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A Saharan dust event affected the Rhine valley in southwestern Germany and
eastern France on 1 August 2007 during the Convective and Orographically-induced
Precipitation Study (COPS) experiment. Prior to an episode of intense convection,
a layer of dry, clean air capped by a moist, dusty layer was observed using
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) and
airborne and ground-based lidar observations from North Africa to western Europe.
The origin of the different layers was investigated using the regional model Meso-
NH. For the purpose of modelling evaluation, a lidar simulator was developed
for direct comparison of observed and simulated vertical structures of the lidar
backscattered signal. Overall, the model reproduced the vertical structure of dust
probed several times by the different lidar systems during its long-range transport.
From Lagrangian back trajectories it was found that the dust was mobilized from
sources in Mauritania six days earlier, while the dry layer subsided over the north
Atlantic. Off the Moroccan coasts, the dry layer folded down beneath the dusty
air mass and the two-layer structure was advected to the Rhine valley in about
two days. By heating the atmosphere, the dust layer changed the static stability
of the atmosphere and thus the occurrence of convection. A study of sensitivity
to the radiative effect of dust showed a better prediction of precipitation when
a dust prognostic scheme was used rather than climatology or when dust effects
were ignored. This result suggests that dust episodes that occur prior to convective
events might be important for quantitative precipitation forecasts. Copyright (©
2011 Royal Meteorological Society
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1. Introduction cloud microphysics, atmospheric chemistry, oceanic biogeo-

chemical processes and air quality. Dust from the deserts of
Long-range transport of mineral dust in the free troposphere  North Africa, the largest sources of dust in the world, occa-
is important in many aspects including radiative transfer, sionally affects Europe (Ansmann et al., 2003; Kishcha et al,
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2007) and the Mediterranean up to 8 km altitude (Alpert
etal.,2004). Dust outbreaks that reach western Europe occur
mainly during the warm season from late spring to early
autumn, as probed by lidar systems during the period May
2000—December 2002 (Papayannis et al., 2008). This gener-
ally happens with synoptic conditions characterized by the
presence of a high-pressure region over Libya and a trough
over the Bay of Biscay (e.g. Moulin et al., 1998; Barkan et al.,
2005; Kallos et al., 2006). The trough leads to northeast-
ward advection of warm air and convective destabilization
downstream of the trough, while the high pressure favours
mobilization of dust over Chad and the western Sahara. The
radiative impact of dust is of importance, as the warm flow
accompanied by high dust load can cause warming of the
order of 6-8 K at 700 hPa compared with normal conditions
(Barkan et al., 2005).

Such a change in thermal structure can affect the skill
of forecasts that do not predict dust routinely. This issue
has been investigated in a few studies using regional models
allowing online interaction of dust load with radiation,
and consequently with the model dynamics. For example,
Pérez et al. (2006) found that the use of an interactive
dust-radiation model improved the temperature forecasts
over dust-affected areas during a major dust outbreak in
the Mediterranean. Chaboureau et al. (2007) showed an
improvement in the capture of the observed convective
activity over West Africa in the two-day range with the use
of prognostic dust. More recently, Heinold et al. (2008)
found dust radiative feedback on Saharan boundary-layer
dynamics and dust mobilization. However, the radiative
impact on quantitative precipitation forecasts has received
little attention so far.

From June—August 2007, the international field campaign
called the Convective and Orographically-induced Precip-
itation Study (COPS: Wulfmeyer et al., 2008) took place
in southwestern Germany and eastern France. The goal of
COPS was to advance the quality of forecasts of orographi-
cally induced convective precipitation by four-dimensional
observations and modelling of its life cycle. Here, we focus
on a line of thunderstorms that triggered on the afternoon
of 1 August 2007 over southwestern France. Prior to this
convective episode, several ground-based lidars observed
a dust layer reaching the COPS area. The dust layer was
also seen from airborne lidars in both the COPS area and
upstream, over the Iberian Peninsula and France. Some days
before, Cloud-Aerosol Lidar and Infrared Pathfinder Satel-
lite Observation (CALIPSO) observations probed the dust
layer off the Moroccan coasts. The long-range transport of
this dust event was investigated using a mesoscale model,
Meso-NH (Lafore et al., 1998).

For evaluation purposes, a lidar simulator was developed
by adopting the so-called model-to-satellite approach.
This approach consists of calculating any remotely sensed
radiative quantities from the predicted model fields, allowing
a direct comparison with coincident observations from
satellite or other platforms. It offers the advantage that
the satellite data are used without being combined with
any ancillary data, thus avoiding the possible impact of
inconsistent assumptions between simulated and retrieved
geophysical fields. This approach was first used in Meso-
NH to identify discrepancies of cloud-cover forecasts
using infrared observations from geostationary satellites
(Chaboureau et al., 2000, 2002). It thus allowed a statistical
assessment of long series of cloud forecasts (Chaboureau
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and Bechtold, 2005; Chaboureau and Pinty, 2006; Sohne
et al., 2008). Complementary studies using microwave
observations further assessed the cloud scheme (Wiedner
et al., 2004; Meirold-Mautner et al., 2007; Chaboureau
etal.,2008). Following the same approach, other instrument
emulators were implemented into the Meso-NH system to
simulate precipitation radar products (Richard et al., 2003;
Caumont et al., 2006) and GPS zenithal delay (Brenot et al.,
2006; Yan et al., 2009). The lidar simulator presented here
is able to take account of the radiative impact of all the
scattering particles predicted by the model, including cloud
droplets, ice crystals, dust and other aerosol particles. It is
flexible enough to follow the assumptions made about the
particle distributions by the different microphysical schemes
developed within Meso-NH. It also handles the different
wavelengths and viewing geometries operating in the lidar
systems.

Here, this approach is used to evaluate the ability of the
Meso-NH model to simulate the transport of dust from the
Sahara to western Europe. The aim of this study is threefold:
first, to assess the Saharan origin of the dust event; second,
to bring out the benefit of the lidar simulator for evaluating
the vertical structure of the aerosol fields; third, to examine
the impact of the dust-generated temperature perturbation
on the precipitation forecast. In a first step, the vertical
distribution and optical thickness of the dust, which were
simulated with a run nudged towards analysis, were assessed.
In a second step, sensitivity runs showed the positive
impact of the dust-induced temperature perturbation in
quantitative precipitation forecasts over France. Only the
radiative effect of dust was taken into account. No interaction
between aerosol and cloud was considered here.

This article is organized as follows. Section 2 describes
the model and experimental design, the lidar simulator
and the lidar observations. Section 3 details the long-range
transport of dust. Section 4 gives a quantitative evaluation of
the simulated profiles of the lidar signal and water vapour.
Section 5 presents the radiative impact of the Saharan dust
on precipitation forecasts through a study of sensitivity to
different representations of dust. Section 6 concludes the
article.

2. Model and lidar observations

2.1.  Model description
The numerical simulations were performed with the non-
hydrostatic mesoscale model Meso-NH (Lafore et al.,
1998), version 4.7. The two-way interactive grid-nesting
method (Stein et al., 2000) enabled the model to be run
simultaneously on several domains with the same vertical
levels but with different horizontal resolutions. The lateral
boundary conditions were given by large-scale European
Centre for Medium-Range Weather Forecasts (ECMWF)
operational analyses for the outermost model, and they
were provided by the outer models for the inner models at
every time step. The case was simulated with triply nested
models, with a horizontal grid spacing of 32, 8 and 2 km. The
vertical grid had 70 levels up to 27 km with a level spacing
of 40 m close to the surface to 600 m at high altitude. The
simulation domains are shown in Figure 1.

For the two coarser-resolution grids (32 and 8 km), the
subgrid scale convection was parametrized by a mass-flux
convection scheme (Bechtold et al., 2001). For the inner
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Figure 1. (a) Geographical domains used for the nested forecasts. The outer frame shows the 32 km grid mesh domain and its topography for all the
Meso-NH experiments. The location of the 8 and 2 km grid mesh domains for the REF (DUST, NODUST and CLIM) experiment(s) are indicated with
the rectangles in black (white). (b) Topography (m) of the 2 km grid mesh domain for REF. The names of the AERONET, meteorological and lidar
stations used in this study are also given. This figure is available in colour online at wileyonlinelibrary.com/journal/qj

grid (2km), explicit deep convection was permitted and
the convection scheme was switched off. The microphysical
scheme included the three water phases with five species of
precipitating and non-precipitating liquid and solid water
(Pinty and Jabouille, 1998) and a modified ice-to-snow
autoconversion parametrization following Chaboureau and
Pinty (2006). Subgrid cloud cover and condensate content
were parametrized as a function of the normalized saturation
deficit by taking both turbulent and convective contributions
into account (Chaboureau and Bechtold, 2002, 2005). The
turbulence parametrization was based on a 1.5-order closure
(Cuxart et al, 2000). The surface-energy exchanges are
represented according to the four possible surface-type
patches (natural land surfaces, urban areas, ocean, lake)
included in a grid mesh. The Interactions between Soil,
Biosphere and Atmosphere (ISBA) scheme (Noilhan and
Planton, 1989) was used for natural land surfaces. The
radiative scheme was the one used at ECMWF (Gregory
et al., 2000) including the Rapid Radiative Transfer Model
(RRTM) parametrization (Mlawer et al., 1997) for long-
wave radiation and the two-stream formulation originally
employed by Fouquart and Bonnel (1986) for short-wave
radiation. Effects on the radiation scheme due to aerosols
other than dust were taken into account by using the
climatological distribution of Tegen et al. (1997). The
radiative effect due to dust depends on the numerical
experiments that are described in section 2.2.

The dust prognostic scheme is described in Grini ef al.
(2006). In this parametrization, the three log-normal modes
are generated and transported by the log-normal aerosol
scheme of the ORganic and Inorganic Log-normal Aerosols
Model (ORILAM: Tulet et al, 2005). These modes are
described by their zeroth, third and sixth moments, with the
latter kept constant. Dust fluxes are calculated from wind-
friction speeds using the Dust Entrainment and Deposition
(DEAD) model (Zender et al., 2003). The initial dust-size
distribution contains three modes with median radii of 0.32,
1.73 and 4.33 um and standard deviations of 1.7, 1.6 and 1.5,
respectivelyas defined by Alfaro and Gomes (2001). Dustloss
occurs through sedimentation and rain-out in convective
clouds. Regarding the short-wave effect, the refractive index
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of the dust aerosols was assigned according to that measured
over West Africa. Their values, depending on the wavelength
calculated over six spectral intervals, are described in Tulet
et al. (2008).

2.2.  Numerical experiments

Four Meso-NH simulations were run: a reference simulation
to assess the origin of the dust and its vertical distribution
and three simulations to test the sensitivity of rain forecasts
to the radiative effects of dust. Table I summarizes the
differences characterizing the Meso-NH experiments.

The reference case (REF) was initialized on 26 July 2007
at 0000 UTC. In a first step, it was integrated forward for
six days using the outer grid only as model spin-up for
dust and cloud. In order to keep the simulation close to the
meteorological analyses, the simulation was nudged towards
the ECMWEF analyses with a six-hour relaxation time, so the
radiative effect of dust was smoothed out and dust could
be considered as a passive tracer here. At 0000 UTC on
1 August 2007 the model was integrated for 24h using
the three nested domains without nudging. The innermost
domain was centred over the COPS area in order to describe
the small scales of the mountainous orography well (Figure
1, right).

The sensitivity simulations were also performed with
triply nested models but, in these cases, with a different
location of the inner domains in order to focus on the
convective rain event. The runs were initialized on 28
July 2007 at 0000 UTC starting from the REF simulation
and were integrated forward for 4.5 days using the outer
grid only. Again, the simulations were nudged towards
the ECMWF analysis, but above 6 km only. This kept the
large-scale forcing close to the analysis, leaving dust to
interact radiatively with the atmosphere below 6km. At
1200UTC on 1 August 2007, the model was integrated
for 12 h using the three nested domains without nudging.
This allowed the convection to develop fully into a line of
thunderstorms. The DUST simulation integrated the dust
prognostic scheme, the NODUST simulation took no dust
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Table I. Characteristics of the Meso-NH experiments.

Initial time Nudging Free run initial
Experiment (UTC) Effects Time (UTC) Dust representation
REF 26 Jul 0000 Everywhere 1 Aug 0000 Prognostic dust
DUST 28 Jul 0000 Above 6 km 1 Aug 1200 Prognostic dust
NODUST 28 Jul 0000 Above 6 km 1 Aug 1200 No dust effect
CLIM 28 Jul 0000 Above 6 km 1 Aug 1200 Tegen climatology

effects into account and the CLIM simulation used the
climatological dust distribution of Tegen et al. (1997).

2.3.  Lidar simulator

According to Chiriaco et al. (2006) among others, the
lidar attenuated backscattered (ATB) signal corrected for
geometric effects and calibration constant (expressed in
m~!sr™!) at altitude z and wavelength A is

ATBA(Z) = [,Bmol,)\(z) + ﬂpar,)\ (Z)] (1)

X €xXp {_2/ [amol,k (2) + Nlpar,n (2) dZ]} >
0

where « is the extinction coefficient (m~!) and B the
backscatter coefficient (m~!sr™!), caused by both air
molecules (mol) and aerosols and cloud particles (par).
Multiple scattering by cloud particles is taken crudely into
account with n = 0.5 (Platt, 1973).

Following Collis and Russell (1976), the lidar backscatter
and extinction coefficients for molecules, Bmol,; and &mol,.

respectively, are
5\ 0
L (), o
ks T 0.55

8I1
Umol,x. — T,Bmol,}n

Brmols = 5.45 x 10722 x

(3)

where T is temperature (K), p is pressure (hPa), kg is the
Boltzmann constant (1.38 x 1072 JK~!) and wavelength A
is given in pm.

The optical properties of cloud particles and aerosols were
integrated over their size distribution, while extinction Qex,x
and backscatter Qpack, efficiencies were computed using
the Mie code of Bohren and Huffman (1985) for spheres.
Thus, particles were assumed to be spherical, although
particle non-sphericity can be an important factor affecting
the extinction to backscatter lidar ratio when the coarse
mode prevails (Dubovik et al., 2006). Refraction indices
of pure water and ice were used for cloud liquid and ice
crystals respectively. For consistency with the numerical
experiments, the refractive index of mineral dust was
taken from Tulet et al. (2008), i.e. 1.448-2.92 x 1073}
at 532nm, 1.44023-1.16 x 10737 at 730 and 820 nm and
1.41163-1.06 x 10~ % at 1064 nm.

For the two-moment schemes, the integration over the
size distribution of the particles np, (D, z) was performed
using an accurate quadrature formula (here Gauss—Hermite
for log-normal size distributions of dust) with

*T1
Cpar(2) = f S0 Quu (DD, dD, (1)
0
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(The Gauss—Laguerre formulais used for y -size distributions
employed in the two-moment microphysical schemes
available in Meso-NH.) For single-moment microphysical
schemes, such as the one used here, atpyr,. and By, were
computed taking an effective radius representative of the
distribution, consist with those employed for cloud and ice
in the radiative scheme.

In each model column, the particle backscatter coefficient
Bpar,r and the extinction coefficient ap,,,. are both cloud
particle and aerosol coefficients. They are computed from
equations (4) and (5) using the model mixing ratios
(and concentrations when available) of cloud particles
and aerosols while the lidar backscatter and extinction
coefficients for molecules are calculated using the model
profiles of air density.

2.4. Lidar observations

The Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) is a two-wavelength polarization-sensitive lidar
on board the CALIPSO satellite mission. The orbit passing
over the dusty layer occurred around 0300 UTC on 29 July
2007 (see the overpass track in Figure 2(b)). From this orbit,
the ATB signal at 532 nm was used.

The Water vapour Lidar Experiment in Space (WALES)
differential absorption lidar system (Wirth et al., 2009) was
deployed on board the Deutsches Zentrum fiir Luft- und
Raumfahrt (DLR) Falcon. The objective of the mission on
1 August 2007 was to document the atmospheric upstream
condition of the COPS area off the western coasts of France
prior to a convective event that occurred in the late afternoon
(Schifler et al., 2010). The WALES observations used here
are those measured at 1064 nm between 0900 and 1100 UTC,
when the DLR Falcon flew above the dust layer on its way
back from Faro, Portugal to Oberpfaffenhofen, Germany
(see the flight track in Figure 4(b)). The ATB signal at
1064 nm and the water-vapour mixing ratio were examined.

The LEANDRE 2 lidar system was operated on 1 August
2007 in the COPS area from an altitude of 5800 m above sea
level on board the Service des Avions Frangais Instrumentés
pour la Recherche en Environnement (SAFIRE) Falcon. The
track around 1538 UTC (shown in Figure 6) was selected, as
the dust plume was probed by the LEANDRE 2 system. Both
the ATB signal at 730 nm and the retrieved water-vapour
mixing ratio were employed.

The ground-based University of BASilicata Lidar (BASIL)
system was operated at Achern, Germany (48.638°N,
8.066°E, 140 m above sea level, see its location in Figure
1(b)) from June—August 2007. BASIL is a Raman lidar
sensing the atmosphere at three wavelengths (355, 532 and
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Figure 2. (a) OMI aerosol index and (b) Meso-NH total aerosol burden
(gm~2) at 1200 UTC on 29 July 2007. In (b) the arrows show the 700 hPa
wind vectors from Meso-NH. In (a) the line of squares indicates the track
of CALIPSO at 0300 UTC on 29 July 2007. The domain is 6400 km long.
Longitude and latitude lines are plotted every 15°. This figure is available
in colour online at wileyonlinelibrary.com/journal/qj

1064 nm), thus allowing the water-vapour mixing ratio to
be measured. BASIL also provides measurements of atmos-
pheric temperature and multiwavelength measurements of
particle backscattering, extinction and depolarization (Di
Girolamo et al., 2009). The water-vapour mixing ratio was
used together with B, at 1064 nm.

The ground-based University of Hohenheim (UHOH)
lidar system was operated at Hornisgrinde, Germany
(48.604°N, 8.204°E, 1161 m above sea level, see its location
in Figure 1(b)) from June—August 2007 (Behrendt et al.,
2009). It is a differential absorption lidar system sensing
the atmosphere in the near-infrared, around 820 nm, and
provides water-vapour number density as its primary
measured parameter. In addition to moisture, Bp, at 820 nm
is also measured. Both these data sets were used in the
following.

The lidar observations had higher spatial and temporal
resolution than the model. In consequence, the lidar
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observations were averaged and projected on to the Meso-
NH grid on which the comparison between observation and
simulation was made.

3. Long-range transport of Saharan dust

3.1. Export of dust out of Africa

An overview of the dust event on 29 July 2007 is given in
Figure 2. The aerosol index (AI) obtained from the Ozone
Monitoring Instrument (OMI) (Torres et al., 1998, 2002) is
positive for aerosols absorbing at UV wavelengths, such as
dust. Al is sensitive to dust load, and to the altitude at which
the dust is transported. At UV wavelengths, absorption by
aerosol is strongly altitude-dependent and increases with
increasing altitude because these aerosols strongly absorb
the molecular radiation coming from below. This can lead
to underestimation of aerosols confined at low levels (Torres
et al., 1998). Al shows the presence of aerosols over Africa
and the nearby Atlantic Ocean. Over Africa, the largest
values of Al are found between 15°N and 30°N, close
to some well-known sources of mineral dust, namely the
Bodélé depression over Chad, southern Algeria, northern
Mali and Mauritania. The mid-level wind that transports
dust is mainly easterly (see the 700 hPa wind vectors in
Figure 2(b)). In consequence, dust was exported out of
Africa over the Atlantic Ocean. It was then embedded in the
southwesterly flow associated with the cyclonic circulation
centred around 30°W, 45°N. This flow advected the dust
towards Portugal. Such dust episodes are rather typical of
the meteorological conditions that prevail in August, with
a high-pressure system located over northern Africa and a
cyclonic circulation to the west. However, the high usually
found over Libya (Moulin et al., 1998) was shifted westward
over Morocco here.

In the Meso-NH REF simulation, the areas with aerosol
burden larger than 0.1 gm~2 (Figure 2(b)) match those with
the largest Al values well. These include the areas close to the
West African sources, the dust outflow over the ocean and
the return flow between the Azores and Portugal. As dust
can be considered as a dynamic tracer, this result suggests
that the low-level circulation is well resolved by the Meso-
NH model, nudged toward the ECMWF analyses here. In
the northeastern corner, i.e. at latitudes higher than 50°N,
dust is incorrectly simulated because the lack of vegetation
for a particular land-cover type (‘no vegetation with rocks’
and ‘bare soil’ including sand beaches) is assumed to be a
potential dust-source zone. In the southeastern corner, e.g.
over Niger, the simulated dust load appears too low when
compared with the Al feature. This underestimation may
be due to the lack of east African sources in the simulation
domain. For example, Flamant et al. (2009) identified dust
sensed over Niger in summer 2006 as mobilized from
eastern African remote sources (Bodélé and Sudan) three
days earlier. Therefore, the evaluation of the model skill in
predicting dust in this area would benefit from a simulation
with a larger domain. The quantitative transport of dust
over Europe is, however, not affected by the mismatch over
Niger, as shown below.

The comparison between the OMI Al and the Meso-
NH dust burden gives a qualitative assessment of the
mobilization and transport of dust from West Africa. The
lidar simulator further allows for a quantitative comparison
between observation and simulation. From the CALIOP
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Figure 3. Vertical cross-section of ATB signal at 532nm (km~!sr™!) at
0300 UTC on 29 July 2007 along the line shown in Figure 2(b), from (a)
CALIOP and (b) Meso-NH. This figure is available in colour online at
wileyonlinelibrary.com/journal/qj

observations (Figure 3(a)), the vertical structure of clouds
and aerosols can be assessed over a long range, here the
west of Africa at 0300 UTC on 29 July (see the CALIPSO
track in Figure 2(b)). As checked using a Meteosat Second
Generation (MSG) image at 10.8 ;#m, observed ATB signals
larger than 1072km™!sr~! are due to clouds here: high
clouds around 10°N and 50°N, midlevel clouds around 35°N
and planetary boundary-layer (PBL) clouds near 25°N and
45°N. Consistent with the OMI retrievals, the dust outflow
over the ocean and the return flow between the Azores and
Portugal stand around the midlevel clouds, between 2 and
4 km altitude. Dust is characterized by ATB signals around
1072 km~! sr~!. Because of the greater distance from African
sources, the return flow shows a lower ATB signal than the
outflow.

The Meso-NH REF simulation reproduced the features of
the vertical structure (Figure 3(b)) that were observed. High
clouds associated with tropical deep convection at 10°N and
the midlatitude weather system at 50°N were simulated at
the right latitude. However, the larger simulated ATB signal
suggests too great a detrainmnent of ice, also at too-high
altitudes. At 30°N, midlevel clouds were simulated at the
right level, but a few degrees too far south and over too
large a region. In between these midlevel clouds, the two
branches associated with the dust outflow and the return
flow spanned the right latitude range. The southern branch
associated with the outflow showed a larger ATB signal
than observed. At 26°N the simulated dust appeared to
be emitted from the surface and did not stand above the
oceanic PBL as observed. In contrast, the northern branch
associated with the return flow correctly displayed a dust
layer floating between 2 and 4 km altitude, with alower ATB
signal than the outflow. The good agreement seen off the
northern African coasts was further achieved over Europe
as discussed in the next section.

3.2.  Saharan dust reaching France

Embedded in low-level southwesterlies, the dust layer
reached the Iberian Peninsula and western France on 1
August (Figure 4(a)). An easterly branch expanded over
the Atlantic Ocean west of 30°W. Over Africa, the Al
remained high, illustrating the persistence of the dust
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Figure 4. As in Figure 2 but at 1200 UTC on 1 August 2007. The squares in
(a) indicate the track of the DLR Falcon. This figure is available in colour
online at wileyonlinelibrary.com/journal/qj

emission. Northerlies over the North African coasts turning
to easterlies over the Sahara were still prevalent (Figure
4(b)). The simulated dust burden showed several similarities
with the retrieved AI, in terms of both structure and
amplitude. Again, a smaller dust burden was simulated in
the southeastern corner due to the proximity of the domain
border. Lower values were also found over Southern Algeria,
which can be explained by the lack of dust transported over
a range longer than the simulation domain. On the other
hand, the western extent of dust over the Atlantic Ocean
looked correct, as did the dust load that spread up to western
France. This spread in dust over France was confirmed by
the comparison with the DLR observations as discussed in
the following.

The DLR Falcon flew over the southwesterly flow between
Faro, Portugal, and Oberpfaffenhofen, Germany, as this
area was targeted as a sensitive region for quantitative
precipitation forecast over the COPS region. The vertical
cross-section of the ATB signal at 1064 nm is shown in Figure
5. Consistent with the OMI retrievals, the dust layer extended
up to 45°N. This layer was relatively moist, with a water-
vapour mixing ratio larger than 2 gkg ™!, compared with the
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Figure 5. Vertical cross-section of ATB signal at 1064 nm (shading,
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on 1 August 2007 along the line shown in Figure 4(b), from (a) WALES
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available in colour online at wileyonlinelibrary.com/journal/qj

dry conditions prevailing further north. Isolated maxima
of backscattered signal at 6 km altitude also indicated the
presence of clouds on top of the dust layer. Below the leading
edge of the dust layer, a tongue of dry air could be seen at
2km altitude. The origin of this layer is identified in the
following as subsiding air from the midtroposphere.

The Meso-NH REF simulation presented a vertical
structure with a dust and moist air layer extending from
the surface up to about 6 km (Figure 5(b)). The moist air
mass was topped by clouds with ATB signal larger than
2 x 1073 km~! sr~!. South of 42°N, the simulation missed
the water-vapour drop between 4 and 6 km altitude. The
simulated dust was located around 3 km altitude along most
of the cross-section. This is at about the right position in
the southern part, but at too low an altitude at 43°N across
the Pyrenees mountains and with too high an ATB signal at
44°N.
3.3.  Saharan dust over the Vosges
In the afternoon, the Saharan dust layer reached north-
eastern France within a westerly flow at 4km altitude
(Figure 6). At 1600 UTC on 1 August the simulated dust
burden was organized as a smooth front with values around
0.1 gm™2. Around that time, the dust layer was sampled by
the LEANDRE 2 lidar operating over the Vosges mountains.
The observed and simulated vertical cross-sections of the
730 nm ATB signal and water-vapour mixing ratio are shown
in Figure 7. Two distinct layers of particles were observed,
while a single layer was simulated.

Between 3 and 5 km altitude, the dust layer was associated
with values of water-vapour mixing ratio larger than
2gkg™!. It could be further divided into two sub-layers.
The upper layer extended further to the north than the
lower one and showed higher ATB values. In the simulation,
the leading edge of this layer was properly located. The
water-vapour mixing ratio was also in good agreement with
the observations. However, the stratification of the ATB
signal differed in the southern part by showing a single and
rather diffusive layer of dust. This could be attributed to the
lower vertical resolution of the model, 600 m here compared
with 200 m analyzed for water vapour from the lidar signal.
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at 1600 UTC on 1 August 2007 along the line shown in Figure 6(c), from
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In the first km agl, the observed PBL is filled with
background aerosols. As only dust aerosol was simulated,
the scattered signal close to the ground was missed by the
model. On the other hand, the PBL top corresponded in
the observation with the water-vapour mixing ratio value
of 4gkg™! at 2km altitude. The correct position of the
simulated 4 gkg™! isoline suggests the right vertical depth
of the PBL in the model. Note also the moist bias in
the first hundred metres agl. This bias is currently under
investigation, as it was noticed in other COPS case studies
(Richard et al., 2011).

3.4.  Arrival of dust over Achern

At 1700 UTC on 1 August, the dust layer arrived over the
COPS area as observed by the BASIL Raman lidar operating
at Achern, Germany (Figure 8(a)). The PBL, with a thickness
of about 1.5 km, was characterized by a mixing ratio higher
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This figureis available in colour online at wileyonlinelibrary.com/journal/qj

than 4 gkg ™' and a particle backscatter coefficient Bp,, larger
than2 x 10, Due to its location in the PBL, this coefficient
could be identified as representative of background aerosol.
At 2000 UTC, the depth of the layer with mixing ratio larger
than 8 gkg™! increased while By, decreased, suggesting a
change in air mass. A first change in air mass occurred just
above 1.5km at 1600 UTC with the arrival of dry air with
mixing ratio values smaller than 2 gkg™!. At 1800 UTC this
air mass was replaced by a dusty one above 2 km while the
dry layer remained beneath. Consistent with the LEANDRE
2 observation, the dust layer could be divided into two
sub-layers. The one located between 3 and 5km gave more
backscattering than the layer below, the latter being moister
with a water-vapour mixing ratio larger than 4 gkg ™.

The Meso-NH REF simulation shows good agreement
with the observations in capturing the height and arrival
time of the dust layer (Figure 8(b)). However, the dust layer
lacks the fine-scale structure sensed by BASIL, showing a
dust contribution to the lidar signal spanning too thick a
layer. Note also the absence of lidar signal in the first km
due to the lack of background aerosols in the simulation. On
the other hand, the simulated water-vapour mixing ratio is
in agreement with the BASIL measurements. For example,
the increase in water vapour at 2000 UTC is simulated in
the first km, as is the arrival of the dry layer first in the free
troposphere then just above the PBL. This is also true for
the pocket of enhanced water-vapour values over 4 gkg™!
found around 3 km. These results give us confidence in the
simulated transport of air masses.

In order to check the origin of air masses, backward
trajectories (Gheusiand Stein, 2002) were computed. Parcels
in the same vertical column over Achern were taken at
altitudes of 1, 2, 3 and 4 km and their origins six days earlier
were determined (Figure 9). Parcels at 4 km altitude show
backward trajectories that follow the pathways of the dust
burden seen in Figures 2(b) and 4(b). This clearly confirms
the origin of dust as northern Africa. Parcels at 3 km altitude
can be traced back to the PBL over the Atlantic Ocean. This
result agrees well with the spectral analyses of the BASIL
observations. Using information provided by the BASIL
measurements at three wavelengths, the layer content was
identified as a mixture of dust and sea salt. Parcels at 2 km
altitude were characterized by clean and relatively dry air.
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Figure 9. Backward trajectories from 0000 UTC on 27 July 2007 to
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show the starting points. This figure is available in colour online at
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On 28 July, the parcels subsided from 4 to 1.5km over the
Atlantic Ocean. Their midtropospheric origin explains the
low water-vapour content, around 2 gkg™!, well. Finally,
parcels at 1km altitude came from the Rhone valley two
days earlier. In the valley, there are many cities, industrial
plants and motorways. These anthropogenic sources explain
the large background aerosol content measured by BASIL.
This signal was missed by Meso-NH as no urban aerosol was
simulated.

3.5. Observation of dust over Hornisgrinde

As further evidence of dust over the COPS area, the UHOH
DIALlidar operating at Hornisgrinde, Germany also showed
the arrival of dust at 1700 UTC on 1 August (Figure 10(a)).
As for the previous lidar observations, the dust air mass
between 2 and 5km was made up of two sub-layers, the
highest being dustier and drier. In contrast to the BASIL
observation, less background aerosol was sensed by the
UHOH lidar at lower altitudes as it was operated at 1161 m
on top of the northern Black Forest. As for the previous
comparison, the Meso-NH simulation (Figure 10(b)) shows
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good agreement in the timing of the dust arrival, while
the fine-scale layering is missed by the model. Above 2 km,
the water-vapour content shows a similar pattern to the
one probed by the nearby BASIL lidar. The Meso-NH REF
simulation therefore reproduced the water-vapour features
over Hornisgrinde as well as over Achern.

4. Quantitative evaluation of dust

A quantitative evaluation of dust content from the Meso-
NH REF simulation was made by comparison with retrievals
of aerosol optical thickness (AOD) at AErosol RObotic
NETwork (AERONET) stations in the dust pathway,
i.e. Izana in the Canaries and stations in the southern
Iberian Peninsula (Evora, El Arenosillo and Granada). Their
locations are indicated in Figure 1. The AOD at 500 nm is
shown in Figure 11. The highest level data were used, i.e.
Level 2 (cloud-screened and quality-assured) at Granada
and Evora and Level 1.5 (cloud-screened) at Izana and El
Aranesillo. At Izana, AOD was observed with values ranging
between 0.1 and 0.4. The signal magnitude of 0.3 can be
attributed to the dust outbreak. This value matches well
the AOD increase observed at Evora on 31 July and at El
Aranesillo on 1 August. Further to the east (Granada), the
variation in AOD was very small, less than 0.1. These short-
distance changes in AOD are consistent with the narrow
feature of large OMI AI retrievals seen over the Iberian
Peninsula (Figure 4(a)).

In the simulation, AOD results in a variable dusty part
in addition to the climatological contribution (urban, sea
and land aerosols). At Izana, two peaks of 0.28 and 0.19
were simulated on 27 and 29 July, which match the observed
peaks within a few hours (there was no observation during
night-time). At Evora, the simulated change in AOD was
lower than observed, 0.11 against 0.31. At El Arenosillo
and Granada, the dust outbreak affected the AOD only
marginally, with an increase of less than 0.1. (Note that
the background AOD value is correct at El Arenosillo and
underestimated by 0.1 at Granada.) This dust outbreak, small
and limited in space, was simulated with good agreement
with AERONET measurements.
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The quantitative evaluation was pursued with scatter plots
of observation and simulation for the lidar signal and the
water-vapour mixing ratio. In Figure 12, the comparison is
made between ground level and 5 km altitude using observed
and simulated profiles previously shown in Figures 5, 7, 8
and 10. A large underestimation of the simulated lidar signal
occurs below 2 km altitude, as shown with plus signs. This
severe discrepancy is due to the PBL background aerosols,
which were not taken into account in the simulation of
the lidar signal. Above this altitude, observed and simulated
lidar signals are organized along the 1:1 line but with large
deviation that can reach a factor of 10. This highlights
the differences in the position and intensity of the lidar
signals shown in the previous figures. The discrepancy is
also less severe for LEANDRE 2 and WALES than for BASIL
and UHOH, the latter probing more aged dust aerosols
than the former. This enhanced overestimation with time
might therefore be partly explained by the absence of coating
considered in the simulation, as the coating of dust with soot
increases the absorption coefficient with respect to dust alone
(Miiller et al., 2009), which in turn reduces the backscattered
signal. The observed time-dependent overestimation might
also be due to the evolution of the microphysical aerosol
properties, as well as the way the size distribution is described
in the model.

The scatter plots of the water-vapour mixing ratio show
good correspondence between observation and simulation,
with correlation-coefficient values ranging between 0.75
and 0.89. However, as shown by the linear regression lines,
Meso-NH is moister than the lidar retrievals. The biases
range between 0.62 and 1.32gkg™!. They are larger for
UHOH and WALES than for BASIL and LEANDRE 2. This
is consistent with the COPS water-vapour intercomparison
study showing a slightly dry bias for the former lidar systems
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Figure 12. Scatter plots of simulation versus observation for (left) backscatter signal (either ATB or f,,;) and (right) water-vapour mixing ratio for lidar
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in colour online at wileyonlinelibrary.com/journal/qj

compared with the latter (Bhawar et al., 2011). The root-
mean-square error (RMSE) is between 1.43 and 2.25 gkg™!.
The largest value is found for WALES because of the larger
variability of water vapour under scrutiny during the long-
range flight operated by the DLR Falcon.

5. Impact on precipitation forecasts

The sensitivity of the precipitation forecast to the radiative
impact of the dust layer was investigated using three
simulations described in section 2.2: DUST using the dust
prognostic scheme, CLIM using a climatology of dust as
applied in some operational numerical weather prediction
models and NODUST, which does not consider any dust
effect. Only the radiative effect of dust was considered
here. No interaction between dust aerosols and clouds was
taken into account. Simulations were run over five days to
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allow the dust to have a sufficient radiative impact on the
thermodynamic structure of the atmosphere.

The differences in temperature between DUST and the
other two experiments were limited to small values, around
2 K, and below the 6 km altitude as imposed in the simulation
set-up. These small changes appeared to be always positive
when compared with radiosonde data at 1200 UTC on
1 August. Among the stations examined over Spain and
France, the example with the largest change was Zaragoza,
Spain (41.66°N, 1.01°W; Figure 13). From ground level
to 750 hPa, i.e. within the dust layer, the temperature was
enhanced by a few K in DUST compared with NODUST
and CLIM. The largest increase, 3.4 K, occurred at 910 hPa
(830 m altitude). In particular, this increase made the DUST
temperature profile closer to the observed one.

The net impact of dust alone was examined by showing
the differences in temperature together with the dust
concentration over the simulation domain (Figure 14(a)).
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This is shown at 2km altitude where the temperature
differences span a large area. As expected, the difference
between DUST and NODUST experiments showed an
increase in temperature in dust areas (including Zaragoza).
The increase was rather uniform where dust occurred.
The largest increase, about 2K at most, occurred in
the northwestern part of the domain where the dust
concentration was the highest. Otherwise, the increase at
2 km altitude was moderate. Elsewhere, i.e. in areas without
any dust, the difference in temperature appeared asa random
perturbation of 0.5 K. The radiative perturbation in dust
generated small differences in temperature, which in turn
changed results of the physical parametrizations such as the
convection scheme or the subgrid cloud scheme.

A vertical cross-section of differences in potential
temperature between 20°N and 50°N provided details of
the net impact of dust on the vertical structure (Figure
14(c)). Overall, the potential temperature increased in the
presence of dust. South of 25°N, heating of about 1K
occurred around 5 km altitude in a cloud-free region. Due
to attenuation of the incoming solar radiation by dust, the
potential temperature in the layers below the dust decreased.
North of 30°N, the direct radiative impact of dust during
its long-range transport led to an increase in potential
temperature larger than 0.5 K. North of 48°N, the potential
temperature increased at 2km and decreased at 5km. As
this area was free of dust, this clearly indicates that dust
generates potential temperature perturbations downstream,
leading to a decrease in the static stability for the DUST
experiment.

As most of the numerical weather prediction models
use a dust climatology in order to take its radiative effect
into account, the difference between DUST and CLIM
experiments allowed us to test the impact of a realistic dust
field compared with a climatological one. The difference
in potential temperature at 2km altitude between DUST
and CLIM experiments is shown in Figure 14(b). For this
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summer period, the climatological dust was mainly found
over North Africa. In consequence, a decrease in potential
temperature between the DUST and CLIM experiments was
identified at the southeastern part of the domain due to
a larger optical thickness for CLIM there. In contrast, the
potential temperature difference over the eastern Atlantic
Ocean was similar between DUST and NODUST and DUST
and CLIM. In the northeastern part of the domain, the
difference was also randomly perturbed by £0.5 K.

The same location in the vertical cross-section was used
to examine the impact on the vertical structure of potential
temperature (Figure 14(d)). South of 25°N, as for the
difference between DUST and NODUST, the potential
temperature increased by 1K around 5km altitude and
decreased below. This can be explained by the dust radiative
effect only. However, the magnitude of the change in
potential temperature differs there, as it does northward,
suggesting some indirect effects (for example, the triggering
of a threshold-based parametrization like the convection
scheme). North of 48°N the difference between DUST and
CLIM is remarkably similar to the one between DUST and
NODUST. As a result, the static stability decreases for the
DUST experiment.

The potential temperature increase leads to a modification
of the convective available potential energy (CAPE), mostly
along the Greenwich Meridian (Figure 15). CAPE is defined
as the vertical integral of the lifted-parcel buoyancy from
departure level (DPL) to the level of neutral buoyancy. It
is based on the pseudo-adiabatic ascent of an air parcel,
the DPL of which is from a low level. Here we use the
CAPE from the DPL that gives the maximum CAPE value.
All the experiments show a maximum of CAPE larger than
2500 kg~! in southwestern France. At 45°N along the line
of the vertical cross-section shown in Figure 14(a) and (b),
DUST shows higher CAPE values than NODUST and CLIM.
On the other hand, CAPE is larger in NODUST and CLIM
than in DUST along the southern French Atlantic coast
where the line of thunderstorms triggered, as observed in
MSG images.

These small changes in static stability have an impact on
the resulting rain shown by 6 h accumulated precipitation
valid at 0000 UTC on 2 August 2007 (Figure 16). This 6h
period corresponds to the rain event in which thunderstorms
were fully developed over France. Measurements from rain
gauges projected on to the 2km Meso-NH grid show two
areas of precipitation larger than 7.5mm in 6h, over
Limousin (2°E, 46°N) and Burgundy (4°E, 47°N), while
the rest of the domain is almost free of precipitation.

In the three experiments, rain was organized along a line
with a northeastern orientation. As in the observation,
the rainfall line covers Limousin and Burgundy, but
spans a larger area. All the experiments overestimated the
rain fields in the southwestern tip. They differed in the
location of the peak in the northeast. DUST gave rain
over Burgundy correctly while the other two experiments
predicted additional rain further northeast. A large rain
cluster was incorrectly predicted over southwestern France.
Again DUST appeared to perform rain prediction better than
the other two by showing less precipitation. In consequence,
correlation-coefficient values were larger for DUST (0.39)
than for NODUST (0.28) and CLIM (0.35).

The ability of the simulations to forecast the rain event
at the right place was quantified with the Equitable Threat
Score (ETS). ETS measures the correspondence between
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simulated and observed occurrences of events at grid points.
It was calculated for the 6 h accumulated rain at 0000 UTC
on 2 August over the inner domain (Figure 17(a)). From the
1 mm category and for each simulation, the ETS decreased as
the threshold increased. Higher ETS were found for DUST
whatever the rain category. This result shows that a better
rain forecast was provided, for this particular event, by the
simulation using a dust prognostic scheme.

The evaluation of the cloud cover was also examined
through comparisons with MSG observations. We used
the brightness temperatures (BT) at 10.8 um, as they are
mainly affected by cloud-top heights. Synthetic BTs from
simulations were computed using the Radiative Transfer
for Tiros Operational Vertical Sounder (RTTOV) code
version 8.7 (Saunders et al., 2005). Figure 17(b) shows
ETS calculated for BT less than 230K every hour from
1900 UTC on 1 August to 0000 UTC on 2 August. The
230 K threshold is commonly used to detect deep convective
clouds (Sohne et al., 2008). An increase in ET'S was observed
as the line of thunderstorms developed with time. This
shows the ETS sensitivity to the correct prediction of deep
convective clouds. In contrast with ETS results for rain, no
simulation performed significantly better than the others
in forecasting BT less than 230 K. The simulated low BTs
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spread over a much larger area than the observed BTs (not
shown).

6. Conclusions

A Saharan dust event affected the Rhine valley on 1 August
2007 during the COPS experiment prior to a convective
event. This case was investigated using lidar observations
from space, aircraft and ground and a regional model. The
consistency between the different sets of information allowed
the sources of dust to be identified. Both observations and
simulation supported the fact that dust at 4km altitude
originated from the Sahara six days earlier. In addition, dry
air was observed at 2km altitude by the different water-
vapour lidar systems operating over France and Germany.
The agreement with the simulation allowed the dry air
to be traced back as subsiding five days earlier from the
midtroposphere over the Atlantic Ocean. This consistency
between observations and simulation gives us further
confidence in the identification of the aerosol observed
at 3km altitude over Achern as a mixture of dust and sea
salt.

The direct comparison between observed and simulated
backscattered signals shows the good performance of the
model in terms of characterization and transport of dust.
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Figure 15. CAPE (J kg™!) at 1200 UTC on 1 August 2007 for (a) NODUST, (b) CLIM and (c) DUST experiments. The line indicates the position of the
vertical cross-section shown in Figure 14(a) and (b). This figure is available in colour online at wileyonlinelibrary.com/journal/qj

Raingauges

Figure 16. Six-hour accumulated precipitation (mm) valid at 0000 UTC on 2 August 2007 from (a) rain gauges (over France only), (b) DUST, (c)
NODUST and (d) CLIM experiments. The domain is 576 km long. Longitude and latitude lines are plotted every 2°. This figure is available in colour
online at wileyonlinelibrary.com/journal/qj

Copyright (© 2011 Royal Meteorological Society Q. J. R. Meteorol. Soc. 137: 236—251 (2011)



Saharan Dust and Precipitation During COPS

(a) 0.257
0 NODUST]
0.20 o CLIM
B DUST

0.15 |
0
|_
W

0.10

0.05

0.00 |

0.1 1 25 5 7.5 15
Precipitation threshold (mm)
(b) 0.407
0 NODUST]
o CLIM

0.30 ] @B DUST
<
o
(2]
N
& 0.201
<)
%2
|_
L

0.10 1

0.00 ]

19 20 21 22 23 24

Time (UTC)

Figure 17. Equitable Threat Score (ETS) for (a) 6h accumulated
precipitation (mm) at 0000 UTC on 2 August 2007 and (b) 10.8 um
BT less than 230K at 1900, 2000, 2100, 2200 and 2300 UTC on 1 August
2007 and 0000 UTC on 2 August 2007. This figure is available in colour
online at wileyonlinelibrary.com/journal/qj

The lidar simulator developed here is shown to be a
powerful tool for evaluation. This simulator will be used
for many other applications. Its use is foreseen for the
evaluation of case studies such as those observed during
the African Monsoon Multidisciplinary Analysis (AMMA)
campaign (Flamant et al., 2007) and those from which an
estimate of dust emission was made (Bou Karam et al.,
2009). The simulator still needs further development to take
account of the non-spherical shape of cirrus crystals, which
will be modelled by a sophisticated microphysics cloud
scheme.

The radiative impact of dust on precipitation forecasts was
also investigated. Three simulations, with or without the dust
prognostic scheme or using a dust climatology, were run
forward for five days. The radiative effect of dust generated
some perturbations in temperature. The latter resulted in
a change in static stability. Here, the enhancement of dust
over France led to a decrease in static stability along the
thunderstorm path. In consequence, precipitation showed
better agreement with rain gauges as assessed with the skill
score. This suggests that skill in rain forecasts could be
increased in the five-day range by using a prognostic scheme
during dust episodes reaching Europe.

Finally, only the radiative impact of dust was taken
into consideration in this study although some evidence
exists that mineral dust alters cloud microphysics and
precipitation. For example, Min et al. (2009) found that
the microphysical effects of the dust aerosols could shift
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the precipitation size spectrum from heavy precipitation to
light precipitation and ultimately suppress precipitation. In
the future, we foresee the investigation of these effects on
precipitation forecasts. The lidar simulator is a precious
tool with which to constrain the initialization of the
dust load along with the other instrument emulators
for examining the cloud and precipitation fields. Also,
the aerosol analysis carried out by general circulation
models such as ECMWF (Morcrette et al., 2009) will
provide the initial and lateral conditions needed by the
regional models. This research effort will be conducted
within the preparation of the future Hydrological Cycle in
the Mediterranean eXperiment (HyMeX) field campaign
(http://www.cnrm.meteo.fr/hymex/).
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