction profiles within
a three hours window centered at each MACC-II output hour
(06, 09, 12, 15 and 18 UTC) in order to perform the MACC-II395

extinction profiles validation.

3.1.3 AMMA Sahelian dust transect

Particulates with an aerodynamic diameter less than 10 µm
are referred to as PM10. The only reliable information avail-
able of in-situ PM10 in regions close to dust sources is that400

provided by the three PM10 monitoring stations of the Sa-
helian Dust Transect, deployed in the frame of the African
Monsoon Multidisciplinary Analysis Project (AMMA, Mar-
ticorena et al., 2010). PM10 at the three AMMA stations
was measured with Tapered Element Oscillating Microbal-405

ance (TEOM 1400 from Thermo Scientific) with an ac-
quisition time of 5min. We have used PM10 daily means
measured at three AMMA monitoring stations (see Fig. 2)
from January 2007 to December 2008: (1) M’Bour in Sene-
gal (14.4◦ N, 17.0◦ W, 13ma.s.l.), (2) Cinzana in Mali410

(13.3◦ N, 5.9◦ W, 282ma.s.l.), and (3) Banizoumbou in
Niger (13.5◦ N, 2.7◦ E, 191ma.s.l.). The location of the
three stations is indicated in Fig. 2.

Although there are other PM10 stations in Northern Africa
and Middle East, they are part of urban air quality networks,415

so the observations are strongly contaminated by anthro-
pogenic aerosols (Liousse et al., 2010). No other rural back-
ground PM10 stations are in operation in Northern Africa

and Middle East within our study period. Concerning the
European Monitoring and Evaluation Programme (EMEP)420

and other rural background stations located in the Mediter-
ranean basin and southern Europe, they are greatly influ-
enced by marine aerosols and anthropogenic pollution, and
only slightly affected by African dust intrusions, and there-
fore they are not optimal for dust models evaluation.425

We have used the PM10 daily means available in the
AMMA database. This data set was filtered by wind direc-
tion in order to select geographical sectors mainly affected
by desert mineral dust during sampling, rejecting the con-
tribution of biomass burning aerosols, and sea-salt aerosols430

in M’Bour. A detailed description of the PM10 AMMA sta-
tions, the measurement program, data screening and filtering,
and the main spatiotemporal dust distribution is provided by
Marticorena et al. (2010).

3.2 Satellite aerosols observations435

The AOD spatial distributions obtained from satellites pro-
vide unique information to assess the spatiotemporal dis-
tributions of AOD simulated by MACC-II. This is a par-
ticularly interesting point because models do not simulate
aerosols with the same skill in different regions of the Earth,440

and satellite sensors do not show the same accuracy to mea-
sure aerosols in all regions because data inversion is affected
by meteorological conditions, land surface properties, and
the magnitude of the dust loading (Banks et al., 2013). We
have also used the observed AOD data from satellites over445

AERONET stations for comparison with AOD from MACC-
II, and with AERONET observations which are the reference,
so we can properly assess the differences observed in the
simulations.

AOD from satellite sensors and from the MACC-II re-450

analysis have been plotted in lat/lon maps. Satellite retrieved
AODs for the pixels in which the ground stations are located
are used.

3.2.1 MISR

Multi-angle Imaging Spectro Radiometer (MISR) instru-455

ment, flying aboard the NASA Earth Observing System’s
Terra satellite (http://www-misr.jpl.nasa.gov/), gets a global
coverage every 9 days with revisit time between 2 and 9
days depending on latitude. MISR scans the Earth since Jan-
uary 2000 using four spectral bands centred at 446, 558, 672,460

867nm, and has nine push-broom cameras viewing at nine
different angles, 0, ±26.1, ±45.6, ±60.0, and ±70.5 ◦, cov-
ering the nadir, forward, and aft directions along the line-of-
flight (Diner et al., 1998).

MISR can retrieve aerosol properties (aerosol shape, size465

and single scattering albedo) over bright desert areas due
to its unique capability of multi-wavelength observations at
forward and backward directions (Kahn el al., 2005, 2010).
Further details about the aerosol algorithm and its retrieval
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can be found in Diner et al. (2001, 2008). According to470

Kahn et al. (2010), ∼ 70–75 % of MISR AOD retrievals
fall within 0.05 or 20%×AOD of the paired validation
data from AERONET, and ∼ 50–55 % are within 0.03 or
10%×AERONET AOD, although errors might be higher at
sites where dust or mixed dust and smoke are commonly475

found.
In this work, daily Level-3 AOD data (MILDAE3)for the

green channel (555 nm) at 0.5◦×0.5◦ spatial resolution were
used for the period January 2007 to December 2008.

3.2.2 OMI480

The Ozone Monitoring Instrument (OMI) was launched in
July 2004 on NASA’s EOS-Aura satellite. OMI provides
aerosol information on a global scale at a daily basis, pass-
ing over a certain location once or twice a day. A de-
tailed description of the characteristics of the OMI instru-485

ment is given by Levelt et al. (2006). Two aerosol inver-
sion schemes are available for OMI measurements: the OMI
near-UV (OMAERUV) and the multi-wavelength algorithm
(OMAERO). The OMAERUV algorithm uses the range of
near UV region (354–388 nm) to derive aerosol extinction490

optical depth, while the OMAERO algorithm uses up to 19
channels (330 to 500nm) in the UV and visible regions.
Aerosol algorithms are described by Stammes and Noord-
hoek (2002) and Torres et al. (2005, 2007).

We used OMAERUV algorithm for retrieving aerosols495

over arid and semi-arid regions because the reflectance is
small in the near-UV, whereas in the visible and near-IR
these surfaces appear very bright and it is difficult to retrieve
aerosols (Torres et al., 2007). However, aerosol content from
OMI shows a dependence on the level height of the detected500

aerosol layer, and hence, dust plumes well mixed over the
entire boundary layer or residual dust layers aloft may be
overestimated (Ginoux and Torres, 2003).

The AURA/OMI Level 3 daily global 1◦ × 1◦ gridded
near-UV Aerosol data product (OMAERUVd) is available505

from Giovanni web tool (http://giovanni.gsfc.nasa.gov). The
aerosol extinction optical depth (EAOD) at 550nm from
OMAERUVd has been used in this study.

3.2.3 MODIS

MODerate resolution Imaging Spectrometer (MODIS) on-510

board the NASA EOS (Earth Observing System) Terra and
Aqua satellites (Salomonson et al., 1989) provides aerosol
properties over both land (Kaufman et al., 1997) and ocean
(Tanré et al., 1997) with a near-daily global coverage.

The standard AOD product is retrieved using the dark-515

target approach (Kaufman et al., 1997) at near-infrared wave-
lengths (2.1 and 3.8 µm). Hence, this approach provides in-
formation about the global distribution of aerosols, but not
over bright surfaces. The reported AOD uncertainty over non
bright targets is 0.05± 0.15 AOD (Remer et al., 2005). The520

Deep Blue (DB) algorithm is preferable to retrieve aerosol
properties over deserts (bright surfaces) because it employs
two blue channels (0.412 and 0.470 µm), for which surface
reflectances are relatively small (Hsu et al., 2004), in addi-
tion to that of 0.650 nm. The uncertainties of AOD obtained525

with DB algorithm are ∼ 25–30 % (Hsu et al., 2006). A com-
plete description of DB aerosol products retrieval biases and
uncertainties is provided by Shi et al. (2013).

The daily Level 3 aerosol products from Aqua (collection
5.1, MYD08) at 1◦ × 1◦ horizontal resolution are used in530

the present analysis. In fact, over the ocean and dark areas
with sufficient vegetation, we use the standard AOD product
(MODIS dark-target product), while over desert areas (Sa-
hara and Middle East), we use AOD DB. In the interme-
diate zones where we have both products, and in order to535

achieve a smoother transition, we use an averaged AOD of
both the standard AOD and AOD DB. Therefore it should
be noted that when using the MODIS dark-target product at
550nm, normally over the ocean, the evaluation of the re-
analysis is not done with independent observations as those540

observations were assimilated by MACC-II. On the contrary,
MODIS DB product, used over desert areas, provides an in-
dependent verification.

3.2.4 CALIOP

Cloud and Aerosol Lidar with Orthogonal Polarization545

(CALIOP) is the primary instrument on Cloud-Aerosol Lidar
and Infrared Pathfinder Satellite Observations (CALIPSO)
satellite launched on April 2006 by NASA. The CALIOP in-
strument, the first lidar with polarization capabilities in the
space, utilizes three receiver channels, one measuring the550

1064nm backscatter intensity and two channels measuring
orthogonally polarized components of the 532nm backscat-
tered signal, to provide AOD, aerosol vertical distribution
and extinction (Young and Vaughan, 2009; Vaughan et al.,
2009). An overview of the CALIPSO mission and CALIOP555

main characteristics can be found in Winker et al. (2009).
In this study we used the extinction profiles at 532nm

Level 2 Version III.01 with a vertical resolution of 60m and
with a horizontal resolution of 5 km over M’Bour and Tener-
ife. Following the method proposed by Tesche et al. (2013),560

we only considered high quality CALIOP profiles with At-
mospheric Volume Description bits 1–3 equal to 3 (feature
type= aerosol), a CAD Score below −20 (screen artifacts
from data Liu et al., 2010), and an Extinction QC Flag 532
(Young and Vaughan, 2009) of either 0 (unconstrained re-565

trieval; initial lidar ratio unchanged during solution process)
or 1 (constrained retrieval). A complete description of the
CALIPSO lidar aerosol profile products can be found in the
CALIPSO Data User’s Guide (http://www-calipso.larc.nasa.
gov/resources/calipso users guide/).570
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4 Results

4.1 Aerosol optical depth

4.1.1 Qualitative spatial comparison with satellite ob-
servations

An important objective of the MACC-II reanalysis evalua-575

tion is to examine its ability to reproduce aerosol spatiotem-
poral variability. In this section we assess to what extent the
MACC-II system is able to capture details in the spatial dis-
tribution of aerosols in our study area, and the seasonal and
interannual changes. Since transport over the Atlantic Ocean580

is generally well observed by most satellite sensors, and well
simulated by dust models, we have focused our attention
on inland areas in Northern Africa and Middle East, where
larger differences are expected in AOD between MACC-II
and satellite observations. MISR is the most reliable of all585

satellite observing systems used in this study since it has
been specially designed to measure with little uncertainty
over high reflective surfaces, although it has difficulties to re-
trieve the magnitude of the largest dust events (Banks et al.,
2013). For this reason, and because MODIS dark-target AOD590

data at 550 nm are assimilated by MACC-II, we have used
MISR AOD as reference.

Intra-annual spatial comparison

We have computed the seasonal spatial AOD averages of
MACC-II, MODIS and OMI matching the MISR observa-595

tions to avoid bias due to differences in the temporal and
spatial sampling, selecting those common pixels of simulta-
neous days, for each MISR pass, for MACC-II, MODIS and
OMI. We have compared the seasonal AOD averages from
MACC-II (at 12 UTC) with AOD from MISR, MODIS and600

OMI for the period 2007–2008 (see Fig. 3). The AOD sea-
sonal averages of MACC-II, MISR, MODIS and OMI, us-
ing all available data for each system in the period 2007–
2008, are shown in Fig. S1. As expected, there are differ-
ences with the AOD averages computed using only com-605

mon MISR data, but even so AOD “climatologies” obtained
from each satellite and from MACC-II show similarly the
main AOD patterns. MACC-II AE seasonal averages (2007–
2008) are shown in Fig. S2. We have computed the AOD
MACC-II-MISR Normalized Mean Bias (NMB) expressed610

as 100∗(MACC-II-MISR)/MISR) for the four seasons (see
Fig. S3). Furthermore, the accumulated daily dust emissions
from MACC-II for winter (January, February and March),
spring (April, May and June), summer (June, August and
September) and autumn (October, November and Decem-615

ber) 2007 (gm−2 season−1), as well as the contours of four
Sahara-Sahel sub-regions, are depicted in Fig. 1.

MACC-II dust emissions show seasonal patterns (see
Fig. 1). In Northern Africa, the Bodélé depression in Chad
is the area with the highest dust emissions, achieving a max-620

imum during winter and autumn months. The winter dust
activity is maximum in low latitudes, and as the year pro-
gresses, dust activity shifts to higher latitudes. The emission
activity is driven by the latitudinal shift of the Intertropical
Front which corresponds to the convergence zone between625

the dry northern winds, called the Harmattan, and the hu-
mid monsoon winds from the south. During spring and sum-
mer, the dust activity is at its maximum and the dust transport
shifts to northern latitudes. Over much of the Arabian Penin-
sula, the main dust sources extend in a continuous band from630

the northern part of the Tigris-Euphrates basin to the coast
of Oman. Dust activity increases strongly in spring and sum-
mer, and weakens in winter and autumn.

The seasonal AOD fields from MACC-II also show a dis-
tinct seasonal pattern linked the spatial distribution of dust635

emissions throughout the year (Fig. 3). Winter is character-
ized by showing low AOD values in most regions of our ge-
ographic domain (Fig. 3a–d), except in the Gulf of Guinea.
The similarity between MACC-II and MISR is noteworthy.
The AOD MACC-II-MISR NMB ranges from −40 to +40 %640

within most of the study domain, except in Turkey, and Iran
where the ratios are > +40 % (Fig. S3a). The MACC-II AE
values < 0.3 are only observed over the Sahara (Fig. S2a). In
winter, MACC-II shows high dust emission values (Fig. 1a)
in the Bodélé, which are linked to moderate AOD values645

(< 0.6; Fig. 3). In this season, dust is transported south-
westward from the Bodélé and adjacent areas at low levels
by the northeastern Harmattan winds (Cavalieri et al., 2010)
limiting the dust long-range transport. High values of AOD
(> 0.7) in the Gulf of Guinea, and moderate AOD (> 0.5)650

south of parallel 20◦ N in western Africa, the Arabian Penin-
sula and in the Iraq-Persian Gulf corridor are observed in
a similar way by MACC-II, MISR and MODIS (Fig. 3a–c).
MODIS shows the same structures but with slightly higher
values. Qualitatively, OMI shows higher AOD values than655

MODIS, MISR and MACC-II over North Atlantic, Eastern
Mediterranean/Northern Africa and the Arabian Peninsula.
MODIS observes higher AOD values in the Sahel. Accord-
ing to Schepanski et al. (2012) aerosols from biomass burn-
ing over the Sahel during November to March contribute to660

very high AOD observed by MODIS over this region. This
result is confirmed with the AE simulated fields by MACC-
II that show higher values (> 0.6) indicating the presence
of fine aerosols (Fig. S2a). Only significant signals asso-
ciated to coarse dust aerosols are observed in the Bodélé665

(AOD > 0.6), and very weak in the Sahel, in Iraq and in the
southern part of the Red Sea.

In spring a considerable increase in dust activity in the
North Sahel, the Sahara and the Arabian Peninsula, and
a considerable reduction of AOD in the Gulf of Guinea is670

observed (Fig. 3e–h). This corresponds with significantly
lower MACC-II AE values over the Sahara and the Arabian
Peninsula, and higher MACC-II AE over the Gulf of Guinea
(Fig. S2b). The most remarkable feature is that MACC-II
underestimates over the Bodélé, and overestimates in North675
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Sahara. Increased AOD over the Arabian Peninsula and the
Iraq-Persian Gulf corridor is simulated by MACC-II with
AOD values close to those observed by MISR. The MACC-
II-MISR NMB values fall within ±40 % (Fig. S3b), except in
Iran and some parts of the Sahara where ratios are >+40%.680

However, MODIS does not record such a large increase over
the Arabian Peninsula, and instead shows higher AOD val-
ues over the Iraq-Persian Gulf corridor. OMI overestimates
with respect to MODIS, MISR and MACC-II, throughout the
Atlantic and much of the Mediterranean, partly because the685

OMI AOD corresponds to shorter wavelengths. Atmospheric
dynamics in combination with boundary layer mixing may
also contribute to local overestimation of dust plumes in OMI
(Schepanski et al., 2012).

In summer, we observe a significant reduction in AOD in690

northeast Africa, the eastern Mediterranean basin, and the
Sahel, compared with spring, which corresponds to signif-
icantly higher MACC-II AE values (> 0.9) (Fig. S3c), and
an increase in Mauritania–Mali area, in the Arabian Penin-
sula, and the southern part of the Red Sea (Fig. 3i–l). It is695

remarkable that MACC-II captures well the high AOD val-
ues in the southern part of the Red Sea, clearly observed by
MISR and MODIS. These high AOD values are likely pro-
duced by a channelling process caused by higher altitudes
of Red Sea at its southern half, which represent a trap for700

desert dust (Israelevich, 2014). The AOD distribution from
MACC-II is very similar to that of MISR, with MACC-II-
MISR NMB values generally within ±40 %, except in cen-
tral Africa, Turkey, Iran, and in the same regions over the Sa-
hara observed in spring, where the NMB values are > 60%705

(Fig. S3c). However, the relatively low AOD simulated by
MACC-II over the Bodélé and the low values of AOD from
MODIS DB over the Arabian Peninsula are noteworthy.

Finally in autumn, the lowest annual AOD values are ob-
served by satellites and simulated by MACC-II (Fig. 3m–p).710

In contrast to winter, in this season high AOD values are not
observed over the Gulf of Guinea, only on the coast line. The
unique hot-spot which is well observed by the three satel-
lite sensors is the Bodélé depression, with relatively high
values of AOD, which is underestimated by MACC-II. In715

this area, however, MACC-II simulates the lowest AE values
(< 0.1) (Fig. S2d). The AE distribution simulated by MACC-
II is quite similar to that of winter, although with lower val-
ues over the centre of the Arabian Peninsula. Also remark-
able are the relatively high values of MACC-II AE in the720

Nile Delta and southern Persian Gulf. Concerning MACC-
II-MISR NMB, both positive and negative values are quite
similar to those found in winter (Fig. S3d).

The agreement between MISR, OMI, MODIS and MACC-
II is, in general, very good, reproducing the same AOD pat-725

terns in the four seasons (Fig. 3). In this MACC-II evaluation,
it is important to note that over desert regions such as North
Africa and the Middle East, the AOD values from MISR and
MODIS (fundamentally AOD DB) products have differences
of around 0.1 to 0.3 (Shi et al., 2011).730

Particular spatial discrepancies include the low AOD val-
ues simulated by MACC-II in the Bodélé. According to
Schmechtig et al. (2011), the observed surface wind ve-
locities in the Bodélé depression are as high as 20ms−1

while surface wind velocities from ECMWF never ex-735

ceed 12ms−1. Since dust emission fluxes are computed as
a power 3 of the wind velocity, this bias in surface winds
might explain the lower AOD values provided by MACC-II
over this region.

A major disagreement between MISR and MODIS is740

found in the Arabian Peninsula in spring (Fig. 3f and g) and
summer (Fig. 3j and k). This had been reported previously
by Shi et al. (2011) who found that one of the regions of the
world where the MISR retrievals are much greater than those
from the MODIS is the Arabian Peninsula. From the com-745

parison between MISR and MODIS with AERONET obser-
vation site at Solar Village (Saudi Arabia), performed by Shi
et al. (2011), we can conclude that at this site there is bet-
ter AERONET/MISR agreement than AERONET/MODIS
agreement. Also MACC-II agrees better with MISR than750

with MODIS.
Large differences observed between satellite and modelled

values are also linked to the coarser spatial resolution used in
the MACC-II reanalysis (> 50 km in the horizontal, Sect. 2).
This is a limitation to reproduce some mesoscale meteorolog-755

ical processes that favour the production of intense mineral
dust outbreaks particularly in summer in Northern Africa (i.e.
Knippertz and Todd, 2012; Tegen et al., 2013) and in coastal
regions in the Middle East (Rezazadeh et al., 2013).

Interannual spatial comparison760

At present it is not possible to know with sufficient detail
the causes behind the interannual variability of mineral dust
(Rodrı́guez et al., 2014, and references herein). However,
it is known that much of the year-to-year dust variability
is modulated by changes in large-scale atmospheric circu-765

lation patterns as well as land surface conditions. In this sec-
tion we assess how MACC-II is able to capture the inter-
annual variations of AOD, by comparing with interannual
variations recorded by satellites. We calculated the percent-
age differences in AOD between 2007 and 2008 observed770

by MISR, MODIS and OMI, and simulated by MACC-II
for each month and for the four seasons (see Fig. 4), us-
ing only simultaneous AOD observations/simulations with
MISR. For sake of brevity we only show the results of the
interannual differences corresponding to winter, spring and775

summer, since in autumn the interannual variations were very
small.

In winter, MISR and MODIS show decreases in AOD (15–
50 %) from 2007 to 2008 in Western Africa and the Sahel, in
the Eastern Mediterranean, and south of the Arabian Penin-780

sula, and AOD increases, (10 and 20 %) in eastern Syria, Iraq
and northern Persian Gulf, as well as in the northern half of
the Red Sea (Fig. 4b and c). MACC-II captures quite well
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all these AOD interannual changes in these regions (Fig. 4a).
Qualitatively, the patterns of the AOD differences observed785

by MISR and MODIS and simulated by MACC-II are quite
similar.

In spring, MISR and MODIS observe lower values (5–
20 %) in 2008 compared to 2007 (Fig. 4e and f) in much of
the Sahel, in a band stretching from the Sahel to the east-790

ern Mediterranean across south eastern Libya and Egypt,
and in the central and western Mediterranean. These differ-
ences are well simulated by MACC-II (Fig. 4d). Regarding
increases in AOD, these are similarly observed (5–20 %) by
both MISR and MODIS over the western part of the Sahara795

(Algeria, Mauritania and southern Morocco). The satellites
also recorded increases in the Gulf of Guinea (10–15 %), in
Turkmenistan (10–20 %), especially by MODIS, the south-
ern half of the Red Sea, and in a wide and long corridor that
goes from Iraq to the Arabian Sea (15–25 %). All AOD in-800

creases are correctly simulated by MACC-II except the sig-
nificant increase over Iraq, which is clearly underestimated
(0–5 %) by MACC-II.

In summer, in general, the AOD interannual changes simu-
lated by MACC-II (Fig. 4g) agree much better with the AOD805

changes observed by MISR (Fig. 4h) than with those de-
tected by MODIS (Fig. 4i). The AOD decreases (10–20 %)
registered by MISR and MODIS on the western centre of the
Sahara (Algeria and northern half of Niger) are well simu-
lated by MACC-II. However, reductions in AOD observed by810

MODIS in the eastern Sahara are not detected by MISR nor
simulated by MACC-II. MODIS shows a very strong AOD
increase in 2008 compared to 2007 over the Iraq-Oman cor-
ridor with very high values (20–50 %) in Iraq and the Persian
Gulf, which are also recorded by MISR.These values despite815

being well simulated by MACC-II appear to be smoothed
and less intense. MODIS observes strong AOD increases
(15–25 %) over southern Iran, Turkmenistan and Azerbaijan,
which are not observed by MISR nor simulated by MAAC-II.
MACC-II simulates, with smoothed values, increased AOD820

in the southern half of the Red Sea, recorded by MODIS and
MISR, and moderate increases (10–15 %) between Chad and
Sudan that are registered by both MISR and MODIS.

Summarizing, MACC-II is able to correctly simulate the
interannual variations of AOD for the 2-years period 2007-825

2008 in each season showing a better agreement with MISR
than with MODIS. The dust corridor from Iraq to Oman,
covering the entire Persian Gulf, is the region of our study
domain in which MACC-II and satellite sensors show the
greatest AOD interannual changes, probably because in Syria830

and Iraq (Mesopotamian region), soil conditions are closely
linked to interannual changes in water availability. It is in this
region where MACC-II has greater difficulties to correctly
simulate the interannual changes.

4.1.2 Quantitative comparison with ground-based and835

satellite observations

In this section we evaluate the ability of the MACC-II model
to reproduce the dust cycle in our study region. MACC-II
AOD is quantitatively evaluated by means of the comparison
against AERONET and satellite data (MODIS and OMI) in840

different geographic regions using AERONET as the refer-
ence (see Fig. 2). MISR is discarded here due to its low tem-
poral resolution (see Sect. 3.2.1) in comparison with MODIS
and OMI.

For this comparison, AOD and AE outputs from MACC-845

II at 06, 09, 12, 15 and 18 UTC have been evaluated with
near AOD and AE from AERONET observations averaged
for these hours (±90min) at the 26 AERONET stations used
in this study (Table ?? and Fig. 2). Moreover, the daily AOD
product provided by MODIS and OMI (see Sect. 3.2) over850

the selected AERONET stations is also included in the anal-
ysis.

A set of standard skill scores defined within the MACC-
II project (see Appendix A) have been computed using data
from those days of the period 2007–2008 when there are si-855

multaneous data of MACC, OMI, MODIS and AERONET.
They have been computed on a monthly and seasonal ba-
sis for each AERONET station and for the eight sub-regions
defined in Fig. 2 and Table ??. To represent the results we
have used seasonal (Fig. 5) and monthly (Fig. 6) series as860

well as Taylor diagrams (Fig. 7) where daily AOD from
MACC II, MODIS and OMI are compared each other us-
ing AERONET as the reference. We show the six most rel-
evant regions for the sake of brevity: Sahara, Sahel, Mid-
dle East, Eastern Mediterranean, Western Mediterranean and865

Sub-Tropical North Atlantic.
Dust content is difficult to verify because bulk optical ob-

servations are not specific for dust. Since AOD is the de-
gree to which a mixture of atmospheric aerosols prevents
the transmission of light by absorption or scattering, a cri-870

teria is needed for filtering data to ensure that most of the
AOD is influenced by mineral dust, i.e., the dust optical depth
(DOD). Nevertheless, the criteria should not be as restric-
tive as to reduce drastically the number of observations be-
cause it would preclude proper assessments of this evalua-875

tion in dust transport regions where mineral dust concentra-
tions are significantly lower than in- near- source regions.
For the present AERONET comparison, we used AE < 0.6
as a first approach to discriminate when mineral dust is the
main aerosol component in the direct-sun AERONET dataset880

according to previous studies (Duvobik et al., 2002; Wang
et al., 2004; Todd et al., 2007; Basart et al., 2009). A second
approach was to consider the coarse mode of AOD as a proxy
of DOD, utilising the AERONET 500nm coarse mode AOD
from the SDA retrievals (O’Neill et al., 2003). Skill scores885

obtained for 2007 and 2008 (Table ??) indicate the level of
agreement between MACC-II and AERONET DOD, using
both above approaches.
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By using the criterion of AODcoarse from the SDA re-
trieval, while the number of paired data points in the MACC-890

II-AERONET evaluation experienced no significant changes
in the Sahara and the Sahel, this number grew significantly in
other regions, especially in the dust transport corridors such
as the Mediterranean regions, the North Western Maghreb
and the Subtropical North Atlantic. In long-range transport895

areas (i.e. North Atlantic and the Mediterranean), the AE fil-
ter applied to direct-sun AOD observations (AE < 0.6) just
takes into account pure desert dust situations. Desert dust
events in these regions are sporadic and consequently the
number of observations is very low.900

The Modified Normalized Mean Bias (MNMB) for AOD-
coarse from SDA retrieval showed varying results, improv-
ing in some regions and worsening in others in comparison
with direct-sun DOD observations. The Mean Bias (MB) im-
proves in all regions in comparison with the direct-sun DOD905

AERONET observations, except in the Sahara. In this sense,
it is worthy to mention that AODcoarse considers super-
micron aerosols meanwhile model takes into account all their
bins, including sub-micron particles. Concerning the corre-
lation coefficient, it increases significantly in all regions, ex-910

cept in the Sahel and central Mediterranean. We confirmed
that the approach to estimate DOD using AOD coarse from
the SDA retrievals is quite reasonable because the seasonal
averaged MACC-II AE is < 0.6 in all dust source regions
(except in winter, when AE < 0.7, see Fig. 5d). Considering915

the previous results, the AODcoarse from the SDA retrieval is
used for the discussion of the results hereinafter. The MACC-
II evaluation against AODcoarse from the SDA retrieval (i.e.
DOD) is performed in a rather large range of DOD val-
ues, averaged by seasons and geographic regions, with DOD920

< 0.1 in dust transport regions, such as the Mediterranean
basin and the subtropical North Atlantic, and DOD > 0.35
in source regions (Sahara and Middle East) (Fig. 5a and b).
Overall DOD seasonal variation is well captured by MACC-
II in all regions, with correlations higher in dust transport re-925

gions than in dust source regions (Fig. 5c), except in winter
for the Central Mediterranean. In summer, when the maxi-
mum dust activity is observed over the Sahara, we observe
the highest correlation (r > 0.70) in all dust transport re-
gions, and the poorest correlation in the Sahara and the Sahel930

(r < 0.50). In general, the seasonal variation of AE is well
captured by MACC-II in all regions, but a significant under-
estimation is observed (Fig. 5d and e), with differences rang-
ing from 0.1 to 0.5 depending on regions and seasons. The
correlation in AE is clearly lower than that found for AOD935

(Fig. 5f and Table ??). This can be attributed to missing fine
aerosol sources and secondary processes that are not included
in MACC-II.

On an annual basis, the Root Mean Square Error (RMSE)
varies between 0.27 in the Sahel to 0.06 in the Subtropical940

North Atlantic (Table ??). In the Sahara and Middle East,
MACC-II overestimates the observations, with a Mean Bias
(MB) of 0.11 and 0.04, respectively. The lowest correlations

are found in the Sahara and Sahel (0.54). In the rest of the
regions a moderate to good correlation (r > 0.70) is found,945

being relatively high in dust transport regions (r > 0.80, ex-
cept for Central Mediterranean).

In the next sections, a detailed analysis by regions is pre-
sented. For the sake of brevity we only show the individual
results of the MACC-II-AERONET comparison in six sta-950

tions considered representative of the most characteristic re-
gions we identified in our study domain (Fig. 6). MACC-
II and AERONET daily DOD means records for the period
2007–2008, at these six stations, are available in Fig. S4.

Sahara955

Tamanrasset is a station in the centre of the Sahara
desert (southern Algeria). A detailed characterization of the
AERONET Tamanarasset station can be found in Guirado
et al. (2014). Both AOD and DOD annual variation is well
captured by MACC-II (Fig. 6a and b) but some overestima-960

tion is found in June, July and October in comparison with
AERONET observations. The comparison of DOD daily val-
ues from MACC-II and AERONET demonstrates the sum-
mer overestimation in more detail (Fig. S4a). However, the
daily comparison also highlights some very high DOD val-965

ues recorded by AERONET that are not well captured by
MACC-II. These events are normally observed in summer
associated with mesoscale convective processes (Tegen et al.,
2013) south of Tamanrasset and driven by the monsoon. De-
spite these features, the summer MACC-II-AERONET cor-970

relation coefficient (r ∼ 0.45) is significantly higher than the
correlation coefficient between the COSMO regional model
and AERONET (0.14) reported by Tegen et al. (2013).

The best correlation (0.93) and the lowest Fractional Gross
Error (FGE) in DOD (0.64) is found in April, while the low-975

est correlation (0.05) and the highest FGE (1.03) correspond
to January because in this month the AERONET DOD is ex-
tremely low (0.03).

A significant finding is the large underestimation of
MACC-II AE, observed all year, but especially from June980

to January (Fig. 6c). This clear bias might be partially ex-
plained by the rebalanced dust emissions scheme used in
this MACC-II reanalysis which produces coarser dust par-
ticles by introducing dust mass in relation 0.5, 2, 4 into the
fine, medium and coarse dust bins, respectively. Moreover,985

missing local anthropogenic sources in North Africa (e.g. Li-
ousse et al., 2010; Rodriguez et al., 2011) not considered in
the model can affect these lower MACC-II AE values. High
AE values found in December and January (> 0.7) are as-
sociated with very low DOD (< 0.05) which correspond to990

pristine conditions in winter (Guirado et al., 2014). Under
very clear conditions the scatter in AOD values is larger and
the Ångström formula does not fit well (Pedrós et al., 2003;
Kaskaoutis et al., 2006, 2007) resulting in higher uncertain-
ties in AE determination.995
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Compared with satellites, we observe a good agreement
between MACC-II and MODIS (Fig. 7a), except in summer,
although the agreement between MACC-II and AERONET
is worse than the agreement MODIS-AERONET. MACC-II
behaves better than OMI which significantly overestimates1000

AOD throughout the year (Fig. 7a).

Sahel

In the Sahel we focus on the results at the Banizoumbou
station (Niger), the station located in the innermost part of
the “Sahelian Dust Transect” (Marticorena et al., 2011). The1005

agreement in monthly AOD averages between MACC-II and
AERONET is better than the agreement between MODIS
and AERONET, for most of the months, and similar to that of
OMI (Fig. 6d). In this station we had the opportunity to com-
pare with other model validation analysis. The daily AOD1010

correlation between MACC-II and AERONET for the period
2007–2008 at Banizoumbou is 0.62, while the correlation be-
tween the regional CHIMERE model and AERONET at this
station reported by Schmechtig et al. (2011) for 2006 is 0.44.

The DOD month-to-month variability is satisfactorily1015

tracked by MACC-II (Fig. 6e). The best correlation is found
in January and February (0.77 and 0.81, respectively), with
a relatively low FGE (0.52 and 0.40, respectively). During
these months strong Harmattan winds transport dust from
the Sahara. The maximum DOD is observed in April, just1020

before the wet season driven by the monsoon. During the
rainy season a slight underestimation of MACC-II DOD is
observed, likely related with dust emitted by wet mesoscale
convective events (Marticorena et al., 2010) associated with
the monsoon, which are not well reproduced by MACC-II1025

(see Fig. S4b). The lowest correlation is recorded in Au-
gust (0.20) and September (0.26), months in which we found
slightly higher FGE (0.58 and 0.45, respectively). These re-
sults agree with the fact that MACC-II dust emissions are
negligible across the Sahel (Fig. 1c) in summer. The yearly1030

course of AE is well captured by MACC-II (Fig. 6f). How-
ever a clear underestimation is observed from September to
February. This might be a fingerprint of the rebalanced dust
emissions scheme in MACC-II with too many coarse parti-
cles in source regions. This is a period driven by the Harmat-1035

tan winds carrying dust from the Sahara in a relatively short
path in which there is hardly time for coarse particles deposi-
tion. When the Sahelian stations are grouped, we find a mod-
erate correlation between MACC-II and AERONET daily
DOD values (0.55), the same as for the Sahara (Tamanras-1040

set), but with a number of data four times higher (Table ??).
MACC-II, MODIS and OMI behave quite similarly (Fig. 7b),
although MACC-II deviates slightly from MODIS and OMI
in spring, showing poorer scores.

Middle East1045

In Middle East, Solar Village (Saudi Arabia), located in the
centre of the Arabian Peninsula, is a long-term high quality
AERONET station. The AOD annual course from MACC-II
is in good agreement with AERONET and MODIS (Fig. 6g),
but a clear overestimation is observed from April to Septem-1050

ber, period when the maximum monthly AOD is observed
with a peak in April–May. OMI overestimates AOD more
than MACC, and it does throughout the whole year. MACC-
II AOD overestimation is significantly reduced in case of
DOD and is restricted to the period July–October (Fig. 6h).1055

Solar Village shows a rather broad range of correlation co-
efficients, with minimum in December (0.38) and maximum
in October (0.82). The FGE ranges from 0.36 in April and
May to 0.84 in October (see also daily DOD records in
Fig. S4c). The period July–October partially coincides with1060

the southwest monsoon, occurring from June to September
and with the autumn transition covering the period October–
November. Middleton (1986) and Smirnov et al. (2002) re-
ported that the dust haze experienced in the Arabian Penin-
sula from June to August is related to a large-scale dust1065

flow originated by the southwest monsoon circulation. As
pointed out by Cesnulyte et al. (2014), when validating a pre-
vious MACC-II reanalysis, the AOD overestimation during
the southwest monsoon period is likely related to a poor rep-
resentation of rain and aerosol removal processes in MACC-1070

II. When the nine AERONET stations in the Middle East are
grouped we find a better correlation between MACC-II and
AERONET (0.71), than for the Sahara and the Sahel (0.54),
and, in general, better skill scores than in these latter regions
(Table ??).1075

Concerning AE, MACC-II reproduces fairly well the
month-to-month variation, matching the AERONET AE val-
ues during the first half of the year (January–July), but failing
in the period August–December when a notable underesti-
mation (< 50% of the AERONET AE) is observed (Fig. 6i).1080

From March to June, where the maximum AOD and DOD
values are observed, very low AERONET and MACC-II AE
values (∼ 0.1) are observed at Solar Village, indicating the
presence of coarse particles, clearly associated with desert
dust (Eck et al., 1999; Kim et al., 2007; Basart et al., 2009).1085

However, from August to November Solar Village might be
affected simultaneously by the north westerly flow over the
Arabian Peninsula transporting very dry and dust-loaded air
from the Iraq and Southern Iran deserts (Liu et al., 2000)
and by regional sea–land breeze circulations which cause1090

regional transport of polluted and humid air masses from
Persian Gulf to inland regions (Eck et al., 2008), result-
ing in aerosol heterogeneity where coarse mode desert dust
aerosols often mix with fine mode pollution aerosols largely
produced by the offshore petroleum industry (Basart et al.,1095

2009), possibly affected by aerosol humidification growth
(Smirnov et al., 2002; Eck et al., 2008; Basart et al., 2009).
These results are confirmed by a notable increase of AE
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and fine AOD observed from August to September in the
AERONET stations located in the Persian Gulf corridor, such1100

as Kuwait-University, Bahrain, Mussafa, and Abu-Dhabi (not
shown here). The inland transport of fine aerosols driven
by regional land–sea breezes might not be well simulated
by MACC-II explaining the significant AE underestimation
during this period. The agreement between MACC-II and1105

MODIS is excellent, and poorer scores are provided by OMI
(Fig. 7c).

Mediterranean

In the Eastern Mediterranean, Sede Boker station (Israel)
shows much lower AOD than the stations analysed pre-1110

viously which were near dust sources. The AOD maxi-
mum is recorded in April–May, corresponding with maxi-
mum MACC-II dust emissions over Egypt, and West Asia
(Fig. 1b), and a secondary maximum is observed from Au-
gust to October (Fig. 6j). MACC-II follows rather well the1115

AOD annual course observed by AERONET, better than
MODIS and OMI do, which overestimate excessively. When
considering DOD, the agreement between MACC-II and
AERONET is excellent and the secondary maximum is
smoothed (Fig. 6k). At the level of daily records, MACC-1120

II captures very well all DOD peaks (Fig. S4d). This sta-
tion shows very high correlations (r > 0.8) in two periods,
from February to April, and from July to October. The low-
est correlation (0.35) is found in January when the mean
AERONET DOD is very low (0.04). The lowest FGE is1125

found in July and August (0.29) and the maximum, as ex-
pected, in January (0.82). In spring we have the maximum
contribution of coarse particles associated with Saharan dust
long-range transport and also with uplifted dust particles
from the surrounding Negev desert (Andreae et al., 2002;1130

Kubilay et al., 2003; Derimian et al., 2006). This agrees
well with the minimum in AE observed from March to
May (Fig. 6l). The secondary AOD maximum coincides with
a sharp increase in AE (> 1), which is consistent with the co-
existence of mineral dust and fine pollution aerosols in Israel1135

when wet removal is practically absent and the accumula-
tion of pollution is favoured (Basart et al., 2009). MACC-II
nicely captures the differential behaviour of the month-to-
month variation of AOD and DOD, both in time and magni-
tude. However AE is underestimated significantly from Au-1140

gust to December (Fig. 6l) as a consequence of fine aerosols
presence. MACC-II, in comparison with MODIS and OMI,
shows the best scores in all seasons (Fig. 7d).

In the western Mediterranean we have analysed Granada
station. This is an urban site located in the southern part1145

of the city of Granada (Spain) situated in the south east-
ern part of the Iberian Peninsula, surrounded by moun-
tains of high elevation (Alados-Arboledas et al., 2008). This
station shows low AOD values through the year and is
slightly affected by episodic Saharan dust outbreaks mainly1150

in summertime (Basart et al., 2009; Lyamani et al., 2010).

AERONET and MACC-II show a major AOD maximum
from July to September and a secondary maximum in Febru-
ary. The agreement between MACC-II and AERONET is
quite good, better than that found between AERONET and1155

satellite records (Fig. 6m). The DOD annual courses from
AERONET and MACC, again in good agreement each other,
are quite similar to that of AOD but with clearly lower val-
ues (Fig. 6n). Daily DOD records show that MACC-II is able
to correctly simulate every dust intrusion from North Africa1160

(Fig. S3e).
The maximum correlation coefficients are found in sum-

mer (June–August), with monthly values ≥ 0.88, period in
which the maximum DOD (≥ 0.08) is observed. In July and
August the lowest FGE (0.40 and 0.56, respectively) are1165

recorded. This coincides with the maximum MACC-II dust
emissions in north Algeria (Fig. 1c). The lowest correlation
(0.32) is found in November, associated with very low DOD
(0.03), and a relatively high FGE (1.02). The AE indicates
dominance of fine particles at Granada during all seasons1170

(Fig. 6o). The proportion of fine particles increases in winter,
while that of coarse particles increases in summer, in agree-
ment with Lyamani et al. (2010). The small AOD/DOD peaks
found from July to September, and in February, correspond to
relatively low AE monthly averages (< 0.7). The highest dis-1175

crepancies in AE are found in wintertime coinciding with the
lowest AOD values, justifying the hypothesis that MACC-II
misrepresents the AE at this time of year due to the increase
in local anthropogenic emissions (domestic heating) having
a larger impact on the fine particles (Lyamani et al., 2010).1180

We have to emphasize with these results that, in spite of the
predominantly urban nature of this station, clearly reflected
by relatively high values of AE, MACC-II is able to capture
the slight signatures of the Saharan dust intrusions over the
station both in the AOD/DOD and AE. MODIS and OMI1185

show a similar performance, but MACC-II clearly shows the
best scores in all seasons (Fig. 7e).

When the AERONET stations are grouped, the statistics
show a lower correlation in central Mediterranean (0.60) than
in Western and Eastern Mediterranean (0.80 and 0.81, re-1190

spectively) (Table ??). The RMSE over this region (0.16) is
higher than in the other two Mediterranean regions (≤ 0.09)
(Table ??). These results might be explained by the fact that:
(1) dust emissions in Libya are weaker than in the rest of
North Africa (Fig. 1), (2) the number of dust intrusions is1195

lower over the central Mediterranean, and (3) the distance
between North Africa and the stations are notable shorter,
which might result in a lower efficiency of MODIS AOD data
assimilation.

Subtropical North Atlantic Ocean1200

The subtropical region is a well-known Saharan dust trans-
port corridor, mainly in summertime (Prospero et al., 1995;
Engelstaedter et al., 2006), so it is a good testing bench to
evaluate the performance of MACC-II in situations of dust
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transport. Santa Cruz de Tenerife (SCO), is a station lo-1205

cated in Tenerife, Canary Islands, it monitors marine aerosols
within the marine boundary layer (MBL) and mineral dust
during Saharan outbreaks.

The AOD annual course from MACC-II tracks well that
observed by AERONET and MODIS. A slight overestima-1210

tion in MACC-II and MODIS is observed in July and August
when the maximum AOD is recorded as a result of a higher
dust intrusions frequency. The agreement between MACC-II
and MODIS is excellent (Fig. 6p), most likely because the
data assimilation from MODIS is successful over the ocean,1215

once the dust cloud is accurately identified by MODIS. The
agreement MACC-II-AERONET in DOD is also excellent
showing the maximum DOD in summer, and a secondary
maximum in March (Fig. 6q), in agreement with Alonso-
Pérez et al. (2007) and Basart et al. (2009). The daily DOD1220

records from AERONET and MACC-II show good agree-
ment. MACC-II shows skill in simulating single dust events
in time and in magnitude (Fig. S3f). We find similar skill
scores in the North Western Maghreb region as it is also a Sa-
haran dust outflow corridor (Table ??). The annual course1225

of MACC-II AE follows that observed by AERONET with
a marked minimum (< 0.3) in summer coinciding with the
maximum dust transport over the Canary Islands. When sub-
tracting monthly DOD averages from monthly AOD val-
ues we have a rough estimate of the AOD corresponding1230

to marine aerosols of ∼ 0.1, which agrees with Smirnov
et al. (2009, 2011) who found an AOD associated to marine
aerosols in open ocean < 0.1.

MODIS shows the best scores (Fig. 7f). MACC-II shows
a similar behaviour to that of MODIS in summer, when1235

the major dust intrusions are recorded, and in autumn. OMI
clearly departs from the performance of MODIS and MACC-
II.

4.2 Extinction vertical profiles

In this study, we also analyse the ability of MACC-II in re-1240

producing climatological dust vertical distribution instead of
evaluating its skill to reproduce single extinction vertical pro-
files.

The extinction vertical profiles simulated by MACC-II (at
550nm) over M’Bour and SCO on those days with predom-1245

inant dust aerosols over each station (AERONET AE ≤ 0.35
at M’Bour and AERONET AE ≤ 0.75 at SCO) were aver-
aged for each month and for seasons, during 2007–2008, and
compared with the corresponding averaged extinction pro-
files from ground-based lidar at each site. Since a high num-1250

ber of cases of mineral dust mixed with biomass burning
aerosols occurred at M’Bour, while IZO is completely free
from biomass burning aerosols, we have imposed a more re-
strictive AE threshold at M’Bour data in order to assure al-
most pure mineral dust conditions. We emphasize that this1255

study is specific to almost pure dust conditions, so the results

may differ from other studies that have not been considered
restrictive filters to retain only dust conditions.

CALIOP vertical profiles were also analysed and com-
pared with MACC-II at SCO and M’Bour. CALIOP extinc-1260

tion profiles at 532 nm within circles of 1.5◦ radius centred in
M’Bour and Santa Cruz de Tenerife (lidar stations) were re-
trieved for the period 2007–2008. This distance, lower than
that used by Tesche et al. (2013), ∼ 2.5◦, for the CALIOP
observations calibration of dust and smoke over Cape Verde,1265

is reasonable, and a good agreement is expected between
CALIOP and ground observations (Tesche et al. (2013) and
references herein). To filter the noise, CALIOP profiles were
smoothed in the vertical, yielding values for intervals of
300m from the surface to 8 km (Cavalieri et al., 2010). Fur-1270

thermore, we must bear in mind the considerable constraints
of this intercomparison in relation to the presence of clouds.
CALIOP data correspond to a circular area of 1.5◦ radius
around the ground-based lidar, and therefore cloud condi-
tions can be totally different for the lidar and CALIOP at1275

the time of comparison. For this reason, and in order to min-
imize the potential cloud contamination, we used the median
instead of the mean in the CALIOP average profiles. The
number of simultaneous profiles of MACC-II and CALIOP
decreases notably.1280

The average particle extinction-to-backscatter ratio, here-
inafter referred as the “lidar ratio” (LR) is defined as:

LR =
αa

βa
(2)

Where αa is the aerosol extinction coefficient and βa is the
aerosol backscattering coefficient. The CALIOP aerosol ex-1285

tinction coefficient (at 532nm) values are calculated with
a lidar ratio of 40 sr (Winker et al., 2009), higher than the
averaged lidar ratio obtained from ground-based lidars (∼
30± 10 sr) at M’Bour (Mortier et al., 2013) and SCO, and
slightly higher than that obtained by Omar et al. (2010) at1290

Cape Verde (35.7 sr) for a dust layer.

4.2.1 Extinction vertical profiles over M’Bour (Senegal)

In order to ensure that the extinction vertical profiles corre-
sponded to conditions in which the prevailing aerosol was
desert dust, we only selected those extinction profiles corre-1295

sponding to AE < 0.35 provided by the Dakar AERONET
sunphotometer (located some 80 km from M’Bour), and
then, they were grouped in different seasons according to
their similarity. We use a rather restrictive value of AE in
order to almost completely discard the days with biomass1300

burning aerosols, especially in winter (León et al., 2009).
A total of 686 extinction profiles met this requirement during
2007–2008. Note that, for the selected cases, seasonal AE av-
erages are < 0.22, indicating that we have almost pure dust
conditions. In fact, MACC-II total and natural averaged ex-1305

tinction profiles are nearly coincident in the free troposphere
over 1km altitude in all seasons (Fig. 8a–d).
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The months included in each season do not necessarily
agree with those used by other authors for this site (e.g.,
Léon et al., 2009; Cavalieri et al., 2010; Schmechtig et al.,1310

2011; Mortier, 2013). In our case, the four seasons are the dry
season (November–March), driven by the Harmattan winds,
spring (April–May), the wet period (June–August), basically
driven by the monsoon, and autumn (September–October).
The averaged extinction vertical profiles of MACC-II and li-1315

dar for the different seasons show distinct characteristics in
terms of mineral dust vertical distribution (Fig. 8a–d). Re-
garding the comparison with simultaneous CALIOP extinc-
tion vertical profiles, we must point that the number of pro-
files used in the averages is notably lower (Fig. 8e–h) and,1320

therefore, the averaged vertical profiles are noisier.
It should be noted that the interannual variability in the

concentration of different types of aerosols over M’Bour is
rather large (León et al., 2009; Mortier, 2013), so the statis-
tics presented below are not intended to have climatologi-1325

cal significance, but to show the average characteristics of
the different seasons for the period 2007–2008. In general,
a well-defined MBL is observed from lidar extinction pro-
files in all seasons with a high extinction (> 0.2 km−1) and
a rather constant top (∼ 1 km altitude), in agreement with1330

León et al. (2009). It is noteworthy that a mixture of marine
aerosols and desert dust takes place within the MBL (Groß
et al., 2011; Tesche et al., 2011).

A significant result is that MACC-II does not match the
observed extinction within the MBL (Fig. 8a–d). Similar1335

results are found with CALIOP vertical profiles, although
CALIOP intensifies even more the extinction peak in the
MBL in summer and autumn (Fig. 8g and h). However, these
differences between MACC-II and the ground-based lidar
might be explained, at least partially, by an artefact of li-1340

dar extinction retrieval. The lidar ratio applied in these pro-
files follows a “single-layer” approach, which uses a vari-
able lidar ratio that is selected for each profile in order to
achieve the best agreement with the AOD provided by a co-
located AERONET station. Thus the averaged value of li-1345

dar ratio ∼ 30 sr is too high for marine aerosols present in
the MBL (below 1 km), since the lidar ratio corresponding
to marine aerosols is ∼ 20 sr (Doherty et al., 1999; Winker
et al., 2009; Schuster et al., 2012), resulting in an overesti-
mation of the observed extinction within the MBL. Results1350

found by Groß et al. (2011) and Tesche et al. (2011) show
that in Cape Verde, close to M’Bour, the MBL contained
marine aerosol mixed with dust in winter, and pure marine
aerosol in summer. This is consistent with the fact that ex-
tinction from MACC-II fitted well to that observed by lidar1355

within the MBL in winter (Fig. 8a), whereas in summer there
is a big difference (Fig. 8c).

Above the MBL we observe the impact of desert dust into
the free-troposphere. The top of the dust layer, referred to
as top layer (TL) according to León et al. (2009), changes1360

according to the season.

During the dry season (250 paired vertical profiles from
November to March), in wintertime, we find an excellent
agreement between MACC-II and lidar (Fig. 8a). This season
is characterized by the presence of biomass burning aerosols1365

confined in the upper layers (free-troposphere), according
to Haywood et al. (2008) and Cavalieri et al. (2010). How-
ever, we expect to have filtered out most of this contribution.
The mean AERONET AOD550 for dust events in this sea-
son is 0.45± 0.22 (AE = 0.21± 0.08). The vertical profile1370

is a monotonous decrease of extinction with altitude from 1
to 5 km, in which the extinction values above the 50th per-
centile (up to 2 km altitude), fall in the range 0.1–0.2 km−1,
which corresponds to moderate dust load (Cavalieri et al.,
2010). CALIOP agrees with MACC-II until 2 km altitude.1375

Above this level CALIOP shows some overestimation com-
pared with MACC-II.

In spring (228 paired vertical profiles in April–May)
a slight increase in extinction is observed between 1.5 and
4 km altitude (Fig. 8b), corresponding to a slight increase1380

in mean AOD550 (0.48± 0.22) (AE = 0.20± 0.07), which
agrees with Mortier (2013), who found a clear influence
of desert sources at 3 km altitude in this season. MACC-II
shows some overestimation between 1.5 and 4 km altitude
(∆αa ≈ 0.025–0.05 km−1) compared with both ground-1385

based lidar and CALIOP.
In the wet season (163 paired vertical profiles from June to

August) the bulk of the aerosol vertical distribution is found
between 2 and 3 km altitude (Fig. 8c), indicating that the free
troposphere over M’Bour is clearly under the influence of1390

Saharan dust. The mean AOD550 increases up to 0.54±0.21
(AE = 0.15±0.08). During this season, desert dust is trans-
ported within the SAL at an altitude between 2 and 5 km
(Prospero and Carlson, 1981; Pelon et al., 2008; Tsamalis
et al., 2013). In fact the SAL is clearly observed by both li-1395

dar and MACC-II between 1.5 and 6 km altitude (TL), laying
extinction values above the 50th percentile within the range
(0.1–0.2 km−1) between 1.5 and 3.5 km. Furthermore, we
observed a clear increase in extinction between 4 and 6 km
altitude with respect to spring, which is explained by Mortier1400

(2013) by a delayed impact of dust sources at ∼ 5 km al-
titude, using air mass backward trajectory analysis. In gen-
eral, MACC-II shows an excellent agreement with the lidar
in the free troposphere in this season, representing very sat-
isfactorily the SAL in both altitude and magnitude. The aver-1405

aged extinction vertical profile for this season is rather over-
estimated by CALIOP compared with MACC-II from the
ground to 7 km altitude, although the shape of the vertical
extinction profile is quite similar to that of the lidar (Fig. 8g).

Finally, in autumn (45 paired vertical profiles from1410

September to October), we observe the minimum extinc-
tion in low levels of all seasons, and an extinction max-
imum centred at ∼ 2 km altitude (Fig. 8d), correspond-
ing with a minimum mean value of AOD550 (0.42± 0.16)
(AE = 0.20±0.08). In this case, although MACC-II captures1415

rather well the dust vertical structure, this is underestimated
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(∆αa ≈−0.05 km−1) up to 4 km altitude. On the contrary,
the CALIOP extinction vertical profile shows a good agree-
ment with MACC-II, except in the MBL (Fig. 8h).

We can conclude that a rather good agreement between1420

lidar, MACC-II and CALIOP is found at M’Bour station,
although a slight overestimation is observed in CALIOP
in upper levels and the MBL. This agrees with Amiridis
et al.(2013) who reported CALIOP extinction overestima-
tion, compared with BSC-DREAM8b model, above 5 km1425

and below 1 km for CALIOP Version I (lidar ratio of 40 sr),
increasing this overestimation for CALIOP Versions II and
II (lidar ratio of 58 sr), specifically in the Sahel region. Com-
paring with other model validation exercises, the agreement
between MACC-II and the lidar is better than that found by1430

Mortier (2013) between NMMB/BSC-Dust model and the li-
dar at M’Bour during summer 2007.

4.2.2 Extinction vertical profiles over SCO (the Canary
Islands)

For SCO we have established five periods: the winter sea-1435

son (from December to February), the early spring season
(from March to April) when the Saharan dust outbreaks
occur at low altitude (up to ∼ 2 km) intruding the MBL
(Alonso-Pérez et al., 2007), the late spring season (from May
to June), characterized by clean atmosphere with sporadic1440

dust intrusions, the summer season (from July to September)
when the SAL intrudes the free troposphere above the MBL
(Rodrı́guez et al., 2011; Cuevas et al., 2013;), being nor-
mally detected between 1 and 6 km altitude (Andrey et al.,
2014), and the autumn season (from October to Novem-1445

ber) with again very sporadic dust intrusions. In the case
of SCO we have selected those extinction profiles in which
the collocated AERONET sunphotometer at SCO measured
AE < 0.75, in order to select days of Saharan air intrusions
rich in desert dust (Basart et al., 2009). A total of 336 ex-1450

tinction profiles met this criterion. The AE threshold value is
significantly less restrictive than that used in M’Bour because
there is no contamination with biomass burning aerosols over
the Canary Islands. The lidar ratio at 523nm averaged for
those extinction profiles with AE < 0.75 is ∼ 30±10 sr (see1455

Table ??) for the five seasons in SCO. This value is the same
as that obtained at M’Bour under dust conditions.

The first notable feature is, like at M’Bour site, the pres-
ence of a layer with relatively high extinction values (0.05–
01) within the MBL, below 1 km altitude (Fig. 9a-d). In1460

the region of the Canary Islands, the MBL is very stable
throughout the year and is characterized by a high content
of marine aerosols, although at a lower concentration than in
M’Bour. MACC-II captures the extinction maximum within
the MBL better than in M’Bour, though it is slightly underes-1465

timated. As in the case of M’Bour, we speculate extinction is
somewhat overestimated by lidar within the MBL because of
the lidar ratio used in the “single-layer” inversion approach.
As we did for M’Bour, we have calculated the average of

the simultaneous CALIOP extinction vertical profiles with1470

MACC-II profiles for each season (Fig. 9e–h).
In wintertime we find a good agreement in extinction ver-

tical distribution between MACC-II and the lidar in the free
troposphere over Tenerife (73 paired vertical profiles from
December to February) (Fig. 9a). During this season the pres-1475

ence of dust is rare and it is observed at low levels, being well
simulated by MACC-II. The mean AOD550 associated with
dusty days is 0.19± 0.13 (AE = 0.47± 0.17), less than half
of the average value recorded at M’Bour in winter. CALIOP
shows a slight overestimation in upper levels and the MBL,1480

compared with MACC-II, probably caused by cloud contam-
ination (Fig. 9e).

In early spring (105 paired vertical profiles from March
to April) low level Saharan dust outbreaks intruding the
MBL and affecting the population living in areas close to1485

the coast are recorded almost every year, although there is
a great interannual variability (Viana et al., 2002; Alonso-
Pérez et al., 2007). During this season dust intrusions may
impact significantly up to ∼ 3 km altitude (Fig. 9b), resulting
in a mean AOD550 of 0.22±0.14 (AE = 0.38±0.15) during1490

dusty days. Again, a rather good agreement in the shape of
the extinction vertical profiles between MACC-II and lidar is
found although with some overestimation by MACC-II. For
CALIOP and, as in the dry season, a slight overestimation is
found compared with MACC-II (Fig. 9f).1495

Late spring (29 paired vertical profiles from May to June)
is the cleanest period in which very few dust intrusions occur.
However, when some dust outbreaks sporadically occur, their
vertical structure resemble those recorded in summertime,
reaching higher levels (up to ∼ 6 km altitude) than those1500

recorded in early spring (Fig. 9c). The mean AOD550 corre-
sponding to days with dust intrusions decreases to 0.16±0.10
(AE = 0.49±0.20). In this season the agreement MACC-II-
lidar is fairly good. CALIOP, again, shows the same shape of
the averaged extinction vertical profile, but somewhat over-1505

estimated (Fig. 9g).
Finally the most interesting season in terms of dust im-

pact is summertime (129 paired vertical profiles from July to
September). During this season the SAL frequently intrudes
the subtropical free troposphere (Karyampudi et al., 1999)1510

and clearly impacts the lower free troposphere, from ∼ 1 to
∼ 6 km over Tenerife (Cuevas et al., 2013; Rodrı́guez et al.,
2014) with high dust content and relatively high humidity
(Andrey et al., 2014). The maximum extinction is found be-
tween 2 and 3 km altitude (Fig. 9d). The mean AOD550 in1515

dusty days is 0.21±0.10 (AE = 0.37±0.15), similar to that
found in spring under dust conditions. MACC-II reproduces
quite well the extinction vertical structure in both shape and
magnitude. In this case CALIOP shows a slight overestima-
tion along the entire vertical profile compared with MACC-II1520

(Fig. 9h).
We highlight that the comparison with CALIOP is not

trivial, and that much of the observed differences between
CALIOP and MACC-II might be due to a number of var-
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ied causes addressed by Burton et al. (2013) and Amiridis1525

et al. (2013) and references herein. Some of them are mis-
classification of aerosol type and failure to identify different
aerosol types within a column (which could have great signif-
icance at M’Bour), errors in modeled lidar ratios for particu-
lar aerosol types, unsuitable averaging technique of CALIOP1530

extinction vertical profiles, cloud contamination, and the un-
certainty of CALIOP extinction profiles. A specific compar-
ison with CALIOP by using a more refined CALIOP data
selection methodology, such as that used by Amiridis et al.
(2013), would be necessary.1535

4.3 Ground-surface dust concentration

Surface dust daily mean concentrations from MACC-II re-
analysis have been evaluated with daily averaged PM10 at
three monitoring stations (Fig. 2) provided by the AMMA
project (Marticorena et al., 2010; see Sect. 3.13). This is an1540

interesting test region where PM10 concentrations can vary
very quickly from < 10 to > 2000 µgm−3. This feature can
be easily seen in the daily PM10 records of the three AMMA
stations depicted in Fig. S5. Furthermore, the quasi perma-
nent presence of aerosols from biomass burning, during the1545

dry season, and marine aerosols in the case of M’Bour, rep-
resent a challenge for mineral dust evaluation.

The selection of PM10 data by wind sectors, as previously
reported by Marticorena et al. (2010), results in enough data
only during the dry season, and very few data in the rest1550

of the year, preventing an adequate assessment of MACC-
II surface dust concentration. The technique used for PM10

measurements at the three AMMA stations can volatilize sea-
salts and organic components of carbonaceous aerosols and
thus maximize the contribution of mineral dust to the PM101555

concentrations (Marticorena et al., 2010). Moreover, maxi-
mum PM10 from marine aerosols is not expected to exceed
30 µgm−3 (Viana et al., 2002; Zhou et al., 2013), and PM10

corresponding to biomass burning aerosols in the Sahel re-
gion is normally below 30 µgm−3 (Capes et al., 2008; Zhou1560

et al., 2013). Considering all the above we conclude that
non-dust aerosols do not introduce a significant bias in the
MACC-II evaluation.

The monthly evolution of recorded PM10 and MACC-II
surface dust concentration at the three AMMA stations dur-1565

ing the period 2007–2008 is shown in Fig. 10. Unlike the
seasonal pattern in AOD/DOD, where a maximum is ob-
served in April–May (Fig. 6d and e), the maximum in PM10

is observed somewhat earlier, at the end of winter and early
spring. Thus the AOD/DOD and PM10 series are out of1570

phase.
MACC-II underestimates monthly means throughout the

year and especially in winter and early spring (dry season)
when Saharan dust is transported by Harmattan winds. This
is also observed in the results of the vertical profiles com-1575

parison in Sect. 4.2. During the dry season the dust vari-
ability recorded along the stations-transect reflects the vari-

ability in dust emission by different Saharan sources (Marti-
corena et al., 2010). This zonal gradient, with higher PM10

values eastward, is well captured by MACC-II (see also1580

Fig. S5). Some sporadic very strong dust events, represented
by outliers, particularly intense at Cinzana and Banizoum-
bou (Fig. 10c and e, S5b and c), modulate the differences
between in-situ and MACC-II surface dust concentrations in
the wet season (summertime). The mean PM10 shows much1585

higher values than the median PM10 in in-situ observations
(Fig. 10c and e). The reason is that summertime is character-
ized by extensive and fast convective phenomena resulting
in large total attenuated backscattering values which alter-
nate with very clear profiles, sometimes separated by only1590

few hours (Cavalieri et al., 2010). However, these differ-
ences are not observed in MACC-II surface dust concentra-
tion box-plots (Fig. 10d and f), indicating that MACC-II does
not capture most of these strong and fast dust events. Dur-
ing this period the north-easterly advancement of the mon-1595

soon creates unstable atmospheric conditions and the forma-
tion of thunder cells and squall lines may lead to the de-
velopment of strong downdraughts generating, sometimes,
spectacular dust walls (Gillies et al., 1996; Knippertz et al.,
2009). According to Marticorena et al. (2010) the summer1600

dust events are mainly controlled by local surface wind ve-
locity and thus most of them result from mesoscale convec-
tive systems favouring local dust emissions. The poor perfor-
mance of MACC-II in capturing these mesoscale processes is
largely explained by the MACC-II coarse spatial resolution1605

and by the fact that MACC-II uses convective parameteriza-
tions where downdrafts are not simulated.

We computed the skill scores of the comparison of paired
daily data MACC-II-AMMA stations for the period 2007–
2008, for each of the three stations, for the entire period,1610

for the period November–March, corresponding to the dry
season in which the highest PM10 values are recorded, and
for the period June–August centred in the rainy season when
the lowest PM10 values are observed (Table ??). It is nec-
essary to note that observational parameters do not corre-1615

spond exactly with the corresponding modelled parameters
(size bins used to estimate surface dust concentration). Fur-
thermore, PM10 data selection aimed to select periods during
which dust transport can be considered as the main contribu-
tor. However, the filtering procedure used in AMMA stations1620

cannot assure all observed PM10 corresponds only to dust.
The correlation coefficients show a marked seasonal vari-

ation, with higher values in the dry season and lower val-
ues in summertime affected by regional mesoscale convec-
tive systems from monsoon regime. The correlation coef-1625

ficient is moderate in M’Bour (r > 0.52) in all three peri-
ods, high at Cinzana and Banizoumbou during the dry season
(> 0.75), and low in the last two stations during the wet sea-
son (< 0.30) because these stations are the most influenced
by mesoscale convective systems.1630

The FGE ranges between 0.68 and 0.79 in Cinzana and
Banizoumbou in the three periods, and from 0.9 to 1.0
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in M’Bour. The MNMB is from −0.57 to −0.76 in Cin-
zana and Banizoumbou for the three periods, and signifi-
cantly higher in M’Bour, with values ranging from −0.89 to1635

−0.98. These scores are somewhat better than those reported
by Schmechtig et al. (2011) when comparing daily data
of simulated aerosol surface concentration by the regional
CHIMERE model with PM10 observations at the same three
sites, but in a different period (2006). In the case of M’Bour,1640

this observatory is located less than a hundred meters from
the Atlantic Ocean and South of the town of M’Bour, hence
is subjected almost daily to the sea breeze transporting sea
spray, and to particles of anthropogenic origin (Marticorena
et al., 2010), which explains the worse skill scores reported1645

by both MACC-II and CHIMERE models in this station.
To make a proper assessment of the obtained skill scores

we have used, as did Schmechtig et al. (2011), we have com-
pared our skill scores to the “model performance goal” (the
level of accuracy that is considered to be close to the best1650

a model can be expected to achieve) and “model performance
criteria” (the level of accuracy that is considered to be ac-
ceptable for modelling applications) established by Boylan
and Russels (2006) for PM. According to Boylan and Rus-
sels (2006), the model performance goal has been met when1655

both the FGE and the mean fractional bias (corresponding to
MNMB in Table ??) are less or equal than +0.5 and ±0.3,
respectively, while the model performance criteria has been
met when both the FGE ≤+0.75 and MNMB ≤±0.6. How-
ever, the tested air quality models reported a FGE (for PM10)1660

from 0.3 to 1.10, and a MNMB from −1 to +0.5 for PM10

concentrations in the range of 0–30 µgm−3.
The level of agreement between MACC-II surface dust

concentration and observed PM10 fulfils the model perfor-
mance criteria proposed by Boylan and Russel (2006) at Ban-1665

izoumbou during the three periods, and at Cinzana during the
wet season and during the whole period, while in M’Bour
FGE and MNMB exceeds the model criteria. These results
are rather good for a global reanalysis model, considering
the evaluation has been performed in an extremely com-1670

plex region characterized by frequent mesoscale processes
and affected by anthropogenic aerosols, and also by marine
aerosols in the case of M’Bour.

5 Conclusions

A thorough analysis with an emphasis on dust sources over1675

Northern Africa and Middle East is conducted to evaluate
the MACC-II reanalysis dust through the use of AOD from
MISR, MODIS and OMI satellite aerosol products, ground-
based AERONET data, in-situ PM10 concentrations from
AMMA, and extinction vertical profiles from two ground-1680

based lidars and CALIOP satellite-based lidar.
The geographic domain selected for the validation of

MACC-II 2007–2008 reanalysis comprises two of the most
arid desert regions of the Earth, the Sahara and Middle East,

world primary mineral dust sources, as well as oceanic re-1685

gions (Mediterranean Sea, Atlantic Ocean and Arabian Sea)
over which dust clouds are often transported. In this broad re-
gion the dust burden can vary by several orders of magnitude.
Dust is mixed with marine aerosols in coastal regions, with
biomass burning aerosols in the Sahel, and aerosols from in-1690

dustrial activities in the Middle East and the Mediterranean
basin. So, it is a complex geographic domain that constitutes
a real test bench to know how MACC-II reanalysis behaves
in simulating mineral dust. Our aim was to know to what
extent this MACC-II reanalysis is able to correctly simulate1695

mineral dust content variations on daily, monthly, seasonal
and interannual basis in different regions.

The agreement between MISR, OMI, MODIS and MACC-
II is, in general, rather good, reproducing the same AOD
spatial patterns. The AOD MACC-II-MISR NMB values fall1700

within 1.4 in most of the study domain in the four seasons,
except in the Mediterranean basin, Turkey, Iran and central
Africa where the ratios are higher. MACC-II-MISR NMB
values are larger than 1.4 over central Sahara in spring and
summer, which might be caused by dust storms not observed1705

by MISR due to its low temporal resolution. A notable excep-
tion is the MACC-II AOD underestimation over the Bodélé
depression which might be related to an underestimation of
surface wind velocity over this region. MACC-II generally
is able to correctly simulate the interannual variations of1710

AOD in each season obtained by satellite observations, al-
beit smoother. The dust corridor from Iraq to Oman, cover-
ing the entire Persian Gulf, is the region in which MACC-II
shows greater difficulties to adequately simulate interannual
changes in winter and spring compared with satellite obser-1715

vations.
MACC-II AOD and AE have been also quantitatively

evaluated by means of the comparison against twenty-six
AERONET stations distributed in different regions. We have
used the AERONET (at 500 nm) coarse mode AOD from the1720

SDA retrieval as a proxy of DOD. The SDA retrieval gives
better skill scores for the model and keeps a larger number of
observations for evaluation (i.e. the number of available ob-
servations) than if one would use AOD from AERONET in
conditions where the AE is smaller than 0.6 to select AOD1725

corresponding to coarse particulate matter. The MACC-II
evaluation against AERONET observations has been per-
formed in a large range of DOD values, with DOD < 0.1 in
dust transport regions, such as the Mediterranean basin and
the subtropical North Atlantic, and DOD > 0.35 in source re-1730

gions (Sahara and Middle East). Overall DOD monthly vari-
ation is well captured by MACC-II in all regions. The cor-
relation is significantly higher in dust transport regions than
in dust source regions and daily DOD value variations show
that MACC-II is able to correctly simulate dust intrusions1735

from Northern Africa to both the Mediterranean basin and
the North Atlantic Ocean. This is particularly true in sum-
mer, when the highest dust activity is observed over the Sa-
hara. In the Middle East MACC-II overestimated DOD from
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July to October, which might be likely related to a poor rep-1740

resentation of rain and removal processes in MACC-II. For
the Ångström Exponent, in general, the seasonal variation is
well captured by MACC-II in all regions, but a significant
underestimation is observed with differences ranging from
0.1 to 0.5. The lowest correlations between MACC-II and1745

AERONET DOD are found in the Sahara and Sahel (0.54).
In the rest of the regions a moderate to good correlation
(r > 0.60) is found, being relatively high in dust transport
regions (r > 0.80). In the Sahara and Sahel the lowest corre-
lation is registered in summer (r < 0.50) when the maximum1750

dust activity is observed associated with the development of
mesoscale convective processes modulated by the monsoon.

We have assessed the ability of MACC-II in reproduc-
ing dust vertical profiles. We averaged those extinction
vertical profiles simulated by MACC-II (at 550nm) over1755

M’Bour and SCO coincident with extinction profiles ob-
tained with lidar instruments at each station, respectively, un-
der dust conditions (AERONET AE < 0.35 at M’Bour and
AERONET AE < 075 for SCO) for each month and sea-
son, during 2007–2008. CALIOP extinction vertical pro-1760

files (532nm) have been compared with MACC-II. We find
a good agreement in dust layers structures and averaged ex-
tinction vertical profiles between the lidars (at M’Bour and
SCO), MACC II, and CALIOP above de MBL from 1 to
6 km altitude in all seasons, although a slight overestima-1765

tion is observed in CALIOP. Several causes could explain
this overestimation such as a wrong classification of aerosol
type, failure to identify different aerosol types within a col-
umn, errors in modeled lidar ratios, inadequate averaging
technique of extinction vertical profiles, and cloud contam-1770

ination, among others. Furthermore, our CALIOP data cor-
respond to a circular area of 1.5◦ radius around the ground-
based lidar, and therefore dust and cloudy conditions might
be totally different in some events for the lidar and CALIOP
at the time of comparison. A well-defined MBL is observed1775

from lidar extinction profiles in all seasons with a high ex-
tinction (> 0.2 km−1) and a rather constant depth (∼ 1 km
altitude) in both stations. Similar results are found with
CALIOP vertical profiles. MACC-II does not match the ob-
served extinction within the MBL. However, we must bear1780

in mind that lidars provide no credible data in the first hun-
dred meters due to overlap and after pulse limitations, and
that extinction overestimation might be caused by the use of
a relatively high lidar ratio in the MBL.

Surface dust daily mean concentrations from MACC-II1785

reanalysis has been evaluated with daily averaged PM10 at
three monitoring stations of the Sahelian Dust Transect dur-
ing 2007 and 2008. MACC-II underestimates monthly means
all year long and especially in winter and early spring (dry
season) when Saharan dust is transported by the Harmattan1790

winds. During the dry season MACC-II captures well the
dust variability recorded along the stations-transect which re-
flects the variability in dust emission by different Saharan
sources. Some sporadic and very strong dust events mainly

affected Cinzana and Banizoumbou modulating the differ-1795

ences found between in-situ and MACC-II surface dust con-
centrations in the wet season (summertime). MACC-II does
not capture most of these strong and fast dust events, which
are associated to mesoscale convective systems. The poor
performance of MACC-II for these events is largely ex-1800

plained by the spatial resolution and by the fact that MACC-
II uses parameterizations where downdrafts are not simu-
lated. The correlation coefficients show a marked seasonal
variation, with higher values in the dry season and lower val-
ues in summertime. The level of agreement between MACC-1805

II surface dust concentration and observed PM10 fulfils the
model performance criteria (the level of accuracy that is con-
sidered to be acceptable for modelling applications) at Ban-
izoumbou during the three periods, and at Cinzana during
the wet season and during the whole period, while M’Bour1810

exceeds the model criteria. However, it is necessary to note
that observational parameters (PM10) do not correspond ex-
actly with the corresponding modelled parameters (size bins
to estimate surface dust concentration), and that all observed
PM10 does not corresponds only to dust.1815

The evaluation of mineral dust is a complex task because
dust is one of the many types of aerosols that can be found
mixed in the atmosphere. An important limitation of the val-
idation is the uncertainty associated with dust observation it-
self. In addition, the assessments at ground stations have the1820

added difficulty of comparing an observed value at a point
with a value simulated in a relatively large grid size. A sec-
ond limitation is the scarcity of observations in desert dust
source regions as Northern Africa and the Middle East. Re-
analysis data correspond to regions where there are very few1825

ground based observations, and where satellite sensors have
major problems to obtain accurate information due to high
ground reflectivity. For this reason dust reanalysis data be-
come unique information in this study domain.

The results highlighted in the present study will help not1830

only the climate-weather scientific community but also end-
user communities to prevent the impact of severe events over
desert source regions where dust is considered to be a harm-
ful air pollutant. Moreover, MACC-II reanalysis could be
used in several health-related applications, such as epidemi-1835

ological studies, or to obtain maps of solar radiation attenu-
ation by mineral dust in suspension, or in ocean research to
relate dust deposition with chlorophyll records, among oth-
ers.

Appendix A1840

MACC-II skill scores

The mean bias (MB), the root-mean-square errors (RMSE),
the modified normalized mean bias (MNMB), also termed
mean fractional bias (MFB), the fractional gross error (FGE),
also known as mean fractional error (MFE) and the Pearson’s1845
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correlation coefficient (r) have been used to validate the per-
formance of MACC-II outputs. These metrics, of which there
is a detailed description in Huijnen and Eskes (2012) and ref-
erences herein, are summarized in Table ??. MB shows the
average deviations between estimated and observed values,1850

while RMSE represents the SD of the differences between
estimated values and observed values. MNMB is a measure
of the estimation bias error, bounded by the values −2 to 2
(or from −200 to 200 %), which allows analyzing symmetri-
cally how the model overestimates or underestimates respect1855

to observed values. The FGE is a measure of overall model
error and is bounded by the values 0 to 2 (0 to 200 %) and
behaves symmetrically with respect to under and overestima-
tion, without over emphasizing outliers. The Pearson’s corre-
lation coefficient is a measure of the strength and direction of1860

the linear relationship between two variables, and indicates
the degree of match between estimated and observed values.

Taylor diagrams (Taylor, 2001) provide a visual
framework for comparing model results or observa-
tions to reference observations. The similarity between1865

model/observations with reference observations is quantified
in terms of their correlation, their centred root-mean-square
error (CRMSE), defined in Table ??, and the amplitude of
their variations (represented by their SDs). The CRMSE
between the simulated and observed patterns is proportional1870

to the distance to the point on the x axis identified as
“observed.”

The standard skill scores and Taylor diagrams presented in
this section are used in this work to evaluate the relative skill
of MACC-II in comparison with satellite observations using1875

AERONET as the reference (see Sect. 4.1.2).

Supplementary material related to this article is
available online at: http://\@journalurl/\@pvol/\@
fpage/\@pyear/\@journalnameshortlower-\@pvol-\
@fpage-\@pyear-supplement.pdf.1880
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Fig. 11. Accumulated daily dust emissions from MACC-II for win-
ter (JFM), spring (AMJ), summer (JAS) and autumn (OND) 2007
(gm−2 season−1). The contours of the four Saharan–Sahelian sub-
regions regions are marked with white lines.

Fig. 12. Localization of the AERONET stations, grouped by re-
gions, lidar sites and PM10 monitoring stations. AERONET regions
correspond to: (1) Western Mediterranean, (2) Central Mediter-
ranean, (3) Eastern Mediterranean, (4) Middle East (5) Sahara, (6)
Sahel and (7) Subtropical North Atlantic.



E. Cuevas et al.: The MACC-II 2007–2008 reanalysis 27

Table 11. Name and location of the AERONET stations. Cloud screened and calibration quality-assured AERONET level 2.0 data has been
extracted for each station.

Site Name AERONET Latitude Longitude Altitude m a.s.l. Region

Burjassot 39.51◦ N 0.42◦ W 30 Western Mediterranean
Granada 37.16◦ N 3.61◦ W 680 Western Mediterranean
Blida 36.5◦ N 2.88◦ W 230 Western Mediterranean
Lampedusa 35.52◦ N 12.63◦ E 45 Central Mediterranean
Messina 38.2◦ N 15.57◦ E 15 Central Mediterranean
ATHENS-NOA 37.99◦ N 23.78◦ E 130 Eastern Mediterranean
Eilat 29.5◦ N 34.92◦ E 15 Eastern Mediterranean
IMS-METU-ERDEMLI 36.57◦ N 34.26◦ E 3 Eastern Mediterranean
Nes Ziona 31.92◦ N 34.79◦ E 40 Eastern Mediterranean
SEDE BOKER 30.86◦ N 34.78◦ E 480 Eastern Mediterranean
Abu Al Bukhoosh 25.5◦ N 53.15◦ E 24 Middle East
Bahrain 26.21◦ N 50.61◦ E 25 Middle East
Abu-Dhabi 24.48◦ N 54.38◦ E 15 Middle East
Dhadnah 25.51◦ N 56.32◦ E 81 Middle East
Hamim 22.97◦ N 54.3◦ E 209 Middle East
Kuwait University 29.33◦ N 47.97◦ E 42 Middle East
Mezaira 23.15◦ N 53.78◦ E 204 Middle East
Mussafa 24.37◦ N 54.47◦ E 10 Middle East
Solar Village 24.91◦ N 46.4◦ E 764 Middle East
Santa Cruz Tenerife 28.47◦ N 16.25◦ W 52 Subtrop. North Atlantic
Saada 31.63◦ N 8.16◦ W 420 North Western Maghreb
Tamanrasset INM 22.79◦ N 5.53◦ E 1377 Sahara
Banizoumbou 13.54◦ N 2.66◦ E 250 Sahel
Capo Verde 17.00◦ N 23.00◦ W 60 Sahel
Dakar 14.39◦ N 16.96◦ W 0 Sahel
IER Cinzana 13.28◦ N 5.93◦ W 285 Sahel

Fig. 13. Seasonal AOD averages from MACC-II, MISR, MODIS
and OMI for the period 2007–2008. Winter (JFM), spring (AMJ),
summer (JAS) and autumn (OND). AOD averages have been com-
puted using only those common pixels of simultaneous days, for
each MISR pass, for MACC-II, MODIS and OMI.

Fig. 14. Interannual percentage variations of AOD (2008 minus
2007) from MACC-II, MODIS-Aqua and MISR for winter (JFM),
spring (AMJ), summer (JAS).
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Table 12. Skill scores quantifying the level of agreement between MACC-II and AERONET AE and DOD (obtained from direct-sun and
AODcoarse from the SDA retrievals) daily means, obtained by regions.

MACC-II AE vs. AERONET AE

Region MB MNMB FGE RMSE r n

Western Mediterranean 1 −0.17 −0.16 0.39 0.40 0.47 1175
Central Mediterranean 2 −0.32 −0.36 0.45 0.45 0.76 244
Eastern Mediterranean 3 −0.23 −0.27 0.43 0.39 0.68 1571
Subtropical North Atlantic 4 −0.25 −0.39 0.50 0.44 0.62 485
North Western Maghreb 5 −0.18 −0.37 0.48 0.32 0.75 561
Sahel 6 −0.08 −0.32 0.65 0.22 0.55 2191
Sahara 7 −0.34 −1.00 1.09 0.44 0.44 339
Middle East 8 −0.21 −0.33 0.62 0.40 0.63 1855

MACC-II DOD vs. AERONET DOD (AOD with AE ≤ 0.6)

Region MB MNMB FGE RMSE r n

Western Mediterranean −0.10 −0.54 0.63 0.20 0.65 234
Central Mediterranean −0.07 −0.39 0.57 0.19 0.64 55
Eastern Mediterranean −0.09 −0.41 0.54 0.19 0.77 336
Subtropical North Atlantic −0.06 −0.57 0.65 0.13 0.80 196
North Western Maghreb −0.11 −0.49 0.54 0.17 0.75 209
Sahel −0.14 −0.33 0.44 0.30 0.67 2204
Sahara 0.02 0.20 0.49 0.26 0.47 331
Middle East −0.09 −0.15 0.34 0.27 0.56 1036

MACC-II DOD vs. AERONET DOD (AOD coarse using Spectral Deconvolution Algorithm)

Region MB MNMB FGE RMSE r n

Western Mediterranean −0.02 −0.64 0.79 0.09 0.80 855
Central Mediterranean −0.02 −0.45 0.77 0.16 0.60 295
Eastern Mediterranean 0.00 −0.16 0.55 0.07 0.81 1587
Subtropical North Atlantic 0.00 −0.28 0.73 0.06 0.87 487
North Western Maghreb −0.03 −0.68 0.79 0.10 0.80 604
Sahel −0.04 −0.01 0.42 0.27 0.54 2064
Sahara 0.11 0.68 0.79 0.22 0.54 468
Middle East 0.04 0.24 0.42 0.18 0.71 1902

Table 13. Lidar ratios (LR) at SCO station when AE ≤ 0.75, for different periods
during 2007–2008.

Period LR (sr) # of profiles

Dec–Feb 29.80± 10.58 73
Mar–Apr 30.20± 10.73 105
May–Jun 30.47± 8.23 29
Jul–Sep 31.30± 11.29 129
Oct–Nov 30.50± 11.17 56

Table 14. Skill scores quantifying the level of agreement between MACC-II surface dust concentrations and AMMA-PM10 daily means for
2007–2008.

Station MB MNMB FGE RMSE r n

M’Bour Total −68.71 −0.90 0.92 110.85 0.63 731
Nov–Mar −99.84 −0.89 0.90 152.71 0.52 303
Jun–Aug −34.57 −0.98 1.00 41.66 0.57 184

Cinzana Total −81.19 −0.67 0.74 158.72 0.67 704
Nov–Mar −109.58 −0.76 0.79 170.85 0.76 303
Jun Aug −52.67 −0.56 0.70 157.83 0.29 157

Banizoumbou Total −120.02 −0.62 0.74 310.17 0.56 727
Nov–Mar −130.77 −0.57 0.68 264.54 0.81 300
Jun–Aug −75.89 −0.57 0.72 259.46 0.29 183
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Table 15. Metrics used to quantify the level of agreement between MACC-II simulations and the observations, where n is the number of
data used in the validation, fi is the estimated value by MACC-II or the observed value by satellite sensors, and Oi is the observed reference
(“true”) value.

Metrics Equation Range Perfect score

Mean bias (MB) = 1
n

∑
fi −Oi −∞ to +∞ 0

Modified normalized mean bias (MNMB) = 2
n

∑ fi−Oi
fi+Oi

−2 to 2 0

Fractional gross error (FGE) = 2
n

∑∣∣∣ fi−Oi
fi+Oi

∣∣∣ 0 to 2 0

Root mean square error (RMSE) =
√

1
n
(fi −Oi)2 0 to +∞ 0

Centred RMS error (CRMSE) =

√
1
n

∑⌊(
fi − f

)(
Oi −O

)⌋2
0 to +∞ 0

Pearson’s correlation coefficient (r) =
∑
(fi−f)(Oi−O)

NσfσO
−1 to 1 1

Fig. 15. Seasonal averages of AODcoarse (DOD) from AERONET
(a) and MACC-II (b) for each region. Seasonal averages of the DOD
correlation coefficient (c) for each region. Seasonal averages of AE
from AERONET (d) and MACC-II (e) for each region. Seasonal
averages of the AE correlation coefficient (f). This statistics corre-
sponds to the period 2007–2008.

Fig. 16. Monthly averages (2007–2008) of AOD from AERONET,
MACC-II, MODIS-Aqua and OMI, AODcoarse (DOD) from
AERONET and MACC-II, and AE from AERONET and MACC-
II over Tamanrasset (a, b and c), Banizoumbou (d, e, and f), Solar
Village (g, h and i), Sede Broker (j, k and l), Granada (m, n and o)
and Santa Cruz de Tenerife (SCO) (p, q and r).
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Fig. 17. Taylor diagrams where seasonal AOD values from MACC-
II, MODIS-Aqua and OMI are compared with AERONET AOD,
used as reference, for Sahara (a), Sahel (b), Middle East (c), East-
ern Mediterranean (d), Western Mediterranean (e), and Subtropical
North Atlantic (f). The similarity between MACC-II and satellite
observations with AERONET observations is quantified in terms
of their correlation, their centred root-mean-square error (CRMSE),
and the amplitude of their variations (represented by their SDs).

Fig. 18. Averaged extinction coefficient vertical profiles obtained
with simultaneous extinction profiles simulated with MACC-II and
observed by the lidar at M’Bour for those days with mean AE <
0.35, for the following periods: November–March (a), November–
May (b), June–August (c), and September–October (d). MACC-II
natural extinction corresponds to marine and dust aerosols. The gray
shaded area is bounded by the 10th and 90th percentile values of
ground-based lidar total extinction at each level. Fig. (e–h), are the
same as previous ones but using CALIOP extinction vertical pro-
files. Dashed lines indicate the 10th and 90th percentile values of
MACC-II and CALIOP natural extinction at each level.
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Fig. 19. The same as Fig. 8 but for SCO station, and corresponding periods, where AE < 0.75 was used, instead < 0.35, to select dust days.
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Fig. 110. Monthly box-plots of surface dust concentration simu-
lated by MACC-II and PM10 observed by AMMA stations during
the period 2007–2008 at M’Bour (a and b), Cinzana (d and e), and
Banizoumbou (e and f). Box-plots indicate the following: the bot-
tom and top of the box are the surface dust/PM10 concentration
25th and 75th percentile, the band near the middle of the box is the
50th percentile (the median), and the triangle (red/blue) expresses
the surface dust/PM10 mean value. The ends of the whiskers repre-
sent the one SD above and below the mean of the surface dust/PM10

data. Any data not included between the whiskers is plotted as an
outlier with a dot.


