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A long Saharan dust event over the western Mediterranean: Lidar,
Sun photometer observations, and regional dust modeling
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[1] A long Saharan dust event affected the western Mediterranean in the period 12—

28 June 2002. Dust was present mainly between 1- and 5-km height affecting most parts
of the Iberian Peninsula and reaching western/central Europe. Intensive backscatter
lidar observations over Barcelona (Spain) and Sun photometer data from two stations
(El Arenosillo, Spain, and Avignon, France) are used to evaluate different configurations
the Dust Regional Atmospheric Modeling (DREAM) system. DREAM currently operates
dust forecasts over the Mediterranean region (http://www.bsc.es/projects/earthscience/
DREAMY/) considering four particle size bins while only the first two are relevant for
long-range transport analysis since their life time is larger than 12 hours. A more detailed
bin method is implemented, and two different dust distributions at sources are
compared to the operational version. Evaluations are performed at two wavelengths

(532 and 1064 nm). The dust horizontal and vertical structure simulated by DREAM shows
very good qualitative agreement when compared to SeaWIFS satellite images and lidar
height-time displays over Barcelona. When evaluating the modeled aerosol optical depth
(AOD) against Sun photometer data, significant improvements are achieved with the

use of the new detailed bin method. In general, the model underpredicts the AOD for
increasing Angstrom exponents because of the influence of anthropogenic pollution in the
boundary layer. In fact, the modeled AOD is highly anticorrelated with the observed
Angstrom exponents. Avignon shows higher influence of small anthropogenic aerosols
which explains the better results of the model at the wavelength of 1064 nm over this
location. The uncertainties of backscatter lidar inversions (20—30%) are in the same order
of magnitude as the differences between the model experiments. Better model results are
obtained when comparing to lidar because most of the anthropogenic effect is removed.
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1. Introduction

[2] A large amount of mineral dust is mobilized over arid
regions and injected into the atmosphere under favorable
weather conditions. Deserts are the main sources of soil-
derived aerosol. Estimates of the amount of dust exported
annually from northern Africa (Sahara-Sahel region) are still
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not reliable, and range from 260 to 1500 x 10° tons/year
[Schiitz et al., 1981; N Tchayi et al., 1997; Tegen and Fung,
1994]. Once in the atmosphere, dust particles interact with
solar and thermal radiation, modulating the Earth radiation
balance, and cause large uncertainties in assessing climate
forcing by atmospheric aerosols. It is also accepted that
absorption and reflection by dust may substantially affect
the thermal structure and thus the atmospheric circulation at
synoptic timescales. Furthermore, dust interacts with clouds
[Yin et al., 2002], after absorbing hygroscopic material
[Levin et al., 1996], and affects photololysis rates and ozone
chemistry by modifying the UV radiation [e.g., Dentener et
al., 1996; Zerefos et al., 2002; Balis et al., 2002]. Saharan
dust deposition influences the biochemical cycles of both
oceanic [Kremling and Streau, 1993] and terrestrial ecosys-
tems [Reichholf, 1986], and interfere with the monitoring of
the incidence of anthropogenic emissions on ambient air
PM; levels over southern Europe [Rodriguez et al., 2001].
In the regions neighboring deserts, mineral dust also repre-
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sents a risk for human health [Yin et al, 2005] and air
transport activities.

[3] Because of its proximity to North Africa, the Medi-
terranean area is strongly affected by the presence of desert
dust. Unsatisfactory description of the dust cycle is mainly
due to the lack of enough dense and regular measurements,
but also to the incomplete understanding of dust processes
such as production, transport, physical and chemical evo-
lution, optical properties and removal of dust [Sokolik et al.,
2001]. In the last years, a number of studies have focused on
understanding different phases of the dust cycle over the
Mediterranean and Europe based on satellite imaging [e.g.,
Moulin et al., 1997, 1998; Alpert and Ganor, 2001;
Israelevich et al., 2002], in situ measurements of deposi-
tions, concentrations and optical depths [e.g., Bergametti et
al., 1989; Guerzoni et al., 1992; Loye-Pilot and Martin,
1996; Avila et al., 1997; Rodriguez et al., 2001; Israelevich
et al., 2003], and lidar observations [e.g., Hamonou et al.,
1999; Di Sarra et al., 2001; Gobbi et al., 2000; Ansmann et
al., 2003; Miiller et al., 2003; Balis et al., 2004; Papayannis
et al., 2005].

[4] Also, several regional models for simulation and
prediction of the atmospheric dust cycle have been devel-
oped in the past decade [e.g., Nickovic and Dobricic, 1996;
Kallos et al., 1997; Ozsoy et al., 2001; Nickovic et al.,
2001]. These models are essential to complement dust-
related observations, understand the dust cycle and predict
the impact of dust on surface level PM concentrations over
Europe. In this context, the Dust Regional Atmospheric
Model (DREAM) [Nickovic et al., 2001] has reached a level
of delivering reliable operational dust forecasts (http://
www.bsc.es/projects/earthscience/DREAM/) capable to pre-
dict all the major dust events over the region. However, the
current operational version has still large development
possibilitiecs. DREAM operates dust forecasts considering
four dust size transport bins while only the first two are
relevant for long-range transport since their life time is
larger than 12 hours. Ongoing developments on dust-cloud
microphysics and dust-radiation interactions [Nickovic et
al., 2004; Pérez et al., 2006] from which climate and
weather prediction models can benefit, require better un-
derstanding and specification of dust source processes, size
distributions and optical properties.

[5] In order to implement new model versions for oper-
ational applications there is a need for extensive checking
and validation with observations. Nowadays, the monitoring
systems include conventional surface observations operat-
ing at urban and rural areas, and remote sensing systems.
Deposition or surface concentration data involve close-to-
ground characteristics of the dust process. However, long-
range transport of desert dust mainly takes place in the free
troposphere [Prospero et al., 1981; Mattis et al., 2002;
Ansmann et al., 2003]. Thus Sun photometers delivering
spectrally resolved column-integrated data in combination
with aerosol lidar devices providing information on the
vertical structure seem the most appropriate tools for model
evaluation.

[6] In this study, a more detailed bin method and two
different dust source distributions are implemented into
DREAM and compared to the current operational configu-
ration. A long event (12—-28 June 2002) of Saharan dust
transport toward the western Mediterranean is selected for
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the analysis. The methodology is developed in section 2. In
section 3.1, synoptic charts and satellite images are used to
explain the weather conditions and airflow patterns which
drove dust-rich air masses toward southwestern Europe for
17 consecutive days. Detailed qualitative evaluation of the
evolution of the modeled dust horizontal and vertical
structure is performed. In sections 3.3 and 3.4, Sun pho-
tometer data from two stations at El Arenosillo (Spain) and
Avignon (France), and intensive backscatter lidar observa-
tions over Barcelona (Spain) are used to quantitatively
evaluate the dust model experiments. Detailed discussion
is also undertaken on the relationship between modeled dust
concentration, modeled particle size distributions and mod-
eled optical depth. A previous characterization and discus-
sion of the optical and microphysical properties of the
Saharan dust plume is done in section 3.2 in order to
properly evaluate and analyze the differences between the
modeling experiments. This is a crucial task since Sun
photometer observations involve considerable uncertainties
due to the nonsphericity of dust particles and the influence
of boundary layer aerosols.

2. Methods
2.1. Measurements

2.1.1. EARLINET Barcelona Lidar

[7] The aerosol backscatter lidar system of the Technical
University of Catalonia (Barcelona 41°23'N, 2°07'E, 115 m
asl, Spain) is based on a Nd:YAG laser emitting at 1064 or
532 nm [Rocadenbosch et al., 2000]. The range resolution
is 7.5 m and, depending on the integration time, useful
signal can be obtained from 300 m up to 15000 m asl. The
Barcelona lidar station is one of the 20 stations forming
part of the European Aerosol Research Lidar Network
(EARLINET) [Bésenberg et al., 2003]. In order to ensure
high-quality data, EARLINET lidars were intercalibrated in
several campaigns [Bockmann et al., 2004; Matthias et al.,
2004]. Lidar measurements at one wavelength can provide
aerosol backscatter and extinction profiles using inversion
techniques [Klett, 1981; Fernald, 1984]. These techniques
are generally subject to uncertainties because the lidar
system equation contains two unknown parameters for only
one single equation: the aerosol extinction and backscatter
coefficients. In order to solve the equation for the aerosol
backscatter coefficient, a relationship between the two
quantities, an extinction-to-backscatter ratio (hereinafter
referred to as lidar ratio) has to be assumed. This value
introduces errors that may exceed 20% [Sasano et al., 1985]
especially in cases with high aerosol optical depth. At
Barcelona, the most powerful method that was found for
single wavelength lidar signal inversion, is a combination of
the usual Klett [K/ett, 1981] backward method applied with
the comments from Fernald [1984] and Sasano and Nakane
[1984] in an iterative process. In this study, column-
integrated lidar ratios derived from AERONET data (section
2.1.2; equation (1)) are examined and discussed together
with previous studies over the area in order to estimate an
appropriate value for dust profiles.
2.1.2. AERONET Sun Photometers

[s] Data from two stations of the Aerosol Robotic Net-
work (AERONET [Holben et al., 1998]) are used: El
Arenosillo (N 37° 06’ W 06° 43') and Avignon (N 43° 55’
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E 04° 52), hereinafter referred to as AR and AV, respec-
tively. AERONET systems are globally distributed Sun and
sky-scanning ground-based automated radiometers provid-
ing column-averaged aerosol optical and microphysical
properties. At both stations, spectral observations of Sun
and radiance are made at nominal wavelengths of 440, 670,
870, and 1020 nm. Aerosol optical depth (AOD) is derived
from Sun measurements and the addition of aureole radi-
ances together with an AERONET inversion algorithm
[Dubovik and King, 2000] allows to retrieve the microphys-
ical and radiative aerosol parameters: particle size distribu-
tions, refractive index, the single-scattering albedo and
asymmetry parameter. A good and short description about
this type of instrument and its derived aerosol quantities
relevant to lidar and Sun photometer comparison is given by
Miiller et al. [2003]. Because of the use of both type of data,
lidar and Sun photometer in this study, the AOD and the
optical properties are interpolated to the lidar wavelengths
of 532 and 1064 nm. The accuracy of the AOD measure-
ments is estimated to be of the order of £0.02 regarding the
level 2 data used at AR and of the order of +0.03 regarding
the level 1.5 data used at AV. The Angstrom exponent (AE)
which provides the spectral dependence of the AOD is
derived from the ratio between the AOD at 532 and 1064 nm.
A column-integrated lidar ratio S(\) can be estimated from
Sun photometer data, according to:

47

BTNy

(1)

where w(\) is the single-scattering albedo and P(X\, 180°) is
the particle phase function at 180°.

[v] The nonspherical shape of aerosols increases the lidar
ratio in comparison to similar spherical scatterers
[Mishchenko et al., 1997; Mattis et al., 2002]. In fact,
there is sufficient theoretical and experimental evidence
that nonsphericity of desert dust can result in significantly
different scattering properties than those predicted by Mie
theory [Mishchenko et al., 2000; Dubovik et al., 2002a;
Miiller et al., 2003]. Numerical tests have shown that dust
nonsphericity may cause two kinds of retrieval artifacts:
(1) a high concentration of very small particles with radii
less than 0.1 pm, and (2) an unrealistically strong decrease
of the real part of the refractive index with decreasing
wavelength. These artifacts can be widely eliminated if
dust particles are assumed to be randomly oriented sphe-
roids [Dubovik et al., 2002b]. This approach is used in the
present study.

[10] Errors of the phase functions at 180° can reach 50%
if the wrong particle shape is considered [Miiller et al.,
2003]. Dubovik et al. [2000, 2002b] showed that the
complex refractive index is accurately determined for
AOD > 0.5 at 440 nm under solar zenith angles > 50°.
The accuracy for the imaginary part drops by a factor of 2
for AOD’s < 0.2 at 440 nm. Similar to the particle
extinction coefficient, the single-scattering albedo is sensi-
tive to the cross section of the particles and thus only
slightly affected by particle shape [Mishchenko et al.,
1997]. Extensive sensitivity studies that describe the accu-
racy of the retrieved microphysical properties are given by
Dubovik et al. [2000]. Taking into account that we selected
measurements with AOD > 0.3 and solar zenith angle > 45°,
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we estimate that the accuracy of the single-scattering albedo
is in the order of 0.03—-0.04.

2.2. Dust Regional Atmospheric Modeling
(DREAM) System

2.2.1. General Aspects

[11] DREAM (see Nickovic et al. [2001] for details) is a
regional model designed to simulate and/or predict the
atmospheric cycle of mineral dust aerosol. It solves the
Euler-type partial differential nonlinear equation for dust
mass continuity. DREAM is fully inserted as one of the
governing equations in the atmospheric NCEP/Eta atmo-
spheric model. The concentration equation simulates all
major processes of the atmospheric dust cycle. During the
model integration, calculation of the surface dust injection
fluxes is made over the model points declared as deserts.
Once injected into the air, dust aerosol is driven by the
atmospheric model variables: by turbulent parameters in
the early stage of the process when dust is lifted from the
ground to the upper levels; by model winds in the later
phases of the process when dust travels away from the
sources; finally, by thermodynamic processes and rainfall
of the atmospheric model and land cover features which
provide wet and dry deposition of dust over the Earth
surface.

[12] One of the key components of the dust model is the
treatment of sourcing terms in the concentration conti-
nuity equation. Failure to adequately simulate/predict the
production phase of the dust cycle leads to wrong repre-
sentation of all other dust processes in the model. Therefore
special attention is made to properly parameterize dust
production phase. Wind erosion of the soil in DREAM
parameterization scheme is controlled mainly by the fol-
lowing factors: type of soil, type of vegetation cover, soil
moisture content, and surface atmospheric turbulence. The
major input data used to distinct the dust productive soils
from the others is a global data set on land cover. In the
model, grid points acting as desert dust sources are
specified using arid and semiarid categories of the global
USGS 1-km vegetation data set. Another data participating
in dust production calculations is the FAO 4-km global
soil texture data set from which particle size parameters
are evaluated. In DREAM, concentration is used as a
surface condition. The released surface concentration of
mobilized particles and the corresponding surface vertical
flux depends on the structure and state of the soil and the
turbulent regime of the lower atmosphere. The vertical
flux of dust is also a function of friction velocity and soil
moisture.

2.2.2. New Developments and Experimental Design

[13] We selected a dust event that affected the western
Mediterranean during the period 12—28 June 2002 and we
performed three different simulations. M4 refers to the
current operational configuration of the model, where for
each texture class fraction four particle size classes (clay,
small silt, large silt and sand) are estimated with particle size
radii of 0.73, 6.1, 18 and 38 pm, respectively. For long-
range transport, only the first two dust classes are relevant
for the analysis since their life time is larger than about
12 hours. In this case one may assume a constant specific
extinction cross section (o¥), which is the ratio of the
extinction coefficient to the aerosol mass concentration, to
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Table 1. Transport Bins and Sub-Bin Distribution Parameters®

Tmin—Tmax» Teffs Qe Qe
Bin pm pm Iy Og 532 nm 1064 nm
1 0.1-0.18 0.15 0.2986 2 1.373 0.217
2 0.18-0.3 0.25 0.2986 2 3.303 1.043
3 0.3-0.6 0.45 0.2986 2 3.245 3.300
4 0.6—1 0.78 0.2986 2 2.413 3.509
5 1-1.8 1.3 0.2986 2 2.262 2.293
6 1.8-3 22 0.2986 2 2.260 2.282
7 3-6 3.8 0.2986 2 2.162 2217
8 6-10 7.1 0.2986 2 2.108 2.164

“From left to right, the columns are bin number, minimum and maximum
radius of each size bin, effective radius of each bin, number median radius
of the distribution, geometric standard deviation, extinction efficiency at
532 and 1064 nm.

obtain the modeled AOD [7(\)] and extinction coefficient
[aN)]:

TO\) = o¥M (2)

a\) = o¥C 3)

where M is the column mass loading and C is the mass
concentration from the model.

[14] As introduced in section 1 particle size distribution is
one of the key modeling factors in order to correctly
incorporate dust-radiation and dust-cloud interactions into
regional dust models. Thus this study also evaluates a more
detailed bin method in which the two first categories (clay
and small silt) are divided into 8 size bins between 0.1 and
10 pm. In this interval, the aerosol effects on solar radiation
are most significant. The bin intervals are the same as used
by Tegen and Lacis [1996] (Table 1). In this case, T(\) and
the a(\) are related to column mass loading and mass
concentration, respectively, by:

8
T\ = Z’Fko\) = Z 4;{”1( My Qexs(N) (4)

where for each size bin k: T (\) is the AOD, oy(\) the
extinction coefficient, py is the particle mass density, 1 is
the effective radius, My is the column mass loading, Cy is
the concentration and Q. (N\)k is the extinction efficiency
factor which was calculated using Mie scattering theory.
Within each transport bin, dust is assumed to have time-
invariant, sub-bin lognormal distribution [Zender et al.,
2003] employing the transport mode with mass median
diameter of 2.524 pm [Shettle, 1984] and geometric
standard deviation 2.0 [Schulz et al., 1998]. The analytic
sub-bin distribution allows accurate prescription of physical
and optical properties known to vary across the bin width.
Table 1 indicates the calculated extinction efficiency factor
for 532 and 1064 nm.
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[15] Because the specification of dust size distribution
over the sources is crucial, two different assumptions of
source distribution derived from D’Almeida [1987]
and Gomes et al. [1990] (Figure 1) are implemented
and evaluated (hereinafter referred to as D8 and G8,
respectively).

[16] Since there are not yet satisfactory three-dimensional
dust concentration observations to be assimilated, the initial
state of dust concentration in the model is defined by the
24-hour forecast from the previous day model run. Only in
the “cold start” of the model, concentration is set to
zero. The cold start of the model was initiated on 8 June
2002. The resolution is set to 50 km in the horizontal and
to 24 layers extending up to approximately 15 km in the
vertical. The domain of simulation covers northern Africa,
the Mediterranean sea and southern Europe.

3. Results and Discussion

3.1. Horizontal and Vertical Structure of the Saharan
Dust Plume

[17] Synoptic charts of the geopotential height at 700 hPa
and MSL pressure (Figure 2), SeaWIFS satellite images and
dust loading maps from the M4 model experiment (Figure 3)
depict the evolution of the Saharan dust plume over the
study area. Sequences of 3 main meteorological patterns
((1) high pressure over the western Mediterranean, (2) high
pressure over northwestern Africa and (3) low pressure over
southwestern Portugal) explain how the Saharan dust plume
transported toward western Europe remained over the area
for more than 2 weeks. From 11 June a westerly wave
formed in the upper levels with a N-S trough axis over the
Atlantic ocean in the southwest of Portugal and a ridge axis
over the Iberian Peninsula (IP). A high-pressure center was
present over North Africa. This situation induced SW flows
over North Africa and the southern IP. Over the next 48
hours the wave amplitude intensified inducing S-SW flows
over Morocco and the southern IP (Figure 2a).

[18] A height-time display of the 1064 nm range-cor-
rected lidar signal on 13 and 14 June is shown in Figure 4a.
This profile was already analyzed and discussed by Pérez et
al. [2004]. On 13 June stratified aerosol layers were present

Source distributions
1,2 1
- = D'Almeida (1987)

1 4 ——Gomes et al. (1990)

o
@
L

d m/d log(r) (rel.)
o
o

0,4 1
0,2 -
0 1
1 2 3 4 5 6 7 8
Size Bin
Figure 1. Parameterizations of mass size distribution of

the model at sources (in relative units): D8 [D’Almeida,
1987] and G8 [Gomes et al., 1990].
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Figure 2. Mean sea level pressure (contour lines) and geopotential height (color-shaded) at 700 hPa on
(a) 13 June, (b) 19 June, (c) 22 June, and (d) 25 June.

up to 3000—4000 m. Synoptic back trajectory and radio-
sounding analysis strongly suggested the local/regional
origin of the observed layers. On 14 June, the lidar diurnal
cycle shows two differentiated aerosol structures: plume-
like structures from 3500 to 5500 m (in the afternoon) with
traces of aerosol up to 7000 m and a more stratified
structure below 3000 m throughout the day. Back trajecto-
ries (not shown) and model’s dust loading map (Figure 3a)
and height-time display (Figure 4a) clearly identify the
Saharan origin of the upper plume-like structures.

[19] The lidar height time display on 16—17 June is
shown in Figure 4b. The core of the dust layer was confined
to 1800-2500 m on 16 June and to 1800-3000 m on
17 June with dust presence up to 4500 m.

[20] On 18 June, the high-pressure area moved south-
westward and again a NW-SE trough axis formed southwest
of Portugal which intensified on 19 June (Figure 2b). The
Seawifs image (Figure 3b) depicts the Saharan dust plume
over the IP, the straight of Gibraltar, the Alborean sea, the
eastern IP and the bay of Biscay. The lidar height-time
display in Figure 4c outlines the presence of 2 dust layers

between 1500 and 5000 m on 18 June which appeared to be
merged into 1 thick layer on the next day.

[21] On 21-23 June the center of the high-pressure area
established over Morocco inducing SW flows over the IP
and the progressive translation toward the east of the axis of
the dust plume (Figures 2¢ and 3c). Accordingly, the lidar
height time display (Figure 4d) indicates the presence of dust
between 1500 and 5000 m on 21 June and the progressive
reduction of the depth of the dust layer on 22 June.
Low concentrations of dust remained over the western
Mediterranean on 23 June affecting the eastern coast of the
IP. On 24-27 June a low pressure enclosed circulation
developed over southwest Portugal (Figure 2d) transporting
more dust to the IP and western Europe (Figure 3d). On
June 28 the development of the north African anticyclone
induced western flows over the western Mediterranean
displacing the dust to the central Mediterranean.

[22] Concerning the qualitative performance of the
model, the spatial patterns of the dust plume show very
good agreement with the corresponding satellite images
(Figure 3). Also, the daily evolution of the dust vertical
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Figure 3. (left) SeaWIFS satellite images and (right) model (M4) dust loading in gm*3 and winds at
3000 m on (a) 14 June, (b) 18 June, (c) 21 June, and (d) 26 June. The red spots indicate the location of the
stations: El Arenosillo (south), Barcelona (center), and Avignon (north).
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Figure 5. Selected column-averaged particle size distributions retrieved from Sun photometer for the
spheroidal particle model at (a) El Arenosillo (AR) and (b) Avignon (AV).

structure observed by the lidar over Barcelona is very
well captured by the model (Figure 4).

3.2. Dust Optical and Microphysical Properties

[23] A selection of volume particle size distributions from
both AERONET stations is depicted in Figure 5. Table 2
presents column-integrated results for number mode radius

(r,,.;) and geometric standard deviation (o, and o¢) for coarse
(0.6 <r < 15 pm) and fine (0.05 < r < 0.6 pm) modes,
effective radius (r.s), and the following set of interpolated
parameters at 532 and 1064 nm: single-scattering albedo
w(\), real and imaginary part of the complex refractive
index (n(\), k(\)), particle phase function at 180° P(\,
180°) and lidar ratio S(\) which is calculated according to

Table 2. Microphysical Particle Properties From Sun Photometer Observations at El Arenosillo (AR) and Avignon (AV) Stations

532 nm 1064 nm
Day Time, UTC 1,5 pm o Tnes UM 0. Teff, UM W n k Pigoe S, sr W n k Pigge S, sr
El Arenosillo
14 0821 0.04 1.95 0.56 1.97 0.75 0.84 1.59 0.011 0.28 54 0.87 1.55 0.011 0.26 55
17 0821 0.05 1.93 0.64 1.84 0.71 0.87 1.58 0.008 0.30 49 091 1.50 0.007 0.24 56
17 1634 0.05 1.86 0.63 1.90 0.78 0.89 1.55 0.006 0.30 47 092 1.50 0.005 0.27 51
17 1758 0.05 1.65 0.66 1.88 0.32 093 137 0.003 0.24 57 096 148 0.002 0.31 42
Avignon

20 1724 0.04 1.67 0.76 1.86 0.22 095 141 0.002 0.31 42 097 149 0.001 0.37 35
20 1753 0.06 1.70 0.71 1.90 0.54 094 1.51 0.003 0.29 46 096 1.51 0.003 0.35 37
21 0535 0.07 1.68 0.62 1.93 0.63 093 1.51 0.004 0.26 51 095 1.52 0.004 0.34 39
21 1552 0.03 1.88 0.63 2.01 0.53 094 1.60 0.003 043 31 095 1.60 0.003 048 28
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equation (1). We have selected measurements where the
solar zenith angle is larger than 45° and the AOD at 440 nm
larger than 0.3 in order to minimize errors.

[24] As shown by Figure 5, the shape of the particle size
distribution shows two modes which represent the mixture
of mineral dust and anthropogenic aerosols in the boundary
layer. However, the fine mode volume concentration is
considerably more important in the case of AV. Indeed,
effective radius range 0.71-0.78 pm at AR and 0.53—
0.63 um at AV. The pronounced fine mode at AR on 17 June
at 1758 UTC (regr = 0.32pum) and at AV on 20 June (teqr =
0.22pm) are due to inversion errors caused by particle
nonsphericity. Although a model of randomly oriented
spheroids has been applied (section 2.1.2), both cases show
high concentration of very small particles and an unrealistic
strong decrease of the real part of the refractive index with
decreasing wavelength (from 1.48 to 1.37 at AR and from
1.49 to 1.41 at AV).

[25] The single-scattering albedo ranged 0.84-0.89 at
532 nm and 0.87-0.92 at 1064 nm over AR, and 0.93—
0.94 at 532 nm and 0.95-0.96 at 1064 nm over AV.
Because of the dominance of large particles the single-
scattering albedo should increase with wavelength. It can be
observed that the relative increase is more significant in the
case of AR. The retrieved values at AR in the visible
wavelengths are consistent with those in the upper end of
the range 0.63—0.89 of some aerosol models [Shettle and
Fenn, 1979; Koepke et al., 1997]. However, it shows
more absorption than other studies [Fouquart et al., 1987;
Kaufman et al., 2001; Dubovik et al., 2002a; Miiller et al.,
2003]. Results at AV are in better agreement with the latter
studies but as discussed in section 3.3, they may be more

influenced by European anthropogenic pollution. In this
context and for comparison, the single-scattering albedo in
AERONET stations influenced by urban-industrial aerosols is
in the range 0.93—0.94 (Creteil (suburb of Paris)) and 0.88—
0.90 (Mexico City), while some aerosol models [e.g., Hess et
al., 1998] give much higher absorption [w(550 nm) = 0.82].

[26] The real part of the complex refractive index ranged
1.51-1.60 at 532 nm and 1.50—1.60 at 1064 nm, which is
consistent with aerosols models [k(550 nm) = 1.53] and
AERONET retrievals at desert dust influenced locations
(1.48—1.56) [Dubovik et al., 2002a]. As discussed for w(\),
the imaginary part of the refractive index reflected more
absorption at AR [k(532 nm) = 0.006—0.011] than over AV
(0.003-0.004).

3.3. Modeled Versus Observed Optical Depths

[27] As already introduced in section 2.1.2, while D8 and
G8 yield the modeled AOD through predefined tables of
extinction efficiency (equation (4)), in the case of M4, we
must estimate an appropriate o (equation (2)). Moulin et al.
[1997] reviewed several oZ5, from desert aerosol models.
Trimodal background desert dust models representative of
transported particles from Shettle [1984] and D’Almeida
[1987] derived from measurements in arid regions of
Africa delivered o5, = 0.82 and 0.42 mz/g, respectively,
while the wind-carrying dust model, characteristic of
particles near the source gave o%so = 0.12 m?%/g
[D Almeida, 1987]. Three monomodal models computed
by Koepke and Hess [1988] after loess particle size
distribution analyses by Schiitz [1980], representative of
transported dust at different times gave o, = 0.03 m?/g
for dust at source, 0¥, = 0.23 mz/g for dust at 2000 km
and o¥5, = 0.77 m*g for dust at 5000 km. Dulac et
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Figure 7. Observed and modeled time series of the interpolated optical depths at (a) 532 nm and (b)
1064 nm between 14 and 28 June at El Arenosillo (AR). Sun photometer-derived Angstrém exponent is

also shown (right axis).

al. [1992a, 1992b] derived o¥so = 0.578 m?/g and o¥s, =
0.8 m?%/g over the western Mediterranean from measure-
ments in Corsica, France. Chin et al. [2002] used o5, =
0.8 m*/g in their dust calculations. Maring et al. [2003]
derived 0.5 m?/g near Africa and inferred 0.6 m%g in
Barbados from measurements of Li et al. [1996].

[28] In our study, we estimate 0%, and o}ys4 over the area
by linear regression of AOD versus column dust loading
(calculated from total volume concentration and assuming a
dust density of 2.6 g/cm?) from Sun photometers (Figure 6).
It followed that o5, = 0.54 mz/g for AR and 0.65 mz/g for
AV and o7oes = 0.4 m*/g for AR and 0.31 m*/g for AV. All
of them showed good correlation coefficients with better
results for increasing wavelengths. For model validation, we
selected results from AR because of the lower influence of
anthropogenic particles in this site.

[29] Figures 7 and 8 present the time series of the AOD at
532 and 1064 nm and AE for the respective wavelength
range derived from Sun photometers, and the AOD from the
model experiments (M4, D8 and G8). The measured AOD
oscillated between 0.06—0.35 (0.04—0.28) at 532 (1064) nm
at AR and between 0.12—-0.45 (0.03—0.29) at 532 (1064) nm

at AV. Three major peaks are observed on 14 (21), 17 (24)
and 26 (27) June at AR (AV).

[30] The relationship between fine and coarse modes
can be followed by the AE. Since coarse-mode particles is
a feature that differentiates dust from fine-mode anthropo-
genic aerosols such as urban-industrial particles, an increase
(decrease) in the AE involves an increase (decrease) of the
ratio fine/coarse particles and in our case denotes the low
(high) influence of the dust plume during the episode. AE
values range from 0.3 to 1.3 at AR and from 0.5 to 2.3 at
AV, outlining the higher influence of fine mode particles in
the latter location as previously outlined with volume size
distributions. For this reason the model shows a general
tendency toward AOD underprediction for increasing AE
values partly because Sun photometer data involve column-
integrated values which include the effect boundary layer
aerosols. Table 3 outlines the clear anticorrelation between
the observed AE and the modeled AOD which is signifi-
cantly better for G8 and D8 (0.69—0.76) in comparison to
M4 (0.56—-0.60).

[31] Figure 9 shows the comparisons between modeled
and observed AOD differentiating between the measure-
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ments related to AE values larger or smaller than a threshold
(AEt1). We select AET = 0.6 for AR and AEt = 0.8 for AV
given that the latter is more influenced by Euro-Mediterra-
nean anthropogenic aerosols. At AR it is shown that for
almost all measurements with AE > AEr, the model under-
predicts the AOD by more than a factor of 2.

[32] In general, a decrease in AE is followed by an
increase in the modeled AOD and a much better perfor-
mance. For example, on 18—19 June at AV the AOD ranged
0.17—-0.26 at 532 nm and 0.06—0.08 at 1064 nm. Indeed,
model results and satellite images evidence that only traces
of dust were present over AV on 18—19 June. Furthermore,
back trajectory analysis (not shown) suggest the dominance
of Euro-Mediterranean pollutant circulations. Accordingly,
the observed AE increased up to 2. On 20—21 June the
AOD raised up to 0.25-0.45 at 532 nm and 0.17-0.30 at
1064 nm. The AE strongly decreased to 0.65—0.70 because
of the presence of the dust plume. Although back trajectory
analysis (not shown) indicate the combination of European-
Mediterranean pollutant circulations at low levels and
Saharan dust air masses at higher levels we can conclude
that the dust plume was dominant. The period 22—26 June

at AV is characterized by a high AE (2.1 on 22 June and
2.3 on 26 June) which is supported by a diminution in the
dust load. On 24 June the model shows a slight AOD peak
which is anticorrelated with a relative descent of the AE to
1.1 Again, on 27 June the penetration of the core of the dust
plume raised the AOD up to 0.43 at 532 nm and 0.30 at
1064 nm, decreasing the AE to 0.5 which is very well
captured by the model.

Table 3. Correlation Coefficient (R) Between the Modeled AOD
and the Observed AE for G8, D8 and M4?

R (AE Measured — AOD Modeled)

G8 D8 M4
AR (1064 nm) —0.73 ~0.76 —0.60
AR (532 nm) —0.73 —0.75 ~0.60
AV (1064 nm) —0.70 —0.69 ~0.56
AV (532 nm) —0.71 —0.70 —0.56

“Results are shown for Avignon (AV) and El Arenosillo (AR) at 532 and

1064 nm.
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Figure 9. Modeled versus observed AOD for (top) G8, (middle) D8, and (bottom) M4 at El Arenosillo
(AR) and Avignon (AV).

[33] M4 shows the worst performance of the three experi- 1064 nm. However, the AOD yielded by G8 at 532 nm is
ments. In general, the model yields much better results at higher. This is related to parameterized distributions at
1064 nm than at 532 nm, especially at AV, because the source: G8 shows more relative mass available for uplift
former wavelength is less affected by fine anthropogenic in the finer size bins than D8 (Figure 1). Although G8
aerosols. D8 and G8 deliver very similar AOD values at
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shows a better general behavior at 532 nm any conclusions
can be derived because of the anthropogenic influence.

3.4. Modeled Versus Observed Vertical Profiles

[34] Table 1 shows the results of the column-integrated
lidar ratio from Sun photometers according to equation (1).
It ranges from 4754 sr at 532 nm and 51-56 sr at 1064 nm
over AR, and 3151 sr at 532 nm and 28—39 sr at 1064 nm
over AV. P(\, 180°) and w(\) are significantly lower at
AR, yielding higher lidar ratios. As mentioned before, the
lidar ratio increases for nonspherical dust particles in
comparison to equivalent spheres. The smaller P(1064 nm,
180°) at AR also could be partly due to the higher effective
radius in comparison to AV. Thus the lidar ratio differences
between AR and AV may be explained by the contribution
of boundary layer anthropogenic aerosols in the later
station.

[35] Mattis et al. [2002] observed large dust lidar ratios at
532 nm by means of Raman lidar over Leipzig (Germany)
after long-range transport. An extended study of this epi-
sode by Miiller et al. [2003] showed that Sun photometer-
derived lidar ratios (35 + 18 sr) were underestimated in
comparison to Raman lidar results (62 + 12 sr), concluding
that these deviations could be improved with the variation
of the distribution of aspect ratios in the spheroidal model.

[36] In view of our results and the previous considera-
tions, a constant lidar ratio of 60 sr was used to invert the
lidar profiles over Barcelona. In fact, Ansmann et al. [2003]
suggests this value as the most appropriate for Saharan dust
after long-range transport to western and northern Europe.

[37] Figure 10 presents the comparison between the
modeled AOD and the lidar AOD at 532 and 1064 nm.
As shown by Figure 3, the PBL height remains below 1-km
height during the whole episode, so the calculation of the
lidar AOD was done by the integration of the respective
extinction coefficients above 1-km height, although mixing
between dust and PBL anthropogenic particles may be
important during some of the days. A better correlation is

PEREZ ET AL.: SAHARAN DUST OVER THE MEDITERRANEAN
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observed when comparing lidar and model results because
most of the anthropogenic haze effect is removed. Figure 11
presents a selection of vertical profiles of the extinction
coefficient at both wavelengths from the lidar above 1-km
height and the model experiments. Lidar data were averaged
around model height levels. Maximum extinction (back-
scatter) coefficients reached ~70 Mm ™" (~1.2 Mm ™ 'sr™ )
at 1064 nm and 80 Mm ™' (~1.4 Mm ™ 'sr™ ') at 532 nm. The
agreement between lidar and model results are excellent
when keeping in mind that lidar ratio uncertainties are
always of the order of 20—30% or about 20 sr [Mattis et
al., 2002]. It is remarkable that M4 exhibits a general
tendency to deliver more dust in the lowest levels (higher
surface concentration) while G8 delivers more dust in the
upper levels. This is related to particle size distribution and
its influence on gravitational settling. However, the scope of
this study is not to evaluate surface concentration which
should be performed against regional background air quality
stations with weak influence of anthropogenic pollution.

4. Summary and Conclusions

[38] The western Mediterranean is affected by Saharan
dust events mostly in spring and summer. In June 2002 a
long event was followed by a EARLINET lidar device in
Barcelona and two AERONET Sun photometers located at
AR (Spain) and AV (France). The spatial and temporal
evolution, optical properties and vertical structure of the
dust plume were analyzed in detail together with DREAM
dust modeling experiments. The main results and conclu-
sions are summarized as follows:

[39] 1. Sequences of 3 main meteorological low index
circulation patterns (high pressure over the western Medi-
terranean, high pressure over northwestern Africa and low
pressure over southwestern Portugal) explained the persis-
tence of dust over the region for more than 2 weeks. Dust
was present mainly between 1- and 5-km height affecting
most parts of the IP and reaching western/central Europe.

[40] 2. The Sun photometer AOD raised up to 0.35 (0.28)
at 532 (1064) nm and the AE oscillated between 0.3 and
1.3 at AR while they reached 0.45 (0.29) with the AE
oscillating between 0.5 and 2.3 at Avignon, indicating the
higher influence of fine anthropogenic aerosols at the latter
station. However, the single-scattering albedo showed
higher absorption at El Arenosillo than at Avignon.

[41] 3. The dust horizontal and vertical structure simu-
lated by DREAM showed very good qualitative agreement
when compared to SeaWIFS satellite images and lidar
height-time displays over Barcelona.

[42] 4. A more detailed bin method and two different dust
source distributions (G8 and D8) were implemented into the
DREAM model and compared to the current operational
configuration (M4). All three model parameterizations
showed a general tendency toward underprediction of the
AOD when compared to Sun photometer for increasing AE
values because of the influence of fine anthropogenic
particles which are not considered in our modeling system.
This is clearly visible over AV at 532 nm. G8 shows the best
AOD peak predictions under major influence of the dust
plume while M4 yields the worst peak predictions. The
assumption of a constant specific cross section for M4
seems to be too coarse and outlines the limitations of a
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Barcelona for M4, G8, and DS.

nondetailed bin method when evaluating the model prod-
ucts against optical data. However, because of the influence
of fine anthropogenic particles, the conclusions concerning
the performance of G8 and D8 are limited. This could be
partly solved with the use of a multiwavelength Raman
lidars.

[43] 5. When Sun photometers record AE values larger
than 0.6—0.8, the discrepancies between modeled and
observed AOD are significant. This is a clear sign for the
fact that anthropogenic aerosols contribute significantly to
the observed aerosol optical properties. Thus the model can
help to separate the dust from the anthropogenic effect in
the measurements. In this context, the anticorrelation of the
observed AE and the modeled AOD can be a good indicator
for operational dust model evaluation with Sun photometers
and AE threshold values can be used as a discard procedure
of anthropogenically polluted measurements.

[44] 6. A constant lidar ratio of 60 sr was assumed to
invert the lidar profiles over Barcelona. The modeled
profiles from the 3 parameterizations are in very good
agreement with observations with a tendency toward over-
prediction in the upper levels of the dust plume. The
uncertainties that are present in elastic lidar inversions
(20-30%) are of the same order of magnitude than the
differences between the model experiments. Again, Raman
lidars seem to be the best alternative to address these aspects
by accurately determining the extinction coefficient.

[45] 7. In addition to their ability to assess dust structure
and optical properties with high vertical resolution, lidars
should play a major role in future operational dust model
validation and assimilation activities if observations are

performed in regular time intervals and with reasonably
good density and distribution of stations in the horizontal
located over a particular region. There are several recent
attempts to establish lidar networks and to provide regular
aerosol profiling: EARLINET in Europe [Bosenberg et al.,
2003] and AdNet in the far east [Murayama et al., 2001].
Namely, lidar data should be used for model initialization in
a similar way as the radiosounding data on temperature,
wind and humidity vertical profiles are used in the opera-
tional weather data assimilation systems.
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