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ABSTRACT

We observed a long-range transport event of mineral dust from North Africa to South Europe during the Saharan Mineral
Dust Experiment (SAMUM) 2006. Geometrical and optical properties of that dust plume were determined with Sun
photometer of the Aerosol Robotic Network (AERONET) and Raman lidar near the North African source region, and
with Sun photometers of AERONET and lidars of the European Aerosol Research Lidar Network (EARLINET) in the
far field in Europe. Extinction-to-backscatter ratios of the dust plume over Morocco and Southern Europe do not differ.
Angstrém exponents increase with distance from Morocco. We simulated the transport, and geometrical and optical
properties of the dust plume with a dust transport model. The model results and the experimental data show similar
times regarding the appearance of the dust plume over each EARLINET site. Dust optical depth from the model agrees
in most cases to particle optical depth measured with the Sun photometers. The vertical distribution of the mineral dust
could be satisfactorily reproduced, if we use as benchmark the extinction profiles measured with lidar. In some cases
we find differences. We assume that insufficient vertical resolution of the dust plume in the model calculations is one
reason for these deviations.

dust model system LM-MUSCAT-DES (LM = Lokal Modell;
MUSCAT = MUItiScale Chemistry Aerosol Transport Model;
DES = dust emission scheme). The model is used to describe
the conditions of Saharan dust observed in Morocco during the
Saharan Mineral Dust Experiment (SAMUM) 2006. The model
simulates Saharan dust emission, the transport and deposition
of dust, and the effect of dust on the radiation balance (Heinold
et al., 2007). In our paper we extend the simulations on dust

1. Introduction

This contribution is the companion paper to the publication
by Heinold et al. (2008) who present results from the regional
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transport into the far field of the North African source region.
The performance of the regional dust model system LM-
MUSCAT-DES was evaluated with data of particle optical

325



326 D. MULLER ET AL.

depths, extinction coefficients, and particle size distributions.
Data were collected with remote sensing and in-situ instrumenta-
tion in Morocco. Heinold et al. (2008) evaluated the performance
of the model for two time periods in May and June 2006 with
focus on dust properties observed over the Moroccan field sites
on 19 and 20 May 2006, and 3 and 4 June 2006. The authors find
rather good agreement between the modelled and the measured
dust optical thicknesses and dust particle size distributions. The
spatio-temporal evolution of the dust plumes in contrast was not
always reproduced. Another result of the study by Heinold et
al. (2008) is that the model finds the correct maximum value of
the dust extinction coefficient along the vertical scale of the dust
layer, if source and transport of the dust plume are correctly sim-
ulated. However the model does not reproduce well the strong
gradients of dust extinction coefficients that occurred at the top
of the dust layer during SAMUM 2006 (Heinold et al., 2008).

In summary, the model system is generally capable of describ-
ing the north Saharan dust cycle. In particular dust events related
to synoptic-scale meteorology and long-range transport of dust
agree well with the observations. However, the evaluation of the
model results with the large number of available observations in
proximity to dust source regions demonstrates the limits of the
regional dust model system (Heinold et al., 2008).

We extend the study by Heinold et al. (2008) into the far
field of the dust source on the basis of a long-range transport
event that began around 14 May 2006. At that time Saharan
dust was transported from Morocco to the Iberian peninsula and
from there across South Europe to Greece, where the dust plume
arrived around 20 May 2006. The dust plume was observed with
the lidars of the European Aerosol Research Lidar Network
(EARLINET) (Bosenberg et al., 2003; Matthias et al., 2004)
and Sun photometers at the lidar stations.

Lidar observations in Spain, Italy, and Greece provide us with
vertically resolved information on the geometrical and optical
properties of the dust plume in the far field of the source region.
The observations at the SAMUM field site provide us with the
properties of the dust plume, just before it left the African source
region. Thus, this work also presents an extension of a previous
study of dust long-range transport observed within EARLINET
(Ansmann et al., 2003). In that previous case study dust was
carried across west and central Europe, but we did not have
information on the properties of the dust plume at its North
African source region. Our study also provides a useful link to
Saharan dust long-term observations which are carried out in the
framework of EARLINET since 2000 (Papayannis et al., 2005,
2008; Mona et al., 2006).

In our case study, the EARLINET sites provide us with a
valuable set of data for model validation. One has to keep in
mind that the comparison of modelled dust optical thickness
with satellite indices, provided by Ozone Monitoring Instrument
(OMI) (Levelt, 2002) and Meteosat Second Generation (MSG)
(Schmetz et al., 2002) can only be qualitative, as no quantitative

dust information can be obtained over land from remote sensing
with these instruments yet.

In Section 2, we summarize the methodology. In Section 3,
we describe the geometrical and optical properties of the dust
plume. We compare the properties of the dust plume over South
Europe to the same properties measured in Morocco. In Section
4, we compare our results for South Europe to the results from the
dust model simulations. In Section 5, we close our contribution
with a summary.

2. Methodology

2.1. EARLINET lidar stations

The European Aerosol Research Lidar Network (EARLINET)
is a network of 25 European lidar stations (status as of May
2008). Each lidar group performs observations on a routine
base several times per week since May 2000. EARLINET is
the follow-up network to the German lidar network that was op-
erational from September 1997 until April 2000 (Bosenberg et
al., 2001). One goal of EARLINET is to establish a quantitative
database of both horizontal and vertical distribution of aerosols
on a continental scale. In addition to the regular observations,
lidar measurements are also carried out during so-called special
events as, for instance, large-scale transport of Saharan dust to
Europe.

Figure 1 shows the current distribution of EARLINET lidar
stations. The stations that carried out observations in the time
from 14 to 23 May 2006 are marked with yellow circles. A
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Fig. 1. Location of EARLINET lidar stations (red bullets). Yellow
circles denote lidar stations that reported mineral dust in the
investigated timeframe. The lidar station that was operated in Morocco
during SAMUM is also shown (black bullet with yellow circle).
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description of the different instruments can be found in
Bosenberg et al. (2003).

Briefly, most systems are multiwavelength lidars which allow
us to determine the particle backscatter coefficient 8()) at several
measurement wavelengths A. A detailed description on how that
analysis is performed can be found in Ansmann and Miiller
(2005).

From these observations backscatter-related Angstrom expo-
nents dg(A;, A,) are determined. This exponent describes the
spectral dependence of the backscatter coefficient. It is defined
as

ag(r1, A2) = In[B(A2)/B(A1)]/ In(hy/22). (D

The expressions (1) and B(A,) describe backscatter coef-
ficients at two different measurement wavelengths A; and X,,
respectively.

Several Raman lidars of the network measure the nitrogen
Raman signal at 387 nm (355-nm primary wavelength) and/or
607 nm (532 primary wavelength) in addition to the elastic
backscatter signals at the laser wavelengths. From these ob-
servations the volume extinction coefficient a(1) and the vol-
ume backscatter coefficient of the particles can be determined
(Ansmann et al., 1992).

From B(A) and «(A) we determine the extinction-to-
backscatter ratio (lidar ratio) S (1). This quantity is sensitive
to particle size and complex refractive index. Because this pa-
rameter contains the particle backscatter coefficient, the lidar
ratio also is sensitive to the geometrical shape of the particles.
In contrast, the particle extinction coefficient does not depend
on particle shape in a significant way (Mishchenko et al., 1997;
Kalashnikova and Sokolik, 2002; Miiller et al., 2003).

Measurements of the particle extinction coefficient at two
wavelengths allow us to determine the extinction-related
Angstrém exponent d,(A1, A,). This parameter is defined as

ay (A1, A2) = In[a(Ay)/a(r1)]/ In(h /A2). 2

2.2. Sun photometers

Particle optical depth of the atmospheric column and column-
mean Angstrém exponents were determined with Sun photome-
ters at all EARLINET lidar stations considered in our study,
except at L’ Aquila. We add results of a Sun photometer station
in Rome (Rome Tor Vergata at 41.5°N, 12.4°E) which is about
113 km to the west of the lidar station in L’Aquila. Except for
a multi-filter rotational shadowband spectrometer at the EAR-
LINET station in Athens all other instruments are Sun photome-
ters operated by the Aerosol Robotic Network (AERONET).
The instrument type at the Athens stations is an MFR-7
Yankee (Env. System Inc., Turner Falls, MA). The spectrometer
provides 1-min averages of particle optical depth at five wave-
lengths (415, 501, 615, 675 and 867 nm). The methodology of
extracting particle optical depth, direct solar irradiance, and all
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applied corrections is described in detail by Gerasopoulos et al.
(2003).

AERONET is a federated network of Sun photometer sta-
tions. The instrument characteristics are described in detail by
Holben et al. (1998). Briefly, spectral observations of Sun direct
irradiance are made at 340, 380, 440, 500, 670, 870, 940 and
1020 nm. Measurements of sky radiance are made at 440, 670,
870 and 1020 nm. Details of the calibration procedure of the
instruments are given by Holben et al. (1998, 2001).

From these signals one determines particle optical depth and
scattering phase functions. Microphysical properties such as par-
ticle size distributions and complex refractive indices are deter-
mined, too. A detailed description of the data analysis can be
found in Dubovik and King (2000). Details on error analysis are
given by Dubovik and King (2000) and Dubovik et al. (2000).
In this contribution we will only present particle optical depth
and Angstrom exponents.

2.3. Instruments at the SAMUM field sites

Raman lidar and Sun photometer observations were carried out
in Morocco. The Raman lidars were operated at the SAMUM
field site at Ouarzazate (30.93°N, 6.9°W). The systems are de-
scribed in detail by Tesche et al. (2008) and Freudenthaler et al.
(2008). The lidar systems provide us with particle backscatter
and extinction coefficients, Angstrém exponents, and lidar ra-
tios at the same measurement wavelengths that are used by the
EARLINET lidars. Linear particle depolarization ratios were
determined at 355, 532, 710 and 1064 nm. Data analysis and er-
ror analysis procedures for the lidar data are discussed in detail
by Tesche et al. (2008). We also operated one AERONET Sun
photometer at the field site.

2.4. Model

The simulations of Saharan dust transport presented here were
carried out with the regional dust modelling system LM-
MUSCAT-DES, for which a detailed description is given in
Heinold et al. (2007). The model consists of the mesoscale me-
teorological model Lokal Modell (LM) (Doms and Schiittler,
2002) which is provided by the German weather service
(Deutscher Wetterdienst, DWD), the online-coupled MUlItiScale
Chemistry Aerosol Transport Model (MUSCAT) (Wolke et al.,
2004a,b), and a dust emission scheme which is based on the work
of Tegen et al. (2002). Dust emission, transport, and deposition
are simulated with MUSCAT with the use of the meteorological
and hydrological fields that are computed by the LM. Surface
properties (vegetation, surface roughness, soil texture, soil mois-
ture content) and the location of preferential dust sources are con-
sidered for dust flux calculations. Soil erosion by wind mostly
depends on the wind shear stress on the ground. Soil erosion oc-
curs when the surface friction velocity increases above a certain
soil-size dependent threshold friction velocity. We have lowered
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that threshold friction velocity by a factor of 0.66 in order to
compensate for lower model winds (Heinold et al., 2007). Lo-
cal wind systems, clouds, precipitation, and mesoscale convec-
tion are simulated depending on topography, subgridscale moist
convection is parameterized following Tiedtke (1989). The mod-
elled dust is transported as a passive tracer in five independent
size classes with diameter limits at 0.2, 0.6, 1.7, 5.3, 16 and
48 pm. The aerosol deposition parameterization in LM-
MUSCAT is adapted with respect to dust particle density and
washout efficiency. Dry deposition of dust is parameterized as
proposed by Zhang et al. (2001). For particles larger than 2
pm the removal from the atmosphere is mainly by gravitational
settling. Wet deposition, both in-cloud and subcloud removal,
is parameterized following Berge (1997) and Jakobson et al.
(1997). In the model, the radiative flux computation accounts
for the variability in the spatio-temporal distribution of mod-
elled dust aerosol, and the direct dust radiative effect can affect
meteorology and dust load (Helmert et al., 2007). Dust optical
properties are derived from Mie-scattering theory using the re-
fractive indices from laboratory measurements by Sokolik and
Toon (1999), assuming an internal mixture of 2% hematite and
98% kaolinite.

The dust model was run for the period from 9 May to 5
June 2006. In this contribution we focus on the long-range
dust transport case that occurred during SAMUM 2006 on the
days of 14-23 May, when Saharan dust was transported across
the Mediterranean basin. The model domain covers the area
13.86°N, 25.35°W —47.78°N, 38.16°E. We use a horizontal res-
olution of 28 x 28 km and 40 vertical layers. The LM runs
are initialized using analysis fields from the global model GME
(Majewski et al., 2002). The LM runs are driven by 6-hourly
updated lateral boundary conditions from the GME. In order to
keep the meteorology of the regional model close to the anal-
ysis fields, the simulations were performed in 48-h cycles with
a spin-up time of 24 h for the LM. After this time MUSCAT is
coupled to compute dust mobilization and transport. At the first
cycle, the initial dust concentration is set to zero. The following
cycles are initialized using the modelled dust concentration from
the previous cycle.

For the model evaluation, the modelled dust concentration is
transferred to the dust optical thickness at 500 nm wavelength
with

3 Qexl.SOO(j) . ]
= 2 Zons0l) G AzR) | 3
i ;Xk:[mﬁu)ppm ol A0 @

The expression Qe s00(j) is the extinction efficiency at 500 nm
of the dust mode j, re(j) is the effective radius of dust particles
of mode j, cqust(j, k) is the dust concentration of the dust mode
Jj at the vertical level k and A z(k) is the depth of the vertical
level k. For the evaluation of the simulated dust distribution, the
extinction efficiency Qe s00(j) is calculated from Mie-scattering
theory and the use of dust refractive indices from Sinyuk et al.
(2003).
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Fig. 2. Selected 5-d backward trajectories started from gridpoints close
to the locations of the eight EARLINET stations Granada (G),
Barcelona (B), L’ Aquila (A), Naples (N), Potenza (P), Lecce (L),
Athens (A) and Thessaloniki (T). The numbers indicate the trajectory
start and times (in UTC). The trajectories and the letters indicating the
stations are colour-coded with height above ground in m. The
trajectories are started from within the dust layer according to the lidar
profiles shown in Fig. 6.

3. Observations

3.1. Meteorological situation and dust distribution

The meteorological conditions of the main dust episodes during
the 2006 SAMUM field campaign are described in detail by
Knippertz et al. (2008) and are summarized here with the help of
5-d trajectories linking EARLINET stations in southern Europe
with dust sources in northern Africa (Fig. 2), and horizontal
distributions of the OMI aerosol absorption index (Al) (Fig. 3).
Blue areas in Fig. 3 indicate clouds that obscured the dust plume.

During 11-14 May 2006 an upper-level short wave trough
crossed northwestern Africa and triggered the formation of a lee
cyclone east of the Atlas Mountains (Knippertz et al., 2008). The
subsequent surge of cold air from the Mediterranean Sea accom-
panied by strong winds activated dust sources in western Tunisia
as well as eastern and central Algeria as indicated by the OMI
Al distribution on 14 May 2006 (Fig. 3a). Along the northern
flank of this cyclone, dust-laden air was advected into southern
Morocco as shown by the trajectories labeled ‘B’ and ‘G’ in Fig.
2. Between 15 and 17 May 2006 an upper-level ridge established
over northwestern Africa, with a surface high centered over the
eastern Atlas. Moderately dust-laden air from eastern and cen-
tral Algeria was transported with the anticyclonic flow to the
Moroccan coast and then towards the Iberian Peninsula (Figs.
2 and 3b). The dust plume passed over the two EARLINET
stations at Granada and Barcelona during this period as indi-
cated by both OMI Al and trajectories. By 18 May 2006 the

Tellus 61B (2009), 1
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Fig. 3. Horizontal distribution of the aerosol
index derived from OMI observations
(overpass at 13:45 local time). That index
indicates the presence of dust. The higher the
index the more likely dust was observed.
Model results (LM-Muscat-DES) of the
horizontal distribution of optical depth at
550 nm wavelength at 12 UTC are presented
in the right column. Shown are the results on
(a, b) 14 May, (c,d) 16 May, (e, f) 18 May,
(g, h) 20 May, and (i, j) 22 May 2006. The
abbrevations denote the following stations:
AT (Athens), BA (Barcelona), GR
(Granada), LA (L’Aquila), LE (Lecce), NA
(Naples), ORZ (Ouarzazate), PO (Potenza)
and TH (Thessaloniki).

dust plume covered the western Mediterranean and approached
the EARLINET station at L’ Aquila (3c). Backward trajectories
that started on 19 May from the four Italian EARLINET stations
all show an anticyclonic track from western Algeria across the
Iberian Peninsula and suggest a connection to the dust event on
14 May (see Fig. 3a). On 20 May 2006 the dust plume stretched
across southern Italy into Greece (Fig. 3d), where parts of it
remained until 22 May 2006 (Fig. 3e). Backward trajectories
from Athens and Thessaloniki, started at 0:00 UTC 21 May,
show a path similar to the trajectories for the Spanish and Italian
stations, but the corresponding airmass was delayed by about
2-4 d. This path suggests a link with dust being mobilized over
Algeria in the aftermath of the event described by Knippertz et al.
(2008). Most of the dust transport occured in the lower half of
the troposphere as indicated by the gray shaded areas in Fig. 2.
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3.2. Sun photometer observations of the dust plume over
South Europe

In this section we present results of Sun photometer observa-
tions. The data rather likely describe a mixture of mineral dust
with anthropogenic pollution. Anthropogenic pollution is ubiq-
uitous in the boundary layer over the South European lidar/Sun
photometer stations considered in this study. In Section 3.4, we
will present optical properties of the mineral dust plume in the
free troposphere on the basis of lidar observations. In that case
the data describe mineral dust that was rather unaffected with
anthropogenic pollution.

AERONET Sun photometer observations at the SAMUM
lidar field site at Ouarzazate showed daily-mean dust opti-
cal depths of 0.44 £ 0.04 at 500 nm on 13 May 2006, and
0.66 £ 0.19 on 14 May 2006. Angstrém exponents from dust
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optical depth were around 0.1 for the wavelength pair 380/500
nm and 0.23 for the wavelength pair 500/1020 nm on 13/14 May
2006.

Figure 4 (a,b) shows the time series of particle optical depth
and particle Angstrém exponents measured in the 440-670 nm
wavelength range at the Granada site. Particle optical depth in-
creased from around 0.4 to around 0.6 between 14 May and
16 May 2006. At that time the particle Angstrom exponent

JULIAN DAY OF 2006

Fig. 4. Particle optical depths (OD) and
Angstrom exponents (4) measured with Sun
photometer. Wavelengths for particle optical
depth and wavelength ranges for Angstrém
exponents are as follows. (a,b) Granada: OD
(500 nm), 4(440/870 nm), (c,d) Barcelona:
OD (500 nm), 4(440/870 nm), (e,f) Rome:
OD (532 nm), 4(440/870 nm), (g,h) Lecce:
OD (500 nm), 4(440/870 nm), (i.j)
Thessaloniki: OD (500 nm), 4(440/870 nm),
(k,]) Athens: OD (500 nm), &(415/867 nm).
The shaded areas denote the days on which
144 desert dust most likely was observed at the
different sites.

dropped from around 0.6 to approximately 0.2, before it in-
creased to maximum values of 1.2 on 20 May 2006.

That change of particle optical depths and Angstrom expo-
nents shows that the dust plume had arrived over Granada. The
numbers for particle optical depth are rather similar to the values
measured with the AERONET Sun photometer at Ouarzazate.
Angstrom exponents are a bit larger, if we consider the wave-
length pair 380/500 nm.
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Fig. 5. Profiles of (a) particle backscatter coefficients (blue = 355 nm, green = 532 nm, red = 1064 nm), (b) particle extinction coefficients (blue =
355 nm, green = 532 nm), (c) particle lidar ratios (blue = 355 nm, green = 532 nm), (d) backscatter-related (blue = wavelength pair 355/532 nm,
red = wavelength pair 532/1064 nm)) and extinction-related (black = wavelength pair 355/532 nm) Angstrém exponents of the dust plume observed
at Ouarzazate on 14 May 2006 from 20:12 to 21:09 UTC. The laser beam was tilted under 5° from zenith. The horizontal line at 1133 m above sea

level (asl) indicates the altitude of the field site.

Figure 4 (c, d) shows that particle optical depth over Barcelona
increased from 0.15-0.3 to 0.4-0.6 between 14 May and 17 May
2006. During that time Angstrom exponents decreased from
maximum values of 1.5 to as low as 0.2. In contrast to the
Granada site we find a rather strong variability of the Angstrém
exponent.

We assume that the Barcelona site was only at the rim of the
mineral dust plume and that the contribution of particles from
anthropogenic pollution in the planetary boundary layer over
Barcelona caused this strong variation of the Angstrom expo-
nent. Such particles are considerably smaller in size than mineral
dust particles, and generally cause Angstrém exponents >1,
for example, Dubovik et al. (2002) and Miiller et al. (2003).
Another reason may have been sedimentation of larger dust par-
ticles, thus leaving on average smaller dust particles in the dust
plume over Spain.

Sun photometer observations indicate that the dust plume
arrived over Italy around 18 May 2006. At that time the dust
plume had moved away from the Spanish lidar stations. The
dust plume is identified by the increase of low optical depths of
0.1 to nearly 0.5 over the AERONET site in Rome around 18/19
May 2006. The Angstrém exponent dropped from nearly 1.5 to
as low as 0.3 during that time. Angstrtim exponents are nearly
the same as the ones measured at Barcelona and Granada. We
find a similar change of values at Lecce in South Italy. Particle
optical depth increases from below 0.1 to around 0.4 around
18/19 May 2006. Angstrém exponents dropped from above 1.5
on 18 May 2006 to minimum values of 0.2 on 19 May 2006.

Particle optical depth began to increase from <0.1 to nearly
0.4 at the Greek EARLINET station in Thessaloniki around
18/19 May 2006. The arrival of the dust plume again shows
itself much clearer in the pronounced decrease of the Angstrém
exponent. A similar pattern regarding the change of optical depth
and Angstrém exponent can be seen for the station in Athens.
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3.3. Lidar observations of the dust plume over Morocco

Figure 5 exemplifies the geometrical and optical properties of
the dust plume observed at Ouarzazate on 14 May 2006, that is,
around the time when the dust began to move towards Spain.
These properties did not change significantly, as can be seen
from the measurement example for 15 May 2006 (Tesche et al.,
2008).

The top height of the plume was around 6 km above sea level
(a.s.l.) on 14 May 2006. According to data from radiosonde,
which was launched during the time of the lidar observations,
the plume was well mixed from bottom to top. Particle backscat-
ter coefficients were as high as 3Mm™" sr~! (Mm = 10° m) at 355
and 532 nm, and 2 Mm~"! sr~! at 1064 nm. Extinction coefficients
were as high as 220 Mm~' at 355 and 532 nm. The lidar ratio
was nearly wavelength independent. Numbers vary between 50
and 65 sr at 355 and 532 nm. Extinction-related Angstrém ex-
ponents (355/532 nm wavelength pair) and backscatter-related
Angstrém exponents (355/532 nm wavelength pair) are around
0. The backscatter-related Angstrom exponents for the 532/1064
nm wavelength pair are around 0.5. The linear particle depolar-
ization ratio was 32% at 532 nm on that day (Freudenthaler et al.,
2008).

3.4. Lidar observations of the dust plume over South
Europe

Table 1 shows on which days the different lidar stations per-
formed measurements. Figure 6 shows profiles of particle
backscatter coefficients taken at the different lidar stations. The
lidar observations at Ouarzazate show that the top of the mineral
dust plume was at approximately 6 km above sea level. We find
a similar height for the top of the mineral dust plume at most of
the EARLINET stations in South Europe.
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Table 1. Days on which measurements were carried out at the EARLINET lidar stations.

Station Granada Barcelona L’Aquila Naples Potenza Lecce  Athens Thessaloniki
Location ~ 37.2°N, 41.1°N 424°N  40.8°N  40.6°N  40.3°N  37.9°N 40.4°N
3.4°W 2.2°E 13.6°E 143°E 15.7°E  18.1°E  23.6°E 22.9°E

13 May
14 May
15 May
16 May
17 May
18 May
19 May
20 May X
21 May X X
22 May X X X X X

XXX X XX

XX X XK
>
XX X XX

8 IITTI'IIIIII'II IIIIIII[IIIIII"
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= Fig. 6. Lidar profiles taken at the
EARLINET stations. Station and
4 measurement times are as follows. Granada
- (532 nm): 15 May 2006, 12:30-13:00 UTC
T (thick, dotted; S(532) = 58 sr), 16 May
2006, 9:35-10:00 UTC (thin, solid;
— S(532) = 58 sr), 17 May 2006, 11:00-11:30
h UTC (thick, solid; S(532) = 58 sr).

5 Barcelona (532 nm): 16 May 2006
s bvealeanlens ria o lianlons TTTL TN FTeT heem 6:18-19:19 UTC (thin, solid; S(532) = 50
sr), 17 May 2006, 7:43-19:04 UTC (thick,
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E (thick, solid). Naples (532 nm): 22 May
2006, 19:02-19:32 UTC. Potenza: 19 May
2006, 1:30-2:00 UTC (thin, solid), 22 May
2006, 21:46-22:46 UTC (thick, solid). Lecce
(351 nm): 19 May 2006, 18:45-19:27 UTC
(S(351) = 40 sr), Thessaloniki (355 nm): 20
May 2006, 17:29-18:00 UTC (thin, solid),
21 May 2006, 18:37-19:00 UTC (thick,
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In this work we do not attempt to determine the exact bottom large mineral dust particles) to high values (e.g. around 1 or

height of the dust plume. A separation of pure mineral dust in higher, indicating small anthropogenic particles). For many of
the free troposphere from anthropogenic pollution or mixtures the lidar stations we do not have that comprehensive set of data.
of mineral dust with anthropogenic pollution in the planetary However, strong changes of the particle backscatter coefficients
boundary layer is possible, for instance, on the basis of lidar which were provided by all stations involved in this study, occur
profiles of particle depolarization ratios, or changes of particle around the top height of the planetary boundary layer. These
Angstrém exponents from low values (e.g. around 0, indicating changes give us at least an estimate on the approximate bottom
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height of the free-tropospheric mineral dust plume. Mineral dust
is likely less affected with anthropogenic pollution.

Figure 6 shows that the dust plume reached a top height of 5—
6 km at the Granada station. Profiles of the particle backscatter
coefficient show that the top of the dust plume was around 5 km
height over Barcelona on 16 and 17 May 2006.

Four Italian lidar stations measured during the dust event.
Lidar profiles taken at L’Aquila on 18 May and 22 May 2006
show that mineral dust was present in heights of around 6-
6.5 km. The bottom height of the mineral dust plume is at ap-
proximately 2 km a.s.l. A similar top and bottom height was
also observed at the Naples station on 22 May 2006. Top heights
of approximately 5.5-6.5 km of the dust plume were reported
from the EARLINET station in Potenza on 19 and 22 May 2006.
The bottom height of that part of the dust plume that we believe
to be nearly free of anthropogenic pollution was approximately
2.5 km on 19 May 2006 and 2 km on 22 May 2006. The deter-
mination of the bottom height of the dust plume is more exact
in the case of the Potenza station because it provides us with a
rather comprehensive set of optical properties of the dust plume.
In the following description of the results from Potenza we shall
therefore concentrate on those height ranges. Lidar observations
were carried out at Lecce from 15 May to 19 May. According to
the observations there was no dust present until 18 May 2006.
The dust plume was observed on 19 May 2006. The top height
was around 5.5 km, with a closed cloud deck at 5.5 km height
on that day.

Interestingly the lidar profiles that were taken at the Greek
lidar stations in Thessaloniki and Athens on 20, 21 and 22 May
2006 show a considerably lower top height of the dust plume.
Both stations report a maximum height of 4 km above sea level.
An exact determination of the bottom height is difficult, as there
certainly was a mixture of dust with anthropognic pollution
during the observational period.

Figure 7 shows vertical profiles of particle lidar ratios mea-
sured at 351/355 and 532 nm. At L’Aquila the lidar ratio was
measured at 351 nm. On 18 May 2006 we measured 56 £ 10 sr

between 2500 and 5000 m height. Lower mean values of 44 £
10 sr were measured in the same height range on 22 May 2006.
Lidar ratios of 40-50 sr at 355 nm were measured at Naples and
Potenza on 22 May 2006. In summary we find a comparably
large range of lidar ratios at L’ Aquila, Naples, and Potenza. The
large variation does not allow us to decide whether the lidar ratio
at 355 nm changed with time of transport.

The Potenza station also delivers the lidar ratio at 532 nm.
Lidar ratios varied around 55-60 sr both on 19 and 22 May.
These values are similar to those measured at Ouarzazate. Lidar
ratios measured at Ouarzazate are wavelength-independent val-
ues. There is no clear indication about the lidar ratio wavelength
dependence for the Potenza data. A main difference can be ob-
served in the homogeneity of the aerosol dust layer observed at
Potenza on 19 and 22 May. The lidar ratio values at 355 and 532
nm are almost constant within the dust layer altitude range for
22 May, whereas the lidar ratios are highly variable on 19 May
2006. This gives us an indication that the dust is well mixed in
the dust layer on 22 May, probably because on this day a more
direct transport from the source region occurred.

The lidar ratio was measured at 355 nm at Thessaloniki.
According to backward trajectories, Sahara dust seemed to be
present over Thessaloniki at heights above 2.5 km on 20 May.
However, we find a rather low lidar ratio of 40—45 sr For compar-
ison we measured 50—60 sr at Ouarzazate on 14-15 May 2006.
The next day, 21 May, we find a larger lidar ratio of around 65
srin a small layer around 2.5 km height. The trajectory analysis
indicates dust transport also at lower altitudes over Thessaloniki.
We assume that on 21 May 2006 there was a mixture of dust with
absorbing urban aerosols in the lower heights, see also Papayan-
nis et al. (2008). On 22 May 2008 back-trajectory analysis still
suggests traces of dust over Thessaloniki. In fact the lidar ratio
of 55-65 sr (at 355 nm) matches best to the lidar ratio observed
at Ouarzazate, although it is very likely that also on that day dust
was mixed with local pollution.

Figure 8 shows the comparison of the backscatter-coefficient-

related and the extinction-coefficient-related Angstrom
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(351 nm in the case of the station at
L’Aquila). Profiles in green colour denote
lidar ratios at 532 nm.
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Fig. 8. Profiles of particle Angstrdm exponents taken at Quarzazate
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and 532/1064 nm for (b) Ouarzazate and (e) Potenza, and the
extinction-related Angstrém exponent for the wavelength pair 355/532
nm for (c) Ouarzazate and (f) Potenza. Error bars denote
one-standard-deviation.

exponents at Ouarzazate and Potenza, respectively. The column-
mean value of the backscatter-coefficient-related Angstrom ex-
ponents at Ouarzazate is approximately O at the 355/532 wave-
length pair and 0.5 at the 532/1064 nm wavelength pair. We
find a column-mean value of approximately O for the extinction-
coefficient-related Angstrdm exponent.

The backscatter-coefficient-related Angstrém exponent varies
from 0.5 to 1 (wavelength pair 355/532 nm) at Potenza.
The backscatter-coefficient-related Angstrom exponents at the
532/1064 nm wavelength pair are around 0.5, in agreement
with values observed at Ouarzazate. The extinction-coefficient-
related Angstrém exponent varies along the profile from 0.2 to
approximately 0.8 at Potenza. The mean value is 0.5, which is
in agreement with values measured with AERONET Sun pho-
tometer in Rome and Lecce during this Saharan dust event.

The larger values of the Angstrém exponents at 355/532 nm at
Potenza suggest that the concentration of small particles, that is,

particles in the fine mode fraction of the particle size distribution
was higher in the far-field of the dust source region compared
to the near field in North Africa. Sedimentation processes may
have led to this increase of ratio of fine-to-coarse mode particles
of the particle size distribution. Another reason may be an ac-
cumulation of anthropogenic/urban particles in the dust plume
over Continental Europe.

We observe a higher variability of the profiles of the Angstrém
exponents and the lidar ratios at Potenza on 19 May compared
to the profiles measured at Potenza on 22 May 2006. This low
variation underlines once more that aerosol particles were well
mixed in the altitude range of the dust layer on 22 May, compared
to the situation on 19 May when the plume probably was more
inhomogeneously distributed along the vertical. This difference
might be related to different paths the dust plume took before
arriving over Potenza. On 19 May the dust plume came from
northern Italy after passing over Spain. On 22 May the dust
reached Potenza directly from western Africa after passing over
the Mediterranean Sea.

4. Results from transport modelling:
comparison to experimental data

4.1. Optical depth from Sun photometer

Figure 9 shows in more detail the comparison of modelled par-
ticle optical depth and optical depth measured with Sun pho-
tometer at the South European lidar stations. The model results
present instanteneous hourly data. The Sun photometer measure-
ments describe particle optical depth of the total atmospheric
column.

With regard to the model runs we show two values for optical
depth for each time step. We obtain a band of modelled optical
depths. The lower values at each time step describes optical depth
of the pure dust. The upper values at each time step describe
total optical depth, that is, optical depth of background aerosol
particles is included. Background optical depth, however, is not
computed by the model. We add a constant value of optical depth
of the background aerosol particles. The background values that
we use for each station are taken from the aerosol climatology of
Tanré et al. (1984). These optical depths are static but variable in
space. We took the value for each measurement site, respectively.
These values may overestimate the contribution of tropospheric
background aerosol particles, and consequently may lead to an
overestimation of total optical depth.

The model results show a strong increase of optical depth at
Granada on 13/14 May 2006, in accordance with the experimen-
tal data. The increase however is less steep than what the model
output indicates. Optical depth peaks at nearly the same time
at which the modelled optical depth reaches its maximum. In
contrast to the model results, the measured optical depth drops
to lower values considerably earlier.
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Fig. 9. Comparison of particle optical depth measured with Sun
photometers and determined with LM-MUSCAT-DES. Shown are the
results for the stations at (a) Granada, (b) Barcelona, (c) Rome, (d)
Lecce, (e) Thessaloniki and (f) Athens. We show total particle optical
depth from Sun photometer (green symbols) and from the model
(thick line, upper limit), and dust optical depth only (thin line, lower
limit).
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Figure 9 shows that the climatological background value that
has been assumed in the model calculations is too large. This
overestimation of the background values can be seen in the
simulations for all other sites that we considered in our study.

The comparison of the modelling results with the observations
is more difficult in the case of the station at Barcelona. Measured
optical depth is very variable in the time period of interest. The
model shows the peak of dust optical depth on 16 May 2006,
whereas optical depth measured with Sun photometer peaks 1
d later. Nevertheless the model catches the period of increased
optical depth fairly well.

Regarding the AERONET station in Rome the model results
and the experimental data indicate a similar time of arrival of the
dust plume, that is, between 17 and 18 May 2006. We emphasize
that the determination regarding the arrival of the dust plume is
mostly based on our knowledge of the Angstrém exponents.

The model predicts the presence of mineral dust at the
AERONET-EARLINET station in Lecce in the same time frame
as is shown by the AERONET observations (afternoon of 18 May
until 20 May 2008). There were two more short time periods (14
May 2006 and 17 May 2006) with increased values of optical
depth. However, the dust simulations and the OMI aerosol in-
dex do not show these two dust particles. In fact, the Angstrém
exponent was rather high on 17 May 2006. On 14 May 2006
the Angstrom exponent was low, which means that dust may
have been present, in contradiction to the data from OMI and
the model calculations. We can only speculate on the reason for
the difference. Dust from local sources or a strong contribution
from marine particles may be the cause.

The model results suggest the presence of mineral dust be-
tween 19 and 21 May 2006. Sun photometer measurements of
optical depth at the Greek station in Athens do not give a clear
sign on the presence of mineral dust. It is the Angstrom exponent
that suggests the presence of the dust plume (see Fig. 4c).

The model does not show if traces of dust were present at
noontime of 22 May 2006. On that specific day we observed
two short spikes in the experimental data. Particle optical depth
was 0.3-0.4 (in our higher resolution data sets in which mea-
surements were done every minute), imposed on a background
value of 0.1-0.15, and a much higher value of 0.65 around noon
time. These peaks are possibly related to remaining filaments of
dust following the main event.

The model predicts mineral dust over Thessaloniki in the same
timeframe as for Athens. The temporal evolution and dust optical
depth measured with Sun photometer are well reproduced with
the model, if we keep in mind that the climatological background
value of optical depth is too high.

4.2. Vertical profiles from lidar

LM-MUSCAT-DES was also tested with regard to the repro-
duction of profiles of particle extinction coefficients. The results
for Morocco are discussed by Heinold et al. (2008). Figure 10
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Fig. 10. Comparison of extinction profiles derived from lidar
observations (thin solid lines with error bars) and derived from the
model simulations (thick solid lines). Shown are profiles of the particle
extinction coefficient at Granada on (a) 16 May and (b) 17 May 2006 at
532 nm. Particle extinction profiles were measured with Raman lidar at
L’Aquila on (c¢) 18 May and on (d) 22 May at 351 nm wavelength, at
Potenza on (e) 19 May and (f) 22 May 2006 at 532 nm, and at
Thessaloniki on (g) 21 May and (h) on 22 May at 355 nm.
Measurement times are the same as in Fig. 6. Error bars denote
one-standard-deviation. The profiles from the model results only
describe that part of the signals that is caused by the mineral dust.

shows results for profiles of particle extinction coefficients mea-
sured at the Italian stations at L’Aquila and Potenza, and the
Greek station at Thessaloniki. The incomplete overlap between
transmitted laser beam and receiver-field-of-view of the detec-
tor telescope restricts the minimum height to which extinction
profiles can be measured at these sites.

For completeness we also show results for the Spanish station
at Granada. Extinction profiles could not be measured. Extinc-
tion profiles were obtained from profiles of particle backscatter
coefficients. For the conversion from dust particle backscatter
into dust particle extinction coefficients we use a height inde-
pendent lidar ratio of 58 sr at 532 nm.

In general the model is not capable of reproducing the exact
shape of the profiles of the particle extinction coefficients. The
modelled profiles however catch the main features of the dust
extinction profiles. We have to keep in mind that the vertical
resolution of the model is not as fine as the vertical resolution
of the lidar observations. For instance, the model resolution is
~200 m for a particle layer at 1.5 km a.s.]. The resolution is
~600 m for a particle layer at 8 km a.s.l.

Deviations exist with respect to the profile of the particle
extinction coefficient at Granada for 16 May 2006. In that case
the model does not reproduce the dust plume between 4.5 and
6 km height. In the case of the measurement from 17 May 2006
the dust model does not catch the top of the dust layer at 5 km,
but rather sets it at above 8 km height.

The modelled profiles of the particle extinction coefficients at
L’Aquila underestimate the values measured on 18 May 2006.
However the overall decrease of the extinction coefficient with
height is reproduced sufficiently well. The model profile of
22 May 2006 sets the top of the dust layer at approximately
10.5 km. The fine structure of the profile cannot be reproduced,
which has to be attributed to the lacking spatial resolution of the
model.

The extinction coefficient profile measured at Potenza on 19
May 2006 is very well reproduced with the model. The top of
the dust plume is resolved very well. In contrast, the extinction
coefficient profile that was measured on 22 May 2006 cannot be
resolved well. Extinction coefficients are overestimated below
3 km height, and underestimated above that height.

The shape of the extinction profiles from the model agrees
well with the extinction profiles measured at Thessaloniki on
21 May and 22 May 2006. The absolute values of the extinction
coefficients are overestimated by the model for the measurement
on 21 May 2006. The model dust extinction coefficients are
strongly underestimated on 22 May 2006.

The measurements at Thessaloniki present a rather difficult
case, because we most certainly observed mixtures of mineral
dust with urban pollution. A quantification of the contribution
of dust to the extinction coefficients is rather uncertain. For
instance, the strong underestimation of modelled light-extinction
by mineral dust on 22 May 2006 may rather result from the
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strong contribution of anthropogenic pollution to the measured
extinction coefficients.

5. Summary

‘We presented a case of long-range transport of mineral dust from
Northwest Africa to South Europe. That case study is unique as
it is for the first time that coherent observations of mineral dust
were done with a network of lidar stations in the far field of the
North African source regions, while at the same time a detailed
characterization of such a mineral dust plume could also be
carried out near the North African source region.

The dust plume traveled from Morocco to the Iberian penin-
sula, and from there to Italy and Greece. The event lasted for
approximately 10 d. We do not see large differences of the top
height of the dust layer over Morocco, Spain, and Italy. In gen-
eral we find heights between 5.5 and 6.5 km a.s.l. However,
we find a considerably lower top height of 4 km above the two
Greek lidar stations that were considered in our study.

AERONET Sun photometer observations were carried out at
the Moroccan field site in Ouarzazate, and at the lidar stations in
Europe. Generally the arrival of the dust plume at the lidar sta-
tions was clearly visible from a drop of the Angstrom exponents
from values above 1 to values less than 1. The Angstrom expo-
nents from the Sun photometer observations do not describe the
pure dust over Europe, because of the presence of anthropogenic
pollution in the boundary layer.

Parameters of the dust plume were determined with EAR-
LINET lidars at the Sun photometer sites. A clear separation of
mineral dust and anthropogenic pollution at the lidar stations is
rather difficult, too. The lack of multiwavelength lidar data and
particularly the fact that no dust particle depolarization ratios
were measured is a drawback, and can be only overcome to some
extend with a detailed analysis of the meteorological situation,
backward trajectory analysis, and dust tracer simulations. For
that reason we mainly focused our discussion on lidar data above
the planetary boundary layer, where we have a lower impact of
anthropogenic pollution. However, it is rather clear that there
was also dust in the planetary boundary layer, as the example for
Thessaloniki shows. We obtained particle backscatter and ex-
tinction coefficients, Angstrom exponents, and lidar ratios. The
lidar observations show that dust particle Angstrém exponents
over South Europe are larger than over Morocco. For instance,
the Angstrém exponents that were derived from particle ex-
tinction coefficients measured at 355 and 532 nm are O at the
Moroccan field site. Values are 0.5-1 in South Italy. Backscatter-
related Angstrém exponents are 0.2-0.3 in Morocco, and 0.5-1
over Potenza in South Italy.

We find different dust lidar ratios over Morocco and South
Europe; see also Papayannis et al. (2008) for measurement ex-
amples. The reason for that difference is not absolutely clear. We
think that the dust plume was only little affected with anthro-
pogenic pollution over the Italian stations. Some natural varia-
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tion of the dust lidar ratio may be one factor. The Greek stations
rather likely measured mineral dust, mixed with anthropognic
pollution.

The measurements at the lidar station at Potenza suggest a
slight wavelength dependence of the dust lidar ratio. Measure-
ments of the parameter were done at 355 and 532 nm. We mea-
sured wavelength-independent lidar ratios at Morocco.

This study offered us the opportunity to test the performance
of the dust model LM-MUSCAT-DES regarding the prediction
of optical depth in the far field of the North African dust sources.
‘We compare optical depth from the model to optical depth mea-
sured with the Sun photometers. The model results show simi-
larities to the experimental data regarding the presence of dust
over the different sites. The model also sets the arrival of dust
over each site approximately at the same time at which Sun pho-
tometer data indicate the presence of mineral dust. Dust optical
depths from the modelling agree to some extent to the optical
depths measured at some sites.

We furthermore tested the model against vertical profiles of
particle extinction coefficients that were measured with the li-
dars. The model reproduced the vertical variation of the particle
extinction coefficients for some measurement cases. In some
other cases the variation was not reproduced. Deviations, for in-
stance, occur as soon as the profiles show multilayered features.
Some deviations between the model results and the lidar profiles
occur due to too strong vertical mixing in the transport model.
This feature is improved in a new model version, which will be
implemented for future simulations. The exact top height of the
dust plume was missed in some cases. That error may be due to
an insufficient vertical resolution of the model.
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