N

N

Measurements of Saharan dust aerosols over the Eastern
Mediterranean using elastic backscatter-Raman lidar,
spectrophotometric and satellite observations in the
frame of the EARLINET project
A. Papayannis, D. Balis, V. Amiridis, G. Chourdakis, G. Tsaknakis, C.
Zerefos, A. D. A. Castanho, S. Nickovic, S. Kazadzis, J. Grabowski

» To cite this version:

A. Papayannis, D. Balis, V. Amiridis, G. Chourdakis, G. Tsaknakis, et al.. Measurements of Saharan
dust aerosols over the Eastern Mediterranean using elastic backscatter-Raman lidar, spectrophoto-
metric and satellite observations in the frame of the EARLINET project. Atmospheric Chemistry and
Physics, 2005, 5 (8), pp.2065-2079. hal-00295713

HAL Id: hal-00295713
https://hal.science/hal-00295713
Submitted on 18 Jun 2008

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00295713
https://hal.archives-ouvertes.fr

Atmos. Chem. Phys., 5, 2068679 2005 y —* .

www.atmos-chem-phys.org/acp/5/2065/ Atmospl‘]erlc
SRef-ID: 1680-7324/acp/2005-5-2065 Chemls_try
European Geosciences Union and Phys|cs

Measurements of Saharan dust aerosols over the Eastern
Mediterranean using elastic backscatter-Raman lidar,
spectrophotometric and satellite observations in the frame of the
EARLINET project

A. Papayannis', D. Balis?, V. Amiridis 2, G. Chourdakis!", G. Tsaknakis!, C. Zerefos’, A. D. A. Castanhd,
S. Nickovic® ™, S. Kazadzig, and J. Grabowski®

1Department of Physics, National Technical University of Athens, Greece

2Laboratory of Atmospheric Physics, Aristotelian University of Thessaloniki, Greece
3Department of Geology, University of Athens, Greece

4Department of Physics, University o&8 Paulo, Brazil

SEuro-Mediterranean Center on Insular Coastal Dynamics, University of Malta, Malta
6Department of Physics, Technical University of Poznan, Poland

“now at: Raymetrics S.A., Glyka Nera, Attika, Greece

" now at: Environment Division, World Meteorological Organization, Geneva, Switzerland

Received: 23 December 2004 — Published in Atmos. Chem. Phys. Discuss.: 8 April 2005
Revised: 1 July 2005 — Accepted: 22 July 2005 — Published: 8 August 2005

Abstract. We report on the vertical distributions of Saha- performed in the period 2000-2002 for all Saharan dust out-
ran dust aerosols over the N.E. Mediterranean region, whiclbreaks over the N.E. Mediterranean indicated the main path-
were obtained during a typical dust outbreak on August 2000ways followed by the dust aerosols.

by two lidar systems located in Athens and Thessaloniki
Greece, in the frame of the European EARLINET project.
MODIS and ground sun spectrophotometric data, as well ag
air-mass backward trajectories confirmed the existence of Sa-

haran dust in the case examined, which was also successfully,,nqspheric aerosols arise from both natural sources (wind-
forecasted by the DREAM dust model. The lidar data analy-jqrne dust, sea spray, forest fires and volcanic eruptions, etc.)
sis for the period 2000-2002 made possible, for the first time 5 4 anthropogenic sources (combustion of fossil fuels, car
an estimation of the vertical extent of free tropospheric dust4¢ic and biomass burning activities, etc.). With the in-

layers [mean values of the aerosol backscatter and extiNGseasing urbanization and industrialization over the whole
tion coefficients and the extinction-to-backscatter ratio (lidaryjegiterranean region and especially along the coastal ar-

ratio, LR) at 355nm], as well as a seasonal distribution ofe55 the content of aerosols particularly in the lower tropo-
Saharan dust outbreaks over Greece, under cloud-free cond§

X ; . - phere increases continuously (Lelieveld et al., 2002) lead-
tions. A mean value of the lidar ratio at 355 nm was obtalneding to high aerosol extinction values over the area (Barnaba

over Athens (5%1 sr) and over Thessaloniki (4@ sr) dur-  5nq Gobbi, 2004; Matthias et al., 2004). A recent paper by

ing the Saharan dust outbreaks. The corresponding aeros@jare et al. (2003) investigated the contribution of different

optical thickness (AOT) at 355nm, in the altitude range 0-5¢r050] sources in the Eastern Mediterranean Basin, showing
5km, was 0.62:0.12 and 0.6%0.10 for Athens and Thessa- ha; this region is influenced during summertime by a wide

loniki, respectively (within the dust layer the AOT was 0.23 (546 of air-masses originating mainly in Europe and Africa.
and 0.21, respectively). Air-mass back-trajectory analysis Aerosols can be emitted directly as particles (primary
aerosol) or formed by gas-to-particle conversion processes
Correspondence toA. Papayannis (secondary aerosol) and can travel over long distances from
(apdlidar@central.ntua.gr) their source region, as their residence time in the troposphere
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is ranging from a few days to a few weeks (e.g. Pandis et al.every year about several hundred million tons (Prospero et
1995). Their composition and atmospheric concentrationsal., 1996) up to one billion tons (D’Almeida, 1986) of desert
are highly variable. Particles smaller thamrh diameter  dust are exported to the tropical North Atlantic Ocean and the
generally have concentrations ranging from tens to thousandslediterranean Sea (Prospero and Carlson, 1972; Prospero et
of particles per crfy while those exceeding/Am diameter  al., 1993; Prospero, 1999; Rodriguez et al., 2001; Bonasoni
are usually found at concentrations less than 1 particle peet al., 2004).
cm® (Hsu et al., 1996; Andreae and Crutzen, 1997; Thomp- Aerosol optical properties derived from the Advanced
son et al., 2001). Very High Resolution Radiometer (AVHRR) (Ignatov et al.,
Atmospheric particles and mainly the mineral dust parti- 1998) classified the Mediterranean Sea as one of the areas
cles, influence the earth’s radiation balance and climate irwith the highest aerosol optical depths in the world, as re-
two ways: (a) by reflecting and absorbing, both incoming ported by Husar et al. (1997), Prospero et al. (2002), Barnaba
and outgoing radiation (Seinfeld and Pandis, 1998; Acker-and Gobbi (2004) and Perrone et al. (2005), which mostly oc-
mann and Chung, 1992; Meloni et al., 2004; Seinfeld etcur during Saharan dust outbreaks. For this reason over the
al., 2004), depending on their chemical composition, a pheMediterranean Sea the Saharan dust events have been studied
nomenon termed as “direct aerosol effect”, and (b) by actingfor more than 20 years, mainly by using satellite data (Du-
as cloud condensation nuclei (CCN) and thereby determindac et al., 1992; Jankowiak and T&nrl992; Moulin et al.,
the concentration of the initial droplets, albedo, precipitation1997a; Moulin et al., 1997b; Prospero et al., 2002; Moulin
formation and lifetime of clouds (Schrope, 2000; Lohmannand Chiapello, 2004). As a consequence, few mostly non-
and Feichter, 2001; Krueger and Grassl, 2002; Satheesh argystematic publications exist on the vertical distribution of
Krishna Moorthy, 2005), a phenomenon termed as “indi- desert dust particles over the Mediterranean Sea (Hamonou
rect aerosol effect”. These two phenomena are very diffi-et al., 1999; Di Sarra et al., 2001; Gobbi et al., 2002; Du-
cult to quantify and thus large uncertainty exists about thelac et al., 2003; de Tomasi et al., 2003; Pappalardo et al.,
climatic role of aerosols (Charlson et al., 1992; Duce, 1995;2003; Balis et al., 2004). Therefore, no systematic data on
Houghton et al., 2001; Lohman and Feichter, 2001; Ander-the vertical profiles, as well as on the temporal and spatial
son et al., 2003). In the case of the direct aerosol effect, it ievolution, of Saharan dust layers exist yet over the Eastern
interesting to note that according to observations and numerMediterranean Sea, except a limited number of vertical pro-
ical modeling the UV-absorbing particles (such as mineralfiles taken during short campaign periods (Balis et al., 2000;
dust) inhibit smog production (Dickerson et al., 1997), which Gobbi et al., 2000; Gobbi et al., 2002, Dulac and Chazette,
could have major implications for the control of air pollution 2003; Balis et al., 2004).
in large urban sites. Additionally, as large dust particles ab- In the period 2000-2002, 50 cases of Saharan dust aerosol
sorb solar radiation, they can modify the earth’s thermal ra-transport to the East Mediterranean Sea were followed by
diation budget, so for an average dust event, it is estimatedwo elastic backscatter-Raman lidar systems in Greece. The
that the lower atmosphere (1.5-3.5 km altitude) is heated byirst system is located at the National Technical University of
~0.2K per day. At about 30 dusty days per year, the presAthens (NTUA), Athens (379N, 23.8 E) and the second at
ence of dust aerosols leads to a regional heating@ per  the Laboratory of Atmospheric Physics, Aristotelian Univer-
year (Alpert et al., 1998). Therefore, dust aerosols play asity of Thessaloniki (LAP-AUTH), Thessaloniki (40.8,
crucial role in earth’s radiation budget. Additionally, it was 22.9 E). These two lidar stations are located at a distance
found recently that the Saharan air layer (SAL), an elevatebf 400 km one from the other and are part of the coordi-
layer of Saharan air mixed with mineral dust, may play a cru-nated European ground-based lidar network, operated in the
cial role in suppressing tropical cyclone activity in the north frame of the EARLINET Project (2000-2003) §Benberg
Atlantic region (Dunion and Velden, 2004). et al.,, 2001). The lidar data are complemented by satel-
Every year large quantities of dust are emitted into the at-lite images of the Moderate Resolution Imaging Spectro-
mosphere during the high wind periods over the desert reradiometer (MODIS), spectro-photometric (Brewer) data,
gions (Sahara, Gobi deserts). Strong winds can blow sand)REAM dust model results and by air-mass back-trajectory
from desert regions, into the free troposphere where it isanalysis performed by the German Weather Service (DWD).
advected over great distances (Prospero and Carlson, 197Bnfortunately, no AOT data are available in Greece from the
Prospero et al., 2002; Ginoux et al., 2004). Most of theseAerosol Robotic Network (AERONET) (Holben et al., 2001)
particles are coarse (diametet «m) and are thus deposited for the period studied (2000-2002) to be intercompared with
close to the source region, while some fraction of the smallethe AOT lidar data.
particles (diameter around 0.5¢In) can be transported over In this paper we present a statistical analysis of the Sahara
large distances. An estimation of the emission flux of deseridust events detected in the period from May 2000 up to De-
aerosols that is subject to long-range transport is of the oreember 2002. Special emphasis is given on a typical case of
der of 1500 Tg/yr (Wafers and Jaenicke, 1990). At the globalSaharan dust aerosols transported to the East Mediterranean
scale, the Sahara desert is the most important source of mimegion and observed simultaneously by the NTUA and LAP-
eral aerosols. For the Saharan dust region it is estimated th&UTH lidar systems. Section 2 of this paper gives a brief
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presentation of the two Greek lidar systems, as well as a briefge uncertainty on the retrieval &f,., (including both statis-
description of the MODIS sensor and the DREAM model. tical and systematic errors and corresponding to 30—60 min.
Section 3 is focused on lidar, spectrophotometric and satellitéemporal resolution) is of the order of 20—-30%0&&nberg
data analysis, supported by dust model simulations (DREAMet al., 1997). To overcome this large uncertainty associ-
model) and air-mass back trajectory analysis, during a dusated with this technique, the Raman Ntar technique was
event over Greece in August 2000. A synopsis of all li- adopted and implemented at both lidar systems. The NTUA
dar vertical profiles (mean values of the aerosol backscatteand AUTH lidar systems have thus, since mid-2001, the ca-
and extinction coefficients and the lidar ratio at 355 nm), freepability to detect signals both by the Raman scattering from
tropospheric air-mass back-trajectories ending over Athenghe atmospheric p(at 387 nm) and the elastic backscattering
and Thessaloniki during Saharan dust events and the seat 355 and 532 nm.
sonal distribution of Saharan dust events observed in the pe- Using the methodology proposed by Ansmann et
riod 2000-2002 over Greece is also given. Finally, Sect. 4al. (1992) the measurement of the elastic-backscatter sig-
presents our concluding remarks. nal at 355 nm and that of the nitrogen inelastic-backscatter
signal at 387 nm permits the determination of the extinction
(aqer) and backscatterbf,,) coefficients independently of

2 Instrumentation each other and, thus, of the extinction-to-backscatter ratio,
the so-called lidar ratio (LR) at 355 nm. The height profile of
2.1 Lidar systems the particle backscatter coefficient at 355 nm is determined

from the ratio of the elastic to the inelastic nitrogen Raman
The lidar system of NTUA is designed to perform contin- signal and the extinction-to-backscatter ratio is then, calcu-
uous measurements of suspended aerosols particles in th&ted. The uncertainties of the retriewed, andb,,, vertical
Planetary Boundary Layer (PBL) and the lower free tropo- profiles are of the order of 10-15% (Mattis et al., 2002).
Sphere. It is based on the second and third harmonic fre- The vertical profi]es 0bger referring to measurements per-
quency of a compact pulsed Nd:YAG laser, which emits si-formed before the local sunset time19:00 UT) were re-
multaneously pulses of 75mJ and 130 mJ output energy afrieved by using the Klett technique, assuming a lidar ra-
355 nm (implemented on mid-September 2000) and 532 nmiip value equal to 45sr. This value is typical for a mixture
respectively with a 10 Hz repetition rate. The optical receiverof dust and marine aerosols at mid-latitudes (Ackermann,
is a Cassegrainian reflecting telescope with a primary mir-1998). Since the Raman lidar signals have a very low inten-
ror of 300 mm diameter and a focal lengtF600 mm, di-  sijty, the Raman lidar measurements are possible only during
rectly coupled, through an optical fiber, to the lidar signal nighttime conditions. Therefore, only 15 (out of the total 50
detection box (Papayannis and Chourdakis, 2002). The dedust cases followed) lidar ratio profiles are available for each
tectors are operated both in the analog and photon-countingreek lidar site, concerning the Saharan dust outbreaks in the
mode and the spatial raw resolution of the detected signals ig000-2002 period.
15m. The lidar system of AUTH is also based on the second The lidar systems of AUTH and LAP and the algo-

and third harmonic frequency of a compact, pulsed Nd:YAG rithms implemented were successfully inter-compared with
laser, emitting simultaneously pulses of 120mJ and 250 Mdhe other EARLINET groups as reported by Matthias et
output energy at 355 nm (implemented on October 2000) angj, (2004), Bckmann et al. (2004) and Pappalardo et
532nm, respectively, with a 10 Hz repetition rate. The re-g| (2004). To assure that the lidar measurements are obtained
ceiving telescope has a primary diameter of 500 mm and foynder cloud-free conditions a portable cross-polarizing sys-
cal length of /=5000 mm. Phototomultiplier tubes (PMTS) tem was used to detect the existence of sub-visible clouds in
are used to detect the received lidar signals in the analog anghe lidar systems’ field of view (FOV). In such cases the lidar
the photon counting mode, with a corresponding raw rangeprofiles acquired were not taken into account in this study.
resolution of 7.5m (Balis et al., 2000). Both lidar systems Thys, the Saharan dust aerosol profiles in this study can be
were equipped during mid-2001 with a Raman channel work-considered as taken only under cloud-free conditions.
ing at 387 nm (atmosphericathannel) for nighttime opera-
tion. 2.2 MODIS instrument

In order to get reliable and quantitative lidar aerosol data
several techniques and methods have to be combined. Fdrhe Moderate Resolution Imaging Spectroradiometer
example, the standard backscatter lidar technique is apprdMODIS) was launched in December 1999 on the polar
priate to retrieve aerosol parameters mostly for small opticalorbiting Terra spacecraft and since February 2000 has
depths, as in clean areas, assuming a reference height in d¢en acquiring daily global data in 36 spectral bands
aerosol-free area, as for example the upper troposphere. lftom the visible to the thermal infrared (29 spectral bands
this case, the Klett inversion technique is used to retrieve thevith 1km, 5 spectral bands with 500m, and 2 with
vertical profile of the aerosol backscatter coefficiént,() at 250m, nadir pixel dimensions). The MODIS aerosol
the respective wavelengths (Klett, 1985). The resulting averproducts are only created for cloud-free regions. The
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Fig. 1. The average aerosol backscatter coefficiént,() over Fig. 2. The aerosol backscatter coefficiehg-) over Athens and
Athens, Greece obtained by lidar at 532 nm on 28 August 2000,Thessaloniki, Greece obtained by lidar at 532nm on 31 August
averaged between 17:00 and 19:00 UT. 2000 at 17:30 and 19:00 UT, respectively.

atmospheric optical thickness (AOT) values are retrievedelevation, soil properties, and vegetation cover, are utilized.
rected) as described by the MODIS sensor webditgp{  Scheme is obtained by analyzing surface dust fluxes. In
/Imodis-atmos.gsfc.nasa.gov/MOD0Q&/format.htm). Ac- DREAM the dust concentration as a surface condition is
cording to Kaufman and Ta@r(1998) the AOT values over Uused. More specifically, the released surface concentration
the ocean are accurate to within their calculated uncertain®f mobilized particles and the corresponding surface verti-
ties (£0.03+0.05*AOT). In dust aerosol regimes, retrieved @l flux depends on two groups of parameters: one relates
aerosol optical thickness will have greater error due to nont0 the structure and state of the soil (soil composition, land
spherical effects. The AOT values over land are accurate t¢OVer, soil moisture), while the second group describes the
within their calculated uncertaintiest(.05+0.20*A0T),  turbulent state of the surface atmosphere, such as kinetic en-
except in situations with possible cloud contamination, overergy dissipation and near-surface thermal stability (Nickovic
surfaces with sub-pixel surface water, such as coastal ared¥ al., 2001).

and marshes. Transport mixing and deposition processes are on-line
driven by an atmospheric model and its predicted meteoro-
23 DREAM model logical parameters. The atmospheric model driver is updated

every 24 h with newly observed data, but the simulated dust
concentration field produced in the previous-day run initial-

An integrating modeling system, the Dust REgional Atmo- . .
g v g sy g izes the dust model at same time intervals.

spheric Modeling (DREAM) model was used to simulate the
3-dimensional field of the dust concentration in the tropo-
sphere. Itis based on the SKIRON/Eta modeling system angy pi4 analysis

the Eta/NCEP regional atmospheric model (Nickovic et al.,

2001). The dust model takes into account all major processeg.1  Analysis methodology

of dust life cycle, such as dust production, horizontal and

vertical diffusion and advection and wet and dry deposition.In addition to the regular observations within EARLINET
The model also includes the effects of the particle size dis{Bosenberg et al., 2003), lidar measurements have been per-
tribution on aerosol dispersion. In DREAM the dust massformed during special events such as Saharan dust outbreaks.
is described by particles with four sizes, resulting from the The lidar measurements presented at this paper have been
structure of desert soils based on content of clay, small siltperformed under “dust alerts” using forecasted information
large silt and sand. The model actually numerically solveson the occurrence of dust events from dust modetigp{(/

the Euler-type mass partial differential equation by integrat-forecast.uoa.gand http://www.bsc.es/projects/earthscience/
ing it spatially and temporally. The dust production is pa- DREAM/). In order to verify the presence of Sahara dust
rameterized using near-surface wind and thermal conditionspver the measuring sites, we examined for each profile the
as well as soil features. The dust production mechanism igorresponding 4-day back-trajectories based on the analysis
based on the viscous/turbulent mixing, shear-free convectioperformed by the German Weather Service. In addition, we
diffusion, and soil moisture. In addition to these sophisti- also examined the corresponding images from the MODIS
cated mechanisms, very high-resolution databases, includingensor (AOT values).

Atmos. Chem. Phys., 5, 2068679 2005 www.atmos-chem-phys.org/acp/5/2065/
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© o (d) 0

Fig. 3. The AOT values over Europe as derived at 550 nm by the MODIS sensor @), 28 (b), 30(c) and 31(d) August 2000.

3.1.1 Case study: 28 to 31 August 2000 over 3.5km. No lidar measurements are available for the
Thessaloniki station that day due to low clouds over that

This typical case concerns an intense Saharan dust outbreaXfe- Figure 2 shows two profiles 6. observed on 31 Au-
which lasted for four days (28 to 31 August 2000) and was9ust 2000 at 532nm over Athens and Thessaloniki, Greece
successfully followed during two days (28 and 31) by the two @t 17:30 and 19:00 UT, respectively. In bdif, profiles
Greek lidar stations. Unfortunately, August 29 and 30 wereseveral distinct aerosol layers are clearly seen in the free
not favorable for lidar measurements due to low scatteredroposphere, extending from 2 up to 6kma.s.|. with a pro-
clouds over Greece. According to the German Weather Sefdounced peak of the order of 2-2.50 *km~'sr* ob-

vice meteorological charts this event was associated with £erved over both sites, but at different heights (around 3.5 km
strong cyclonic flow located over Africa, thus causing strong©Over Athens and around 5.5km over Thessaloniki). The
winds over the whole Mediterranean region. The air-massed@rger values ob,. obtained at altitudes lower than 2 km are
after having passed over Libya and Tunis, where there ma@scribed to the presence of anthropogenic aerosols emitted in
have been enriched in Saharan dust aerosols, directly pen&l€ PBL over both cities.

trated the central Mediterranean region. Figures 3a to d show the evolution of the AOT values (ob-
Figure 1 shows the average vertical profile of the aerosokained at 550 nm) over the European continent taken by the
backscatter coefficientbf.,) (in km~1sr1) obtained at MODIS sensor from 28 to 31 August 2000, respectively.
532 nm by the NTUA lidar system on 28 August 2000, over Figure 3a shows that very large quantities of aerosol dust
Athens between 17:00 and 19:00 UT. This profile shows an(i.e. the AOT values are higher than 0.6) are present along
enhanced aerosol layer between 3 and 6 km height, centerdtie northern boundaries of the African continent and also

www.atmos-chem-phys.org/acp/5/2065/ Atmos. Chem. Phys., 5, 20682005
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1 ticles size distribution during this dust event. However, ob-

| August 31, 2000 servations made over Leipzig, Germany, during Saharan dust
e T ST episodes (Mattis et al., 2002;iMer et al., 2003; Mattis et al.,

= 2004) showed also similar small values of ﬂmgstrbm ex-
ponent derived from sun photometer and a multi-wavelength
0o | Raman lidar system. Similar values of tﬁegstrbm expo-

] nent derived from sun photometer observations performed

e = August 28,2000

Aerosol optical depth at 340nm

" + 4 - “i during dust events were also recently reported by Perrone et
L *e, T o o j al. (2005) over Lecce in Southern-eastern Italy.
o5 » In order to verify the Saharan dust transport to the Eastern

Mediterranean region we performed a 4-days air-mass back-
L trajectory analysis provided by the German Weather Service.
The relevant 96-h back trajectory analysis for air-masses end-
Fig. 4. The AOT and theAngstibm coefficient values derived by a Ing over Athens, Qree_ce at 19:00UT on 28. and 3.1 AUQUSt
double spectrophotometer located at LAP during 28 and 31 August,2000 IS presented in Figs. 5a and b, rgspectlvely. Slmllar tra-
respectively. Jectory analysis was performed for air-masses ending over
Thessaloniki on 31 August 2000 at 19:00 UT (Fig. 5c¢). For

both days all air-mass trajectories ending over the two sites
over the Mediterranean Sea, particularly over S. Italy andat levels between 700-hPa§km) and 500-hPar¢5.6 km)

Greece. These high aerosol dust loadings move eastwarﬁi”gmated from the Saharan region at various levels (1-3 km

the following two days (29 and 30 August), mainly over eight), where 'Fhey were enriched with important aerosol
L loads. These air-masses passed over central Italy and then
S. Italy and Greece giving local values of AOT between

0.4-0.6. Figure 3d shows a spectacular filament of SaharaHrlfted cyclonically eastward toward Greece. It is also seen

dust aerosol (AOF0.6) emanating from N. Africa (Tunisia), on Figs. 5b and c, that the dust aerosols traveling from Thes-

) - saloniki to Athens, on 31 August, have been forced to de-
passing over S. Italy and Greece (31 August). Similar veryScend by about 2 km while passing over the Aegean Sea.

high aerosol loadings were also measured the same day b )
g g Y yThls dust event was successfully forecasted by the

the TOMS sensor (not shown) where aerosol index value . . .
higher than 2.3 were found over the lonian Sea, west of tthREAM model over the Mediterranean region. A typical

Greek peninsula. The AOT values measured by MODIS ar ogtput result valid for 31 August, at 12:00UT, is given in

well comparable to the high optical depth values observeﬁz'g' _6' The upper part of F'g' 6 shows the_ vertical cross-
over the Saharan region (AG™.6-0.75) by the TOMS sen- section of the dust concentrationd/m?3), the wind flow and

sor during March-August months (Torres et al., 2002) in thetne Ipotenual teT]perattt;‘re éK) ta}londg_ the élm%x![i, Wh.'lz
period 1979-1992. e lower part shows the dust loading (gjnand the win

o . ) flow at 3000 m over the Mediterranean region. It is also in-
The AOT and theingstiom exponent values derived by @ (gresting to mention that the maximum height of the high-

double Brewer spectrophotometer (working in the UV spec-ggt qust concentration-330..g/m?) is observed over Italy

tral region: 290 up to 360nm) located at AUTH during 28 5.5,nq 49N at 8km height asl., slightly higher than the
and 31 August are presented in Fig. 4. In both days the AOTyo of the dust layer observed over Thessaloniki (located at
values measured at 340 nm were higher than 0.8 and reachedgjmijar |atitude) that same day. Another very interesting
1.1 and 1.5 at these two days, respectively, during momingea¢re shown by the model is the fast uplift of the dust-rich
hours. In any case these high AOT values confirm the presz;. \asses from 38N to 43 N (along 10.4 E), which takes
ence of dust aerosols over Thessaloniki on these two daysyjace over the Mediterranean Sea. This dust ascent (from 5
If we follow the d|urnal.e\{olutlon of thédngstidm exponent _to 8km) could be attributed to the presence of a warm con-
values we can see variations between 0.7 and 1.5, clearly ingeyor pelt (WCB) over the Mediterranean region (Eckhardt
dicating variation in the particles size d|str|but°|on. For in- ot al. 2004). For the case examined the agreement between
stance, during the afternoon hours the obse&edstom  he high values of the MODIS AOT and the DREAM data is

exponent values dropped down to 0.8-0.9, which means thgite good mainly over Italy and Greece, where dust loads
presence of rather large aerosol particles (coarse mode pa”r"anging from 0.05 up to 0.75 gfwere forecasted.
cles), such as mineral dust particles or sea-salt particles (or a

mixture of them) according to Moulin et al. (1997a) and Eck 3 2 synopsis of lidar (aerosol backscatter and extinction
etal. (1999). Similar observations were made by the AVHRR coefficients and lidar ratio) profiles (2000-2002)
sensor over the Eastern Mediterranean area (data not shown).

In our lidar system, the absence of a second wavelengthn order to justify the presence of Sahara dust over the mea-

in the UV region (e.g. 355 nm) could not permit us to obtain suring sites similar analysis with the example presented in
some extra information about the vertical profile of the par-the previous paragraph has been applied to all Raman lidar

16 4
TIME (U.T.)
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Fig. 6. Dust concentration (g/f (upper part) and dust loading (gfn(lower part) forecasted by the DREAM model for 31 August 2000 at
12:00 UT.

measurements performed during the Saharan dust “alertsb,., values are quite high=(3x10-3km-1sr1) in the first
period. For these cases the aerosol backscatter and extinctidkm at both sites, while they are higher in Athens than in
coefficients, as well as the lidar ratio profiles at 355 nm wereThessaloniki by a factor of-1.5, due to greater dust con-
calculated for the 2000-2002 period over Athens and Theseentrations normally measured inside the Planetary Bound-
saloniki. In total 15 aerosol profiles (backscatter and extinc-ary Layer (PBL) over Athens than over Thessaloniki. This
tion coefficient and lidar ratio) were obtained from Raman is due to the higher air pollution levels in Athens and to the
measurements during nigttime, for each city in this study.vicinity of this site to the African desert, thus higher dust
The mearb,,,, a,.r and LR profiles up to 5.5—7 km obtained loadings are found during Saharan dust events.5}hepro-
over Athens and Thessaloniki are shown in Figs. 7a, b andile over Thessaloniki closely follows the shape of that over
c, respectively. The corresponding standard deviation for theéAthens up to 4 km, showing no distinct dust layers in the free
mean profiles is also shown. troposphere.

In the case of the,,, profile over Athens (Fig. 7a) a dis- In the case of the,,, profile over Athens (Fig. 7b) two
tinct dust layer is visible between 3.5 and 5.5 km a.s.l., whichdistinct dust layers are visible; the first between 2 and 4km
has an average value of the order ef®3km-1srl. The  and the second between 4 and 5.5kma.s.l., showing an

Atmos. Chem. Phys., 5, 2068679 2005 www.atmos-chem-phys.org/acp/5/2065/
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average aerosol extinction coefficient of 0.15#mThe cor- 1

responding LR profile (Fig. 7c) shows values between 50— Zzég e
80 sr inside the dust layer (2.5-4 km). ceeod L. —e— Athens

A quite different spatial distribution of the dust aerosols  soss] Q’ﬁ —8— Thessaloniki
is found on the average profiles@f.- and LR over Thessa- ~ _ 45507 wm—a——
loniki (Fig. 7b and c), in comparison to the respective profiles & NP I
over Athens. The mean LR profile over Thessaloniki shows 2 _,..1 |
mean values around 40 sr up to 4 km height and also a large S 2530 \\ \\
standard deviation as in the case of Athens. Let us mention g 20251 K
that botha,,, and LR profiles over Thessaloniki show higher 297 S

. . . 1.0-1.5 I + — 4 |
values in comparison to Athens below 2—2.5km. This could  ,.,,1, N,
be explained by the fact of the usually higher relative hu- o005 T
midity values found inside the PBL over Thessaloniki. How- T 77—
0,000 0,005 0,010 0,015 0,020 0,025 0,030

ever, the dust layers found over Athens around 2.5 and 4.5 km

. . [ Aerosol Backscatter Coefficient (km™sr™)
height are also visible over Thessaloniki, however much less

pronounced. 5.5:6.0
Itis important to comment on the large standard deviation ~ 5055 p¢— —s—Athens
values around thé,.,, a... and LR profiles, which reflect 4.5:5.0 ] P% - -a--Thessaloniki
the large variability of the aerosol vertical profiles observed ;‘z;‘z F"i ) f‘ﬁ
a0 g

during Saharan dust outbreaks over Greece, as well as thi g

low number of cases considered. This could be explained fzzzz_ Hﬁ\_%ﬁ

by taking into account several factors: a) the variability of & 20_25: | ‘1 — |

the magnitude of the dust outbreak, depending on the dis- 3 | ., s

tance from the dust source region and the pathways followed § 40515 ] B -

by the dust aerosols before reaching Greece, which would  ¢5.10] e |
lead to different degrees of dilution along the different tra-  o0.0-05 R S —

jectories or dry deposition, which then would affect the shape . . . . .
of the particles (spheres-spheroids), b) the variability of the o0 N erosol Extnetion Cosficiont (i:ﬁ o
dust layer’s height and thickness depending on season anu

on the prevailing meteorological conditions and finally, c¢) 515:6.05

the mixture between dust particles, maritime and continental ~ %%° s==Athen's

polluted air-masses. 4850 B —u— Thessaloniki
The corresponding LR mean values at 355 nm over Athens _ ****1 =

and Thessaloniki were equal to 33() sr and 44¢2)sr, re- £ ""°] e |

spectively (the numbers given inside the brackets show the ; 2:5_3:0_ P & o

corresponding standard error of the mean). Itis interestingto § , . 1 sl

comment now on the larger LR values observed over Athens S, , ; ] N e o

than over Thessaloniki, at altitudes higher than 2.5km. At Z ;.5 ] e

first, let us remind that the LR is an indicator of the absorp- o510 %;._HH ‘

tion properties of particles (Mler et al., 2000). Therefore, 00-05 ] R —

increasing LR values might mean increasing absorption of =

T T 1
0 10 20 30 40 50 60 70 80 90 100 110 120

the particles. Another important factor that might increase
the LR for the same aerosol type is the non-sphericity of the
particles (Mattis et al., 2002; Ansmann et al., 2003). Athens
is closer to the source region therefore there is a larger posgig. 7. The mean aerosol backscattay, extinction(b) and lidar
sibility for large non-spherical particles to be present in theratio (c) profiles at 355 nm, obtained over Athens and Thessaloniki,
dust layer, relative to Thessaloniki, which is 400 km north Greece during the period 2000-2002. The standard deviation is also
of Athens and therefore dry deposition processes might havehown.

removed part of these patrticles.

We also know that the LR values depend on RH valuesthe local air pollution level. It is known that higher air pol-
(Ackermann, 1998). However, the RH values are generallyiution levels usually prevail over Athens than over Thessa-
quite similar on the height range from 2.5 to 5 km, betweenloniki, therefore higher LR are expected under more polluted
the two sites, during Saharan dust outbreaks. Therefore, noonditions (Miller et al., 2000). Therefore, we believe that
difference is expected on the LR due to this factor. Anotherall these factors may fully explain the different LR values
factor influencing the LR values in the lower troposphere ismeasured over Thessaloniki and Athens.

Lidar Ratio (sr) 355 nm
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Fig. 8. Air-mass back-trajectories endirfg) over Athens at 700 hPa during 50 Saharan dust events (67 days of observatio(is) @aret
Thessaloniki at 700 hPa during 17 Saharan dust events (20 days of observations) (2000-2002).

Similar LR values as the ones reported in this paper (rang- If we calculate the AOT inside the dust layers (between
ing from 45-60 sr) have been recently reported in the UV2.5 and 5 km) we obtain a value around 0.23 over Athens and
spectrum by De Tomasi et al. (2003) during a Saharan duséround 0.21 over Thessaloniki. These values are also similar
event on May 2001 over Southern Italy, while those reportedto the AOT values of 0.21-0.26 at 351 nm, recently reported
by Ansmann et al. (2003) and byiMer et al. (2003) during by De Tomasi et al. (2003) inside the dust layers observed
October 2001 over central Europe were higher (50 to 90 srpver Southern Italy during a Saharan dust event occurred on
within the dust layer. Lidar ratios ranging from 42 to 47 sr May 2001, but slightly lower than the AOT values measured
at 355 nm were also obtained for desert dust aerosols usingver Leipzig, Germany during a similar dust event occurred
numerical Mie theory simulations (Ackerman, 1998). Our on October 2001 (Nller et al., 2003).
results on the average LR values observed at 355nm over
Athens and Thessaloniki during Saharan dust outbreaks ar8.3 Synopsis of air-mass back-trajectories (2000-2002)
also comparable (if we take the wavelength dependence into
account) to the ones reported for dust layers at 532 nm, byn this section a synopsis of all back-trajectories ending over
Miiller et al. (2000) and by Sakai et al. (2002), over the In- Athens and Thessaloniki (at 700 hPa pressure level) during
dian Ocean and Japan, respectively. Saharan dust outbreaks in the period 2000-2002 is given.

Figure 8a shows all air-mass back-trajectories ending over

The corresponding AOT values derived by the Raman lidarAthens at level 700 hPa during the 50 observed Saharan dust
data at 355 nm in the altitude range 0.6-5 km, during Sahaeutbreaks (corresponding to 67 days of observations). A sim-
ran dust outbreaks were similar for the two cities and wereilar figure (Fig. 8b) is produced for the air-masses ending
found equal to 0.69%0.12) and 0.65£0.10) for Athens and  over Thessaloniki at 700 hPa during the 17 Saharan dust out-
Thessaloniki, respectively. These values compare very welbreaks (corresponding to 20 days of observations) and for the
with the values retrieved by the MODIS sensor over Greecesame time period of measurements. Comparing now these
at 550 nm during the Saharan dust outbreaks, which typicallyair-mass back trajectory data it is evident that the air-masses
are of the order of 0.45-0.55 (Fig. 3), if we take into ac- rich in Saharan dust particles follow a preferable NE direc-
count for the wavelength dependence of the AOT betweertion starting from the Saharan desert region and ending at the
355nm and 550nm. Similar mean AOT values retrievedEastern Mediterranean Sea. This is more evident in the case
from MODIS observations during Saharan dust events weref Athens where more statistically significant trajectory data
recently reported by Barnaba and Gobbi (2004) over Greeceare available.
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Fig. 9. Seasonal variability of Saharan dust events observed by lidar over Attiesrsd over Thessalonikb) during the measuring period
of the EARLINET project (2000-2002).

According to Figs. 8a and b for both Greek cities the Moulin et al. (1998), showed that the autumn period can also
most important source regions of Saharan dust events are thee considered as a period with important Saharan dust trans-
Northern African countries, namely (with decreasing impor- port over the Eastern Mediterranean region. The seasonal
tance) Algeria, Libya, Tunisia and Morocco. It is interesting distribution of Saharan dust events observed over Athens
to note that similar findings were recently published for the and Thessaloniki during the observation period of the EAR-
most important source countries of Saharan dust events atINET project (limited to cloud-free conditions) is presented
the Jungfraujoch site in Switzerland (Collaud Cohen et al.,in Figs. 9a and b, respectively. For instance over Athens 14
2004). cloud-free cases have been reported -out of a total number of

In any case from these two figures we can conclude that0 cases- during the autumn period (September to November
the western and south-western sectors of Greece are the maad00-2002). Both Figs. 9a and b show that during the sum-
preferable sectors followed by the air-masses transported imer and autumn months most of the Saharan dust outbreaks
the free troposphere (between 3 and 5.5 km height) ending40-50% of the cases) generally reach the Eastern Mediter-
over Greece during Saharan dust outbreaks. It is also interranean region. This is linked to the synoptic meteorological
esting to mention that in the reporting period no Saharan dussituation where Greece is influenced by air-masses coming
transport was observed from Africa to the Eastern Mediter-form the western-southwestern directions (Prezerakos et al.,
ranean Sea, through central-northern Europe, during majo2004). Springtime period (mostly the month of May) is the
Saharan dust events, which occurred over central Europe inext favorable period for Saharan dust outbreaks monitoring
2001 and 2002 (Ansmann et al., 2003). mostly over Athens. Winter period is of course the less fa-

vorable period for such observations, not only due to cloud

3.4 Seasonal distribution of Saharan dust events (2000cover, but also due to the synoptic meteorological situation,

2002) where Greece is mostly influenced by air-masses originating

o from the North Polar region.

Although, the monthly distribution of the Saharan dust rans- v pelieve that it is also interesting to mention that our re-
port events over the Mediterranean Sea can be obtainegy findings have shown a mean number of 18 Saharan dust

from' saf[elhte observations, there are only two ava'lableevents per year in the time period May 2000-May 2003 over

publications, on a 11-year (1983-1994) climatology. The pihens (mysenberg et al., 2003). This of course is not statis-

f|_rst publlce_atlon is limited to the_Western Mediterranean re- tically significant, due to the small number of years consid-

gion (Moulin et al., 1997b), while the second refers t0 the g g yip, thig study. However, this compares favorably well to a

whole Mediterranean Basin (Moulin et al., 1998). Both cli- 1,05, yajue of 16 Saharan dust events per year, during an 11-
matic studies have been conducted using METEOSAT ViSiyears period (1983-1994), reported by Moulin et al. (1997b)

ble channel images and mostly under cloud-free conditionsyqnerning the Ligurian Sea in the Western Mediterranean
Moulin et al. (1998) have observed that the maximal north'region

ward transport shifts from the eastern to the western basin
during March to August and that during autumn and winter
there is very little dust transport. 4 Conclusions

Our lidar observations over Athens obtained between
2000-2002 (in total 32 months were covered), during Sa-n this paper we presented vertical profiles of Saharan dust
haran dust events, although concern a relatively low num-aerosols over the Eastern Mediterranean region, obtained
ber of years compared to the 11-years cycle investigated bpver two sites (Athens and Thessaloniki), using elastic
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backscatter-Raman lidar systems, in the frame of the Euroebserved over Thessaloniki, than over Athens. In addition
pean EARLINET project. A selected case of Saharan dusto that, higher air pollution levels over Athens would lead
transport to the Eastern Mediterranean was analytically preto higher LR values, as expected under more polluted con-
sented using lidar, spectrophotometric and satellite obserditions (Muller et al., 2000). The presence of more non-
vations, complemented by air-mass back-trajectory analysispherical particles over Athens may also explain the larger
and dust model data. During the whole period of observa-LR values observed in this site compared to those measured
tions of the EARLINET project (2000—2002) multiple dis- over Thessaloniki.

tinct dust layers of variable thickness (200-3000m) were \ve believe that the lidar data on the dust aerosol vertical
systematically observed over the Eastern Mediterranean reprofiles presented at 355 and 532 nm are indicative for our
gion in the altitude region between 1.5 and 6.5km heightarea and will be a very important input for regional radia-
above sea level. However, the greatest aerosol loading geRjve transfer models (RTM) and atmospheric chemistry trans-
erally occurred between 2 and 5km. The dust layers genport models (ACTM) over the Eastern Mediterranean region
erally traveled the distance between the Saharan region angiaz et al., 2000; Lelieveld et al., 2002), as well as for atmo-
the E. Mediterranean (3000 to 4000 km) in a period of 2—4spheric correction of ocean color imagery data (Moulin et al.,
days. Athens was more privileged than Thessaloniki in 0b-2001). Our lidar ratio observations could also contribute to
serving a higher number of Saharan dust events since it i§ petter calibration over the Eastern Mediterranean region of
located closer to the African continent and generally expe-the forthcoming two-wavelength space lidar CALIPSO mis-
riences clearer skies. This is evident in the total number ofsion. These height-derived dust aerosol profiles can also be
Saharan dust events observed over Athens (50 events) Veirsed for the corrections of the retrieval of the tropospheric
sus 17 events observed over Thessaloniki. A mean numbeszone profiles derived from satellite data (i.e. by the Ozone

of 18 Saharan dust events per year in the time period Mayyionitoring Instrument (OMI) on board the recently launched
ZOOO—May 2003 was reported over Athens, but this is nOtAura Spacecraft) during Saharan dust events.

statistically significant due to the small number of years con- Similar work on radiative transfer calculations has been
sidered.

reported recently by Wagner et al. (2001) using lidar aerosol
Back-trajectory analysis performed in the period 2000— P y by vag ( ) g

2002 for all Sah q break he E Medi Profiles obtained during the Indian Ocean Experiment (IN-
00 ora _Sa aran UStO_Ut rea s overt e astern Medite DOEX) on March 1999. In addition, our lidar data can be
ranean indicated, for the first time, the main pathways fol-

also used as input data in operational Saharan dust forecast

lowed by the Saharan dust aerosols.from the source areas 8, je|5 and thus will be valuable for long-term studies on the
the Eastern Mediterranean Sea. This helped us to concludg, ;.0 forcing of aerosols in the Mediterranean Sea (Sciare
that the western and south-western sectors _of Greece are ﬂé(? al., 2003; Meloni et al., 2004). Of course, long-term lidar
most p_referable sectors followed by the air-masses trgns- ata are certainly required over the whole Mediterranean re-
port_ed in the free troposphere (between 3 and 5.5km heightyi, 14 petter evaluate the dust aerosol optical properties in
ending over Grgece during Saharan dust outbreaks. We alsp \,jtraviolet and visible part of the spectrum, in conjunc-
showed that during the summer and autumn months most Ak, it available satellite data and AOT data derived by

the Saharan dust outbr'eaks (40_500/_0 of the. cgsgs) generays AERONET network. This will help to better assess the
reach the Eastern Mediterranean region. This is linked to the,, .o <1 radiative properties in this area. These studies, al-

synoptic meteorological situation where Greece is influence eady started in the frame of the EARLINET project, should
by air-masses coming form the western-southwestern direcbe continued on a long-term basis, and should be combined

tions. i ) . with modeling phase functions of aerosols of different shapes
Another interesting feature revealed by the analysis of

combined lidar and satellite data during Saharan dust outf?lnd dimensions (Mishchenko et al., 1997).

breaks showed that the origin of the dust particles was the
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particles with sea-salt particles of maritime origin could pos-

sibly explain the lower mean LR value (Ackermann, 1998) Edited by: A. Nenes
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