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Abstract. Since the 1980s several spaceborne sensors haverobe) and METEOSAT/MVIRI. Monthly model datasets in-
been used to retrieve the aerosol optical depth (AOD) overclude the aerosol climatology froffegen et al(1997), the

the Mediterranean region. In parallel, AOD climatologies climate-chemistry models LMDz-OR-INCA and RegCM-4,
coming from different numerical model simulations are now the multi-model mean coming from the ACCMIP exercise,
also available, permitting to distinguish the contribution and the reanalyses GEMS and MACC. Ground-based Level-
of several aerosol types to the total AOD. In this work, 2 AERONET AOD observations from 47 stations around the
we perform a comparative analysis of this unique multi- basin are used here to evaluate the model and satellite data.
year database in terms of total AOD and of its appor- The sensor MODIS (on AQUA and TERRA) has the best av-
tionment by the five main aerosol types (soil dust, sea-erage AOD scores over this region, showing a relevant spatio-
salt, sulfate, black and organic carbon). We use 9 differentemporal variability and highlighting high dust loads over
satellite-derived monthly AOD products: NOAA/AVHRR, Northern Africa and the sea (spring and summer), and sulfate
SeaWiFS (2 products), TERRA/MISR, TERRA/MODIS, aerosols over continental Europe (summer). The comparison
AQUA/MODIS, ENVISAT/MERIS, PARASOL/POLDER also shows limitations of certain datasets (especially MERIS
and MSG/SEVIRI, as well as 3 more historical datasets:and SeaWiFS standard products). Models reproduce the main
NIMBUS7/CZCS, TOMS (onboard NIMBUS7 and Earth- patterns of the AOD variability over the basin. The MACC
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reanalysis is the closest to AERONET data, but appears tparameter is often used as input for calculations of aerosol
underestimate dust over Northern Africa, where RegCM-4 isdirect and semi-direct radiative forcing in Regional Cli-
found closer to MODIS thanks to its interactive scheme for mate Models (RCMs). Several AOD datasets exist over the
dust emissions. The vertical dimension is also investigatedMediterranean region, both satellite-derived (e.g., MODIS,
using the CALIOP instrument. This study confirms differ- MISR, SEVIRI) and model-simulated products (e.g., MACC,
ences of vertical distribution between dust aerosols showRegCM-4) which will be discussed in Sect. 2. All these
ing a large vertical spread, and other continental and marineatellite-derived products are commonly evaluated against
aerosols which are confined in the boundary layer. From thigground-based measurements, from the AERONET network
compilation, we propose a 4-D blended product from modelnotably (e.g.,Vidot et al, 2008 Levy et al, 2010. Vari-
and satellite data, consisting in monthly time series of 3-Dous authors have already used AOD derived by several satel-
aerosol distribution at a 50 km horizontal resolution over thelite teams from satellite data over the Mediterranean, using
Euro-Mediterranean marine and continental region for thefor example MODIS Barnaba and Gobp2004 Papadimas
2003-2009 period. The product is based on the total AODet al, 2008 2009 Nabat et al. 2012, the association of
from AQUA/MODIS, apportioned into sulfates, black and MODIS and TOMS Hatzianastassiou et aR009 or the
organic carbon from the MACC reanalysis, and into dust andSeaWiFS sensoAfitoine and Nobileax2006, but few have
sea-salt aerosols from RegCM-4 simulations, which are discompared different AOD satellite products between them.
tributed vertically based on CALIOP climatology. We extend Bréon et al.(2011) have compared AOD from POLDER,
the 2003-2009 reconstruction to the past up to 1979 usingMODIS, MERIS, SEVIRI and CALIOP at the global scale.
the 2003-2009 average and applying the decreasing trend ifhis study has shown that the MODIS AOD product has
sulfate aerosols from LMDz-OR-INCA, whose AOD trends the most reliable estimate of the total AOD over ocean and
over Europe and the Mediterranean are median among thiand. Carboni et al.(2012 have provided an intercompar-
ACCMIP models. Finally optical properties of the different ison of Saharan dust aerosols retrieved by various satel-
aerosol types in this region are proposed from Mie calculadite instruments (e.g., MODIS, MISR and MERIS) during
tions so that this reconstruction can be included in regionala strong event in March 2006, showing significant differ-
climate models for aerosol radiative forcing and aerosol-ences between them. Over oceltyhre et al.(2005 have
climate studies. also underlined significant differences in AOD retrievals
from 9 datasets between 1997 and 2000. The AeroCom
exercise [ittp://nansen.ipsl.jussieu.ffAEROCOM#as en-
abled a comparison of aerosols from different global mod-
1 Introduction els: Kinne et al.(2006 have found a relative agreement in
global mean AOD, evaluated between 0.11 and 0.14 in the
The Mediterranean region has been identified as a crosdifferent AeroCom models, against 0.135 for AERONET
roads of air masses carrying numerous and various aerosand 0.15 for satellite composites. Differences are larger at
types (elieveld et al, 2002, and the relatively high aerosol the regional scale. More recently, in the framework of the
load encountered over the region can potentially lead toAtmospheric Chemistry and Climate Model Intercompari-
strong effects on the regional radiative budget, climate andson Project (ACCMIP)Shindell et al(20138 have also un-
ecosystems of the Mediterraned®ogh et al, 1993 Rosen-  derlined all global models were able to reproduce the main
feld et al, 2001, Bergamo et a).2008 Guieu et al. 2010. AOD patterns, but differ in individual aerosol components.
Numerous anthropogenic and natural sources over this re©ver EuropeZubler et al.(20119 have compared several
gion lead to the presence of different aerosols, such as inmodel climatologies showing the overestimation of AOD in
dustrial and urban aerosols from Europe and North Africanthe climatology ofTanie et al.(1984. All these compara-
towns, forest fires, biomass burning from Eastern Europetive studies highlight the differences between the numerous
dust aerosols from Africa and marine particles. This diver-AOD products, despite a generally reasonably good agree-
sity results in a large variety in physico-chemical and opticalment with AERONET data. Over the Mediterranean region,
aerosol properties over the basBegart et al.2009, highly an intercomparison between all these sensors and models has
variable in space and time, driving their interactions with not been done to our knowledge.
shortwave (SW) and longwave (LW) radiation, with ensuing  This comparison could also help in the understanding of
impacts on climate. In order to identify and quantify these the impact of aerosols on the Mediterranean climate. The
impacts with regional climate models, a robust 4-D aerosolcomplexity of regional climate response to aerosols is rein-
content database over the region is required to be used asfarced in this region where local winds, complex coastlines
reference for radiative calculations. and orography have strong interactions with the atmospheric
The atmospheric aerosol content can be represented bjow. In this context, the use of high resolution modelling
the Aerosol Optical Depth (AOD), which is the vertical in- through RCMs is essentiaG{belin and Equg, 2003 Gao
tegral over an atmospheric column of the fraction of inci- et al, 2006 Giorgi and Lionellg 2008 Déqle and Somat
dent light scattered and absorbed by aerosols. This optica2008 Herrmann et a).2011). At present many RCMs use
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AOD monthly climatologies to take into account aerosol ra- international WCRP/CORDEX initiative for high resolution
diative forcing, for example ALADIN-ClimateHerrmann  regional climate modelling in the Mediterranean region
et al, 2011 and REMO {acoh 2001). Others do not have (MedCORDEX: http://www.medcordex.u The Mediter-
any aerosols (e.g., RegCM-Artale et al, 2010 PROMES-  ranean basin and the Black Sea catchment basin are included
RCM, Sanchez et 3l.2004. Only few RCMs such as in this domain. As a result of this comparison, a possible
COSMO-ART gubler et al, 20113 and RegCM-4 Giorgi reconstruction of the aerosol field over the Mediterranean
et al, 2012 have interactive schemes to generate natural andbasin will be provided for use in RCMs, as well as an
anthropogenic aerosols. These interactive modules are usefektimation of the different uncertainties. It should be noted
for studies at the daily scale and for future climate projec-that the present work focuses on tropospheric aerosols, and
tions (e.g..Szopa et a).2013. However, they might lead to that consequently the consideration of volcanic aerosols will
biases when simulating present aerosol conditions, as the clenly be raised in the discussion part.
matic biases impact the AOD field through emission, advec- After a description of each aerosol dataset in Sect. 2, the
tion and wet deposition. Resorting to monthly climatologies comparison and evaluation of the different satellite-derived
can be justified for this reason, especially for hindcast simu-and model-simulated products is given in Sect. 3, considering
lations, targeting a realistic representation of the past decaddoth the spatial and temporal variability, and also the vertical
Given the strong aerosol impact on climate, the choice of thalistribution. The period before the 2000s when few satellite
aerosol dataset is essentidiohenegger and Vidal2005. retrievals and models are available is studied separately. Sec-
The objective of this work is to compare and evaluate thetion 4 presents our blended 4-D reconstruction of the aerosol
different existing multi-year datasets of aerosols in terms offield, as well as a discussion about optical properties notably
monthly AOD at 550 nm over the Mediterranean basin, in before the concluding remarks in Sect. 5.
order to set up a reference aerosol climatology. The compar-
ison includes the following sensors: NOAA/AVHRR
(1982-2007), SeaWiFS (1997-2010, 2 products),? Dataset
TERRA/MISR (2000-2010), TERRA/MODIS (2000-
2010), AQUA/MODIS (2002-2010), ENVISAT/MERIS 2.1 Satellite data
(2002-2010), PARASOL/POLDER (2005-2010) and
MSG/SEVIRI (2005-2010). All these passive sensors,Aerosol information retrieved from different sets of satel-
detailed in Sect. 2, which will be compared to each otherlite measurements is compared over the Mediterranean basin
and evaluated against ground-based observations from the the present work, in terms of aerosol optical depth at
AERONET network, provide monthly AOD fields, without 550 nm. Tablel summarises their main characteristics (in-
any information on the vertical profiles of particles. We strument, platform, period of study, spatial resolution and
have also used the CALIPSO/CALIOP product to assess theoverage). The following list includes the main aerosol sen-
vertical distribution of aerosols over five years (2006—2010).sors over the basin, and all of them will be evaluated against
Finally, those remote-sensing datasets have been associatéddERONET ground-based observations (when available) and
with model-simulated products, which provide AOD clima- compared with each other in this study. We have separated
tologies, as well as a vertical dimension for some of them.the ones retrieving data only before the 2000s, which cannot
In addition, they offer the possibility of separating aerosolsbe evaluated against AERONET observations. Among these
between different types. Five classes are generally distin11 datasets, only the ones covering the whole Mediterranean
guished in climate modelling: soil dust (SD), sea-salt (SS),basin and surrounding land areas could be considered for a
black carbon (BC), organic carbon (OR) and sulfate (SU)reconstruction purpose.
aerosols. The following numerical model-based products The MODerate resolution Imaging Spectroradiometer
will be assessed: the climatology frofegen et al(1997) (MODIS) is a multi-spectral radiometer, designed to retrieve
(hereafter noted TEG97), the climate-chemistry modelsaerosol microphysical and optical properties over ocean and
RegCM-4 (2000-2009) and LMDz-OR-INCA (1850-2100), land (Tante et al, 1997 Levy et al, 2007). It was launched
the reanalyses GEMS (2003-2008) and MACC (2003-both onboard TERRA (morning orbit) and AQUA (afternoon
2010), and the multi-model mean coming from a subsetorbit) satellites. For this study, the official Level-3 monthly
of models taking part in the ACCMIP exercise. Before aerosol products (MODQ&3 and MYDO08M3, collection
the 2000s, we also include in the present work retrievals5.1) are used to get AOD. The traditional algorithm covers
from NIMBUS-7/CZCS (1978-1986), NIMBUS7/TOMS both ocean and land surfaces except deserts over a long pe-
(1980-1992), METEOSAT/MVIRI (1984-1997) and Earth- riod (since 2000 for TERRA and 2002 for AQUA) at a11°
Probe/TOMS (1997-2000), as well as the models fromresolution. Over the Sahara, the “Deep Blue” algoritiiay
the ACCMIP exercise. The intercomparison led in this et al, 20049 is needed to retrieve aerosols over this bright
study concerns the whole Mediterranean basin, both landurface, instead of the land algorithm which is based on find-
and ocean surfaces. The domain of study is presentethg dark targets. The Deep Blue algorithm relies on the blue
in Fig. 1, and includes the Mediterranean domain of the wavelengths and libraries of surface reflectance. Using data
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Table 1. Main characteristics of the different satellite sensors used in this study.

Spatial
Instrument  Platform Period of study Resolution  Spatial coverage
MODIS AQUA July 2002—-December 2010 °1 Ocean and land (including Sahara)
MODIS TERRA March 2000-December 2010 ° 1 Ocean and land (including Sahara)
MISR TERRA March 2000-December 2010 9.5 Ocean and land (including Sahara)
POLDER PARASOL  March 2005-December 2010 18.5km Ocean
SEVIRI MSG June 2005-December 2010 3km (nadir) Ocean
SeaWiFS SeaWiFS September 1997-December 2010 8km Ocean
SeaWiFS* SeaWiFS September 1997-December 2010 ° 06cean and land (including Sahara)
MERIS ENVISAT May 2002—February 2010 °1 Ocean and land (except Sahara)
AVHRR NOAA January 1982—December 2007 0.5 Ocean
TOMS Nimbus-7 January 1980-December 1992 ° 10cean and land (except Northern Europe)
CzCs Nimbus-7 October 1978-June 1986 8km Ocean
MVIRI MeteoSat June 1983-December 1997 °0.4Mediterranean Sea
TOMS Earth-Probe  July 1996—-December 2000 ° 10cean and land (except Northern Europe)

* Named SeaWiFS-2 in this study.

from both the standard and the Deep Blue algorithms, thesatellite above longitude?0This enables to have a very high
whole Mediterranean region is covered by AQUA/MODIS temporal resolution (images every 15min). A method was
and TERRA/MODIS. developed to retrieve AOD over ocean from SEVIRI mea-
The Multiangle Imaging SpectroRadiometer (MISR) is surements at 0.63 and 0.81 pirh{euleux et al.2009. The
a passive radiometer also launched onboard the TERRAresent work uses Level-2 monthly-averaged aerosol prod-
platform in 2000. MISR provides radiometrically and geo- uct (SEVAER-OC-M3) downloaded from the ICARE data
metrically calibrated images at four wavelengths (446, 558,centre http://www.icare.univ-lillel.fy, and available since
672 and 866 nm) in nine different directions (four forward, June 2005.
four backward, and nadir), both over land (desert included) The Sea-viewing Wide Field-of-view Sensor (SeaWiFS) is
and oceanKahn et al, 2005 2010. In the present study, a multispectral ocean color sensor in the visible and near in-
we use AOD from the Level-3 monthly aerosol products frared (NIR) spectrumJamet et a]2004 Wang et al.2005.
(MIL3MAE, version F150031). Like MODIS, MISR has It provides both AOD and the Angstrom exponent, used in
the advantage to cover the whole basin and surrounding lanthis study. As for PARASOL, equaticdhenables to get AOD
surfaces over a long period (since 2000). at 550 nm from retrievals at 865 nm. SeaWiFS has a long
The POLarization and Directionality of the Earth’s Re- retrieval period (since 1997), but only covers ocean. Data
flectances (POLDER) instrument was launched onboard thevas downloaded from the NASA ocean colour products web-
PARASOL instrument in 2005 after two premature failures site (ttp://oceancolor.gsfc.nasa.gdevel-3 monthly AOD
after 9 months of operations on the ADEOS-I and -Il plat- and angstrom exponent). It is well-known that the standard
forms (Tané et al, 2001). This instrument retrieves aerosol aerosol product underestimates AOD in regions affected by
optical and microphysical properties in a unique way thanksdesert dust because pixels affected by a turbid atmosphere are
to its directional polarised measurements at 670 and 865 nmemoved to insure the best quality of marine products which
(Herman et a.2005. PARASOL total AOD is only available are the main goal of the SeaWiFJamet et a).2004 and
over oceanTan et al, 2011). We use the Level-3 monthly because significant absorption in the blue by dust aerosol is
aerosol product (ATMTAUA _M and ATM_ANG_M) to get  neglected by the standard algorithMdulin et al, 2007). A
AOD, as well as the Angstrom exponent to calculate AOD atmore realistic AOD product has been produced from SeaWw-
550 nm following equatiod, in which« is the Angstrom co-  iFS over the Mediterranean for the period 1997-2084-(
efficient, . and g two different wavelengths, and AOD the toine and Nobileau2006, but was not available for our
aerosol optical depth at these respective wavelengths. Thistudy. More recently, a newly-developed AOD retrieval al-
calculation is necessary to compare all AOD products at thegorithm over land and ocean has been applied to SeaWiFS

same wavelength, namely 550 nm. measurementsHsu et al, 2012. It is based on a combi-
5\ ¢ nation of the Deep Blue algorithm over lanHqu et al,
AOD(L) = AOD(A0) <A_) (1) 2004 and the SeaWiFS Ocean Aerosol Retrieval (SOAR)
0

algorithm over oceanSayer et al.2012. This new prod-
The SEVIRI radiometer was launched on the Meteosatuct has been included in the present intercomparison (level-3
Second Generation (MSG) satellite, which is a geostationarynonthly AOD), and will be called SeaWiFS-2 in this paper.
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The Medium Resolution Imaging Spectrometer (MERIS) before June 1983 had unfortunately been lost to our knowl-
is a multi-spectral sensor launched onboard the ENVISATedge and we use here time series from 1984 to 1997 pro-
satellite in 2002. MERIS retrieves aerosol properties in thevided by C. Moulin Moulin et al, 1998. The spatial cov-
390 to 1040 nm spectral range over land and océatojne erage concerns only the Mediterranean Sea (Black Sea in-
and More| 1999 Santer et a).1999, but does not include cluded). To summarise only TERRA/MISR, AQUA/MODIS,
bright surfaces like Sahara. In this study, we use the Level- TERRA/MODIS and SeaWiFS-2 sensors provide AOD over
2 monthly aerosol product (MER550M) obtained with the the whole Mediterranean basin. In that sense, our possible
Giovanni online data system. reconstruction of the AOD field must consequently be based

The Advanced Very High Resolution Radiometer on one or several of these four sensors. The others will be
(AVHRR) included in the Pathfinder ATMOSphere (PAT- evaluated in this study and some of them can be useful to
MOS) project provides a multiyear (1982—-2007) multisatel- better assess the aerosol load over the Mediterranean region.
lite (NOAA-7, -9, -11 and -14) dataseB(owe et al. 1997). In addition to the atmospheric content, the aerosol vertical
The aim of PATMOS is to generate multiple products (cloud, distribution is a critical property for aerosol-climate interac-
aerosol, surface and radiometric) on the same grid using &ions. Apart from a short survey of the aerosol profile over
common processing path. We use for this study the level-3he Mediterranean based on the LITE (Lidar In-space Tech-
aerosol product (patmosaft mor), downloaded from the nology Experiment) mission in September 19®Bk(thier
PATMOS website Ifttp://cimss.ssec.wisc.edu/patmgsx/ et al, 2006, the only available long-term satellite product
AVHRR only covers ocean surfaces, but provides AOD datais provided by the Cloud-Aerosol Lidar with Orthogonal
over the longest period (26yr). All eight satellite-derived Polarization (CALIOP). This instrument onboard the Cloud
aerosol datasets listed above are extending up to 201@erosol Lidar and Infrared Pathfinder Satellite Observations
(except for AVHRR to 2007). We also consider 3 more (CALIPSO) is a space based lidar system launched in 2006
historical datasets, which cover the early 1980s, as listedVaughan et al.2004 Winker et al, 2009. It allows to re-
below. trieve the vertical profiles of aerosol properties. We use here

The Total Ozone Mapping Spectrometer (TOMS) on- the level-2 LIDAR product (CALLID _L2, version 3.01) for
board the Nimbus-7 satellite retrieves aerosol properties ovethe “AtmosphericVolume.Description” variable, which in-
land and water surfacegdrres et al. 2009. These mea- dicates for each altitude (at a vertical resolution of 60 m) the
surements rely on the near-UV region, and the aerosol intype of aerosol among the following ones: clean continen-
dex from TOMS is often usedHerman et al. 1997). In tal, polluted continental, dust, polluted dust, marine, smoke
this study, we use monthly-averaged aerosol optical depttand unattributed. For this study, we have collected data from
(globetauMMMYY.asc files) downloaded from the NASA 2006 to 2010, namely every track of CALIPSO which has
website bttp://toms.gsfc.nasa.gov/aerosols/aot.htmvhich crossed the Mediterranean region.
covers the 1980-1992 period. Even if data are retrieved over
land and ocean, very few observations are available north 02.2 Model data
35°N (Herman et al.2007). After the end of Nimbus-7 in
April 1993, TOMS was launched onboard the Earth-ProbeAs mentioned in the introduction, the present work also com-
satellite in July 1996, retrieving aerosols until 2005. Becausepares AOD from several model data, which consider five dif-
of a deterioration of the instrument after 2000, only data be-ferent aerosol types: soil dust, sea-salt, black carbon, organic
tween 1997 and 2000 has been included in the present worlcarbon and sulfates. Takkesummarises the model products

The Coastal Zone Colour Scanner (CZCS) onboard(model, type of product, period of study, spatial resolution
Nimbus-7 is a scanning radiometer viewing the ocean inand coverage).
six coregistered spectral bandsoyis et al, 1980. It aims The climatology from Tegen et a].1997), named TEG97
at providing estimates of the near-surface concentration ofn the present study, is a coarse resolutios (:9°) monthly
phyto-plankton pigments as well as aerosol properties oveaverage aerosol distribution valid for the early 1990s ob-
the sea surface as a by-product of the atmospheric-correctiotained from a combination of global distributions of aerosols
algorithm Gordon and Wangl994). We use for this study given by different transport models for soil dugegen and
the level-2 aerosol products (AOD at 865 nm and AngstromFung 1995, sea-salt Tegen et al. 1997, sulfates Chin
exponent) available over the period 1978-1986 that includest al, 1996 and carbonaceous aerosdl®isse et al.1996.
the oldest data in the present work. The Meteosat Visiblelt has been used in several global and regional climate models
and InfraRed Imager (MVIRI) was launched onboard the such as ALADIN-Climatearda et al.2010, in recent com-
first generation of geostationary Meteosat satellites operatedarative worksZubler et al, 20119, as well as in numerical
from late 1977 to late 2006 (Meteosat-1 towkyw.eumetsat.  weather prediction models (e.gompkins et al.2005. Be-
int). Images were provided in three relatively wide spectral cause of the coarse spatial resolution (T21), regional aerosol
bands (solar, water vapour and thermal infrared channels)pads such as dust over Northern Africa are not well rep-
and the AOD is calculated from Meteosat solar radiancesesented. However, compared to the oldest climatology of
(Moulin et al, 19973. Original Meteosat images obtained Tani€ et al.(1984), this climatology has brought a sensitive
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Table 2. Main characteristics of the different model-simulated products used in this study.

Based-model Spatial  Spatial
products Type Period of study Resolution  coverage
TEG97 Climatology lyr 5 3.9 Global
GEMS Reanalysis (with AOD assimilation) 2003-2008 1225Global
MACC Reanalysis (with AOD assimilation) 2003-2010 1.9425Global
LMDz-OR-INCA  Climate-chemistry model 1850-2010 3x¥3.875% Global
RegCM-4 Climate-chemistry model 2000-2009 50km Regional
ACCMIP Climate-chemistry model mean 1980 and 2000  [1.24-°3.75Global

improvement in global AODTompkins et al.2005 Zubler ~ cording to the representative concentration pathway (RCP
etal, 20119. 4.5) projection for greenhouse gases emissidr®inson
The European Center for Medium-Range Weather Fore<t al, 2011). As we consider only the period until 2010 for
casts (ECMWF) has developed a reanalysis of global atthe present work, the choice of the projection does not have
mospheric composition since 2003, which includes the fiveany influence on the aerosol atmospheric content, as AOD is
main aerosol species. To constrain these aerosols, it includesmilar in the four scenarios between 2000 and 2@Efbpa
the assimilation of the MODIS AOD at 550nnRémer et al, 2013. Contrary to the simulation of RegCM-4, no re-
et al, 2005 where available, namely not over bright sur- laxation towards reanalysis is applied leading to an unreal
faces Benedetti et a).2009. The first attemptNorcrette  (random) chronology in the aerosol events: only the statis-
et al, 2009, corresponding to the GEMS (Global and re- tics (variance, extrema,...) in AOD are correct. The quality
gional Earth-System (atmosphere) Monitoring using Satelliteof this climatology will also reflect that of the other atmo-
and in-situ data) project, covers the period 2003—2008. Thespheric fields (notably wind and precipitation). However, the
Monitoring Atmospheric Composition and Climate (MACC) reference aerosol emissions over the historical period are of
is the second version. It provides improvements in sulfatethe utmost interest to study the trend in aerosol load over
distributions and has extended the reanalysis to the 2003a long period due to emission and global climate changes
2011 period Kaiser et al.201Q Benedetti et a).2011). (Lamarque et al.2010. Besides, this model has taken part
RegCM-4 is a regional climate modé&iprgi et al, 2012, in the model inter-comparison AeroCom initiative, showing
incorporating an interactive aerosol scheme. Assuming ara global average AOD close to the median AOD of all the
external mixture, this scheme includes advection, diffusionglobal modelsKinne et al, 2006.
by turbulence, vertical transport by deep convection, sur- The Atmospheric Chemistry and Climate Model In-
face emissions, dry and wet removal processes and chemtercomparison Project (ACCMIP) has gathered several
cal conversion mechanism@i@n et al, 2001 Solmon et al. chemistry-climate and chemistry-transport models, in or-
2006. Dust and sea-salt aerosols are emitted with generader to study the long-term changes in atmospheric com-
tion modules Zakey et al. 2006 2008 Nabat et al.2012), position between 1850 and 210Dafnarque et al.2013.
whereas anthropogenic aerosols emissions are related to iff-his exercise includes longer simulations than AeroCom,
ventories based on reference years. AOD like the other optiwith compulsory time-slices (notably 1980 and 2000). The
cal properties are computed off-line for each aerosol type usmean of models which have interactive aerosols, namely
ing a Mie scattering code. The simulation used in this studyCICERO-OsloCTM2 §keie et al.2011), GFDL-AM3 (Don-
(Nabat et al.2012 covers the period 2000—-2009, forced by ner et al, 2011), GISS-E2-R §hindell et al, 20130, GISS-
ERA-INTERIM (Dee et al.201]) as lateral boundary condi- E2-R-TOMAS (ee and Adams2010, HadGEM2 Collins
tions, in order to have a realistic chronology. Dust outbreakset al, 2011), LMDz-OR-INCA (Szopa et a)2013, MIROC-
can, for example, be simulated accurately at the relevant dat€HEM (Watanabe et 312011, NCAR-CAM3.5 (Lamarque
(Nabat et al.2012. et al, 2012 and NCAR-CAM5.1 Liu et al,, 2012, has been
LMDz-OR-INCA is an atmosphere general circula- included as a participant in the present intercomparison. The
tion model (LMDz, Hourdin et al, 200§ coupled with  AOD trends between 1980 and 2000 have also been investi-
a chemistry-aerosol module (INCA: Interactions betweengated for each of these models.
Chemistry and Aerosolg;lauglustaine et gl.2004). It in- To sum up GEMS and MACC combine model results
cludes the five aerosol species mentioned before. The simwand observations (MODIS AOD) and, thus, contain a pri-
lation and the set-up used in this study are describ&tapa  ori more information than the other products. However,
et al. (2013. The 1850-2100 period is covered, including a both the interactive scheme of RegCM-4 for dust and sea-
historical period (1850-2000) with reference aerosol emis-salt aerosols associated with realistic boundary forcings
sions (amarque et al.2010, and a future projection ac- from ERA-INTERIM and the multi-year simulations of
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LMDz-OR-INCA (1850-2010) and the ACCMIP models
(timeslices 1980 and 2000) could also be helpful in produc-
ing the desired long-term reconstruction of the AOD distri-
bution of the various aerosol types over the Mediterranean
region.

2.3 Ground-based measurements

In-situ aerosol observations are useful to evaluate satellite- 1§
derived and model-simulated AOD. AERONET is a ground
based globally distributed network of automatic Sun/sky :
radiometers Klolben et al. 1998 2001). The aerosol mi-

crophysical (volume size distribution) and optical (single S ]
scattering albedo, refractive index and asymmetry parame-f«£" 0 E W
ter) properties can be retrieved for the whole atmospheric P oK

column following the methodology proposed Bubovik Fig. 1. Domain of study over the Mediterranean basin. The 47 stud-
et al, 2002 For the present work, we have only used AOD jeq AERONET stations are indicated with a blue star. Colours on the
monthly average quality-assured data (Level 2.0) down-map define regions (numbered from 1 to 16) for applying region-
loaded from the AERONET websitehttp://aeronet.gsfc. averaged CALIOP aerosol vertical profiles in the final AOD field
nasa.goy. Angstrom exponent was also downloaded in or- product (see Sect. 3.4 and Tallle

der to calculated AOD at 550 nm from measurements at 440

or 500 nm (see Ed.). As the main interest of the paper is the

Mediterranean region, all the stations located in the area froning dataset. Box and whisker plots are also used to charac-
28'to 47 N and from 8 W to 37 E have been selected, pro- terise the biases of AOD products against AERONET mea-
vided the measurements cover a period of at least one yea$_urements. The median will be indicated as a thick black line
Figurel shows the 47 Corresponding stations. It should beWhlle the central box will be limited by the first and third
noticed that most stations are situated in continental Européluartile. The whisker limits will correspond to the inner quar-

and that the African region is under-represented_ tile range mU|t|p||Ed by 1.5. All the pOintS out of this range
(outliers) will be indicated with small circles.

3 Comparison and evaluation 3.2 Total AOD
3.1 Methodology 3.2.1 Satellites

The different satellite and model monthly AOD products The common period for all the recent (in the 2000s) datasets
are evaluated for each station when both AERONET andcovers only two years (2006—2007), which turns out to be
satellite-derived (and model-simulated) AOD are available.very short. For this reason we have decided to use the whole
Every dataset is averaged over a 1° box around the period of time for every dataset, especially as very few dif-
AERONET site. This method enables to include in the com-ferences are noticed using 2006—2007 instead of the whole
parison products which cover only ocean surfaces thanks tdime period (figure not shown). TabBpresents the corre-
coastal AERONET stations. Results based on temporal andponding period of time for each dataset, as well as averages
spatial correlations will be both presented in Taylor diagramson the European continent (region 8 +9+ 10 in Fijy.the
(Taylor, 2001, which indicate how closely a pattern matches Mediterranean Sea (5+6) and Northern Africa (1 +2) over
observation representing three statistics, namely the correlahe mentioned period. Figur&and 3 present the averaged
tion coefficient (indicated by the azimuthal angle), the stan-AOD map at 550 nm over the Mediterranean basin, respec-
dard deviation normalised by the observed standard deviatively, for the different satellite and model datasets. Averages
tion (the radial distance from the origin) and the root-mean-over the common period 2006—2007 are also indicated be-
square (RMS) difference (the distance to the point on the xtween brackets in Tabl& The two means over the period of
axis identified as “observed”). In our case, given the highstudy for each dataset and the common period are found to
number of stations and datasets for evaluating temporal corbe very close in most cases.

relation, the ensemble of points representing all stations is Large differences can be noticed between these sensors
included in a polygon for the corresponding dataset. Thein Fig. 2, but a relative agreement can be found between
cross (resp. the diamond) indicates the average for the codMODIS (on AQUA and TERRA) and MISR. These three
responding satellite (resp. model). In the same way, for evalproducts which cover the whole domain show the same
uating spatial correlation, polygons include the ensemble ofgeographical structure and their averages in Téblare
points representing the different months for the correspondvery close. The maximal AOD, related to dust aerosols, is
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Table 3. Averaged AOD at 550 nm over the European continent (region 8 + 9 + 10), the Mediterranean Sea (region 5 + 6) and Northern Africa
(region 1+ 2) for each satellite-derived and model-simulated product. Averages are calculated over the period of study (second column) for
each dataset. Averages over the 2006—2007 common period are also indicated (between brackets), except for TEG97 and ACCMIP which dc
not have interannual variability

Dataset Averaged period Europe Mediterranean Sea  Northern Africa
AQUA/MODIS 2003-2010 0.144 (0.147) 0.197 (0.198) 0.273 (0.275)
TERRA/MODIS 2001-2010 0.151 (0.148) 0.206 (0.207) 0.298 (0.309)
TERRA/MISR 2001-2010 0.140(0.141) 0.211 (0.208) 0.272 (0.267)
PARASOL/POLDER 2006-2010 - 0.244 (0.259) -
MSG/SEVIRI 2006-2010 - 0.185(0.176) -
SeaWiFS 2000-2007 - 0.111 (0.114) -
SeaWiFS-2 2000-2007 0.154 (0.150) 0.168 (0.165) 0.261 (0.260)
ENVISAT/MERIS 2003-2010 0.276 (0.280) 0.151 (0.146) -
NOAA/AVHRR 2000-2007 - 0.179 (0.180) -
TEG97 - 0.176 0.196 0.174
GEMS 2003-2008 0.249 (0.248) 0.244 (0.238) 0.339 (0.330)
MACC 2003-2010 0.195 (0.198) 0.239 (0.239) 0.260 (0.255)
RegCM-4 2000-2009 0.127 (0.129) 0.192 (0.187) 0.291 (0.279)
LMDz-OR-INCA 2000-2010 0.183(0.178) 0.235 (0.236) 0.405 (0.409)
ACCMIP 2000 0.205 0.231 0.316

observed over Northern Africa (averaged AOD between 0.27sensors, which might reveal a positive bias, especially over
and 0.30) and Near-East. These three retrievals over Sahathe Eastern basin. With regards to MERIS and SeaWiFS,
underline more precisely large AOD over Eastern Algeria,the comparison clearly shows their limitations. MERIS has
Tunisia and Libya, which are dust sources already identifiedan unrealistic sea-land contrast, as continents can be clearly
by Laurent et al(2008 where annual average AOD can ex- identified on the AOD map. It is the only one among the sen-
ceed 0.4. Over the sea, AOD is evaluated between 0.19 ansbrs to show an average AOD higher (and by far) over con-
0.21, and a North-South AOD gradient is well establishedtinental Europe (0.276) than over the sea (0.151). SeaWiFS
(0.65x 102 per latitude degreed) for AQUA/MODIS and AOD is much lower than the other satellite products (0.11
TERRA/MODIS, 0.49x 10-2/° for TERRA/MISR). In Eu-  over the Mediterranean Sea), with a lower north-south gra-
rope, AOD is lower (0.14 to 0.15), except in urban and in- dient (0.28x 10-2/°). This possible underestimation can be
dustrial areas such as the Po Valley (up to 0.26 with MODIS).attributed to the rejection by the operational algorithm of ev-
However, the sea-land contrast is more visible in MISR AOD ery pixel where reflectance is above a certain threshold cor-
(e.g., the Black Sea), probably revealing problems in sur+esponding to an AOD larger than 0.35 in order to assure the
face reflectances. The other difference between MISR andjuality of the retrieved marine parameters which are the main
MODIS concerns the Near-East, where AOD is stronger inobjective of the SeaWiFS missiodamet et a).2004. The
MODIS. SeaWiFS-2 AOD also presents the same patterns asame conclusion for the SeaWiFS AOD has been drawn by
MODIS and MISR, but its local maxima over Benelux and Myhre et al.(2005. Comparison between all these satellite
the British Isles are higher. AOD and AERONET estimations are discussed below.

The other sensors do not cover the land area or the Sa-
haran desert, but can still bring some information. AVHRR, 3.2.2 Models
SEVIRI and PARASOL show a representation of the AOD

variability over the Sea similar to MODIS and MISR, with 14ta] AOD can also be provided by global or regional model
maximum values in South-Eastern sea and smaller AOD iNroducts. Figure3 presents the annually averaged AOD
the Gulf of Lions. Although they do not retrieve aerosols map at 550nm over the Mediterranean basin taken from
over continental surfaces, thus, limiting their use in a possiblgne five model-simulated products (see TaB)e TEG97,
regional aerosol climatology for RCM simulations, SEVIRI yhich is the oldest product of our selection, clearly differs
onboard the MSG geostationary satellite has yet an excellerfom the other data. No maximum over Northern Africa can

temporal and spatial resolution. lts average AOD over thepe igentified resulting in a low north-south AOD gradient
Sea (0.185) is slightly lower than MODIS and MISR, and its (0.32x 10-2/°), whereas a strong West-East AOD contrast

: ; : 2/0

AOD north-gradient slightly higher (0.86107%/°). PARA-  ca he noticed, due to sulfate aerosols in central Europe. As
SOL has by far the highest AOD over_tgtz sea (0.244) and the, yeglt, the averages over Europe (0.176), the sea (0.196)
highest north-south gradient (1.45107</°) among all the g Northern Africa (0.174) are very close. The ACCMIP
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(a) - AQUA/MODIS (2003-2010)  (b) - TERRA/MODIS (2001-2010)

A i ‘i Jooeit X

(d) - PARASOL (2006-2010) () - NOAA/AVHRR (2000-2007)

L

/, fiN R ‘: : \\)“h i

(g) - SeaWiFS (2000-2010) (h) - MSG/SEVIRI (2006-2010) (i) - SeaWiFS-2 (2000-2010)

Fig. 2. Mean Aerosol Optical Depth (AOD) at 550 nm from different satellite sensors over the Mediterranean region.

mean, LMDz-OR-INCA and RegCM-4 show a spatial struc- timation of sulfate aerosols over Central Europe, related to
ture closer to satellite-derived products, with a maximuma bug in the conversion from $Qo SQ; corrected in the
over Sahara and a North-South gradient over the Sea (respeMACC version (Morcrette et al., 2011). Over the Sea (0.243)
tively 0.50, 0.84 and 0.8% 10-2/°). However, the AOD in  and Northern Africa (0.335), its AOD is also higher than
LMDz-OR-INCA is shown to be higher than in other datasetsin most other datasets. MACC is the second version of the
for the three studied regions of TabBe(Europe, Mediter- ECMWF reanalysis and has reduced the difference over Eu-
ranean Sea and Northern Africa), especially over Northerrmrope (0.194), but still have a high AOD over the Sea (0.238).
Africa (0.403). RegCM-4 AOD over the Mediterranean Sea Over Northern Africa, MACC (0.257) has a lower AOD than
(0.178) and Northern Africa (0.257) is closer to MODIS and GEMS (0.335), and also smaller than other datasets in this
MISR AOD averages, but slightly lower. In Europe, RegCM- region of dust production. Over the bright surfaces of Sahara
4 AOD (0.127) is lower than in satellite datasets, particularly where MODIS AOD is not assimilated, GEMS and MACC
in western Europe (Benelux, Germany, Po Valley), suggesthave to rely on the model dust emission parameterisation,
ing a possible underestimation of AOD due to a lack of an-which was revised downward for MACC when GEMS was
thropogenic aerosols (sulfates, see Sect. 3.3). This would alsassessed to produce too high an AOD for dust aerostas{
explain the slight difference over the Mediterranean Sea andjold et al, 2011 Morcrette et al.2011). ACCMIP AOD is
Africa where sulfate aerosols are less important. Over the Atsimilar to MACC over Europe (0.205) and the Mediterranean
lantic Ocean, low AOD simulated in RegCM-4 compared to Sea (0.231), and higher than satellite data sets over Northern
satellite datasets may be due to the proximity of this regionAfrica (0.316).

to the limit of the domain, thus, missing in RegCM-4 simu-

lation aerosols produced over the Atlantic Ocean outside thes.2.3 Comparison of seasonal cycle

domain. GEMS and MACC have also a similar spatial dis-

tribution of AOD. The AOD assimilation enables them not The aerosol atmospheric content is submitted to a strong sea-
to be far from MODIS products. However, GEMS AOD is sonal cycle over the Mediterranean regidvio(ilin et al,
larger over Europe (0.245 on average), linked to an overesi998 Barnaba and Gobf2004) and this seasonal variability
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(a) - TEG97

(d) - LMDz-OR-INCA (2000-2010) (e) - RegCM-4 (2003-2009) (f) - ACCMIP (2000)

Fig. 3. Mean Aerosol Optical Depth (AOD) at 550 nm from different model-simulated products over the Mediterranean region.
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Europe Mediterranean Sea Northern Africa

Fig. 4. AOD monthly averages at 550 nm for each dataset (top: satellites, bottom: models) over the European continent (region 8 +9 +10),
the Mediterranean Sea (region 5+ 6) and Northern Africa (region 1 + 2).

is now evaluated for the different datasets. Figdrehows  deposition are stronger in winter than in summer. Among
the AOD monthly averages at 550 nm over the same studthe satellite products, monthly averages over the Sea show a
ied regions for satellite-derived (top) and model-simulatedstrong similarity between MODIS (on AQUA and TERRA)
(bottom) products. All of them present a seasonal cycle withand MISR, even if TERRA/MODIS AOD is lower in spring

a maximum in spring or summer and a minimum in win- and AQUA/MODIS AOD in summer. The same variations
ter, but with various amplitudes. Mediterranean AOD is in- but with a positive difference compared to MODIS and MISR
deed controlled by the dust emissions over Northern Africaare shown by PARASOL, as well as by SEVIRI, SeaWiFS-2
(Moulin et al, 1998, with a maximum in spring and sum- and AVHRR with a negative difference. In parallel, MERIS
mer, and anthropogenic aerosols in summer over Central Etand SeaWiFS show less difference in AOD between winter
rope Barnaba and Gobl2004). Deposition also favours this  and summer. Concerning models, GEMS, MACC and AC-
summer maximum, as winds and rainfall increasing aerosolCMIP are able to reproduce this AOD variability over the
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i E data (right) against AERONET observations in terms of temporal
sd s @ w1 o 2 @ a2 19 a4 4 m w0 correlation for 47 stations around the Mediterranean basin.

Fig. 5. Box-and-whisker plots (median, first and third quar-
tile, outliers, more details in Sect. 3.1) representing the bias be-AOD products. The AERONET network provides standard-
tween monthly-averaged AERONET observations and the differ-ised high quality aerosol measurements and is used here as
ent satellite-derived and model-simulated products. Calculationseference data. Comparison with satellite and model data
have been realised between 1999 and 2010 for 47 stations over the gchieved for total AOD at 550 nm over the 47 stations
Medit:errante?n b";t‘)Si“' fThte t’_‘“m;’ers Zeovihthe y-axis i“di‘éngEZ%\vailable throughout the Mediterranean basin (Sect. 2.3,
sampiée set (number ot stations) used for the comparison Fig. 1). Figure5 presents the box-and-whisker plot as far
?eoalg.’ SEVIRI, SeaWiFS and AVHRR products are only over the as the bias between different datasets and AERONET ob-
servations is concerned. Results are averaged for every sta-
tion considering all months having coincident satellite or

Sea, as well as the other models to some extent. This was extodel and AERONET AOD. The width of the box of each
pected for GEMS and MACC which include MODIS AOD dataset is proportional to the sample size (number of stations)
assimilation. TEG97 only captures the summer maximum,considered in the study, which is indicated above the y-
but not the spring one, probably because of the lack of dusgXiS- The maximum is 47 for model and satellite prod-
aerosols. LMDz-OR-INCA cycle is disturbed by its strong UCts with land and sea coverage. AERONET data are not
dust emissions over Africa, which lead to two peaks in May @vailable to be compared to historical TOMS, CZCS and
and September which might be overestimated compared t§!VIR! products. o

other datasets. RegCM-4 is similar to satellite products be- AmMOngst satellite datasets, the median bias is close to O for
fore summer, when sulfate aerosols begin to have a signifAQUA/MODIS (-0.005) and TERRA/MODIS£0.004), as
icant role. Over Europe, differences between MODIS (onWell as for MISR ¢-0.007). However, AQUA/MODIS has
AQUA and TERRA), and MISR do not exceed 0.02 for every the smallest box indicating a lower spread (one outlier point
month revealing a very good agreement between these sexceépted in Sede-Boker, Israel) than TERRA/MODIS and
sors, SeaWiFS-2 shows similar AOD variations and valuesISR. The two outliers for TERRA/MODIS are also in
except a minimum in June, while MERIS AOD is higher on Near-East (Sede-Boker and Eilat), which must be a region
average. TEG97, ACCMIP and LMDz-OR-INCA are quite where MODIS has more difficulties to retrieve AOD. Over
similar to these three satellite sensors. GEMS presents th#e S€a, AVHRR has also very good AOD retrievals with
same variations, but with a positive difference compared toOW median bias £0.019) and spread. The other satellite
MODIS and MISR, which has been reduced in the MACC Sensors show larger errors in averaged AOD compared to
version. RegCM-4 clearly misses aerosols in summer comAERONET, especially MERIS and SeaWiFS. SeaWiFs-2
pared to all the other datasets. Over Northern Africa, theNas, however, significantly improved compared to the first
seasonal cycle is still similar between both MODIS plat- Version: its median is-0.018 against-0.074 for SeaW-
forms, MISR and SeaWiFS-2. AOD peaks at 0.44 in sum-iFS. With regards to model-simulated products, TEG97 and
mer in AQUA/MODIS and TERRA/MODIS, 0.40 in MISR  R€gCM-4 show a reduced median bia€).009 and-0.011,

and 0.36 in SeaWiFS-2. The models show different variationg€SPectively, but the spread is lower for RegCM-4. LMDz-
and values with a maximum situated between April and July,OR-INCA, GEMS, MACC and ACCMIP biases are slightly
except LMDz-OR-INCA with these two peaks mentioned higher. We can also mention that RegCM-4, LMDz-OR-

before which reach 0.66 over Africa. INCA and ACCMIP show several outliers, which come from
several points near the Alps as well as from Cairo.
3.2.4 Comparison to AERONET Spatial and temporal correlations with AERONET obser-

vations are now evaluated, and the results are presented in
After this comparison, we resort to independent ground-Taylor diagrams, as detailed in Sect. 3.1. Figbevaluates
based measurements in order to evaluate these differenémporal correlation at every AERONET station (averaging
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B L, e o and ACCMIP are not as accurate as the other models, which
1 Tomos ) . o might be due to their coarser spatial resolution.

NOAN/AVHS 06 "%% O RegCM-4 . . . .

Bvms S worona To summarise, this evaluation with ground-based mea-

+ TERRA/MISR
84 SealliFs g o ll—7
+ SeaWiFs2 ]

surements indicates that MODIS has the best AOD estima-
tion for several criteria, in agreement with the evaluation at
the global scale byBréon et al.(201J). It is more difficult
to choose between AQUA and TERRA as they show very
similar results. Figuré has shown a more reduced spread
) ) ) ) for the AQUA/MODIS dataset than for the TERRA plat-
Z'gt' . Tha;ylor Q'agtfg‘;gmagatg‘g Sat?”'te ,datta ('eﬂ)fa”dt,mlode' form. Besides, Figl3c, which presents AOD averages over
r:};igrllgfoz jit(%jjiltrrllstions around t?\esl\ellrc;/;tlgrrz:lr;airrgjs?n.spa e Northerr_l Afnca, shows that AQUA/MODIS has the same an-
nual variations between 2003 and 2010 than MISR, MACC
and GEMS, whereas TERRA/MODIS variations differ (no-
tably with the peak in 2005). Besidekevy et al. (2010
have recently underlined discovered issues with TERRA (no-
all months available at the given station) for the different tably an increasingly lower AOD since 2005). They have
datasets. MODIS (on AQUA and TERRA) have the small- also shown at the global scale for dark-target products over
est average root-mean-square error (RMSE) among satellitand that Terra AOD presented a negative trend compared
datasets, as well as the highest correlation (respectively 0.7 AERONET measurements while comparisons between
and 0.77). Moreover, their spread is similar and not so largeAERONET and Aqua AOD have shown no trend. For those
compared to the other datasets. Over the sea, PARASOL als@asons, AQUA/MODIS seems to be more trustworthy and
shows a good correlation (0.74), but its standard deviation isve finally choose to use it for our reconstruction. Despite
much higher (59 %) than that of AERONET. AVHRR has the the evaluation, we are aware that this choice may be ques-
best estimated standard deviation and a very small spread, btibnable and may evolve in future depending on product im-
a lower correlation (0.66) than MODIS. The other datasetsprovements.
show lower scores in the Taylor diagram, even for MISR.
Large polygons for MERIS, MISR, SEVIRI and PARASOL 3.3 Separation by aerosol type
indicate strong errors at some stations contrary to MODIS
whose data are more homogeneous. SeaWiFS is the onlpue to their different optical and microphysical properties,
one to show much too little variability, but a significative aerosol type discrimination is required for a reconstruction
improvement is noticed with SeaWiFS-2. With regards to of aerosol climatology for a regional climate modelling pur-
model datasets, MACC and GEMS reanalyses have the begtose. Some satellite sensors provide a distinction between
RMSE and correlations, even if it should be noted that thefine and coarse modes (e.gani et al, 1997 Anderson
evaluation against MODIS data is not completely indepen-et al, 2005, but only model-based products can realise such
dent because of data assimilation in these reanalyses. AGxpportionment of the total AOD. Given the evaluation shown
CMIP correlation is slightly lower (0.60), and larger errors in the previous paragraph, MACC has proved to have the
are observed for TEG97, LMDz-OR-INCA and RegCM-4. best total AOD estimation among model products in terms of
Figure7 presents the evaluation in terms of spatial variabil- spatial and temporal correlation, but with a higher bias than
ity for every month (i.e., averaging all stations for the given TEG97 and RegCM-4. This section presents the character-
month). Four satellite-derived products (AQUA/MODIS and istics of the different aerosols considered separately in each
TERRA/MODIS, SEVIRI and AVHRR) have the highest model in order to choose and retain the most relevant model
correlation (around 0.6). Among them, AVHRR and SE- dataset for every aerosol type in our reconstruction.
VIRI have a wider spread than both MODIS. With regards Figure 8 presents the AOD averages over three regions
to standard deviation, these four products as well as MISRNorthern Africa, the Mediterranean Sea and Europe) for
and SeaWiFS-2 are close to AERONET. The other senthe previous models and each of the five aerosol types.
sors, namely MERIS, SeaWiFS and PARASOL show lowerThe dust cycle with a maximum in spring and summer
scores, and a similar improvement between SeaWiFS ané simulated by each model with a varied intensity. Over
SeaWiFS-2 can be noticed both in terms of correlation andAfrica where aerosols are essentially composed by soil dust
standard deviation. GEMS and MACC reanalysis reach thgSD), RegCM-4 AOD is very close to MODIS while TEG97
same correlation than the best satellite sensors, and haveamd MACC AOD is lower, ACCMIP, LMDz-OR-INCA and
smaller spread, but their standard deviation is too low byGEMS higher (see Tablg). Dust AOD over Africa shown
about 30 %. RegCM-4 shows a better standard deviation, buin Fig. 8 can explain these differences. RegCM-4 dust AOD
with a correlation of only 0.32 probably linked to a deficient peaks at 0.34 in spring, with an average of 0.24. The multi-
description of the emission of anthropogenic aerosols in Cenmodel ACCMIP mean gives similar values for dust AOD
tral Europe Nabat et al.2012. TEG97, LMDz-OR-INCA  (0.21 on average, with a monthly maximum at 0.34 in June).
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Fig. 8. Mean Aerosol Optical Depth (AOD) at 550 nm for each aerosol type (SD = soil dust, BC = black carbon, OR = organic carbon, SU
= sulfates and SS = sea-salts) simulated by different models over the Mediterranean region. Averages are calculated over Northern Africa
(dotted line), the Mediterranean Sea (continuous line) and Europe (dashed line). The black lines plot the total AOD for the different regions.

In contrast, MACC and TEG97 dust AOD only peak re- LMDz-OR-INCA and ACCMIP. Over the sea, the same vari-
spectively at 0.19 and 0.23 underestimating dust emissionstions can be observed. Given the better scores reached by
while GEMS and especially LMDz-OR-INCA are much MACC in terms of spatial and temporal correlation compared
higher (maximum respectively at 0.39 and 0.58), overesti-to AERONET stations which are more numerous in Europe,
mating dust emissions. As a result, RegCM-4 must be thewve can assess than RegCM-4 probably underestimates sul-
best model with regards to dust load. This is not really sur-fate aerosols over the Mediterranean region. Additional tests
prising as this model, forced by a real chronology (the reanal{not displayed here) have shown a clear underestimation of
ysis ERA-INTERIM), has an interactive module to generate sulfate production by RegCM-4 in this specific set of runs,
dust aerosols at a 50 km resolutidtakey et al.2006. This due notably to an underestimation of both;Sgnissions and
on-line approach to calculate high resolution dust fields hasummer oxydant field prescribed as a climatology. Organic
shown to produce realistic representations of dust outbreaksarbon (OR) have lower AOD, ranging from 0.02 (MACC
(Zakey et al.2006 Solmon et al.2008 Nabat et al.2012), and ACCMIP) to 0.07 (TEG97) on annual average over Eu-
as well as dust AOD seasonal and regional variability overrope. All models agree on the very low AOD for black car-
the basin. Moreover, MACC and GEMS cannot assimilatebon (BC) aerosols, estimated between 0.01 and 0.02 over Eu-
AOD over Africa contrary to the rest of the domain. A rea- rope. For the same reason as for sulfate aerosols, we can be
sonable option is consequently to consider RegCM-4 AOD toconfident in MACC carbonaceous emissions which are sim-
estimate dust aerosols over the basin in our reconstruction. ilar to most other datasets. Given this good performance of
As far as sea-salt (SS) aerosols are concerned, all modeMACC product over anthropogenically dominated European
based products except TEG97 show a maximum in winteregions, we choose to represent sulfate, black and organic
probably due to stronger winds over the Mediterranean Seacarbon AOD in our reconstruction from the MACC dataset.
These five models (RegCM-4, LMDz-OR-INCA, the AC-  Regarding these results, our reconstruction will be based
CMIP mean, GEMS and MACC) have similar SS AOD, on the products which provide the best AOD estimation, with
whose winter maximum ranges from 0.02 to 0.04. Givenrespect to each aerosol type: SU, OR and BC from MACC,
these low AOD values and the small differences betweerSD and SS from RegCM-4 (more details will be given in
these datasets, the choice is difficult and will not really affectSect. 4.1). MACC has got the best scores against AERONET
the final reconstruction. As RegCM-4 presents the advantagebservations, but this is essentially true for anthropogenic
to have an interactive module to generate SS aerosols at aerosols where enough AERONET stations are present. Over
50 km resolution Zakey et al. 2008 as for dust aerosols, Africa the lack of desert dust aerosols in MACC has been
this model should be a relevant choice for SS AOD in ouridentified with satellite datasets, and could cause problems
reconstruction. for studies over the Mediterranean basin. The generation
With regards to the other aerosols, differences betweemodule of RegCM-4 for dust and sea-salt aerosols at a high
datasets are more important. Sulfate (SU) aerosols are preesolution could be a relevant alternative. Again it should be
vailing, with a maximum in Central Europe during spring stressed that other choices might be possible. Here the objec-
and summer, which is reproduced by every model. Howevertive is mainly to present one way among others to develop
the intensity of this maximum differs. SU AOD over Europe a 4-D-reconstruction of AOD field over the Mediterranean
peaks at 0.04 in RegCM-4, 0.12 in TEG97, and an agreearea.
ment between 0.15 and 0.16 can be found in GEMS, MACC,

www.atmos-meas-tech.net/6/1287/2013/ Atmos. Meas. Tech., 6, 12814 2013



1300 P. Nabat et al.: A new climatology of aerosols over the Mediterranean region

CALIOP measurements show that marine and polluted
continental aerosols are confined in the boundary layer un-
der 1000 m, with respective maxima at 200 and 400m.
Clean continental, smoke, dust and polluted dust aerosols
are lifted to higher altitudes with maxima at 1000, 1300,
1200 and 1000 m, respectively. These sharp gradients near
> surface are in agreement with airborne lidar profileslac

acdproties and Chazette2003.

The dust vertical profile is similar in observations and both
model simulations, as far as the vertical spread, which is
the largest of all aerosols, is concerned. The major part of
dust AOD (90 %) is situated between the surface and 4700 m
for CALIOP (4000 m for MACC and 5000 m for RegCM-
3.4 Vertical dimension 4), which is coherent with previous studidsamonou et aJ.

1999 Mona et al, 2006 Kalivitis et al, 2007). However,
Up to this point the present work has focused on the bidi-the peak of dust AOD is higher in RegCM-4 (2600 m) than
mensional temporal representation of aerosols. Their vertiCALIOP (1200 m), and MACC has its maximum at surface
cal distribution must also be investigated since it has beeraind a local maximum at 900 m. Sea-salt (maximum at 900 m)
identified as a major source of uncertainties in the simula-and sulfate (1900 m) aerosols are also higher in RegCM-4
tion of aerosol processe3dxtor et al, 2006. For the time  than in MACC (resp. at surface and 300 m) and CALIOP,
and to our knowledge, the CALIOP instrument representscompared respectively to marine and polluted continental
the best way to assess the vertical profiles of particles a@erosols. On the contrary, black carbon aerosols are lower in
regional scale, including an aerosol speciation. Such inforMACC where maximum is at surface compared to RegCM-
mation on the aerosol type is not available from surface li-4 (1400 m) and CALIOP smoke (1300 m) and polluted con-
dar (EARLINET) or sun-photometer (AERONET) observa- tinental (400 m). As a result, several differences have been
tions. Figure9 presents the mean vertical profiles of differ- shown between CALIOP and both models, so that we choose
ent aerosol types from CALIOP (left) and from MACC and to keep CALIOP profiles for our reconstruction: marine (for
RegCM-4 (right), the two coupled-chemistry models of our SS), dust (for SD) and the combination of polluted continen-
study that simulate such a vertical distribution, averaged ovetal and smoke (for OR, BC and SU). The question is to know
the Mediterranean basin (see Fig. For CALIOP, the pro-  to which spatial and temporal variability these profiles can be
file results from counting each aerosol type identified at aincluded in the final product.
given altitude over the basin. Profiles from both CALIOP and  The aerosol vertical distribution is submitted to a strong
models are normalised to the total number of identificationsseasonal and spatial variability, respectively, illustrated in
of each aerosol type in order to focus only on its relative Figs. 10 and11. Figure 10 presents our three mean aerosol
vertical distribution. The direct comparison of vertical pro- profiles (dust, sea-salt and the combined profile) over the
files of CALIOP aerosol types with those of different aerosol Mediterranean basin for each of the four seasons, while
components simulated by the models is only possible forFig. 11 shows averages over our three regions: Southern Eu-
CALIOP Marine and Dust aerosol types which can be assofope (a), the Mediterranean Sea (b) and Northern Africa (c).
ciated to model sea-salt (SS) and soil dust (SD). Sulfates, OR he main seasonal variability is linked to dust aerosols which
and BC have multiple sources and should be found simulta@re present in higher altitudes in spring and summer. This
neously in the other CALIOP aerosol types Clean Continen-esult is in agreement with Lidar measurements obtained in
tal, Polluted Continental and Smoke. For insta®oear etal.  Central Mediterranearldfrio et al, 2009. The polluted con-
(2009 underline that the two aerosol types Polluted Con-tinental and smoke aerosols (combined profile) also peak
tinental and Smoke are both slightly absorbing fine aerosol&t higher altitudes in summer. Differences between regions
that are only differentiated by their altitude, The Clean Conti- can also be noticed, with for instance highest anthropogenic
nental aerosol type should also include fine secondary sulfat@erosols (combined profile) over southern Europe than over
and organic particles from natural origin, but has a significantNorthern Africa (Fig.11). Over the sea, dust aerosols can
supermicronic mode. For this reason we combine the twg'emain near the surface contrary to continental regions.
Polluted Continental and Smoke average vertical profiles, by As a consequence, it is useful to take into account sea-
doing a weighted average profile using their respective fre-sonal and geographical variability in our reconstruction with
quency, added in Fia. We assume that this weighted aver- CALIOP data. In order to have vertical profiles representing
age combined vertical profile is adapted to the three OR, BGhe different aerosol types and regions, we resort to monthly
and SU aerosol species. means over different regions of the Mediterranean basin de-
fined in Fig.1 and Table4. This allows to have enough
CALIOP retrievals to calculate a significant mean, so that

3 o1 o5 oz
(a) - CALIOP (2006-2010)

Fig. 9. Mean aerosol type vertical profile over the Mediterranean
basin. CALIOP (2006—2010) on the left, model-simulated products
on the right (MACC in continuous line, RegCM-4 in dashed line).
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Fig. 10. Mean aerosol type vertical profile from CALIOP (2006—-2010) over the Mediterranean basin for winter (DJF), spring (MAM),
summer (JJA) and autumn (SON).

Table 4. Regions of the Mediterranean basin for applying CALIOP
s0co| () - Southern Europe %000} (b) - Mediterranean Sea %000l () - Northen Africa AOD vertical profiles. Limits between regions are also indicated
a000 o000 a000 (AO =Atlantic Ocean, MS=Mediterranean Sea, RS=Red Sea,
BS =Black Sea, NS = Northern Sea).

S e S CALIOP region N Limits
* oo “ o * o Maghreb 1 AO, MSand FIE
2000 00 2000 Libya-Egypt 2 1PE,MSandRS
Red Sea 3 RS
Near-East 4 RS, MS, BS and4R
‘ ‘ Western Sea 5 MS to the west of Italy
o o® o1 o 0z o o oo o1 0w 0z 0 o o® o1 o 0z o Eastern Sea 6 MS to the east of Italy

Black Sea 7 BS
Southeastern Europe 8 9B, 48 N, 3(° E, BS and MS
Southwestern Europe 9 AO,4Bl, 13 E, and MS

Fig. 11. Mean aerosol type vertical profile from CALIOP (2006—
2010) over Southern Europe (left, region 8 +9), the Mediterranean
sea (middle, region 5+ 6) and Northern Africa (right, region 1 +2).

Northern Europe 10 AO, NS, 8E, and 48N
Eastern Europe 11 SE&, 42 N and BS
Scandinavia 12 NS and3&

regions cannot be too small. Regions proposed in Figke British Isles 13 AOandNS

into account climatic and geographical characteristics of the Northern Sea 14 NS

Mediterranean basin. In particular, sea and land surfaces areNorthern Atlantic 15 AO,424Nand & W

separated. For each region, all the data from CALIOP be- Atlantic 16 AOand44N

tween 2006 and 2010 have been gathered, in order to get

these monthly averages for each aerosol type. Only the ver-

tical shape from CALIOP has been used, to distribute thepefore the 2000s is a much more complex problem as only
AOD from the bidimensional reconstruction product. Given few sensors are available and their spatial coverage and qual-
the uncertainties in CALIOP data, the vertical resolution for ity are not as good. Figur&2 presents the averaged AOD
our final product is based on the 60 MACC vertical levels. Asmap over the Mediterranean basin over the 1980s for the
the retrieval period of time is still short (only 2006—-2010), available satellite data as well as the simulation from LMDz-
the interannual variability in vertical distribution is not taken OR-INCA and the multi-model ACCMIP mean. AVHRR,

into account. LMDz-OR-INCA and ACCMIP are in quite good agreement
over the sea with stronger AOD than in the present condi-
3.5 Before the 2000s tions. The averaged AOD over the Mediterranean Sea during

this period is 0.245 for AVHRR, 0.28 for LMDz-OR-INCA
This comparison of AOD products and selection for a pos-and 0.29 for ACCMIP. LMDz-OR-INCA and ACCMIP also
sible reconstruction can easily be achieved from 2000 whertlearly show a maximum AOD in Europe reaching 0.315 and
satellite retrievals are numerous. However, estimating AODO0.318, respectively, on average over the European continent
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(up to 0.45 in Central Europe for LMDz-OR-INCA), which Given the small number of reliable AOD measurements
is also much higher than in present conditions (see Bable over the whole 1979-2009 period, we resort to using model
This maximum could not be verified using available satel-data from the ACCMIP intercomparison exercise. Table
lite data for this period due to the absence of AOD retrievalspresents the sulfate AOD differences between the timeslices
over continental surfaces at that time. However, it could be2000 and 1980 for each ACCMIP model. The decrease in
related to important sulfate emissions in the 1980s, which issulfate AOD ranges froma-0.05 to—0.19 over Europe, and
a well-known phenomenon (e.Binker et al.2005 Vautard  from —0.03 to —0.08 over the Mediterranean Sea. LMDz-
et al, 2009 Wild, 2009. As in present conditions, LMDz- OR-INCA is a median model, showing sulfate trends close
OR-INCA AOD over Northern Africa is higher than all the to the ACCMIP mean. It should also be noted that no sig-
other products available over this region, while ACCMIP nificant trend has been noticed for BC and OR aerosols over
AOD over this region is similar to the 2000s. Europe and the Mediterranean Sea (the ACCMIP mean trend
The other datasets (MVIRI, TOMS and CZCS) have lower is —0.00 for BC and OR).
AOD over the sea. For CZCS, whose algorithm is close to To sum up, Figs12 and 13 show a strong dispersion be-
SeaWiFS, this is probably due to the rejections of high AODtween the different products in AOD before the 2000s. The
retrievals, thus, explaining a very low AOD over the Mediter- main phenomenon is the decrease in atmospheric aerosol
ranean Sea (0.147 on average). MVIRI and TOMS AOD overcontent between 1979 and 2000 caused by reduction in sul-
the sea (resp. 0.144 and 0.121) are also low compared ttate emissions already mentioned. Although this dispersion
other datasets. TOMS AOD over Africa (0.231) is yet closerin AOD makes it difficult to assess the LMDz-OR-INCA
to MODIS and MISR retrievals in present conditions. and ACCMIP datasets, their AOD is close to the AVHRR re-
Figurel3presents the annual AOD average between 1979rieval over the Mediterranean Sea. Moreover, results given
and 2010 over Europe (a), the Mediterranean Sea (b) anfly the ACCMIP exercise have proved LMDz-OR-INCA was
Northern Africa (c) for all satellite and model datasets. Thisa median model considering these trends. The solution for
figure highlights the AOD underestimation of CZCS, TOMS our reconstruction could be to keep only the trend in sul-
and MVIRI in the 1980s, and MERIS and SeaWiFS later, fate AOD in the LMDz-OR-INCA model between 1979 and
which are far from the other datasets over the sea (). 2000. Indeed, the chronology of the interannual variability in
This is also visible for the overestimation of MERIS over this model is fictitious, but not the trend, which is controlled
the European continent (Fid.3a). However AVHRR and by reference sulfur emissions. From this trend, we can build
LMDz-OR-INCA present the same decrease in AOD from the sulfate AOD field from our climatology established with
the early 1980s likely due to the decrease in European sulMODIS and MACC. As the other aerosols are not affected
fate emissions. The high AOD value obtained in 1992 vis-by decadal trends (figure not shown), we can apply monthly
ible in MVIRI, AVHRR and TOMS is probably linked to climatologies coming from the recent past decade.
the volcanic eruption of PinatubMoulin et al. (1997 es-
timate a possible bias as high as +0.04 for summer 1992.
More generally, caution must be used with long aerosol time4 Reconstruction of the aerosol field
series such as retrieved from AVHRR and MVIRI, as the
sensors have been used on different platforms during the pet.1  Building a 4-D-blended product
riod. Breaks in the time series can be linked to problems in
cross-calibrationNloulin et al, 1996. Figurel4illustrates  This section presents the reconstruction resulting from
the issue for MVIRI data. It shows the difference in monthly the comparison of Sect. 3. As mentioned in Sect. 3, the
mean AOD from June 1983 to December 1997, compared tdack of data before 2000 leads us to separate two peri-
the monthly average on the whole period. Changes in sateleds. With the chosen products, namely RegCM-4, MACC
lite clearly coincide with discontinuities, despite the greatand AQUA/MODIS, the common period of time is 2003—
care put in the successive MVIRI sensors calibratdoilin 2009. Over this period, we propose a 4-D-blended product
etal, 1996. It turns out that the low sensitivity of the MVIRI  composed of monthly AOD climatologies combined with
sensor (only 64 numerical counts for Meteosat-2 and 3, andCALIOP profiles for the vertical dimension. This prod-
255 for Meteosat-4 and 5) produced relatively large uncer-uct has been achieved at a 50km resolution (after a lin-
tainties in radiance measurements and, therefore, in cros®ar interpolation for MODIS and MACC) over the domain
calibration of the different sensors. As far as AVHRR is con- shown in Fig 1, with a Lambert conformal projection (origin
cernedShindell et al(2013g have shown that the trends for point: 43 N, 15° W). It must be noted that the choice of the
water areas near Europe are fairly consistent across differerdomain is not essential, and a similar work to a larger domain
analyses of AVHRR data (contrary to Asia notably). could be easily carried out.
Total AOD field is given by AQUA/MODIS, whereas
MACC (for sulfates, black and organic carbon) and RegCM-
4 (for dust and sea-salt) provide the separation into five
aerosol species. For each month of the period 2003—-2009,
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Fig. 12.Mean Aerosol Optical Depth (AOD) at 550 nm from different products over the Mediterranean basin between 1979 and 1990.

Table 5. AOD differences between 2000 and 1980 in the ACCMIP models.

Region CICERO GFDL GISS GISS-TOMAS HadGEM2 LMDz-OR-INCA NCAR-3.5 NCAR-5.1 Mean
Europe -0.14 -0.14 -0.19 —0.05 —0.10 -0.12 —0.10 —0.05 -0.11
Mediterranean Sea —0.06 —0.08 —0.06 —0.03 —0.05 —0.05 —0.05 —0.03 —0.05

the raw AOD coming from the model is normalised by the to- 2003 and 2009. Given the conclusions of Sect. 3, we assume
tal AOD from MODIS. This normalisation is applied to each there is no significative change in AOD for these species. On
month individually so that total AOD of the reconstruction is the contrary, sulfate aerosols are submitted to a decreasing
identical to AQUA/MODIS for every month. The following trend, which is reproduced in our reconstruction according

equations summarise the method: to the following equation:
AODyec(aer,lon,lat,y,m= AODyec(SU, lon,lat,y,m =

AODM; e(SU,lon,lat,
AODmodef@er,lon,lat,y,m x C(lon,lat,y,m AODinGa (SU,Jon,jaty,m x rec( m

AODM nca (SU,lon,lat,m

with the normalisation coefficient: here SU stands f at s AODM s th
where stands for sulfate aerosols, represents the
AODwopis(lon.laty,m average over the period 2003—-2009 for the reconstruction
aXe:rAODmodd(aer,lon,Iat,y,rm (rec) or the LMDz-OR-INCA model, with y the year between
. . . 1979 and 2002. AO[Rca is the AOD from the LMDz-OR-
where aer is one aerosol among the five types, rec is the NeYCA model given with eleven-year moving averages. As a
reconstruction, model is either MACC (for sulfates, black result, contrary to the 2003-2009 period, there is no year to

and organic carbon) or RggCM—4 (for sea—salt_ and dugt), an‘glear variability in the reconstruction between 1979 and 2003,
lon, lat, y and m, respectively, stand for longitude, latitude, but only a decreasing trend for sulfate aerosols.
year and month.

This method gives three-dimensional AOD fields (longi- 4.2 Characteristics of the new climatology
tude, latitude and time), and the vertical dimension can be
added with CALIOP data. The AOD is vertically distributed AOD averages maps over the period 2003-2009 for each
according to monthly profiles of the corresponding region. aerosol type can be seen in Fih. As shown in Sect. 3.3,
Figure 15 presents the AOD averages over 2003-2009 forsoil dust and sulfate aerosols are prevailing over the Mediter-
each aerosol type. ranean basin. In terms of seasonal cycle, the main patterns
Over the 1979-2003 period, the AOD fields for desert mentioned in Sect. 3.2 are present in the reconstruction. Fig-
dust, sea-salt, black and organic carbon aerosols are given hyre 16a presents the monthly AOD average over the period
the multi-year monthly means of the reconstruction betweer2003—2009 for each aerosol type. The dust maximum occurs

C(lon,lat,y,m) =
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weak or intense dust and sulfate aerosol contents. Fitjure
presents the anomalies of monthly AOD averages over the
Mediterranean Sea, namely for every month the difference
between the AOD of this month and the multi-year monthly

e average (for every aerosol type and total AOD). For example,
(©) - Northern Africa May 2003 and February 2008 were characterised by lower
ust aerosol loads whereas June 2006 and March 2009 have

AOD

Fig. 13. AOD annual averages for each dataset (satellites antﬂ

models) over the European continent (region 8+9+ 10, top), the e\%] Emelttgd 0 ahvelry strong d_uzt '6287'39 2009) Hi
Mediterranean Sea (region 5+ 6, middle) and Northern Africa (re- ith regards to the longer period ( B ), Hife

gion 1+2, bottom) between 1979 and 2010. presents the annual AOD average over the Mediterranean Sea
for each aerosol type and total AOD. The decrease between
1979 and 2009 is controlled by sulfate aerosols. The trend,
equal to—0.051 per decade for sulfate AOD over the Eu-
in spring and summer over Northern Africa with a monthly ropean continent, is coherent with the oneZubler et al.
peak at 0.33 in June. Over the European continent, sulfat?zonb in the COSMO regional climate model. Over the sea,
aerosols are prevailing, especially in spring and summerine decrease for sulfate AOD40.023 per decade. The total
Other aerosols have less influence, but the maximum of oraop trend is also in good agreement with long-term ground-
ganic carbon in summer and sea-salt aerosols in winter cagased measurements in GermaRy¢kstuhl et a].2008. In
be noticed. Total AOD seasonal cycle is obviously the samepig study, the trend per decade between 1986 and 2005 in
as AQUA/MODIS. Zingst and Lindenberg was respectivel9.106 and-0.119,

Figure 16b presents the annual averages for the differentygainst—0.074 and-0.097 for the reconstruction.
aerosol types and total AOD. The interannual variability is

generally low between 2003 and 2009 with a standard devi4.3 Discussion
ation for total AOD over the sea equal to 0.008. However, a
slight decrease in dust and sulfate AOD can be noticed. FoiThis comparison of different aerosol products has led to a
dust aerosols, this trend is0.0045 per year over Northern reconstruction of a new monthly aerosol climatology, that
Africa and is statistically significant at the 0.05 level (Stu- could be very useful to several RCMs for aerosol-climate
dent’s test). For sulfate aerosols the trend is not significanstudies over the Mediterranean. However, it should be kept
even if it reaches-0.0017 per year over Europe. Total AOD in mind that even if our product has been built to give the
decreases by 0.0023 per year over the Mediterranean Semost relevant estimation of AOD, it can present some draw-
(not significant at the 0.05 level). This AOD decrease hasbacks. For example, the retrieved AOD over the Near East
already been shown in previous studies for total AOD overdiffers a lot from sensor to sensor, and MODIS may not be
the Mediterranean basiPépadimas et al2009. the most relevant sensor in this particular region (from the
Our blended product also enables to identify months af-evaluation with AERONET measurements, Sect. 3.1). More
fected by exceptional AOD loads, notably because of unusuagjenerally, our evaluation suffers from the lack of AERONET
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Fig. 15. Average aerosol optical depth of the reconstruction product over the period 2003—2009 for each aerosol type (OR =organic carbon,
SU =sulfates, BC = black carbon, SD = soil dust, SS = sea salt).
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Fig. 16. Seasonala) and annuallf andc) AOD averages in the re-  Uncertainties are high over Near-East and northern Africa,
construction field over Europe (left, region 8 + 9 + 10), the Mediter- Whereas they are lower over Europe. From this standard de-
ranean Sea (middle, region 5+ 6) and Northern Africa (right, re- viation, a confidence interval at the level 0.05 has been calcu-
gion 1+ 2) for the five aerosol species (in colour) and total AOD (in lated, and added (in gray) in Fi@6 for monthly and annual
black). Top(a) and middle(b) plots concern the 2003—-2009 period, averages over the three regions for the 2003-2009 periods.
bottom plots(c) the 1979-2009 period. The confidence interval at A similar confidence interval has also been calculated for the
the level 0.05 is indicated in gray. 1979-2009 period, based on the standard deviation between
the different ACCMIP models.

No means has been found to evaluate properly the sep-
stations over Northern Africa and over the sea. Given thesaration between the different aerosol types. Previous stud-
uncertainties, the final reconstruction is provided with an esdes (Lee and Adams201Q Shindell et al. 20133 have
timation of error based on the four satellite products cov-determined the dominant mass type in different locations
ering the whole domain (AQUA/MODIS, TERRA/MODIS, around the world, which is more difficult in this regional
TERRA/MISR and SeaWiFS-2). Figuls (top) presents the  study (except for dust over the Sahara desert) as the Mediter-
standard deviation of the ensemble of these four datasetsanean area is affected by mixtures of different aerosols. The
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tions following Eq. (1). The average angstrom exponent re-
trieved by AQUA/MODIS over the 2003—-2009 period is con-
sequently provided in Fid.8 (bottom). This parameter is de-
rived from variation of AOD between 470 and 660 nm over
land (including bright surfaces with the deep blue algorithm)
and between 550 and 865 nm over the sea. Northern Africa
is affected by low values (between 0.5 and 0.8), revealing
the presence of dust aerosols. On the contrary, anthropogenic
aerosols over Eastern Europe give an Angstrom exponent
higher than 1.5. Not all climate models can take into ac-
count this information, depending on the spectral bands of
their radiative scheme®&éndles et al2013.

Another point to mention is the consideration of the other
aerosol species. Secondary organic aerosols and ammonium
nitrates are notably missing in this comparison, which is
also the case in most of climate modehindell et al.
20133. Only 2 models in the ACCMIP exercise include ni-
trate aerosols, and nitrate does not seem to be abundant over
the Mediterranean compared to sulfat8siare et al.2008.
Nitrates, which could have a potential impact on global cli-
mate in future Bellouin et al, 2011), and other aerosol types,
could be included in the next comparative exercises when
most models include them.

As far as volcanic aerosols are concerned, they also play
an important role in radiation-climate interactiorf&opock
2000, but this study has focused on the main different tro-
pospheric aerosols. We would advise the use of a historical
Fig. 18. Standard deviation of total AOD at 550nm (top) and dataset of volcanic eruptions to take into account the related
Angstrom exponent (AQUA/MODIS, bottom) over the Mediter- stratospheric aerosols, which are not included in our new cli-
ranean region for the 2003-2009 period. matology. For example, the aerosols diagnosed fAonman

et al.(2007) are a relevant choice, providing the zonal mean
AOD of stratospheric aerosols. Over our period of time, two
separation between fine and coarse mode available for exanvolcanic eruptions affect the Mediterranean region: El Chi-
ple in the MODIS dataseRemer et al.2009 could be used  chon in March 1982 and Mount Pinatubo in November 1991.
considering fine aerosols are essentially sulfates, BC and offhe emitted aerosols remain during several months in the
ganic aerosols. However, the fine fraction of dust aerosolsstratosphere over the Mediterrane@mhézette et al1995.
would not be taken into account in this case. Moreover, un- Finally, it should be stressed that our monthly average
certainties are still important in this kind of producfu(  AOD distribution accounts for the high spatial variability in
et al, 2009, showing no consensus on an observationally-the tropospheric aerosol load, but does not account for its
constrained anthropogenic AOD. The same problem is raise@ven higher daily variability.
for the absorption aerosol optical depth (AAOD), which
could be estimated with the black carbon and dust aerosolst.4 Aerosol optical properties
Dust aerosols are, however, more or less absorbing depend-
ing notably on their size and hematite content. Some organi@nother source of uncertainty when applying this reconstruc-
aerosols are not exclusively scatterilgallet et al, 2013. tion in RCMs concerns the aerosol optical properti¥ang
As a result, the method used in the present work has been tet al.(2006 have shown the impact of dust optical properties
evaluate and compare the total AOD data from each modelpn radiative forcing. They underline the importance of the ac-
highlighting the limitations for some components (e.g., sul- curacy of optical properties to estimate radiative forcing and
fates in RegCM-4, dust aerosols in MACC). The final recon- consequences on climatgolmon et al(2008 have under-
struction is a first attempt to have an AOD climatology over lined the importance of the dust single scattering albedo on
the Mediterranean basin, that has none of the mentioned limthe hydrological response of the RegCM model over West-
itations. ern Africa. In RCMs which do not have interactive aerosol

Besides this comparison has been carried out for onlyschemes, these optical properties have to be determined ac-
one wavelength (550 nm). As mentioned in Sect. 2.1, thecurately. For that reason, we propose in Tablealues for
Angstrom exponent enables to have AOD spectral variasingle scattering albedo (SSA) and asymmetry paramgter (

0.5
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Table 6. Aerosol optical properties obtained from Mie calculations for different aerosol types at 550 nm (first line for each aerosol) and 1 um
(second line) wavelengths. Values between square brackets correspond to an uncertainty range of 10 % on the effective radius. SSA = Singl
Scattering Albedog = asymmetry factor. These properties are provided in dry state. Changes on optical properties should be made depending
on the relative humidityNlallet et al, 2003.

SSA
Effective Standard Refractive 8
Aerosol radius deviation index (um) 550 nm 1pm 550 nm lpm
(um) (um) 550nm 1 pm
ss 0.35 175 1.45-0.000031i 0.99 0.99 0.72 0.73
[0.320.38] ' 1.45-0.00006i [0.990.99] [0.990.99] [0.710.72] [0.730.73]
0.036 . 0.95 0.93 0.62 0.52
SD [0.032 0.040] .97 1.51-0.008i [0.950.95] [0.920.93] [0.600.63] [0.49 0.54]
0.36 . 0.85 0.91 0.74 0.72
[0.32 0.40] 1.98 1.50-0.008i [0.840.87] [0.900.92] [0.730.75] [0.710.72]
0.027 . 0.99 0.98 0.52 0.35
OR [0.024 0.030] 1.86 1.45-0.00Li [0.990.99] [0.970.98] [0.490.54] [0.320.38]
0.29 . 0.98 0.99 0.73 0.71
[0.26 0.32] 1.95 1.47-0.0011 [0.980.98] [0.990.99] [0.730.73] [0.710.71]
BC 0.028 1.94 1.83-0.74i 0.32 0.24 0.43 0.31
[0.025 0.031] ' 1.91-0.68i [0.300.33] [0.220.26] [0.400.45] [0.290.33]
su 0.040 174 1.52-0.0005i 0.99 0.99 0.53 0.35
[0.036 0.044] ' 1.51-0.0005i [0.990.99] [0.990.99] [0.500.55] [0.320.38]

These values come from calculations carried out with a Miehigh as MODIS. These three products are the only satellite-
code from effective radius observed in the ESCOMPTE cam-derived products to cover the whole domain, ocean and land
paign (Mallet et al, 2003 and refractive indexes published included. Over the sea, AVHRR, SEVIRI and PARASOL
by Krekov (1993. An uncertainty range of 10% has been have also relevant AOD retrievals to some extent, with a
taken into account for the effective radius: the associatedyood temporal coverage for AVHRR (1982-2007). On the
values for SSA ang are indicated between square brack- contrary, this study clearly shows the limitation of some
ets. All these parameters are provided in dry state. Fine andatasets, either recent such as MERIS and SeaWiFS, or his-
accumulation modes have been separated for dust and oterical such as MVIRI, TOMS and CZCS. MERIS overesti-
ganic aerosols. These optical parameters are only provided anates AOD over the European continent, whereas the others
advised values for aerosol-climate studies over the Mediterunderestimated AOD over the sea.

ranean region: a further comparison with all these optical pa- Most model-based products are able to reproduce the spa-

rameters is beyond the scope of the paper. tiotemporal variability of AOD over the basin. The MACC
They result from several published studies over thereanalysis has proved to be the closest to AERONET mea-
Mediterranean basin. surements, but suffers from a lack of dust aerosols over

Northern Africa. The RegCM-4 model results have the ad-
vantage to include a generation interactive scheme for dust
and sea-salt aerosols at a high resolution. The LMDz-OR-
INCA model and the other ACCMIP models are able to re-

The present work includes an intercomparison of the mainPfoduce the decreasing trend in total AOD (due to sulfate
satellite-derived and model-simulated aerosol products ovef€r0s0ls), observed notably in the only reliable satellite sen-
the Mediterranean basin and surrounding regions. Sinc&©" 0ver this period (AVHRR). LMDz-OR-INCA has been

2000 many sensors have been launched to retrieve aeroso oved to be a median model among the ACCMIP models.

but few data are available before. The comparison be-With regards to the vertical dimension, MACC and RegCM-

tween the different products and also ground-based mea? show slight differences.with CALIOP. CALI_OP retrigvals
surements from the AERONET network highlights the qual- enable us to get three d_|ffere_nt aerosol vertical prqflles for
ity of AQUA/MODIS and TERRA/MODIS retrievals. Both dust, sea-salt and submlcronlp components (organics, black
show a relevant spatial and temporal aerosol variability.carbon and sulfatgs) over various subregions. Dust aerosols
MISR AOD presents a similar spatial and temporal structure,ShOW a larger vertical spread than the other aerosols such as

but its scores against AERONET measurements are not as

5 Conclusions
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marine and anthropogenic aerosols which are confined in theata were obtained from the NASA Langley Research Center
boundary layer with the exception of forest fire smoke. Atmospheric Science Data Center, SeaWiFS and CZCS data from
This comparative synthesis leads to a first 4-D recon-the NASA Ocean Biology Processing Group, AVHRR data from

basin and surrounding regions over the 2003-2009 pe;he NASA/GSFC TOMS group. We also thank the ICARE Data

fiod, that could be used to force RCMs over this region and Services Center for providing access to the PARASOL and

. . SEVIRI data used in this study, and Cyril Moulin for providing
AQQA/MODI.S dzfi_ta 1S Chos?n for.totgl AOhD ngle. trtle aP- pis historical MVIRI data. We thank the P investigators of the
portionment into five aeroso.speues ISac '(a_ve wit IleCCdifferent AERONET stations and their staff for establishing and
for sulfates, black and organic carbon, and with RegCM-4 formaintaining all the sites used in this investigation. GEMS was

dust and sea-salt aerosols. Our product also includes a vertiunded by the European Commission between 2004 and 2009 as
cal dimension based on CALIOP retrievals, which enablespart of the 6th Framework Programme under contract number
for example to take into account the higher altitudes of dustSIP4-CT-2004-516099, and MACC was funded between 2009
aerosols. The main patterns, notably dust loads over Northerand 2011 as part of the 7th Framework Programme, pilot core
Africa and sulfate aerosols over Europe, are reproduced ifsMES Atmospheric Service under contract number 218793. We
the reconstruction. Seasonal cycle shows a dust maximum iff!ank all the people taking part in the ACCMIP project, notably

spring and summer. Interannual variability showsaslightde-mher scientists involved in the development of models, namely

Toshihiko Takemura and Kengo Sudo for MIROC-CHEM, Stig

enabies s 1o (dentiy exceptional months  terns of aresoP 1207 o1 CICERO-0soCTV2, an Greg Faluegi or GISS-
p 2-R. The CESM project (which includes NCAR-CAM3.5 and

loads, such as June ?006 for dust aerosols. o NCAR-CAM5.1) is supported by the National Science Foundation
Before 2003 the interannual aerosol variability is con- ang the Office of Science (BER) of the US Department of Energy.
trolled by the decrease in sulfate aerosols. Our reconstrucrhe National Center for Atmospheric Research is operated by
tion is consequently extended to the period 1979-2003 by apthe University Corporation for Atmospheric Research under
plying the trend from LMDz-OR-INCA model, based on the sponsorship of the National Science Foundation.
recent emission reconstruction proposed.bynarque et al.
(2010, and equal to-0.051 per decade over Europe. The Edited by: O. Dubovik
other aerosol species are assumed to be constant given their
low interannual variability. Their fields correspond to the
multi-year monthly means of the initial reconstruction over
2003-2009. We finally get a complete 4-D AOD field for five
aerosol species for the 1979-2009 period, over the whole dc
main at a 50 km resolution, ocean and continental surface
included, which could be used in RCMs for aerosol-climate
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