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[1] The evolution of dust optical properties is illustrated in this paper through a case of
long-range transport of Saharan dust over northwestern Europe during the European
Integrated Project on Aerosol-Cloud-Climate and Air Quality Interactions (EUCAARI)
experimental campaign in 2008. This spread of dust over northwestern Europe is
investigated by combining satellite, airborne, ground-based observations and the non-
hydrostatic meso-scale model Meso-NH. The total dust amount emitted during the study
period is estimated to 185 Tg. The analysis of the removal processes reveals that only
12.5 Tg is lost by dry deposition, and that wet deposition is the main process of dust
removal (73 Tg). The observed aerosol optical thickness ranged from 0.1 to 0.5 at the
wavelength of 440 nm, with a maximum value close to 1 is found over the Netherlands
(51.97°N, 4.93°E). Over that site, the main dust layer is located between 2.5 and 5.2 km
above sea level (asl), moreover dust was also present at 0.9 km asl. The nephelometer
measurements on board the ATR-42 aircraft revealed a strong wavelength dependence of
the scattering coefficient over the Netherlands. The Angstrom exponent is greater than 0.5,

whereas usually it approaches zero in presence of Saharan dust. This is due to high
precipitation scavenging efficiency for the coarse mode, particularly below 4 km. Our
results confirm that atmospheric conditions govern the life cycle of dust microphysical
phenomena, providing conditions for transformation processes during transport, and

removal of particles from the atmosphere.

Citation: Begue, N., P. Tulet, J.-P. Chaboureau, G. Roberts, L. Gomes, and M. Mallet (2012), Long-range transport of Saharan
dust over northwestern Europe during EUCAARI 2008 campaign: Evolution of dust optical properties by scavenging, J. Geophys.

Res., 117, D17201, doi:10.1029/2012JD017611.

1. Introduction

[2] Dust aerosols are well known for the role they can play
in modulating the climate system at local and global scales.
Mineral dust contributes significantly to the global radiative
budget through absorption and scattering of longwave and
shortwave radiation [Intergovernmental Panel on Climate
Change, 2001]. Airborne dust generally increases (except
above high surface albedo) upward flux in the shortwave and
decrease them in the longwave [Mallet et al., 2009]. In a
cloudy environment, dust enhances the concentration of
cloud droplets and influences their size, thus changes the
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potential of clouds to produce rain [Rosenfeld et al., 2002].
Numerical models which simulate dust emission, transport
and deposition are important tools to quantify dust fluxes and
the associated climate impact [Todd et al., 2008]. Moreover,
aerosol satellite data have been helpful to locate and to study
the variability of the major dust source [Caquineau et al.,
2002; Herman et al., 1997; Prospero et al., 2002].

[3] The African continent, especially its northern part, hosts
the main sources of dust on the earth. It is the combination of
sources rich in erodible material, energetic wind systems, and
a coupling to wind system that facilitate long-range transport.
Estimated annual dust emission for North Africa ranges from
170 to 1600 Tg yr~ ' [Engelstaedter et al., 2006]. The dust
emitted by the North African sources affect many adjacent
continental and ocean/sea regions [Engelstaedter et al., 2006;
Prospero et al., 2002]. The bulk of the dust is transported
westward into the Atlantic Ocean [Barkan et al., 2004] and the
Gulf of Guinea with the strong northerlies prevailing in the
summer time [Koren et al., 2003]. However, a part of dust is
also transported northward across the Mediterranean into
southern and central Europe [Collaud Coen et al., 2004;
Hamonou et al., 1999; Papayannis et al., 2008]. Overall, the
two main features that influence the dust transport from Africa
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into Europe is the trough that emanates from the Icelandic low-
pressure southward and the subtropical high over northern
Africa. The strength and position of these two systems define
the direction and the potential to carry dust northward into the
Mediterranean [Barkan et al., 2005]. In extreme cases the dust
can reach the northern Europe, reaching the shores of the
Baltic Sea [Ansmann et al., 2003; Franzen et al., 1994; Reiff
et al., 1986].

[4] Atmospheric conditions govern the life cycle of dust
microphysical phenomena, providing conditions for trans-
formation processes during transport, and removal of parti-
cles from the atmosphere. Thus, depending on travel
distance and residence time over source regions and moni-
toring site, the physical and chemical properties of dust can
be modified, which, in turn, changes the dust’s optical
properties [Perrone et al., 2005]. Based on lidar observa-
tions over Thessaloniki (40.65°N; 22.90°E), Balis et al.
[2004] found that the mixing of dust with anthropogenic
particles during their transport changes the dust optical
characteristics, and thus, makes difficult to distinguish the
dust particles from those of urban origin. The variations of
optical parameters with wavelength reflect changes in the
physico-chemical properties and size distribution of particles
[Israelevich et al., 2003], we use these properties to study a
case of dust transport over Europe.

[5] Long-range transport of Saharan dust to the northern
parts of Europe was observed during the European Inte-
grated Project on Aerosol-Cloud-Climate and Air Quality
Interactions (EUCAARI) experimental campaign in 2008
[Kulmala et al., 2009]. From 25 to 31 May 2008, a major
Saharan dust event occurred and the dust plume reached the
shores of the Baltic Sea. Hamburger et al. [2011] reported
on the synoptic and pollution situation over Europe in May
2008, through the use of the meteorological analysis and
airborne measurements. Their analysis reveals that the sec-
ond half of May was characterized by westerly flow and the
passage of a frontal systems with strong convective activity
and heavy precipitation over central Europe. This dust event
was studied by Pappalardo et al. [2010] for showing first
results in terms of comparison between the lidar measure-
ments obtained from Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observation (CALIPSO) and the Euro-
pean Aecrosol Research Lidar NETwork(EARLINET).
Pappalardo et al. [2010] conducted a statistical analysis of
dust properties over Italian and German regions. They found
typical Angstrdm exponent and lidar ratio values at 355 nm
on the order of 0.15 and 49 + 10 sr, respectively.

[6] The analysis of the dust properties over the Nether-
lands, however, was not considered by Pappalardo et al.
[2010], even though the dust plume reached the Nether-
lands where Aerosol Optical Thickness (AOT) close to 1
was observed. The measurements obtained during the
EUCAARI campaign reveal a strong wavelength depen-
dence of the scattering coefficient, whereas the dust optical
parameters are usually significantly less dependent on
wavelength. Thus, questions arise about the evolution of the
dust optical properties over the Netherlands. In this paper, we
examine first the characteristics of this dust Saharan event
through a quantitative evaluation of the dust transport. In a
second step, we examine and discuss the influence of the
atmospheric conditions on the evolution of the dust optical
properties during their transport from the Sahara region to the
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Netherlands. We focus particularly on the impact of the
precipitation on the dust size distribution, and its con-
sequences on the evolution of the dust optical properties.

[7] The paper is organized as follows: Section 2 describes
the observations and the model used for the investigation of
this dust transport; Section 3 presents the characteristics of
the Saharan dust event; Section 4 gives a quantitative eval-
uation of the dust transport; an analysis of the dust plume
properties over the Netherlands is provided in Section 5; and
the summary and the conclusions are given in Section 6.

2. Observations and Model Description

2.1.

[8] In May 2008, an intensive experimental campaign
combining airborne, in-situ and remote sensing measure-
ments called EUCAARI-IMPACT (where IMPACT stands
for Intensive Observation Period at Cabauw Tower) was
performed using the French ATR-42 [Crumeyrolle et al.,
2010]. The aerosol light scattering were measured by an
integrating nephelometer (model TSI 3563, TSI Inc., St Paul,
MN) aboard the F-ATR-42 aircraft. The design, calibration
and performance evaluation of this device are discussed in
details by Anderson et al. [1996]. It is worth to note that the
measured aerosol light scattering coefficients were corrected
for artifacts from truncation and the non-Lambertian light
source in the nephelometer following the method presented
by Anderson and Ogren [1998]. The aerosol instrumentation
has been connected to the ATR community aerosol inlet
(CAI), which is designed for the ATR to allow isokinetic and
isoaxial sampling relative to the incoming air stream. The cut
diameter for the CAI is 5 um. This isokinetic and isoaxial
inlet has a 50% sampling efficiency for particle size higher
than 5 pum [Crumeyrolle et al., 2008, 2010].

[v] During this intensive experimental campaign, the
Cabauw Experimental Site for Atmospheric Research
(CESAR, 51.97°N, 4.93°E) was selected as a supersite to
quantify the regional aerosol properties including aerosol for-
mation, transformation, transport and deposition [Kulmala
et al., 2009]. We used observations from the ALS-450
UV-lidar manufactured by Leosphere, which has been
operated by the Royal Netherlands Meteorological Institute
(KNMI) at CESAR since 2007. This instrument enables
the retrieval of aerosol optical properties (extinction,
backscatter coefficient and depolarization ratio) at 353 nm
between 100 m and 20 km with a vertical resolution of 15 m
[Raut and Chazette, 2009]. During this intensive observational
period, the lidar operated continuously.

[10] The ground sites selected to evaluate the temporal
evolution of the dust plume are composed of the AErosol
RObotic NETwork (AERONET) sites at Cabauw, Helgoland
(54.43°N, 7.89°E), Kanzelhohe (46.68°N, 13.91°E) and
Lecce (40.34°N, 18.11°E). The measurements are routinely
monitored using a CIMEL Sun photometer and the data are
reported to the AERONET data base [Holben et al., 1998].
The technical details of the instrument are described in the
CIMEL Sun Photometer Manual (http://aeronet.gsfc.nasa.
gov). The values of AOT presented in this work were
selected at the quality level 2.

[11] The Aerosol Index (AI) data obtained from Ozone
Monitoring Instrument (OMI) were used to describe the dust
outbreak [Levelt et al., 2000]. The AI concept, which was

Observations
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developed based on the Total Ozone Mapping Spectrometer
(TOMS) observations in the near UV, was applied to the
OMI measurements [Veihlmann et al., 2007]. This index
allows the detection of absorbing aerosols through the
spectral difference between the 340 nm and 380 nm. It is
positive for absorbing aerosol at UV wavelength, such as
dust, and negative for non-absorbing aerosols, such as sul-
fates [Herman et al., 1997, Herman and Celarier, 1997,
Torres et al., 1998, 2002]. Moreover, for clouds, the values
of Al are near zero [Hsu et al., 1999]. The Al values pre-
sented in this work were selected at the quality level 3 with
resolution of 1° x 1°. The Al index has provided informa-
tion about dust horizontal distribution over land and ocean
surface in many studies [e.g., Alpert et al., 2000; Barkan
et al., 2005; Bobely-Kiss et al., 2004; Chiapello and Moulin,
2002; Engelstaedter and Washington, 2007; Israelevich
et al., 2002; Prospero et al., 2002].

[12] The evolution of the precipitation accumulated during
the study period can be seen in the TRMM product 3B-42
within £50° latitudinal belt, with a grid spacing of 25 km.
The TRMM product was obtained using the TRMM Online
Visualization and Analysis System (TOVAS) developed at
NASA [Acker and Leptoukh, 2007]; http://daac.gsfc.nasa.
gov/techlab/giovanni). The TRMM product used in this
work was selected at the quality level 3 [Huffinan et al.,
2007].

2.2. Meso-NH Model

[13] The mesoscale, nonhydrostatic atmospheric model
Meso-NH was used in this study. This model has been jointly
developed by the Centre National de la Recherche Meteor-
ologique (CNRM, Meteo France) and the Laboratoire
d’Aérologie (LA, CNRS) [Lafore et al., 1998]. The capabil-
ity of Meso-NH to simulate dust emissions and transport has
been highlighted in several recent studies [Bou Karam et al.,
2009; Crumeyrolle et al., 2008; Chaboureau et al., 2011;
Tulet et al., 2010]. Meso-NH contains different sets of para-
meterizations such as cloud microphysics [Cohard and Pinty,
2000], turbulence [Bougeault and Lacarrere, 1989], light-
ning processes [Barthe et al., 2005], gas-phase chemistry
[Suhre et al., 1998], acrosol chemistry [Tulet et al., 2005,
2006] and dust aerosol [Grini et al., 2006]. Natural land
surfaces are described by interactions treated in the Soil
Biosphere and Atmospheric model (ISBA) [Noihlan and
Mahfouf, 1996].

[14] Meso-NH uses the radiation code of the ECMWF
[Fouquart and Bonnel, 1980; Morcrette and Fouquart,
1986] which computes the radiative fluxes of shortwave
and longwave radiation. Clouds and aerosols in the short-
wave are taking into account using the Delta Edington
transformation [Joseph et al., 1976].

2.2.1. Mineral Dust Parametrization

[15] The dust emission scheme is the Dust Entrainment
And Deposition (DEAD) model [Zender et al, 2003],
implemented as a component of Meso-NH [Grini et al.,
2006] that calculates dust flux from wind friction speed.
The physical basis of the model is taken from Marticorena
and Bergametti [1995] in which dust fluxes are calculated
as a function of saltation and sandblasting processes. The
dust emissions are forced directly by the surface flux para-
meters of the land surface scheme, and then distributed into

BEGUE ET AL.: TRANSPORT OF SAHARAN DUST OVER EUROPE

D17201

the atmosphere in a manner which is consistent with the
vertical fluxes of momentum, energy and moisture. In this
parameterization, the three lognormal dust modes are gener-
ated and transported by the ORganic Inorganic Log-normal
Aerosols Model (ORILAM) aerosol scheme [Tulet et al.,
2005, 2006]. These modes are described by their Oth, 3rd
and 6th moments. The initial dust size distribution contains
three lognormal modes with median radii of 0.039, 0.32 and
2.5 pm and standard deviation of 1.75, 1.76 and 1.70
respectively [Crumeyrolle et al., 2008]. The ORILAM model
simulates transport and dry deposition of aerosol. The dry
deposition and sedimentation of aerosol are driven by the
Brownian diffusivity and the gravitational settling [7ulet
et al, 2005]. In this study, the Oth and 6th moment are
kept constant, which implies that the dispersion and radius
mean of each dust mode are kept constant during the
simulation.

[16] Aerosol scavenging is determined according to a
kinetic approach to calculate the aerosol mass transfer in
cloud and rain droplets as defined by 7os¢ et al. [2006]. The
scavenging by raindrops depends mainly on Brownian
motion, interception and inertial impaction described by
Slinn [1979]. Thus, within this scavenging scheme, the col-
lection efficiency is calculated for these three types of col-
lection. In agreement with the work of Slinn [1979], the
small particles (radius below 0.1 pm) are collected effi-
ciently by raindrops and cloud droplets through Brownian
diffusion, the larger particles (radius above 10 pm) through
inertial impaction. Inside the cloud, impaction scavenging
by cloud droplets is less efficient for particles with radii from
0.1 to 1.0 pum [Slinn, 1979]. The in-cloud mass aerosol
transfer into rain droplets by autoconversion and accretion
processes have been introduced as described by Pinty and
Jabouille [1998]. The sedimentation of aerosol mass
included in raindrops has been simulated using a time
splitting technique with an upstream differencing scheme of
the vertical sedimentation raindrop flux [Zulet et al., 2010].
The release of aerosol into the air due to rain evaporation is
assumed to be proportional to the evaporated water [Chin
et al., 2000]. Regarding the shortwave effect, a refractive
index of the dust aerosol was assigned according to that mea-
sured during the African Monsoon Multidisciplinary Analysis
(AMMA) campaign [Mallet et al., 2009]. The dust refractive
index was taken from Tulet et al. [2010]; 1.448-2.92 10~>i for
wavelengths between 440 and 690 nm, and 1.440-1.16 10~°i
for wavelengths between 690 and 1190 nm. These dust
refractive indices were obtained using AERONET retrievals
for five Saharan sites during the AMMA campaign.

2.2.2. Simulation Configuration

[17] The simulation started at 00 UTC on 25 May 2008
and ended at 00 UTC on 1 June 2008. The study domain
that covers the EUCAARI campaign area and a large part
of the northern Africa extends between 15.1°N and 68.7°N
latitude and 14.9°W and 23.1°E longitude, with a grid
spacing of 25 km. This domain allows a large scale view
of the dust transport. The vertical grid spacing consists of
60 stretched vertical levels reaching an altitude of 30 km.
Initialization and lateral boundary conditions of the domain
are taken from ECMWF operational analysis. Deep and
shallow convection parameterization [Bechtold et al., 2001]
based upon the Kain and Fritsch [1993] mass flux scheme
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Figure 1. Synoptic situation on (top) 27 May and (bottom) 29 May 2008: (a and c) 700-hPa geopotential
height (shading) and wind (vectors) at 1200 UTC from ECMWEF analyses and (b and d) Meteosat Second
Generation (MSG) images at 0.6 um (at 1200 UTC 27 May (Figure 1b) and 1230 UTC 29 May

(Figure 1d)).

is used for this study. Deep and shallow convective drafts
horizontally exchange mass with their environment through
detrainment of cloudy air and entrainment of cloud-free air.
Subgrid-scale fluxes through convective updrafts and
mixing with the environment through entrainment and
detrainment are diagnosed in terms of grid-scale thermo-
dynamic and dynamic variables [Bechtold et al., 2000].
The implicit dust scavenging is parameterized following
the mass flux calculated from the convection scheme
aforementioned. The explicit dust scavenging is resolved
by the wet deposition parameterization [Tulet et al., 2010]
where collection efficiency and kinetic mass transfer of
aerosols into cloud droplets are computed by ICE3 micro-
physics scheme [Pinty and Jabouille, 1998].

[18] Three types of simulations were performed by taking
into account only the dust. The reference simulation (REF)
uses the implicit and explicit dust scavenging schemes in
order to assess the dust transport toward northern Europe.
Two other simulations were run to show the impact of pre-
cipitation on the dust distribution. The simulation SCAV

used the implicit dust scavenging scheme whereas the
NOSCAYV simulation did not include any wet deposition.

3. Characteristics of the Saharan Dust Event

3.1. Meteorological Situation Over Europe

[19] The synoptic situation over Europe during the
16-31 May 2008 period was marked by strong convective
activities associated to passage of a frontal system [Hamburger
et al., 2011]. The geopotential height and the wind flow at
700 hPa from ECMWF analysis is shown at 1200 UTC on
27 and 29 May 2008 (Figures 1a and 1c). The 700 hPa level
was chosen because the average transportation of the dust
takes place between the 600 and 800 hPa levels [Hamonou
et al., 1999; Westphal et al., 1987]. On 27 May, a trough
extended along the European and African coast while a high-
pressure center was located over Italy (Figure 1a). Between
the two systems, a steep gradient of pressure was observed
resulting in a strong southwesterly flow from northern Africa
toward the Mediterranean Sea. On 29 May, both the front and
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Figure 2. OMI aerosol index at 1200 UTC on (a) 27 May, (b) 28 May, (c) 29 May, and (d) 30 May 2008.

the high-pressure located over central Europe moved eastward
(Figure 1c). These two synoptic systems produced a south-
westerly flow in which the African air mass was embedded
and transported toward the shores of the Baltic Sea.

[20] Meteosat Second Generation (MSG) images at 0.6 pm
are shown on 27 May 2008 at 1200 UTC and 29 May 2008 at
1230 UTC (Figures 1b and 1d). On 27 May, a cyclonic
rolling of clouds can be seen over the Atlantic Ocean near the
northwestern coast of Spain as well as strong convective
activity over southwestern France (Figure 1b). On 29 May,
these convective clouds moved eastward over Italy (Figure 1d),
where precipitation events greater than 45 mm per day were
estimated by the Tropical Rainfall Measurement Mission
(TRMM) product. Central Europe was mainly affected by
heavy precipitations on that day (not shown).

3.2. Formation and Transport of an Intense Dust
Plume Over Western Europe

[21] Alis a column integrated measure of the atmospheric
dust content and therefore provides information about the
horizontal distribution of the dust load. Figure 2 displays the
evolution of the Al over the northern Africa and western
Europe during our study. On 27 May 2008 at 1200 UTC
(Figure 2a), dust was present over northern Africa (Al =2.5)
and nearby southeastern France (Al = 1). Over northern
Africa, the largest values of Al were found between 15°N
and 36°N, close to some well-identified sources of dust
[Caquineau et al., 2002; Moulin et al., 1998; Prospero et al.,

2002]. Values greater than 2 were found over southern
Tunisia, northern Algeria, northwestern Libya and the Bodélé
depression near Lake Chad. A steep gradient between the low
and the high pressure cells (Figure 1b) suggests the existence
of a strong southeastern flow through which the Saharan dust
was transported toward the Mediterranean Sea on 27 May
2008. On 28 May (Figure 2b), the dust spread to Italy and
eastern Europe, with Al values greater than 1.5 over Ger-
many and Hungary. A dust layer even reached northern
Europe as shown by Al values around 2 over the shores of the
Baltic Sea. On 29 May (Figure 2c), the dust coverage over the
Mediterranean Sea was smaller certainly because of the
strong convective activities. Moreover, it is worth noticing
that the presence of dust plume over Italy was not observed
because of the presence of clouds. In fact, the amount of
aerosol detected in a cloudy region is reduced because clouds
obscure of the aerosol layer. Low values of Al (less than 1)
over the Mediterranean region correspond well with high
values of rainfall as retrieved from the TRMM product.
Therefore, it can be assumed that precipitation has probably
scavenged the major part of dust over the Mediterranean
region. In contrast, the dust coverage was greater over the
shores of the Baltic Sea and over eastern Europe on 29 May.
Within this area, the Al values ranged from 1 to 2.5 with
maximum values observed over northeastern Germany and
Hungary. On 30 May, the dust coverage continued its spread
toward the north of Europe and extended from Hungary to
Norway (Figure 2d).
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Figure 3. Aerosol optical thickness due to dust (shading) and 700 hPa wind (vectors) from the REF sim-
ulation at 1200 UTC on (a) 27 May, (b) 28 May, (c) 29 May, and (d) 30 May 2008. The locations of the
Cabauw, Helgoland, Kanzelhohe and Lecce sites are represented by C, H, K and L, respectively.

3.3. AOT Evolution During the Dust Transport

[22] The evolution of the dust-AOT due to the presence of
Saharan dust was simulated by Meso-NH in this large
domain and shown in Figures 3a-3d. After 2 days of model
integration, a belt of high dust-AOT extended in a large area
from central Algeria to France passing by northeastern Libya
(Figure 3a). Within this area the values exceed 4.5, particu-
larly over central Algeria and northeastern Tunisia where
values of 5.8 and 5.2 have been simulated, respectively. On
28 May, this belt of high dust-AOT extended from north-
eastern Libya to the northern Italy with values exceeding 4.5
(Figure 3b). An area of high dust-AOT (around 3) located
over the English Channel has also been simulated. On
29 May, the belt of high AOT has disappeared, (Figure 3c).
The simulated dust-AOT decreased by half within the Italian
region (values did not exceed 2.5) whereas the dust-AOT
increased over northern Europe. In particular, two high dust-
AOT values (around 3) have been simulated around the
Scandinavia region. On 30 May, the dust-AOT generally
decreased within the domain, but there were significant
peaks of 1.5 to 2 from Denmark to Sweden (Figure 3d). It is
worth to note that the shape and the temporal distribution of
the dust plume simulated by Meso-NH are similar to the
shape and the temporal distribution observed by OMI, which
implies that the dynamics conditions such as wind fields
were well reproduced by Meso-NH (Figures 3a—3d).

[23] The observed AOTs have been compared to the
simulated ones with the REF configuration (Figure 4). The
Lecce station is located in the southeastern corner of Italy
which is the closest station from the dust source zone. It is
also the station located in the Mediterranean region which
was less affected by precipitation. The observed AOT
ranged from 0.18 to 0.51 with a maximum appeared on 30
May, indicating that Lecce was not very affected by the dust
plume (Figure 4a); which we found also in the simulation.
Based on Sun photometer measurements at Lecce, Perrone
et al. [2005] found that the Saharan dust events over Lecce
are generally characterized by AOT larger than 0.5. The
observed AOT over Kanzelhohe ranged from 0.15 to 0.49
(Figure 4b). We note that the model simulated the passage of
the dust plume over Kanzelhohe between 28 and 29 May,
which is in agreement with the OMI observations previously
shown (Figure 2). Unfortunately, AOT data were not
recorded between 28 and 29 May owing to the presence of
clouds. The Helgoland station is located in the vicinity of the
German Bight, which is the farthest station from the dust
source region. The observed AOT ranged from 0.1 to 0.8
(Figure 4c) with a median of 0.2. The maximum observed
values occurred on 31 May. The simulated dust-AOT reveal
the passage of the dust plume over Helgoland between 29
and 30 May.
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Figure 4. Aecrosol optical thickness simulated at 440 nm (red dots) and calculated at 500 nm by REF
(blue solid line) and NO-SCAYV (black dashed line) simulations between 25 and 31 May 2008.

[24] Both the observations and the REF simulation show
that the dust transport over northwestern Europe occurred in
atmospheric conditions marked by strong convective activ-
ities. The discrepancies between Meso-NH and the obser-
vations can be attributed to several possible sources of
forecast error. Thus, a possible sources of forecast error can
be an underestimation of the precipitation (and wet scav-
enging) simulated by Meso-NH using a resolution of 25 km.
Another possible explanation in these differences can come
from the predictability of atmospheric model. Meso-NH is a
forecasting atmospheric model. As such, it makes its own
forecast and, as for all atmospheric models, a numerical drift
can appear and increase as the simulation moves away from
the initial conditions. Nevertheless, the simulated dust-AOT
at Cabauw compared well with that observed (Figure 4d),
and the AOT peak observed on 31 May with a maximum of
1 was well reproduced (the dust optical properties over the
Netherlands will be discussed in more detail in Section 5).
Overall, Meso-NH reproduced the dust transport toward
northwestern Europe acceptably well and clearly indicated
the Sahara as the dust source.

4. Quantitative Evaluation of the Dust Transport

4.1. Evaluation of the Net Flux

[25] It was clearly shown through the observations and the
simulations that the Saharan dust was transported over
northwestern Europe. The next step is to estimate the desert
dust flux emitted and deposited by dry deposition during this
period. Figure 5 depicts the spatial distribution of the net
flux of dust accumulated at surface during the 25-31 May

period. We define net flux as the difference between the dust
amount emitted and that lost by dry deposition. Thus, a
negative net flux corresponds with dust loss via dry depo-
sition whereas a positive net flux corresponds with dust
emission. The dust emission regions are only located in the
northern Africa with values ranging from 0.04 to 0.25 kg
m 2 (Figure 5). High positive net fluxes have been mainly
simulated in southern Tunisia (0.25 kg m~2), northeastern
Algeria (0.22 kg m™~?), southwestern Morocco (0.2 kg m™?)
and northwestern Libya (0.2 kg m~?). The most intense dust
emission simulated in Tunisia and Algeria areawere close to

S

2

L
= Loom
_-D.DDZ
i—u.uoa

3 kg.m“2
Longitude
Figure 5. Net surface flux of dust (kg m?) from the REF

simulation during the 25-31 May 2008 period.
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Table 1. Estimates of Daily Dust Mass Emitted (in Tg) by
Meso-NH Between 25 and 31 May 2008

Days

05/25 05/26 05/27 05/28 05/29/ 05/30 05/31 Total

Mass (Tg) 49 57 17 26 6 10 20 185

the “chott” regions. These extensive systems of salt lakes
and dry lakes are known for their intense activity in April—
May [Prospero et al., 2002]. Thus, the dust emission regions
simulated are consistent with the most significant, well-
identified sources of dust in North Africa [Engelstaedter
et al., 2006; Koren et al., 2003; Mahowald et al., 2003].
For this episode, the origin of the dust transport across the
Mediterranean and Europe is mainly from the North African
dust sources (i.e., Tunisia, Algeria and Libya).

[26] From the simulated net flux, the mass budget of dust
was estimated. Table 1 reports the daily amount of dust mass
emitted between 25 and 31 May 2008. The estimates of the
dust mass emitted are based on the sum of emissions from
the individual source regions. They ranged from 6 to 57 Tg,
with a maximum on 26 May and a minimum on 29 May.
The total amount of emitted dust was estimated to be
185 Tg. Given the annual dust emission from North Africa
of 1400 Tg.yr ' [Ginoux et al., 2004], this dust episode
represents 13 % of the annual emission. The estimates of
dust loss by dry deposition are reported in Table 2. The
amount of dust lost by dry deposition ranged from 0.5 to
3.0 Tg, with a maximum on 27 May and a minimum on
30 May. It is interesting to note that the dust loss by dry
deposition has not been only simulated over Europe, but
also over northern Africa and the Mediterranean basin. The
total amount of dust lost by dry deposition was estimated to
12.5 Tg, which represents only 7 % of the total dust emis-
sion. Note that the dust amounts lost by dry deposition were
more important in northern Africa (9.8 Tg) than in Europe
(2.7 Tg). According to the meteorological situation described
in Section 3.1, we cannot exclude a significant contribution
of the wet deposition since Saharan dust is often deposited in
precipitation over Europe [Goudie and Middelton, 2001].
In the following subsection, the contribution to the wet
deposition will be described in more detail.

4.2. Dust Scavenging

[27] The impact of precipitation on dust size distribution is
evaluated using Meso-NH through the realization of three
simulations: the reference simulation (REF) that integrates
the implicit and explicit dust scavenging scheme, the SCAV
simulation which integrates only the implicit scheme and the
NOSCAYV simulation without wet deposition. The evolu-
tion of the explicit and implicit accumulated precipita-
tions obtained from REF on 29 and 30 May is shown in
Figures 6b and 6d, respectively. The evolution of the pre-
cipitation accumulated during the period aforementioned can
be seen in the TRMM product 3B-42 (Figures 6a and 6¢).
There is a fairly good agreement between the Meso-NH
simulation and the satellite observations during these two
days. This is particularly true on 30 May (Figures 6¢ and
6d), when the strong convective activities ended over the
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Mediterranean basin. With the exception of northeastern
Switzerland, precipitation was overestimated by Meso-NH.
Indeed, within this region precipitation of 35 mm was sim-
ulated by Meso-NH whereas precipitation of 15 mm was
observed by TRMM. Thus, within the northeastern Swit-
zerland region the overestimation of the precipitation by
Meso-NH reach a factor 2.3. However, on 29 May
(Figures 6a and 6b), precipitation was underpredicted over
the Mediterranean basin. It is worth to note that the intensity
of the precipitation observed over the north Italian region
(45 mm) was well reproduced by Meso-NH (Figures 6a and
6b). Overall, the precipitation associated with the passage of
a frontal system over Mediterranean basin was reproduced
by Meso-NH fairly well.

[28] From the dust burden modeled for the three simula-
tions, we obtained an estimate of the dust mass scavenged
over the European part of the study domain. Implicit pre-
cipitations decrease the dust mass from 93 Tg to 36 Tg,
whereas explicit precipitations decrease the dust mass from
93 Tg to 75 Tg. Thus, 57 Tg were removed by implicit
scavenging whereas 18 Tg were deposited by explicit scav-
enging. As a conclusion, dust was mainly removed by
implicit precipitation. However, the impact of the explicit
precipitation was not negligible even with a subgrid reso-
Iution of 25 km. The difference in dust-AOT evolution
between the REF simulation and the NOSCAV simulation
is shown in Figure 4. As expected, dust-AOTs from the
NOSCAYV simulation (without any dust scavenging) were
higher than those from the REF simulation. AOTs in the
NOSCAV simulation were about 1.5 times higher than
the REF simulation. The maximum of difference between
the two simulations is found at Lecce and Kanzelhohe and
is consistent with greater amounts of precipitation observed
by TRMM in central Europe compared to northern Europe.

5. Passage of the Dust Plume Over the
Netherlands

5.1.

[20] The presence of dust over some regions of the
northern France and the Netherlands was not observed by
satellite because of the presence of clouds. However, the
ground based measurements provide information about the
optical properties of the dust plume over Cabauw. From
the UV lidar observations at 353 nm, the vertical structure of
clouds and aerosols can be assessed over Cabauw during the
27-30 May period. The presence of dust in the atmosphere
can be observed by lidar, either via the aerosol extinction
[Hamonou et al., 1999; Matthias et al., 2004; Mattis et al.,
2002] or the backscatter vertical profile [Gobbi et al.,
2000; Mona et al., 2006]. Figure 7 depicts the evolution of

Optical Properties of the Dust Plume

Table 2. Estimates of Daily Dust Mass Lost by Dry Deposition
by Meson-NH Over Northern Africa and Europe Between 25 and
31 May 2008

Days

05/25 05/26 05/27 05/28 05/29/ 05/30 05/31 Total

Northern Africa (Tg) 1.3 2.7 24 1.1 1.0 04 09 098
Europe (Tg) 0.1 02 06 08 06 01 03 27
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Figure 6. The 24-h accumulated precipitation (mm) from (a and ¢) the TRMM product 3B-42 and
(b and d) the REF simulation valid at 00 UTC on (top) 29 May and (bottom) 30 May 2008.

the backscatter coefficient. As shown using MSG image at
0.6 um (Figures 1b and 1d), observed backscatter coefficient
larger than 5.10 > km ™' sr™ " are due to clouds. Cloud layers
in the lidar profile can easily be identified by the strong
backscatter and the more inhomogeneous structure com-
pared to aerosol layers [Matthias et al., 2004]. Cabauw was
affected by the presence of midlevel clouds (Figure 7), and
particularly during the 28-29 May period. Moreover, the
presence of aerosols inside the Planetary Boundary Layer
(PBL) was characterized by backscatter coefficients around
3.107 km~' sr™'. As already discussed, Hamburger et al.
[2011] showed that the synoptic situation during the first
half of May 2008 has led to accumulation of aerosol inside
the PBL, and particularly for the regions of northern Europe.
Furthermore, they found that the maximum aerosol concen-
tration was observed within the PBL above Cabauw.

[30] The observed backscatter coefficients ranged from
510 *t02 10> km™ "' st are due to the Saharan plumes.
We evaluated the thickness of the dust layer following the

gradient method [Mattis et al., 2008; Mona et al., 2006;
Papayannis et al., 2008]. The base of the dust layer cor-
responds to the lowest point of a strong increase in the
aerosol backscatter profile while the top of the dust layer is
located at an altitude at which its first derivative become
zero. The evolution of the thickness of the dust layer is
shown on Figure 7 (in brown line). The thickness of the
dust layer decreased slowly to 3.4 km on 28 May night,
and slowly increased afterward up to 3.9 km on 29 May,
and finally slowly decreased afterward down to 3.2 km on
30 May. The same behavior was observed for the top of
the dust layer whereas the base generally was relatively
constant during the observation period. On average, the
base and the top of the dust layer was located at 0.9 and
4.5 km above sea level (asl), respectively.

[31] Figure 8 presents the evolution of the total (particle and
gas) depolarization ratio at 353 nm during the 27-30 May
2008 period over Cabauw. The depolarization ratio ranged
from 0.2 to 0.3 at 355 nm and can be used to identify desert
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Figure 7. Time series of lidar backscatter coefficient (km ' sr™') at 353 nm over Cabauw between 27 and
30 May 2008. The brown lines indicate the dust layer (bottom, top).

dust layers [Gobbi et al., 2000; Papayannis et al., 2008].
A particle depolarization ratio of 0.2—0.3 was found between
2 and 3.3 km asl, during the night of 27 May, indicating a
dust layer (Figure 8). The depolarization ratio values ranged
between 0 and 0.2, situated between 0.5 and 1.8 km asl,
indicate a mixture of anthropogenic and dust particles
[Papayannis et al., 2008]. On 29 May morning, the dust
particles were found near the surface. It is worth noticing
that the presence of dust layer was masked by clouds with
the depolarization ratio above 0.60. As a consequence, the
dust layer seems to disappear sometimes on Figure 8, par-
ticularly on 29. Nevertheless, the depolarization ratios
(Figure 8) confirm the presence of Saharan dust over the
Netherlands, and the possibility of mixing processes of the
dust with local aerosols.

[32] Figure 9 shows the temporal evolution of the AOT at
440 nm and the Angstrom exponent within the 440-870 nm

ﬂg 6
2=
=
=
£ 4
2
1]
27005 28105 2005
Time

wavelength range obtained from Sun photometer measure-
ments at Cabauw between 28 and 31 May 2008. No data was
recorded on 29 May due to the presence of clouds. As
depicted in Figure 9, the AOT was under 0.4 only during the
28 May afternoon; otherwise, the AOT ranged from 0.5 to 1
with a maximum on 31 May. This is about 2-times higher
than the average (0.29) and median (0.25) values usually
measured at Cabauw [Schaap et al., 2009], which corrobo-
rates the presence of aerosol during the dust episode.

[33] In spite of the presence of Saharan dust, the values of
the Angstrom exponent differ from the values usually mea-
sured in presence of dust. As depicted by Figure 9, the
Angstrom exponent ranged from 0.5 to 1.5, which is higher
than the values usually observed in presence of Saharan dust
[e.g., Ansmann et al., 2003, 2011; Collaud Coen et al., 2004;
Eck et al., 1999; Hamonou et al., 1999; Miiller et al., 2003].
The Angstrom exponent is generally below 0.5 for large dust

Figure 8. Time series of total depolarization ratio at 353 nm obtained from UV lidar at Cabauw
(51.97°N, 4.93°E) between 27 and 30 May 2008. We note that the cloud screening process was not
applied on this data. As a consequence, sometimes the presence of the dust layer was masked by clouds

with the depolarization ratio above 0.60.
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Figure 9. Aerosol optical thickness observed at 440 nm (red dots) and Angstrom coefficient calculated

within the 440-870 nm wavelength range (green crosses) at Cabauw between 28 and 31 May 2008.

particles whereas it is above 1 for anthropogenic particles
[Ansmann et al., 2003]. The values of Angstrom exponents in
this study suggest the predominance of small particles. Based
on the meteorological situation (described in subsection 3.1),
the high values of the Angstrom exponent found at Cabauw
are a result of effective scavenging of the coarse mode during
the Saharan dust transport over Europe. In certain cases, the
dust “signature” is reduced when the dust is mixing with
anthropogenic particles [Balis et al., 2004].

[34] As previously mentioned (subsection 3.3), the simu-
lated dust-AOT at Cabauw compared well with that
observed (Figure 4d). Since the AOT is the vertical integral
of the aerosol extinction coefficient over the whole atmo-
sphere, we use an analysis of the scattering and extinction
coefficient to better understand the physical properties of the
dust over the Netherlands. The scattering coefficient
obtained from the nephelometer on board the ATR-42 air-
craft on 30 May from 1350 UTC to 1405 UTC is shown in
Figure 10 (solid line). It was measured over a domain
between 51.97°N and 51.88°N latitude and 6.05°E and

3_
25 _\‘“
I
7~ W
J 4
= 2t \
£ Iy \
R
= |8
T

4.99°E longitude and at three wavelengths, at 450, 550 and
700 nm. The values ranged from 0.01 to 0.08 km ™' between
0.6 and 2.6 km asl. The scattering coefficient increased and
reached its maximum values (0.05-0.08 km™ ") between 1.8
and 2.5 km asl from 1350 UTC to 1355 UTC, and quickly
decreased afterward to 0.01 km ™" at 0.6 km asl. The scat-
tering coefficient strongly decreases with the wavelength
from 1350 UTC to 1355 UTC, which differs to that usually
observed in presence of dust [Collaud Coen et al., 2004].
This spectral dependence suggests some changes in particle
physico-chemical properties and their size distributions
[Israelevich et al., 2003]. Because the fine mode generally
shows a more pronounced wavelength dependence than the
coarse mode [Collaud Coen et al., 2004], the quantity of
small particles (radius below 0.1 pum) has a larger effect
than the number of large particles (radius above 10 pm).
Furthermore, the spectral dependence of the scattering
coefficient can be also determined by shape and the chem-
ical composition (real and imaginary refractive indices)
[Ackermann, 1998].
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Figure 10. Scattering coefficient measured by the nephelometer (solid line) and simulated (dashed line)
by REF around Cabauw between 1350 and 1410 UTC on 30 May 2008. The black line indicates the height

of the aircraft.
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Figure 11. Scattering coefficient measured by the nephelometer (solid line) and simulated (dashed line)
by REF with the new refractive indices around Cabauw between 1350 and 1410 UTC on 30 May 2008.

The black line indicates the height of the aircraft.

[35] In order to better understand this strong spectral
dependence, the airborne remote sensing measurements
were simulated by Meso-NH (dashed line in Figure 10). The
simulated scattering coefficient compared acceptably well
with that observed. The maximum values (0.07 km™") at
450 nm were observed between 1350 UTC and 1355 UTC.
The wavelength dependence of the scattering coefficient was
much weaker in the model (Figure 10). This bias suggests
that the aging of the dust therefore was not sufficiently taken
into account by refractive indices determined during AMMA
campaign [Mallet et al., 2009; Tulet et al., 2010]. In order to
improve the simulation of the scattering coefficient over the
Netherlands we have used others refractive indices. The
values of the new refractive indices used are 1.470-3.99
10~ for wavelengths between 440 and 690 nm, and 1.453—
1.32 107°i for wavelengths between 690 and 1190 nm.
These new dust refractive indices were obtained using
AERONET retrievals [Dubovik et al., 2000; Kim et al.,
2011] for the Lecce site. It is worth to note that the values
of the imaginary part of these new refractive indices are in
agreement with the values determined during the SAMUM
campaign [Petzold et al., 2009]. The airborne remote sens-
ing measurements were simulated by Meso-NH with these
new refractive indices (dashed line in Figure 11). The new
simulation of the scattering coefficient compared well with
that observed (Figure 11). Furthermore, we note that the
wavelength dependence of the scattering coefficient was
well reproduced by Meso-NH by using these new refractive
indices. Thus, the aging of the dust was sufficiently taken
into account by these new refractive indices.

[36] The Single Scattering Albedo (SSA) at 550 nm
obtained from the measurements of the nephelometer and
the PSAP on board the ATR-42 aircraft on 30 May from
1350 UTC to 1405 UTC is shown in Figure 12a. The values
ranged from 0.20 to 0.98 between 0.6 and2.6 km asl. The
SSA increased and reached its maximum values (0.98) at
2.4 km asl from 1350 UTC to 1355 UTC, and quickly
decreased afterward to 0.70 at 2 km asl. Between 0.6 and
1.5 km asl, the SSA quickly increased and stayed relatively
constant to 0.90. The observed SSA between 0.6 and 2 km

asl, indicate the presence of dust [El-Metwally et al., 2008;
Kubilay et al., 2003; McConnell et al., 2008]. Low values of
SSA (0.2-0.4) were observed at 2.6 km asl, indicate the
presence of very absorbing particles. The observed SSA have
been compared to the simulated ones from REF (blue line
in Figure 12a). The simulated SSA compared quite well
with that observed. The simulated SSA ranged from 0.69
to 0.89, with the maximum simulated between 1355 UTC
and 1405 UTC. The simulations were performed taking into
account only the desert dust particles, which can cause biases
in estimate of the SSA, particularly before 1355 UTC.

[37] The extinction coefficient at 550 nm obtained from
the measurements of the nephelometer and the PSAP on
board the ATR-42 aircraft on 30 May from 1350 UTC to
1405 UTC is shown in Figure 12b. The values ranged from
0.02 to 0.09 km™' between 0.6 and 2.6 km asl. The extinc-
tion coefficient increased and reached its maximum values
(0.09 km™") between 2.0 and 2.5 km asl from 1350 UTC to
1355 UTC, and quickly decreased afterward to 0.02 km ™' at
0.6 km asl. The observed extinction coefficients have been
compared to the simulated ones from REF (blue line in
Figure 12b). The simulated extinction coefficients compared
quite well with that observed. The simulated extinction
coefficients ranged from 0.01 to 0.08 km ™', with the maxi-
mum simulated between 1350 UTC and 1355 UTC.

[38] To understand this vertical structure of atmospheric
dust, a cross section of the extinction coefficient between
the surface and 7 km asl at 1350 UTC on 30 May 2008
was made from REF simulation over the Netherlands
(Figure 13). Two main dust layers were present and sepa-
rated by a region of low values of extinction coefficient (less
than 0.04 km'). These low values can be attributed to a
scavenging of the dust inside this layer. The first dust layer
was situated between 2. 5 and 5.2 km high with the extinc-
tion maxima (0.09 km™") situated at 3.2 km asl. The second
dust layer was located between 0.8 and 1.5 km asl which is
separated in two parts by a region of low values (less than
0.03 km™"). The first part of this second dust layer was
located between (51.96°N, 5.78°E) and (51.91°N, 5.53°E)
with the extinction maxima (0.08 km™") situated at 1 km asl.
The second part of this second dust layer was located
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Figure 12. (a) SSA and (b) extinction coefficient simulated at 550 nm (blue line) by REF and observed at
550 nm (red line) around Cabauw between 1350 UTC and 1410 UTC on 30 May 2008 over the Netherlands
between (51.96°N, 5.78°E) and (51.81°N, 5.06°E). The black line indicates the height of the aircraft.

between (51.85°N, 5.22°E) and (51.81°N, 5.06°E) with the
extinction maxima (0.07 km ') situated at 1 km asl. Over
some regions dust was found near the surface, with the
extinction values of 0.06 km™', consistent with the lidar
backscatter observations. These results suggest mixing pro-
cesses between the dust and the anthropogenic sources of
pollution over Cabauw, which may be generated locally or
transported from far away. A strong extinction signal was
observed when the aircraft passed through the lower part of
the first dust layer situated at 2.5 km asl (dashed line in
Figure 12). The contribution of the coarse and accumulation
mode to extinction was analyzed over the same region from
REF simulation (Figures 14a and 14b). The contribution of
each mode is defined as the ratio between the extinction
obtained for each mode and the total extinction. The results
reveal that more than 80% of extinction above 2.5 km asl
was due to the coarse mode (Figure 14a). Below 2.5 km asl,
the extinction was mainly due to the accumulation mode
(more than 70%), particularly between (51.96°N, 5.78°E)
and (51.85°N, 5.22°E). Thus, the large peak of extinction
coefficients (Figure 12b) was observed in a region where

Height (km)

0
(51.96/5.76)

{51.91/5.53)
Latitudel/lL ongitude

(51.85/5.22) 51.681/5.08) /km

Figure 13. Vertical cross section of extinction coefficient
at 1350 UTC on 30 May 2008 over the Netherlands between
(51.96°N, 5.78°E) and (51.81°N, 5.06°E) calculated from
REF simulation.
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Figure 14. Contribution (in percentages) of the (a) coarse and (b) accumulation mode to extinction coef-
ficient on 30 May 2008 over the Netherlands between (51.96°N, 5.78°E) and (51.81°N, 5.06°E) calculated

from REF simulation.

80% of extinction was due to the accumulation mode
(Figure 14b). It can be noticed that 75% of extinction below
1 km asl between (51.85°N, 5.22°E) and (51.81°N, 5.06°E)
was due to coarse mode. The large difference in contribu-
tions of accumulation and coarse mode distributions sug-
gests that the strong dependence on wavelength can be
attributed to high precipitation scavenging efficiency for the
coarse mode.

[39] Balis et al. [2004] shown that the mixing processes
can induce a modification of the dust optical characteristics.
Based on the black carbon mass concentration and cloud
nuclei number concentrations for the European region in
May 2008 [Hamburger et al., 2011], mixing processes
between the Saharan dust and anthropogenic particles likely
occurred during their transport toward the Netherlands.
Thus, we cannot ignore a possible influence of the mixing
processes on the dust optical characteristics. Nevertheless,
according to the meteorological situation and our results
aforementioned, we are convinced that the evolution of dust
optical characteristics observed over the Netherlands was
mainly due to high precipitation scavenging efficiency for
the coarse mode. In order to improve the discussion, the

precipitation scavenging efficiency for each dust mode will
be described in detail, in the following subsection.

5.2. Dust Vertical Distribution and Aerosol
Size Filtering

[40] In order to better understand the dust size transported
over the Netherlands, an analysis of the impact of the
precipitation on dust size distribution is now presented. The
profile of mass and number concentration for the three
dust modes of Meso-NH are shown for the REF and
NOSCAYV simulations at Cabauw on 30 May at 1400 UTC
(Figure 15a). The vertical profile of the accumulation mode
with the median radius of 0.32 um is the same for both the
REF and NOSCAYV simulations. In other words, this mode
was not affected by impaction scavenging since these parti-
cles are too large to be collected by Brownian motion and
too fine to be collected by inertial impaction. The collection
efficiency factor was less than 1073 for the accumulation
mode whereas for the coarse mode (with median radius of
2.5 pm) the efficiency factor was close to 1 [Tulet et al.,
2010]. The differences between the profiles obtained from
the REF and NOSCAYV simulations for the fine dust mode

14 of 18



D17201

a)

BEGUE ET AL.: TRANSPORT OF SAHARAN DUST OVER EUROPE

D17201

,Jf." },.»" .\J R [1 e-06 m]
Bl 25 .
032
0.039
T} .
=
=
=
247 T
2t i
L -1 — - 4
et 10
b)
/:;. Ry [1e-06 m]
8 ' .’/‘f:" 1
{1 — 25
_ N, — 0@
EEBF Ny —— 0039 A
= : N
B 3 Ly
o L | a
24 1 ],I
C 4
2r g, . I
S)
L 10l -'H_T—.......l P ..4'-._'?;--'. Ty
10 10 10° 10° 10"

Mumber (particle/cm3)

Figure 15. Vertical profile of (a) mass concentration (ug m ) and (b) particle concentration (m~%) at
Cabauw simulated by REF (with explicit and implicit scavenging, solid line) and NO-SCAV (dashed line)
on 30 May 2008 at 1300 UTC. The concentrations were computed for modes at Rg = 0.039 um (blue),

Rg =0.32 um (red) and Rg = 2.5 um (black).

(with the median radius of 0.039 pm) were small (losses are
due to Brownian motion). As a consequence, the majority of
the dust concentration of the larger mode was scavenged
whereas the majority of the two smallest modes were pre-
served. The precipitation slightly decreases the dust mass
concentration of the coarse mode above 4 km asl from 700 ug
m " to 500 ug m >, whereas the decrease was much more
significant below 4 km asl. The dust mass concentration
reduced from 1100 to 380 pug m > close to the surface and
from 600 to 50 ug m > at 2 km asl. Between the surface and
2.2 km asl the mass concentration of the coarse mode was
similar to the one of the accumulation mode as the coarse
mode was the most affected by the precipitation. This scav-
enging represents 85% of the total mass dust concentration.
The number concentration of the two smallest modes was
higher than the coarse mode (5.0 107 and 2.0 10° particles
per m® at 1 km for the accumulation and fine mode, respec-
tively, compared to 5.5 10° particles per m®> of the coarse
mode), as depicted by Figure 15b. The height interval where
the dust coarse mode was significantly scavenged coincided
with the strong wavelength dependence of the scattering

coefficient and demonstrates that the high values of the
Angstrdm exponent are a result of strong scavenging of the
dust coarse mode.

6. Summary and Conclusion

[41] The long-range dust transport over northwestern
Europe during the EUCAARI intensive observational period,
between 25 and 31 May 2008 was examined. The analysis
focuses on the site of Cabauw, which was selected to quantify
the regional aerosol properties, aerosol formation, transfor-
mation, transport and deposition during the EUCAARI 2008
campaign. The transport of dust to northwestern Europe was
investigated by combining satellite, airborne and ground-
based observations, and numerical experiments through
the use of the non-hydrostatic meso-scale model Meso-
NH. The synoptic situation in the second half of May
2008 over Europe was marked by strong convective
activities associated to the passage of a frontal system
over central Europe. The high-pressure system located over
northern Africa moved slowly northward and favored the
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spread of dust over northwestern and central parts of Europe
while convection triggered ahead of the trough over western
Europe. The AOT typically ranged from 0.1 to 0.5 at the
wavelength of 440 nm, with maximum values close to 1
found over Cabauw. Through the use of the OMI-AI, it was
well-identified that the dust coming from the western and
central Sahara reached the northern Europe. The Meso-NH
simulations were in fairly good agreement with the network
observations. In particular over Cabauw, where the AOT
peak observed on 31 May with a maximum of 1 was well
reproduced. A dust episode was simulated on 29 May over
Europe, however, this episode was not observed by AERO-
NET due to the presence of clouds. The total amount of dust
emitted during the study period was estimated to 185 Tg.
The analysis of the removal processes revealed that only
7% of the total dust emitted was lost by dry deposition.
Moreover, it was shown that the dust was mainly removed by
implicit precipitation, but the impact of the explicit precipi-
tation was not negligible in spite of a horizontal grid spacing
of 25 km. In total, the amounts scavenging by implicit and
explicit precipitations were estimated to 57 Tg and 18 Tg,
respectively.

[42] From the UV lidar observations at 353 nm at Cabauw,
the vertical structure of aerosol was assessed. The main dust
layer was located between 2.5 and 5.2 km height, and the
presence of dust was probed at 0.9 km asl. Values of the
depolarization ratio indicated mixture of anthropogenic and
dust particles between 0.5 km asl and 1.8 km asl on 29 May
onwards. This suggests the possibility of dust to be mixed
with anthropogenic emissions in Europe. Moreover we note
that the depolarization ratio indicated possible mixing of
dust haze. Airborne measurements embedded on the ATR-
42 aircraft revealed a dependence of the scattering coeffi-
cient to the wavelength while the Angstrom exponent mainly
ranged from 0.5 to 1.4 at Cabauw and its vicinity. As a result
of the simulated transport and wet deposition of dust, aerosol
impaction scavenging is shown to be the main process by
which particles were deposited. This was due to high collec-
tion efficiency for the coarse mode, particularly below 4 km
asl. It was also known that dust aerosols in clouds can act as ice
nuclei [Chou et al., 2011; DeMott et al., 2003; Seifert et al.,
2010]. Furthermore, the dust particles can enhance their
hygroscopic properties, by coating or adsorbing soluble
materials during their transport, and favored the formation of
cloud condensation nuclei [Levin et al., 1996; Sassen, 2002;
Sassen et al., 2003; Sullivan et al., 2009]. Further analysis of
the dust microphysical properties such as dust mixing with
anthropogenic aerosol will be examined in a forthcoming
study.
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