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Abstract

The ADRIMED campaign provides measurements of all key parameters regarding at-
mospheric composition in the Mediterranean area during the summer 2013. This is an
opportunity to quantify the ability of current models to adequately represent the atmo-
spheric composition in this complex region, which is influenced by anthropogenic emis-
sions from Europe, Africa, the Middle-East and from shipping activities as well as min-
eral dust emissions mostly from the arid areas in Africa, sea-salt emissions, biomass
burning emissions and biogenic emissions from the vegetation. The CHIMERE model
in its present version is a chemistry-transport model which takes into account all these
processes. We show here by simulating the period from 5 June to 15 July 2013 with
the CHIMERE model and comparing the results to both routine and specific ADRIMED
measurements that this model allows an adequate representation the atmospheric
composition over the western Mediterranean, in terms of ozone concentration, par-
ticulate matter (PM) and aerosol optical depth (AOD). It is also shown that the concen-
trations of PM on all the considered area is dominated by mineral dust, even though
local dust emissions in Europe are certainly overestimated by the model. A comparison
with sulphate concentrations at Cape Corsica exhibits some discrepancies related to
the regridding of shipping emissions.

1 Introduction

Particulate matter is a major problem for regional air quality in Europe (EEA, 2013).
During the last decade, the European legislation focused on particulate matter (PM)
with PM;, (particles with a particle diameter below 10 pm) and even PM, 5 in the last
European directive on air quality (air quality directive 2008/50/EC). PM is responsible
for a loss of life expectancy particularly when we consider long-term exposure to PM, 5
(Kloog et al., 2012; Martinelli et al., 2013).
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However, studying the sources and sinks of aerosols is very difficult since a lot of dif-
ferent components are included in these particulate matters: several chemical species
or materials (organic matter, sulphates, nitrates, ammonium, mineral dust, sea salt,
etc...), with several sizes and shapes, several origins, lifetimes, potential direct and in-
direct effects on radiation, clouds formations etc. (Rodriguez et al., 2007). In order to
reduce potential damages due to too high aerosols concentrations, it is thus necessary
to improve our knowledge on all of these aspects.

Among many polluted regions in the world, Monks et al. (2009) highlight the Mediter-
ranean area as a hot spot for its high variability of aerosol compositions and origin. Two
main circulations are identified over the Mediterranean area: a North to South flow in
the lowest layers and a South to North flow in the middle and upper tropospheric layers
(Millan et al., 2005).

Kubilay et al. (2003) presented the several characteristics of the South to North
African flow depending on the season: during the summer and autumn, the dust out-
breaks are limited to upper troposphere and originated of Middle-East and North-Africa.
The major dust outbreaks coming from central Sahara are observed during spring, with
identification of particles in the whole tropospheric column. In addition, two other semi-
permanent systems are present: the Azores anticyclone at the Western edge of the
Mediterranean and a low pressure system in the East. This leads to frontal systems
coming from the Atlantic Ocean and crossing the sea from West to East, as presented
by Scheeren et al. (2003). A simple synthesis of these results is summarised in Fig. 1.

The strong Northern component of the flow pattern is due to a differential heating
between North Africa (bare soil), the Mediterranean sea (with a daily sea surface tem-
perature cycle) and the land of Southern Europe (with a mixed-type vegetation) (Millan
et al., 1997). This circulation dominates in the boundary layer (typically the first two
kilometres above ground). Kallos et al. (1998) showed that this transport of pollutants
occurs during all seasons, but mainly during summer (due to a lack in wet removal).
This is also shown by Israelevich et al. (2012). Pollutants are found in the entire tro-
posphere with time scales for transport of four to six days. They affect air quality in
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North Africa and the Middle East part of the Mediterranean region. Due to a lack of wet
removal during these periods, the only efficient mechanism becomes the dry removal,
much more slower than the wet one.

An important part of aerosol mass in the Mediterranean area comes from the African
mineral dust. They may be transported through the Atlantic Ocean towards United
States and Europe (Kallos et al., 2006). For the particular case of Europe, the particles
are mainly transported in the free troposphere and mainly composed of mineral dust
and, to a lesser extent, carbon due to fires. These particles may have two different
impacts: (i) a direct impact through their sedimentation into the surface layer: they thus
contribute to the PM concentration in the boundary layer, (ii) an indirect impact through
their effects on meteorology (dynamics and microphysics) and photochemistry.

The need for a better understanding of the aerosols life cycle led to several dedicated
fields campaigns such as MINOS in Crete (Lelieveld et al., 2002), ESCOMPTE over
Marseille in France (Mallet et al., 2006), EUCARII campaign (Kulmala et al., 2011) as
well as a lot of studies using surface measurements of aerosols concentrations (Querol
et al., 2009), airborne measurements (Dulac and Chazette, 2003), optical thicknesses
deduced from sunphotometers (Kubilay et al., 2003) or satellite data (Barnaba and
Gobbi, 2004). More recently, remote-sensing surface measurements were dedicated to
the quantification of dust optical properties and direct radiative forcing as in Bergamo
et al. (2008); Basart et al. (2009); Mallet et al. (2013).

These measurements have been accompanied by significant regional model devel-
opments. Depending on the studied aerosol type, modelling studies have helped to
better quantify the sources, transport and radiative impact of mineral dust, (Pérez et al.,
2011; Nabat et al., 2012; Menut et al., 2013b; de la Paz et al., 2013), sea salt, (Jiménez-
Guerrero et al., 2011) and vegetation fires (Turquety et al., 2014), among others.

The major part of these studies was devoted to the analysis of past events. An-
other possible use of these modelling systems is for short-term forecast. Over Europe,
numerous regional systems were designed these last years (Menut and Bessagnet,
2010). In general, they calculate separately aerosol types, such as anthropogenic and
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mineral dust. However, an accurate forecast needs to take into account all aerosol
types in the same model to be fully representative of the regional atmospheric com-
position. In the present study we use such a complete system with the WRF and
CHIMERE models. Integrating recent developments described in Menut et al. (2013a),
the CHIMERE chemistry-transport model takes into account anthropogenic, biogenic,
sea-salt, mineral dust and vegetation fires emissions. All these species constitute
a complex mixture remotely transported and deposited.

During the summer 2013, the ADRIMED field campaign was organised to bet-
ter understand the aerosol properties over the Mediterranean basin (Mallet, 2014).
ADRIMED, that deals with the aerosols, radiations and climate interaction, is a part
of the international CHARMEX (CHemistry-AeRosol Mediterranean EXperiment) pro-
gram (Dulac et al., 2013). In order to launch intensive observations periods (especially
aircraft operations) with the best probability of interesting events, many models were
used to forecast the meteorology and chemical concentrations, including the WRF-
CHIMERE system.

The purpose of this paper is to fully evaluate the simulations undertaken during the
campaign using a wide set of surface, in situ and remote sensing observations. Sec-
tion 2 presents the experimental framework of the ADRIMED campaign and the whole
set of data (surface, soundings, aircraft measurements, satellite) used in this study.
Section 3 presents the modelling system and the settings. Sections. 4, 5 and 6 present
gaseous, aerosols optical depth and aerosols concentrations results for the studied
period, respectively. Conclusions and perspectives are presented in Sect. 7.

2 The Mediterranean area and the ADRIMED project

This study is undertaken in the framework of the “Aerosol Direct Radiative Impact on
the regional climate in the MEDiterranean region” (ADRIMED) project. ADRIMED is
part of the international ChArMEx program (Dulac et al., 2013). CHARMEX aims at
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assessing the present and future state of atmospheric chemistry in the Mediterranean
area, and its impact on the regional climate, air quality, and marine ecosystems.

The main goal of ADRIMED is to assess the impacts of the direct and semi-direct
radiative effect of aerosols on the regional climate of the Mediterranean. The project
strategy is based on an integrated approach combining an intensive experimental field
campaign and regional modelling of meteorology and chemistry-transport.

The experimental part of the project was done during the summer 2013 (June and
July). All measurements showed that summer was not a highly polluted period. The
observed gaseous and particles concentrations were moderate and often a complex
mixture of many different sources: anthropogenic activities, biogenic emissions from
vegetations, mineral dust transport and vegetation fires.

Figure 2 presents the location of vegetation fires detected during the whole summer
2013. The calculation was performed using the high-resolution vegetation model used
in this study and presented in Turquety et al. (2014). The week number of first fire
detection ranges from 1 (the first week of June 2013) to 12 (the last week of Septem-
ber 2013). It shows a majority of first fire event during the weeks 8 to 12, i.e. during
September. These fires are mainly located in Portugal and Russia, and in a lesser ex-
tent, in Greece. For each model grid cell, the number of fire events is presented i.e. the
number of different fires for each area (the data are projected on the model mesh pre-
sented hereafter). For a large majority of diagnosed fires, this number is one, showing
there were not a lot of fires during this summer.

2.1 The routine surface measurements

Over the Mediterranean area, the routine measurements are mainly performed for
chemical concentrations and not meteorological variables. In fact, there is no organised
network able to distribute mesonet stations data with variables such as 2 m tempera-
ture, relative humidity and 10 m wind speed. These variables are measured country by
country and not always reachable. In this study, the comparisons between measured
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and modelled meteorological variables will be limited to the measurements performed
directly during and for the ADRIMED experiment.

For regulatory pollutants (such as PM;q, PM, 5, O3), many measurements are rou-
tinely performed and well organised in homogeneous databases. For instance the EEA
(European Environmental Agency) is responsible for the AirBase database, it contains
air quality monitoring data and information submitted by the participating countries
throughout Europe (http://www.eea.europa.eu/). Concentrations are hourly recorded
and this study will focus on ozone and PM,, surface concentrations. Due to the coarse
model resolution (50km x 50km), the comparison of NO, is irrelevant, and has there-
fore not been performed. In order to calculate scores and study time series, we re-
tained specific sites with a first set of 8 “coastal background” stations and a second set
of 9 “continental background” stations. Their location is displayed in Fig. 3 and details
about their localization is explained in Table 1. They were chosen to be representative
of various locations around the Mediterranean Sea: Spain, France and lItaly, including
Baleares, Corsica and Lampedusa islands. From all available routine stations, the se-
lected stations are all “background” stations. This choice is mandatory if we want to
compare surface concentrations to regional model, knowing that the simulations pre-
sented here have a 50km x 50km horizontal resolution.

2.2 The specific ADRIMED measurements

The experimental part included in-situ surface at two super (Lampedusa and Cape
Corsica) and secondary (Minorca, Granada) sites, aircrafts (ATR-42 and Falcon-20
aircrafts) and spaceborne observations, as presented in Mallet (2014).

2.2.1 Surface measurements

For surface measurements, the super-sites of Lampedusa and Cape Corsica were
equipped to monitor the main aerosol properties as the complete particle size distribu-
tion (fine and coarse fraction), the chemical composition, possible mixing, total mass
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concentration, scattering and absorption, particle vertical profiles as well as downward
shortwave (SW) and longwave (LW) fluxes. In addition, a quite similar in-situ instrumen-
tation has been deployed onboard the ATR-42 for estimating microphysical, chemical
and optical properties within aerosol plumes located in altitude and not detectable at
the surface stations. In parallel, remote-sensing observations (passive and active) have
been performed onboard the Falcon-20 during the 17 June to 5 July period to derive
aerosol loading and microphysical properties for the whole atmospheric column as well
as aerosol vertical profiles.

2.3 Airborne measurements

The ATR-42 aircraft was operated by the SAFIRE CNRS, CNES and Météo-France joint
laboratory. Nine flights were done during the studied period. The flight numbers, date
and decimal hour, corresponding Julian day of flight are reported in Table 2. Trajectories
are very different from one flight to another and are represented in Fig. 4.

2.4 The satellite measurements

Numerous satellite observations are available, but only the MODIS (Moderate Resolu-
tion Imaging Spectroradiometer) data will be compared in this study to model outputs.
Other satellite data will be more precisely analysed in companion papers, always for
the ADRIMED campaign analysis.

The MODIS satellite products have been used for many years to study the amount
and origin of aerosols in the Mediterranean area troposphere. Barnaba and Gobbi
(2004) used these data to split relative contributions of aerosols on AOD (Aerosol Op-
tical Depth). They showed that for the same particle size, its origin (maritime, continen-
tal or desert dust) may induce an AOD variability of one order of magnitude. During
the studied year of 2001, the total amount of aerosol emissions was found to be the
largest for dust (119 kTons day_1 with lowest values during winter), followed by maritime
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aerosols (111 kTons day‘1 more or less constant during the year) and finally continental
aerosols (33 kTons day'1 with largest value during summer).

More recently, Levy et al. (2010) evaluated the MODIS AOD product over land, by
comparison to AERONET sunphotometer data. They showed that there is a high corre-
lation (R = 0.9) between the two AOD products, with a mean bias of £0.05. In this study,
we combine the two MODIS sensors, AQUA and TERRA, to build an unified AOD prod-
uct, including the Deep Blue algorithm result (Hsu et al., 2004). Even if some biases are
observed over long periods, Levy et al. (2010) showed this can be a problem only for
long-term trends studies. For this study, it is reasonable to consider that MODIS data
are completely relevant for comparisons to model outputs during the ADRIMED period.
The AOD estimated at 550 nm is used in this study. Some sensitivity studies (Kaufman
et al., 1997; Tanré et al., 1997) estimated the expected error of MODIS retrievals as
+(0.03 + 0.05 x AOD) over ocean and +(0.05 + 0.2 x AOD) over land.

3 The modelling system

The modelling system is composed of several models: the WRF regional meteorolog-
ical model, the CHIMERE chemistry-transport model and additional individual models
for emissions fluxes estimations. All these models are integrated in a modelling plat-
form usable both in analysis and forecast mode. For the vegetation fires emissions,
satellite data are analysed to be used by the high resolution fire model (Turquety et al.,
2014). The biogenic and mineral dust emissions fluxes depend on the meteorology,
when the anthropogenic emissions are only dependent on the week day. The simula-
tion was performed from the 1 June to the 15 July 2013.

3.1 The meteorological model WRF

The meteorological parameters are modelled with the non-hydrostatic WRF regional
model in its version 3.2.1 (Skamarock et al., 2007). The model is used with a constant
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horizontal resolution of 50km x 50km and 32 vertical levels from the surface to 50 hPa,
as displayed in Fig. 5. This resolution enables simulations over a very large domain,
including all kind of sources (anthropogenic, biogenic, mineral dust and fires) as well
as various long-range transport events often observed between Africa and Europe.

The Single Moment-5 class microphysics scheme is used allowing for mixed phase
processes and super cooled water (Hong et al., 2004). The radiation scheme is
RRTMG scheme with the MCICA method of random cloud overlap (Mlawer et al.,
1997). The surface layer scheme is based on Monin—Obukhov with Carslon—Boland
viscous sub-layer. The surface physics is calculated using the Noah Land Surface
Model scheme with four soil temperature and moisture layers (Chen and Dudhia, 2001).
The planetary boundary layer physics is processed using the Yonsei University scheme
(Hong et al., 2006) and the cumulus parameterization uses the ensemble scheme of
Grell and Devenyi (2002).

The global meteorological fields of NCEP/GFS are hourly read by WRF using nudg-
ing techniques and for the main atmospheric variables (pressure, temperature, humid-
ity, wind). In order to preserve both large-scale circulations and small scale gradients
and variability, the “spectral nudging” was chosen. This nudging was evaluated in re-
gional models, as presented in Von Storch et al. (2000). In this study, the spectral nudg-
ing was selected to be applied for all wavelength greater than ~ 2000 km (wavenum-
bers less than 3 in latitude and longitude, for wind, temperature and humidity and only
above 850 hPa). This configuration allows the regional model to create its own struc-
tures within the boundary layer but to follow the large scale meteorological fields.

3.2 The chemistry-transport model CHIMERE

CHIMERE is a chemistry-transport model able to simulate concentrations fields of
gaseous and aerosols species at a regional scale. The model is off-line and thus needs
pre-calculated meteorological fields to run. In this study, we used the version fully de-
scribed in Menut et al. (2013a). The simulations are performed over the same horizon-
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tal domain as the one used for WRF. For the vertical grid, the 32 vertical levels are
projected on the 20 levels of the CHIMERE mesh, defined from the surface to 300 hPa.

The gaseous species are calculated using the MELCHIOR 2 scheme and the
aerosols using the scheme developed by Bessagnet et al. (2004). This module takes
into account species such as sulphate, nitrate, ammonium, primary organic matter
(POM) and elemental carbon (EC), secondary organic aerosols (SOA), sea salt, dust
and water. These aerosols are represented using ten bins, from 40nm to 40 um, in
diameter. The life cycle of these aerosols is completely represented with nucleation of
sulphuric acid, coagulation, adsorption/desorption, wet and dry deposition and scav-
enging. This scavenging is both represented by coagulation with cloud droplets and
precipitation. The formation of SOA is also taken into account.

The anthropogenic emissions are estimated using the same methodology as the
one described in Menut et al. (2012) but with the HTAP (Hemispheric Transport of Air
Pollution) annual totals as input data. These masses were prepared by the EDGAR
Team, using inventories based on MICS-Asia, EPA-US/Canada and TNO databases
(http://edgar.jrc.ec.europa.eu/htap_v2). Biogenic emissions are calculated using the
MEGAN emissions scheme (Guenther et al., 2006) which provides fluxes of isoprene
and monoterpenes. In addition to this version, several processes were improved and
added in the framework of this study. First, the mineral dust emissions are now calcu-
lated using new soil and surface databases (Menut et al., 2013b) and with a spatial
extension of potentially emitting areas in Europe as described in Briant et al. (2014).
Second, chemical species emissions fluxes produced by vegetation fires are estimated
using the new high resolution fire model presented in Turquety et al. (2014). And, fi-
nally, the photolysis rates are explicitly calculated using the FastJX radiation module
(version 7.0b), (Wild et al., 2000; Bian and Prather, 2002). The modelled AOD is ob-
tained by summing the optical depth produced by FastJX for the 600 nm wavelength
over the whole atmospheric column.
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4 Analysis of ozone concentrations

The first step of comparisons between measurements and model is devoted to the
analysis of ozone. This gaseous species reflects the amount of photo-oxidant pollution,
especially during summertime periods. Two kinds of data are used in this section: (i) the
routine surface measurements of the AirBase background stations and (ii) the airborne
measurements done for ADRIMED with the ATR aircraft. The AirBase measurements
are regular in time, being hourly, and are able to quantify if the model is able to simulate
both the background values and the peaks during high pollution events. But, being
only at the surface, these measurements are not dedicated to provide an information
on the model behaviour in the whole troposphere and thus to have an interpretation
on the ozone long range transport. The ATR measurements are thus complementary
to surface observations, providing vertical ozone profiles at a given time. But unlike
surface observations, they are very specific and do not reflect the overall situation of
the atmospheric pollution over the whole Mediterranean area. The simulation resolution
being Ax = Ay = 50km, comparisons are not done with NO, surface measurements for
questions of representativeness.

4.1 Ozone surface concentrations time series

For ozone, scores are calculated for daily maximum and daily mean values. Results
are presented in Table 3 (daily maximum) and Table 4 (daily mean). The corresponding
time series are presented in Fig. 6 for the daily maximum values only (the time series for
the hourly values and over a period of more than one month are not readable). Results
are split as a function of the AirBase surface station type, coastal or continental.

The scores reported in Table 3 are representative of the ability of the model to catch
extreme events. Depending on the location, the model simulates lower or higher maxi-
mum daily values, compared to the measurements. But for all stations, the differences
between the two is never more than 20 ug m~3. The correlations are also very dis-
persed, with values ranging from 0.09 to 0.71. One can expect to have better corre-
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lations over the continent than over the sea due to the formation processes of ozone.
This is not always the case, showing the sensitivity of the model to estimate daily peaks
over this complex region.

The scores in Table 4 are complementary and present scores for daily mean values.
In this case, the complete diurnal cycle of the ozone formation is taken into account.
The scores are often better than for the daily peaks, with values up to 0.74. The less
correlated results are obtained for the locations of Malaga, Bastia and Gap, as already
diagnosed with the daily peaks. This denotes a general inability of the model to repre-
sent ozone formation and transport over these areas. For these three sites, the problem
is related to the low model resolution: these three sites being in mountainous or island
areas, the subgrid scale variability of ozone is difficult to model. The scores over these
Mediterranean sites are generally lower than the usual predictions of CHIMERE used
in a forecast mode over the whole Europe (Honoré et al., 2008).

Time series of measured and modelled ozone daily maximum are displayed in Fig. 6.
For the coastal stations, Ajaccio, Bastia and Zorita, the measured values show flatter
time series than the modelled ones, explaining some low correlations as for Ajaccio
and Bastia. When the model overestimates the concentrations in Ajaccio, it underes-
timates the concentrations in Bastia, even if the locations are close and located in
Corsica Island. From a model point of view, this consists in two close (but not neigh-
boring) grid cells. These high differences may be explained by zooming on the Corsica
as displayed in Fig. 7: ozone surface concentrations (in ppb) are shown for the 17 June
2013, 12:00 UTC. For this day, and more generally for the whole ADRIMED period, sur-
face ozone concentrations are very variable and constituted of very dense and isolated
plumes. This explains the large variability of scores when comparing point by point
model and surface measurements, even if the horizontal resolution is coarse.

The scores are better for continental stations as Champforgeuil and Agen. The model
is able to catch the day to day variability with highest values recorded for the 16—
17 June and 6—10 July. This corresponds to well establish polluted periods, but the
maximum values of 140 ug m~2are far from high polluted events situations.
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4.2 Ozone, meteorological vertical profiles with the ATR flights

The ozone concentrations measured during the ATR flights are averaged from 1Hz
to a 5mn time step. The number of averaged data is reported in Table 2. With the
model, the concentration corresponding to the location of the measurement is interpo-
lated in time (between the two modelled hourly outputs), vertically (between the two
model vertical levels) and horizontally (using a bilinear interpolation). The comparison
between the modelled and measured ozone concentrations is presented in Fig. 8. The
corresponding altitude, temperature (in °C) and mean wind speed (in ms'1) are also
presented, using the same abscissa axis.

Each flight lasts between two and three hours. In the altitude panels, we can see
that the plane made several iso-altitude measurements, mainly at 4000 m and 6000 m.
For meteorological data, the temperature is always very well simulated by the WRF
model. The differences between model and measurements are very weak, except, for
example, for flights 30 and 31 where the temperature is slightly underestimated by
the model and in altitude. The wind is variable and there are differences between the
model and measurements, mostly in terms of variability. Trends in wind are well simu-
lated. Ozone is always a little over-estimated by the model, especially in altitude. This
is probably a direct effect of boundary conditions that may be too strong for this period.
The boundary chemical fields are derived from a global climate model and the summer
of 2013 was moderated in terms of pollution: the climatology may thus induce a posi-
tive bias in the model. These flights within the marine boundary layer are a very good
opportunity to evaluate ozone concentrations over the maritime surfaces. These con-
centrations are usually very high in models due to a lack of deposition. For the parts of
flights near the surface, the model is mostly closer to the measurement. There are two
peaks simulated by the model during flights 29 and 33 that are not measured: these
modelled high ozone values correspond to local ozone plumes as presented in Fig. 7.
However, the ozone peak close to the surface for the flight 30 is perfectly captured.
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5 Analysis of Aerosols Optical Depth

The Aerosols Optical Depth (AOD) reflects the extinction of radiations by aerosols
along the whole atmospheric column. This quantity being well and often measured,
the comparison between model and measurements is a widely used way to estimate
the model ability to reproduce aerosols plumes at the right time and the right place.
Thus, AOD enables to see if the model is able to reproduce massive emissions of min-
eral dust over arid areas and vegetation fires. This is also a way to see if the main long
range transport structures are correctly reproduced. However, comparisons of AOD
have limitations: (i) being vertically integrated, there is no information on the vertical
structure of the aerosol plume, (ii) they are sensitive to a small part of the aerosol size
distribution. In this study, the CHIMERE outputs AOD are calculated at 600 nm, due to
the fastJ algorithm used in the model.

5.1 Comparisons between MODIS and CHIMERE

The measured AOD at 550 nm is extracted from the MODIS satellite data over the pe-
riod from 6 June to 15 July 2013. These AOD are calculated at 550 nm. Observations
are first averaged on the model grid, and comparisons are done for collocated data in
space and time, as displayed in Fig. 9. The MODIS map includes the AOD retrieved
over ocean and over land. In addition and when the data are available, the AOD esti-
mated using the deep-blue algorithm is used (Sayer et al., 2013).

The most important AOD values are recorded over the Atlantic Ocean, in a flow from
Western Africa towards North America. Over continental areas (Sahara and Sahel) and
over the Atlantic Ocean, the modelled AOD is slightly overestimated but the location of
the main sources and plumes is very well reproduced.

Other significant values are recorded in the South of the Arabian Peninsula and the
Eastern Africa. Up to ¢ = 35°N, the AOD is very low and lower than 0.2. Over the
Mediterranean sea, no plume is detected: this means than on average and over this
whole period, there was no massive or persistent aerosol plumes.
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5.2 Comparisons between AERONET and CHIMERE

Comparisons between modelled and measured AOD are also done using the
AERONET data (level 1.5). Time series are presented in Fig. 10. When the station of
Banizoumbou is located close to the mineral dust sources, the stations of Capo Verde
and Dakar are directly under the plume. This explains that over the whole period, AOD
values are important, ranging between 0.4 and 2. The day to day variability is also im-
portant and these time series show the highest AOD values during the period from 5 to
15 June (before ADRIMED intensive observations periods). A second period with high
values is between the 27 and 30 June. For these African stations, the modelled AOD
is very close to the measurements. The model is able to retrieve the observed day to
day variability, even if, on average, modelled values are greater than observed ones for
stations far away from the main Saharan dust sources.

Time series are also presented for the stations of Lampedusa, Forth Crete and Izana.
This set of stations is representative of islands (for Lampedusa and Izana), and remote
locations (Forth Crete). The measured AOD values are very small, always lower than
0.5. This clearly shows that during the whole period, no intense aerosol plume was
observed all around the Mediterranean sea. The comparison results are worse than
for the African stations, and the model tends to overestimate the AOD. The differences
between modelled and measured AOD are more or less constant for all stations, but
more visible on time series with very low measured values.

This slight overestimation may be due to several factors that can not be diagnosed
only with the AOD, this quantity being an integrated budget of many possible contri-
butions. This may be an overestimation of surface mineral dust emissions, a shift in
the aerosols size distribution, or an underestimation of modelled dry deposition veloci-
ties. But, accounting for all these potential problems, the AOD is satisfactorily modelled
compared to the AERONET measurements (themselves having possible errors and
biases).
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The Table 5 corresponds to statistical scores calculated over 10 AERONET stations.
The number of observations is very variable from one station to another: if the Izana
stations have 516 measurements values, the Forth Crete has only 108. These differ-
ences are certainly due to the cloud screening algorithm applied on the raw sunpho-
tometer data to ensure that provided AOD are only due to aerosols. The correlation is
variable from one site to another with values ranging from 0.12 (llorin) to 0.76 (lzana)
and 0.85 (Lampedusa). The RMSE is very large, of the order of magnitude of the AOD
value, showing the high variability of both model and measurements. Finally, model
performances are good, showing that the new parameterizations of mineral dust im-
plemented in CHIMERE are completely able to retrieve hourly and daily variability of
aerosols due mainly to the dust load.

6 Analysis of PMyg concentrations

For the understanding of aerosols life cycle, the analysis of PM,, surface concentra-
tions is complementary to the analysis of AOD. In this case, the information is only
close to the surface but the concentration is representative of the whole size distribu-
tion spectrum up to a mean mass median diameter of 10 um.

6.1 Surface concentrations time series

Table 6 lists the comparisons results. In order to compare the measurements and the
model data, values are daily averaged and in pg m~. The number of values compared
is very variable and mostly between 700 and 1000, corresponding to hourly data over
the whole period. Italian stations are different and measurements are only daily, lead-
ing to a lower number of observations. Depending on the station the correlation ranges
from very low (-0.03 for Cartagena and Agen, for example) to moderate (0.68 in Hy-
eres, 0.65 in Vercelli). For a major part of the stations, the bias remains low and less
than 5 g m=3.
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The corresponding time series of measured and modelled surface PM,, concentra-
tions are presented in Fig. 11. On average, the background concentrations are well
modelled for all sites. But some discrepancies appear when some peaks are mod-
elled but not measured. For example, at the stations of Zorita, Malaga and Agen, large
PM,, concentrations are modelled but the measurements do not show any peak. These
peaks are sporadic and can thus be due to overestimated mineral dust or fires emis-
sions. The lower bias on the AOD suggests that the whole column is correct, but that
the surface concentrations are too large. This can be, partially, the problem of all deter-
ministic Eulerian models, often too diffusive vertically. Another possibility is to have too
important local emissions. A way to better understand this overestimation is to analyze
the aerosols composition, as presented in Sect. 6.2.

6.2 Modelled PM speciation

For each site, the modelled aerosols composition is presented as surface time series
in Fig. 12. The concentrations are shown here for the whole aerosols size distribution,
i.e. from 0.04 um to 40 um. This is thus logical to have surface concentrations higher
than the ones presented for the PM,, time series. All presented species are described
as CHIMERE model species families (such as SOA) or primarily emitted species (such
as POM, EC and the rest of anthropogenic dust called PPM here). The complete ex-
planations about these species are provided in Menut et al. (2013a). For all presented
time series, the most important contribution comes from mineral dust, with, at least,
50 % of the total mass. This mineral dust part is also responsible of the large peaks
observed on the PM,, concentrations. The second most important contribution corre-
sponds to sea salts. This effect is particularly important for sites on islands or near the
coast as Lampedusa and Cape Corsica. For “continental background” stations such as
Champforgeuil and Agen, the concentrations are lower than for the other stations and
the relative part of sea salt becomes negligible. However, surface concentrations of
mineral dust remain important for these stations suggesting that modelled local emis-
sions are too large. The last most important contribution is for sulphates with large
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concentrations modelled in Lampedusa and Malaga, among others. Finally, the rela-
tive contributions of POM and EC are very low in the total, showing that this period was
not influenced by large vegetation fires events.

In order to link the information of surface concentrations, aerosols composition and
vertical structure, Fig. 13 presents vertical profiles for the same stations as in Fig. 12
and for the 21 June 2013 at 12:00 UTC. Over Lampedusa, the main part of the aerosols
profile is due to the long range transport of mineral dust from Africa. This is also the
case for the Cape Corsica site, in altitude, with the same important plume at 3000 to
4000ma.g.l. (above ground level). In addition, a contribution of ~ 50 % of sulphates
is observed close to the surface, certainly due to shipping emissions since CHIMERE
does not take marine biogenic sulphur emissions.

In Zorita, the contributions are mainly due to mineral dust, sulphates and sea salts.
There is no plume in altitude and the concentrations are low with a maximum of
12 ug m~. This is the same behaviour in Malaga and Agen. Finally, the vertical pro-
file in Champforgeuil shows an important peak around 2000 ma.g.l.: this is partly due
to the mineral dust observed in Lampedusa and Cape Corsica, with, in addition, non
negligible concentrations of nitrates. For all these profiles, the vertical concentrations
seem realistic and the relative contributions of mineral dust correspond to the main part
of the aerosol composition.

Measurements of Calcium and Sulphate performed at Cape Corsica provide some
clues on the capability of CHIMERE to reproduce the concentrations of two major com-
pound of PM (Fig. 14). Considering that most of the dust in this region comes from the
Sahara, a factor of 15 is used to convert Calcium in Dust (Putaud et al., 2004). This
factor is uncertain but is used only to study the temporal variability of dust concentra-
tions. For mineral dust and for this specific site, the model has difficulties to retrieve
the timing of peaks. Regarding sulphates, we clearly see an overestimate of the mod-
elled concentrations. A closer look at the model results indicate a sulphate pattern due
to SO, shipping emissions. However the timing of some peaks is well reproduced by
the model. This comparison shows the difficulty of the dust module to give the right
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dust concentrations at the surface. Even for better documented sources like shipping
emissions, discrepancies related to the emission regridding of such lineic sources are
certainly responsible for the overestimation of the model simulations in this area.

7 Conclusions

In the framework of the CHARMEX project, a simulation of the atmospheric compo-
sition was carried out at the regional scale with the WRF and CHIMERE models, for
meteorology and chemistry-transport respectively.

The simulation period ranges from 1 June to 15 July of 2013 and covers the whole
period of the ADRIMED project intensive observation periods. The simulation domain
covers all of Europe and the Northern half of Africa which allows to take into account
major sources of pollution: anthropogenic, biogenic as well as vegetation fires and
mineral dust.

The key pollutants of air quality studies are compared between measurements and
model. At the surface, ozone and PM,, were compared to surface measurements of
the AirBase network and to ADRIMED specific measurements done at Lampedusa
and Cape Corsica. Using all aerosols concentrations, the Aerosols Optical depth is
diagnosed and compared to the AERONET stations measurements. In addition, com-
parisons are done between the ATR flights for ozone concentrations and some meteo-
rological variables.

The error statistics showed that the model is able to reproduce surface ozone con-
centrations, both the average values and the variability, even if we note an overestimate
of ozone concentrations. The comparison between modelled and measured ozone con-
centrations along the flight trajectories is very satisfactory and confirm the high ozone
concentration close to the sea surface that commonly simulated in chemistry transport
models, and the altitude ozone concentrations are also well captured.

Regarding the PM,, ground concentrations the model is able to reproduce correct
average values with rather low correlations. These low correlations are attributed to
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the flat time series or the difficulties to capture the dust peaks at the right time. When
looking at the AOD, the model performances are better meaning that the dust module
is able to emit the right load of particles at the right time in arid zones. In Europe, the
dust emissions are certainly overestimated. A comparison with sulphate concentra-
tions in Cape Corsica exhibits some discrepancies related to the emission regridding
of shipping emissions.
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Table 1. Characteristics of the AirBase and AERONET (Aerosol RObotic NETwork) stations
used in this study. Note that the AirBase ltalian stations of Chitignano, Baceno, Schivenoglia
and Vercelli provide daily averaged values, when all other stations provide hourly (but not reg-

ular) measurements.

Site Country Longitude Latitude
ADRIMED measurements sites

Lampedusa Italy 12.63 35.51
Cape Corsica  France 9.41 42.83
AirBase coastal “background” stations

Zorita Spain -0.16 40.73
Cartagena Spain -0.97 37.60
Malaga Spain —4.46 36.72
Ajaccio France 8.73 41.92
Bastia France 9.44 42.69
Hyeres France 6.13 43.11
Taranto Italy 17.28 40.41
Chitignano Italy 11.90 43.66
AirBase continental “background” stations

Aranjuez Spain -3.59 40.04
LaCiguena Spain -2.42 42.46
Cordoba Spain -4.77 37.90
Agen France 0.62 4419
Champforgeuil  France 4.83 46.82
Gap France 6.07 44.55
Baceno Italy 8.25 46.31
Schivenoglia Italy 11.07 44.99
Vercelli ltaly 8.40 45.31
AERONET stations

Banizoumbou  Nigeria 2.66 13.54
Capo Verde Capo Verde -22.93 16.73
Dakar Senegal -16.95 14.39
Cinzana Mali -5.93 13.28
llorin Nigeria 4.340 8.32
Izana Canaries, Spain -16.49 28.31
Forth Crete Greece 25.27 35.31
Lampedusa Italy 12.63 35.51
Saada Morocco -8.15 31.61
Zinder Airport  Nigeria 8.98 13.75
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Table 2. List of ATR flights for the tropospheric measurements of meteorological variables,
ozone (O3) and carbon monoxyde (CO) concentrations (ppb). Ny, corresponds to the number
of data after averaging the high temporal frequency of aircraft measurements to a constant

5mn time step.

Flight no. Date Jaay Decimalhour Ny,
28 14 Jun 2013 165 9.05 46
29 16 Jun 2013 167 7.55 36
30 16 Jun 2013 167 11.49 40
31 17 Jun 2013 168 6.76 39
32 17 Jun 2013 168 11.18 32
33 19Jun 2013 170 11.04 49
34 20Jun 2013 171 9.83 54
35 22 Jun 2013 173 7.57 47
36 22Jun 2013 173 12.75 40
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Table 3. Correlations (R), Root Mean Squared Error (RMSE) and bias of measured and mod-
elled daily maximum value of surface O5 concentrations (ug m's), for representative AirBase

stations.

Site Nyps (O R RMSE
daily max (ugm™2)
Obs Mod

AirBase coastal “background” stations

Zorita 37 110.65 105.17 0.66 14.87
Cartagena 41 102.37 113.49 0.42 16.80
Malaga 40 113.60 101.50 0.09 24.15
Ajaccio 38 107.21 101.09 041 17.72
Bastia 41  114.80 97.27 0.21 25.02
Hyeres 41 118.59 95.70 055 29.33
Taranto 41  116.83 123.81 0.71 12.91
Chitignano 40 99.38 11366 0.17 26.13
AirBase continental “background” stations

Aranjuez 38 113.26 113.78 0.33 21.35
LaCiguena 41  102.34 9746 055 21.63
Cordoba 41 127.32 113.63 0.57 20.82
Agen 41 95.32 95.83 0.71 19.26
Champforgeuil 38 99.26 99.85 0.53 21.51
Gap 39 98.36 103.95 0.32 16.79
Baceno 39 117.03 104.62 0.29 21.47
Vercelli 39 124.41 131.74 0.15 34.69
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Table 4. Correlations (R), Root Mean Squared Error (RMSE) and bias of measured and mod-
elled of hourly surface O concentrations (ug m‘3), for representative AirBase stations.

Site Nyps O, R RMSE
hourly (ug m'3)
Obs Mod

AirBase coastal “background” stations

Zorita 815 74.00 84.93 0.62 3045
Cartagena 956 73.40 93.72 0.49 31.08
Malaga 907 87.18 87.79 0.28 25.26
Ajaccio 892 7296 79.92 0.45 25.15
Bastia 978 90.82 76.05 0.30 27.80
Hyeres 983 86.49 67.72 057 31.10
Taranto 575 90.15 98.12 0.69 20.25
Chitignano 892 72.39 88.83 051 28.14
AirBase continental “background” stations

Aranjuez 841 79.69 83.14 0.63 22.84
LaCiguena 978 7230 78.95 054 25.31
Cordoba 945 90.95 89.43 074 19.41
Agen 977 6459 7489 0.61 26.05
Champforgeuil 836 61.86 76.23 0.57 33.59
Gap 917 66.08 90.93 0.21 36.75
Baceno 913 86.26 91.30 0.51 21.35
Vercelli 898 85.06 93.69 0.66 27.87
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Table 5. Correlations (R), Root Mean Squared Error (RMSE) and bias of measured and mod-

elled daily mean Aerosol Optical Depth, for several AERONET stations.

Site Nops AOD R RMSE

daily mean (ad.)

Obs Mod
Banizoumbou 357 0.59 0.46 0.27 047
Capo Verde 166 0.49 0.47 0.57 0.16
Dakar 248 0.53 0.65 0.52 0.21
Cinzana 338 0.58 0.45 052 0.34
llorin 104 0.38 0.44 0.12 0.52
Izana 516 0.05 0.15 0.76 0.14
Lampedusa 238 0.16 0.22 0.85 0.08
Saada 410 0.24 0.26 0.65 0.15
Zinder Airport 345 0.56 0.68 0.26 0.57
Forth Crete 108 0.1 0.17 0.36 0.09
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Table 6. Correlation (R), bias and RMSE for the daily mean PM,, (ug m™~2) surface concentra-
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Figure 1. Synthesis of all aerosols types crossing the Mediterranean area.
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Figure 2. Synthesis of vegetation fires events observed during the summer of 2013, from the
1 June to the 31 August. (Top) Week of first detection, (bottom) number of events.
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Figure 9. Comparison of Aerosol Optical Depth measured by MODIS (left) and modelled with n n
CHIMERE (right). This AOD corresponds to the mean averaged value over the period from §
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Figure 10. Time series of hourly Aerosol Optical Depth (AOD) for selected AERONET stations. @ — —
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Figure 11. Time series of daily averaged PM,, surface concentrations for the ADRIMED sites 9
(Lampedusa and Cape Corsica) and some selected AirBase sites, continental and coastal sta- @ — —
tions (except for the Lampedusa measurements corresponding to Total Suspended Particles).
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Figure 12. Time series of hourly surface concentrations of all modelled aerosols for the
ADRIMED sites (Lampedusa and Cape Corsica) and some selected AirBase sites, continental
and coastal stations.
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Figure 13. Vertical profiles of all modelled aerosols for the 21 June 2013. Results are pre-
sented for the ADRIMED sites (Lampedusa and Cape Corsica) and some selected AirBase
sites, continental and coastal stations.
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