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Summary
A large amount of mineral dust is mobilized over arid regions and injected into the
atmosphere under favourable weather conditions. Estimates of global dust input based on
ground based and satellite observations, and modelling studies range from several hundred
to thousands megatons per year. The impact of mineral dust upon climate, ecosystems and
air quality (and consequently on economic activities and human health) represents a major
scientific and societal issue. The most prominent example of this transport is the export of
desert mineral dust from the Saharan region.
The aim goals of the present Ph.D. thesis are to evaluate the behaviour and to improve
the forecasting skills of a regional dust model and to characterize the mineral dust
content in Northern Africa, Europe and Middle East. Within this framework, the BSCDREAM8b regional model and the AERONET sun photometers are the main tools in the
context of the present research.
Comparison between modelled and observed values can not be adequately understood if
the measurements are not segmented into their more fundamental aerosol components. An
accurate aerosol characterization was performed by means of long-term series of aerosol
optical depth (AOD) from AERONET sun photometers over for Northern Africa,
Northeastern Atlantic Ocean, Mediterranean and Middle East. The analysis of this data was
conducted applying the graphical method of Gobbi and co-authors which allows to
discriminate and to monitor different aerosol. The method permits to infer other physical
aerosol properties as fine mode radius and fractional contribution to AOD and separate
AOD growth due to fine-mode aerosol humidification and/or coagulation from AOD
growth due to the increase in coarse particles or cloud contamination. The results showed
that mineral dust was the most important constituent in Northern Africa and Arabian
Peninsula. Small pollution particles were abundant in sites close to urban and industrial
areas of Continental and Eastern Europe and Middle East, as well as, important
contributions of biomass burning were observed in the sub-Sahel region in winter. Under
specific meteorological conditions, desert dust transport to Southern Europe was observed
from spring to autumn and decreasing with latitude with contributions above 40% to the
aerosol column content. In this region, dust usually appeared mixed with fine pollution
aerosols.
Desert dust models are essential to complement dust-related observations, understand the
dust processes and predict the impact of dust on surface level particulate matter
concentrations. Regional models, in particular, are well suited for simulations of individual
dust outbreaks. Currently, the BSC-DREAM8b model is operated and further developed in
Barcelona Supercomputing Center-Centro Nacional de Supercomputación (BSC-CNS) and
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has been delivering operational desert dust over Northern Africa, Middle East, Europe and
Asia in the last years. Despite that BSC-DREAM8b has reached a level of delivering
reliable operational dust forecasts capable to predict all the major dust events in areas
affected by Saharan dust long-range transport, it is necessary to evaluate its behaviour also
in desert dust sources areas.
In this context, BSC-DREAM8b and the original DREAM model as well as different
research model versions were annually evaluated over Northern Africa, the Mediterranean
Basin and Middle East using AERONET measurements and seasonal averages from
satellite aerosol products. The model evaluation highlighted that BSC-DREAM8b and
DREAM strongly underestimated the dust fields in the Sahel during the winter Harmattan
season and overestimated dust concentrations during spring rainy events in the
Mediterranean. The introduction of new dry deposition scheme and an updated wash-out
ratio in the wet deposition scheme improved the long-range transport, in particular over
the Mediterranean, although significant underestimation remained in the Sahel in winter.
The inclusion of a topographic preferential source mask improved the localization of the
main North African sources and consequently the long-range dust transport to Europe and
Atlantic regions. The inclusion of a more physically-based dust emission scheme with a
new soil texture database led to reasonably good results at source areas and in regions
affected by dust after long-range transport. However, in the latter case, the use of a
preferential source mask did not introduce significant improvements in the comparison
with the observed values.
Since the European atmosphere is composed by a variety of different aerosol components,
it is necessary to take into account different aerosol sources at the same time (i.e. natural
and anthropogenic). The long-range dust transport over Europe was evaluated and
analysed with an annual simulation of the CALIOPE high-resolution air quality modelling
system. The CALIOPE modelling system integrates a set of models including CMAQ
which calculates biogenic, anthropogenic and sea salt aerosol; and BSC-DREAM8b which
provides desert dust. For the evaluation, we used daily PM10, PM2.5 and aerosol components
from the EMEP/CREATE network; total, coarse and fine AOD from AERONET sun
photometers and seasonal averages from satellite aerosol products.
Overall the CALIOPE system could reproduce reasonably well the daily variability of the
main components and the seasonal aerosol patterns in Europe. However, the PM and
AOD levels were underestimated. The evaluation of the aerosol components highlights
that the modelling system underestimates measured fine fractions for carbonaceous matter
and secondary inorganic aerosols (SIA; i.e. nitrates, sulphates and ammonium). As a result,
a simple model bias correction based on the chemical composition observations was
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applied to the model simulation in order to provide an estimation of the spatial and
seasonal distribution of the different aerosol components over Europe. The scores of the
bulk parameters were significantly improved after applying this model correction. The
simulated aerosol concentrations presented maximum values over the industrialized and
populated areas of the Po Valley and the Benelux regions. SIA were dominant in the fine
fractions representing up to 80% of the aerosol budget in latitudes beyond 40ºN. A second
maximum was detected over Eastern and Southern Europe. High values in Southern
Europe were linked to the transport of coarse particles from the Sahara desert which
contributed up to 40% of the total aerosol mass. Close to the surface, maxima dust
seasonal concentrations (> 30 g/m3) were found between spring and early autumn. These
results showed that desert dust is the main responsible of the exceedances of the PM10 EU
air quality threshold (50 g/m3) in large areas south of 45ºN.
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Resum
Una gran quantitat de pols que és mobilitzada en les regions àrides del planeta, és injectada
a l’atmosfera sota condicions meteorològiques favorables. A partir de mesures terrestres i
de satèl·lit, a més a més d’estimacions obtingudes a partir de models, es calcula que en tot
el planeta s’emeten entre centenars i milers de megatones de pols per any. L’impacte que té
la pols mineral en el clima, els ecosistemes i la qualitat de l’aire, i per tant, en la salut
humana i les activitats econòmiques, representa una qüestió social i científica de gran
rellevància. La font més important d’emissió de pols mineral a nivell global és la regió del
Sàhara.
Els principals objectius de la present tesi doctoral són el d'avaluar el comportament i el
de millorar les capacitats de predicció d'un model regional de pols així com el de

caracteritzar el contingut de pols desèrtica en el nord d'Àfrica, Orient Mitjà i
Europa. En aquest marc de treball, el model regional de pols BSC-DREAM8b i els
fotòmetres de la xarxa internacional AERONET són les principals eines que seràn
utilitzades en el transcurs de la present investigació.
La comparació entre valors observats i simulats no pot ser adequadament entesa si les
mesures no estan separades en els seus components fonamentals. Així, es va dur a terme
una caracterització d'aerosols per al nord d'Àfrica, Europa i Orient Mitjà. Aquesta
caracterització està basada en sèries d'espessor òptic d'aerosols (AOD; Aerosol Optical Depth
en anglès) dels fotòmetres de la xarxa AERONET. L'anàlisi d'aquesta base de dades es va
realitzar aplicant el mètode de Gobbi i co-autors. Aquest mètode gràfic permet deduir
diferents propietats òptiques i físiques dels aerosols (com són el radi efectiu del mode fi i la
contribució de les fraccions fines i gruixudes a l’AOD), a més a més, de diferenciar entre
diferents processos que fan augmentar el valor de l’AOD com són la humidificació i/o
coagulació de les fraccions fines o l'increment de partícules més gruixudes a causa de la
presència de núvols. Els resultats van mostrar que la pols mineral és l'aerosol més
important al nord d'Àfrica i Aràbia. En estacions properes a zones urbanes i industrials de
regions continentals i de l'est d'Europa i Orient Mitjà es van observar partícules fines
associades a fonts antropogèniques. També es van detectar importants contribucions en les
fraccions fines degudes a la crema de biomassa a la zona del sub-Sahel durant l'hivern. El
transport de pols desèrtica cap al sud d'Europa està associat a determinats patrons
meteorològics estacionals. Com a resultat, en zones del sud d'Europa, la pols desèrtica es va
observar entre primavera i tardor, i la seva contribució (que va arribar superar el 40%)
decreixia cap a latituds més al nord. En aquest darrer cas, la pols desèrtica acostumava a
trobar-se barrejada amb altres tipus d'aerosols d'origen antropogènic.
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Els models de pols són essencials per complementar les observacions, entendre els
processos associats al cicle de la pols i predir el seu impacte en les concentracions en
superfície del material particulat (PM; Particulate Matter en anglès). En particular, els models
regionals són adequats per a la simulació d'episodis individuals d’instrusió de pols desèrtica.
Actualment, el model de pols BSC-DREAM8b és mantingut i desenvolupat en el Barcelona
Supercomputing Center–Centre Nacional de Supercomputació (BSC-CNS). En els darrers
anys, aquest model ha proporcionat prediccions diàries de concentracions de pols desèrtica
en dos dominis: Nord d'Àfrica–Europa–Europa–Orient Mitjà i Àsia. Malgrat que el BSCDREAM8b ha arribat a aconseguir una qualitat de pronòstic operacional capaç de
reproduir els episodis d'intrusió saharians més importants que afecten al Mediterrani i
Europa, és necessari avaluar el seu comportament en regions font de pols.
En aquest context, el model BSC-DREAM8b i la seva versió original, el model DREAM,
així com diferents versions experimentals, van ser avaluats per a un cicle estacional complet
utilitzant les dades de la xarxa AERONET i promitjos estacionals de productes d'aerosols
de diferents satèl·lits pel Nord d'Àfrica, Orient Mitjà i Europa. Els resultats de l'avaluació
del model van mostrar que tant el BSC-DREAM8b com el DREAM subestimaven les
concentracions de pols a la regió del Sahel durant l'estació hivernal del Harmattan. Per
contra, importants sobreestimacions en l'oest del Mediterrani es van detectar coincidint
amb episodis plujosos a la primavera. L’inclusió d'un nou esquema de deposició seca a més
de l'actualització de la relació de rentat en l'esquema de deposició humida del model, van
aconseguir millores en el transport a llarga distància, en particular sobre el Mediterrani
malgrat que les subestimacions a la zona del Sahel van continuar sent persistents a l'hivern.
La introducció d'una màscara de fonts preferents en l'esquema d'emissió basada en la
topografia del terreny va millorar la localització de les principals regions font en el Nord
d'Àfrica. Com a conseqüència, es van observar millores en el transport de llarga distància
cap a Europa i les regions atlàntiques. La inclusió d'un nou esquema d'emissió (que inclou
parametritzacions físiques més complexes) a més d'una nova base de dades de textura de
sòls va aconseguir bons resultats en regions font així com en regions afectades pel transport
de pols a llarga distància. En aquest cas, l’introducció d'una màscara de fonts preferents en
l'esquema d'emissió no va mostrar significants millores en comparació dels valors
observats.
A Europa, es poden trobar diferents tipus d'aerosols associats a diferents fonts d'emissió
(tant naturals com antropogèniques) que s’han de tenir en compte quan s'analitzen les
contribucions dels aerosols sobre el continent europeu. El transport de pols sahariana cap a
sud d'Europa va ser avaluat i analitzat mitjançant una simulació del sistema de modelització
de qualitat de l'aire CALIOPE. El sistema de modelització CALIOPE integra un conjunt
de models dels quals el BSC-DREAM8b i el model fotoquímic CMAQ proporcionen les
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estimacions d'aerosols. Per a l'avaluació de CALIOPE es van utilitzar diverses fonts de
dades de xarxes en superfície (com la xarxa europea de qualitat de l'aire EMEP/CREATE i
la xarxa AERONET) i mitjanes estacionals de productes d'aerosols de satèl.lits. L'avaluació
va mostrar que malgrat subestimar les concentracions d'aerosols, CALIOPE és capaç de
capturar les variabilitats diàries observades en les estacions en superfície així com reproduir
els patrons estacionals observats en els productes de satèl·lit. L'avaluació dels aerosols per
components va mostrar que les espècies químiques amb major subestimació pel que fa a les
observacions estaven associades a les fraccions fines de carbó elemental i orgànic així com
als aerosols secundaris inorgànics (nitrats, sulfats i amoni). Com a resultat, es va aplicar un
senzill mètode de correcció de l’error als resultats de la simulació basat en les observacions
de la composició química per tal de mostrar una estimació espaial i temporal de la
distribució dels diferents aerosols presents a Europa. L'anàlisi d’aquesta simulació va
mostrar que les màximes concentracions d'aerosols es van localitzar a zones poblades i
industrialitzades del Benelux i de la Vall del Po. Aquests màxims estaven associats a les
fraccions fines compostes d'aerosols secundaris inorgànics (observant-se contribucions de
més del 80%). Màxims secundaris es van detectar a l'est i sud d'Europa. Les altes
concentracions en el sud d'Europa estaven associats al transport de pols sahariana que
contribuïa en més d'un 40% al total de la massa en columna. Prop de la superfície, les
màximes concentracions estacionals associades al transport de pols (> 30 g/m3) van ser
observades entre primavera i estiu. A més a més, els resultats de la simulació anual
d'aerosols per Europa va mostrar que el transport de pols sahariana és el principal
responsable de la superació del límit diari de PM10 establert per la Unió Europea (50
g/m3) en extenses àrees al sud dels 45ºN.
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Resumen
Una gran cantidad de polvo se moviliza en regiones áridas del planeta y se emite a la
atmósfera bajo condiciones meteorológicas favorables. A partir de medidas realizadas en
superficie y desde satélite, además de estimaciones obtenidas a partir de modelos, se calcula
que en todo el planeta se emiten entre centenares y miles de megatoneladas de polvo cada
año. El impacto que tiene el polvo mineral en el clima, los ecosistemas y la calidad del aire,
y por lo tanto, en la salud humana y en las actividades económicas, representa una cuestión
social y científica de gran relevancia. La fuente más importante de emisión de polvo mineral
a nivel global es la región del Sáhara.
Los principales objetivos de la presente tesis doctoral son el de evaluar el

comportamiento y el de mejorar las capacidades de predicción de un model de
regional de polvo así como el de caracterizar el contenido de polvo desértico en el
norte de África, Europa y Oriente Medio. En este marco de trabajo, el modelo regional
de polvo BSC-DREAM8b y los fotómetros de la red internacional AERONET son las
principales herramientas que serán utilizadas en el transcurso de la presente investigación.
La comparación entre valores observados y simulados no puede ser adecuadamente
comprendida si las medidas no están separadas en sus componentes fundamentales. Así, se
llevó a cabo una caracterización de aerosoles para el norte de África, Europa y Oriente
Medio. Dicha caracterización está basada en series de espesor óptico de aerosoles (AOD;
Aerosol Optical Depth en inglés) de la red AERONET. El análisis de esta base de datos se
realizó aplicando el método de Gobbi y co-autores. Este método gráfico permite deducir
diferentes propiedades ópticas y físicas de los aerosoles (como son el radio efectivo del
modo fino y la contribución de las fracciones finas y gruesas del AOD), además, de
diferenciar entre diferentes processos que hacen augmentar el AOD como son la
humidificación y/o coagulación de las fracciones finas o el incremento de partículas más
gruesas a causa de la presencia de nubes. Los resultados muestran que el polvo mineral es el
aerosol más importante en regiones desérticas del norte de África y Arabia. En estaciones
cercanas a zonas urbanas e industriales de regiones continentales y del este de Europa y
Oriente Medio se observaron partículas finas asociadas a fuentes antropogénicas. También
se detectaron importantes contribuciones en el modo fino debidas a la quema de biomasa
en la zona del sub-Sahel durante el invierno. El transporte de polvo desértico hacia el sur
de Europa está asociado a determinados patrones meteorológicos estacionales. Como
resultado, en zonas del sur de Europa, el polvo desértico se observó entre primavera y
otoño, y su contribución (que llegó superar el 40%) decrecía hacia latitudes más al norte.
En este caso, el polvo desértico acostumbraba a encontrarse mezclado con otros tipos de
aerosoles de origen antropogénico.
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Los modelos de polvo son esenciales para complementar las observaciones, entender los
procesos asociados al ciclo del polvo y predecir su impacto en las concentraciones en
superficie del material particulado (PM; Particulate Matter en inglés). En particular, los
modelos regionales son adecuados para la simulación de episodios individuales de
instrusión de polvo desértico. Actualmente, el modelo de polvo BSC-DREAM8b es
mantenido y desarrollado en el Barcelona Supercomputing Center–Centro Nacional de
Supercomputación (BSC-CNS). En últimos años, dicho modelo ha proporcionado
predicciones diarias de concentraciones de polvo desértico en dos dominios: Norte de
África–Europa–Europa–Oriente Medio y Asia. A pesar que el BSC-DREAM8b ha llegado
a alcanzar una calidad de pronóstico operacional capaz de reproducir los episodios de
intrusión saharianos más importantes que afectan al Mediterráneo y Europa, es necesario
evaluar su comportamiento en regiones fuente de polvo.
En este contexto, el modelo BSC-DREAM8b y su versión original, DREAM, así como
diferentes versiones experimentales, fueron evaluados para un ciclo estacional completo
utilizando los datos de los fotómetros de la red AERONET y promedios estacionales de
productos de aerosoles de diferentes satélites para el Norte de África, Europa y Oriente
Medio. Los resultados de la evaluación del modelo mostraron que tanto el BSCDREAM8b como el DREAM subestimaban las concentraciones de polvo en la región del
Sahel durante la estación invernal del Harmattan. Por el contrario, importantes
sobrestimaciones en el oeste del Mediterráneo se detectaron coincidiendo con episodios
lluviosos en primavera. La inclusión de un nuevo esquema de deposición seca además de la
actualización de la relación de lavado en el esquema de deposición húmeda del modelo,
lograron mejoras en el transporte a larga distancia, en particular sobre el Mediterráneo a
pesar de que las subestimaciones en la zona del Sahel fueron persistentes en invierno. La
introducción de una máscara de fuentes preferentes en el esquema de emisión basada en la
topografía del terreno mejoró la localización de las principales regiones fuente en el Norte
de África. Como consecuencia, se observaron mejoras en el transporte de larga distancia
hacia Europa y las regiones atlánticas. La inclusión de un nuevo esquema de emisión (que
incluye parametrizaciones físicas más complejas) además de una nueva base de datos de
textura de suelos logró alcanzar buenos resultados en regiones fuente así como en regiones
afectadas por el transporte de polvo a larga distancia. En este caso, la introducción de una
máscara de fuentes preferentes en el esquema de emisión no mostró significantes mejoras
en comparación con los valores observados.
En Europa, se pueden encontrar diferentes tipos de aerosoles asociados a diferentes
fuentes de emisión (tanto naturales como antropogénicas) que hay tener en cuenta cuando
se analizan las contribuciones de los aerosoles sobre el continente europeo. El transporte
de polvo sahariano hacia sur de Europa fue evaluado y analizado mediante una simulación
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del sistema de modelización de calidad del aire CALIOPE. El sistema de modelización
CALIOPE integra un conjunto de modelos de los que el BSC-DREAM8b y el modelo
fotoquímico CMAQ proporcionan las estimaciones de aerosoles. Para la evaluación de
CALIOPE se utilizaron varias fuentes de datos de redes en superficie (como la red europea
de calidad del aire EMEP/CREATE y la red AERONET) y promedios estacionales de
productos satelitales de aerosoles. La evaluación mostró que a pesar de subestimar las
concentraciones de aerosoles, CALIOPE es capaz de capturar las variabilidades diarias
observadas en las estaciones en superficie así como reproducir los patrones estacionales
observados en los productos de satélite. La evaluación de los aerosoles por componentes
mostró que las especies químicas con mayor subestimación con respecto a las
observaciones estaban asociadas a las fracciones finas de carbon elemental y orgánico así
como a los aerosoles secundarios inorgánicos (nitratos, sulfatos y amonio). Como
resultado, se aplicó un sencillo método de corrección del error a los resultados de la
simulación basado en las observaciones de la composición química para dar una estimación
espacial y temporal de la distribución de los diferentes aerosoles presentes en Europa. El
análisis de la simulación anual mostró que las máximas concentraciones de aerosoles se
localizaron en zonas pobladas e industrializadas del Benelux y del Valle de Po. Estos
máximos estaban asociados a las fracciones finas compuestas de aerosoles secundarios
inorgánicos (alcanzando contribuciones de más del 80%). Máximos secundarios se
detectaron al este y sur de Europa. Las altas concentraciones en el sur de Europa se
asociaban al transporte de polvo sahariano que contribuía en más de un 40% al total de la
masa en columna. Cerca de la superficie, las máximas concentraciones estacionales
asociadas al tranporte de polvo (> 30 g/m3) fueron observadas entre primavera y verano.
Además, los resultados de la simulación anual de aerosoles para Europa mostraron que el
transporte de polvo sahariano es el principal responsable de la superación del límite diario
de PM10 establecido por la Unión Europea (50 g/m3) en extensas áreas al sur de los 45ºN.
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Chapter 1

1 Introduction
Mineral dust is recognized as one of the most abundant aerosols globally. Dust storms have
a number of impacts upon the environment including radiative forcing, and
biogeochemical cycling. They transport material over many thousands of kilometres. They
also have a range of impacts on humans, not least on human health. Dust storms and
associated mineral aerosol transport are mainly driven by meso and synoptic scale
atmospheric processes. It is therefore essential that the dust aerosol process and
background atmospheric conditions that drive the dust emission and atmospheric transport
be represented by means of aerosol models with sufficiently well resolved spatial and
temporal resolution.
The present chapter provides an overview of aerosols (focusing on desert dust) and its
effects as well as a revision of the state-of-art of the dust regional numerical models. The
present Ph.D. thesis is developed in the framework of the experience at the Earth Sciences
department of the Barcelona Supercomputing Center–Centro Nacional de
Supercomputación (BSC-CNS). Therefore, the latest developments and current activities in
the field of sand and dust storm modelling and forecasting in the research group are also
revised.

1.1 A general description of aerosols
Aerosol is a term derived from the fact that matter "floating" in air is a suspension (a
mixture in which solid or liquid or combined solid-liquid particles are suspended on a fluid,
i.e. liquid or gas). Aerosol particles range in size from molecular clusters on the order of 1
nm to 100 m (Figure 1.1). The stable clusters formed by homogeneous nucleation and the
smallest solid particles that compose agglomerates have a significant fraction of their
molecules in the surface layer. The size of aerosol particles is usually given as the radius of
the particle (assuming a spherical shape). Aerosols are usually assigned into one of the
following four size categories:
-

Nucleation mode: 0.001 - 0.01 m radius

-

Aitken mode: 0.01 - 0.1 m radius

-

Large particles, or accumulation mode: 0.1 - 1 m radius

-

Giant particles, or coarse particle mode: > 1 m radius
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Aerosols are formedd by the con
nversion of gases to parrticles, the disintegration
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n of liquids or
solids, oor the resusp
pension of powdered
p
m
material. Aerrosol formation from a gas results in
much fiiner particles than disin
ntegration prrocesses (exxcept when condensatioon takes plaace
directly on existing large particcles). Dust, ssmoke, fum
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Figure 1.1 Relaationship betweenn particulate mattter (PM), size, number
n
of particlees (discontinuouss line), and
chemical mass composition
c
(solidd line). Aerosol pphysical processess are represented in boxes. Adaptted from
Warneck
k (1988) and H
Harrison and van Grieken (1998)).
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T
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The different types of aerosols display different microphysical and optical properties.
Examples of the global distribution of anthropogenic and natural aerosols have been
derived from a variety of sensors such as Multi-angle Imaging SpectroRadiometer (MISR)
instrument (Figure 1.2). These maps were generated from data acquired during the
December 2001 through November 2002 time period. The southern tropical Atlantic is
dominated by clean maritime air. The central African coast is a relatively well-defined
region covered by smoke from biomass burning in Africa during wintertime. The Northern
tropical Atlantic is under heavy mineral dust influx from Africa and the Northern Atlantic
is impacted by anthropogenic aerosols from North America and Europe.

Figure 1.2 Seasonal global aerosol amount, expressed as AOD in MISR's green spectral band (558 nm)
Extracted from NASA Langley Atmospheric Sciences Data Center (http://eosweb.larc.nasa.gov/).

So, atmospheric particles vary greatly in sources, production mechanisms, sizes, shapes,
chemical composition, amount, distribution in space and time, but also in how long they
survive in the atmosphere (i.e., lifetime). The lifetime of an atmospheric particle ranges
from less than 1 h for nuclei mode aerosols to some days for aerosols in accumulation
mode. Coarse particles can be suspended in the atmosphere from some few days (for the
smallest particles, < 2 m) to some few minutes for very large particles (> 40 m).
For many applications aerosols can be characterized sufficiently by measuring aerosol
optical depth (AOD), composition, particle size distribution and shape (consequently single
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scattering albedo, phase function and asymmetry factor). Concerning the chemical
composition, the aerosols can be found as individual chemical species such us sea salt
(NaCl), sulfate (SO42-), nitrate (NO3-), soot (elemental carbon) and minerals (e.g., quartz,
SiO4) or as multi-component aerosols, which are complex compounds make-up of many
chemical species. The chemical composition of the atmospheric aerosol can be used to
resolve its sources, natural or anthropogenic, by a method based on chemical signatures.
On the other hand, aerosol properties that are used to assess climate and visibility impacts
can be divided in two groups: “Extensive properties”, which depend on the aerosol
concentration, and “intensive properties” independent of the amount of the aerosol
present (Ogren, 1995).
Also, particulate matter (PM) is usually classified into three categories depending on their
size: PM10, PM2.5 and PM1 comprise particles with an aerodynamic diameter less than or
equal to 10, 2.5 and 1 m, respectively. Measurements of PM10 are considered to represent
the “thoracic” fraction of the ambient particles. PM2.5 is the finer “alveolar” fraction. PM1
fraction provides, better than PM2.5, information on the particle sources, as PM1 represents
in reasonable approximation combustion particles and secondary aerosol, while PM10-PM1
can be attributed to mechanically-produced and geogenic particles (Rodríguez et al., 2011).
The optical properties of aerosols are responsible for many spectacular atmospheric effects,
such as richly coloured sunsets, corona, halos and rainbows. It also plays an important role
in visibility and affects the Earth’s radiation balance. These optical effects caused by
aerosols are a direct result of the scattering and the absorption of light by aerosol particles.
Aerosol particles that are illuminated by a beam of light scatter and absorb some of that
light and thereby diminish the intensity of the beam. This process is called extinction and
deals only with the attenuation of light along an axis. While all aerosol particles will scatter
light, only those made of absorbing material will absorb light. The scattering of light by
very small particles (less than 0.05 m in diameter) is described in relatively simple terms by
Rayleigh’s theory, the theory of molecular scattering. The scattering by large particles, those
greater than 100 m, can be analysed readily by geometric optics, the tracking of refracted
rays of light through the particle. In between these sizes, we find the Mie scattering region.
In this size range, where particle size and the wavelength of light have the same order of
magnitude, the scattering of light by aerosol particles is a complicated phenomenon.
The interaction of aerosol particles and light forms the basis for an important class of
instruments used for measuring aerosol particle size and concentration. AOD or aerosol
optical thickness (AOT; as it is normally named by the space remote sensing community) is
the basic parameter in the study of optical properties of aerosols. This parameter provides
an estimation of the amount of aerosols in the atmospheric column. Namely, it is the
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degree to which aerosols prevent the transmission of light and is defined as the integrated
extinction coefficient over a vertical column of unit cross section. Extinction coefficient is
the fractional depletion of radiance per unit path length. The spectral dependence of the
AOD is related to the particle size and it is possible to be fit from the Ångström’s law
(AOD  -) (Ångström, 1929). The lowest values of Ångström parameter () are
associated to large particles, in which the extinction doesn’t have spectral dependency,
whereas the highest values are associated to the fine particle presence, whose scattering has
a strong spectral dependency.
Atmospheric aerosols are a fundamental component of the Earth’s atmospheric chemistry
and radiative balance. They influence climate directly and indirectly. They directly affect
radiation transfer on global regional scales directly through scattering and absorbing
various radiation components and indirectly, by modifiying the optical properties and
lifetime of clouds. Indirect effects result from their role as cloud condensation nuclei
(CNN) in changing droplet size distributions that affect the optical properties of clouds
and precipitation. Aerosol distribution is also essential information in the study of the
Earth’s climate and biochemical cycles, for climate change assessment, and for the
atmospheric correction of satellite remote sensing data.
Effects of the atmospheric aerosol on human health have led to the establishment of
ambient air-quality standards. Adverse health effects have stimulated many controlled
studies of aerosol inhalation by humans and animals. Recently, Domínguez-Rodríguez et al.
(2011) have concluded that the exposure to ultrafine particles is risk factor that precipitates
admission by heart failure.
There is much uncertainty concerning the chemical components of the atmospheric
aerosol that produce adverse health effects detected in epidemiological studies (WHO,
2005; Pope et al., 2009). Increasing amounts of potentially harmful air pollutants are being
emitted into the atmosphere exerting stress on the natural environment, with impacts at
local, regional and global scales (Baldasano et al., 2003). Information on the concentrations
of particulates, the emissions sources, transport and sinks are required by public agencies
responsible for monitoring environmental hazards to human health, and in the formulation
of policy on local and transboundary pollution. Although much of the anthropogenic or
natural components arise in urban or arid regions such as deserts, it is often advected
across national boundaries and affects remote environments.
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Table 1.1 Comparison between air quality standards of PM10 and PM2.5 (in g/m3).

PM10
PM2.5

Average Time
1 year
24 h
1 year
24 h

WHO
20
50
10
25

EU
40
50
25b
-

NAAQS
150
15
35

CAAQS
20a
50
12
-

a: geometric average
b: with effect from 1 January 2015.

Numerous instances recommend or impose levels for air pollutants such as PM10 and PM2.5.
In addition, ultrafine particles (particles smaller than 0.1 m) have recently attracted
significant scientific and medical attention although there aren’t sufficient evidences to
establish a limit value. The World Health Organization (WHO) establishes Guideline
Values (GV), European Union (EU) establishes Limit Values for Air Quality (LVAQ) for
its States Members and in the United States, the Environmental Protection Agency (EPA)
establishes National Ambient Air Quality Standards (NAAQS) and the Air Resources
Board of California establishes California Ambient Air Quality Standards (CAAQS) more
restrictive than EPA standards. Table 1.1 shows a comparison between several air quality
standards for PM10 and PM2.5.

1.2 The scientific context
1.2.1 Desert dust in the global system
With the possible exception of sea-salt aerosol, the mineral dust loading in the atmosphere
is the most abundant of all aerosol species (IPCC, 2001). On the global scale, dust
mobilization appears to be dominated by natural sources (Tegen et al., 2004). Due to the
prevalence of arid surfaces with reduced vegetation cover and high winds, much of the
observed atmospheric dust is derived from susceptible surfaces within dryland regions (e.g.,
Prospero et al., 2002). Prospero et al. (2002) argue that topographic lows are the
predominant sources of atmospheric desert dust because they are regions into which water
transports soil, thus providing a source of soil particles which are easily wind eroded.
Conventionally dust refers to soil particles < 0.6 mm, but in practice only those particles
below 0.1 mm (100 m) can be transported by suspension and be present in a dust cloud.
In aerosol science, dust alludes to airborne mineral particles and not to household dust,
which contains a high percentage of synthetic particles, such as lint. As it is summarized by
Squires (2001), dust particles move in one of three modes of transport depending on
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particle size, shape and density of the particle, designated as suspension, saltation and creep
(Figure 1.3). The suspension mode includes dust particles < 0.1 mm in diameter and also
clay particles (2 m). The fine particles may be transported at high altitudes (6 - 8 km) and
over distances of thousand kilometers. Saltating particles (i.e. 0.01 < diameter < 0.5 mm)
leave the surface, but are too large to be suspended. The remaining particles (> 0.5 mm) are
transported in the creep mode. These roll along by the wind impacting particles upon the
land surface, favoring the movement of other particles.

Figure 1.3 Physics and modelling of wind erosion: entraiment, transport, deposition and impact on radiation
and clouds of the desert dust. Atmospheric conditions, soil properties, land-surface characteristics and land-use
practice control the erosion process. Adapted from Shao (2008).

In the atmosphere, dust is moved by the prevailing winds and transported vertically by
convective processes, as well as adiabatic vertical motion associated with frontal systems.
Atmospheric dust settles to the Earth’s surface both through molecular and gravitational
settling (dry deposition) and wet deposition with precipitation (Figure 1.3). In dry
deposition process, large particles sediment out more quickly than smaller particles, which
leads to a shift towards smaller particle sizes during transport. Wet deposition can occur
either below a cloud, when raindrops, snowflakes or hailstones scavenge dust as they fall or
9
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within a cloud when dust particles are captured by water droplets and descend to surface by
rain. Wet deposition can sometimes be manifested in the phenomenon of “blood rains”.
Dust atmospheric lifetime depends on the particle size, ranging from a few hours for
particles larger than 10 m, to up to several weeks for sub-m sized dust particles.
A tool that has become increasingly important in recent years for identifying, tracking and
analysing large-scale dust events and for the validation and improvement of dust models
are remote sensing techniques. The increased spectral, spatial and temporal resolution of
the new generation of satellite sensors as Polarization and Directionality of the Earth's
Reflectances (POLDER), Spinning Enhanced Visible and InfraRed Imager (SEVIRI),
Moderate-resolution Imaging Spectroradiometer (MODIS), Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observation (CALIPSO) and MISR (see Figure 1.2) have
provided greater insights into dust distributions.

Figure 1.4 The global distribution of TOMS dust sources. This Figure is a composite of selected monthly
mean TOMS Aerosol Index (AI) frequency of occurrence distributions for specific regions using those months
which best illustrate the configuration of specific dust sources. Extracted from Prospero et al. (2002).

Satellite images give a global picture of dust storm activity, provide information on areas
for which there are no meteorological station data, allow the tracking of individual dust
plumes, enable sources of dust to be located and give information on parameters such as
AOD. Figure 1.4 shows the global distribution of dust sources as derived from the Total
Ozone Mapping Spectrometer (TOMS) sensor which suggests that the major source
regions of contemporary mineral dust production are found on the desert regions of the
10
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Northern Hemisphere, in the broad “dust belt” that extends from the eastern subtropical
Atlantic eastwards through the Sahara Desert to Arabia and southwest Asia. There is
remarkably little large-scale dust activity outside this region. In particular, the Southern
Hemisphere is devoid of major dust activity (Prospero et al., 2002; Washington et al., 2003;
Engelstaedter and Washington, 2007a). There is a large zone with high dust production in
central Asia, centred over the Taklamakan Desert in the Tarim Basin. Central Australia has
a relatively small zone, located in the Lake Eyre Basin. Southern Africa has two zones, one
centered on the Mkgadikgadi basin in Botswana and the other on the Etosha Pan in
Namibia. In Latin America, there is only one easily identifiable zone, this is in Atacama
located in the vicinity of one of the great closed basins of the Altiplano – the Salar de
Uyuni. North America has only one relatively small zone with high values, located in the
Great Basin.
Estimates of the total soil dust emissions to the atmosphere on a global scale show a wide
range of values (Zender et al., 2004). These uncertainties arise from the fact that the dust
cycle is currently estimated using models that are constrained by available measurements
and retrievals. The Saharan sources are considered by far the most active ones in the world
(Brooks, 1999; Washington et al., 2003; Ginoux et al., 2004; Kaufman et al., 2005).
Estimates of the amount of dust exported annually are still not reliable, but some studies
suggest that an annual production of 1000 - 3000 Tg·yr-1 (Zender et al., 2004; Cakmur et
al., 2006) with the largest contributions emitted from the North African (50 - 70%) and
Asian deserts (10 - 25%) and probably accounts for almost half of all the aeolian material
supplied to the world’s oceans (e.g. Hand et al., 2004; Fan et al., 2006).
There is a large temporal and spatial variability in dust emissions in the dust belt. As shown
in Figure 1.5, in North Africa the maximum dust transport occurs in summer (Prospero
and Nees, 1986; Perry et al., 1997; Moulin et al., 1998; Prospero, 1999; Rodríguez et al.,
2001a; Prospero et al., 2002; Barnaba and Gobbi, 2004). Dust is transported from the
Sahara over the Atlantic, often reaching the Caribbean (Prospero and Nees, 1986),
southern Florida (Prospero, 1999); and the eastern United States as far north as New
England (Perry et al., 1997). There is also considerable transport in winter months when
large quantities of dust are carried into the Caribean and South America (Prospero et al.,
1981; Swap et al., 1992). In Middle East, activity peaks in late spring and summer and is at a
minimum in winter. Over the Indian subcontinent, dust activity increases in spring and
decreases in summer with the onset of the southeast monsoon. In Asia, dust activity peaks
in spring (Prospero et al., 2002; Goudie and Middleton, 2006). Asian dust often crosses the
Pacific to North America, resulting in significant concentrations over large areas
(VanCuren, 2003). One dust event from China is documented to have continued across the
Atlantic and deposited measurable dust amounts in the Alps (Grousset et al., 2003).
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dust mass median diameter is relatively small, large dust particles (> 75 m) have been
transported to great distances over remote ocean regions (Betzer et al., 1988).

Figure 1.6 The averaged optical properties of different types of tropospheric aerosol retrieved from the worldwide
AERONET network of ground-based sunphotometers. Urban–industrial, biomass burning, and desert dust aerosols
are shown for ext(440) = 0.7. Oceanic aerosol is shown for ext(440) = 0.15 since oceanic background aerosol loading
does not often exceed 0.15. Also, 0() and the refractive index n shown for Bahrain was obtained only for the cases
when  ≤ 0.6 (for higher , 0() and refractive index n were very variable due to a significant presence of urban–
industrial aerosol). However, we show the particle size distribution representing all observations in Bahrain (complete
range of ). Ångström parameter  is estimated using optical thickness at two wavelengths: 440 and 870 nm.
Extracted from Dubovik et al. (2002a).

As for any type of atmospheric aerosol particles, the environmental and climatic impacts of
mineral dust depend on its physico-chemical properties, that is, composition, shape, size
and mixing state of the particles (Raes et al., 2000). Mineral dust consists of irregular
particles, often aggregates of different composition, of sizes varying from tenths of
nanometers to hundreds of microns. The size distribution evolves rapidly according to time
after emission (Pye, 1987).
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Atmospheric aerosols are known to impact the climate evolution but they still represent
one of the largest uncertainties in climate change studies (IPCC, 2007). Among the
different aerosol types, mineral dust is one of the major contributors to Earth’s radiative
budget, since its radiation backscattering is very important. It can also impact the terrestrial
irradiance especially over the sources due to relatively large size of the dust particles which
interact efficiently with terrestrial radiation. Mineral dust modifies the transfer of solar
radiation (spectral range: 0.3 – 3 m wavelength) through the atmosphere by scattering and
absorption processes. Depending on the size distribution, chemical composition and shape
of the dust particles (which determine their optical properties: extinction coefficients, single
scattering albedo and phase functions), and furthermore depending on the vertical
position/extent of the dust layer and the local surface albedo, the mineral dust particles
may have a positive (heating of climate system) or negative (cooling) radiative forcing (e.g.
Claquin et al., 1999; Sokolik and Toon, 1999; Tanré et al., 2003). Many studies have
explored the radiative forcing of mineral dust (e.g., Tegen et al., 1996; Perlwitz et al., 2001;
Tanré et al., 2003; Meloni et al., 2004; Derimian et al., 2006; Balkanski et al., 2007; Tegen et
al., 2010) with a wide range of results. In the global annual average dust net radiative
forcing at the top of the atmosphere is most likely negative (i.e., inducing a cooling) for
desert dust (Kaufman et al., 2001; Dubovik et al., 2002; Horvath et al., 2002; di Lorio et al.,
2003; Balkanski et al., 2007; Yoshioka et al., 2007), but regionally positive values may occur
over bright surfaces like snow-covered or desert areas (Tegen et al., 1996; Hansen et al.,
1997).
Numerous studies show the changes in the top-of-atmosphere (TOA) radiative flux as
consequence of the presence of dust using results of global simulations. There still is a
considerable uncertainty in these dust radiative forcing estimates (Balkanski et al., 2007).
The Fourth Assessment Report (IPCC, 2007) reported that the Dust Radiative Effect
(DRE) due to mineral aerosols lies in the range of -0.56 to +0.1 W m–2. Case studies of
instantaneous dust net radiative forcing during individual dust events find negative TOA
values higher than −6 W m−2 (Christopher and Jones, 2007; Zhu et al., 2007) or negative
values larger than −400 W m−2 at the surface (Costa et al., 2006).
Modelling studies and satellite retrievals do not agree on the amplitude and/or sign of the
direct radiative perturbation from dust. Modelling studies have systematically overpredicted
mineral dust absorption compared to estimates based upon satellite retrievals. One cause of
uncertainties in computations of the direct radiative forcing of dust aerosol is the lack of
information on the wavelength−dependent complex refractive index of dust particles from
different source regions of the world (Balkanski et al., 2007). Therefore, there is a clear
need for better measuring the dust physical and optical properties within the solar and the
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terrestrial spectrum. Furthermore, the knowledge of the aerosol vertical distribution of
desert dust is critical for a correct estimate of the radiation profiles in the troposphere.

Figure 1.7 Schematic view of global iron and dust connections. Highlighted are the four critical components (clockwise
from top): the state of the land surface and dust availability, atmospheric aerosol loading, marine productivity, and some
measure of climatic state (such as mean global surface temperature). The sign of the connections linking these varies;
where the correlation is positive, the line is terminated with a solid arrowhead. Where the correlation is negative, the
termination is an open circle. Connections with an uncertain sign are terminated with an open arrowhead. The
mechanism by which the link acts is displayed in italics. Finally, the “water tap” symbols represent a secondary
mechanism modulating the effect of a primary mechanism. Extracted from Jickells et al. (2005).

In addition to direct effects, dust also has an indirect effect on the weather (Figure 1.7).
The indirect effect of dust on cloud formation and precipitation still has uncertainties
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(Mahowald et al., 2003). The interaction of dust with clouds is not well understood, partly
because, in general, aerosol-cloud interactions are not well understood, and particularly
because of a dearth of cloud microphysical measurements in dusty regions. Mineral dust
modifies the size distribution and the phase of cloud particles by acting as CCN and as ice
nuclei (IN). This may in turn affect indirectly the atmospheric radiative balance and thus
weather and climate (IPCC, 2007; Zeng et al., 2009), as well as the development of
precipitation (Levin and Cotton, 2008). One the one hand, mineral dust generates large
concentrations of CCN (Rosenfeld et al., 2001) mostly in the small size range that can lead
to cloud formation dominated by small droplets. As a result, this could lead to droplet
coalescence reduction and suppressed precipitation (Teller and Levin, 2006). On the other
hand, mineral dust coated with sulphate and other soluble materials as nitrates can generate
large CCN (Levin et al., 1996; Li and Shao, 2009) and consequently large drops, which
would accelerate precipitation development through a droplet growth by collection.
Additionally, by the so-called semidirect effect dust affecting the thermal atmospheric
structure can modify cloud formation (Hansen et al., 1997). Mineral dust may affect air
temperatures through the absorption and scattering of radiation (Li et al., 1996; Moulin et
al., 1997; Miller and Tegen, 1998, Pérez et al., 2006a). Additionally, dust affects photolysis
rates and ozone chemistry by modifying the ultraviolet (UV) radiation (Dentener et al.,
1996; Martin et al., 2003; Liao et al., 2004). Mineral dust particles are particularly known to
act as efficient heterogeneous IN (e.g. DeMott et al., 2003; Klein et al., 2010).
Furthermore, the entrainment, transport and deposition of dust can present a variety of
problems to inhabitants in and around desert areas such as deaths and damage caused in
traffic accidents, road disruption, aviation operations and impacts in the human health,
such us allergies, respiratory diseases and eyes infections (WHO, 2005). It is also thought to
be linked to health risks, such as epidemics of lethal meningitis in the semi-arid subSaharan territory known as the Sahel belt (Thomson et al., 2006; Pérez, 2010; Pérez et al.,
2011a) and increased incidences of paediatric asthma attacks in the Caribbean (Gyan et al.,
2005). Since iron is an important micronutrient, deposition of iron in mineral aerosols
(Fung et al., 2000) can impact the carbon cycle and atmospheric CO2 (Jickells et al., 2005).
Moreover, desert dust deposition also influences the biochemical cycles (Figure 1.7) of
both oceanic and terrestrial ecosystems (Tegen and Fung, 1995; Okin et al., 2004;
Mahowald et al., 2005; Aumont et al., 2008).
1.2.1.1

African Dust

African dust has an important impact on climatic processes, nutrient cycles, soil formation
and sediment cycles. These influences spread far beyond Africa, thanks to the great
distances over which African dust is transported as it has been observed from satellite
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African dust is regularly transported from its source areas along three main transport paths
with a marked seasonal behaviour (Figure 1.5 and Figure 1.8): westward over the North
Atlantic ocean (Carlson and Prospero, 1972; Moulin et al., 1997; Chiapello et al., 2005;
Alonso-Pérez et al., 2007; Ben-Ami et al., 2010), to North America (Perry et al., 1997) and
South America (Swap et al., 1992); northward across the Mediterranean to southern
Europe (Rodríguez et al., 2001a; Querol et al., 2002; Ryall et al., 2002; Gerasopoulos et al.,
2003; Corradini et al., 2004; Barkan et al., 2005; Meloni et al., 2007; Toledano et al., 2007a;
Papayannis et al., 2008; Heintzenberg, 2009; Wagner et al., 2009) and sometimes as far
north as Germany (Müller et al., 2003) and United Kingdom (Dall’Osto et al., 2010) and
Scandinavia (Franzen et al., 1994); and along easterly trajectories across the eastern
Mediterranean (Balis et al., 2000; Kubilay et al., 2000; Andreae et al., 2002; Balis et al., 2006;
Fotiadi et al., 2006; Saliba et al., 2010), to Middle East (Ganor et al., 1991; de Meij and
Levieveld, 2010).
During winter, the dust layers over the West African continent are situated at lower levels
than during summer (Kalu, 1979; Cavalieri et al., 2010) and gradually descend throughout
their travel over the Atlantic (Generoso et al., 2008). In winter months, transported
Saharan dust is observed at near-surface layers, while in summer the dust layer is elevated
(Ben-Ami et al., 2009). This is due to seasonally different meteorological regimes especially
over the Sahel and the Western Sahara. In summer strong mixing occurs further north over
the Sahel/South Sahara due to northward shift of the convergence zone associated to the
Hadley cell. Over the ocean, the Saharan dust layer is transported above the trade winds
inversion (up to 5 – 7 km above sea level) (Kalu, 1979, Chiapello et al., 1997; Generoso et
al., 2008) in north hemispheric summer. In winter the dust is transported within the trade
wind layer at altitudes below 1.5 – 3 km (Chiapello et al., 1997; Barkan et al., 2004; Pérez et
al., 2004; Córdoba-Jabonero et al., 2011).
In the Mediterranean basin, transport of desert dust aerosol occur at different levels, mainly
within and above the planetary boundary layer (e.g. Gobbi et al., 2000; Dulac and Chazette,
2003; Pappalardo et al., 2003; Pérez et al., 2004; Barkan et al., 2005; de Tomasi and
Perrone, 2006; Mona et al., 2006; Colette et al., 2008; Papayannis et al., 2008, Sicard et al.,
2011; Córdoba-Jabonero et al., 2011) with maximum altitudes registered during
summertime. While in spring maximum dust impact is found over Eastern-Central
Mediterranean (Formenti et al., 2001; Sciare et al., 2003; Vrekoussis et al., 2005; Balis et al.,
2006; Pace et al., 2006), in summer-fall, there is a shift to the Central-Western
Mediterranean (Deuze et al., 1988; Silva et al., 2003; Viana et al., 2005; Toledano et al.,
2007a; Papayannis et al., 2008). In winter, minimum incidence of long range dust transport
is observed (Dayan et al., 1991; Moulin et al., 1998; Rodríguez et al., 2001a; Israelevich et
al., 2002; Querol et al., 2002; Papayannis et al., 2008) agreeing with a minimum emission
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activity in the source regions and maximum of precipitation. In this season, a residual dust
activity is found on the Western part of the Mediterranean basin, while the beginning of a
“new dust cycle” is also detected in the South-Eastern Mediterranean.
There is no strong evidence to support changes in the frequency of African dust events.
The results presented in Mahowald et al. (2010) suggest that desert dust roughly doubled
over the 20th century over much, but not all the globe. However, the North African source
shows the dominance for controlling much of the climate impact of desert dust. Dust
coming from North Africa observed at Barbados has changed by a factor of 4 between the
wet 1960s and the dry 1980s (Prospero and Nees, 1986; Prospero and Lamb, 2003).
Analyses of land based data (Goudie and Middelton, 1992; N'Tchayi et al., 1994, 1997)
demonstrate that the frequency of dust storms in the Sahel have increased since the 1950s.
Fiol et al. (2005) concluded that dust rains in Palma de Mallorca are on the increase based
on data from 1982 to 2003 and recently, Ganor et al. (2010) observed the increasing trend
in dust storm occurrence during the period between 1958 and 2006 in the Eastern
Mediterranean. Moreover, an increase of the frequency of rainfall loaded with such dust red
rain in the last decades is documented for a site in northeastern Spain (Àvila and Peñuelas,
1999) and observations of 7 years (1998 - 2004) from the Sea-viewing Wide Field of view
Sensor (SeaWiFS) show a strong interannual variability of dust transport over the
Mediterranean Sea, as well as an increasing trend in dust transport during the study period
(Antoine and Nobileau, 2006). These works indicate there is an increase of Saharan dust
intrusions in the entire region around the Mediterranean Basin. In contrast, 20 years of dust
measurements at Midway in the North Pacific do not show any long term trends (Prospero
et al., 2002) although there have been some periods when dust activity did increase
somewhat, especially in late 1990s for several years.
These fluctuations in dust observed far from the dust source regions can be due to a
combination of source, transport and depositional changes. It is difficult to determine the
relative importance of each factor. It has also been suggested that changes in dust event
frequency may be caused by changes in meteorological patterns and climate (Moulin et al.,
1997; Ginoux et al., 2004; Mahowald et al., 2010; Alonso-Perez et al., 2011), changes in the
biochemistry cycle linked to iron that is transported with desert dust (Mahowald et al.,
2010) and changes in the land surface conditions (Middleton and Goudie, 2001; Moulin
and Chiapello, 2004).
1.2.1.2

Arabian Dust

Middle East, largely made up of the Arabian Plateau and the Tigris-Euphrates Basin, is an
area where dust storms are important phenomena over large tracts of the arid and semi-arid
regions (Prospero, 2002). One of the largest sand deserts in the world, the Rub’ Al Khali
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desert occupies much of the southern interior of the Arabian Peninsula. Rub’ Al Khali is
connected to the An-Nafud sand sea in the north by the Ad-Dahna.
Figure 1.9 shows the patterns of the dust-storm frequency and the blowing-dust frequency
in Middle East. The sources in this region extend in a continuous band from the upper
reaches of the Tigris-Euphrates basin to the coast of Oman (Prospero, 2002). The seasonal
variation of dust activity in Middle East is complex and differs for different regions. Over
much of the peninsula, dust is active all year long, but is relatively low in winter months.
Dust activity grows strong in March and April, peaks in June and July and weakens in
September.

Figure 1.9 Annual frequency of dust storms (visibility less than 1000 m, left) and annual
frequency of dust events (visibility less than 11 km, right) in Middle East. Dotted are the areas of
high annual TOMS Aerosol Index (AI). Adapted from Middleton (1986).

The climate in the Middle East is mainly affected by three preassure systems (Prospero,
2002), the Siberian anticyclone in winter over central Asia, the moonson cyclone in
summer over the Indian Subcontinent and the depressions travelling from northwest
Africa across Middle East in the non-summer seasons. Severe dust storms are summertime
phenomena associated with the Shamal. Much of the dust entrained by the Shamal is
deposited in the Persian Gulf and the Arabian Sea. In some areas (e.g. Negev, Jordan,
western and northern Iraq and the northern part of Saudi Arabia), the peak dust season
occurs in spring and winter. In these seasons, dust storms are generated by the depressions
moving easterward from the Mediterranean. In addition, localizad dust storms may be
generated by the outflows associated with thunderstorm downdraft, know as the Haboob.
Athough much dust is raised locally over Middle East, substancial amounts of dust come
from the Sahara. The type of synoptic situation responsible is the passage of an advancing
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cold front and the associated strong surface winds ahead of it penetrating south-eastwards
from the Mediterranean Sea deep into the northern Sahara and Libyan Desert (Goudie and
Middleton, 2006). The Red Sea shore of Africa can be another major source over western
Saudi Arabia, particularly the plain of the ephemeral Baraka River and the Tokar Delta
(Goudie and Middleton, 2006).

1.2.2 Desert dust models
A variety of regional and global models of the dust aerosol cycle have been developed since
early 1990s. Most of the modelling work focused on climatic studies was motivated by the
need to represent aerosol concentrations and their impact upon radiation at the global
scale. Dust generation is a very high complex process, highly variable on spatial and
temporal scales that respond in a non-linear way to a variety of environmental factors, such
as soil moisture content, the type of surface cover or surface atmospheric turbulence. Dust
models are essential to complement dust-related observations, understand the dust
processes and predict the impact of dust on surface level PM concentrations.

Figure 1.10 Dust processes span over five orders of magnitude in space and time.

Accurate representation of dust sources and sinks is critical for providing realistic
magnitudes and patterns of atmospheric dust fields. As shown in Figure 1.10, dust
processes span over five orders of magnitude in space and time. To correctly describe and
quantify the dust cycle, one needs to understand equally well local-scale processes such as
saltation and entrainment of individual dust particles as well as large-scale phenomena such
as mid- and long-range transport.
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Apart from global dust models, a number of regional models have been developed to
describe the dust cycle for key regions like the Sahara (e.g., Marticorena et al., 1997;
Nickovic et al., 2001) and Asia (e.g., Zhang and Carmichael, 1999; Gong and Zhang, 2008).
In recent years, there have been significant advances in representing mineral dust in several
types of regional models, ranging from the chemical transport models (Carmichael et al.,
2003; Tanaka et al., 2003; Bessagnet et al., 2004), regional climate models (e.g., Zakey et al.,
2006; Zhang et al., 2009), to numerical weather prediction models (e.g., Perez et al., 2006a).
Such increasing interest is driven to a large extent by a number of advantages offered by
the regional models compared to the global circulation models. Regional models, in
particular, are well suited for simulations of individual dust outbreaks. Their finer
spatiotemporal resolution and multiple physical parameterizations allow for more realistic
representation of the topography, soil conditions, mesoscale circulations, and enable better
validation against observations.
Model intercomparison in source regions (e.g. Uno et al., 2006; Todd et al., 2008)
demonstrates that dust emission remains as a key source of significant errors. The dust
emission that results in the production of mineral aerosols from soil grains, involves
complex, nonlinear processes that are governed by the meteorology (e.g. Knippertz et al.,
2009; Engelstaedter and Washington, 2007b) as well as by the state and properties of land
surfaces (e.g. Callot et al., 2000; Ginoux et al., 2001; Zender et al., 2003a).
Dust emission schemes that have been developed and used in the regional models range
from simple type schemes, in which the vertical dust flux depends on a prescribed erodible
surface fraction and fixed threshold friction velocity (Gillette and Passi, 1988; Uno et al.,
2001) to advanced schemes, in which the surface characteristics are taken into account
explicitly in the parameterizations of the threshold friction velocity, and horizontal and
vertical fluxes (Marticorena and Bergametti, 1995; Shao et al., 1996; Alfaro and Gomes,
2001; Shao et al., 2003; Shao, 2004). The advanced, physically-based dust production
schemes provide more realistic representation of the emission process. However, they
require additional information on land surface properties and input parameters, and are
much more complicated to implement. Some data and variables are readily available within
a regional model framework, since it is designed to simulate the meteorological fields as
well as land surface characteristics involved in land-atmosphere interaction processes. Dust
modelling systems, such as CFORS (Uno et al., 2003), COAMPS (Liu and Westphal, 2001),
SKIRON (Spyrou et al., 2010) and DREAM (Nickovic et al., 2001) have utilized rather
simple dust emission schemes to model vertical dust fluxes. Up to date, a number of
regional dust modelling systems have incorporated physically-based dust emission schemes
(with various modifications): for instance, COSMO-MUSCAT (Heinold et al., 2007),
CHIMERE-DUST (Menut et al., 2007), RegCM3 (Santese et al., 2010), MesoNH (Grini et
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al., 2006) and WRF-DuMo (Darmenova et al., 2009). The modelling systems vary greatly in
their choice of emission parameterizations and the set of input parameters driving the
schemes.
Dust emission fluxes are widely modelled through parameterizations of suspension (by
which soil particles are suspended into the air), saltation (sandblasting) and creeping (slow
progression of soil and rock) processes associated with wind erosion (Figure 1.3). The
initial size distribution of emitted dust is either based on soil texture data that are not
always available and have large uncertainty due to spatial heterogeneity, or on
measurements of the background dust in the atmosphere, which may not be representative
of the dust in its emission fluxes because the lifetime of dust particles is size dependent (e.g.
Tegen et al., 1997; Ginoux et al., 2001; Shaw et al., 2008).
The size distributions of dust particles in the atmosphere are mainly represented using
modal or sectional approaches in aerosol models. A modal approach represents the size
distribution of aerosols by several overlapping intervals, called modes, normally assuming a
log-normal distribution within each mode, while a sectional approach represents the size
distribution of aerosols by several discrete size bins, which are defined by their lower and
upper dry particle diameters. Generally speaking, a modal approach is less accurate because
of its assumption of log-normal distribution and limited number of modes, but it is
computationally cheaper than a sectional approach that uses more bins.
As shown in Figure 1.3, mineral dust particles are removed from the atmosphere through
dry deposition processes (such as molecular and turbulent diffusion and gravitational
settling) and wet deposition processes (such as rainout and washout). Close to the source
areas dry deposition is the dominant deposition mechanism for dust particles. Dry
deposition depends on the variety of factors such as meteorological conditions near the
surface, physicochemical properties of mineral dust and the nature of the surface itself. In
regional models dry deposition flux of dust particles is often quantified as the product of
the dust concentration in the first model layer and the dust deposition velocity. Different
parameterizations of the deposition velocity of particles have been developed in the
literature. The most commonly used formulation is based on the resistance concept (e.g.,
Giorgi et al., 1986; Zhang et al., 2001). In this approach, dry deposition is represented as
three resistances in series (aerodynamic resistance to transfer, resistance to transfer across
the quasi-laminar surface layer and resistance to surface uptake) in parallel to a second
pathway-gravitational settling velocity. The latter is computed from the slip-flow corrected
Stokes law. A commonly used model for computing size-resolved particle deposition
velocity is that proposed by Slinn (1982). The long-range transport of large particles cannot
be simulated using conventional knowledge of dry-deposition processes (Slinn and Slinn,
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1980; Colarco et al., 2002; Reid et al., 2003; Zender et al., 2003b; Grini and Zender, 2004).
Additional processes need to be included in models to account for the transport of large
particles.
Dust is also washed out of the atmosphere by precipitation. To simulate the poorly
understood wet removal process, many researchers use simple scavenging ratios (e.g.,
Tegen and Fung, 1994; Luo et al., 2003) based on observational estimates (Duce and et al.,
1991). However, other models use more explicit microphysics to incorporate aerosols into
clouds and wash them out (Rasch et al., 2001). Jung and Shao (2006) performed an
intercomparison of the wet deposition schemes used in regional and global dust models.
They reported a great diversity in the type and level of complexity of employed
parameterizations ranging from the use of fixed scavenging ratios below cloud to relatively
sophisticate in- and below cloud parameterizations.
Efficiency of in-cloud scavenging depends mainly on dust solubility, which controls the
dust particles scavenging efficiency. In turn, dust solubility depends on the mineralogical
composition and the pH of the aqueous phase. None of the regional models treats
explicitly the mineralogical composition and hence a simplified assumption on the soluble
fraction of dust must be made. The modelling of the mixing state of dust poses a large
challenge in the regional models, so the rain-out removal rates of dust particles remain
poorly constrained. Several studies have also included the impact of mixing dust with
soluble sulphate thereby increasing the hygroscopic properties of the dust (Fan et al., 2004).
Despite the differences in simulating wet and dry deposition, current models yield a
reasonable match with the few observations of total deposition (e.g. Ginoux et al., 2001;
Huneeus et al., 2011).
Such dust models represent an important contribution to understanding the dust cycle and
the role of dust in the climate system. Therefore, the evaluation of these models is an
important issue in order to determine the degree of uncertainty in estimates of dust
emission and transport from a range of model simulations, as well as highlight the sources
of uncertainty in these estimates and help inform the interpretation of dust forecasts. An
exhaustive comparison of different models between each other and against observations
can reveal weaknesses of individual models and provide an assessment of uncertainties in
simulating the dust cycle (e.g. Uno et al., 2006; Todd et al., 2008).
The evaluation of regional mineral dust models against observations is difficult.
Measurements of aerosol properties from ground or space exist. However, all these remote
sensing measurements are highly integrated: not only over the atmospheric column but also
over all aerosol components. Thus, investigations for the treatment of a particular aerosol
type may be limited to seasons and regions, when or where that aerosol type dominates the
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aerosol composition such as Saharan dust outbreaks in the Mediterranean Basin (e.g. Pérez
et al., 2006b; Sicard et al., 2011).

1.2.3 Research at the Barcelona Supercomputing Center
This thesis is a continuation and extending the lines of research that were initiated at the
Earth Sciences Department at BSC–CNS (www.bsc.es) headed by of Dr. José Mª
Baldasano. A brief summary of the main activities of the group is given bellow.
The initial research topics related with Earth Sciences Department at BSC-CNS inherits the
experience of the Environmental Modelling Laboratory of the Technical University of
Catalonia (LMA-UPC). The areas of research are focused mainly on projects that may
provide further understanding of air quality modelling, mineral dust modelling,
meteorological modelling and global and regional climate modelling. The high performance
capabilities of MareNostrum supercomputer hosted by BSC-CNS enable the Earth sciences
Department to increase the spatial and temporal resolution of Earth Systems, in order to
improve knowledge of dynamic patterns of air pollutants in complex terrains and
interactions and feedbacks of physico-chemical processes occurring in the atmosphere.
The Earth Sciences Department at BSC-CNS operates daily regional dust and air quality
forecasts and conducts intensive modelling research for short-term operational prediction
of mineral dust, as well as long-term dust reanalysis for climatological studies. Next, the
latest developments and current activities in the field of sand and dust storm modelling and
forecasting are summarized.
1.2.3.1

Dust modelling and forecasting at BSC

The Earth Sciences Department at BSC-CNS maintains dust forecast operations with the
updated version of the former Dust Regional Atmospheric Model (DREAM; Nickovic et
al., 2001) called BSC-DREAM8b (Pérez et al., 2006a,b) and conducts modelling research
and developments for short-term prediction. BSC-DREAM8b has been delivering
operational desert dust 72 h forecast over Northern Africa, Middle East, Europe and Asia
since May 2009 (www.bsc.es/projects/earthscience/DREAM). The operational resolution
is 1/3º x 1/3º and 24 vertical layers up to 15 km in the vertical.

25

Desert dust characterization through regional modelling and observations

Figure 1.11 24h BSC-DREAM8b forecast (top panel) and
MSG dust RGB product (bottom panel) for 7th April 2011 at
12 UTC.
MSG dust product is RGB composite based upon
infrared channels of SEVIRI. It is designed to monitor
the evolution of dust storms over deserts during both
day and night. The combination does allow however
the further (24 hour) tracking of dust clouds as they
spread over the sea. The RGB combination exploits the
difference in emissivity of dust and desert surfaces. In
the MSG/RGB image (Figure 1.11; bottom) dust
appears pink or magenta. Dry land looks from pale blue
(daytime) to pale green (nighttime). Thick, high-level
clouds have red-brown tones and thin high-level clouds
appear very dark (nearly black). Emissions and
subsequent transport of individual dust events can be
very well observed and followed in the RGB composite
pictures.
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http://aeronet.gsfc.nasa.gov/), satellite and ground level PM levels, outline the good skills
of BSC-DREAM8b concerning both the horizontal and vertical extent of the dust plume in
particular dust events in the Mediterranean Basin (e.g. Pérez et al., 2006a; Amiridis et al.,
2009; Papanastasiou et al., 2010). Additionally, the model has been validated and tested
against measurements at source regions from the experimental data of Saharan Mineral
Dust Experiment (SAMUM; Haustein et al., 2009) and Bodélé Dust Experiment (BoDEX;
Todd et al., 2008) campaigns. In order to improve dust forecasts and implement model
versions and operational products, daily evaluation with near-real time observations (Figure
1.11) is conducted in collaboration with the Spanish Weather Service (AEMET;
www.aemet.es) and the Spanish National Research council (CSIC). Currently, the
evaluation system includes satellites (MSG and MODIS) and sunphotometers
(AERONET). Ongoing activities involve the inclusion of lidars, visibility reports and
surface concentration measurements to the evaluation system.
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1.2.3.2

Inclusion of Saharan dust in an air quality forecasting system for Europe

Daily operational high-resolution air quality forecasts are maintained for Europe (at 12 km
x 12 km horizontal resolution) and Spain (at 4 km x 4 km horizontal resolution) under the
umbrella of the CALIOPE system (Baldasano et al., 2008a; www.bsc.es/caliope) funded
by the Spanish Ministry of the Environment. Its main objective is the development of an
operational air quality modelling system for Spain providing routine air quality forecasts
with very high resolution for the Iberian Peninsula, Balearic and Canary Islands with
nesting in urban areas. In contrast to many other forecasting systems, CALIOPE includes a
non-climatic representation of Saharan dust transport. The CALIOPE system is based on a
set of models that integrates a meteorological model (WRF-ARW), an emission processing
model (HERMES-EMEP), a chemical transport model (CMAQ) and a desert dust model
(BSC-DREAM8b) which is offline coupled. The forecasts are evaluated on a daily basis
against ground-based and satellite observations to establish confidence of the modelling
system predictions among users, identify problems and routinely improve the system.
The performance of the CALIOPE has been quantitatively evaluated with discrete and
categorical (skill scores) statistics by a comparison of the first-layer simulations results of
CMAQ + BSC-DREAM8b and the values measured in the European air quality stations
belonging to the ground-based measurements from the European Monitoring and
Evaluation Programme (EMEP; www.emep.int) with available data for the year 2004 in
Pay et al. (2010). The results presented in Jiménez-Guerrero et al. (2008a) indicated an
improvement in the discrete statistics for PM10 and PM2.5 concentrations when using
CMAQ + BSC-DREAM8b compared to CMAQ-alone simulations (the normalised bias
improves from -20% to -9% when considering all the stations in Europe for an seasonal
cycle). This improvement in the quality of the predictions becomes more important in
those southern stations undergoing larger impacts of Saharan dust outbreaks.
1.2.3.3

Long term model integrations from 1958 to 2006

The study of long-term trends of mineral dust transport and its relation with climatic
variability is of great importance for the further improvement of mid-range and long-range
dust events forecasting. A 48-year model simulation with the BSC-DREAM model was
performed for the period 1958 - 2006 at 0.3º x 0.3º resolution (implemented in
MareNostrum supercomputer) in order to analyse the monthly, seasonal and year-to-year
variation of the atmospheric dust load, surface concentration, deposition and the frequency
and duration of the events over the Mediterranean and the Eastern North Atlantic.
Satellite observations and in situ measurements of concentrations at the Izaña station
(Canary Islands) for the period 1987 - 1999 and in southern Europe were used for model
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validation (Pérez et al., 2007). Simulated winter dust concentration levels are well correlated
with the available background observations for the 1998 – 2004 period. The analysis of the
model results showed a two-fold increase in winter dust concentrations over the 1980 –
2006 period with respect to the 1958 – 1979 period, corresponding to the strengthening
and eastward shift of the Azores High (Alonso-Pérez et al., 2011).
1.2.3.4

An online mineral dust model within the global/regional NMMb model

Other research activities involve the diagnosis of the behaviour of Earth System Modelling
codes in a supercomputer framework and the improvement of parallel versions of
atmospheric models to increase their horizontal and temporal resolution. Since 2008, one
of the most important efforts are made in the development of a new generation
atmospheric mineral dust model (NMMb/BSC-Dust; Pérez et al., 2011b; Haustein et al.,
2011) as well aerosol global and gas-phase chemistry (NMMb/BSC-CHEM; Jorba et al.,
2010) coupled on-line to the new generation unified meteorological core of the Nonhydrostatic Multiscale Model on the Arakawa B grid model (NMMb; Janjic, 2005; Janjic
and Black, 2007) of the National Centers for Environmental Prediction (NCEP). The new
NMMb/BSC-Dust modelling system (Pérez et al., 2011b) is intended to be a powerful tool
for research and to provide efficient global and regional chemical weather forecasts at subsynoptic and mesoscale resolutions on MareNostrum supercomputer including a
physically-based dust emission scheme taking into account the effects of saltation and
sandblasting, soil moisture and viscous diffusion close to the ground.
As shown in the recent monthly and annual evaluation of Pérez et al. (2011b), the
NMMb/BSC-Dust provides a good description of the horizontal distribution and temporal
variability of the dust. At a global scale the model lies within the top range of the dust
global
models
participating
in
the
AeroCom
project
(http://dataipsl.ipsl.jussieu.fr/AEROCOM/; Huneeus et al., 2011) in terms of performance
statistics for surface concentration, deposition and AOD. At regional domain at high
resolution (without dust data assimilation) covering Northern Africa, Middle East and
Europe, the NMMb/BSC-Dust is capable to reproduce the main source regions in the
Sahara as well as the column dust loading, its spatial distribution and the vertical extension
of the dust plume as shown in the results recently presented in Haustein et al. (2011) and
Pérez et al. (2011b).
1.2.3.5

The Sand and Dust Storm Warning Advisory and Assessment (SDS-WAS) Programme

Dust storms produce a variety of problems to inhabitants in and around desert areas such
as deaths and damage caused in traffic accidents, road disruption, aviation operations and
impacts on human health, such us allergies, respiratory diseases and eye infections (WHO,
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2005). The seriousness of the problem inspired the development of the World
Meteorological Organization (WMO) Programme Sand and Dust Storm Warning Advisory
and Assessment System (SDS-WAS) (http://www.wmo.int/sdswas). The SDS-WAS
Programme bridges the technological gap between research and operational services and its
purpose is to achieve comprehensive, coordinated and sustained observations and
modelling capabilities of the sand and dust storms, in order to improve its monitoring state,
increase the understanding of its formation processes, and enhance prediction capabilities.
Regional activities related to modelling, observations and applications are coordinated
through two Regional Centers: the Asia/Central Pacific Regional Center for SDS-WAS at
the China Meteorological Agency in Beijing, China (www.sds.cma.gov.cn) and the
Regional Center for Northern Africa, Middle East and Europe (NA-ME-E; http://sdswas.aemet.es/) is based at BSC-CNS (www.bsc.es) and AEMET (www.aemet.es) in
partnership with other operational and research organisations (e.g. ECMWF, MeteoFrance,
LISA, LSCE, IFT, EUMETSAT or AERONET/PHOTONS). BSC-DREAM8b is one of
the dust forecast models participating in Regional Center for Northern Africa, Middle East
and Europe.

1.3 Scope and structure of the Thesis
Chapter 1 has provided an overview of the scientific context of the thesis. The study of
desert dust, its entrainment, transport and deposition is a topic of growing importance in
investigations of global environmental change and air quality (and consequently on
economic ativities and human health). At the global scale, the Sahara desert and its margin
are the world’s major source of aeolian soil dust.
Dust models offer a framework for studying the dust cycle and enable not only the
simulation of the global dust cycle but the predictions of dust storms. In particular, regional
dust models are well suited for simulations of individual dust outbreaks. However, the
evaluation of regional mineral dust models is difficult. Satellite and ground-based remote
sensing observations are now producing data suitable for evaluation activities. These
measurements are highly integrated, not only over the atmospheric column but also over all
aerosol components. Thus investigations for the treatment of a particular aerosol type (like
desert dust) are limited to seasons and regions, when or where that aerosol type dominates
the aerosol composition.
Within this framework and following the lines of research of the Earth Sciences
Department at BSC-CNS, the main goals of this thesis are to evaluate the behaviour and
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improve the forecasting skills of a regional dust model and characterize the mineral
dust content in Northern Africa, Middle East and Europe. Satellite data and groundbased observations are used for the model evaluation and aerosol characterization. Thus,
this investigation involves developments of dust atmospheric model and new
methodologies to characterizate aerosols from the observational data including in-situ and
remote sensing measurements which are used for the evaluation and interpretation of the
model outputs. The BSC-DREAM8b model (Nickovic et al., 2001; Pérez et al., 2006a,b)
and AERONET observations (Holben et al., 1998) are the main tools used in the present
research.
The focus and structure of the Chapters are summarized below.
Chapter 2 provides an aerosol characterization over Northern Africa, Northeastern
Atlantic, Mediterranean and Middle East based on the analysis of AERONET sun
photometer measurements. Sun photometry, with variable measurement approaches has
been developed in recent years to deduce the variability of critical atmospheric aerosol
properties. AERONET (Holben et al., 1998) is a federated remote sensing network of wellcalibrated sun photometers and radiometers located at over 200 sites covering all major
tropospheric aerosol regimes around the world. AERONET stations provide columnar
aerosol optical parameter information (e.g. AOD, size distribution or single scattering
albedo) through direct measurements and inversion techniques. These data constitute a
high-quality, ground-based aerosol climatology and, as such, have been widely used for
aerosol process studies, as well as for evaluation and validation aerosol models of local,
regional or global extent (e.g. Kinne et al., 2003; Hunneeus et al., 2010) as well as aerosol
products from satellite retrievals (e.g. Remer et al., 2005; Martonchik et al., 2004).
Comparisons between modelled (or satellite retrieved) values and measurements cannot be
adequately understood if the optical measurements and model estimates of these
measurements are not segmented into their more fundamental components. For the
aerosol characterization using AERONET data, we extensively have tested and applied the
graphical method of Gobbi et al. (2007) to track and discriminate different aerosol types.
The method permits to infer other physical aerosol properties as fine mode radius and
fractional contribution to AOD and separate AOD growth due to fine-mode aerosol
humidification and/or coagulation from AOD growth due to the increase in coarse
particles or cloud contamination. The results are used in the model quantitative evaluation
and the analysis of results presented in Chapters 3 and 4.
In Chapter 3, the original DREAM model and the updated BSC-DREAM8b model
version as well as 4 different research model versions have been evaluated for the year 2004
over desert dust source areas (Northern Africa and Middle East) and areas affected by dust
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long-range transport (the Mediterranean and Europe) in order to evaluate the model
performance. Modelling certain extreme dust events such as those driven by synoptic
weather systems can be easier than modelling the day-to-day evolution of the background
concentration. In a forecast context, it is mandatory to account for all dust events, light or
strong. Near sources, semi-permanent background concentrations may lead to
environment and health damages similar or even greater than those of sporadic intense
dust events. The daily forecast of atmospheric dust concentration is thus the main
challenge for the modellers. The results of the annual comparison in hourly basis of the
modelled dust AOD against AERONET data and its ability to reproduce the observed
seasonal cycle by means satellite aerosol products are presented. Within this aim, a new
methodology to discriminate desert dust contributions from direct-sun AERONET
stations based on the results presented in the Chapter 2 is used. The intercomparison
between different model versions aims to highlight the regional and seasonal differences in
estimates dust transport from a range of model simulations. The objective is not to rank
the model performance but rather highlight the weaknesses of the model in various aspects
of the simulation. Therefore, these results can help to point to the key foci for future
research to constrain and to test and implement new model approaches.
The European atmosphere is composed by a variety of different aerosol components and
mineral dust has a high contribution in Southern Europe. It is necessary to take into
account other different aerosol sources at the same time (i.e. natural and anthropogenic)
when the aerosol contributions over Europe are analyzed. The long-range dust transport
over Europe is evaluated and analysed with an annual simulation of the CALIOPE highresolution air quality modelling system. This estimates the aerosol from two models,
CMAQ and BSC-DREAM8b. CMAQ calculates biogenic, anthropogenic and sea salt
aerosol and BSC-DREAM8b provides desert dust. Chapter 4 discusses the results of the
detailed evaluation of the CALIOPE modelling system to simulate the daily aerosol
distribution over Europe for year 2004 in terms of using PM levels, AOD and chemical
composition measurements. Following, the spatial and seasonal distribution of the different
aerosol fractions over Europe based on the model results and observations are estimated
and analysed. Finally, the number of exceedances of the EU limits due to natural desert
dust is also estimated.
In contrast to many other forecasting systems, CALIOPE air quality modelling system (see
Section 1.2.3) includes a non-climatic representation of African dust transport adding
offline the BSC-DREAM8b outputs. In addition to anthropogenic, biomass burning and
maritime aerosols, Mediterranean countries and also central Europe are often under the
influence of long-range Saharan dust transport (e.g. Papayannis et al., 2008). It has been
shown that desert dust from North Africa cannot be adequately represented by introducing
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dust climatological boundary conditions due to the highly episodic nature of the events in
the region (e.g. Vautard et al., 2005). For this reason, the results of the aerosol
characterization for 2004 are focused on desert dust contributions to the European
atmosphere and their impact on air quality. A first attempt to estimate the fraction of
natural mineral dust to measured total PM10 levels, or their fraction on the exceedance of
EU limits, respectively, is also included in the discussion showing that desert dust regional
modelling can be regarded as a useful tool for air quality managers, since the current the
regulations establish that an exceedance attributable to natural sources may be subtracted
when assessing compliance with air quality limit values.
Chapters 2, 3 and 4 are presented in a similar form as they have been published or
submitted to an international SCI journal and include their own introduction, specific
methodology, results, discussion and conclusions. Because part of the methodological
aspects and data are common in different chapters, some adjustments have been
performed with respect to the journal version in order to avoid unnecessary repetitions.
Chapter 5 includes the main harmonized conclusions of the present work, and
recommendations for future research, considering the specific conclusions exposed in
Chapters 2, 3 and 4. Finally, all references are compiled in Chapter 6.
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2 Aerosol characterization from direct-sun AERONET
observations
2.1 Introduction
Aerosols frequently exhibit widely varying optical properties over time due to diffusion and
aging processes such as coagulation, humidification, scavenging by precipitation and gas to
particle phase conversion (Schuster et al., 2006). These processes combined with varying
source strength and/or advection by local to synoptic meteorological processes create a
dynamic atmospheric constituent affecting climate, environment and public health (IPCC,
2007).
Ground-based aerosol remote sensing does not provide global coverage; however, its
numerous spectral measurements of solar radiation are well suited to reliably and
continuously derive aerosol optical properties. In spite of high temporal and spatial aerosol
variability, there are a rather limited number of general categories of aerosol types with
distinctly different optical properties which are associated with different sources and
emission mechanisms.
AOD at wavelength  is the standard parameter measured by sunphotometers as those
operating in AERONET (Holben et al., 1998). The AOD spectral dependence is mainly
driven by the scattering efficiency and can be expressed by means of the classical
Ångström’s equation (AOD()  -) (Ångström, 1929). In the solar spectrum, the
Ångström exponent () is a good indicator of the dominant size of the atmospheric
particles. AOD generated mainly by submicron particles are characterized by  > 1
whereas supermicron aerosols would lead to  < 1. As shown in numerous studies (e.g.
Eck et al., 1999; Reid et al., 1999; Holben et al., 2001; Dubovik et al., 2002; Smirnov et al.,
2002a; Pace et al., 2006; Kaskaoutis et al., 2007), the combined use of the AOD and 
allows to distinguish between different aerosol types. As opposite to clean atmospheres
(AOD < 0.15) dominated by oceanic aerosols, high values of AOD are characteristic of
turbid atmospheres affected by biomass burning, dust plumes or urban pollution (Dubovik
et al., 2002). Fluctuations of  reflect aerosol size distribution variations. The maximum
value of  (equal to 4) corresponds to molecular extinction. Values near zero (or even
negative) correspond to coarse-mode aerosols (sea spray and desert dust) indicating a
neutral AOD wavelength dependence, while values of  above 1.5 indicate significant
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presence of fine-mode particles (mainly smoke or urban aerosols). However, different
aerosol types may be present in the air column at the same time, influencing the observed
optical parameters (Chandra et al., 2004) and resulting into intermediate  values. Remer
and Kaufman (1998) showed as well that relative humidity is a determining parameter for
the size of aerosol particles. Hygroscopic growth at high relative humidities increases AOD
(and reduces ), due to the enlargement of soluble particles such as sulphates (Levin et al.,
1996).
Therefore,  alone does not provide unambiguous information on the relative weight of
coarse and fine modes because the optical effects of aerosols are essentially bimodal in
nature. In some cases, large fine mode particles can present the same  as a mixture of
coarse mode and small fine mode particles (Gobbi et al., 2007). Several studies have
discussed how the spectral variation of  can provide additional information about the
aerosol size distribution (e.g. Kaufman, 1993; Eck et al.,1999; Reid et al. 1999; O’neill et al,
2003; Schuster et al., 2006; Gobbi et al., 2007). In this sense, Kaufman (1993) pointed-out
that negative values of the difference  = (440,613) - (613,1003) indicate the
dominance of fine mode aerosols, while positive differences reflects the effect of two
separate particle modes. Eck et al. (1999) showed how, in the wavelength range of 340 –
870 nm,  can increase by a factor of 3 – 5 as wavelength increases for biomass burning
and urban aerosols, while remaining constant or decreasing in the presence of mineral dust.
O’Neill et al. (2003) demonstrated that an Ångström exponent-based separation of coarse
from fine mode contribution to AOD is feasible in part because of the coarse mode AOD
spectral variation being approximately neutral. Schuster et al. (2006) addressed the link
between Ångström exponent curvature and the ratio between fine and total aerosol
volume. Gobbi et al. (2007) introduced a straight-forward graphical framework that allows
to discriminate different aerosol types based on aerosol spectral measurements by
sunphotometers which can be characterized by three independent pieces of information:
AOD,  and the spectral curvature of  (). Plotting data in this space allow for inference
of the aerosol fine mode size and fractional contribution to total AOD.
In this chapter, we extensively test the new graphical method introduced by Gobbi et al.
(2007) in order to analyze and quantify the contribution of mineral dust to the total aerosol
load in Northern Africa, Northeastern Atlantic, Mediterranean Basin and Middle East.
Other aerosol types also dominate the atmospheric aerosol load in this region: maritime
aerosol, continuously formed over the Mediterranean Sea, the Persian Gulf or the North
Atlantic Ocean; fine pollution aerosol (in white and green in Figure 2.1) mainly originating
from urban and industrial areas of Continental and Eastern Europe, Middle East and along
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N
Nil River; as well as, im
mportant conntributions of biomass burning (inn red in Figgure 2.1)
geenerated in Africa
A
mainlly in winter.
Th
his chapter provides a thorough ooverview of the aerosols present innto our stud
dy region
annd how the aerosol pro
operties are influenced by long-ran
nge transporrt and local sources.
D
Data and meethods are described
d
in Section 2.22 and Sectio
on 2.3. Resuults are pressented in
Seection 2.4 where
w
we discuss aboutt the main transport
t
paaths of deseert dust from
m source
arreas and theiir seasonal behaviour,
b
aas well as, th
he variation of
o its opticaal properties through
thhe year in eacch region off the study aarea.

Figure 2.1 DMSP
DM Nighttimee Lights. Four prrimary types of lights
li
were identiffied: human settlelements - cities, toowns, and
viillages (white), firres (red), gas flarres (green), and hheavily lit fishing boats (blue). Thhe four types of ligights were distinguuished from
each other basedd on their appeara
rance, persistence and location. Firres were identifiedd as ephemeral lig
lights on land. Liights from
hhuman settlementts occur on land and
a are persistennt over time. Gass flares are extrem
mely bright, have a circular appeaarance, and
hhave no major city
ity present when cross
c referenced ag
against an atlas. The
T heavily lit fisshing boats are ccollections of lightts found in
certain ocean areeas and are prim
marily the result of squid fishing. Produced
P
using clloud-free portionss of low-light imaaging data
acq
cquired by the U.S. Air Force Defense Meteorologgical Satellite Prrogram (DMSP) Operational Lin
inescan System (O
OLS). Date
range covers January 1 - Decem
mber 31 2003. D
Data analysis andd digital image crreation by NOA
AA-NESDIS-N
National
Geophysical Data Center-Eaarth Observationns Group Bouldeer, Colorado USA
A (http://www.
w.ngdc.noaa.gov/ddmsp).
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Table 2.1 Description of the selected AERONET stations. Class of location which are defined as stations: above 1000 m
(H), over arid and desert areas (D), over the ocean (O), over remote and urban areas (R/U) and over littoral areas (C); first
and last measurement date, the number of total measurements (Dataset), the number of days (N) and months (Mo.) in the
observation periods as well as the percentage of cloud screened data (C) and the percentage of observations with AOD < 0.15
with respect to the total number of measurements (B) of the selected AERONET stations.
AERONET site

CODE

Class

First data

Last data

Dataset

N

Mo. C (%) B (%)

North-Western Africa
Agoufou

AGO

D

25/09/2003

31/05/2007

39530

1147

30.88

12.28

Banizoumbou

BAN

D

16/10/1995

05/07/2007

77529

2575 108 36.20

45

13.48

O

Capo Verde

CVR

21/10/1994

11/04/2007

46216

2496 125 39.29

26.21

Dahkla

DAH

R/UC 13/02/2002

05/11/2003

18789

563

22

25.70

52.60

Dakar

DAK

R/UC 04/12/1996

12/10/2006

38454

1387

69

33.91

10.48

Djougou

DJO

R/U

24/02/2004

07/05/2007

22012

819

36

34.99

2.43

IER Cinzana

CIN

D

01/06/2004

26/05/2007

33207

971

36

31.09

10.09

Ilorin

ILO

R/U

25/04/1998

27/05/2006

23556

1307

66

38.45

5.00

Izana

IZO

HO

17/06/1997

16/10/2006

26993

690

31

37.51

85.48

Ouagadougou

OUA

D

01/01/1995

15/03/2005

44820

1779

74

38.20

11.55

Saada

SAA

D

01/07/2004

02/06/2006

19512

509

21

25.64

45.15

Santa Cruz Tenerife

SCO

O

15/07/2005

07/05/2007

11487

449

23

36.40

63.99

Avignon

AVI

1548

77

33.84

75.11

Iberian Peninsula and Mediterranean Basin
R/U

08/12/1999

26/06/2006

41605

Barcelona

BCN

R/UC 16/12/2004

24/05/2006

9457

357

18

37.60

68.35

Blida

BLI

R/UC 30/10/2003

16/11/2006

15573

701

37

33.94

54.70

Cabo da Roca

ROC

R/UC 10/12/2003

27/02/2007

11774

551

32

37.14

77.31

Cairo EMA

CAI

R/U

13/04/2005

23/03/2006

5012

269

12

54.79

21.85

Carpentras

CAR

R/U

18/02/2003

24/10/2007

35308

1177

54

33.93

74.42

R/UC 16/02/2000

El Arenosillo

ARE

Evora

EVO

Forth Crete

CRE

Granada

GRA

IMC Oristano

ORI

12/06/2006

39380

1344

61

26.75

76.63

03/07/2003

09/07/2006

24470

749

34

28.33

81.27

R/UC 04/01/2003

06/11/2006

33625

1072

47

23.65

66.48

29/12/2004

11/11/2007

20882

631

29

32.75

69.77

R/UC 30/05/2000

21/10/2003

24251

934

42

26.70

70.16

R/U
R/U

IMS-METU-Erdemli ERD

R/UC 12/11/1999

03/05/2006

34910

1218

57

24.23

55.32

Lampedusa

LAM

R/UC 27/06/2000

12/06/2006

17361

813

39

22.46

65.65

Lecce University

LEC

R/UC 08/03/2003

28/11/2006

26361

988

42

32.04

62.78

Nes Ziona

ZIO

R/U

24/02/2000

21/11/2006

42077

1577

72

31.08

54.90

Palencia

PAL

R/U

23/01/2003

24/05/2006

22220

796

39

32.48

86.75

Rome Tor Vergata

ROM

R/U

15/02/2001

20/12/2006

33773

1310

62

35.24

71.40

Sede Boker

SED

D

25/01/1996

20/10/2007

80901

2549 110 27.96

66.18

Thessaloniki

THE

R/UC 03/09/2005

06/05/2007

12883

426

54.73

21

30.09

Toulon

TUL

R/UC 15/11/2004

16/05/2007

20054

703

31

32.97

80.34

Villefranche

VIL

R/UC 07/01/2004

19/01/2007

19431

643

31

32.45

69.45

Bahrain

BHR

R/UC 23/07/1998

02/10/2006

28936

1117

49

23.71

17.86

Middle East
Dhabi

DHA

R/UC 05/10/2003

30/09/2007

27601

791

30

27.18

12.81

Dhadnah

DHD

R/UC 28/06/2004

21/09/2007

40494

1046

40

22.29

15.37

Hamim

HMM

Mussafa

MUS

Solar Village

SVI

22/06/2004

07/08/2007

27094

876

37

23.73

19.36

R/UC 04/10/2004

D

14/03/2006

17892

480

18

30.19

14.49

12/11/2006

87802

2259

87

24.00

25.19

D

22/02/1999
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2.2 Meassuremen
nt data
Aerosol opticcal propertiees in the enttire atmosph
heric column are routinnely observeed within
thhe AERON
NET (Holbeen et al., 19998) prograam. This is a federatioon of groun
nd-based
reemote sensin
ng aerosol networks
n
estaablished by NASA and LOA-PHO
OTONS (CN
NRS) and
is greatly exxpanded byy collaborattors from national aggencies, insstitutes, uniiversities,
inndividual sciientists, and
d partners. The standaardized netw
work proceddures of instrument
m
maintenance, calibration
n, cloud scrreening, an
nd data pro
ocessing alloow for quaantitative
coomparison of
o the aerossol data obttained at diffferent timees and locattions (Holbeen et al.,
19998; Smirnov et al., 20000).

Figure 2.2 Spatial distributtion of the 39 AE
ERONET stattions selected intoo our study domai
ain. The differentt colours
indicate thhe different regions which are definned as: Sahel, Eaastern Tropical Atlantic
A
(E.Tropp.Atl), Eastern subs
Tropical Atlaantic (E.sub-Tropp.Atl), North-W
Western Africa (NW.Afr),
(N
Westtern Iberian Peniinsula (W.IP); Eastern
E
Iberian Peninnsula-Western Mediterranean
M
(E
E.IP-W.Med), Central
C
Mediterraanean (C.Med), E
Eastern Mediterrranean
(E.M
Med) and Midddle East. Acronym
ms are defined inn Table 2.1.

Th
hese instrum
ments can only
o
retrievee data durin
ng daytime, because
b
theey rely on exxtinction
m
measurementts of the dirrect and scaattered solarr radiation at
a several nnominal wavvelengths
(3340, 380, 4440, 500, 675, 870 and 1020 nm plus a 936 nm water vapour ban
nd). The
innstrument is out of operration for soome weeks while necessary yearly ccalibration is
i carried
ouut. Consequuently the daata coverage in a given station
s
is typ
pically limiteed to 100 – 250 days
peer year. The typical uncertainty in th
the AOD measured by AERONET
A
T instruments ranges
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from 0.01 to 0.02 and is spectrally dependent with higher errors in the UV spectral range
(Holben et al., 1998; Dubovik et al., 2000). These data are provided in three categories: 1)
raw (level 1.0), 2) cloud-screened (level 1.5) following the methodology described by
Smirnov et al. (2000), and 3) cloud-screened and quality-assured (level 2.0). However, it is
worth mentioning that some cases of variable aerosol plumes (like intense Saharan dust
outbreaks in regions near the desert) could be screened by the cloud-screening algorithm.
Conversely, stable uniform cloud might pass the algorithm thresholds and be identified as
cloud free (Smirnov et al. 2000).
Since the goal of this study is to obtain an aerosol characterization over a large region with
standardized measurements, quality-assured direct-sun data in the 440 – 870 nm
wavelength range is used since these channels are highly accurate and they are available in
all AERONET instruments. In order to achieve a good temporal coverage, only stations
which provided data covering at least the 12 months of the yearly cycle within the 1994 2007 period were chosen. Table 2.1 and Figure 2.2 report the location of the 39 selected
AERONET sites. Table 2.1 lists additional information including type of site, observation
periods and percentage of cloud screened data.

2.3 Aerosol classification
In this study we discriminate the fraction of AOD due to large mineral particles from other
aerosol types, based on the graphical framework introduced in Gobbi et al. (2007) (Figure
2.3) which allows to: 1) infer aerosol fine mode size and fractional contribution to the total
AOD; and 2) separate AOD increases due to fine-mode aerosol humidification from AOD
increases due to the increase in coarse particles.
The method relies on the combined analysis of  derived for the wavelength pairs of 440 675 nm and 675 - 870 nm and its spectral curvature, represented by  = (440,675) (675,870). For the definition of these coordinates ( vs.  space or AdA coordinates),
reference points corresponding to bimodal size distributions characterized by a fine mode
modal radii (Rf; solid black lines in Figure 2.3) as well as the ratio of fine mode to total
AOD (; dashed blue lines in Figure 2.3) have been determined on the basis of typical
refractive index of urban/industrial aerosol (m = 1.4 - 0.001i). Varying coarse mode modal
radii have been considered and shown to have a minor impact on such reference points.
The level of indetermination of this classification scheme is of the order of 25% for Rf and
~ 10% for  for refractive index varying between m = 1.33 - 0.00i and m = 1.53 - 0.003i.
Within this level of indetermination, the scheme is robust enough to provide an operational
classification of the aerosol properties.
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The black solid lines are each for a fixed size of the fine
mode Rf and the dashed blue lines for a fixed fraction
contribution  of the fine mode to the AOD at 675 nm.
Split squares represent the effects of a cloud
contamination of 0, 50, 90 and 99% in the AOD of two
grid points initially (0% contamination) located at: 1) 
= 70%, Rf = 0.15 m (bright green line) and 2)  =
90%, Rf = 0.1 m (turquoise line). This contamination
results in a departure from the original grid points along
the constant Rf lines and towards the origin. Conversely,
hydration of the aerosol fine mode (two starting
conditions simulated: 1)  = 50%, Rf = 0.1 m (brown
diamonds), and 2)  = 70%, Rf = 0.15m (orange
circles)) is accompanied by a movement towards the
origin along the opposite direction, with concurrent
increase in Rf and .

Figure 2.3 Simulations of the classification of the aerosol properties as a function of the Ångström exponent
(440, 870) and the difference  = (440,675) - (675,870), for bimodal, lognormal size distributions
with refractive index m = 1.4 – 0.001i extracted from Gobbi et al. (2007).

In this space, we represent AOD (at 675 nm) by a colour scale. In order to avoid errors
larger than ~ 30% in the calculation of , only AOD > 0.15 are considered. Both aging
and humidification of pollution aerosol, and cloud contamination could decrease .
However, these processes behave quite differently in the AdA coordinates, as shown in
Figure 2.3. Cloud contamination is associated to concurrent increase in AOD and coarse
mode fraction taking place along constant Rf curves (bright green and turquoise lines),
while hydration leads to a growth in both Rf and  (brown diamonds and orange circles). In
general, growth of AOD along Rf lines means an increase in coarse particle extinction. If
cloud screening is efficient, only dust particles or maritime aerosols can cause AOD growth
along Rf curves.
O’Neill (2009) showed that these families of contour lines in the AdA space are essentially
discretized illustrations of analytical parabolic forms in the space formed by the
continuously differentiable Ångström exponent () and its spectral derivative (’). As
shown in O’Neill et al. (2003), these variables permit the spectral discrimination of coarse
and fine mode optical depth from the spectral shape of AOD by means of a Spectral
Deconvolution Algorithm (SDA, O’Neill et al., 2001, 2003). The SDA retrievals (O'Neill et
al., 2003) are also available in the AERONET website.
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F
Figure 2.4 Daily
ly Fine Mode Frraction () averag
ages for AGO, LAM
L
and ERD
D stations. For eaach station,
daily  averagees (color code) obttained by O’Neilill inversion algorrithm (right panels) and daily  aaverages
obbtained by meanss of sky Dubovik
k inversion produucts (left panels) are
a plotted in the AdA space usinng the daily

 and  averagge calculated from
m direct-sun obserrvations. In all thhe plots, only daiily  averages ass
ssociated to
daily AOD > 0.15 are shownn. Acronyms are defined in Tabl
ble 2.1.

The SDA algorithm
m yields fine (submicronn) and coarsse (super-miicron) AOD
D at a standaard
wavelenngth of 500 nm. The alggorithm funndamentally depends on
n the assum
mption that the
t
coarse m
mode Ångsttröm exponeent and its dderivative arre close to zero.
z
Its advvantage lies in
the fact that it prodduces useful indicators oof aerosol siize discrimin
nation at thee frequency of
extinctioon measurem
ments.The amplitude
a
off the errors of these derrived param
meters varies as
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the inverse of the total AOD. There are, in addition to measuremental errors in AOD
errors due to the uncertainty in the assumed values of the spectral curvature in each mode
(O’Neill et al., 2001) which are most critical in coarse mode dominated conditions.
In order to check the confidence of  retrieved with the graphical method used in the
present work with respect to other inversion algorithms, we performed a comparison
against the SDA retrievals products and sky-radiance Dubovik fine mode inversion
products (Dubovik and King, 2000; Kinne, 2009) of AERONET. Daily  averages over
for 2004 for several stations included into our study domain were plotted in the AdA space
used in our analysis (Figure 2.4).
Results show good coincidence among the three methods in the coarse particle detection
( < 40%; see AGO site in Figure 2.4) as well at high  values (see ERD site in Figure 2.4).
Although in some “mixed” stations such as LAM (see LAM site in Figure 2.4), some
discrepancies appear in  values, the differences are always < 20%. These discrepancies are
partly due to differences between the measurement frequencies of each dataset (i.e. less
frequent sky radiances inversions with respect to direct-sun measurements) (Holben et al.,
1998; Dubovik and King, 2000). As expected, the comparison shows a better agreement of
the Gobbi’s graphical method with the O’Neill  values (see rigth panels in Figure 2.4)
since the outputs of the Gobbi’s graphical method are a subset of the products retrieved
from the O’Neill algorithm (O’Neill et al., 2009). Somewhat larger discrepancies observed
with respect to the sky-radiance Dubovik inversion products (see left panels in Figure 2.4)
are likely due to the current Dubovik inversion output which is equivalent to what the
community refers to as sub-micron fraction as opposed to the SDA retrival (O'Neill et al.,
2005).

2.4 Results and discussion
The classification scheme is applied to the 39 AERONET stations considered in this study.
Seasonal average behaviour is represented in Figure 2.5 and Figure 2.6 as well as Table 2.2.
Results for eighteen representative locations are reported in Figure 2.7 (BAN, ILO, DAH,
SAA, CVR and IZO), Figure 2.8 (ARE, GRA, BLI, AVI, ORI and LAM) and Figure 2.9
(ROM, THE, CRE, ZIO, MUS and HMM).
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Figure 2.5 Seasonal mean of measurements with AOD > 0.15 for each AERONET station: the colour
code indicates the seasonal mean of the AOD at 675 nm, the size code is associated to the seasonal mean of the
Ångström exponent calculated between 440 and 870 nm () and the blue contourn code is associated to the
seasonal mean of the Ångström exponent difference,  = (440,675) - (675,870).

Figure 2.6 Seasonal frequency of large aerosols (corresponding to particles with AOD > 0.15 and  <
0.75) with respect to the total number of measurements with AOD > 0.15 for each AERONET station,
being 0 (blue) when no large aerosols are observed and 1 (pink) when all dataset are concentrated in this coarse
fraction.
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Table 2.2 Seasonal mean of AOD at 675 nm, Ångström exponent calculated between 440 and 870 nm () and the
Ångström exponent difference,  = (440,675) - (675,870), of large aerosols fraction (corresponding to particles with
AOD > 0.15 and  < 0.75) of each AERONET site.
Winter
Station AOD

Spring





AOD

Summer


 AOD
North-Western Africa

Autumn



a

AOD




-0.11

AGO

0.45

0.34

-0.12

0.63

0.17

-0.13

0.65

0.14

-0.07

0.38

0.32

BAN

0.44

0.36

-0.14

0.73

0.19

-0.11

0.52

0.22

-0.02

0.42

0.35

-0.09

CVR

0.38

0.24

-0.07

0.41

0.27

0.01

0.50

0.19

0.00

0.40

0.23

-0.08

DAH

0.39

0.29

-0.06

0.33

0.37

-0.01

0.51

0.27

-0.02

0.47

0.27

-0.05

DAK

0.39

0.40

-0.06

0.48

0.27

-0.03

0.57

0.20

-0.02

0.42

0.36

-0.03

DJO

0.77

0.47

-0.03

0.77

0.30

0.00

0.51

0.36

0.11

0.53

0.42

0.06

CIN

0.43

0.39

-0.05

0.62

0.22

-0.09

0.53

0.21

0.01

0.34

0.39

-0.03

ILO

1.01

0.49

-0.01

0.68

0.33

0.01

0.43

0.39

0.05

0.50

0.51

0.01

IZO

0.16

0.21

-0.01

0.29

0.20

-0.01

0.26

0.16

0.00

0.25

0.15

0.01

OUA

0.45

0.38

-0.10

0.64

0.25

-0.07

0.43

0.32

-0.13

0.45

0.43

-0.12

SAA

0.30

0.33

0.18

0.38

0.42

0.05

0.34

0.40

-0.02

0.33

0.33

0.00

SCO

0.21

0.43

-0.09

0.43

0.37

0.02

0.37

0.33

0.06

0.33

0.32

0.03

AVI

0.33

0.45

0.25

0.32

0.52

0.16

0.35

0.50

0.14

0.35

0.48

0.14

BCN

0.31

0.50

0.06

0.30

0.52

0.11

0.38

0.58

0.20

0.27

0.43

0.17
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Figure 2.5 includes the mean seasonal AOD,  and  for all available measurements with
AOD > 0.15. Since the emphasis of the study is on coarse-mode mineral particles, the bias
introduced by the AOD > 0.15 filter is not expected to be so important. In fact, AODs
associated to dust conditions are usually higher (Dubovik et al., 2002). In Table 2.1, the
percentage of measurements associated to AOD < 0.15 is shown. The larger percentages
(> 60%) are found in stations located in the Eastern Sub-Tropical North Atlantic Iberian
Peninsula and around the Mediterranean Basin where the presence of coarse-mode mineral
dust is sporadic and maritime aerosols are the main aerosol constituent. Figure 2.6 and
Table 2.2 refer to the coarse-particle fraction of the data which includes all data with AOD
> 0.15 and  < 0.75.
As we show along the present section, pure coarse aerosols in the AdA space are always
observed in the region  < 0.75 in which the fine mode contribution is always < 40%.
Figure 2.6 depicts the seasonal fraction of the number of coarse mode measurements (with
AOD > 0.15 and  < 0.75) with respect to total number of measurements with AOD >
0.15. Table 2.2 shows the mean seasonal contribution to AOD, and  and  average of
the coarse mode data (with AOD > 0.15 and  < 0.75). As shown in the literature (e.g.
Kaufman, 1993), strong negative values of  (between -0.5 and -0.2) indicate dominance
of fine mode aerosols. We have found that under the dominance of coarse mode aerosols,
such as desert dust,  tends to be negative or slightly positive (between -0.3 and 0.1). In
this respect, it is the value of  that allows to define which is the dominating fraction.

2.4.1 Sahara-Sahel
There are relatively few measurements at Sahelian sites (AGO, BAN, CIN, DAK, OUA,
DJO and ILO) during summer when maximum rainfall and cloud cover occur. A larger
number of measurements are observed in the winter or dry season. These stations located
southward of Saharan sources show large variations of AOD and high extinctions ( 85%
of the AOD values are above 0.15 with AOD maxima > 4);  is almost inverselyproportional to AOD, and  is negative or slightly positive (ranging between -0.3 and 0.1,
e.g. BAN in Figure 2.7) which indicates that AOD increases are often related to an increase
in particle size due to desert dust outbreaks or local dust resuspension. High extinction
values (AOD > 1) are related to large particles with  < 0.3 and  < 0 that corresponds
to  < 40% and Rf  0.3 m which are assumed to be typical of pure desert dust
conditions.
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As shown in Figure 2.6, the proportion of large particles (AOD > 0.15 and  < 0.75) is
high during the whole year (> 50%), especially in spring (when coarse aerosols represent
more than 85% of the data) and summer. Dust transport downwind from source regions
vary seasonally. This transport is driven by the latitudinal shift of the Intertropical Front
which corresponds to the convergence zone between the northern winds, called the
Harmattan, and the monsoon winds coming from the South. From late February to early
May the Harmattan wind is maximum (Sultan et al., 2005). Notice that DJO and ILO show
the highest frequency of coarse fractions in spring (Figure 2.6).

Figure 2.7 Ångström exponent difference,  = (440,675) - (675,870), as a function
of the 440 – 870 nm Ångström exponent and AOD at 675nm (color code) for BAN, ILO,
DAH, SAA, CVR and IZO AERONET sites. Acronyms are defined in Table 2.1.
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On the other hand, these stations clearly detected a second aerosol type (i.e. see ILO in
Figure 2.7) contributing to the turbidity (AOD up to 1.5) with high  values ( 1.5) and
negative  (< -0.2) that corresponds to  ~ 70% and Rf ~ 0.13 m. As shown in Figure
2.5, ILO and DJO stations present larger contributions of fine aerosols (especially in late
autumn-winter) than the rest of sites in this region. This is due to the well-known presence
of fine biomass burning aerosols originating from the sub-Sahel zone (Ogunjobi et al.,
2008). The Savannah vegetation is characteristic of the Sudanian zone where fire activities
are important during winter. During this season, the interaction of mineral dust and
biomass burning aerosols is at its maximum over the region. Thus, all sites present a similar
behaviour in the AdA space, associated to Rf constant values ( 0.15 m) and  variying
between 40 and 70% (see BAN and ILO in Figure 2.7). Furthermore, as shown in Figure
2.5, all sites present the lowest AOD values in summer and autumn (coinciding with
maximum rainfall and cloud cover). Particularly in ILO and DJO, we observe a decrease in
 values and an increase of  values (~ 0.10) which indicates the interaction of two
separate particle modes. This is due to the presence of fine aerosols originating from
anthropogenic activities along the Nigeria coast.
At higher latitudes, DAH and SAA (both included in Figure 2.7) present relatively few
measurements during winter, the period of maximum rainfall and cloud cover. They show
an important coarse fraction during the whole year (Figure 2.6) which is associated to large
mineral particles with  < 0.6 and  slightly negative that corresponds to  < 50% and
AOD maxima < 2 (Figure 2.7). As shown in Figure 2.6, maximum dust contributions are
observed in summertime when the Intertropical Front is found in its northernmost
position.
In addition to large mineral particles, SAA (Figure 2.7) presents a small fraction of fine
aerosols (  1.4 and   -0.5) related to low AODs (< 0.2) which corresponds to  ~
70% and Rf  0.13 m associated to pollution aerosols from local and regional activities.
Thus, SAA shows positive  values (especially in winter) due to the presence of different
aerosol modes (e.g. maritime, desert dust and fine pollution aerosols) except in
summertime (Figure 2.5) when enhanced Saharan dust activity and favourable transport
conditions to this area occur (Middleton and Goudie, 2001).

2.4.2 Eastern Tropical North Atlantic
CVR is located approximately 600 km northwestern of DAK, in the outflow of Saharan
dust from West Africa. In spite of its coastal location CVR (Figure 2.7) presents a similar
behaviour to the continental station DAK, characterized by a large coarse fraction (Figure
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2.6) associated to  < 50% and AOD maxima < 3. High aerosol loading from spring to
autumn (Figure 2.5) associated to low  values and high extinctions indicates that mineral
dust dominates the aerosol regime, due to frequent Saharan dust outbreaks. The situation is
more complex in wintertime when the aerosol loading is lower. In this period, the
contribution of sea salt and small particles is significant. As shown in Figure 2.7, such fine
particles conditins associated to a  ~ 70% change to higher coarse fractions along Rf
constant curves ( 0.15 m). Chemical analysis from samples taken at ground level, and air
mass trajectory analysis (Chiapello et al., 1999) explain such fine aerosols as sulfates
transported from urban and industrial regions in southern Europe and/or northwestern
Africa, and biomass burning from Savannah fires, as well as, contributions of local
anthropogenic sources.

2.4.3 Eastern Sub-Tropical North Atlantic
Roughly 100 km west of the Moroccan coast, in the Canary Islands, we find SCO at sea
level and IZO 2370 m abose sea level (a.s.l.). Quasi-permanent subsidence conditions in
the free troposphere together with frequent trade winds flow in the lowest troposphere
resulting in a strong and stable temperature inversion (located at 1400 m a.s.l. on average)
that separates a dry free troposphere from a relatively fresh and humid oceanic boundary
layer (Torres et al., 2002). The proximity to the Sahara desert and the regional atmospheric
circulation exert a decisive influence on the dust climatology of this region (Viana et al.,
2002; Querol et al., 2004a; Alonso-Pérez et al., 2007). Although these sites are situated very
close to each other, they present a very different behaviour (SCO is located at ~ 50 m a.s.l.
within the oceanic boundary layer, whereas IZO is located at ~ 2370 m a.s.l., normally
under free troposphere conditions).
Thus, the background conditions at IZO are associated to low AOD values (~ 85% of its
AOD values are under 0.15, e.g. Table 2.1). As shown in Figure 2.7, AODs above 0.15 are
associated to large particles with  < 0.25 and  ~ 0 that correspond to  < 30% (Figure
2.7), i.e. values similar to the ones observed at sub-Sahelian sites. In winter, AOD > 0.15
represents less than 1% of the recorded data while in summer AOD > 0.15 represents
about a 50%. This shows an enhancement of Saharan dust transport at this site during
summer, in agreement with Prospero et al. (1995).
SCO is located in the city centre of Santa Cruz de Tenerife in the vicinity of the city
harbour. This site presents a large coarse fraction associated to  < 70% and AOD maxima
below 1.5. High aerosol loading from spring to autumn (Figure 2.5) associated to low 
values and high extinctions indicates that mineral dust dominates the aerosol regime, due to
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frequent Saharan dust outbreaks. The predominance of the trade winds (NE) in the
oceanic boundary layer plays a key role in the atmospheric dynamics of this site. It favours
the dispersion of pollutants from local urban and industrial activities over the ocean
together with the occasional transport of European polluted air masses to this region
(Viana et al., 2002). Consequently, the proportion of fine anthropogenic aerosols at SCO is
lower than those in regions with similar urban and industrial development in continental
environments (Rodríguez and Guerra, 2001; Rodríguez et al., 2008). In general, this fine
fraction of pollution aerosols appears well-mixed with coarse mode aerosols like maritime
particles (~ 50% of its AOD > 0.15 are associated to  > 0). Thus, as shown in Figure
2.6, the coarse fraction of this urban site remains very high during all the year.
Long-range dust transport above the trade wind inversion layer at IZO is observed from
early summer to early-autumn. Low level dust intrusions are detected at SCO mainly in
winter (from January to March) and in autumn, in agreement with the previous studies in
this North Atlantic region (e.g. Torres et al., 2002; Viana et al., 2002; Alonso-Pérez et al.,
2007).

2.4.4 Iberian Peninsula
At higher latitudes, we find the Iberian Peninsula. The air masses arriving to this region are
driven by the Azores high pressure system which intensifies during the warm season
inducing very weak pressure gradient conditions all over the region (Martin-Vide, 1984).
This favours the development of local thermal circulations, such as coastal and mountain
breezes. EVO, ROC, ARE, GRA and PAL sites in the Iberian Peninsula show a frequent
background situation associated to low AOD values (~ 70% of its AOD values are lower
than 0.15, see Table 2.1). High extinctions (AOD > 1) are associated to large particles with
 < 0.6 and  ~ 0 that correspond to  < 30% with a marked South-to-North gradient
with AODs maxima < 2 in ARE (Figure 2.8) and < 1 in ROC and PAL. These large
particles are linked to frequent African dust plumes affecting this area mainly in earlyspring and summer (Rodríguez et al., 2001b; Alados-Arboledas et al., 2003; Silva et al.,
2003; Querol et al., 2004a; Lyamani et al., 2005; Elias et al., 2006; Toledano et al., 2007b;
Wagner et al., 2009).
All these sites show a second cluster (see ARE and GRA in Figure 2.8) associated to  >
1.5 and  < -0.2. These values correspond to  ~ 80% and Rf  0.13 m related to
polluted and continental air masses (Alados-Arboledas et al., 2003; Querol et al., 2004a;
Toledano et al., 2007b). In fact, local pollution episodes (mainly in late autumn and winter)
as well as emissions from Central and Eastern Europe (Querol et al., 2004a) and sometimes
as far as the Eastern Coast of North America (Alados-Arboledas et al., 2008) are potential
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than those recorded during African dust outbreaks but clearly higher than those observed
during background Atlantic advection conditions. This fine particle cluster grows following
the constant Rf curves ( 0.13 m) due to the presence of coarse particle (likely maritime
aerosols). Additionally, in winter (under stagnant conditions), a growth of AOD along
constant  lines (~ 85%), linked to both coagulation-aging and hydration, is observed.
Although African dust outbreaks over the Iberian Peninsula can occur throughout the year,
its contribution to AOD is more important in spring (Figure 2.6). In this season, the coarse
cluster usually appears well-mixed with other types of small particles as indicated by
positive  values (~ 0.20). Additionally, it is remarkable the seasonal differences (Figure
2.5) between the sites located in south-western part of the Peninsula (ARE, ROC and
EVO) and south-eastern (GRA) indicating different transport patterns at both areas.

2.4.5 Mediterranean Basin
The Mediterranean basin is characterized by cold winters and hot summers. The stable
anticyclonic weather conditions permits continuous measurements over long periods,
especially in summer.
2.4.5.1

Western Mediterranean

The stations located in the Northwestern Mediterranean coast are close to numerous
industrial and urban sources of primary pollutants. AVI (Figure 2.8), TUL, CAR, VIL,
BCN, ORI (Figure 2.8) and BLI (Figure 2.8) sites present an important fine particle cluster
in the AdA space ( > 1.6 and  < -0.3) associated to  ~ 80% and Rf  0.12 m. In fact,
over 70% of their datasets are associated to this fine particle cluster (Figure 2.6) which
corresponds to moderate extinctions (AOD < 0.7). AOD growth is linked to both
coagulation-aging and hydration increase of Rf. At the same time coarse particles, likely
maritime aerosols, superimpose their signal onto this fine mode. As shown in AVI (Figure
2.8), a concurrent increase in AOD and coarse mode fraction along the Rf curves ( 0.12
m) is observed. Conversely, highest extinctions (AOD maxima > 1) are related to large
particles ( < 0.7) that corresponds to  < 40%. This coarse particle cluster is associated to
large dust aerosols from North African deserts. As shown in Table 2.2, coarse fraction
exhibits positive  values throughout the year which indicates the presence of small
particles mixed with this coarse mode. The Northwestern Mediterranean coast is
characterized by a high frequency of sea breeze conditions, which are intensified by
topography. Under weak pressure gradients, coastal and nearby mountain breeze regime
predominates favouring the development of polluted atmospheric layers at several heights
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(Pérez et al., 2004; Jiménez et al., 2006). Thus, Saharan dust is found at high altitudes while,
fine pollution aerosols are concentrated at lower altitudes (e.g. Pérez et al., 2004). By late
summer-early autumn, North African highs, located at surface level, and Atlantic
depressions west of Portugal, favour air mass transport at low levels from the Western
Sahara, Mauritania and the Sahel to the Northwestern Mediterranean (Moulin et al., 1998;
Rodríguez et al., 2001; Escudero et al., 2005). These meteorological conditions are typically
associated to the presence of rain resulting in the well-known “red rains” (Ávila et al.,
1998). Thus, most of the Saharan intrusions during these rainy periods have not been
recorded into our dataset because AERONET instruments do not operate during rain
events.
At southern latitudes, ORI, on the west coast of Sardinia, and BLI, in the Algerian coast,
exhibit high extinctions (AOD > 0.7) in the coarse fraction. This is caused by frequent
North African dust advections. Both sites (included in Figure 2.8) present highest
extinctions (AOD > 1) in the coarse mode ( < 0.4 and  ~ 0) that corresponds to  <
30%. Additionally to this coarse cluster, we detect in the AdA space a small fraction of fine
aerosols ( ~ 1.6 and  ~ -0.5) possibly from local anthropogenic sources and European
pollution which is most important at the ORI site. This fine cluster is related to low
extinctions (AOD < 0.3) and  > 70%. A simultaneous growth of AOD and coarse
fraction (indicated by a decrease of ) along constant Rf curves is associated to cloud
contamination or to the presence of coarse particles (maritime and dust aerosols). At the
same time, coarse particles (likely dust) superimpose their signal onto this fine mode
particles.
As shown in Figure 2.6, the coarse fraction is more important in BLI than ORI during all
year due to its proximity to African sources. Maxima contributions in spring and summer
and minima in winter are observed, coinciding with the maximum and minimum incidence
of Saharan dust transport, respectively, in this part of the Mediterranean basin (Barnaba
and Gobbi, 2004). Note the similarities in Figure 2.5 and Figure 2.6 between BLI and GRA
(in the Iberian Peninsula) indicating common African dust sources and pathways at both
locations.
2.4.5.2

Central Mediterranean

At about 130 km east of the Tunisian coast, LAM (Figure 2.8) shows an important cluster
in the coarse mode in the AdA space ( < 0.5 and  ~ 0) associated to frequent Saharan
dust outbreaks to this site (Pace et al., 2006) that corresponds to  < 50%. This coarse
contribution is high throughout the year (Figure 2.6) and high extinctions (AOD > 1 and
ranging up to 2.5) are related to almost pure desert dust ( < 30%,  < 0.3 and  ~ 0) as
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observed in Sub-Sahelian sites. Moreover, a second aerosol type (Figure 2.8) with AOD <
0.4 and   1.8 that corresponds to  ~ 90% and Rf  0.14 m is observed. A growth of
AOD and coarse fraction is found along the constant Rf curves due to the presence of
coarse particles. In summertime, when wet removal is practically absent and photochemical
reactions are favoured, the contribution of small pollution particles is maximum (Figure
2.6). They are related to long-range transport of urban and industrial aerosols from
Western, Central and Eastern Europe as well as from biomass burning (Pace et al., 2006).
In winter, AOD > 0.15 represents < 7% of data and it is associated to dust events (Figure
2.5 and Figure 2.6). In this season, the high contribution of aerosols associated to lower
AOD values (< 0.15) indicates contribution of maritime aerosols and a minimum incidence
of long range transport.
Further north, in the Italian Peninsula, ROM (Figure 2.9) and LEC sites show an important
fine cluster in the AdA space ( > 1.8 and  ~ -0.4) that corresponds to  ~ 80% and Rf
 0.12 m. The fine mode at ROM is mainly due to secondary particles of local origin, and
long range transport is a minor component (Gobbi et al., 2004). On the contrary, LEC
presents a more important contribution of fine pollution aerosols transported from Central
and Eastern Europe (Lelieveld et al., 2002), and from the Atlantic Ocean (De Tomasi and
Perrone, 2003). LEC is also affected by fine particles originated by frequent summertime
forest fires (Perrone et al., 2005). At both sites, a simultaneous growth of AOD and coarse
fraction (indicated by a decrease of ) along constant Rf curves in the AdA space is
associated to the presence of coarse particles (likely dust). In addition, in ROM (Figure 2.9),
the extension of fine pollution particles to higher AOD occurs perpendicularly to the black
line due to the presence of these large particles. Additionally, both sites are impacted by
Saharan dust with AOD > 0.4 (with AOD maxima of 1.5) and  < 0.75 that corresponds
to  < 30%. This coarse cluster is more important at LEC than at ROM (Figure 2.6) and it
usually appears well-mixed with other small particles (Table 2.2). Thus, ROM and LEC
present different seasonal features (Figure 2.5). The high contribution of large size aerosols
at LEC in winter (Figure 2.5 and Figure 2.6) is due to the lower contribution of long-range
transported fine particles and a higher weather instability that does not favour the
accumulation of fine particles. From spring to autumn, a decrease of  values (Figure 2.5)
is associated to an increase of the frequency of long-range transport of Saharan dust to
southern and central Italy (Barnaba and Gobbi, 2004, Gobbi et al., 2004; Mona et al.,
2006).
2.4.5.3

Eastern Mediterranean

In the Eastern Mediterranean large particles are quasi inexistent at THE (Figure 2.9). This
site is characterized by rather heavy pollution being strongly influenced by regional (Central
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and Eastern Europe) and local urban and industrial sources as well as by biomass burning
that may also contribute sporadically from areas at the northern coast of the Black Sea
(Gerasopoulos et al., 2003; Kazadzis et al., 2007). As shown in Figure 2.9, high extinctions
(AOD > 0.7) mainly cluster in the fine mode (  1.8 and   -0.3) that corresponds to 
~ 85% and Rf  0.13 m. This fine polluted cluster presents a growing AOD linked to both
coagulation-aging (along constant  ~ 85%) and hydration-type increase along constant Rf
curves. Occasional events of long-range transport of desert dust are observed only in
summer (Figure 2.6) and commonly appear mixed with fine pollution aerosols (Figure 2.9).
These desert dust events are associated to AODs between 0.7 and 1 as also suggested in
Balis et al. (2006).
In the Eastern Mediterranean, CRE (Figure 2.9), ERD, ZIO (Figure 2.9), SED and CAI
sites present high extinctions (AOD > 1) associated to clustering in the coarse mode ( <
0.75) in the AdA space. They are related to large mineral aerosols originated in desert dust
source regions such as Anatolian plateau, Saharan and Negev deserts (Andreae et al., 2002;
Kubilay et al., 2003; Derimian et al., 2006) corresponding to  < 40%. As shown in Figure
2.6, maximum contribution of the coarse particles, associated to high extinctions, is
observed in spring in this area. During this season, long-range Saharan dust transport and
uplifted dust particles from surrounding deserts are very important (Kubilay et al., 2000;
Kubilay et al., 2003; Barnaba and Gobbi, 2004).
The aerosol climatology of CRE site (Figure 2.9) is strongly determined by the maritime
environment with high concentrations of sea-salt aerosols (> 65% of its AOD is < 0.15)
which constitute the background conditions. The CRE data shows high AOD (> 0.7),
mainly clustering in the coarse mode ( < 0.6 and  ~ 0) that corresponds to  < 30%
(Figure 2.9). These large particles are related to long-range transport from Sahara, and, to a
minor degree, from source regions in the eastern part of Mediterranean basin (such as
Anatolian plateau, Saharan and Negev deserts) and Middle East (Dayan et al., 1991;
Kubilay et al., 2000; Barnaba and Gobbi, 2004; Fotiadi et al., 2006). As shown in Figure 2.5
and Figure 2.6, maximum contributions of this coarse mode are observed in winter and
spring. In winter, AOD > 0.15 represents < 20% of data and it is associated to dust events
(Figure 2.5 and Figure 2.6). In this season, high contribution of aerosols associated to lower
AOD values (< 0.15) is a consequence of the background situation dominated by the
presence of maritime aerosols (Fotiadi et al., 2006; Kalivitis et al., 2007; Gerasopoulos et
al., 2007). In spring, a decrease of  values (~ 0) in the coarse mode with respect to the
rest of the year (Table 2.2) indicates an increase of long-range dust transport to this area.
Contributions from urban-industrial aerosol intrusions into the region from the Eastern
Europe, Balkan area, and Anatolia are maxima in summer (Figure 2.5 and Figure 2.6). This
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fine mode ( > 1.5 and  ~ -0.2) is associated to low AODs (< 0.4) and corresponds to
 > 70%. The growth to higher AODs and coarse fractions occurs perpendicularly to the
constant Rf line due to the coexistence of coarse aerosols (likely maritime) and small
pollution particles. Therefore, it is a common situation that they appear well-mixed as
indicated by positives values of  throughout the year (Figure 2.5).

Figure 2.9 Ångström exponent difference,  = (440,675) - (675,870), as a function
of the 440 – 870 nm Ångström exponent and AOD at 675nm (color code) for
AERONET sites. Acronyms are defined in Table 2.1.
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A second cluster in the fine mode region (  1.6 and   -0.3), that corresponds to  ~
70% and Rf  0.14 m, is observed. This fine mode is associated to pollution particles and
it is especially remarkable at coastal sites Turkey and Israel such as ERD and ZIO (Figure
2.6), where the urban-industrial local emissions are significant. Most of the long-range
transported aerosol in this region is attributed to Central and Eastern Europe, especially
along the Israeli coast (Sciare et al., 2003; Fotiadi et al., 2006), as well as to Southern Russia
(Andreae et al., 2002; Derimian et al., 2006) with additional contributions from marine
biogenic activities and forest fires in the region. This fine cluster presents an increase in
AOD and coarse mode fraction along the constants Rf curves (see ZIO in Figure 2.9),
moreover, the growth to higher AODs also occurs perpendicularly to the constant Rf line.
This is due to the coexistence of mineral dust and fine pollution aerosols. Additionally, in
high-pollution locations (such as ZIO and ERD), branching of data along  lines is
observed which is associated to coagulation-aging growth. The contribution of small
pollution particles is maximum in summer (Figure 2.6), when wet removal is practically
absent and the accumulation of pollution is favoured.

2.4.6 Middle East
The sites located in the Arabian Peninsula (MUS, DHA, DHD, BHR, HMM and SVI)
provide a relatively large amount of measurements thanks to stable weather conditions in
this region. The United Arab Emirates and the Persian Gulf include strong regional desert
dust sources of predominately coarse mode-size particles, as well as important fine mode
pollution particle sources from petroleum extraction and processing facilities which are
located on islands, sea-platforms and coastal regions of the Persian Gulf. Thus, as shown in
Figure 2.5, the coastal sites in the northeastern part of the United Arab Emirates such as
MUS, DHA and DHD, as well as BHR in the Persian Gulf, attain positive  values
during almost all year (~ 0.2) which indicate the coexistence of two particle modes.
For the coastal sites of MUS (Figure 2.9), DHA, DHD and BHR, we observe desert dust
with AOD maxima of 1.5,  < 0.75 and   0 that corresponds to  < 40%. As opposite,
small particles from petroleum industry emissions are associated to fine mode (  1.6 and
 ~ -0.2) and AOD < 0.7 corresponding to  > 70% and Rf ~ 0.13 m. The interaction
of mineral dust and pollution is strong at these coastal sites. In the AdA space, this mixed
region follows Rf constant curves and is associated to  between 40 and 70% (see MUS in
Figure 2.9). Additionally, and due to the proximity of these stations to the sea, an increase
in AOD is linked to both coagulation-aging and hygroscopic-type increase in Rf.
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Conversely, at the inland desert sites, as HMM (Figure 2.9) and SVI, desert dust is the main
aerosol constituent, being associated with high AOD (> 0.7 ranging up > 2) mainly
clustering in the coarse mode ( < 0.75 and  variable). This cluster corresponds to  <
50%. HMM (~ 125 km inland from the Gulf; Figure 2.9) shows a contribution of small
particles from industrial emissions that corresponds to  ~ 80% and Rf ~ 0.13 m. This
transport is consequence of regional sea and land breeze circulations in this area (Eck et al.,
2008) which produce occasional increases of fine mode particles from offshore petroleum
operations. This fine mode presents a growth of AOD and coarse mode fraction along the
constants Rf curves. Otherwise, SVI is located in the middle of the Arabian Peninsula, near
to At Riyad (the capital of Saudi Arabia and its largest city) and far away from the Persian
Gulf or other industrialized areas. SVI presents its highest extinctions (AOD > 1) in the
coarse mode region ( < 0.75 and  < 0.1) which presents an expanded particle size
range suggesting significant variations in the particle size-distribution. It ranges from
almost pure coarse-mode dust particles (associated to  < 0.3 and  < 30%) to a mixture
of coarse particles and regional fine-mode pollution aerosols ( < 70%) caused by
anthropogenic activities in the region (Kaskaoutis et al., 2007).
As shown in Figure 2.6, the contribution of large particles is maximun in spring and
summer. In spring, all sites present similar AODs and  values (Figure 2.5). It is associated
to maximum desert dust local activity (Smirnov et al., 2002b; Eck et al., 2005; Kim et al.,
2007; Kaskaoutis et al., 2007). On the contrary, in summer, MUS, DHA, DHD and HMM
show higher AODs than BHR and SVI coinciding with a general increase of  values
(Figure 2.5). In this season, the southwest monsoon introduces a northwesterly flow over
the Arabian Peninsula bringing extremely dry and dust-loaded air from the Iraq and
southern Iran deserts (Liu et al., 2000). In addition to long range transport, regional sealand breeze circulations cause both, a regional transport of polluted and humid air masses
from Persian Gulf to inland regions, and a dust transport from these regions towards the
coast and the Gulf (Eck et al., 2008) favouring a mixing of desert dust and fine pollution
aerosols.

2.5 Summary and conclusions
In this chapter, we have provided an aerosol characterization focusing on the contribution
of mineral particles based on direct-sun observations of 39 AERONET stations which
include at least an annual cycle within the 1994 - 2007 period. These stations are located in
the region most affected by the presence of Saharan and Arabian desert dust: Northern
Africa, Northeastern Atlantic, the Mediterranean Basin and Middle East. In addition to
large mineral particles, fine pollution aerosols, originated in industrialized countries
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surrounding the Mediterranean Sea and in the Persian Gulf, and biomass burning aerosols,
produced in the Sahel and southern European countries, dominate the atmospheric aerosol
load in this region.
The method used to discriminate different aerosol types, introduced in Gobbi et al. (2007),
relies on the combined analysis of the Ångström exponent () and its spectral curvature,
here represented by  = (440,675) - (675,870). Plotting data in these coordinates was
shown to allow for inference of aerosol fine mode size (Rf) and fractional contribution ()
to total AOD by means of reference points. It is also possible to separate the AOD
increase due to fine-mode aerosol humidification and/or coagulation, from AOD growth
due to the increase in coarse particles concentrations or cloud contamination.
In areas around the Sahara desert, mineral dust is found to be the main aerosol constituent,
being associated with coarse mode particles a corresponding to  < 40%. Highest
extinctions (AOD > 4) are related to  < 30% and Rf ~ 0.3 m that we assumed as typical
of pure Saharan dust particles. Superimposed to this coarse cluster, small particles
associated to fine mode ( > 1.5 and  ~ -0.3), that corresponds to  ~ 70% and Rf ~
0.13 m, are also observed. In the Sahel region, this fine contribution is limited to winter
and it is originated by biomass burning. At northern latitudes, the fine cluster is most
important and is linked to the local or regional urban-industrial emissions. Frequently, the
interaction of large mineral particles and small aerosols results in well-mixed particles with
to  > 0. Eastern Tropical and sub-Tropical North Atlantic sites located in the outflow of
Saharan dust from West Africa present similar behaviour to the continental stations located
at the same latitudes, characterized by a large mineral dust fraction from spring to autumn.
In spite of the Iberian Peninsula sites showing frequent background conditions associated
to low AOD values (< 0.15), high extinctions (AOD > 1) are associated to large particles
with  < 0.6 and  ~ 0 that correspond to  < 30%, with a marked South-to-North
gradient. This is linked to frequent African dust plumes affecting this area mainly in earlyspring and summer. Additionally, a second cluster associated to  > 1.5 and  < -0.2 that
correspond to  ~ 80% and Rf  0.13 m can be related to polluted European continental
air masses.
The highest polluted sites in the central-eastern Mediterranean show measurements
clustering in the fine mode ( > 1.5 and   -0.3) that corresponds to  > 70% and Rf 
0.13 m. In this case, the AOD increase is linked to both coagulation-aging and hydration
type increase in Rf. Furthermore, a North-to-South AOD gradient, related to the coarse
mode ( < 0.75 and  variable) with  < 40%, is associated to seasonal dust export. In
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general, the maximum dust activity appears in spring and summer over the whole
Mediterranean Basin. In wintertime, the high contribution of aerosols associated to lower
AOD values (< 0.15) indicates significant contributions from maritime aerosols compared
to dust. However, some few dust outbreaks can also take place in this season. In general,
desert dust appears well-mixed with other types of particles like fine pollution aerosols.
They are associated to AOD < 1, but in some intense Saharan outbreaks (with  ~ 0) can
reach AOD values of about 2.
In Middle East, all sites show high extinctions (AOD up to 3) mainly clustering in the
coarse mode with  < 50%. These extinctions are lower than those observed at the African
sites. In coastal sites of the Persian Gulf, fine-mode aerosols ( > 1.6 and   -0.3) largely
produced by the oil industry are observed. They are associated to  > 70% and Rf ~ 0.13
m. The AOD increase is linked to both coagulation-aging and hydration-type increase in
Rf due to very humid conditions in the Gulf. This variability of atmospheric particles type
in conjunction with highly variable regional meteorology, results in a high variety of
conditions in this region: some days are dominated by large particle desert dust, while
others by fine pollution particles. However most of the days are characterized by a mixture
of these two aerosol types.
Finally, this study confirms the robustness of the method of Gobbi et al. (2007) based on
direct-sun measurements (more frequent and accurate than sky measurements) to track and
characterize mixtures of pollution aerosol and mineral dust. We have also found that in the
dataset we analysed  < 0 values can be related to a dominant single mode fraction,
independently whether it corresponds to fine (high ) or to coarse (low ) aerosols.
The aerosol characterization presented in this chapter is used in the model quantitative
evaluation and the analysis of results presented in the following chapters.
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3 Development and evaluation of the BSC-DREAM8b
model
3.1 Introduction
Substantial impacts of dust upon climate and environment (IPCC, 2007) have increased the
need to better understand and predict the atmospheric dust cycle. In this regard, a number
of experimental and operational dust forecast systems have been developed in recent years,
such as the global models Navy Aerosol Analysis and Prediction System (NAAPS;
Westphal et al., 2009) and the aerosol model at the European Centre for Medium-range
Weather Forecasts (ECMWF; Morcrette et al., 2007); and some regional models as BSCDREAM8b (Nickovic et al., 2001; Pérez et al., 2006a,b), SKIRON (Nickovic and Dobricic,
1996; Kallos et al., 1997; Nickovic et al., 1997), CHIMERE-DUST (Menut et al., 2008;
Schmechtig et al., 2011), MOCAGE (Martet and Peuch, 2009) and CUACE/Dust (Chinese
Unified Atmospheric Chemistry Environment/Dust; Zhou et al., 2008).
The updated BSC-DREAM8b model is operated and further developed at BSC-CNS
(www.bsc.es/projects/earthscience/DREAM/). Moreover, BSC-DREAM8b is one of the
regional mineral dust models participating in the NA-ME-E Node of the SDS-WAS
Programme. The history of the model starts with its predecessor, a single particle size dust
model (Nickovic and Dobricic, 1996) initially developed in the World Laboratory Centre,
Erice, Italy in the period 1991 - 1993. This model was implemented in the Tunisian
Meteorological Service, where the first ever-successful operational regional dust forecast
was performed during March-May 1995. The model was transferred to the University of
Athens in 1995 where it was further improved and routine daily dust forecasts were
established during 1996 - 1998 within the SKIRON project. Further model developments
continued in ICoD, University of Malta, and resulted in the DREAM version of the model
(Nickovic et al., 2001), which was routinely run in ICoD during the period 1998 - 2005. In
May 2005, the operational DREAM dust forecasting system was transferred to the
Environmental Modelling Laboratory of the Technical University of Catalonia (UPC) and
in September 2006 to BSC-CNS where the model and its further developments are run on
routine basis. While the forecast model domain had traditionally covered a region
comprising the Mediterranean and the northernmost African sources, from 2006 the
operational dust forecast at BSC-CNS was extended further covering the larger part of
Europe to the north, sub-Saharan Africa to the south and the Arabian Peninsula to the east
(Figure 3.1). BSC-DREAM8b provides the operational dust forecast at BSC-CNS since
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be limited to seasons and regions, when or where that aerosol type dominates the aerosol
composition.
In this chapter, we first evaluate the performance and discuss the limitations of DREAM
and BSC-DREAM8b and we test and discuss updates in the emission and deposition
schemes. The domain covers Northern Africa, the Mediterranean Basin and Middle East.
The evaluation is performed using hourly AOD data from the AERONET network
(Holben et al., 1998) for year 2004. Satellite aerosol products are used to compare and
analyse the modelled dust seasonal cycles. The chapter is organized as follows. Section 3.2
describes the main characteristics of DREAM and BSC-DREAM8b as well as the new
components that will be evaluated. Section 3.3 describes the observational data and
introduces the evaluation strategy. In Section 3.4 we discuss the results of the evaluation of
several model versions. Finally, conclusions are included in Section 3.5.

3.2 Model description, new components and experimental
set-up
The DREAM model solves the Euler-type partial differential nonlinear equation for dust
mass continuity and it is fully embedded as one of the governing prognostic equations in
the atmospheric NCEP/Eta atmospheric model (Janjic, 1977, 1979, 1984, 1990, 1994,
1996a, b; Mesinger et al., 1988; Zhao and Carr, 1997). In this section we describe the
original and the current operational versions of the model together with other new
components that will be evaluated. Table 3.1 lists the main characteristics of the different
versions evaluated in this contribution.

3.2.1 Operational versions
In the operational versions of the model, the dust emission scheme parameterizes the
vertical dust flux Fk for each particle bin k following Shao et al. (1993):

 u
Fk  C  S   k   k  u  1   *t k
  u*

3
*





2


 for u  u
*
*t k



(3.1)

where C is a constant tuning parameter, u* is the friction velocity, u*t is the threshold
friction velocity above which dust production starts, S represents the source term (which
includes the desert mask), βk is the fraction of each texture class of bin k considered in the
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model and includes the influence of soil textures; and k represents the ratio of the mass
available for uplift and the total mass of the respective bin k.
The threshold friction velocity of the dry soil u*tkd depends on the particle size which is
defined following Bagnold (1941):
u*t kd  Ak 2 grk

k  a
a

(3.2)

where g is the gravity acceleration, rk is the particle radius size, and k and a the density of
the particle and the ambient air, respectively. The parameter Ak is a function of the particle
Reynolds number (Rr)ρk = (2Rku*tk)/ and  = 0.000015 m2/s. For the considered particles
sizes in the model Ak is specified by using available empirical data (White, 1979). In this
formulation u*tkd decreases with decreasing particle size (rk), neglecting cohesive forces
among small particles. In practice, this emission scheme directly entrains dust-sized
particles into the atmosphere and includes the influence of soil structure and particle size
distribution by means of S, βk and k.
Soil moisture effects on the threshold friction velocity are included following Fecan et al.
(1999):

u*tk  u*tk 1  1.21w  w' 

0.68

(3.3)

where w is the ground wetness predicted by the model, and w’ is the amount of adsorbed
water which is an increasing function of the clay fraction in the soil.
Additionally, DREAM includes a viscous sublayer between the surface and the lowest
atmospheric model layer (Janjic, 1994), by assuming a physical similarity between
mass/heat/momentum exchanges over surfaces such as ocean with that of mobilized dust
particle over desert surfaces (Chamberlain, 1983; Segal, 1990).
The model includes a simple wet scavenging scheme which uses a basic precipitation model
with a constant washout ratio (see Nickovic et al., 2001). Dry deposition scheme follows
Giorgi (1986) which calculates dry deposition velocity relative to the bottom transport
model as a function of particle size and it is applied to any type of surface. This scheme
includes processes of deposition by turbulent and Brownian diffusion, gravitational settling,
interception and impaction on the surface roughness elements. Furthermore, the model
considers desert dust aerosols as inert and particle growth under humid conditions is not
taken account.
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size distribution, preferential sources, wet and dry deposition, number of bins and radiative feedbacks. The codes denote the following references. B41: Bagnold (1941); D87: D’Almeida (1987);
D87N01: D’Almeida (1987) modified with the correction factors used by Nickovic et al. (2001); G01: Ginoux et al. (2001); G86: Giorgi (1986); IW82: Iversen and White (1982); MB95:
Marticorena and Bergametti (1995); N01: Nickovic et al. (2001); S93: Shao et al. (1993), P06: Pérez et al. (2006a); White (1979); Z01: Zhang et al. (2001).
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dataset
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friction
velocity

Horizontal
flux

Vertical
flux

Source size
distribution

Preferential
sources

Wet dep.

Dry dep.

Number
of bins

Radiative
feedbacks

M4

Operational
(DREAM)

FAO/UNESCO 4km
SSiB and Olson World
Ecosystem. 10-min

B41

-

S93

N01

No

N01

G86

4

No

M8

Operational
(BSC-DREAM8b)

FAO/UNESCO 4-km
USGS Global 1-km

B41

-

S93

D87

No

Corrected

G86

8

P06

D8

Research

FAO/UNESCO 4-km
USGS Global 1-km

B41

-

S93

D87N01

No

Corrected

Z01

8

P06

DG8

Research

FAO/UNESCO 4-km
USGS Global 1-km

B41

-

S93

D87N01

G01

Corrected

Z01

8

P06

N8

Research

STATSGO-FAO 5-min
USGS Global 1-km

IW82

W79

MB95

D87

No

Corrected

Z01

8

P06

NG8

Research

STATSGO-FAO 5-min
USGS Global 1-km

IW82

W79

MB95

D87

G01

Corrected

Z01

8

P06
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Table 3.1 Summary of the main features of each model version used in the present analysis: model version, status, texture type dataset, threshold friction velocity, horizontal and vertical flux, source
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In the original DREAM version (hereafter referred as M4, see Table 3.1), the source mask
S is calculated from remapping the arid and semi-arid categories of the Olson World
Ecosystems database (EPA, 1992) at 10-minutes resolution to the regional model domain
(Fig. 3.2a). For soil textures, a combination of the Zobler near-surface global soil texture
(Staub and Rosenzweig, 1987) at 1º resolution and the UNEP/GRID gridded
FAO/UNESCO 4km soil units is used. For each soil texture class the fractions of clay,
small silt, large silt and sand are estimated from the soil texture triangle (Hilell, 1982). In
this version of the model the four different particle classes are assumed to have a typical
particle radius of 0.73, 6.1, 18 and 38 m, respectively. For long-range transport, only the
first two dust classes are relevant for the analysis since their lifetime is larger than about 12
hours. To obtain the AOD we use a constant specific cross section (*):
AOD     * M

(3.4)

where M is the column mass loading in the 2 smaller size classes (0.73 and 6.1 m).
AODfine is calculated with the column mass of the first dust particle class and AODcoarse is
calculated with the column mass of the second dust particle class.
From 2003 onwards a research version of the model started to emerge. Following the idea
of improving weather forecasts by including the dust radiative effect, an online interactive
dust-radiation scheme was under development in the period 2002 - 2005, (Nickovic, 2002;
Nickovic, 2005) and was successfully finalized in Pérez et al. (2006a) showing the positive
impact of including dust-radiation interactions in the short-term weather forecast. The
main features of BSC-DREAM8b (hereafter referred as M8, see Table 3.1), described in
Pérez et al. (2006a), are a new source function S based on the arid and semi-arid categories
of the 1 km USGS land use data set (Fig. 3.2b), a more detailed particle size distribution
which includes 8 size bins within the 0.1 – 10 m radius range according to Tegen and
Lacis (1996) as listed in Table 3.2, a source distribution derived from D’Almeida (1987),
and dust radiative feedbacks (Pérez et al., 2006a). Because important overestimations of the
simulated dust concentration were observed during intense wet events in the
Mediterranean Basin in M4, an updated wash-out ratio was introduced in M8.
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Table 3.2 Dust size bins introduced in the BSC-DREAM8b model. The bin intervals are
taken from Tegen and Lacis (1996). Here rmin – rmax are minimum and maximum radius
and reff is effective radius for each size bin.
Bin
Number

rmin – rmax (m)

reff (m)

1

0.1 - 0.18

0.15

2

0.18 – 0.3

0.25

3

0.3 – 0.6

0.45

4

0.6 – 1

0.78

5

1 – 1.8

1.3

6

1.8 – 3

2.2

7

3–6

3.8

8

6 - 10

7.1

For M8, AOD is calculated with the following expression:
8

8

k 1

k 1

AOD( )   AODk ( ) 

3
4 k rk

M k Qext ( ) k

(3.5)

where for each size bin k: k is the particle mass density, rk is the effective radius, Mk is the
column mass loading and Qext()k is the extinction efficiency factor at wavelength  which
was calculated using Mie scattering theory. AODfine and AODcoarse are calculated in this
version with bins 1 to 4 and 5 to 8, respectively.

3.2.2 New model components
In addition to the evaluation of the operational versions of the model we test and compare
the behaviour of the model with several new components, including a new dry deposition
scheme and a modified source size distribution (D8), a more physically-based dust emission
scheme (N8), and the use of a topographic preferential source mask in combination with
the two different emission schemes (DG8 and NG8). The main features are described
below and summarized in Table 3.1.
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3.2.2.1

Source size distribution and dry deposition

D8 is based on M8 with a modified mass size distribution at sources and a new dust
deposition scheme based on Zhang et al. (2001). The modified source size distribution
introduces a correction in the proportion between emitted coarse and fine fractions to the
D’Almeida’s (1987) mass size distribution. These correction factors are the same than those
used in the original model version by Nickovic et al (2001). The new deposition scheme
based on Zhang et al. (2001) replaces the one of Giorgi (1986) and calculates particle dry
deposition velocities as a function of particle size and density as well as relevant
meteorological variables and land use. As a different of earlier size-dependent particle dry
deposition models (like the Giorgi’s scheme), this latter dry deposition scheme produces
more realistic deposition velocities for sub-micron particles in better agreement with the
experimental results (Zhang et al., 2001). This deposition scheme includes simplified
empirical parameterizations for the deposition processes of Brownian diffusion, impaction,
interception and gravitational settling detailed in Slinn (1982).
3.2.2.2

Emission scheme

Wind tunnel studies have shown that for particles with radius < 35 m, the threshold
friction velocity increases with decreasing radius (Iversen and White, 1982), and at sources
the direct emission of small dust particles by wind is negligible. Sandblasting and
disaggregation of clay and silt particles by large particles in saltation dominate the vertical
flux of dust, which is strongly sensitive to the size distribution of saltating particles.
N8 is based on M8 with the dust deposition scheme based on Zhang et al. (2001) and a
more physically-based dust emission scheme. In this case, a horizontal saltation flux H is
simulated according to White (1979) as follows:

a

 u*tk  u*2tk 
1  2  sk
H  cs u  1 
g k 1 
u* 
u* 
4

3
*

for u*  u* t k

(3.6)

where cs is a dimensionless factor taken as 2.61 (White, 1979), ρa is the air density, u* is the
wind friction velocity, g is the gravitational constant, u*tk is the threshold wind friction
velocity and sk is the relative surface area of each soil population k (i.e., clay, silt, finemedium sand and coarse sand). In this case the threshold friction velocity shows an
optimum particle diameter range for uplifting between 60 and 80 m and is parameterized
using the semi-empirical relationship of Iversen and White (1982). For smaller and larger
particles the threshold friction velocity increases due to inter-particle cohesion forces and
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gravity, respectively. As in the previous model versions, soil moisture effects on the
threshold friction velocity are included following Fecan et al. (1999).
The vertical flux F follows the empirical relationship of Marticorena and Bergametti (1995):
F  C ·S · ·H

(3.7)

where C is the tuning constant, S represents the source function (which includes the desert
mask), and  is the so called horizontal to vertical flux ratio reflecting the availability of
dust in the soil. To specify the soil size distribution we use the soil textures of the hybrid
STATSGO-FAO soil map. In this database, the FAO two-layer 5-minute global soil
texture is remapped into a global 30-second regular latitude-longitude grid. We use 4 soil
populations in the model distinguishing among fine-medium sand and coarse sand
according to the criteria used in Tegen et al. (2002).
3.2.2.3

Preferential sources

Enclosed basins containing former lake beds or riverine sediment deposits provide an
abundance of small clay-sized particles that are loosely bound, and dominate global dust
emission according to the TOMS aerosol index (AI) satellite retrieval (Prospero et al.,
2002). Modelling studies show that inclusion of these “preferred” source regions improves
the realism of the model dust load in the vicinity of the sources (Zender et al., 2003b). To
identify these regions, we test the source function G described in Ginoux et al. (2001)
based upon topography which is described as follows:

 z z 
Gi   max i 
 zmax  zmin 

5

(3.8)

which is defined as the probability to have an accumulated alluvium sediments in the grid
cell i of altitude zi , and zmax and zmin are the maximum and the minimum elevations in the
surrounding 10º x 10º topography, respectively (see Fig. 3.2c). We analyse the impact of the
preferential source function of Ginoux et al. (2001) in conjunction with the two emission
schemes in D8 and N8. In these model simulations G is multiplied with the source term S
in D8 and N8 which will be referred as DG8 and NG8, respectively.

3.2.3 Model experimental set-up and tuning
We evaluate and discuss annual simulations over the extended operational domain, which
includes Northern Africa, the Mediterranean and Middle East (Fig. 3.1, blue grid). The
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simulated dust distributions consist of 366 daily runs for year 2004. The initial state of dust
concentration is defined by the 24-hour forecast of the previous-day model run. Only in
the ‘‘cold start’’ of the model, concentration is set to zero. The cold start of the model was
initiated on 23 December 2003. The Final Analyses of the National Centers of
Environmental Prediction (FNL/NCEP; at 1º x 1º) at 0 UTC are used as initial
meteorological conditions and boundary conditions at intervals of 6 hours. The resolution
is set to 1/3º in the horizontal and to 24 layers extending up to approximately 15 km in the
vertical.
Because dust emission is a non-linear function of wind speed and depends on many other
factors that are poorly known at the scale of the model grid, dust emission in models is
constrained with observations (Cakmur et al., 2006). In this analysis, we optimize the
tuning parameter C in Equations (3.1) and (3.7) for all the experiments by minimizing the
weighted sum of the squared difference between the model and observed values of AOD
from the measurements available during the study period presented in the next section. A
posteriori model calibration is necessary to compare different model versions and
understand regional differences among them.

3.3 Data and evaluation methods
3.3.1 Observational data
In the present chapter, quality-assured direct-sun data in the 440 - 870 nm wavelength
range is used since these channels are highly accurate and they are available in all
AERONET instruments. In order to achieve a good temporal and spatial coverage, the
selection of the AERONET stations for the present model evaluation is based on two
criteria: their localization in the simulation domain (box at 0 - 45º N and 26ºW - 60ºE) and
the amount of the data during our study year. All operational stations in 2004 that collected
data on at least 100 hours, over a minimum period of 2 months have been selected.
Additionally on those sites where the SDA retrieval (see Section 2.3) is available (mainly in
the Mediterranean and Middle East regions) the contribution of each aerosol fraction is
analysed. Figure 3.3 shows the location of the 44 selected AERONET sites and Table 3.3
lists additional information including type of site, observation periods, percentage of cloud
screened data and the availability of SDA products.
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which do not depend on explicit radiometric surface properties. As such, MISR can
retrieve aerosol properties like AOD over a variety of terrain, including highly reflective
surfaces like deserts (Martonchik et al., 2004). The MISR observation repeat time is only 3
or 4 visits per month for those latitudes where Earth’s large desert areas occur. In the
present analysis, we use the collection C005 AOD data (cloud free) at 550 nm from
MODIS/Aqua sensor. The MODIS aerosol algorithm is comprised of two independent
algorithms, one for deriving aerosols over land and the second for aerosols over ocean
(Levy et al., 2003; Remer et al., 2005). However, algorithm over land has been developed to
be used only low ground reflectance (i.e. over dark vegetation). For this reason, the
MODIS/Aqua Deep Blue AOD product has been included in the analysis. The
MODIS/Aqua Deep Blue algorithm employs radiances from blue channels for which the
surface reflectance is low enough that the presence of dust brightens the total reflectance
and enhances the spectral contrast (Hsu et al., 2004). Thus, the MODIS/Aqua Deep Blue
AOD product basically provides information over arid and semi-arid areas. Figure 3.4,
Figure 3.5, Figure 3.6 and Figure 3.7 include a combination of the seasonal averages of
MODIS/Aqua Deep Blue AOD and the collection C005 AOD data.
As shown by the satellite data in Figure 3.4, Figure 3.5, Figure 3.6 and Figure 3.7 in general
MODIS features a higher AOD than MISR. This could be linked to the lower MISR
observation frequency. While its temporal resolution (the repeat time is only 3 or 4 visits
per month) is high enough to capture the major seasonal dust activity, it may be too low to
reproduce some regional sources.

3.3.2 Evaluation strategy
In order to quantitative compare the modelled optical data in the mid-visible spectrum with
measurements at 550 nm, AOD at 550 nm from AERONET observations are obtained
from data between 440 and 870 nm following the Ångström’s law. Because AERONET
data are acquired at 15-minute intervals on average, all AERONET measurements within
±30 minutes of the model hourly outputs were extracted and used for comparison with the
model.
The presence of different types of aerosols mixed with dust in the measurement points
should introduce a negative bias in the comparison between dust model outputs and
observations. In general, the model should underpredict the dust AOD for increasing
Ångström exponents () because of the influence of anthropogenic pollution (Pérez et al.,
2006b). In order to evaluate mineral dust models, observations have to be segmented into
their different aerosol component, and the contribution of dust has to be extracted.
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Table 3.3 Location and description of the 44 selected AERONET stations in our study domain. Class of location which are
defined as stations: above 1000 m (H), in arid and desert areas (D), in the ocean (O), in remote and urban areas (R/U) and
in littoral areas (C); coordinates, altitude, the number of total level 2.0 direct-sun measurements (Dataset) and the number of
hours (N), days (Dy.) and months (M) in the observation periods, the percentage of cloud screened data of the selected
AERONET stations (F) and the availability of the quality-assured SDA retrieval products (SDA).

Station name

Code

Zone

Class

Lon.(º/E)

Lat.(º/N)

Alt.(m)

N

Hr.

Dy.

Mo.

F(%)

Abu_Al_Bukhoosh

ABA

Middle East

R/UC

53.1

25.5

24.5

2021

580

83

4

33.22

Agoufou

AGO

Sahel

D

-1.5

15.3

305.0

10967

2815

316

12

30.27

SDA

Al_Khaznah

ALK

Middle East

R/U

55.1

24.2

192.0

3959

1024

100

4

19.86

X

Al_Qlaa

ALQ

Middle East

R/UC

53.0

24.1

5.0

2245

482

44

3

19.44

X

Avignon

AVI

W.Med

R/U

4.9

43.9

32.0

7131

1368

220

12

34.52

BAHRAIN

BHR

Middle East

R/UC

50.6

26.2

25.0

2423

610

77

3

27.33

Banizoumbou

BAN

Sahel

D

2.7

13.5

250.0

11000

2842

325

12

32.00

Blida

BLI

W.Med

R/UC

2.9

36.5

230.0

4598

1998

264

12

33.55

Cabo_da_Roca

ROC

W.IP

R/UC

-9.5

38.8

140.0

4179

1259

197

10

39.17

X

Cairo_University

CAI

E. Med

R/U

31.2

30.0

50.0

1061

338

52

3

58.56

Capo_Verde

CVR

E.Trop.N.Atl

O

-22.9

16.7

60.0

1583

477

70

4

37.23

X

Carpentras

CAR

E.IP-W.Med

R/U

5.1

44.1

100.0

6905

1979

242

11

37.12

X

Dakar

DAK

E.Trop.N.Atl

R/UC

-17.0

14.4

0.0

9742

2520

301

12

28.69

Dalma

DAL

Middle East

R/UC

52.3

24.5

0.0

4422

1435

161

6

32.38

X

Dhabi

DHA

Middle East

R/UC

54.4

24.5

15.0

7128

1813

203

8

22.05

X

Dhadnah

DHD

Middle East

R/UC

56.3

25.5

81.0

5057

1252

161

7

21.55

X

Djougou

DJO

Sahel

R/U

1.6

9.8

400.0

4517

1166

136

7

31.39

El_Arenosillo

ARE

W.IP

R/UC

-6.7

37.1

0.0

9235

2437

302

12

23.7

ETNA

ETN

C. Med

R/UC

15.0

37.6

736.0

871

226

40

3

39.25

Evora

EVO

W.IP

R/U

-7.9

38.6

293.0

7860

2205

266

12

29.75

X

FORTH_CRETE

CRE

E. Med

R/UC

25.3

35.3

20.0

9634

2352

272

12

24.9

X

Hamim

HMM

Middle East

D

54.3

23.0

209.0

7899

1715

183

7

23.39

X

IER_Cinzana

CIN

Sahel

D

-5.9

13.3

285.0

6488

1659

195

7

29.6

Ilorin

ILO

Sahel

R/U

4.3

8.3

350.0

840

390

66

3

36.06

X

IMS-METU-ERDEMLI

ERD

E. Med

R/UC

34.3

36.6

3.0

7223

1832

235

11

19.83

X

Izana

IZO

E.sub-Trop.N.Atl

HO

-16.5

28.3

2391.0

5358

1260

145

7

29.79

Jabal_Hafeet

JAB

Middle East

R/U

55.8

24.1

1059.0

2971

719

83

5

35.20

Lampedusa

LAM

C. Med

R/UC

12.6

35.5

45.0

2561

848

139

8

30.63

X

Lecce_University

LEC

C. Med

R/U

18.1

40.3

30.0

5489

1671

219

10

34.28

MAARCO

MAR

Middle East

R/UC

54.7

24.7

10.0

2298

559

56

3

25.53

X
X

Mezaira

MEZ

Middle East

D

53.8

23.1

204.0

6001

124

1166

5

19.14

X

Mussafa

MUS

Middle East

R/UC

54.5

24.4

10.0

2912

590

75

3

28,57

X

Nes_Ziona

ZIO

E. Med

R/U

34.8

31.9

40.0

9441

2592

299

12

33.09

X

Ouagadougou

OUA

Sahel

D

-1.4

12.2

290.0

7133

1911

271

12

34.51

Palencia

PAL

W.IP

R/U

-4.5

42.0

750.0

7389

2010

265

12

32.69

Rome_Tor_Vergata

ROM

C. Med

R/U

12.6

41.8

130.0

2256

601

106

8

40.05

Saada

SAA

NW.Afr

D

-8.2

31.6

420.0

6053

1360

158

6

25.67

Saih_Salam

SAI

Middle East

D

55.3

24.8

84.0

5537

1191

111

5

21,36

X

SEDE_BOKER

SED

E. Med

D

34.8

30.9

480.0

11904

2915

310

12

24.54

X

Sir_Bu_Nuair

SIR

Middle East

R/UC

54.2

25.2

10.0

1512

445

60

3

39,11

X

Solar_Village

SVI

Middle East

D

46.4

24.9

764.0

10086

2409

284

11

23,55

X

Toulon

TUL

W.Med

R/UC

6.0

43.1

50.0

430

128

24

2

42.09

Umm_Al_Quwain

UMM

Middle East

R/UC

55.7

25.5

20.0

5336

1335

135

6

19,03

VIL

W.Med

R/UC

7.3

43.7

130.0

7120

1936

235

11

32.81

Villefranche

X
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Following the results obtained in the aerosol characterization shown in Chapter 2, we
implemented a simple method to separate the contribution of dust over our study area,
based on the combination of AOD,  and . For the quantitative model evaluation
against AERONET data, we only take into account desert dust (i.e. aerosols associated
with high extinctions and coarse-particle dominated fraction). Aerosol data with  < 1 and
 < 0.1 have been considered as desert dust. All data with  > 1.5 is associated to fine
anthropogenic aerosols and have been considered no-dust situations. Therefore, we have
ascribed and observed dust AOD of 0 for  > 1.5 in the comparison. Measurements
outside these ranges are associated with mixed aerosols and not included in the quantitative
model evaluation.
At those sites where the SDA products are available (mainly in Middle East and
Mediterranean regions as shown in Table 3.3) the AOD evaluation is complemented with
AODcoarse. As indicated in Chapter 2, AODcoarse is fundamentally associated to
maritime/oceanic aerosols and desert dust. Since sea-salt is related to low AOD (< 0.03;
Dubovik et al., 2002) and mainly affects coastal stations, high AODcoarse values are mostly
related to mineral dust. In order to evaluate the performance of the different model
configurations, we use a set of statistics. Discrete statistics such as correlation coefficient
(r), mean bias (MB) and root mean square error (RMSE), measure the skill of the model
when performing diagnostic analyses of dust AOD at specific points where AERONET
sites are located.

3.4 Results and discussion
Mineral dust is the most important aerosol constituent in Northern Africa and Middle East.
As shown by the satellite data in Figure 3.4, Figure 3.5, Figure 3.6 and Figure 3.7, dust
activity and transport evolve during the year as changing seasons bring strong winds and
low precipitation to different regions (Prospero et al., 2002; Engelstaedter et al., 2006;
Klose et al., 2010). Satellite observations show two major dust sources in the Bodélé Basin
and at the Mali-Mauritania border, which present maximum aerosol concentrations in
spring and summer. The different satellite estimates do not show a clear seasonal pattern in
Arabia, where the MODIS Deep Blue AOD product presents low extinction values in
comparison with the relatively strong signal in TOMS AI or MISR AOD particularly in
summer and autumn.
In Northern Africa, the winter dust activity is greatest in low latitudes; as the year
progresses, dust activity shifts to higher latitudes (Prospero et al., 2002; Klose et al., 2010).
From October to December, dust activity appears to be very limited over the entire area
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Simulated seasonal average AOD for the different model experiments are shown for winter
(Figure 3.4), spring (Figure 3.5), summer (Figure 3.6) and autumn (Figure 3.7). Regionally
averaged time series of the observed and simulated daily AOD and of the monthly mean
bias are displayed for the Sahel, and the Eastern Tropical and sub-Tropical North Atlantic
(Figure 3.8), north-western Africa, the western Iberian Peninsula and Western
Mediterranean (Figure 3.9), as well as, Central and Eastern Mediterranean and Middle East
(Figure 3.10). Regionally averaged time series of the observed and simulated daily AODcoarse
are displayed for the Mediterranean and Middle East in Figure 3.11. The Taylor’s diagram
(Taylor, 2001) by regions presented in Figure 3.12 concisely summarizes the degree of
correspondence between simulated and observed fields. On this diagram the correlation
coefficient, the centered root-mean-square (RMS) and the standard deviation of the
simulated values are shown. Together these statistics provide a quick summary of the
degree of pattern correspondence, allowing one to gauge how accurately a model simulates
the observations.

3.4.1 Operational versions
In winter and spring, satellites highlight a strong aerosol signal over the Sahel and the Gulf
of Guinea (Figure 3.4 and Figure 3.5). Dust is carried southwestward from the Bodélé in
Western Chad and adjacent areas at low levels by the northeasterly Harmattan winds
(Chiapello et al., 1995; Kim et al., 2009; Cavalieri et al., 2010). Both M4 and M8 strongly
underestimate the AOD observations in the Sahelian sites (Figure 3.12) with mean bias
between -0.5 and -1.0, and achieve very low correlations (0.24 for M4 and 0.18 for M8, see
Figure 3.8). The interaction of desert dust and biomass burning aerosols in the region
partly hampers the dust model evaluation but does not explain the significant mismatch of
the model. Note that in M4 and M8, AOD values are below 0.1 south of 12ºN in winter
(Figure 3.4). This result suggested a severe underestimation in the emission from south
Saharan sources, a problem in the low-level dust transport over the region or a
combination thereof. With respect to the latter, a detailed analysis of the simulated dust
transport in M4 and M8 reveals a very efficient dry deposition along the southwestward
dust transport (not shown). Also some important sources over Eastern Niger and the MaliMauritania border appear to be misrepresented by M4 and M8 throughout the year
(particularly in summer) in comparison to satellite data. Figure 3.8 shows that the model
tends to overestimate the summer AOD in the Eastern Tropical North Atlantic
AERONET sites where it achieves annual correlations of 0.24 for M4 and 0.34 for M8 that
may reflect deficiencies in the transport from the Mali-Mauritania border source. Under the
influence of the Harmattan, dust storms in the Sahara are quite frequent, for example, on
the alluvial plain of Bilma (Niger) and Faya Largeau (Chad). Dust is transported from these
regions to the Gulf of Guinea (e.g. Middleton and Goudie, 2001).
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Figure 3.6
3 The distribuution of the dust A
AOD modelled in summer 2004
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D8, N8, DG8 and
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p
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(A MISR AO
OD as well as a
combinationn of MODIS A
Aqua AOD prodducts (Collection 005
0 and Deep BBlue).
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In summ
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Figure 3.7 The distribution of thhe dust AOD m
modelled in autum
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2002b; K
Kim et al., 2007).
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spring over the An-Nafud desert in the northern part of the Arabian Peninsula (Figure 3.4
and Figure 3.5). In spring, the comparison with AERONET shows that M4 presents better
seasonal correlations than M8 (0.59 for M4 and 0.53 for M8). This is partly linked to the
different source mask used in each model version (see Table 3.1 and Figure 3.2a and Figure
3.2b). In both model versions maximum summer activity shifts towards southern latitudes
over the Rub’ Al Khali desert (in the southwestern part of the Arabian Peninsula, see
Figure 3.6). M4 and M8 suffer strong overestimations (Figure 3.10 and Figure 3.12) with an
annual mean bias of 0.20 and 0.33, respectively. In summer, the presence of sea-breeze
circulations cause regional dust transport from inland regions to the Persian Gulf (Eck et
al., 2008) favouring a mixing of desert dust and fine pollution aerosols as shown in Chapter
2. The daily variability is rather poorly captured (correlations of 0.29 and 0.14 in M8 and
M4, respectively). During this season, Middle East is affected by long range transport from
Iraq and southern Iraq deserts (Liu et al., 2000), and the dust transport is more efficient in
M8. As shown in Figure 3.11, the AODcoarse is reasonably well reproduced by M4 and M8
indicating that the observed AOD overestimations are linked to overestimations in the fine
fraction of the dust AOD.
As a summary, the evaluation of the operational versions has highlighted significant
limitations of the modelling system. The model strongly underestimates the AOD in the
Sahel and the Eastern Tropical North Atlantic regions in winter and spring. It also
overestimates the AOD in Northern Algeria and the dust transport towards the Western
and Central Mediterranean mainly in spring. The Mali-Mauritania source is not represented
in the model. The model places a hot spot in southern Algeria not highlighted by the
satellite. Finally the AOD overestimation in Middle East is, at least partly, related to the
overestimation of the fine dust fraction.

3.4.2 New model components
3.4.2.1

Source size distribution and dry deposition

One of the possible reasons for the strong mismatch in the Sahel was a too efficient dry
deposition scheme in the model. With the inclusion of a new dry deposition scheme, D8
considerably improves the transport over the Sahel in winter and autumn. On average, the
winter correlation in the Sahelian sites increases from 0.16 with M8 to 0.43 with D8.
However, severe underestimation still persists in D8 with a mean bias of -0.43 (Figure 3.8).
Besides the improvement in the Sahel, over the rest of the domain and seasons the total
AOD behaviour in D8 is similar to that of M8. The modified source size distribution of the
model included in D8 improves the simulation of the fine fraction in Middle East (not
shown here). In D8, the overestimation of the total AOD in this region is related to the
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coarse fraction (Figure 3.11) particularly in summertime. Specific sensivity tests of the mass
size distribution at sources and its relation to coarse and fine AOD would be required.
3.4.2.2

Emission scheme

When we evaluate the physically-based dust emission scheme model version (N8), we
observe an increase in the Atlantic dust transport, in better agreement with satellite
observations (Figure 3.4, Figure 3.5, Figure 3.6 and Figure 3.7), and significant changes in
dust mass distribution in the simulation domain. In contrast to D8, the simulated dust
AOD by N8 decreases in the Maghreb, south of Algeria and Mauritania, and increases in
the Bodélé Depression, south of Niger, Nigeria, Benin and Chad through the year in better
agreement with satellite observations. In comparison with AERONET observations, the
improvement is clearly visible in the Sahel, where the model achieves a winter correlation
of 0.60 (Figure 3.12) and winter mean bias of -0.18. Also better results are obtained in the
Eastern Tropical North Atlantic AERONET sites (CVR and DAK) with an annual
correlations of 0.58 (see Figure 3.8 and Figure 3.12).
Maximum differences between D8 and N8 are detected in the Maghreb, Algeria and
Mauritania in spring and summer (Figure 3.5 and Figure 3.6). In contrast to D8, the
emissions in N8 in the North of Mauritania are strongly inhibited in spring (Figure 3.5) as
well as in the North of Algeria and North of Libya in summer (Figure 3.6). Dust outbreaks
with origin in the area of Mauritania are linked to Atlantic trajectories that are capable to
reach the Iberian Peninsula as shown in the MODIS observation during spring and
summer (Figure 3.5 and Figure 3.6). The comparison with AERONET shows that D8
presents better seasonal correlation than N8 (0.59 for D8 and 0.47 for N8, Figure 3.9 and
Figure 3.10). If we take a closer look at the coarse component of the AOD (see Figure
3.10), in areas affected by long-range transport as the Mediterranean Basin (Figure 3.11),
AODcoarse is reasonably well reproduced by D8 and N8 particularly in the Western-Central
Mediterranean AERONET sites (with annual correlations of 0.58 for D8 and 0.56 for N8
for Western Mediterranean sites; and 0.52 for D8 and 0.45 for N8 for Central
Mediterranean sites).
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Figure 3..8 Temporal series of the modelledd (M4, M8, D88, DG8, N8 andd NG8) vs. direect-sun AERON
NET
measurementts averaged by reggions in daily baasis as well the monthly
m
evolution of mean bias (M
MB). This secondd panel
also includes (in the legend) thhe annual valuess of the correlationn coefficient (r) and root mean squ
quare error (RMS
SE) of
each model version
v
averaged for
f each region reepresented. From
m the top to the boottom: Sahel, Eaastern Tropical North
N
Atlantic
A
and Eaastern sub-Tropiccal North Atlantic regions.
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Fig
gure 3.9 Tempooral series of the modelled (M4, M
M8, D8, DG8, N8 and NG8) vs. direct-sun A
AERONET
meassurements averagged by regions in daily
d basis as weell the monthly evvolution of mean bias (MB). Thiss second panel
also iincludes (in the legend)
le
the annuaal values of the coorrelation coefficieent (r) and root mean
m square erroor (RMSE) of
eachh model version avveraged for each region
r
representedd. From the top to
t the bottom: North-western
N
Afrfrica, Western
Ibberian Peninsula, Eastern Iberiann Peninsula-Wesstern Mediterraneean regions.
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Figure 3.110 Temporal seriies of the modelleed (M4, M8, D88, DG8, N8 annd NG8) vs. direrect-sun AERON
NET
measurementts averaged by reggions in daily baasis as well the monthly
m
evolution of mean bias (M
MB). This secondd panel
also includes (in the legend) thhe annual valuess of the correlationn coefficient (r) and root mean squ
quare error (RMS
SE) of
each model version
v
averaged for
f each region rep
epresented. From the top to the bottom: Central M
Mediterranean, Eastern
E
Mediterrranean and Midddle East regionss.
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F
Figure 3.11 Temporal
T
series off the modelled AO
ODcoarse (M4, M8,
M D8, DG8, N8
N and NG8) vvs. SDA
AER
RONET retrievaals averaged by Mediterranean
M
annd Middle East regions
r
which inccludes (in the legeend) the annual
valuues of the correlattion coefficient (r)), mean bias (MB
B) and root meann square error (R
RMSE) of each m
model version
averaged for eeach region repressented.

In Midddle East, as in the casee of the opeerational versions, D8 and N8 ove
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AERON
NET observvations (Figu
ure 3.12), paarticularly in
n summer (F
Figure 3.10). In contrast to
D8, maaximum seassonal AOD
D values in N8 are con
nfined to th
he South-eaastern Arabiian
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OD values are
a simulatedd by D8 in Iraq and thee An-Nafudd desert, in the
t
north part of the Arabian
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Pen
ninsula. Thiis is, at least partly, linked to the slightly better
results oobtained byy D8 in the Eastern M
Mediterraneean sites du
uring summ
mer, which are
a
affectedd by long-ran
nge dust traansport from
m Middle Eaast (seasonal correlationns are 0.30 for
f
D8 and 0.25 for N88, see Figuree 3.12). As sshown in Figgure 3.11, th
he AODcoarsese is reasonab
bly
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well reproduced by N8 indicating that the observed AOD overestimations are linked to
overestimations in the fine fraction of the dust AOD (not shown here) as in the case of
M8.
As the results shown, in some regions the physically-based emission scheme presents worse
results than the model versions that include the original emission scheme of the model in
the comparison against the total AOD from AERONET measurements. It is not
straightforward to attribute the discrepancies to specific aspects of the model since the
emission scheme depends on multiple surface, soil, and meteorological features and
includes threshold processes and non-linear relationships. One of the main responsible of
the regional differences between the different model versions is how dust sources are
defined in each model version. This introduces differences in the mass available for uplift
of the respective size class, and consequently the modelled dust concentrations. Otherwise,
the physically-based emission scheme better reproduce the balance between fine and coarse
fractions despite worth results observed in the total AOD with respect the original
emission scheme of the model. These results highlight the complexity of the problem since
model improvements in some regions (or dust parameterizations) might be accompanied
by deterioration in some others. Otherwise, the increased understanding of wind-erosion
physics has enabled the development of dust emission schemes on a firmer footing.
3.4.2.3

Preferential source approach

The inclusion of the topographic preferential source mask G from Ginoux et al. (2001) (see
Figure 3.2c) in both emission schemes (DG8 and NG8) enhances the dust emission in the
Bodélé during winter and autumn in better agreement with satellite observations (Figure
3.4 and Figure 3.7). An increase of Atlantic dust transport during winter and autumn is
observed as well as a better correspondence with AERONET observations in the Sahelian
and Eastern Tropical North Atlantic sites during wintertime (Figure 3.4). The annual
correlation in DG8 and NG8 increases by ~12% and ~10% with respect to D8 and N8 on
average for the Sahelian AERONET sites (Figure 3.12). In spite of these improvements,
underestimations persist in this region. These underestimations are common features
observed in the dust global models which affect the Atlantic transport to America
(Huneeus et al., 2011) and it could be linked to missing or underestimated sources in the
model, for example in Bilma (west of Bodélé Depression in Eastern Niger) and Faya
Largeau (Chad) as indicated in the MODIS AOD observations (Figure 3.4, Figure 3.5,
Figure 3.6 and Figure 3.7). Furthermore, during the northward migration of the monsoon
trough at the end of the Harmattan season, unstable atmospheric conditions develop as
warm and humid air flows over the heated land surface, generating intense thunderstorms.
These thunderstorms have the potential to entrain large quantities of dust into the
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atmosphhere. These meteorologgical processses are largelly underreprresented by the numerical
models (e.g. Knipp
pertz et al., 2009)
2
and thhey could also
a be linkeed to undereestimations of
the simuulated dust concentratio
c
ons in this reegion.

Fig
gure 3.12 Taylorr’s diagrams for M4,
M M8, D8, D
DG8, N8 and NG8
N model versiion against the fililtered AOD
direcct-sun AERON
NET observations by regions. Thee radial distance from
f
the origin iss proportional too the standard
ddeviation of a pattern. The centerred root-mean-squuare (RMS) diffe
ference between thhe test and referennce field is
proporrtional to their distance
d
apart (in the same units aas the standard deviation).
d
The coorrelation betweenn the two fields
is giiven by the azimuuthal position off the test field.
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nisia and N
Northern Lib
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oncentrationns in Sudan in
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Figure 3.5 annd Figure 3.6).
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with D8 to 0.49 w
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t
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Mediterranean AERONET sites (see Figure 3.12). Also, the northern Mauritania border
source is further omitted by the topographic preferential source approach. As a result, on
average, in the AOD comparison with the AERONET sites located in North-Western
Africa region the annual correlation of DG8 increases ~ 6% with respect D8 and NG8
decreases ~ 7% with respect N8 (Figure 3.12).
The preferential source mask restricts the dust production in north-eastern Saudi Arabia
and Iraq (see Figure 3.4, Figure 3.5, Figure 3.6 and Figure 3.7). On the contrary, in summer
it shows an increase of the dust production in Ash Sharqiyah and in the south-eastern
Saudi Arabia which is associated to the overestimations observed in June (Figure 3.10) in
the AERONET sites located in areas of the Persian Gulf. On the other hand, DG8 and
NG8 are capable of reproducing some summer episodes in the Persian Gulf associated to
regional sea-breeze circulations as the dust event on mid-July (Figure 3.10). On average, the
annual correlation in Middle East decreases from 0.39 with D8 to 0.30 with DG8 and from
0.39 with N8 to 0.26 with NG8 (see Figure 3.12).

3.5 Summary and conclusions
In this chapter, the original version of the DREAM model (M4) and the updated BSCDREAM8b (M8) together with 4 research model versions have been analysed for year 2004
over a domain covering Northern Africa, the Mediterranean and Middle East. In addition
to a more detailed size bin resolution and an updated wash-out ratio in the wet deposition,
the analysed research model versions include a new dry deposition scheme based on Zhang
et al. (2001) and a modified source size distribution (D8), a more physically-based dust
emission scheme (N8), and the inclusion of a topographic preferential source mask in their
respecitive emission schemes (DG8 and NG8). The preferential source mask is based upon
approach from Ginoux et al. (2001) and the new dust emission module is more physically
based and includes a new soil texture.
An annual comparison of the modelled AOD against data from 44 AERONET stations is
conducted on hourly basis. For this quantitative model evaluation, a new methodology is
used to discriminate dust contributions from direct-sun AERONET measurements based
on the combination of AOD, Ångström exponent () and its spectral curvature ().
Additionally, in those sites where the SDA retrieval of AERONET is available, we
performed a semi-quantitative evaluation of the simulated fine and coarse AOD (i.e
AODcoarse and AODfine). Satellite aerosol products from TOMS, MISR and MODIS sensors
are also included in the analysis to check the ability of the model to qualitatively reproduce
the observed seasonal spatial desert dust distributions. As a result, the weaknesses and
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strengths of the model in the prediction of dust concentrations are discussed in terms of
inaccuracies in the emission, transport and deposition of desert dust.
The comparison with satellite derived data highlights that the versions based on the original
emission scheme misrepresent dust sources over Eastern Nigeria and at the MaliMauritania border and overestimate the AOD in northern Algeria. In contrast, N8 shows
its ability to reproduce the dust fields in the Bodélé Depression, south of Niger, Nigeria,
Benin and Chad. On the other hand, the sources located in the Maghreb region are
inhibited by N8. In the Middle East, the seasonal satellite products do not show a clear
pattern. In all the model versions maximum summer activity are found in southern
latitudes over the Rub’ Al Khali desert. As a difference to the versions based on the
original emission scheme, N8 inhibits the simulated dust production in Iraq and the AnNafud desert during winter and spring.
The results of the comparison with the AERONET measurements have shown that M4
and M8 strongly underestimate the AOD in the Sahel during the winter Harmattan season
and overestimate the AOD in spring over the Mediterranean and in summer over Middle
East achieving rather low annual correlations (~ 0.35).
The implementation of a new deposition scheme after Zhang et al. (2001) in D8
considerably improves the transport over the Sahel in winter and autumn. However,
significant underestimations over the Sahelian AERONET sites and overestimations in
Middle East still persist. In the overall domain an annual correlation of 0.42 is obtained for
D8.
For N8, an increase in the Atlantic dust transport and significant changes in the spatial dust
mass distribution in northern Africa are in better agreement with the observations.
However, in Middle East, overestimations persist during summertime. As a result, the dust
fields of N8 show reasonably good correspondence with the AOD AERONET data
obtaining an annual correlation of 0.53. Inaccuracies observed in the comparison with
observed AODcoarse and AODfine from AERONET retrievals emphasize the necessity to
conduct more detailed sensitivity tests of the mass size distribution of the model at sources
and its relation to coarse and fine AOD.
For DG8, the preferential source mask constitutes a useful approach particularly in North
African sources. In this case, the placement and magnitude of the main dust sources (i.e.
Bodélé, Mauritania and Algeria) are in better agreement with the satellites. Therefore, dust
concentrations are increased in the Sahel during wintertime and consequently, the Atlantic
dust transport towards America. The annual correlation is increased about 12% in the
Sahelian sites. The long-range dust transport towards Europe is better reproduced
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particularly in North-western Africa and the Western Iberian Peninsula. In the southeastern part of the Arabian Peninsula, the preferential source mask increases the dust
emission causing overestimations of the model and a reduction of the annual correlation of
about 9%.
For NG8, the inclusion of the preferential source mask does not introduce an
improvement in the modelled AOD dust fields. In fact, the Mauritania border and the
region of Libya, Egypt and Sudan sources are mostly omitted by the topographic
preferential source approach. Moreover, overestimations observed during summer in
Middle East in NG8 are also found in any other model version and a decrease of the
annual correlation of about 13% in this region. In this latter case, only the modelled dust
fields in the Sahel region present improvements with respect to the observations.
To summarize the research model versions improve the results of the operational model
versions. By regions, NG8 is the version better reproducing the localization and magnitude
of the main dust source in North Africa (i.e. Bodélé) and D8 shows the best match with
the observations in Middle East. On average for the Mediterranean, Iberian Peninsula and
North-western Africa regions, DG8 is the version which better captures the observed
background AOD and the timing of the observed dust peaks. Finally, considering the
entire domain of simulation, N8 is the version with most accurate results not only in source
regions but also areas affected by long-range dust transport.
The results presented in this study will be used to improve the operational dust predictions
of BSC-DREAM8b and for selecting the most appropriated model components in longterm reanalysis depending on the region of study. In the near future, it is planned to
implement some of these updates (tested and analysed in the present analysis) in a new
operational version at BSC-CNS.
As shown in Chapter 2, different classes of particles can be found in the European
atmosphere: mineral dust, originated from the Sahara desert and from arid regions in the
Iberian Peninsula; polluted particles, produced mainly in urban and industrial areas of
Continental and Eastern Europe; marine aerosol, continuously formed over the
Mediterranean itself or transported from the North Atlantic; and biomass burning particles,
often produced in forest fires, mainly during the summer. Thus, it is common that mineral
dust appears mixed with other aerosols. The following chapter analyses the aerosol
contributions over Europe using the annual simulation of the CALIOPE system which
includes a non-climatic representation of mineral dust by means added the BSCDREAM8b outputs.
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4 Aerosol modelling over Europe and the contribution
of desert dust
4.1 Introduction
The European Union (EU) has shown great interest in the transport and dynamics
pollutants in the atmosphere. It has developed an overall strategy through the setting of
long-term air quality objectives. A series of Directives has been introduced to control levels
of certain pollutants and to monitor. The EU directive on ambient air quality and cleaner
air which entered into force in June 2008 and have been transposed into the national
legislation of each Member State by June 2010 (European Commission, 2008), introduced
daily and annual PM10 limit values of 50 g/m3 and 40 g/m3, respectively, from year 2010.
Also this directive introduces a PM2.5 annual limit value of 25 g/m3 to be assumed from
year 2015. In this regard, the objectives proposed by the EU are usually less well attained in
southern Europe than in northern countries (Yttry and Aas, 2006). Reports from countries
around the Mediterranean Basin and Eastern Europe show high levels of atmospheric PM
compared to Northern and some central European regions (Querol et al., 2009). Both
anthropogenic (transport sector, industrial processes, power generation and biomass
burning, among others) and natural emissions (African dust, resuspension, sea spray, forest
fires, primary biological particles and biogenic secondary organic compounds, windblown
dust), as well as orographic and climatic factors contribute to the ocurrence of (or cause)
those enhanced levels. When PM10 values are exceeded due to natural events (such as
desert dust outbreaks or volcano eruptions), Member States shall inform the Commission,
providing the necessary justification to demonstrate that such exceedances are due to
natural events.
Air quality models are useful to understand the dynamics and transport of pollutants and as
well as administer and regulate air quality. In recent years a number of experimental and
operational air quality forecast systems have been developed around the world. Nowadays,
in Europe, 23 modelling systems routinely simulate the air quality over Europe, 7 systems
also operate in forecasting mode (Menut and Bessagnet, 2010): PREV’AIR, EURAD,
EMEP-CWF, MATCH, MOCAGE, CHIMERE, and CALIOPE.
In the frame of the CALIOPE system (Baldasano et al., 2008a;
http://www.bsc.es/caliope), BSC-CNS operates a air quality forecasting system for Spain
(at 4 km x 4 km horizontal resolution) and Europe (at 12 km x 12 km horizontal
resolution) with WRF-ARW/HERMES-EMEP/CMAQ and desert dust forecasts with
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BSC-DREAM8b (Nickovic et al., 2001; Pérez et al., 2006a,b). In contrast to many other
European modelling systems, CALIOPE includes a non-climatic representation of African
dust transport in its forecast mode. The forecasts are evaluated on a daily basis against
ground-based and satellite observations to establish confidence in the modelling system
predictions among users, identify problems and routinely improve the system (Baldasano et
al., 2010).
Pay et al. (2010) presented a full year evaluation of the CALIOPE system for the European
domain for gaseous pollutants (O3, NO2 and SO2) and PM levels (PM10 and PM2.5) against
EMEP ground-based measurements. The study shows that the skill scores of the system lie
within the range of most European models and that while the dynamics of PM2.5 and PM10
are rather well reproduced, concentrations remain systematically underestimated by a factor
of 2 on average.
Among other issues, the present chapter provides a description of the desert dust patterns
over Europe and their contribution to the European air quality levels by means an annual
simulation of the CALIOPE modelling system. The objectives of this chapter are: 1) to
provide a detailed quantitative assessment of the capabilities of the CALIOPE system to
simulate the daily aerosol distribution over Europe for year 2004 in terms of PM levels,
AOD and chemical composition; 2) to understand the underestimation of the PM mass; 3)
to estimate and analysing the spatial and seasonal distribution of the different aerosol
fractions over Europe based on the model results and observations; and 4) to estimate the
exceedances of the EU limits due to natural desert dust.
The chapter is organized as follows. Section 4.2 describes the CALIOPE system and the
observational datasets used for the model evaluation. In section 4.3 we use aerosol
chemical composition from EMEP/CREATE and AOD from the AERONET network to
identify the origin of the discrepancies in PM levels. The evaluation of the AOD is
particularly useful for validating and analysing the capabilities of the modelling system to
reproduce long-range transport of desert dust from North Africa. In Section 4.4 we
estimate and analyse the spatial and seasonal distribution of the different natural and
anthropogenic aerosol fractions over Europe applying a simple bias correction to the
model based on the results of the evaluation. African dust transport and its contribution
over Europe are analysed in detail. Finally, Section 4.5 summarizes the findings.
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4.2 Methods
4.2.1 Description of the CALIOPE system
CALIOPE is a state-of-the-art air quality modelling system that integrates an emissionprocessing model (HERMES-EMEP), a meteorological driver (WRF-ARW), a chemical
transport model (CMAQ) and a mineral dust driver (BSC-DREAM8b). The configuration
used in the present work is described in Pay et al. (2010). In the next sections, the models
from the aerosols are estimated (i.e. CMAQ and BSC-DREAM8b) are described in detail.
4.2.1.1

Photochemical model: CMAQ

The Models-3 Community Multiscale Air Quality Modeling system (CMAQ; Byun and
Ching, 1999; Binkowski, 1999; Byun and Schere, 2006) is used to study the behaviour of air
pollutants from regional to local scales. CMAQ version 4.5, used in this study, has been
extensively evaluated under various conditions and locations (Jiménez et al., 2003; Roy et
al., 2007; Appel et al., 2007, 2008). Following the criteria of Jiménez et al. (2003) the
Carbon Bond IV chemical mechanism is applied (CBM-IV, Gery et al., 1989). The
production of sea salt aerosol (SSA) is implemented as a function of wind speed and
relative humidity (Gong, 2003; Zhang et al., 2005) through the AERO4 aerosol module.
The AERO4 module distinguishes among different chemical aerosol components namely
nitrate, sulphate, ammonium, elemental carbon and organic carbon with three
subcomponents (primary, secondary anthropogenic and secondary biogenic), sodium and
chlorine. Unspecified anthropogenic aerosols and aerosol water are additionally kept as
separate components. Unspecified aerosols consists of the non-carbon atoms associated
with organic carbon as well as PM emissions that are not explicitly speciated in HERMESEMEP emission model, which includes traces elements, primary ammonium and other
unidentified mass in the speciation profiles (Appel et al., 2007). Aerosols are represented by
three size modes (Aitken, accumulation and coarse mode), each of them assumed to have a
lognormal distribution (Binkowski and Roselle, 2003). Secondary inorganic aerosols (SIA)
are generated by nucleation processes and include/consits of nitrate, ammonium and
sulphate aerosols. Secondary organic aerosol (SOA) can be formed from aromatics
(anthropogenic organic aerosols) and terpenes (biogenic organic aerosols, Schell et al.,
2001). Furthermore, an assumption of the CMAQv4.5 model is that organics influence
neither the water content nor the ionic strength of the aerosol particles (Binkowski and
Roselle, 2003). The aerosol microphysical description is based on a modal aerosol model
(Binkowski and Roselle, 2003) using the ISORROPIA thermodynamic equilibrium model
(Nenes et al., 1998). For a more complete description of the processes implemented in
CMAQ, the reader is referred to Byun and Schere (2006).
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AOD at 550 nm from CMAQ outputs is calculated using a simple approach described by
Malm et al. (1994) and Binkowski and Rosselle (2003). The method is known as the
“reconstructed mass-extinction method”. The extinction coefficient (ext), which is a
function of wavelength (), is a sum of the attenuation by scattering (s) and absorption
(a). The model-predicted AOD is calculated by summing the product of the extinction
and layer thickness (Zi) over the number of layers (N) in the column:
N

AOD    s   a i Z i

(4.1)

i 1

We estimate the model-predicted ext = s + a using this semi-empirical approach for
extinction calculation which depends on aerosol mass and humidity as follows:



 

 

 s  0.003 f ( RH ) NH 4   SO4   NO3 

  0.004OC   0.001PM  0.0006PM

 a  0.01EC 

fine

coarse



(4.2)

where the brackets in the above equations indicate mass concentration in mg/m3 and all
coefficients in the equation represent the specific extinction cross section at 550 nm (in
m2/mg). When implementing the above equation, the term in brackets is determined by
adding ammonium mass (NH4+) plus sulphate mass (SO42-) plus nitrate mass (NO3-).
Organic carbon (OC) is taken as the sum of all non-light absorbing organic species. Light
absorbing carbon is elemental carbon (EC). PMfine mass is taken as the unspeciated portion
of PM2.5 and the fine fraction of sodium (Na+) and chloride (Cl-), and the PMcoarse mass
represents all coarse mode aerosols that includes the unspeciated portion of PM10 and the
coarse fraction of chloride (Cl-) and sodium (Na+). The mass concentration for each of
these species is directly obtained from CMAQ. The relative humidity correction factor,
f(RH), takes into account that the growth and phase change of hygroscopic particles affect
their light-scattering effiency (Malm et al., 1994). f(RH) is parameterized from data
published by Tang et al. (1981) as a function of the relative humidity from the WRF-ARW
meteorological model and it varies between 1 (at low RH) and 21 (at RH = 99%).
4.2.1.2

Mineral dust model: BSC-DREAM8b

For the present chapter, we have used the current BSC-DREAM8b operational version of
the model described in detail in the Section 3.2.1 (i.e. M8).
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4.2.2 Simulation
The CALIOPE system is run on a regional scale (12 km x 12 km in space) to model the
European domain (see Figure 4.1). The simulation consists of 366 daily runs (1 h in time)
to simulate the entire year of 2004.
CALIOPE system uses the inventory of the anthropogenic emissions of SO2, NOx,
NMVOC, CO, PM10, PM2.5, and NH3 derived from the 2004 annual EMEP emission
database (EMEP, 2007). Raw emission data are processed by by High-Elective Resolution
Modeling Emission System (HERMES, see Baldasano et al., 2008b) in order to provide a
comprehensive description of the emissions to the air quality model. The inventory
distinguishes the source categories following the Selected Nomenclature Air Pollution
(SNAP). Disaggregation of EMEP (50 km resolution) data is performed in space (12 km x
12 km) and time (1 h). Natural PM emissions (such as wildfire emissions) and primary
biogenic emissions (such as pollen, bacteria, fungal, and fern spores, viruses, fragments of
animals and plants, virus, etc.) containing organic compounds, are not included in the
emission model.

Figure 4.1 Study domain and spatial distribution of 54 selected EMEP stations (indicated by square marks) and 35
selected AERONET stations (indicated by star marks) over the study domain. The different colours indicate the
different regions which are defined as: Western Iberian Peninsula (W.IP); Eastern Iberian Peninsula-Western
Mediterranean (E.IP-W.Med), Central Mediterranean (C.Med), Eastern Mediterranean (E.Med), North of Italy
(N. It), Eastern Europe (E.Eu), Northwestern Europe (NW.Eu), Southern France (S.Fr), Central Europe (C.Eu),
Nordic (Nord), Central France (C.Fr) and North Atlantic (N.Atl).
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The Advanced Research Weather Research and Forecasting (WRF-ARW) Model v3.0.1.1
(Michalakes et al., 2004; Skamarock and Klemp, 2008) is used to provide the meteorology
to the chemical transport model. WRF-ARW (version v3.0.1.1) is configured with a grid of
479 x 399 points and 38  vertical levels (11 characterizing the planetary boundary layer,
PBL). The model top is defined at 50 hPa to resolve properly the troposphere-stratosphere
exchanges. WRF-ARW initial and boundary conditions (at intervals of 6 h) are based on
the Final Analyses of the National Centers of Environmental Prediction (FNL/NCEP; at
1º × 1º) at 12 UTC.
The CMAQ horizontal grid resolution corresponds to that of WRF-ARW. Its vertical
structure was obtained by a collapse from the 38 WRF-ARW layers to a total of 15 layers
steadily increasing from the surface up to 50 hPa with a stronger concentration within the
PBL. CMAQ boundary conditions are based on the global climate chemistry model LMDzINCA2 (Szopa et al., 2009) developed by the Laboratoire des Sciences du Climat et
l’Environnement (LSCE). Monthly mean data for the year 2004 are interpolated in the
horizontal and vertical dimensions to force the major chemical concentrations (i.e. O3, NO,
NO2, HNO3, HCHO, H2O2, PAN and CO) at the boundaries of the domain (Piot et al.,
2008). A detailed description of the INteractive Chemistry and Aerosol (INCA) model is
presented in Hauglustaine et al. (2004) and Folberth et al. (2006). One source of the
underestimation of aerosol species is related to the fact that long-range transport is not
taken into account. We include chemical lateral boundary conditions from LMDz-INCA2
global model for gas-phase species, but we could not provide similar boundary conditions
for aerosols species.
The initial state of dust concentration in the BSC-DREAM8b model is defined by the 24hour forecast from the previous-day model run. The FNL/NCEP (at 1º x 1º) files at 0
hours UTC are used as initial conditions and boundary conditions at intervals of 6 hours.
The resolution is set to 1/3º in the horizontal and to 24 layers extending up to
approximately 15 km in the vertical. The domain of simulation covers northern Africa, the
Mediterranean Sea, Europe and Middle East. An offline coupling is applied to the
calculated concentrations of particulate matter over the European domain from CMAQ
outputs (Jiménez-Guerrero et al., 2008b).

4.2.3 Observations
4.2.3.1

Surface PM and chemical composition from EMEP/CREATE Networks

For the evaluation of PM2.5 and PM10, we have used the same observational dataset
included in the analysis of Pay et al. (2010). In this study, model simulated PM
concentrations are compared with ground-based measurements from the European
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Monitoring and Evaluation Programme (EMEP) monitoring network for the year 2004.
EMEP stations are located at a minimum distance of approximately 10 km from large
emission sources (Larssen et al., 1999). EMEP stations are assumed to be representative of
regional background concentrations (Torseth and Hov, 2003). A total of 16 and 25 stations
for PM2.5 and PM10 respectively have been used to evaluate the model predictions. Details
on the location of the EMEP stations used for this comparison can be found in Table 4.1.
Modelled aerosol concentrations of chemical species are compared with ground-based
measurements provided by EMEP and the FP5/GMES project CREATE at 54 rural
background stations. The uncertainty of the PM measurements strongly depends on the
method and chemical composition of the collected aerosol. Usually the collected filters are
weighted at 50% relative humidity (Tsyro, 2005). Error sources which lead to a bias are
potential losses of semivolatile compounds (particularly ammonium nitrate and
carbonaceous aerosols) from the filters at temperatures higher than 20ºC as well as gas
condensation on filters which could introduce positive measurements artefacts. SIA
components can be measured with an uncertainty of about ±10% for major species
(Putaud et al., 2004). In this context, European legislation (2008/50/EC) establishes that
measurement groups have to demonstrate that the uncertainty of PM2.5 and PM10 meets the
quality objective of 25%. However legislation does not establish any quality objective for
uncertainty of chemical species yet. SIA components collected within CREATE are
measured by ion chromatography in which the error is usually within 10% (Putaud et al.,
2000).
One source of model underestimation of measured SIA components is related with the size
fraction of aerosol components in both measurements and the model. The observed
concentrations are available in total mass fraction, without any discrimination of size since
EMEP sites typically used filter-packs to measure sulphate, nitrates and ammonium and
captured particles are approximately PM10 fraction. In contrast, the CMAQv4.5 model
considers speciated inorganic aerosol only in the PM2.5 fraction. One exception is marine
sulphate aerosol which is present also in the coarse fraction.
In this chapter, measured PM10, PM2.5 and their chemical aerosol components (i.e.
sulphates, nitrates, ammonium, sea salt and carbonaceous matter) are available on a daily
and annual basis. The main characteristics and location of these EMEP/CREATE stations
are described in Table 4.1 and their locations are displayed in Figure 4.1. The CALIOPE
system is evaluated at 54 stations: 53 for sulphate (SO42-), 27 for nitrate (NO3-), 15 for
ammonium (NH4+), 9 for sodium (Na+), 5 for chloride (Cl-) and 2 for carbonaceous matter
(EC and OC). The measurements are well documented and available on the EMEP web
page (http://www.emep.int).
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Table 4.1 List of EMEP stations. Coordinates, altitude and the chemical species measured of the 54 selected EMEP stations
are included. The code is composed by 2-letter country code plus 2-digit station code. Zone of location is defined in Figure 4.1.
Station Name
Anholt

Code

Zone

Lat.(º/N)

Lon.(º/E)

Alt.(m)

Network

Na+

DK08

Nord

56.717

11.517

40

EMEP

x

Barcarrota

ES11

W.IP

38.476

-6.923

393

EMEP

Birkenes

NO01

Nord

58.383

8.250

190

EMEP/CREATE

Cabo de Creus

ES10

E.IP-W.Med

42.319

3.317

23

Campisábalos

ES09

W.IP

41.281

-3.143

Chopok

SK02

E.Eu

48.933

19.583

Deuselbach

DE04

NW.Eu

49.767

Diabla Gora

PL05

E.Eu

54.150

Donon

FR08

C.Eu

48.500

Els Torms

ES14

E.IP-W.Med

Eskdalemuir

GB02

NW.Eu

High Muffles

GB14

NW.Eu

Illmitz

AT02

E.Eu

Iraty

FR12

S.Fr

Iskrba

SI08

Ispra

IT04

Jarczew

Cl-

SO4-2
x

x

NO3-

NH4+

OC

EC

x

x

x

x

x

x
x

x

x

x

EMEP

x

x

1360

EMEP

x

x

2008

EMEP

x

7.050

480

EMEP

x

22.067

157

EMEP

x

7.133

775

EMEP

x

41.400

0.717

470

EMEP

x

55.313

-3.204

243

EMEP

x

54.334

-0.808

267

EMEP

47.767

16.767

117

EMEP

43.033

-1.083

1300

EMEP

N.It

45.567

14.867

520

EMEP

N.It

45.800

8.633

209

EMEP

PL02

E.Eu

51.817

21.983

180

EMEP

Jungfraujoch

CH01

C.Eu

46.550

7.983

3573

EMEP

Kollumerwaard

NL09

NW.Eu

53.334

6.277

1

EMEP

Kosetice

CZ03

E.Eu

49.583

15.083

534

EMEP

K-puszta

HU02

E.Eu

46.967

19.583

125

EMEP

x

La Tardière

FR15

C.Fr

46.650

0.750

746

EMEP

x

Le Casset

FR16

C.Eu

45.000

6.467

746

EMEP

x

Leba

PL04

Nord

54.750

17.533

2

EMEP

Liesek

SK05

E.Eu

49.367

19.683

892

EMEP

x

x
x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x
x

x

x

x

x

Lough Navar

GB06

N.Atl

54.443

-7.870

126

EMEP

Melpitz

DE44

NW.Eu

52.53

12.93

86

CREATE

x

Montandon

FR14

C.Eu

47.183

6.500

746

EMEP

Montelibretti

IT01

C.Med

42.100

12.633

48

EMEP

x

Morvan

FR10

C.Fr

47.267

4.083

620

EMEP

x

x

x

x

x

x

x

x

x

Niembro

ES08

W.IP

43.442

-4.850

134

EMEP

x

x

O Savñao

ES16

W.IP

42.653

-7.705

506

EMEP

x

x

Payerne

CH02

C.Eu

46.817

6.950

510

EMEP

x

Penausende

ES13

W.IP

41.283

-5.867

985

EMEP

x

Peyrusse Vieille

FR13

S.Fr

43.375

0.104

236

EMEP

x

Preila

LT15

Nord

55.350

21.067

5

EMEP

x

Råö

SE14

Nord

57.400

11.917

5

EMEP

x

Revin

FR09

NW.Eu

49.900

4.633

390

EMEP

x

Rigi

CH05

C.Eu

47.069

8.466

1030

EMEP

x

x

Risco Llamo

ES15

W.IP

39.517

-4.350

1241

EMEP

x

x

Rucava

LV10

Nord

56.217

21.217

5

EMEP

x

x

Skreådalen

NO08

Nord

58.817

6.717

475

EMEP

x

x

x

Sniezka

PL03

E.Eu

50.733

15.733

1603

EMEP

x

x

x

x

x

x

Starina

SK06

E.Eu

49.050

22.267

345

EMEP

x

Svratouch

CZ01

E.Eu

49.733

16.033

737

EMEP

x

Tange

DK03

Nord

56.350

9.600

13

EMEP

Topolniky

SK07

E.Eu

47.960

17.861

113

EMEP

Utö

FI09

Nord

59.779

21.377

7

EMEP

x

x

Valentina Observatory

IE01

N.Atl

51.940

-10.244

11

EMEP

x

x

x

x

x
x

x
x

Vavihill

SE11

Nord

56.017

13.150

175

EMEP

Víznar

ES07

E.IP-W.Med

37.233

-3.533

1265

EMEP

x
x

Yarner Wood

GB13

NW.Eu

50.596

-3.713

119

EMEP

x

Zarra

ES12

E.IP-W.Med

39.086

-1.102

885

EMEP

x

x

Zoseni

LV16

Nord

57.133

25.917

183

EMEP

x

x

x

x
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4.2.3.2

Aerosol optical depth from AERONET network

As shown in Chapter 2, AERONET stations provide columnar aerosol optical parameter
information (like AOD, AODfine and AODcoarse) through direct measurements and
inversion techniques. These data constitute a high-quality, ground-based aerosol
climatology and, as such, have been widely used for aerosol process studies, as well as for
evaluation aerosol models. For the present analysis, all operational stations within our study
domain (i.e. the European continent) that collected data on at least 30 hours in 2004 have
been selected for the model evaluation.
Table 4.2 and Figure 4.1 describe and show the location and the main characteristics of the
35 selected AERONET sites within our study region. Table 4.2 lists additional information
including type of site, observation periods, percentage of cloud screened data and the
availability of SDA retrieval products. Quality-assured direct-sun data in the 440 - 870 nm
wavelength range is used to calculate the AOD at 550 nm obtained by the Ångström’s
equation adjustment. The contribution of each aerosol fraction is analysed using the SDA
retrieval products (AODfine and AODcoarse).

4.3 Model evaluation
There is a number of metrics that can be used to examine performances of air quality
models (U.S. EPA, 1984, 1991; Cox and Tikvart, 1990; Weil et al., 1992; Chang and Hanna,
2004; Boylan and Russell, 2006; Dennis et al., 2010). Correlation coefficient (r), root mean
squared errors (RMSE), mean bias (MB) and normalized bias error (MNBE) are commonly
used by the modelling community. For the evaluation of PM concentrations, Boylan and
Russell (2006) suggested the mean fractional bias (MFB) and the mean fractional error
(MFE). Additionally, they propose model performance goals (the level of accuracy that is
considered to be close to the best a model can be expected to achieve) and criteria (the
level of accuracy that is considered to be acceptable for modelling applications) that vary as
a function of concentration and extinction. A model performance goal is met when both
the MFE and MFB are less than or equal to 50% and ±30%, respectively, and a model
performance criterion is met when both MFE and MFB are less than or equal to 75% and
60%, respectively. The model-to-data statistics MB, MNBE, RMSE, MFE and MFB are
selected for this study, together with the measured and modelled mean and the correlation
coefficient. Comparisons are made for annual and monthly basis as well as 4 seasonal
periods: winter (DJF) corresponding to December, January and February, spring (MAM)
corresponding to March, April and May, summer (JJA) corresponding to June, July, August
and autumn (SON) corresponding to September, October and November. Measured PM10,
PM2.5 and their chemical aerosol components (i.e. sulphates, nitrates, ammonium, sea salt
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and carbonaceous matter) from EMEP/CREATE networks are available on a daily basis
except for carbonaceous matter which are available on a annual basis. Moreover, since
AERONET data are acquired at 15-minute intervals on average, all AERONET
measurements within ±30 minutes of the model outputs have been extracted and used for
the model comparison at an hourly and daily basis.
Given that comparisons between simulations and observations are small among sites
located in the same area, statistical indicators have been averaged over the regions indicated
in Figure 4.1 by colours and defined in Table 4.1 and Table 4.2.

Table 4.2 List of AERONET stations. Zone of location of the 35 AERONET stations which is defined in Figure
4.1. Class of location which is defined as stations: in remote (R), urban (U) or sub-rural (S) areas and in littoral localizations
(C); coordinates, altitude, the number of measurements (Dataset), the number of hours (Hr.), the number of days (Dy.) and
months (Mo.), the percentage of cloud screened data (F) in the observation periods of the 35 selected AERONET stations and
the availability of the quality-assured SDA retrieval products (SDA).

Station name

Code

Avignon

AVI

Barcelona

BCN

Zone

Class

Lon.(º/E)

Lat.(º/N)

Alt.(m)

N

Hr.

Dy.

Mo.

E.IP-W.Med

U

4.88

E.IP-W.Med

U/C

2.12

F(%)

43.93

32

7131

1998

264

12

34.52

41.39

125

201

59

11

1

39.12

SDA

Belsk

BEL

E.Eu

R

20.79

51.84

190

3173

1039

150

10

41.49

x

Blida

BLI

E.IP-W.Med

S/C

2.88

36.51

230

4598

1368

220

12

33.55

x

Cabo da Roca

ROC

W.IP

R/C

-9.50

38.78

140

4179

1259

193

10

39.17

Carpentras

CAR

E.IP-W.Med

R

5.06

44.08

100

6905

1979

242

11

37.12

Dunkerque

DUN

NW.EU

U/C

2.37

51.04

0

871

331

65

6

56.17

x

El Arenosillo

ARE

W.IP

R/C

-6.73

37.11

0

9235

2437

302

12

23.70

ETNA

ETN

C.Med

U/C

15.02

37.61

736

871

226

40

3

39.25

Evora

EVO

W.IP

U

-7.91

38.57

293

7860

2205

266

12

29.75

Fontainebleau

FON

NW.EU

R

2.68

48.41

85

1411

568

106

9

53.65

Forth Crete

CRE

E.Med

S/C

25,28

35,33

20

9634

2352

272

12

24.90

x

Hamburg

HAM

NW.EU

U

9.97

53.57

105

2094

691

115

11

46.59

x

Helgoland

HEL

NW.EU

R/C

7.89

54.18

33

470

202

40

7

40.42

x

IFT-Leipzig

LEI

C.Eu

U

12.44

51.35

125

1567

642

129

12

49.15

x

ISDGM CNR

CNR

N.It

R/C

12.33

45.44

20

5029

1566

209

11

48.26

x

Ispra

ISP

N.It

S

8.63

45.80

235

3942

1301

200

12

44.50

x

Laegeren

LAE

C.Eu

R

8.35

47.48

735

2694

848

125

10

41.24

x

Lampedusa

LAM

C.Med

R/C

12.63

35.52

45

2561

848

139

8

30.63

Le Fauga

FAU

S.Fr

R

1.28

43.38

193

3736

1131

176

11

40.73

Lecce University

LEC

C.Med

R

18.11

40.34

30

5489

1671

219

10

34.28

Lille

LIL

NW.EU

U

3.14

50.61

60

943

346

71

8

51.99

Mainz

MAI

C.Eu

S

8.30

50.00

150

3191

1058

172

11

48.94

Modena

MOD

N.It

U

10.95

44.63

56

1899

554

70

4

41.35

Munich Maisach

MUN

C.Eu

R

11.26

48.21

520

153

74

18

4

48.35

Nicelli Airport

NIC

N.It

S/C

12.38

45.43

13

389

94

10

2

27.45

Palaiseau

PLS

NW.EU

S

2.21

48.70

156

2725

889

139

10

45.08

Palencia

PAL

W.IP

U

-4.52

41.99

750

7389

2010

265

12

32.69

Paris

PAR

NW.EU

U

2.33

48.87

50

106

34

7

2

38.59

Rome Tor Vergata

ROM

C.Med

R

12.65

41.84

130

2256

601

106

8

40.05

SMHI

SMH

Nord

U

16.15

58.58

0

493

182

25

2

34.73

The Hague

HAG

NW.EU

S/C

4.33

52.11

18

1376

476

73

7

49.67

Toulon

TUL

E.IP-W.Med

U/C

6.01

43.14

50

430

128

24

2

42.09

Venise

VEN

N.It

R/C

12.51

45.31

10

10257

1872

230

12

36.34

Villefranche

VIL

E.IP-W.Med

S/C

7.33

43.68

130

7120

1936

235

11

32.81

x
x

x
x
x

x
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4.3.1 Ground level PM2.5 and PM10 concentrations
Before evaluating PM composition, it is important to ensure that reactive gases are well
reproduced, since a major fraction of ambient PM arises from atmospheric gas-to-particle
conversion (Meng et al., 1997). In Pay et al. (2010) the CALIOPE model output for gas
and particulate phase concentrations are compared with ground-based measurements from
the EMEP monitoring network for year 2004 over Europe. This model evaluation showed
that the modelling system is able to reproduce daily variations of gas phase pollutants (SO2,
NO2 and O3) as well as their spatial distribution and seasonal evolution.
In Table 4.3 and Figure 4.2a,b and Figure 4.2f,g depict the annual and seasonal statistical
results of the evaluation of PM and the daily of the all-European average time series from
model and observation. The model presents a clear systematic negative bias of PM2.5
(annual MB = -6.30 g/m3), although it is able to reproduce the daily evolution through
the year with an annual correlation between PM2.5 model calculated and observed of 0.47
(Figure 4.2a). Higher correlations are observed during wintertime and lower
underestimations are detected in autumn (MB = -5.0 g/m3).
PM10 is more underestimated (annual MB = -10.30 g/m3) than PM2.5 although the
evolution over year 2004 is well reproduced (Figure 4.2b) with higher correlations (r =
0.57) than for PM2.5. The modelled coarse fraction includes the contribution of unspeciated
anthropogenic mass, sea salt and desert dust. One source of uncertainty in the PM10
comparison comes from the fact that the aerosol module of CMAQv4.5 (AERO4)
considers coarse mode aerosols as dry and inert. Several studies in Spain and the
Mediterranean regions (e.g. Rodríguez et al., 2002; Querol et al., 2004b, 2009) suggest that
from mid-spring to mid-autumn most of nitrate is present as Ca and/or Na salts in the 2.5
– 10 m fraction. Other potential forms of nitrate and sulphate, such as salts linked to the
reaction of acid pollutants with dust (Rodríguez et al., 2002; Querol et al., 2004b, 2009) are
not considered in the simulated PM10. Higher PM10 correlations are observed in
summertime and in the southern European stations affected by Saharan dust outbreaks
(see Figure 4.3). The modelled desert dust contributions to PM2.5 and PM10 are on average
20% and 25%, respectively, increasing to 33% and 35% for Mediterranean stations.
Although the model calculates considerable contribution of dust to both PM2.5 and PM10,
higher annual correlation is observed in PM10 than in PM2.5. This is associated to
overestimations of PM2.5 (see Figure 4.2f) during desert dust outbreaks in southern Europe
sites (Pay et al., 2011). Therefore, despite the total dust mass (i.e. PM10) is well captured by
the BSC-DREAM8b model, its size distribution tends to overestimate the finer fractions
(i.e. PM2.5) in agreement with the results presented in Chapter 3.
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Figu
gure 4.2 Modelleled (black lines), corrected-modelleed (red lines) andd measured (grey lines) time seriess (right) and
sscatter plots (left)) of daily mean cooncentrations forr PM2.5, PM10, sulphates,
s
nitratess and ammonium
m at the
EME
MEP/CREATE
E stations, respecctively. The scatteer plots include thhe 1:1, 1:2, 2:1, 1:5 and 5:1 refeference lines.
C
Correction factorrs of the Table 4.5
4 are applied tto nitrates, sulphhates, ammonium
m and EC + OC
C in the
corrected--modelled series.
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Table 4.3 Seasonal and annual statistics obtained with CALIOPE over Europe for 2004 at the
EMEP/CREATE stations for SIA (i.e. sulphate, nitrate, and ammonium) and SSA (i.e. chloride and sodium).
Winter: January, February and December; Spring: March, April, May; Summer: June, July, August; Autumn:
September, October, November. The number of data points indicates the number of pair measurement-model used to
compute the statistics. The calculated statistics are: measured mean for available data, modelled mean for the whole year,
correlation (r), Mean Bias (MB), Mean Normalized Bias Error (MNBE), Root Mean Square Error (RMSE),
Mean Fractional Bias (MFB) and Mean Fractional Error (MFE).

Data Points
PM2.5 daily (16 stations)

PM10 daily (25 stations)

Sulfate daily (53 stations)

Nitrate daily (31 stations)

Ammonium daily (19 stations)

Chloride daily (5 stations)

Sodium daily (9 stations)

Obs. Mean
(g/m3)

Mod. mean
(g/m3)

r

MB

MNBE(%)

RMSE
(g/m3)

MFB(%)

MFE(%)
80

Annual

5118

12.3

5.7

0.47

-6,30

-45.0

11.2

-72

Winter

1171

12.2

4.8

0.62

-8,40

-47.0

15.3

-78

86

Spring

1264

12.2

5.2

0.50

-6,70

-50.0

10.6

-79

84

Summer

1396

11.5

6.8

0.49

-5,40

-45.0

9.1

-71

78

Autumn

1287

12.3

6.2

0.52

-5,00

-39.0

9.3

-62

72

Annual

8389

17.8

7.5

0.57

-10,30

-50.0

15.8

-79

84

Winter

1994

18.0

6.6

0.54

-11,20

-47.0

18.2

-78

86

Spring

2087

17.7

7.1

0.54

-10,50

-54.0

15.0

-84

87

Summer

2204

18.5

8.2

0.60

-10,50

-54.0

16.1

-83

86

Autumn

2104

17.0

8.1

0.62

-9,00

-44.0

13.5

-70

77

Annual

18227

1.7

1.4

0.49

-0,30

33.6

1.3

-8

55

Winter

4524

1.5

1.0

0.30

-0,50

11.6

1.6

-24

65

Spring

4675

1.8

1.4

0.50

-0,50

15.2

1.4

-19

54

Summer

4598

1.8

1.7

0.59

-0,10

52.7

1.2

7

47

Autumn

4430

1.6

1.5

0.58

-0,10

55.5

1.2

4

55

Annual

8968

2.0

1.0

0.58

-1,00

-9.7

2.3

-87

113

Winter

2208

2.7

1.4

0.60

-1,10

21.6

3.1

-68

99

Spring

2264

2.3

1.1

0.56

-1,10

-6.5

2.6

-76

104

Summer

2252

1.2

0.4

0.29

-0,80

-55.6

1.3

-121

133

Autumn

2244

1.8

0.9

0.53

-0,80

2.4

2.0

-84

115

Annual

4944

1.2

0.8

0.62

-0,50

32.8

1.2

-32

72
80

Winter

1239

1.4

0.7

0.70

-0,80

28.2

1.5

-42

Spring

1300

1.5

0.8

0.62

-0,60

23.1

1.3

-37

73

Summer

1205

1.0

0.7

0.48

-0,20

38.9

0.8

-22

63

Autumn

1200

1.1

0.8

0.64

-0,30

42.1

0.9

-24

70

Annual

1434

0.3

0.3

0.46

0,00

413.9

0.5

49
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Winter

355

0.4

0.3

0.44

-0,10

297.5

0.6

14

97

Spring

368

0.3

0.3

0.38

0,00

308.7

0.7

39

104

Summer

362

0.1

0.3

0.53

0,10

598.2

0.3

78

115

Autumn

349

0.3

0.4

0.64

0,10

451.9

0.5

65

109

77

Annual

3204

0.7

1.2

0.67

0,50

176.1

1.6

16

Winter

794

0.9

1.5

0.70

0,60

176.3

1.9

18

81

Spring

806

0.7

1.1

0.64

0,50

176.6

1.6

10

79

Summer

805

0.6

0.9

0.67

0,30

128.3

1.1

11

72

Autumn

799

0.8

1.4

0.65

0,70

223.7

1.8

26

77
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The results obtained by the CALIOPE system for PM2.5 and PM10 are in the range of those
shown in other European modelling studies (see Section 4 of the work of Pay et al., 2010).
However, the MFE and MFB for PM2.5 and PM10 do not meet the performance criteria
proposed by Boylan and Russell (2006). Many studies have recognized the difficulty of
models to simulate the mass of PM over Europe (Matthias, 2008; Pay et al., 2010). The
underestimation of PM10 is, among others, the result from the lack of fugitive dust
emissions, resuspended matter, a possible underestimation of primary carbonaceous
particles, the inaccuracy of SOA formation, the difficulty of representing primary PM
emission from wood burning and other sources not considered in the emission inventory
as pollutant sources over North Africa (Rodríguez et al., 2011) and a more general lack of
process knowledge on aerosol removal and dispersion and transport processes.

4.3.2 PM chemical composition
Chemical composition measurements can help to identify model limitations in simulating
the physical and chemical processes leading to the formation of SIA (namely, sulphates,
nitrates and ammonium), SOA and SSA. For the sake of comparison with EMEP stations
different size modes are lumped to obtain the total sulphate (Aitken, accumulation and
coarse modes), nitrate (Aitken, accumulation and coarse modes), ammonium (Aitken and
accumulation modes), chloride and sodium (accumulation and coarse modes) and
carbonaceous matter concentration (i.e. organic and elemental carbon). Table 4.3, Figure
4.2c-e, Figure 4.2h-j, Figure 4.3 and Figure 4.4 show the annual and seasonal statistics as
well as the all-European temporal evolution of the model and ground-level
EMEP/CREATE measurement concentrations for SIA components calculated on a daily
basis.
The overall annual variability of the modelled sulphate concentrations (Figure 4.3)
reproduces the measurements with r = 0.49. Better results during summer (r = 0.59) when
sulphate concentrations reach maximum levels due to enhanced photochemistry, low air
mass renovation at regional scale and the increase of the summer mixing layer depth
favouring the local mixing of polluted air masses (Querol et al., 2009). On average, annual
sulphate levels are underestimated by 18%, thus smaller than PM2.5, with winter having the
largest bias. Significant winter underestimations are located at stations in Eastern Europe
(E.Eu region), where the mean bias per station ranges from -0.5 g/m3 to -2.5 g/m3
(Figure 4.3). On the contrary, at stations in the region of France (S.Fr and C.Fr) and near
the Northern Atlantic (N.Atl) the simulated sulphate exceeds the measurements by 0.3
g/m3 and 0.4 g/m3, respectively (Figure 4.4). With respect to the temporal evolution the
model presents the highest correlations in the Iberian Peninsula and Western
Mediterranean Basin, ranging between 0.48 and 0.81 (see Figure 4.3). Model evaluation of

110

Chapter 4: Aerosol modelling over Europe and the contribution of desert dust

gas precursors SO2 in the framework of the CALIOPE system over Europe (Pay et al.,
2010) shows a positive mean bias for SO2 which suggests that SO42- formation in the
system is often limited by oxidant availability and not always by SO2 availability. Winter
underestimation of sulpahte is a common issue in most models integrated in Europe which
represent a direct couplet of sulfur chemistry with photochemistry, even detected with
CMAQv4.5 over Europe (Matthias, 2008). This feature can be probably explained by a lack
of model calculated oxidants or missing reactions (Kasibhatla et al., 1997).
On average, modelled nitrate concentrations reproduce well the daily variability of the
observations through the year (r = 0.58), presenting higher concentrations in winter and
lower levels in summer due to its thermal instability (Querol et al., 2009). The modelling
system simulates lower aerosol nitrate concentrations than those measured
(underestimations ~ 50%), particularly in winter and spring (MB = -1.1 g/m3). On
average, nitrate formation is limited by the availability of nitric acid over land, which may
be related with the underestimation of the modelled NO2 concentrations outlined and
discussed in Pay et al. (2010). The largest underestimations are located over Eastern Iberian
Peninsula–Western Mediterranean (E.IP-W.Med) and Central Mediterranean (C.Med) area
with MB of -1.8 g/m3 and Eastern Europe area (E.Eu region, except at Illmitz and
Sniezka stations) with MB of -1.5 g/m3 (Figure 4.4). As in the case of sulphate, the model
presents the best correlative skills over the Western Iberian Peninsula with relatively high
correlations ranging from 0.40 to 0.65 by stations (Figure 4.3), and annual MB and RMSE
less than 1 g/m3. One source of underestimation is related to the fact that CMAQv4.5
(AERO4) does not consider the formation of Ca(NO3)2 and NaNO3 salts in the coarse
fraction which are account to be significant in Spain from mid-spring to mid-autumn
(Rodríguez et al., 2002; Querol et al., 2004b, 2009). Ammonium-nitrate is usually dominant
in winter whereas calcium- and/or sodium-nitrate dominate in summer (Rodríguez et al.,
2002; Querol et al., 2004b, 2009). Ammonium-nitrate mostly occurs in PM2.5, whereas
calcium- and/or sodium-nitrate nitrate mostly occur in the coarse PM2.5-10 mode (Rodríguez
et al., 2002; Querol et al., 2004b, 2009). This could be related with the underestimations
observed in Eastern Spain, particularly in summer (Figure 4.4). Moreover, correlations
between the simulated and the observed values are rather low in summer in Spain (Figure
4.3).
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Figure 4.3 Sppatial distributionn of the correlatioon coefficient at all
a stations for PM
M2.5, PM10, SO44-2, NO3aand NH4+. Thee two columns reppresent the winterr (left panels) andd summer (right panels)
p
seasons ffor 2004,
respectivelyy for each parameeter.
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Figuree 4.4 Spatial disstribution of meann bias at all stattions for PM2.5, PM
P 10, SO4-2, NO 3- and NH4+.
The two coolumns representt the winter (left ppanels) and summ
mer (right panels)
s) seasons for 20004, respectively for
fo
each parameeter.
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In air m
masses with a continentaal signature,, aerosol nittrate and sullphate are aassociated with
w
ammoniium (Schaap et al. 20004; Queroll et al., 20009). Atmosspheric amm
monia is fiirst
neutralizzed by sulph
huric acid to
o form amm
monium sulp
phate. Remaaining ammoonia may th
hen
combinee with nitricc acid to form ammoniium nitrate (Seinfeld an
nd Pandis, 11998). 94% of
NH3 tottal emission
ns are attributed to agri
riculture and
d livestock (EMEP,
(
20007). Livesto
ock
sources vary duringg the year sin
nce volatilizaation of NH
H3 from the animal
a
wastte is a function
of tempperature (Gillliland et al,, 2003). Sea sonality in NH
N 3 emissio
on is expectted since fieeld
applicatiion of fertillizers occurss during speecific season
ns (Asman, 2001). In th
the CALIOP
PE
system oover Europ
pe, annual em
missions off NH3 are derived
d
from
m the 2004 aannual EME
EP
emissionn database (EMEP,
(
20007). Howeveer, detailed agricultural
a
registers aree not generaally
availablee in many co
ountries (e.gg. Menut andd Bessagnet,, 2010).
The evaaluation of modelled ammonium
a
concentrations with measuremen
m
nts shows the
t
annual ttrend is corrrectly reprod
duce (Figuree 4.2e) with high correlaation coefficcient (r = 0.662,
see Tabble 4.3 and Figure 4.3).
4
Althouugh, the modelled
m
am
mmonium annual meean
underestimates obsserved mean
n by a 36%
%, with the highest biaas in winterr (MB = -00.8
d during thiis season (rr =
g/m3). However, the temporral variabilitty is correcttly captured
0.70).

F
Figure 4.5 Moddelled (black lines) and measuredd (grey lines) timee series (left) and scatter plots (righht) of daily
meean concentrationns for sea salt chem
mical species (i.e.. chlorine and soddium), at the EM
MEP/CREAT
TE stations,
respectively. The scattter plots include the 1:1, 1:2, 2:11, 1:5 and 5:1 reference
r
lines.
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For sea salt component (i.e., sodium and chloride), the modelling system reproduces the
daily variability with annual correlations for sodium and chloride of 0.67 and 0.46
respectively (Table 4.3 and Figure 4.5). It should be noted that the results are strongly
biased towards measurements obtained in northern Europe, since 9 out of 10 stations are
located there (see Table 4.1). There are four coastal stations where the model simulates
slightly higher chloride and sodium concentrations than those measured while at
continental areas sea salt tends to be underestimated. Correlation for sodium is higher than
for chloride since sodium is considered as inert in the atmosphere. One source of
uncertainty is related to the fact that AERO4 considers coarse mode aerosols as dry and
inert. This approach does not allow important aerosol processes, such as the replacement
of chloride by nitrate in mixed marine/urban air masses (Kelly et al., 2010) especially
intense in summer when nitric acid is released by the thermal instability of ammonium
nitrate (Querol et al., 2004b). Moreover, degassing of Cl- is not implemented in the model,
and heterogeneous reactions are not taken into account. The coarse mode in the AERO4
module in CMAQv4.5 (Binkowski and Roselle, 2003) is implemented in a non-interactive
way. That is, fine particles do not coagulate with coarse particles, nor do coarse particles
coagulate with each other.
Both OC and EC can contribute significantly to PM2.5 and PM10 in urban and kerbside
sites, and their mass fraction might be higher than the sum of the inorganic components
(Putaud et al., 2004). Unfortunately, a detailed investigation of the organic aerosol cannot
be done for the present study since there are only very few measurements available that
cover a longer time, therefore OC and EC could only be evaluated at two CREATE
stations: Birkenes (NO01) and Melpitz (DE44) in 2004 on an annual basis. So the results of
the carbonaceous aerosol are far from being representative and currently subject to reevaluation by the European Supersites for Atmospheric Aerosol Research project
(EUSAAR; http://www.eusaar.net/) which searchs the integration of measurements of
atmospheric aerosol properties performed in high quality European ground-based stations.
The observed values are approximately a factor of 4 higher than the modelled values. This
factor is higher than that obtained by Matthias (2008) at Birkenes in 2001 (factor of 3)
partly because carbonaceous particles from biomass burning emissions were taken into
account in the aforementioned study. There are other studies that demonstrate that SOA
are underestimated by current models by a factor of 6 (Volkamer et al., 2006). The large
uncertainties are associated with (1) probable underestimation of primary carbonaceous
emission (Cooke and Wilson, 1996; Bond et al., 2004; Tsyro et al., 2007; Monsk et al.,
2009) and (2) the state-of-the-science concerning to SOA formation pathways (Eder and
Yu, 2006; Edney et al., 2007; Appel et al., 2008).

115

Desert dust characterization through regional modelling and observations

In the anthropogenic emissions used in the CALIOPE system the primary traffic emissions
have the highest contribution of OC and EC (80% of PM2.5), followed by combustion in
energy and transformation industries (60% of PM2.5). Additionally, the absence of some
natural PM sources (such as wildfire emissions) and primary biogenic emissions (such as
pollen, bacteria, fungal and fern spores, viruses, fragments of animals and plants, virus, etc)
contributes to OC underestimation in PM. Wildfire emissions during 2004 were
significantly important in southern Europe during summer (European Commission, 2005).
Additionally, the traditional 2-product SOA model adopted from CMAQv4.5 (Binkowski
and Roselle, 2003) does not include SOA formation from isoprene and sesquiterpenes. The
absence of the isoprene-SOA route on SOA may impact significantly in southern Europe
during summer where the predominant vegetation types favour isoprene as the main
biogenic VOC (Keenan et al., 2009).
As a summary, the modelling system fairly well reproduces the daily variability of the main
aerosol components in Europe. However their concentrations are in most cases strongly
underestimated. The most important underestimations are observed for total carbonaceous
material (i.e. OC and EC). The total amount of SIA is on average underestimated by 1850%. SSA is underestimated over inland and overestimated at coastal sites of northern
Europe.

4.3.3 Aerosol optical depth
The evaluation of the AOD is particularly useful for validating the capabilities of the
modelling system to reproduce European regional transport as well the long-range
transport of desert dust from North Africa at high altitudes.
The modelling system is quantitatively compared against direct-sun AOD measurements
(AOD) and the AOD mode products from the SDA retrieval (AODfine and AODcoarse).
Modelled AODfine includes ammonium, sulphate, nitrate, SSA, OC and EC as well
unspeciated mass fine portion from CMAQ as well sub-micron desert dust from BSCDREAM8b. Modelled AODcoarse is the sum of the super-micron fraction of desert dust
from BSC-DREAM8b and SSA and unspeciated mass coarse portion from CMAQ. Table
4.4 and Figure 4.6 show the annual and seasonal statistics as well as the temporal evolution
of the model and ground-based AERONET measurements for AOD, AODfine and
AODcoarse calculated on an hourly and daily basis.
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Table 4.4 Seasonal and annual statistics obtained with CALIOPE over Europe for 2004 at the AERONET stations
for AOD, AODfine and AODcoarse. Winter: January, February and December; Spring: March, April, May; Summer:
June, July, August; Autumn: September, October, November. The number of data points indicates the number of pair
measurement-model used to compute the statistics. The calculated statistics are: measured mean for available data, modelled
mean for the whole year, correlation (r), Mean Bias (MB), Mean Normalized Bias Error (MNBE), Root Mean Square
Error (RMSE), Mean Fractional Bias (MFB) and Mean Fractional Error (MFE).

AOD hourly (35 stations)

AODfine hourly (16 stations)

AODcoarse hourly (16 stations)

AOD daily (35 stations)

AODfine daily (16 stations)

AODcoarse daily (16 stations)

Data Points

Obs. Mean

Mod. mean

r

MB

MNBE(%)

RMSE

MFB(%)

Annual

34925

0.18

0.10

0.51

-0,07

-31.0

0.15

-53

MFE(%)
66

Winter

4175

0.12

0.07

0.36

-0,05

-23.1

0.13

-49

69

Spring

9099

0.19

0.11

0.49

-0,07

-32.3

0.16

-57

70

Summer

14249

0.19

0.11

0.49

-0,08

-34.8

0.16

-56

66

Autumn

7402

0.16

0.10

0.62

-0,06

-26.6

0.13

-45

58

Annual

15914

0.22

0.10

0.52

-0,13

-48.7

0.19

-75

80

Winter

1459

0.14

0.06

0.42

-0,09

-45.9

0.16

-78

87

Spring

3828

0.24

0.11

0.55

-0,13

-49.5

0.19

-77

82

Summer

7250

0.24

0.10

0.45

-0,14

-50.7

0.20

-77

80

Autumn

3377

0.21

0.10

0.62

-0,12

-44.9

0.19

-69

74

Annual

15914

0.06

0.02

0.63

-0,04

-72.9

0.07

-134

139

Winter

1459

0.05

0.02

0.25

-0,04

-69.4

0.07

-133

141

Spring

3828

0.07

0.02

0.58

-0,04

-73.3

0.09

-137

142

Summer

7250

0.05

0.02

0.70

-0,03

-73.1

0.06

-135

139

Autumn

3377

0.06

0.02

0.71

-0,04

-73.6

0.07

-130

133

Annual

4920

0.18

0.11

0.56

-0.07

-28.2

0.14

-47

60

Winter

792

0.12

0.07

0.41

-0.05

-23.6

0.12

-46

63

Spring

1267

0.19

0.12

0.52

-0.07

-28.8

0.15

-51

64

Summer

1689

0.20

0.12

0.55

-0.08

-33.3

0.15

-51

60

Autumn

1172

0.16

0.11

0.67

-0.06

-24.5

0.12

-39

52

Annual

2318

0.22

0.10

0.59

-0.12

-45.1

0.18

-69

74

Winter

304

0.14

0.06

0.45

-0.08

-43.8

0.14

-71

80

Spring

556

0.25

0.12

0.58

-0.13

-45.9

0.18

-70

75

Summer

919

0.24

0.10

0.53

-0.14

-47.5

0.19

-70

73

Autumn

539

0.21

0.10

0.68

-0.11

-41.0

0.19

-62

69

-138

Annual

2318

0.06

0.02

0.70

-0.04

-74.6

0.07

-134

Winter

304

0.05

0.01

0.24

-0.04

-71.0

0.07

-132

138

Spring

556

0.07

0.02

0.65

-0.05

-72.7

0.08

-134

138

Summer

919

0.05

0.02

0.77

-0.03

-76.9

0.06

-139

141

Autumn

539

0.06

0.02

0.80

-0.04

-74.6

0.06

-130

131
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The model reproduces the AOD hourly and daily variability with an annual correlation of
0.51 and 0.56 respectively on average (Table 4.4, Figure 4.6a and Figure 4.7) and
underestimates the hourly and daily AOD by 41 and 38% respectively (Table 4.4, Figure
4.6a and Figure 4.8).

Figure 4.6 Modelled (black lines), corrected-modelled (red lines) and measured (grey lines) time series (right) in
daily mean concentrations and scatter plots (left) in hourly mean concentration values for AOD, AODfine and
AODcoarse at the AERONET stations, respectively. The scatter plots include the 1:1, 1:2, 2:1, 1:5 and 5:1
reference lines. Correction factors of the Table 4.5 are applied to nitrates, sulphates, ammonium and EC + OC
in the corrected-modelled series.

If we take a closer look to the desert dust component and its role on the model data
agreement, its influence is remarkable. When considering only CMAQ outputs the annual
simulated AOD underestimation rises up to 61% for hourly values and 58% for daily
values and the annual correlation decreases to 0.39 for the hourly values and to 0.40 for
daily values. Due to the proximity to the African continent, the differences between
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CM
MAQ-alonee and CMA
AQ+BSC-D
DREAM8b are larger in the Ibeerian Peninssula and
M
Mediterranean
n sites. Corrrelations rem
markably im
mprove from
m 0.16 to 0.559, 0.39 to 0.58,
0
0.31
too 0.49 and 0.05
0
to 0.500, for the W
Western Ibeerian Peninsula, Easternn Iberian PeeninsulaW
Western Medditerranean, Central
C
Medditerranean and
a Eastern
n Mediterrannean, respecttively for
hoourly values. Averaging for the enttire study reggion, desert dust contriibutions rep
present ~
355% of the AOD
A
and over
o
the Ibeerian Peninsula and Mediterranean ~ 51% on average.
Th
hese results are consisteent with the aerosol chaaracterization
n presented in Chapter 2.

Figu
ure 4.7 Spatial distribution of thhe correlation coefffficient at all stattions for AOD, A
AODfine and
AODcoarse
in hourly bassis. The four coluumns represent thhe winter (left pannels) and summeer (right panels)
c
seasons for 22004, respectivelyy for each parameeter.
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F
Figure 4.8 Sppatial distributionn of mean bias att all stations for AOD,
A
AODfinee and AODcoarse in hourly
basis. The fouur columns repressent the winter (lef
left panels) and suummer (right pannels) seasons for 22004,
respectivelyy for each parameeter.

Becausee the evaluaation of thee aerosol m
model perforrmance is hampered
h
bby the lack of
routine data above the surfacee, satellite oobservationss offer new opportunitties for mod
del
evaluatioon. In Figurre 4.9, the seeasonal averrages for 20004 of the co
ollection C0005 AOD daata
(cloud ffree) at 550 nm from MODIS/Aqu
M
ua sensor (L
Levy et al., 2003; Remeer et al., 20005)
are quallitatively com
mpared with
h the modellled aerosol fields. Addiitionally, supperimposed to
MODISS values, the AERONE
ET seasonaal mean vallues are included show
wing moderaate
differences between
n both obserrvational dattasets. Among other cau
uses, this is partly becau
use
d
oof AERONE
ET
the satellite produccts are obtaiined from 2 images perr day as a difference
measureements.
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M
MODIS AOD
D product despite
d
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nt underestimations at hhot spots lo
ocated in
N
Northern Itaaly, Eastern and Northh-western Europe
E
as shown in thhe comparisson with
AERONET data. The dust
d transpo rt from No
orth Africa is
i well captuured with maximum
m
AOD values in
i the Easteern Mediterrranean regio
on in spring shifting to C
Central and Western
M
Mediterranean
n regions in summer.

Figurre 4.9 Seasonal AOD average (f(from the top to bottom
b
panels) off CMAQ + BSSC-DREAM8bb
withoutt correction factorr (left panels), CM
MAQ + BSC-D
DREAM8b wiith correction facttors for sulphates,
s,
nitrrates, ammonium
m and EC + OC
C (central panels)) and MODIS/
/Aqua AOD prroduct as well
AER
RONET seasonaal mean values (ccolour points). Correction
Co
factors of
o the Table 4.5
.5 are applied to
nitrates, suulphates, ammonnium and EC + OC in the correected-modelled serries.
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The aerosol fields obtained with CALIOPE are similar to those shown in other European
modelling studies (e.g., POLYPHEMUS; Tombette et al., 2008; CHIMERE, Péré et al.,
2010). In another study with CMAQ (Matthias, 2008), the modelled AOD was 20 - 70%
lower than AERONET observations. In contrast to our results, the best scores in this
study were achieved in northern sites where desert dust contributions are smaller, which
again highlights the importance of desert dust in southern latitudes. The evaluation of the
POLYPHEMUS system (Tombette et al., 2008), which also did not consider desert dust,
against 19 AERONET stations underestimated the hourly AOD average from 0.02 to 0.07
and correlations ranged from 0.40 to 0.87 obtaining the best results in the northern
European sites. In the evaluation of the CHIMERE model against 13 AERONET stations
presented in Péré et al. (2010), correlations lied within the range of 0.50 – 0.74 .The values
obtained in the present work lie within the range of these studies with correlations of 0.40
– 0.72 depending on the region.
We take a closer look now at the fine and coarse components of the AOD. The annual and
seasonal statistical results obtained for AODfine and AODcoarse are presented in Table 4.4,
Figure 4.7 and Figure 4.8 and the temporal series are shown in Figure 4.6b and Figure 4.6c,
respectively. The modelled desert dust contributions to AODfine and AODcoarse are on
average 22% and 88%, respectively. The largest discrepancies between model and data are
associated to AODfine (MB = -0.13 and RMSE = 0.19, Table 4.4), but the hourly variability
is reasonably well captured (r = 0.52, see Figure 4.6b and 6). The best scores are found in
SMHI site in the Nordic region (r = 0.70, RMSE = 0.04 and MB = -0.03) where no desert
dust is present in the fine mode AOD and where the frequent background situation is
associated with low values. The largest error in AODfine is found for Northern Italy (RMSE
= 0.29 and MB = -0.20). The correlation remains moderately high though (~ 0.52),
indicating that the modelling system is able to reproduce reasonably well the background
AOD and reproduce the occurrence of peaks dust outbreaks. Northern Italy includes one
of the most polluted regions in Europe, the Po Valley (Mélin and Zibordi, 2005) and the
model indicates almost no contribution from dust (desert dust contributions to AOD less
than 4%) in agreement with the results of the aerosol characterization from Gobbi et al.
(2007). In this area, the air stagnation in a mountain-surrounded valley favours the
photochemical reactions that produce SIA and the fine mode growth (Gobbi et al., 2007)
together with frequent humid conditions in winter which favours the nucleation and
growth of aerosols.
The overall annual variability of the modelled AODcoarse agrees fairly well with
measurements (r = 0.63, see Figure 4.6c). The best scores are found in the Mediterranean
Basin (0.6 < r < 0.8, RMSE < 0.09 and MB ~ -0.04, on average in hourly mean values for
the entire Basin) particularly in summertime coinciding with the maximum AODcoarse values
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and maximum activity in the desert dust sources (Middelton and Goudie, 2001). The largest
discrepancies are found in Nordic countries (r = 0.06, RMSE = 0.03 and MB = -0.02) and
Eastern Europe (r = 0.18, RMSE = 0.10 and MB = -0.06). In general, highest AODcoarse
values are linked to the presence of desert dust. However, some coarse events in Northwestern and Eastern Europe are not captured by the modelling system (not show here).
They could link to the occurrence of the coarse sodium and calcium nitrate because high
levels of sulphate neutralize ammonium (Querol et al., 2009).
The ESCOMPTE experiment (Mallet et al., 2003; Cross et al., 2004), which investigated the
microphysical and optical properties of the aerosol around Marseille in the summer 2001,
showed that 90% of the light extinction is due to anthropogenic aerosol and only 10% is
due to natural aerosol (SSA and desert dust). 44% of the anthropogenic extinction was due
to ammonium sulphates, followed by 20% from EC and 21% by OM. Nitrate aerosol had a
weak contribution (~ 5%). In the present study, at the Western Mediterranean sites (i.e.
AVI, CAR, TUL and VIL) during the summer months of the year 2004, 28% of the light
extinction is due to natural aerosol (SSA and desert dust) and 72% is due to anthropogenic
aerosol. In our model, 54% of the anthropogenic extinction is due to ammonium sulphates,
followed by nitrate (~ 13%) and EC and OC with ~ 6% and ~ 9%, in that order. These
results reveal important underestimates of total carbonaceous material (EC + OC) species.
The important underestimations of EC and OC can be partly explained by the influence of
local emissions and natural sources as indicated in Section 4.3.2. The uncertainties
associated to the emission inventory for black carbon may be an important cause for the
discrepancy (Baldasano et al., 2008b).
One of the sources of uncertainties in the AOD model evaluation arises from the fact that
the optical properties and lifetime of dust and anthropogenic substances (particulates and
gases species) can be drastically altered through mixing and chemical reactions. For
example, dust and black carbon form aggregates and this process makes the former more
absorbing to visible and infrared radiation. In some parts of the world, dust particles are
often found to be coated with nitrates and sulphates. The Mediterranean and northern
Africa region is for example a hot spot where Saharan dust and pollutants from Europe
interact (e.g. Rodríguez et al., 2011).

4.4 Aerosol distribution over Europe
4.4.1 Model bias correction
Several studies have demonstrated the benefit of adjusting site-specific air quality model
predictions using observational data to reduce systematic model error (e.g. Hogrefe et al.,

123

Desert dust characterization through regional modelling and observations

2006; Djalalova et al., 2010). Bias-adjustment strategies range from the relatively simple
mean bias and multiplicative ratio adjustments used by McKeen et al. (2005) to the more
complex Kalman Filter techniques (Manders et al., 2009; Kang et al., 2010; Sicardi et al.,
2011). In the present section, we intend to provide an estimation of the spatial and seasonal
distribution of the different aerosol components over Europe with our model results
including an a posteriori correction. The evaluation (see Sect. 4.3) consistently reveals a
similar degree of fine fraction underestimation on both surface levels and columnintegrated values (AOD). In this regard, the correction applied use the results of the
evaluation against measured chemical aerosol surface concentrations on total mass fraction
on a daily basis described in the Sect. 4.2.3.1.
We calculate spatially homogeneous, for all Europe, multiplicative correction factors per
aerosol species and apply it to the mass concentrations in the model. The main limitation
of this method is the application of a spatially homogeneous correction factor for a large
region such as Europe. However, as shown in the model evaluation results, the seasonal
variability has stronger impact than the geographical differences in the formation of the
secondary atmospheric aerosols. As described below the modelled bulk parameters: PM
levels and AOD significantly improve after correcting the bias of each aerosol species
individually.

Table 4.5 Seasonal and annual multiplicative correction factors to SIA (sulphates, nitrates and ammonium)
and EC + OC obtained minimizing a weighted sum of the squared difference between the modelled and
measured chemical aerosol surface concentrations on total fraction mass on a daily basis over Europe for 2004.
Winter: January, February and December; Spring: March, April, May; Summer: June, July, August;
Autumn: September, October, November.

Winter
Spring
Summer
Autumn
Annual

Sulphates
1.7
1.4
1.2
1.1
1.3

Nitrates
1.7
1.8
1.9
1.5
1.7

Ammonium
2.0
1.7
1.4
1.2
1.6

OC+EC
4
4
4
4
4

For carboneous compounds (i.e. EC and OC), a spatially homogeneous mean annual
multiplicative correction factor of 4 is estimated (see Sect. 4.3.2). For the SIA (i.e.
sulphates, nitrates and ammonium) components the correction factor is calculated from the
modelled and observed mean daily values. We employ a weighted sum of the squared
difference between the modelled and observed values. We minimize this sum to identify
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the magnitude of the aerosol concentration that is in optimal agreement with the
observations. Table 4.5 shows the spatially homogeneous multiplicative correction factors
obtained for each chemical species. The bias corrected simulation is then evaluated against
the bulk PM and AOD observations from EMEP and AERONET respectively (Table 4.6).

Table 4.6 Seasonal and annual statistics obtained with CALIOPE and the seasonal correction factors of Table 4.5 applied
to sulphates, nitrates, ammonium and EC + OC over Europe for 2004 at the EMEP stations for PM2.5 and PM10 and at the
AERONET stations for AODfine and AOD. Winter: January, February and December; Spring: March, April, May;
Summer: June, July, August; Autumn: September, October, November. The number of data points indicates the number of pair
measurement-model used to compute the statistics. The calculated statistics are: measured mean for available data, modelled mean
for the whole year, correlation (r), Mean Bias (MB), Mean Normalize Bias Error (MNBE), Root Mean Square Error
(RMSE), Mean Fractional Bias (MFB) and Mean Fractional Error (MFE).
Data Points
PM2.5 daily (16 stations)

PM10 daily (25 stations)

AODfine hourly (16 stations)

AOD hourly (35 stations)

AODfine daily (16 stations)

AOD daily (35 stations)

Obs. Mean

Mod. mean

r

MB

MNBE(%)

RMSE

MFB(%)

MFE(%)

Annual

5118

12.30

10.02

0.61

-2,31

-6.2

8.89

-22

47

Winter

1171

12.20

10.38

0.67

-3,26

-3.2

11.72

-18

55

Spring

1264

12.20

9.83

0.59

-2,34

-12.3

8.36

-33

45

Summer

1396

11.50

9.95

0.55

-2,21

-13.2

7.54

-28

45

Autumn

1287

12.30

9.94

0.62

-1,51

4.8

7.71

-19

45

54

Annual

8389

17.80

11.65

0.62

-6,16

-20.7

12.91

-38

Winter

1994

18.00

11.85

0.65

-6,15

-15.3

14.15

-32

57

Spring

2087

17.70

11.97

0.59

-5,70

-24.6

15.15

-38

51

Summer

2204

18.50

11.19

0.60

-7,35

-30.6

16.15

-48

56

Autumn

2104

17.00

11.62

0.66

-5,38

-11.5

17.15

-35

52

Annual

15914

0.22

0.15

0.55

-0,07

6.3

0.16

-36

6

Winter

1459

0.14

0.10

0.56

-0,05

15.5

0.13

-26

55

Spring

3828

0.24

0.18

0.57

-0,06

2.3

0.16

-32

50

Summer

7250

0.24

0.15

0.48

-0,08

1.6

0.16

-35

50

Autumn

3377

0.21

0.14

0.66

-0,08

15.2

0.16

-36

52

Annual

34925

0.18

0.15

0.56

-0,02

-16.5

0.13

-12

46

Winter

4175

0.12

0.11

0.48

-0,00

-13.4

0.01

1

49

Spring

9099

0.19

0.18

0.55

-0,01

-19.7

0.14

-12

45

Summer

14249

0.19

0.16

0.53

-0,04

-18.5

0.14

-16

45

Autumn

7402

0.16

0.14

0.66

-0,03

-10.0

0.12

-13

46

Annual

2318

0.22

0.16

0.61

-0.07

-13.3

0.15

-28

46

Winter

304

0.14

0.11

0.54

-0.03

0.0

0.12

-19

48

Spring

556

0.25

0.19

0.60

-0.06

-11.9

0.15

-25

44

Summer

919

0.24

0.16

0.56

-0.08

17.1

0.16

-30

46

Autumn

539

0.21

0.14

0.71

-0.07

-16.1

0.16

-31

48

Annual

4920

0.18

0.14

0.60

-0.04

-1.9

0.12

-15

42

Winter

792

0.12

0.11

0.57

-0.01

-14.4

0.10

-3

43

Spring

1267

0.19

0.17

0.55

-0.02

-3.1

0.12

-16

40

Summer

1689

0.20

0.15

0.59

-0.05

-7.4

0.12

-20

43

Autumn

1172

0.16

0.13

0.70

-0.03

-3.8

0.11

-18

44
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The corrected PM2.5 and PM10 results present a much better agreement with the
observations if correction factors are applied (Figure 4.2 and Table 4.6). The annual
underestimations are reduced from 53% to 18% for PM2.5 and from 58% to 35% for PM10.
Correlations increase from 0.47 to 0.59 for PM2.5 and from 0.57 to 0.61 for PM10. In fact,
the MFE and MFB for the corrected PM2.5 fall within the performance goal meanwhile the
corrected PM10 fall within the performance criterion proposed by Boylan and Russell
(2006). Correlation, RMSE, MFB and MFE of PM2.5 and PM10 with correction factors are
significantly better than those obtained in Pay et al. (2010) by applying a factor of 2 to total
PM2.5 and PM10.
The annual underestimations are reduced from 57% to 32% for hourly AODfine and from
41% to 13% for hourly AOD while correlations increase from 0.52 to 0.56 for hourly
AODfine and from 0.51 to 0.56 for hourly AOD (Table 4.4, Table 4.6 and Figure 4.6).
Similar results are obtained for daily AOD and AODfine (see Table 4.4, Table 4.6 and Figure
4.6). Finally, Figure 4.9 highlights the closer agreement of the model corrected seasonal
AOD distribution with the MODIS/Aqua satellite product in comparison with the
uncorrected model estimates. The corrected simulation provides more realistic information
for the analysis of the aerosol spatial and temporal patterns over Europe.

4.4.2 Spatial and seasonal distribution of aerosol fractions
Figure 4.10 shows the modelled annual mean of PM2.5, PM10, AOD and AODfine. The
highest annual mean aerosol concentrations (AOD > 0.3 and PM10 > 30 g/m3) are found
over the Po Valley and the Benelux region (Belgium, The Netherlands, Luxembourg)
where values are dominated by fine anthropogenic aerosols. A second maximum is found
over South-eastern Europe, namely in Greece, Macedonia, Bulgaria and Rumania, and over
the Moldavia, Ukraine, and Poland (AOD ~ 0.2) and southern Europe (AOD > 0.2 and
PM10 > 20 g/m3). Aerosol concentrations decrease towards the North and North-western
Europe reaching the lowest values in the northern region (AOD < 0.15) in agreement with
the modelling study of Schaap et al. (2004). Low values are also found over the major
European mountain chains (e.g. the Alps, Massif Central, the Pyrenees and the
Carpathians) with AOD < 0.1 and PM10 < 10 g/m3.
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Figure 4.10
4 Annual aveerage of PM2.5 (in
in g/m3), PM100 (in g/m3), AODfine
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OD obtained witth
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factorss of the Table 44.5 are applied to
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Figure 4.11 Seasonal
S
average (from winter to aautumn, from leftft to right panels) of PM10 (in µg//m3) and the
seaasonal contributiions (in %) of sullphates (SO4-2), nitrates (NO3-), ammonium (NH
H4-), carboneouss matter (EC +
O
OC), sea salt aerrosols (SSA) andd desert dust (DD
D) to PM10 withh correction factorrs of the Table 44.5 applied to
nitrates,
n
sulphatess, ammonium annd EC + OC.
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Figure 4.12
4 Seasonal average (from winteter to autumn, froom left to right paanels) of AOD aand the seasonall
contributionss (in %) of sulphaates (SO4-2), nitrrates (NO3-), am
mmonium (NH4-),) carboneous maatter (EC + OC
C),
sea salt aerrosols (SSA) andd desert dust (DD
D) to AOD witth correction factoors of the Tablee 4.5 applied to
nitrates, sulphhates, ammonium
m and EC + OC.
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Despite SOx emissions are rather constant throughout the year, a clear seasonal trend is
observed in the modelled sulphate PM10 and AOD during the warm season due to high
temperature and low relative humidity that favour the oxidation of SO2 and the formation
of sulphate under the presence of hydroxyl radical (e.g. Querol et al., 2009). In summer,
sulphate AOD reaches average values above 0.12 in Eastern Europe, with a maximum of
0.28 over Romania. High surface concentrations of sulphate are calculated in summer over
the Aegean Sea (~ 5 g/m3) due to the shipping traffic emissions and over the Balkans
regions (above 5 g/m3) due to emissions from power plants.
Nitrate levels present a strong seasonal variability with the highest values during the cold
months (Figure 4.11 and Figure 4.12). In winter nitrate contributions to PM10 levels and
AOD up to 40% are observed over the entire European continent. In summer the highest
contributions are localised in the Central Europe. Ammonium concentration shows slight
variations throughout the year (Figure 4.11 and Figure 4.12). The highest contributions to
PM10 and AOD (~ 15% and ~ 20%, respectively) are observed in winter and the lowest
contributions (< 10%) in summer. Maximum surface concentrations of nitrate (~ 4.6
g/m3) and ammonium (~ 3 g/m3) are simulated over most European countries in
winter, with the highest levels over the Po Valley (> 8 g/m3 and > 5 g/m3 for nitrates
and ammonium, respectively). Their maximum contribution to AOD is found in the Po
Valley (~ 0.10) and to a lesser extent in the Benelux area (~ 0.08).
EC is a primary pollutant so its spatial variability is relatively high. Major sources of EC
include diesel engines, particulate heavy-duty trucks, and combustion process (including
biomass and fossil fuel), thus high levels are associated with urban areas and maritime
routes. In contrast, OC is emitted directly or, in a large proportion, formed from the
condensation of low-volatility organic compounds. Thus, the spatial variability of OC is
between that of purely primary and secondary pollutants. Major primary sources of OC
include diesel and gasoline-burning engines, biomass burning and some industrial
processes, so OC will be found in urban and rural background environments.
OC + EC are concentrated at hot spot locations where they are found in the fine fraction
with maximum PM2.5 values of ~ 6 g/m3 and AODfine values up to 0.01. Maximum
OC+EC contributions are observed in summer (Figure 4.11 and Figure 4.12). OC + EC
estimations should be taken with precaution due to few measurements available over
Europe for the model evaluation results as well as the considerable uncertainties associated
to the calculations of EC and OC. Also, SSA contributes weakly to the AOD with an
average mean annual value of less than 0.01. At surface levels, the mean contribution of
SSA to PM10 in the Mediterranean Sea reaches up to 40% (~ 10 g/m3) and up to 80% (15
g/m3) in the North Atlantic.
130

Chapter 4: Aerosol modelling over Europe and the contribution of desert dust

Sulphates and nitrates contribute up to 80% of the PM10 and AOD in latitudes beyond
41ºN (Figure 4.11 and Figure 4.12). Maxima SIA and carbonaceous matter are mainly
concentrated at hot spot localizations in Europe where they are found in the fine fraction.
In contrast to anthropogenic sources, which are mainly located in the European continent,
mineral dust sources affecting Europe’s PM levels are mostly found in North African
deserts. One distinct feature of the CALIOPE modelling system with respect to other
European systems is the inclusion of the influence of African dust on a non-climatological
basis by means of the offline coupling with the BSC-DREAM8b model. Desert dust
exhibits a strong seasonal variability throughout the year. Maximum desert dust transport
to Europe occurs from spring to early autumn according to the model results (Figure 4.11
and Figure 4.12), while minimum desert dust contributions are found in winter over the
entire region. In spring, an increase of dust outbreaks and high desert dust contributions (>
40%) are observed in the Central and Eastern Mediterranean regions. In summer, the
maximum desert dust contribution is shifted towards the Western Mediterranean and the
Southern Iberian Peninsula. In the South-eastern Iberian Peninsula, desert dust contributes
about 60 - 70 % of the PM10 and AOD levels which reach 40 g/m3 and 0.2, respectively
(Figure 4.11 and Figure 4.12).
The simulated seasonal patterns are in agreement with observational studies using groundbased (see Chapter 2) and satellites observations (e.g. Barnaba and Gobbi, 2004; Antoine
and Nobileau, 2006). Long-range transport of Saharan dust across the United Kingdom
appears to be much less frequent than for Southern and Central Europe (Ryall et al., 2002)
as a consequence of typical atmospheric circulation patterns. Dust particles penetrate to
Northern Europe reaching the United Kingdom and the North Sea in winter
(contributions to PM10 ~ 15% in northern United Kingdom in winter see Figure 4.11).
African dust outbreaks have been long recognized to cause exceedances of the European
air quality thresholds (Rodríguez et al., 2001; Barnaba and Gobbi, 2004; Querol et al.,
2004b; Papanastasiou et al., 2010).
Table 4.7 shows the number of exceedances of the daily PM10 air quality limit value
established by the European Commission (i.e. 50 g/m3) for each EMEP station included
in the present analysis for 2004 as well as the number of exceedances obtained from the
simulated values. As a result, the number of exceedances of the daily PM10 threshold
obtained from the 25 EMEP stations for 2004 is underestimated by the CALIOPE
modelling system (241 observed days versus 72 simulated days that exceed the daily PM10
threshold). In those stations mostly affected by desert dust outbreaks like the Spanish
EMEP sites, these differences are reduced (with 80 observed versus 37 simulated days that
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exceed the daily PM10 threshold) indicating the improvement that represents the inclusion
of desert dust contribution in model simulations.

Table 4.7 Number of exceedances of the PM10 daily European limit value (50 g/m3) from EMEP
observations, CALIOPE modelled values and BSC-DREAM8b modelled values. Correction factors of the
Table 4.5 are applied to nitrates, sulphates, ammonium and EC + OC.

Station name

Country

Number of exceedances of the PM10
daily limit value
EMEP

Illmitz
Vorhegg
Payerne
Tanikon
Chaumont
Rigi
Westerland
Langenbrugge
Schauinsland
Neuglobsow
Schmucke
Zingst
Keldsnor
Viznar
Niembro
Campisabalos
Cabo de Creus
Barcarrola
Zarra
Penausende
Els Torms
Risco Llamo
O Savinao
Montelibretti
Ispra

Austria
Austria
Switzerland
Switzerland
Switzerland
Switzerland
Germany
Germany
Germany
Germany
Germany
Germany
Denmark
Spain
Spain
Spain
Spain
Spain
Spain
Spain
Spain
Spain
Spain
Italy
Italy

28
1
9
7
0
0
6
5
1
2
0
5
3
25
0
9
0
8
9
4
15
10
2
21
71

CMAQ +
BSC-DREAM8b
BSC-DREAM8b
1
0
0
0
0
0
0
0
0
0
0
0
0
18
0
4
0
2
9
1
1
2
0
4
30

0
0
0
0
0
0
0
0
0
0
0
0
0
12
0
2
0
2
4
1
0
1
0
0
0
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Figu
gure 4.13 Numbber of the days exxceeding the EU PM10 daily threeshold (> 50 g//m3) for
C-DREAM8b + CMAQ deriived aerosol. Corr
(a) BSC-DREAM
M8b and (b) BSC
rrection
faactors of the Tab
ble 4.5 are applilied to nitrates, suulphates, ammonium and EC + OC.

Inn Figure 4.133 we provid
de a spatial eestimate of the
t number of days in w
which the daaily PM10
Euuropean air quality threeshold (50 
g/m3) is exxceeded duee to naturall dust events. Figure
4.13a providees an estimaate based o nly on deseert dust leveels. Large reegions from
m Iberian
Peeninsula to Greece (in the
t North M
Mediterraneaan arc, < 45
5ºN) exceedd the thresho
old while
thhe number of
o daily exceedances inncreases souuthwards reaaching up too about 75 days per
yeear in the so
outhernmosst areas. Whhen we incluude the oth
her aerosol ccomponentss (Figure
4.13b), a sign
nificant num
mber of exce edances app
pear in well--known Eurropean hot spots. In
paarticular, thee threshold is exceededd more than
n 75 days in the Po Valllley, Eastern
n Europe
annd in the Beenelux region
ns. Additionnally in thosse regions most
m affectedd by the preesence of
deesert dust (in
n the North
h Mediterrannean arc, < 45ºN), the number
n
of eexceedancess notably
inncreases with
h respect to the desert ddust only casse achievingg up to 100 ddays in mou
untainous
arreas in the southeastern
s
n Iberian Peeninsula. We note that Figure 4.133b only reprresents a
loower end esstimate of the
t total nuumber of exceedances
e
s given thatt the PM10 mass is
siggnificantly underestimat
u
ted in the m
modelling sysstem (about 6 g/m3 onn average).

4.5 Summ
mary and
d conclu
usions
W
We have pressented a detailed aerosool evaluation
n and characcterization oover Europee for year
20004 using th
he CALIOPE
E modellingg system. We
W performed
d a detailed model evalu
uation of
PM
M levels, AOD and ch
hemical com
mposition to quantify th
he model skkills and ideentify the
caauses of disccrepancy.
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The aerosol evaluation against EMEP/CREATE and AERONET networks shows that the
modelling system can reproduce reasonably well the daily variability of the main aerosol
components in Europe. However aerosol levels are in most cases underestimated. On the
one hand, the larger underestimation in PM10 compared with PM2.5 suggests missing
sources of coarse PM in the modelling system, which affect mainly these larger fractions.
On the other hand, the evaluation of the chemical composition highlights important
underestimations of the modelled fine fractions particularly for carbonaceous matter (EC
and OC; underestimations ~ 200%) and SIA (i.e. nitrates, sulphates and ammonium; the
total amount of SIA is on average underestimated by 18 - 50%).
We calculated spatially homogenous multiplicative correction factors for carboneous
matter (EC and OC) and SIA components that minimize the differences between the
modelled and observed values. The results of the corrected simulation highlight the fact
that besides increasing the total mass budget (the annual underestimations are reduced by
~ 35% and 23% for PM2.5 and PM10, respectively), the correction by species and seasons
improves the simulation of the variability of the bulk parameters with respect to the
observed values (the annual correlation increases from 0.47 to 0.59 for PM2.5, and 0.57 to
0.61 and PM10, respectively). Also the corrected model AOD is significantly improved
when compared to MODIS satellite AOD fields.
Aerosols over Europe are dominated by 1) local anthropogenic emissions, 2) the proximity
to the African desert and 3) atmospheric dynamics at synoptic scale. The mean annual PM
concentration decreases towards the North and North-Western Europe reaching the
lowest values in the northernmost regions. The highest aerosol concentrations are found
over the industrialized and populated areas of the Po Valley and the Benelux regions. A
second maximum is detected over Eastern and Southern Europe. High values in southern
Europe are linked to the transport of large particles from Sahara desert. Maximum values
are found in spring in the Eastern Mediterranean and in summer over the Iberian Peninsula
and the Central-western Mediterranean. SIA are concentrated in the fine fractions and they
are the main contributors to the PM10 and AOD values in the European continent reaching
up to 80% for latitudes beyond 40ºN.
Desert dust exhibits a strong seasonal variability throughout the year. Minimum desert dust
concentrations are observed over the entire study region in winter and they are confined to
North Africa. From spring to early autumn, maximum desert dust contributions (reaching
up to 60%) are observed in the Mediterranean and in southern regions of the Iberian
Peninsula. This indicates the importance of the desert dust transported from North Africa
in the aerosol budget in southern European countries. As a result, we estimate that the
presence of mineral dust from African deserts cause exceedances of the daily PM10 EU air

134

Chapter 4: Aerosol modelling over Europe and the contribution of desert dust

quality threshold (50 g/m3) in latitudes south of 45ºN reaching up to more than 75 days
per year in the southernmost regions.
Despite the rather satisfactory performance of the modelling system, several aspects are
now under further implementation in the framework of the CALIOPE project. Windblown dust should be taken into account especially in dry and arid regions as well
resuspension from paved roads in urban areas (see Pay et al., 2011). Biomass burning and
natural NOx are currently not treated in the CALIOPE modelling system and could
contribute to the NO2 underestimation. The uncertainties associated to the emission
inventory for black carbon may be an important cause for the discrepancy between
observed and modelled values; however, the uncertainties in the state-of-the-science of
SOA formation and in the equilibrium sulphate/nitrate/ammonium should be further
investigated. We also expect further improvements with the new version of CMAQ
(CMAQv5.0) that features a new aerosol module, AERO5, containing substantial scientific
improvements over the AERO4 released in CMAQv4.5. CMAQv5.0 allows semi-volatile
aerosol components to condense and evaporate from the coarse mode and non-volatile
sulphate to condense on the coarse mode. Dynamic mass transfer is simulated for the
coarse mode, whereas the fine modes are equilibrated instantaneously with the gas phase.
Finally, these results highlight the fact that the air quality models are useful tool to
complement the understanding of the observed values and the process that involve the
aerosol cycle. This is very useful for implementing strategies that will have an impact on
health concerns but also policy issues such as identification and discrimination between
anthropogenic and natural contributions. In this sense, mineral aerosols transported from
African deserts are an important contributor in the aerosol budged in southern European
countries.
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5 Conclusions: Summary and recommendations
The work presented in this thesis has contributed to characterizate the desert dust content
in a large area which comprises Northern Africa, Middle East and Europe. The present
research has also provided the assessment of a regional dust model not only over source
areas but also in regions affected by dust long-range transport. Furthermore, the present
dissertation has demonstrated that the use of dust regional models in combination with
ground-based measurements and satellite observations represents a very powerful tool to
study a variety of air pollution issues at regional scales.
A detailed discussion of the results and their conclusions were included for each chapter.
The most relevant aspects of those conclusions and recommendations for future work are
included below. The last section includes the emerging areas and future challenges related
to dust modelling activities.

5.1

Aerosol characterization from direct-sun AERONET
observations

A reliable quantitative dust model evaluation requires an extensive analysis of the different
aerosol types present in the region of study and the discrimination of the desert dust
contributions in the observational dataset. The region of study includes two desert regions,
the Sahara and the Arabian Peninsula, known for being the most active sources of dust in
the world. Despite advances in desert dust research over the last decades, there are still
significant limitations in the coverage of both ground-based networks, mainly in desert
regions as Northern Africa and Middle East. Surface aerosol measurements are mostly
limited to Europe (e.g. EMEP, CREATE, GAW and EUSAAR networks) and few of them
include chemical speciation analysis quantifying the dust contribution.
Sun photometry has been developed in recent years to atmospheric aerosol optical and
microphysical properties. AERONET (Holben et al., 1998) provides columnar aerosol
optical parameter information (e.g. AOD, size distribution, single scattering albedo)
through direct measurements and inversion techniques. The network consists of more than
200 identical globally distributed sun and sky-scanning ground-based automated
radiometers. This dataset constitute a high-quality, ground-based aerosol climatology and,
as such, has been widely used for aerosol studies, as well as for evaluation and validation
aerosol satellite retrievals and model outputs.
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An aerosol characterization for Northern Africa, Northeastern Atlantic ocean,
Mediterranean and Middle East was presented in Chapter 2. The results obtained were
based on the study of long-term series of quality-assured direct-sun observations of 39
stations of AERONET. The analysis of this data was conducted applying the graphical
method of Gobbi et al. (2007) which allows to discriminate and to monitor different
aerosol types. The method relies on the combined analysis of the Ångstrøm exponent ()
and its spectral curvature (). Plotting data in these coordinates permits to infer aerosol
fine mode size (Rf) and fractional contribution () to total AOD. It also allows us to
separate AOD growth due to fine-mode aerosol humidification and/or coagulation from
AOD growth due to the increase in coarse particles or cloud contamination.
The results confirm the robustness of Gobbi’s graphical method and provide a
quantification of the contribution of mineral dust the most important constituent in source
regions. “Pure” desert dust conditions are observed for AOD > 0.7 (ranging up to 5),  <
0.3 and  < 0 corresponding to  < 40% and Rf ~ 0.3 m. Small pollution particles are
abundant in sites close to urban and industrial areas of Continental and Eastern Europe
and Middle East, as well as, important contributions of biomass burning are observed in
the sub-Sahel region in winter. These aerosols are associated to AOD < 1,  > 1.5 and 
< − 0.2 corresponding to  > 70% and Rf ~ 0.13 m. Under specific meteorological
conditions, desert dust transport to Southern Europe is observed from spring to autumn
and decreasing with latitude with contributions above 40% to the aerosol column content.
The long-range dust transport to Southern Europe was observed mainly for  < 0.75 for
which fine mode contributions were always less than 40%. Otherwise, dust mixed with fine
pollution aerosols shifts the observations to high  values (achieving values up to 1) and
positive values of . In this latest case the proportion between fine and coarse was
variable.
Investigations for the treatment of a particular aerosol type may be limited to seasons and
regions, when or where that aerosol type dominates the aerosol composition. In order to
perform a quantitative desert dust model evaluation, it is necessary to discriminate desert
dust contributions from the rest of the observational dataset. As shown in Chapter 2, it is
possible to implement a simple method to separate the contribution of desert dust based
on the combination of AOD,  and . Due to its simplicity, this methodology can be
used in the near-real time evaluation of the mineral dust models.
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5.2

Development and evaluation of the BSC-DREAM8b
model

In regions downwind of major dust sources, where frequent dust events significantly affect
air quality and visibility, precise dust forecasts are useful for decision makers and the
general public. The SDS-WAS Programme (Section 1.2.3) has as a main goal to enhance
the ability of countries to deliver timely and quality sand and dust storm forecasts,
observations, information and knowledge to users through an international partnership of
research and operational communities. The current operational BSC-DREAM8b model is
one of the models participating in the NA-ME-E node of the SDS-WAS Programme.
The usefulness of dust forecast models not only depends on the quality of the underlying
meteorological model, but also on their skill to correctly predict dust emission and
deposition. In particular, the ability of the models to simulate the precise location and
intensity of dust emission events are suspected to be of major importance for the dust
forecasting skill. The comparisons of different models between each other and against
observations reveal eventual weaknesses of a given model and may provide an assessment
of uncertainties in simulating the dust cycle.
In Chapter 3, DREAM and BSC-DREAM8b as well as 4 different research model
versions have been annually evaluated for 2004 over Northern Africa, Mediterranean and
Middle East domain in order to improve the model performances for operational dust
forecasts purposes. The results of the comparison of the modelled dust AOD against
AERONET data (including direct-sun and the SDA retrievals) and its ability to reproduce
the observed seasonal cycle by means of aerosol distributions from TOMS, MISR,
MODIS/Aqua sensors were presented.
The model evaluation results highlighted the fact that dust long-range transport is more
efficient in the 8 bins model versions due to improved transport bin resolution, but it
presents some deficiencies close to sources. Also, the model evaluation highlighted that the
operational versions strongly underestimated the AOD in the Sahel during the winter
Harmattan season and overestimate the AOD during spring rainy events in the
Mediterranean. The introduction of new dry deposition scheme and an updated wash-out
ratio in the wet deposition scheme, improved the long-range transport, in particular over
the Mediterranean, although significant underestimation remained in the Sahel in winter.
The inclusion of a topographic preferential source mask improved the localization of the
main North African sources and consequently the long-range dust transport to Europe and
Atlantic regions. Finally, the inclusion of a more physically-based dust emission scheme
with a new soil texture database led to reasonably good results at source areas and in
regions affected by dust after long-range transport. However, in the latter case, the use of a
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preferential source mask did not introduce significant improvements in the comparison
with the AERONET observations.
The dust cycle consists of two major physical mechanisms: first, a wind stress lifting
mechanism able to raise up dust particles from some type of bare soil surfaces; second, a
long range transport mechanism with a high degree of spatial coherence. The recent
achievements in wind-erosion research are significant with the introduction of new landuse datasets and more complex physically-based emission schemes, but our capability for
quantitative wind-erosion modelling and prediction remains to be limited for the following
reasons.
-

Some fundamental aspects of wind-erosion physics are not well understood. For
instance, dust emission is essentially generated by abrasion (saltation bombardment)
and self-abrasion (aggregates disintegration) and the rate of dust emission critically
depends on the cohesive forces acting on dust particles. The threshold friction
velocity, u*t, is a function of several parameters. Thus, it is difficult to accurately
determine the key parameters which affect wind erosion. New field experiments need
to be carried so that data can be obtained and wind-erosion schemes can be rigorously
verified.

-

Dust mobilization normally begins when the surface wind velocity exceeds a threshold
wind speed (i.e. u*t). Model studies already pointed out the importance of prescribing
surface properties like the surface wind fields realistically to correctly compute dust
emissions. Therefore, it is important to ensure the model capability to reproduce the
meteorological parameters that cause dust mobilisation. In this sense, the lack of
measurements on ground levels in source regions difficult their evaluation.

-

Wind-erosion events are mostly associated with sub-synoptic severe-weather events.
Such weather events are also the most difficult to predict using atmospheric models.
For example, dust storms in Africa are often related to the convective systems in the
monsoon trough. Such systems are difficult to model as their modelling requires high
spatial resolution of the atmospheric model.

5.3

Aerosol modelling over Europe and the contribution of
desert dust

As shown in Chapter 2, the European atmosphere is composed by a variety of different
aerosol types. For this reason, in order to evaluate a mineral dust regional model over
Europe is necessary to take into account other different aerosol sources at the same time
(i.e. natural and anthropogenic). In Chapter 4 the long-range desert dust transport over
Europe is evaluated and analysed with an annual simulation for 2004 of the CALIOPE
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high-resolution air quality modelling system (12 km x 12 km). This modelling system
estimates the aerosols from two models, CMAQv4.5 and BSC-DREAM8b. CMAQv4.5
calculates biogenic, anthropogenic and sea salt aerosol and BSC-DREAM8b provides the
natural desert dust contribution from North Africa deserts.
The model evaluation by means of PM levels, AOD and chemical composition, highlighted
important underestimations of the simulated PM. Additionally to missing aerosol sources
in the modelling system, the modelled fine fractions are particularly underestimated for
carbonaceous matter and secondary inorganic aerosols (namely, nitrates, sulphates and
ammonium). Regarding the coarse particle fraction, we have shown that simulated PM10
data with the air quality modelling system, shows better correlations with observed PM10
when the BSC-DREAM8b dust model is implemented because it incorporates dust
transport from Northern Africa indicating the importance of the mineral dust
contributions over Europe.
In spite of the differences between observed and modelled values, the modelling system
evaluation of Chapter 4 presented a rather satisfactory performance in the range of other
European modelling systems. The analysis of the simulated values for 2004 by CALIOPE
system showed that the highest aerosol concentrations were found over the industrialized
and populated areas of the Po Valley and the Benelux regions. A second maximum is
detected over Eastern and Southern Europe. High values in southern Europe are linked to
the transport of coarse particles from the Sahara desert which contributes up to 40% of the
total aerosol mass. Close to the surface, maxima dust seasonal concentrations (> 30 g/m3)
were found between spring and early autumn. The estimation of the number of daily
exceedances of the PM10 EU air quality threshold (50 g/m3) with respect the EMEP
observations was underestimated by the CALIOPE system. These differences were
reduced in southern sites of Iberian Peninsula. This region is affected by desert dust
outbreaks indicating the improvement that represents the inclusion of desert dust in the
model simulation. We estimated that desert dust causes daily exceedances of the PM10 EU
air quality threshold (50 g/m3) in large areas south of 45ºN reaching up to more than 75
days per year in the southernmost regions. This indicates the good performance of the
BSC-DREAM8b model in regions affected by long-range dust transport as the Iberian
Peninsula. To conclude, in order to improve the prediction of the PM mass over southern
Europe and to achieve the standards set in European Directives for modelling applications,
it is essential to include in the modelling system the desert dust contributions in hourly and
daily basis.
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5.4

Emerging areas and future challenges

In recents years the interest in the study of atmospheric dust at global and regional scales
has increased significantly as indicated by some initiatives such as the SDS-WAS
Programme. In this section we describe future challenges on the development of regional
dust modelling and forecasting systems including their validation and application.

5.4.1 Model verification and evaluation
In spite of the latest efforts to install new AERONET sites in desert dust sources regions
(e.g. Tamanrasset or Cairo); there is a gap of stations over the main dust source region, the
Sahara. It will be partially filled in with three new AERONET instruments to be installed in
Tunisia and Morocco. However, more AERONET sites in the main dust source regions
(the Sahara and the Arabian Peninsula) are necessary. In order to complement the gap in
the dust sources, new ground-based observational datasets are required to evaluate the
model in these regions. The horizontal visibility (VIS) at surface level is reported by human
visual estimation using some physical references in METAR and Synop reports. VIS data
are available at thousands of stations in airports with aeronautic meteorological offices
every 30 minutes, and in synoptic weather stations every 3 hours from 1900 to the present.
Some previous studies for estimating long term trends in aerosols using VIS have been
conducted in dust source regions (e.g. Mahowald et al., 2007). Moreover, PM
concentrations estimated by VIS data at airports have been used in several epidemiologic
(e.g., Schwartz, 1991; Abbey et al., 1995) or air quality studies (Vajanapoom et al., 2001;
Ozer et al., 2007). The experience shows that useful METAR VIS information for model
verification is constrained to days with severe reductions of VIS (below 10 km). Some
synoptic weather stations report more accurate VIS conditions using far off references. For
both dust monitoring and model verification, only VIS data over Northern Africa and
Middle East is useful. However, an accurate analysis of this new observational dataset is
necessary before to perform a model evaluation.
Concerning the spatial validation of simulated AOD, it can be only performed using
satellite borne sensors. Sensors on board of satellite detect the radiances of various surfaces
of the Earth through different spectral channels. Various satellite-sensed signals are
combined (1) to identify and monitor dust storm in real time; (2) to derive land-surface and
atmospheric parameters for dust modelling; (3) to retrieve dust quantities, such as dust
load, optical depth, vertical dust profiles or radiative forcing, and (4) to derive long-term
dust climatologies. In spite of the different satellite aerosol products are capable to
reproduce the general seasonal features; important discrepancies between them are
observed during the model evaluation. This is linked to the different observation
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frequency, the available spectral channels of the satellite sensor, or differences in the
assumptions considered in the aerosol retrieval algorithm. For example, the temporal
resolution of MISR (the repeat time is only 3 or 4 visits per month over the Sahara desert)
is enough to capture the major seasonal dust activity but it is sparse to reproduce some
regional sources. Otherwise, TOMS was less sensitive to aerosols in the boundary layer,
where aerosol residence times were short. In fact, aerosols below ~ 500 – 1500 m are
unlikely to be detected by TOMS (Torres et al., 1998; Ginoux and Torres, 2003).
Therefore, it is necessary to take into account these features entail satellite data
interpretation and model evaluation results.
The launch of the Meteosat Second Generation (MSG) is a great opportunity for model
evaluation (or data assimilation) because it combines the specific advantages of the
geostationary orbit and geometric, radiometric and spectroscopic capabilities of the high
resolution Radiometers. MSG is a joint project between the European Space Agency (ESA)
and the European Organisation for the Exploration of Meteorological Satellites
(EUMETSAT) and follows up the success of the first generation METEOSAT weather
geostationary satellite series with a larger design boasting higher performance. The first in a
planned series of MSG satellites was launched in 2002, entering into service with
EUMETSAT in early 2004. MSG system has brought major improvements in these
services through the 12 spectral bands of its radiometer, SEVIRI. The full disc view allows
frequent sampling, every 15 minutes, enabling monitoring of rapidly evolving events.
Recently, different quantitative and qualitative MSG/SEVIRI dust products have been
develop as the RGB (red, green, blue) dust product (Schmetz et al., 2002), the IR dust
index based on Brightness Temperature Differences (BTD) (Schepanski et al., 2007) or the
Land Daily Aerosol (LDA) product (Govaerts et al., 2010; Wagner et al., 2010). However,
it is necessary to perform an extensive checking, calibration, and improvement of these
algorithms used for the retrieval of the aerosol properties before proceeding to do a reliable
dust regional model evaluation.
Otherwise, the large uncertainty in simulating mineral dust (and its radiative forcing) mainly
resides in the estimation of the size-resolved dust emissions in the source regions, the
treatment of aerosols in models (e.g., representation of aerosol size distributions), and the
determination of optical properties of mineral dust (e.g., Ginoux et al., 2001; Zender et al.,
2003b; Kalashnikova et al., 2004; Balkanski et al., 2007; Darmenova et al., 2009).
Currently, bulk optical properties of dust are used in models. Some studies (e.g. Sokolik
and Toon, 1999; Balkanski et al, 2007) demonstrated that mineralogical composition of
dust (clays, quartz, carbonates, feldspars, sulphates, iron oxides) should be introduced into
the radiative models to accurately estimates the dust optical and radiative properties.
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Ongoing modelling efforts including explicit mineralogy may improve the modelled optical
properties of dust (e.g. Nickovic and Pérez; 2008a,b; Nickovic et al., 2011).
An exhaustive comparison of different models with each other and against observations
can reveal weaknesses of individual models and provide an assessment of uncertainties in
simulating the dust cycle. Uno et al. (2006) compared multiple regional dust models over
Asia in connection to specific dust events. They concluded that even though all models
were able to predict the onset and ending of a dust event and were able to reproduce
surface measurements, large differences existed among them in processes such as
emissions, transport and deposition. Todd et al. (2008) conducted an intercomparison with
five regional models for a 3-day dust event over the Bodélé depression. The analyzed
model quantities presented a similar degree of uncertainty as reported by Uno et al. (2006).
Kinne et al. (2003) compared aerosol properties from seven global models to satellite and
ground data. In this sense, the SDS-WAS Programme seeks to document differences of
dust component modules and to assemble useful data-sets for model evaluations. Satellite
(MODIS, MISR, POLDER and OMI) and ground-based (EMEP, EARLINET, MPLNET
and AERONET) observations will be used in this model evaluation.

5.4.2 Air quality application
Within an air quality framework, it would be desirable to specifically evaluate the simulated
surface dust concentrations. The most common approach to quantifying dust contribution
on ground-level is the development of chemical speciation studies, many of which have
been carried out in different regions of Spain (e.g. Rodríguez, 2002). The main
disadvantages of chemical speciation are the high cost and the length of the process given
that these studies entail long sampling periods, chemical analyses and data interpretation.
Thus, these analyses are limited to specific campaigns. Escudero et al. (2007) introduced a
quantitative and simple methodology to estimate the net dust load in PM10 during African
dust outbreaks in the Iberian Peninsula. The daily net dust load in PM10 attributable to an
African episode in a given region can be obtained by subtracting the daily regional
background level from the PM10 concentration value for the day with African dust
outbreak at the rural station. The rural background is obtained from the monthly moving
40th percentile from the PM10 time series after a prior extraction of the data of the days with
African dust transport. Recently, this observational dataset has been used by Pay et al.
(2011) in the evaluation of aerosol surface levels of the CALIOPE system across Spain to
which the work performed in this thesis has contributed. This new methodology to
estimate desert dust contributions in PM10 could be applied to European datasets for
ground-level dust concentration model evaluation activities.

146

Chapter 5: Conclusions: Summary and recommendations

5.4.3 Vertical distribution of desert dust
The knowledge of the aerosol vertical distribution of desert dust can help to improve the
dust model over Europe through the estimation of the uncertainties with respect to to
production, particle properties, transport paths, and evolution during the particle’s life time.
The altitude is not easily measurable except for lidars (Papayannis et al., 2008; Tesche et al.,
2009) and more recently from passive remote sensors (Pierangelo et al., 2004; Peyridieu et
al., 2010).
In recent years, Raman Lidars and micro-pulse Lidars (MPL) have been increasingly used
to automatically and routinely retrieve profiles of aerosol backscattering and extinction
(WMO, 2007).
The NASA Micro-Pulse Lidar Network (MPLNET, http://mplnet.gsfc.nasa.gov/) was
founded in 2000. At present, there are seventeen permanent sites worldwide, and several
more to be completed soon. Numerous temporary sites have also been deployed in support
of various field campaigns. Most MPLNET sites are co-located with sites of AERONET
to provide both column and vertically resolved aerosol and cloud data. MPLNET has been
providing quality near-real time lidar data through a public website since 2000.
EARLINET (www.earlinerteos.org) was established in 2000 to characterize the horizontal,
vertical, and temporal distribution of aerosols on a European scale. EARLINET
observations are performed on a regular schedule of one daytime measurement per week
around noon, when the boundary layer is usually well developed, and two night-time
measurements per week, with low background light, in order to perform Raman extinction
measurements. Since May 2000, the EARLINET network has provided systematic lidar
observations of vertical profiles of Saharan dust aerosols over the European continent on a
coherent network basis. These observations have allowed the establishment of a significant
database of vertical profiles of Saharan dust optical properties over Europe (Bösenberg et
al., 2003).
Nevertheless, ground-based lidars are situated at specific locations, all of them outside the
source areas, and cannot offer a complete estimation of the spatial evolution of dust
altitude, while dedicated campaigns using lidars and in-situ measurements are restricted in
time. Recently, ceilometers (i.e. relatively low-cost and robust mini lidars for continuous
operation), have been upgraded such that one may retrieve significant aerosol information
though being not as quantitative as the sophisticated lidar systems (Flentje et al., 2009).
Ceilometers have the advantage to work automatically under all weather conditions in
remote areas. Hernández et al. (2011) have shown a very good agreement between a
ceilometer and a MPL in the detection of the Saharan Air Layer (SAL) over Canary Islands.
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Future verifications of dust vertical profiles, simulated with BSC-DREAM8b, may be
performed on a routine basis using high temporal resolution backscatter profiles from the
MPLNet lidars operating in Barcelona (UPC) and Santa Cruz de Tenerife (INTACIAI/AEMET). Accurate EARLINET data may be used to analyze case studies of
Saharan intrusions over Europe.
On the other hand, the remote passive sensing instruments AIRS and IASI offer a very
good spatial coverage, but their new established results still need futher validation. With the
launch of CALIPSO satellite provides new insight into the role that clouds and
atmospheric aerosols (airborne particles) play in regulating Earth's weather, climate, air
quality and model evaluation. CALIPSO combines an active lidar instrument with passive
infrared and visible imagers to probe the vertical structure and properties of thin clouds
and aerosols over the globe. Further investigations might face the characterization of the
top of the SAL over northern Africa, from simulations with regional dust models, and the
corresponding comparison and validation with a SAL climatology derived from CALIPSO
observations.

5.4.4 Dust forecasting with data assimilation
Even if the approximations to a set of complex processes of the wind-erosion models were
accurately represented in the models, model simulations may still diverge from reality due
to inaccuracies in the initial conditions and errors in the model parameters and forcing
data. This occurs often because the models are non-linear and sensitive to minute changes
in initial conditions and parameters. It is a considerably advantage to use observations to
constrain the model simulations close to the reality. For this purpose, methods must be
derived to optimally combine observations and model simulations especially for forecasting
applications. The procedure of combining observed data with the model simulations to
produce an optimal prediction of an evolving system is known as data assimilation, optimal
in a sense that the prediction error is minimized. The examples of general methods include
nudging method, optimal interpolation, 3-dimensional variation (3D-Var). More advanced
methods include 4-dimensional variation (4D-Var), extended Kalman Filter and ensemble
Kalman Filter. Data assimilation has been widely used in numerical weather, ocean and
climate predictions (e.g. Kalnay, 2003). Assimilation of dust aerosols is just in its early stage
due to the lack of enough observational data sets. However, dust-related data are becoming
increasingly available. Dust concentration can be derived using empirical relationship from
the visibility data at a large number of weather stations as indicated previously. While the
so-derived data set is relatively low in accuracy, it does have the advantages of broad spatial
coverage and regular temporal coverage. Dust concentration measurements are now
available from high- and low-volume samplers at air quality monitoring stations. These
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measuraments are more accurate, but poor in spatial and temporal resolution. Satellite
remote sensing offers an important source of data. Methods for converting satellite signals
to practically useful physical quantities, such as dust load are now being developed.
Using the TOMS AI data as the initial dust loading input for a dust prediction system,
Alpert et al. (2002) has found a positive improvement for the model performance. On the
other hand, Niu et al. (2008) used extensively the measurements of surface visibility
(phenomena) and dust loading retrieval from the Chinese geostationary satellite FY-2C to
improve the performance of the Chinese Unified Atmospheric Chemistry
Environment/Dust (CUACE/Dust) forecast system. This demonstrates the importance of
an accurate initial dust concentration even though no data assimilation was used. In a 4DVar approach, a factor in the dust emission parameterization scheme was assimilated by
using the lidar vertical profiles of dust aerosols (Yumimoto et al., 2007). However,
applications of 4D-Var remain limited as it is quite expensive for computation and not easy
for system upgrade due to a close link on an adjoint model which is the inverse of the
forecast model.
Currently, some models use target fields of MODIS aerosol products. For example, in the
case of the global ECMWF Integrated Forecasting System (Benedetti et al., 2009), the total
mixing ratio is used as control variable for the aerosol assimilation. Increments in this
variable are redistributed into the different species (sea salt, desert dust, organic matter,
black carbon and sulphate) according to their fractional contributions. In the case of the
DREAM dust model (Pejanovic et al., 2010), an assimilation method based on the
Newtonian relaxation is applied using background dust concentration of the DREAM dust
model and target fields of ECMWF dust analysis in dust initial field that that includes the
MODIS aerosol objective analysis.
Therefore, some progress has been made in the area of the dust prediction systems (e.g.
Niu et al., 2008; Pejanovic et al., 2010) although there is insufficient homogenized dust data
for this purpose particularly in dust source regions. It will be necessary to assimilate other
observations, for example AODs from SEVIRI on board of MSG. Use of other sensors
will also be investigated. MODIS retrievals also provide general information on the
breakdown between fine and coarse particle AOD.

5.4.5 Long-term regional dust model databases
Otherwise, because dust feedbacks, research on dust has been elevated to be among the
core subjects on Earth System studies. In addition to the study of long-term trends of
mineral dust transport, the analysis of regional dust climate simulations is of great
importance for the improvement of mid-range and long-range dust events forecasting. The
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model intercomparison comparing and evaluating the temporal (on annual, seasonal and
daily) and spatial variability of desert dust deposition simulated by models, could help to
determine the degree of uncertainty in estimates of dust emission and transport from a
range of model simulations in order to highlight the sources of uncertainty in these
estimates, and point to the key foci for future research to constrain these uncertainties (e.g.
Tegen et al., 2003; Kinne et al., 2006, Textor et al., 2006; Huneeus et al., 2011).
Moreover, dust regional climate simulations are being used to analyse the link between
large dust plumes from the southern Sahara and the Bodélé Depression and meningitis
epidemics in the Sahel region (e.g. Thomson et al., 2006; Pérez, 2010; Pérez et al., 2011a) in
the dry season (winter), or the ocean fertilization by the iron that is naturally deposited
from atmospheric dust intrusions into the oceans (providing nutrients for phytoplankton)
(e.g. González-Ramos et al., 2009; Gallisai et al., 2010). These climatological studies may be
further explored with new model simulations for long term periods.
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