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Abstract (TESEO database) 

 
El presente trabajo tiene como objetivo la caracterización química y morfológica del aerosol ambiental 
bajo diversas condiciones atmosféricas en dos lugares distintos, Pittsburg y Madrid, y en dos rangos de 
tamaño de partícula diferentes PM2.5-10 y PM2.5. Las técnicas utilizadas, aplicadas en aproximadamente 
200000 partículas individuales, se basan en métodos de Microscopía Electrónica de Barrido automatizada 
junto con Dispersión de Rayos X y Análisis Digital de Imagen. La importancia del estudio está vinculada 
con los efectos que los aerosoles ambientales  producen sobre la salud, el cambio climático y los 
ecosistemas. 

 
Se han obtenido las siguientes contribuciones científicas: (1) la acidez del aerosol favorece su 
permanencia en estado líquido a muy bajas humedades relativas, (2) la contribución del aerosol biogénico 
primario en Pittsburg en la fracción fina ha sido del 5-10% en verano y del 4-12% en invierno, (3) la 
morfología de las partículas de polvo mineral está relacionada con su composición química, 
independientemente del escenario meteorológico, (4) la composición química del mineral asociado a 
transportes norteafricanos se ha relacionado principalmente con las propiedades químicas del suelo en 
origen y (5) el contenido relativo de silicatos y carbonatos es característico de las partículas minerales 
transportadas desde el Sahara y aquéllas consecuencia de resuspensión regional en Madrid. 
 
 
 
The present study focuses on the chemical and morphological characterization of individual ambient 
aerosols under diverse environmental conditions in two places, Madrid and Pittsburgh and two different 
size ranges, PM2.5-10 and PM2.5. The techniques to conduct the study, applied on more than 200000 
individual particles, have been based on automated Scanning Electron Microscopy with X-ray Electron 
Dispersive Spectroscopy together with Digital Image Analysis. The importance of this research lies in the 
impact of atmospheric aerosols on human health, the climate change and the ecosystems.  
 
The following scientific contributions using the aforementioned methods have been obtained: (1) aerosol 
acidity favours a meta-stable particle liquid state at low relative humidity, (2) the contribution of primary 
biogenic aerosols in Pittsburgh ranged from 5-30% in Summer and from 4 to 12% in winter, (3) the 
morphology of mineral dust particles was related with their chemical composition, independently of the 
meteorological scenario and origin, (4) the chemical composition of the mineral dust from North-African 
transports was mainly associated with the parent topsoil properties in the source original region and, (5) 
main differences between mineral dust particles from North-African transports and regional recirculation 
in Madrid were found in the relative silicate and carbonate content. 
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Resumen 
 

“Tan pronto como hube salido del aire denso de Roma y del hedor de las chimeneas 
humeantes, de las cuales, al ser vaciadas, salía cualquier tipo de vapor pestilente y hollín 

que las mismas contenían, sentí una alteración en mi estado de ánimo.”   
Séneca, (S.I d.C.) 

 
  
 
 
Según la antigua legislación española (Ley 38/1972): “La degradación del medio ambiente constituye, sin 
duda alguna, uno de los problemas capitales que la Humanidad tiene planteados en esta segunda mitad del 
siglo, problema cuya gravedad no es preciso ponderar. La explotación intensiva de los recursos naturales, 
el desarrollo tecnológico, la industrialización y el lógico proceso de urbanización de grandes áreas 
territoriales son fenómenos que, incontrolados, han llegado a amenazar en determinadas regiones la 
capacidad asimiladora y regeneradora de la Naturaleza, y que de no ser adecuadamente planificados, 
pueden abocar a una perturbación irreversible del equilibrio ecológico general, cuyas consecuencias no 
son fácilmente previsibles”. 
 
Según la nueva Ley recientemente aprobada (Ley 34/2007), se entiende por contaminación atmosférica: 
“la presencia en la atmósfera de materias, sustancias o formas de energía que alteren la calidad del mismo, 
de modo que impliquen molestia grave, riesgo o daño para la seguridad o la salud de las personas, el 
medio ambiente y demás bienes de cualquier naturaleza”. La contaminación atmosférica es uno de los 
procesos de degradación medioambiental de mayor peligro. Esto es debido, principalmente, a dos causas: 
la complejidad del comportamiento de la atmósfera, junto con la gravedad de los efectos de los distintos 
contaminantes sobre el entorno. Es por tanto lógico pensar en la inevitable relación de la evolución 
humana, especialmente en lo relacionado con el desarrollo industrial y tecnológico, con la degradación de 
la calidad del aire. 
 
Es Aristóteles en “Meteorologica” quien señala: “hay dos exhalaciones, una en forma de vapor y otra en 
forma de humo, y ambas corresponden a dos tipos de sustancia diferente, fósiles y metales”. Desde los 
antiguos pensadores griegos hasta la época actual son diversos los escritos de muy distintas culturas, los 
que manifiestan la preocupación por los efectos de la contaminación del aire y por el entendimiento y 
análisis del comportamiento de la atmósfera. Pero no es hasta la época contemporánea reciente, como 
consecuencia de la gran metamorfosis sufrida por las ciudades debido al desarrollo industrial, cuando 
aparecen las primeras legislaciones que obligan al cumplimiento de unos límites que garanticen el 
bienestar social en lo relacionado con la salud humana y el entorno medioambiental. Desastres como el del 
Valle del Meuse en Bélgica, Donora en los Estados Unidos, o Londres en Gran Bretaña, que tuvieron 
lugar a mediados del siglo XX, tuvieron gran impacto social que desencadenó, junto con otra serie de 
causas, una mayor concienciación y control. 
 
Dentro de la contaminación atmosférica, numerosos estudios científicos ya han demostrado que el aerosol 
ambiental (PM), puede provocar, entre otros, graves efectos sobre la vegetación y el clima, daños 
materiales, falta de vis ibilidad e importantes efectos sobre la salud humana. Por ello, este tipo de 
contaminación está siendo objeto de gran interés en los últimos años, motivado principalmente por el gran 
número de estudios epidemiológicos que demuestran la relación entre concentraciones en aire de aerosoles 
y daños sobre la salud humana. Respecto a su efecto sobre el clima, el Panel Internacional sobre Cambio 
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Climático señala en su último informe (IPCC, 2007) que, a pesar de la fuerte evidencia de la implicación 
que las partículas de contaminación atmosférica tienen sobre el cambio climático, la falta de consenso 
dentro de la comunidad científica unido a las incertidumbres hacen que su entendimiento científico sea 
considerado en un rango de medio a bajo en el citado informe, en comparación con el alto entendimiento 
que se atribuye sobre los gases invernadero. Algo similar ocurre con el último informe de la Organización 
Mundial de la Salud (WHO, 2007) en el que resume los evidentes efectos que los aerosoles ambientales 
tienen sobre la salud humana, animando a la comunidad internacional a trabajar conjuntamente más allá de 
las medidas que puedan ser tomadas a escala local o nacional. El informe también señala que aún hay 
muchas cuestiones por resolver en puntos tales como la cuantif icación precisa de la contribución de los 
diferentes componentes del partículas en suspensión así como la contribución de los contaminantes de 
ámbito local frente a los de regional en términos de periodos de exposición, o sus efectos sobre la 
mortalidad en términos de esperanza de vida o  muertes directamente atribuibles, dejando asimismo claro 
que el transporte a larga distancia también contribuye considerablemente a altas exposiciones y efectos 
sobre la salud. Todos estos estudios ponen de manifiesto la importancia y la necesidad de un mayor 
conocimiento científico sobre los aerosoles ambientales. 
 
Para poder estudiar el aerosol ambiental y entender sus efectos, es común utilizar una clasificación por 
tamañnos basada en el diámetro aerodinámico de la partícula. A partir de esta clasificación se aplica la 
legislación actual en el ámbito internacional, al estar además los tamaños de partícula estrechamente 
relacionados con sus efectos sobre la salud (precisamente en éstos está basada esta clasificación). Estos 
tamaños, que resultan también relacionados con diferentes procesos de formación y propiedades se 
definen como: PM10, o partículas en suspensión que pasa a través de una tobera de tamaño de corte 
selectivo de 10 µm con un 50% de eficiencia, lo que significa que aproximadamente el 50% de las 
partículas atmosféricas en este rango de tamaños alcanzan la región torácica del sistema respiratorio, 
PM2.5, o partículas en suspensión que pasa a través de una tobera de tamaño de corte selectivo de 2.5 µm 
con una eficiencia del 50%, lo que significa que aproximadamente el 50% de las partículas en este rango 
de tamaños alcanza la región alveolar del sistema respiratorio, y PM1, o partículas en suspensión que pasa 
a través de una tobera de corte selectivo de 1 µm con una eficiencia del 50%, o en términos de salud. La 
legislación vigente en la Unión Europea (Directiva 2008/507CE) establece valores límite u objetivo de 
calidad del aire para concentraciones tanto de PM10  como de PM2.5, mientras que en los Estados Unidos 
solo están reguladas las de PM2.5. A lo largo del documento se hablará de rango fino refiriéndose a PM2.5 y 
rango grueso, al comprendido entre PM2.5 y PM10.  
 
Las partículas comprendidas en los rangos fino y grueso presentan unas propiedades muy distintas, que 
varían desde su proceso de formación hasta sus propiedades físico-químicas. Las partículas de origen 
natural tales como biogénicos primarios, material mineral y algunos metales predominan en el rango 
grueso y se caracterizan por su emisión directa a la atmósfera generalmente por disgregación mecánica. 
No obstante, partículas de origen antrópico tales como partículas de carbono elemental procedentes de 
combustión, metales emitidos por los vehículos o industrias, nitratos formados a partir de las reacciones 
con carbonato cálcico, y algunos compuestos orgánicos también pueden ser encontrados en el rango 
grueso en función de las fuentes de emisión y las características ambientales. Por el contrario, el rango 
fino está compuesto predominantemente por partículas antropogénicas y/o biogénicas generalmente de 
origen secundario, esto es, formadas a través de un proceso fotoquímico a partir de un gas precursor. Las 
partículas biogénicas están mayoritariamente formadas por una gran diversidad de compuestos orgánicos, 
mientras que las de origen antrópico están formadas por compuestos orgánicos, partículas de carbono 
elemental, sulfatos, generalmente en forma de nitrato amónico o biamónico y/o ácido sulfúrico, y algunos 
nitratos, generalmente en forma de nitrato amónico. Partículas de origen primario pueden llegar a ser 
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importantes dentro del rango fino en función de las características ambientales, procesos de emisión y 
transporte.  
 
En la actualidad, es un hecho conocido que las partículas de contaminación atmosférica son heterogéneas, 
no solo cuando son estudiadas en su conjunto, sino también a nivel de partícula individual, esto es, la 
mayor parte de las partículas individuales raramente están formadas por un único compuesto químico, y 
sus propiedades varían de un punto a otro de su estructura interna. Hasta ahora, la mayor parte de los 
estudios estaban enfocados a la caracterización de las partículas en su conjunto, pero durante las últimas 
décadas  multitud de estudios han ido apuntando hacia la importancia del estudio de sus propiedades de 
manera individual. Composición química, concentración (en número, masa o volumen), tamaño, 
morfología y densidad, están estrechamente relacionadas entre sí, así como con su proceso de formación, 
origen o efectos. Cabe destacar que de las propiedades señaladas , dos de ellas presentan un mayor grado 
de desconocimiento científico, morfología y densidad, dos propiedades también heterogéneas dentro de la 
partícula. Este desconocimiento crece a medida que disminuye el tamaño de partícula, lo que explica en 
parte que el número de trabajos científicos publicados sobre la forma o morfología de los aerosoles 
ambientales, aún sea muy escaso en relación con el número de estudios enfocados a la caracterización del 
resto de propiedades, especialmente químicas. 
 
Tal y como se ha señalado anteriormente, las propiedades químicas y físicas del aerosol ambiental están 
estrechamente entrelazadas. Dentro de estas propiedades, este trabajo se ha dirigido hacia la 
caracterización de las partículas desde un punto de vista estructural pero sin olvidar la importancia de su 
relación con otras propiedades, especialmente tamaño, acidez, capacidad de absorción de agua (hidrofilia), 
sin olvidar el origen. Se considera estructura de la partícula al conjunto de propiedades que definen su 
forma y composición química, así como la disposición de los distintos compuestos en su conjunto. Es éste 
último punto el que no se ha abordado en este trabajo y que se presenta en una de las futuras líneas de 
investigación. El hincapié en “estructura” viene propiciado por dos motivos principales. El primero porque 
es la diferenciación de las técnicas utilizadas en este trabajo, que son capaces no solo de caracterizar la 
forma sino también la disposición de los elementos o compuestos que forman las partículas e incluso a 
veces su estado físico, de aquéllas técnicas que únicamente intentan relacionar los distintos diámetros de 
las partículas (definidos a partir de distintas propiedades) a través de un parámetro denominado “relación 
de forma” que generalmente depende de otras muchas propiedades tales como densidad, conductividad 
eléctrica, estado físico,... y que no son capaces de caracterizar su estructura. El segundo ha sido la 
posibilidad de caracterizar conjuntamente de manera individual la composición química elemental, la 
morfología mediante parámetros descriptores de forma, junto con el análisis posterior cualitativo experto 
para completar esta descripción estructural. 
 
Al considerar la estructura de las partículas atmosféricas es acertado pensar en ella como un núcleo 
interno, generalmente formado por materia mineral incluidos metales, partículas de carbono elemental u 
orgánico, que dependiendo de sus condiciones de formación y/o transporte presenta un recubrimiento de 
una o varias capas resultado de la posterior condensación de uno o varios gases precursores , especialmente 
cuando se habla de partículas dentro del rango de tamaño fino o PM2.5. Aquéllas partículas formadas a 
mediante un proceso de nucleación obviamente no presentan núcleo. 
 
Para abordar la caracterización de la morfología de las partículas, en la presente Tesis, se ha requerido el 
uso de diversas técnicas de Microscopía Electrónica así como de Espectroscopía y Análisis Digital de 
Imagen. La importancia del uso de la Microscopía Electrónica ya ha sido señalada anteriormente cuando 
se definía el concepto de estructura de las partículas, pero es importante destacar que, a pesar de sus 
ventajas, es necesaria su aplicación conjunta con otras técnicas de caracterización química para obtener 
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resultados óptimos. Cuánto mayor sea el conocimiento del aerosol previo al estudio por Microscopía, mas 
significativos serán los resultados obtenidos, dado que las conclusiones serán mucho más consistentes. Sin 
embargo, la Microscopía Electrónica presenta, entre otras tratadas en la Tesis, las desventajas de cualquier 
otra técnica “fuera de línea” en la que se desconoce qué ocurre desde la captación del aerosol hasta su 
análisis. 
 
Más allá de las ventajas y desventajas de la técnica, el presente estudio ha abordado la problemática 
tratada desde un punto de vista práctico, esto es, el uso de una técnica enfocada a resolver hipótesis que 
difícilmente pueden ser resueltas por otros medios. Para abordar una problemática mas amplia, la 
investigación ha sido desarrollada en dos escenarios muy distintos desde el punto de vista de las 
condiciones ambientales e hipótesis relacionadas con los aerosoles ambientales, Madrid (España) y 
Pittsburg (EEUU). Es por todo lo explicado anteriormente que el título de la Tesis Doctoral que mejor 
puede definir el estudio de investigación realizado durante los últimos años sea: “Caracterización 
Química y Morfológica del Aerosol Ambiental en las Fracciones PM10 y PM2.5 mediante Microscopía 
Electrónica de Barrido en Episodios de Contaminación Atmosférica de Origen Diverso”.  
 
El estudio de Pittsburg fue realizado a través de tres estancias en el Departamento de Ingeniería Química 
perteneciente a la Universidad Carnegie Mellon gracias a la financiación del programa de “Formación de 
Jóvenes Investigadores” (REN2002-02343) del Ministerio de Ciencia Innovación de España. El trabajo se 
enfocó en la caracterización morfológica de partículas individuales dentro del Estudio de Calidad del Aire 
de Pittsburg, comprendido desde julio de 2001 hasta septiembre de 2002. Este programa forma parte del 
estudio Supersites promovido y financiado por la Agencia de Protección del Medio Ambiente y el 
Departamento de Energía de los Estados Unidos. La investigación fue realizada bajo la supervisión del 
Profesor Spyros N. Pandis (también coordinador del Proyecto) en la compañía RJ Lee Group Inc., a través 
de la colaboración con su vicepresidente, Gary Casuccio, también responsable de la caracterización 
morfológica de las partículas individuales del Proyecto.  
 
Pittsburg, ciudad situada al noreste de los Estados Unidos, representa el gran metabolismo de la ciudad 
industrial. Se caracterizó durante el siglo XX por ser una de las ciudades industriales más importantes 
dentro y fuera del país, hasta que a finales de siglo pasado, comenzó el cierre de minas y fábricas. No 
obstante, su situación geográfica hace que el aerosol atmosférico esté asociado frecuentemente a una alta 
acidez, donde el sulfato se presenta como principal contribuyente (>38% en masa) de la fracción fina, 
PM2.5, seguido por los compuestos orgánicos (21%), principalmente de origen biológico que son 
considerados la segunda fuente del aerosol en esta fracción. 
 
El estudio de Madrid fue realizado a través de un proyecto financiado por el anterior Ministerio de 
Educación y Ciencia con referencia REN2002-02343 y título: “Caracterización Físico-química del 
Aerosol Ambiental en las Fracciones PM10 Y PM2.5 . Relación con Gases Precursores y su Origen”. El 
estudio se enfocó en la caracterización morfológica de las partículas de polvo mineral bajo distintas 
condiciones ambientales y de transporte. La investigación se desarrolló dentro de la Unidad de 
Contaminación Atmosférica de Centro de Investigaciones Energéticas, Medioambientales y tecnológicas 
(Ciemat), organismo de investigación pública, bajo la dirección de la Dra. Begoña Artíñano (y 
coordinadora del Proyecto) y del Dr. Francisco J. Gómez Moreno.  
 
Aunque no se ha realizado un estudio de los aerosoles en un tercer emplazamiento, propiamente dicho, 
conviene mencionar que parte del trabajo de análisis microscópico de la investigación se ha llevado a cabo 
en los laboratorios de la Universidad de Patras (Grecia) mediante una estancia realizada gracias a la 
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financiación de ya mencionado programa de “Formación de Jóvenes Investigadores” (REN2002-02343). 
Este trabajo fue realizado gracias a la colaboración del Profesor Spyros N. Pandis.  
 
Una ciudad como Madrid, constituye un entorno de especial interés para el estudio del aerosol típicamente 
urbano al no existir actividad industrial pesada en los alrededores. En invierno, durante los periodos de 
inversión térmica, las dos fuentes principales de aerosoles son el tráfico y las calefacciones domésticas. 
Sin embargo, el resto del año está caracterizado por la intrusión de largas cantidades de PM consecuencia 
de transporte a larga distancia y de recirculaciones a escala regional. Estas últimas asociadas 
principalmente a los meses más calurosos de verano, Julio y agosto. En contraste con las fuentes 
antropogénicas en invierno que favorecen el incremento del PM2.5, las del resto del año influyen 
principalmente en el tamaño más grueso (PM2.5-10), aunque afectan también el fino en menor medida. 
 
Las hipótesis y correspondientes  objetivos de partida fueron: 
 
1. Hipótesis : Las observaciones ambientales durante el Estudio de Calidad del Aire de Pittsburg 

sugerían la existencia de una relación entre acidez y estado líquido del aerosol, ya que la mayor parte 
del aerosol se mantenía en estado líquido por debajo del 30% de Humedad Relativa (RH) del aire en 
los días en los que el aerosol presentaba mayor acidez en verano, y se encontraba en estado sólido por 
debajo del 60% RH en los días de verano e invierno en los que el aerosol era neutro, pero no pudo 
comprobarse empíricamente. 
Objetivo: Estudiar las relaciones entre morfología de las partículas individuales y su acidez. 
 

2. Hipótesis : Las contribuciones del aerosol biogénico primario durante invierno y verano son parecidas 
en Pittsburg, ya que ambas estaciones están asociadas a altas concentraciones de carbohidratos en la 
fracción fina. 
Objetivo: Estudiar las concentraciones del aerosol biogénico primario en julio de 2001 y Enero de 
2002 en el PM2.5, caracterizando y especificando los distintos tipos encontrados en cada mes en 
función de su composición química elemental y su morfología. Comparar las concentraciones de 
aerosol biogénico primario obtenidas por Microscopía con las de carbohidratos. 
 

3. Hipótesis : Las características del polvo mineral de los episodios de transporte  desde el Norte de 
África a la península Ibérica  son diferentes entre sí, y están relacionados con la región de origen. 
Objetivo: Evaluar la variabilidad en composición y morfología del polvo Africano transportado hasta 
Madrid con muestras recogidas a distintas horas y en distintos días, bajo la influencia de distintos 
tipos de escenario meteorológico, procesos de transporte y origen en el Norte de África para 
comprobar la heterogeneidad de las características del polvo mineral recibido así como su relación 
con su zona de origen. 
 

4. Hipótesis : Las características del polvo mineral procedente de resuspensión en episodios de 
recirculación regionales y de estancamiento locales son diferentes de las del polvo mineral de 
episodios de transporte desde el Norte de África. 
Objetivo: Caracterizar las características químicas y morfológicas del polvo mineral en distintos 
episodios de transporte a larga distancia, recirculación regional y estancamiento local. 

 
La motivación, metodología, así como los resultados más relevantes del trabajo de investigación están 
recogidos y expuestos en la presente memoria, cuyos contenidos se agrupan en un total de ocho capítulos 
que quedan brevemente descritos a continuación: 
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El capítulo 1 es una breve introducción al aerosol ambiental, describiendo sus propiedades y relación con 
su origen y formación, así como sus efectos sobre la salud humana y el entorno medioambiental. Este 
capítulo ha sido escrito de manera que queden resumidos los conceptos básicos en la materia hasta el 
conocimiento actual, de modo que cualquier investigador ajeno a ésta pueda comprender en adelante la 
importancia, motivación y desarrollo del trabajo de investigación. 
 
El capítulo 2  recoge la motivación principal que ha llevado a perseguir los objetivos planteados a partir de 
las hipótesis previas en los dos escenarios lugar de estudio, Madrid y Pittsburg. 
 
El capítulo 3 describe la metodología empleada a lo largo de toda la investigación, desde las explicando 
en qué consisten las técnicas de Microscopía Electrónica, Espectroscopía y Análisis Digital de Imagen y 
cómo han sido empleadas para cumplir los objetivos planteados al comienzo de la investigación. En este 
capítulo se explica con detalle las ventajas e inconvenientes de las técnicas empleadas, se describe el 
método de obtención de la composición elemental de las partículas, la elección de los parámetros 
descriptores de la morfología o parámetros de forma, así como los pasos seguidos para la posterior 
evaluación cualitativa. 
 
Los capítulos del 4 al 7 recogen los resultados y discusiones de cada una de las hipótesis planteadas con 
anterioridad. El capítulo 4 aborda el estudio de la relación morfológica de las partículas individuales del 
aerosol ambiental con su acidez, el capítulo 5 recoge los resultados de la cuantificación de las partículas 
biogénicas primarias en verano y en invierno, así como la caracterización de los tipos que predominan en 
una u otra estación. El capítulo 6 resume los principales resultados en la caracterización química y 
morfológica de las partículas individuales de transporte desde el Norte de África y su relación con la 
región de origen del polvo, y por último, el capítulo 7 expone las diferentes características en cuanto a 
composición química y morfología de las partículas de polvo mineral en los episodios de resuspensión a 
escala regional y local frente a las de los episodios de transporte a larga distancia. 
 
El capítulo 8  es el último, y lo forma un sumario de las principales conclusiones obtenidas en cada uno de 
los problemas tratados, y las conclusiones del trabajo en su conjunto. En este capítulo también se incluye 
una reflexión sobre la amplia aplicabilidad de la metodología y los trabajos futuros o que se están llevando 
a cabo en la actualidad, y que han surgido a partir de la elaboración de la Tesis Doctoral. 
 
La presente memoria se completa con la enumeración de las referencias  a las citas que se han ido 
realizando con anterioridad, así como un resumen del Currículum Vitae  de la aspirante a Doctora. La 
originalidad del trabajo está presente, pues, no solo en su conjunto como estudio de investigación, también 
en el concepto, la problemática abordada y el  enfoque en la aplicación de las técnicas de Microscopía. 
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 Chapter 1.  Introduction to 
Atmospheric Aerosols 

 
“Generally the atmosphere is hazy; and this is caused by the falling of impalpably fine 

dust, which was found to have slightly injured the astronomical instruments. […] The dust 
falls in such quantities as to dirty everything on board, and to hurt people eyes; vessels 

even have run on shore owing to the obscurity of the atmosphere” 
Darwin, C.R. (1845) 

 
 
 

1.1.  Atmospheric aerosols 

The term atmospheric aerosol refers to any liquid (except pure water) or solid particle suspended in the 
atmosphere. Synonymous terms such as ambient aerosol, Particulate Matter (PM) or atmospheric particles 
are also found in the literature. Atmospheric aerosols are heterogeneous, that is, aerosols in a certain point 
of the atmosphere consist of a wide variety of particles with different physicochemical properties, source 
origin and formation process. It is generally accepted that this type of aerosol falls into the size ranges of 
0.001-100 µm (Willeke and Baron, 1993). They can be emitted directly (primary aerosols) or formed from 
a gas-particle conversion (secondary aerosols) and come from either natural or anthropogenic sources. 
 
Atmospheric aerosols are often classified based on their different characteristics: physico-chemical 
properties, formation process, origin and effects, all of which are closely connected (Figure 1.1). 
 
 

Health 
Climate  
Environ men t  
Materials  
Visibility 

Effects Properties 

Chemical composition  

Size 

Concentration  

Morphology 

Formation process  

Primary 

Nucleation  

Condensation  

Secondary 
(gas to particle conversion) 

Origin  

Natura l 

Anthropogenic 

Atmospheric aerosols  

 
Figure 1.1. Classification of atmospheric aerosols. 

 

1.2.  Size of atmospheric aerosols 

The size of atmospheric aerosols is closely related to its origin and formation, thus size distributions are 
widely used to characterise them. Particle size is usually defined according to the measurement technique 
used in the characterisation. Each technique measures size based on a different physical property through 
an equivalent diameter (Table 1.1). This way, Differential Mobility Analyzers (DMAs) give sizes based 
on particle electrical mobility, Impactors establish particle aerodynamic behaviour and Scanning Electron 
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Microscopes (SEMs) reveal the particle projected area. Comparisons between sizes obtained with different 
instrumentation are often obviated due to difficulties to directly relate them. Nevertheless, results can lead 
to erroneous conclusions if the sizing technique is not considered in the interpretation. 
 

Table 1.1. Particle equivalent diameters in relation to the technique measurement property.  

Equivalent  diameter Property Technique
Electrical mobility Electrically-induced motion Differential Mobility Analyzer (DMA)
Optical Light scattering Optical  counter
Aerodynamic Iner t ia /gravi ty Impactor

Low presure impactor
Projected area Surface Optical microscope

Scanning Electron Microscope (SEM)
Transmission Electron Microscope (TEM)
Atomic Force Microscope (AFM)  

 
Sizes based on three different techniques are going to be used within this investigation: 
 
§ Optical (equivalent) diameter, d: Diameter of a calibration particle that scatters as much light in a 

specific instrument as the particle being measured (Willeke and Baron, 1992). This diameter defines 
particle size for optical counters. 

 
§ Aerodynamic (equivalent) diameter, da: diameter of the unit density sphere with same settling 

velocity as the particle (Hinds, 1982). This parameter defines particle sizes measured with inertia -
based instruments on impaction. It is used to describe the behaviour of particles in the respiratory 
system and to evaluate the risk of toxic aerosols inhalation. 

 
§ Projected area (equivalent) diameter, dp: diameter of the circle with same area as the irregular 

particle. This diameter is also referred in the literature as geometric diameter and it is obtained by 
microscopy. 

 
Particle aerodynamic and projected area diameters can be related by a mathematical expression, which 
considers the projected area diameter of an equivalent circle and volume diameter of an equivalent sphere 
as equal: 

2/1
0 )/( χρρ ppa dd =   [1.1] 

where 
pρ is the particle density, 

0ρ , the unit density and χ a dynamic shape factor (correction factor 

based on particle shape). 
 
As mentioned before, atmospheric aerosols are heterogeneous so they comprise particles of variable size 
ranges. Generally, it is not possible to obtain a complete aerosol distribution with one single technique due 
to their different size resolution (Figure 1.2). For instance, instruments based on white light cannot 
characterise sizes below the visible wavelength scale (0.4-0.7 µm) limiting size in the characterisation 
over those values. Inertia based techniques are inefficient below 0.3 µm at normal conditions of pressure 
and temperature with standard nozzle dimensions. 
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Figure1.2. Theoretic size resolution based on the instrumental techniques. 
 

1.2.1. The modal nature of aerosol size distribution 

A generic representation of atmospheric aerosols size distribution is the trimodal model presented by 
Whitby (1978). This model comprises three log-normal distributions divided in two main size ranges, 
coarse and fine, this last one comprising the accumulation and nuclei modes (Figure 1.3). Whitby (1978) 
highlighted the importance of distinguishing between coarse and fine fractions modes in any atmospheric 
aerosol characterisation as formation and origin of particles from both groups are independent, leading to 
different physicochemical characteristics and so very different effects. The initial threshold between 
coarse and fine range suggested by Whitby (1978) was 2 µm. However, latter studies related to 
atmospheric aerosols health effects have chosen 2.5 µm as a more appropriate threshold (see section 1.2.2 
of the present work). Coarse aerosols are formed by mechanical disintegration processes (primary 
particles) and comprise natural particles and industrial dust. Fine aerosols (smaller than 2.5 µm) mainly 
arise from nucleation or condensation (secondary particles), although natural dust can also be found in this 
size fraction. 
 
In practice, the modes are not clearly evident in every distribution. Variations in peaks or modes can be 
linked to, a greater or lesser extent, to different aerosol source. Whitby’s conclusions were based on the 
largest size distribution study of atmospheric aerosols carried out in the US through the EPA’s Supersites 
program (Whitby et al., 1974; Willeke and Whitby, 1975; Whitby, 1978; Wilson et al., 1977; Whitby and 
Svendrup, 1980). In addition, latter studies in Europe and Australia showed good agreement with the 
coarse and accumulation modes (US EPA, 1996; Keywood et al., 1999). Nevertheless, instrument 
resolution improvements after Whitby’s study have recently provided data for smaller sizes. New size 
distribution models present a fourth mode in the original size distribution, the nucleation mode for 
particles below 0.01µm (McMurry et al., 2000). 
 
The definitions of the modal terms used to describe the four size distributions are based on their formation 
process and are outlined below (US EPA, 2004): 
 
§ Nucleation Mode: Freshly formed particles with diameters below about 10 nm during active 

nucleation events. The lower limit, where particles and molecular clusters or large molecules overlap, 
is still uncertain. 
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§ Aitken mode: Larger particles with diameters about between 10 and 100 nm. The Aitken mode may 
result from growth of smaller particles of nucleation from higher concentrations of precursors and of 
combustion emissions. 

 
§ Accumulation mode: Particles with diameters from 0.1 µm to about 2.5 µm. The upper limit is 

considered between 1-3 µm, coinciding with the minimum mass or volume distributions of the mode. 
Accumulation particles do not usually grow into the coarse particle size range because its growth rate 
decreases as accumulation increases. Only by hygroscopic accumulation the aerosol may increase to 
overlap with the coarse mode. 

 
§ Coarse mode: Particles larger than 2.5 µm. This mode comprises particles formed by mechanical 

disintegration processes linked to natural origins. 
 
These four modes are grouped into three size fractions for characterisation purposes: ultrafine particles 
or particles below 0.1 µm, including the nucleation mode and part of the Aitken mode; fine particles , 
include the nucleation, Aitken and accumulation mode; and coarse particles (coarse mode). 
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Figure 1.3. Four-mode size distribution model of particle surface area of an atmospheric aerosol (adapted 

from US EPA, 2004). 
 

1.2.2 Occupational Health size cuts for regulatory standards 

Air quality standards are ruled by size fractions defined by the occupational health community. These 
sizes are chosen in terms of their penetration depth into the respiratory system. The Standard ISO 
7708:1995 (UNE 77213) classifies particle fractions into: inhalable, particles that can be inhaled by the 
nose and/or mouth being able to get into the respiratory tract; thoracic, inhaled particle that reach the 
tracheo-bronchial region (beyond the larynx); respirable, which mostly penetrates to the gas -exchange 
regions of the lungs (alveolar region); and “high risk” respirable, or particles linked to high risk of 
infirmity or sickness. These definitions were also adopted by the American Conference of Governmental 
Industrial Hygienists (ACGIH, 1994) and the European Standardization Committee (CEN). All particle 
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fractions are represented by log-normal curves (Figure 1.4). PM10 and PM2.5 are the regulatory size cuts for 
sampling devices using this convention. 
 
The regulatory size cuts for sampling devices detecting PM10 and PM2.5  were first defined by the European 
Directive 99/30/EC and the reference methods were introduced in the recently approved Directive 
2008/50/CE. Thus these are defined as follows: 
 
§ PM10. Particulate matter that passes through a size-selective inlet with a 50% efficiency cut-off at 10 

µm aerodynamic diameter. PM10 and Thoracic fraction size-cut curves are similar, which means 
around 50% of the atmospheric particles below 10 µm reach the thoracic fraction (Figure 1.4). PM10 
mass concentration levels are outlined by the European Directive 2008/50/CE on air quality establish 
a reference method for sampling and measurement in the EN12341. 
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Figure 1.4. Size -cut curves of particle penetration through an ideal inlet for the health-related aerosol 
sampling fractions and regulatory size cuts, PM10 and PM2.5 (adapted from Harrison and Van Grieken, 
1998; US EPA, 2004). 

 
• PM2.5 or cut point for separation of fine and coarse particles. Particulate matter that passes 

through a size-selective inlet with a 50% efficiency cut-off at 2.5 µm aerodynamic diameter. 50% of 
the atmospheric particles below 2.5 µm reach the alveolar region. A great number of health related 
studies associate potential cardiovascular illness and premature mortality with long-term expositions 
to aerosols of this fraction (Pope III et al., 2004; Schwartz et al., 1996). US EPA standards are ruled 
by PM2.5 mass concentration levels (National Ambient Air Quality Standards, NAAQS, 40 CFR part 
50). US EPA revoked the annual PM10 standard in 2006 due to a lack of evidence linking health 
problems to long-term exposure to coarse particle pollution (http://www.epa.gov/air/criteria.html). 
PM2.5 limits are regulated in the EU countries by the Directive2008/50/CE on air quality and the 
reference method that described in the EN14907. 

 
Other definitions of size cuts for sampling devices generally used in the texts are: 
 
§ TSP or Total Suspended Particles. It is defined by the High Volume sampler that collects all the 

fine particles but only part of the coarse particles. The upper size cut of this instrument varies from 25 
to 40 µm (US EPA, 2004). 

 
§ PM1. Particulate matter, which passes through a size-selective inlet with a 50% efficiency cut-off at 1 

µm aerodynamic diameter. US EPA studied the possible selection of 1 µm as cut size for air quality 
standards for the EPA’s 1997 NAAQS for fine particles (US Federal Register, 1997) but decided to 
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select PM2.5. Health effect studies reflect the importance of including a complete accumulation-mode, 
which is not possible with PM1 when relative humidity is high. In this case intrusion of coarse 
particles may occur under certain conditions. For details about discussions related to the 1-3 µm 
accumulation-coarse modes overlapping see US EPA (2004a, pp.2-22 to 2-28).  

 

1.3. Origin and sources of atmospheric aerosols 

Atmospheric aerosols can be classified as natural or anthropogenic based on their origin. Major 
anthropogenic aerosol concentrations are localized in urban and industrial areas where human activities 
take place. Natural aerosols are more abundant in rural and less populated areas. Nevertheless, natural 
particles can be important in urban areas close to the seashore or on islands subject to sea spray influence. 
Other contributions include massive long-range transportation from remote sources, such as with desert 
dust outbreaks, which can cover large cities all over the world, including those not necessarily close to 
arid regions. For instance, intrusions of Saharan air masses over the Iberian Peninsula notably affect PM10 
concentration and, to a lesser extent, PM2.5 in urban and rural areas of the Iberian Peninsula (Artiñano et 
al., 2003; Moreno et al, 2005; Escudero et al., 2006a). 
 

 2 

1  

3 

 
NATURAL 
SOURCES 

4  

5  

 
Figure 1.5. Images of aerosol natural emission sources: (1) MODIS satellite image from African dust over 
the Iberian Peninsula (July 2004,GSFC/NASA, http://modis-atmos.gsfc.nasa.gov/IMAGES/index.html ); 
(2) Augustine volcano emissions in Alaska (March 1986, USA, AVO/USGS, 
http://www.avo.alaska.edu/activity/Augustine.php); (3) marine aerosol formation from sea-spray (March 
2008, EFE/Esteban Cobo); (4) greenish vegetation emissions in Baniff National Park (Canada, June 2006, 
Woundweather/PeterHere); (5) Satellite and aerial images of biomass burning (August 2003, El periódico 
de Catalunya www.elperiodico.es/info/galeriasv2). 
 
Aerosols from either origin come from different emission sources. Arid regions, vegetation masses, 
volcanoes and sea spray are the main natural sources (Figure 1.5). Natura l particles are often emitted by 
primary (mechanical disintegration) processes, and secondary (gas to particle conversion) process in a 
lesser extent. Most of the naturally emitted secondary aerosols come from sulphur gas: dimethyl sulphide 
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from marine phytoplankton, hydrogen sulphide from plants and animals, and sulphur dioxide from 
volcanoes. Vegetation also contributes to secondary formed aerosols with natural emissions of biogenic 
volatile organic compounds (VOCs). Particles derived from biomass burning, including those from both 
natural and anthropogenic origins, are also an important source of biogenic VOCs. 
 
The main anthropogenic sources include road transport, industry and heating devices. Anthropogenic 
particles come mostly from secondary formation processes, but road dust, disaggregated particles from 
vehicle brakes and primary particles from the incomplete combustion of industrial processes are also 
important. 
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1  
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Figure 1.6. Images of aerosol anthropogenic emission sources: (1) emission during transport and handling 
of goods in Tarragona port (Spain) (2) vehicle emissions (3) aerosol emission during crop fertilizing 
(www.palousephotography.org/, by Will Simpson) (4) combustion emissions from a cement plant. 
 

1.4. Formation processes of atmospheric aerosols 

The properties of particles comprised in an atmospheric aerosol depend mostly on their formation process, 
although they can suffer variations and transformation once in the atmosphere by interaction with other 
atmospheric constituents. Different processes can take place inside a finite gas volume. The processes that 
involve the transportation of particles throughout the atmosphere are diffusion and sedimentation. The 
processes that take place inside the atmosphere and imply gas to particle conversion are nucleation and 
condensation (Figure 1.7). 
 
Aerosols can be classified in two groups based on their formation process: 

(a) Primary aerosols , directly emitted into the atmosphere by physical of chemical processes. 
 

(b) Secondary aerosols  converted into particles from their gaseous precursors through a gas to 
particle conversion process. 

 
Atmospheric chemistry and dynamics of secondary aerosols are complex, as secondary aerosol formation 
depends on several factors such as concentration of precursors and other gaseous reactive species, 
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atmospheric conditions (RH, solar radiation) and 
interactions of precursors with solid particles (US EPA, 
2004). Secondary aerosols are generally heterogeneous. 
Properties like chemical composition and structure of one 
particle frequently differ from the inside core to the 
external surface. The smallest particles tend to 
agglomerate and adsorb volatile compounds because of 
their high specific surface area, which complicates the 
characterisation and their behaviour in the atmosphere 
and through the respiratory tract of humans. 
 
Several atmospheric aerosol compounds, such as water, 
ammonium nitrate and certain organic species exist in 
equilibrium between gaseous and condensed phases and 
are called semi-volatile. The dynamics of semi-volatile organic compounds depend on several factors 
(equilibrium vapor-pressure, particle surface area, composition, relative humidity…) and are still not well 
understood.  
 
 

1.5. Atmospheric aerosols in the coarse range 

Coarse particles are mainly comprised of primary particles, which have been directly emitted into the 
atmosphere by mechanical processes  (Table 1.2). Primary particles in the coarse mode are derived from 
various from different sources. As previously mentioned, re -suspended mineral dust, biogenic material 
(pollen, spores, plant and debris), sea salt, road dust and combustion generated particles, such as fly-ash or 
soot, are often found in this group (US EPA, 2004a). The IPCC (1996) report that natural primary 
emissions represent nearly 85% of all global emission estimations. 
 

1.5.1. Marine aerosols 

Oceans are one of the major sources of aerosols with 
total sea salt flux to atmosphere estimated as 3,300 
Tg·yr-1 (IPCC, 2001). The predominant formation 
process of marine primary particles is by bursting 
bubbles lifted from the water associated with winds 
(Spurny, 2000). Secondary marine aerosols are 
mainly produced by seasonal plankton blooming 
when biological activity takes place (O’Dowd et al., 
2002; Gabric et al., 2005). 
 
Marine aerosols are predominantly in the coarse 
mode. Coarse marine aerosols are mainly comprised of sea salts (including: chloride, sodium, sulphate, 
magnesium, potassium, calcium and other minor elements). Fine marine aerosols are mainly organic and 
inorganic carbon, secondary sulphates and nitrates, ammonium and sea salt in variable proportions 
depending on the importance of the biological activity (O’Dowd et al., 2002). Marine particles with 
different morphologies are presented in Figure 1.8. Cubic shapes are typical from halides (Figure 1.8a) 
whereas fibrous, granular, tabular or lenticular are typical structures from sulphates (Figure 1.8.b).  
 

Figure 1.7. Aerosol processes inside a 
finite gas volume (adapted from 
Friedlander, 2000). 

 

Sedimentation  

Nuclea tion  

Coagula tion  

Condensation  

Diffusion  

Figure 1.8 . SEM images of primary marine 
aerosol particles. The dark circle in the 
images represents the water bubble 
impaction. 
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Sodium Chloride (NaCl), or common sea salt, reacts with acids to form sulphates and nitrates (Equations 
1.2 and 1.3). These are the most important chloride substituting compounds (Li et al., 2003; Niemi et al., 
2005). 
 

2NaCl(s) + H2SO4(g) ↔   Na2SO4(s) +  2HCl(g)  [1.2] 

NaCl(s) + HNO3(g) ↔ NaNO3(s) + HCl(g)   [1.3] 
 
 
Table 1.2. Comparison of sources, formation processes, and some other physico-chemical properties 
associated to coarse and fine particulate matter (adapted from US EPA, 2004). 

  Fine (< 2.5 µm ) 

  
Ultraf ine   

(< 0 .1  µm)  
A c c u m u l a t i o n 

 (0.1 –1  µm ) 
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 (2.5 –1 0  µm ) 

F o r m a t i o n 
 

 

  

Nucleation  
Condensat ion  
Coagulation  
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particles 
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cloud droplets  
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Evaporation of sprays  
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Minera l  dus t 
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road wear fragments  
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Often soluble, 
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High temperature  
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R e m o v a l  
processes  
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Dry deposition  
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1.5.2. Mineral aerosols from soil erosion 

Apart from several industrial processes and specific man-made activities, mineral dust is the consequence 
of crustal matter erosion and friction and subsequent air mass resuspension and transport processes. The 
characteristics of mineral dust found in the atmosphere at any specific time and location largely varies 
with the wind erosion mechanism, original parent soil characteristics and transport process history 
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(Prospero, 1999). Principal chemical elements from the crustal rocks such as silicon, aluminum, iron, 
calcium, magnesium, potassium, titanium and other minor metals are the major components of 
resuspended dust. Generally, mineral dust from crustal matter can be considered as a mixture of calcite 
[CaCO3], dolomite [CaMg(CO3)2], quartz [SiO2], feldspars [mainly KAlSi3O8 and (Na,Ca)(AlSi)4O8], 
clays (mainly K, Mg and Ca aluminosilicates) and anhydrite [CaSO4·2H2O], gypsum [CaSO4] and, to a 
lesser extent, iron oxides [Fe2O3], all of which occur in variable proportions. The atmospheric residence 
time of dust depends on particle aerodynamic sizes. Larger mineral particles can be directly removed from 
the atmosphere by gravitational settling after emission while smaller particles are able to remain several 
weeks in the atmosphere subject to different processes governed by fluid mechanics laws in which particle 
size, density and morphology and state of the atmosphere are relevant key points. Size distributions of 
mineral particles at a certain point of the atmosphere strongly depend on wind conditions during erosion 
and transport processes (Alfaro et al., 1998). IPCC (2001) estimates that roughly 80% of the emitted soil 
dust is in the 2-20 µm size range, 14% in the 1-2 µm size range, and 5% corresponds to fine particles. 
 
Mineral particles generally present crystalline structures that end up in different irregular particle shape 
closely connected to properties as habit, fracture, cleavage and parting (Figure 1.9). For example, the 
structure of clay minerals or phyllosilicates, predominant during long-range transports from the Sahara 
desert (Gatz and Prospero, 1986), is based on thin layers with natural cleavage plane between them. The 
weak bonds between two layers favour the perfect cleavage. 
 
Mineral dust is generally considered of natural origin. Major sources of mineral dust are associated with 
arid regions such as deserts and dry lakebeds. 
 

 
Figure 1.9. SEM images of mineral particles from different family groups with different structure and 
irregular morphology. 
 
Global emission estimations of mineral dust vary from 1000 to 5000 Mt·yr-1 (Duce, 1995), and is 
considered the second major aerosol source after sea salt (IPCC, 2001).  Nevertheless, industrial processes 
and transport also contribute and increase its concentration in the atmosphere in industrial and urban areas. 
Estimations of anthropogenic mineral dust emissions are still uncertain (Prospero et al., 2002; Mahowald 
et al., 2004). For instance, the increment of calcium carbonate concentrations on PM is linked to 
anthropogenic sources in northern Europe (Semb et al., 1995) and to soil resuspension in the Middle East 
where arid soil is calcium enriched (Mamane, 1987). In fact, the report from IPCC (2001) suggested that 
30-50% of the mineral dust found in the atmosphere could be ascribed to anthropogenic emissions (Tegen 
and Fung, 1995) and IPCC (2007) last report suggests that as much as 20% of the total emitted dust can be 
anthropogenic in origin, being 5-7% from agricultural processes (Tegen et al., 2004). 
 
Beyond the importance of anthropogenic emissions of mineral dust in industrial and agricultural areas, 
remote arid regions seem to be an important artifact that interferes in atmospheric aerosol dynamics by 
altering the local aerosol characteristics in the reception place. The Sahara (North Africa), the Arabian 
Desert (Middle-East) and the Gobi desert (Asia) are the largest arid deserts on the globe. D’Almeida 
(1986) estimated that Sahara dust emissions are about 710 Tg·yr-1, and Zhang et al. (1997) estimated that 
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Chinese mineral dust fluxes are around 800 Tg·yr1. Based on the IPCC (2001) report estimations for 
global mineral (soil) dust emission of 2150 Tg for the year 2000, Saharan and Chinese dust would 
represent around 70% of the total global mineral dust annual flux. Dust from either region can travel 
thousands of kilometres. Characteristics of Asian and North African dust reaching North American coasts 
and inland can be found in Prospero and Carlson, 1972; Gatz and Prospero, 1992; McKendry et al., 2001; 
VanCuren and Cahill, 2002.  In the particular case of Spain, the close proximity to the African continent 
facilitates the frequency of dust episodes from the Sahara. The incursions of African dust over the Iberian 
Peninsula considerably increase the PM10 concentrations in ambient air and the number of days that 
exceed the limit imposed by the EU Directive 99/30/CE (Artíñano et al., 2003). 
 
Mineral particles transport other species as microorganisms (basically pollen and spores), and sulphate, 
nitrate and organics as a covering layer from nearby and remote areas (Smith et al, 1996; Griffin et al., 
2003; Prospero and Lamb, 2003; Kellog et al., 2004; Weir-Brush et al., 2004; Griffin, 2005; Sullivan et al., 
2007; Falkovich et al., 2004; Mamane et al., 1980) They can be involved in secondary aerosol formation 
processes (Krueger et al., 2003; Laskin et al., 2005). These secondary aerosols in the coarse mode are 
generally formed from gas nitrate and sulphate interactions with mineral particles. The resulting particles 
are called ‘processed particles’ to distinguish them from particles formed directly through gas to particle 
conversion that takes place in the fine fraction. Recent studies have shown the importance of the 
reprocessed particles since this type of interaction may vary atmospheric aerosols characteristics, such as 
water uptake or residence time in the air. Calcium carbonate, whose solubility strongly depends on water 
pH and temperature, frequently dissolves in one location and precipitates further away when water 
becomes more acidic or cools, as happens during the transportation of Saharan dust to the Iberian 
Peninsula (Avila et al., 2007). Laboratory experiments of totally processed calcium carbonate with gas 
phase inorganic acids such as HNO3 result in the formation of highly hygroscopic irreversible reaction 
product (Expression 1.2; Laskin et al., 2005) and SO2  to form sulphite  (Expression 1.3; Preszler-Prince et 
al., 2007). 
 

CaCO3(s) + 2HNO3(g) → Ca(NO3)2(aq) + H2O(aq) + CO2(g) [1.4] 

SO2(g) + CaCO3(s) ↔ CaSO3(s) + CO2(g)   [1.5] 
 
 

1.5.3. Volcanic aerosols 

Volcanoes are an important source of atmospheric aerosols. Chemical and physical properties of volcanic 
ashes strongly depend on the parent volcano and the history of the transport, associated to temporal and 
spatial variations. Residence time of volcanic aerosols in air has been estimated between 2-10 days 
depending on altitude. The extended lifetime of their emissions is due to their high altitude and latitude 
location (Mather et al., 2004). Two main size modes have been measured for volcanic emissions, one in 
the submicrometric range associated to gas -particle conversion processes and the other one in the coarse 
mode with elevated particle number concentrations in the 2.0-7.5 µm size range (Allen et al., 2006). 
Primary aerosols are mainly silicates and sulphates in a crystalline or amorphous morphology. Larger 
silicate crystalline emissions are linked to larger amounts of finer particles (Mather et al., 2004). Best 
global emission fluxes of primary volcanic ashes are estimated of around 20-30 Tg·yr-1 (Andreae, 1995; 
Seinfeld and Pandis, 1998; Mather et al., 2004). Nevertheless, estimated dust fluxes can vary from 4 to 
10,000 Tg·yr-1 (Jones et al., 1994; IPCC, 2001). 
 
Mather et al. (2004) explain the four different aerosol formation processes that may take place during 
volcanic eruptions: pyroclastic disaggregated material (magma and volcano walls), condensation of 
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volcanic gases (VOCs from magma, boiling hydrothermal fluids, wall rock interactions by condensed acid 
liquids), transformation of existing particles (adsorption of species onto particle surfaces, particle 
dissolution), and low temperature reactions. 
 

1.5.4. Biogenic (non marine) aerosols 

Biogenic aerosols are organic particles emitted from plants and animals by disintegration processes, and 
the dispersion of microorganisms. Living biogenic aerosols include bacteria, virus, pollen and spores, and 
non-living biogenic aerosols, jnclude dead microorganisms and detritus. Primary and secondary biogenic 
aerosols comprise a wide range of aerosols with very different chemical and physical properties.  Factors 
such as size, shape, phase, composition, structure, solubility, volatility, hygroscopicity and surface 
properties (Morris et al., 2008) in these aerosols are poorly understood, owing to their complex 
characterisation. Examples of coarse primary biogenic aerosols are presented in Figure 1.10. 
 

 
Figure 1.10. SEM images of primary biogenic particles (green colored) among other particulate matter 
deposited in a filter. 
 
Biogenic aerosol sizes can vary from tens of nanometers to millimeters (Jaenicke, 2005). Viruses and 
bacteria are the sma llest of the primary biogenic aerosols (PBOA) and are generally considered to fall in 
the 0.5-2.0 µm size range, whilst the remaining PBOA are much larger (generally >3 µm). Trace elements, 
such as P, K, Cl, and Sr tend to be linked to the coarse matter, whereas S, Zn and Sr are linked to 
submicrometric material, such as in the Amazon basin (Artaxo and Hansson, 1995).  Overall, primary 
biogenic aerosols represent approximately 80% from the total biogenic global emissions (IPCC, 2001). 
 
Estimations of global emission fluxes of emitted biogenic aerosols are in the order of 50-90Tg·yr-1 (Penner, 
1995; IPCC, 2001), which are low in comparison with marine and mineral aerosols. Nevertheless, recent 
studies point to the possibility of these aerosols as an important primary source with emissions of at least 
1000 Tg·yr-1 (Jaecnike, 2005), which would mean that around 20% of the total primary emitted aerosols 
would be of biogenic origins. 
 

1.5.5. Anthropogenic aerosols 

Main primary anthropogenic sources of coarse particles are particle disintegration during industrial and 
transport processes as coal combustion, cement and ceramic manufacturing, construction, incinerators and 
the wear and tear of brakes and vehicle parts. Global flux estimations are of about 100-200 Tg·yr1 (IPCC, 
2001). Coarse anthropogenic aerosols are mainly mineral dust and metals. Soot aggregates can also reach 
the coarse size but generally do not represent important abundances within this range. Nitrates from NOx 
are the only secondary aerosols that can fall into the coarse range. Only a small percentage of the 
estimated total global emissions of nitrates are linked to natural origins. 
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1.6. Atmospheric aerosols in the fine range 

According to US EPA (2004) fine PM is typically more diverse than coarse PM and is secondary in nature, 
having condensed from the vapour phase or been formed by chemical reaction from gaseous precursors in 
the atmosphere. Fine PM derives from atmospheric gas-particle conversion reactions involving nucleation, 
condensation, and coagulation, and from evaporation of water from contaminated fog and cloud droplets. 
Sulphur and nitrogen oxides (SOx and NOx) are often oxidized to their respective acids and neutralised 
with ammonium cations as particulate salts. Fine PM may also contain condensates of volatile organic 
compounds, volatilized metals, and products of incomplete combustion. 
 

1.6.1. Fine aerosols from natural sources 

Main natural sources of fine aerosols are biogenic emissions (marine and non marine) and volcanic ones 
mainly as sulphates, organic matter and nitrates. Estimations of global emission fluxes strongly vary in the 
literature. The two main sulphate precursors are SO2 from volcanoes, dimethyl sulphide from marine 
vegetation and hydrogen sulphide from plants and animals. Organic aerosols of natural origin are mainly 
associated with biogenic sources: such as viruses, bacteria and volatile organic compounds. Nitrates from 
NOx precursors are linked to soil emission and lightning. 
 

1.6.2. Biomass burning aerosols 

Biomass burning aerosols are the result of combustion 
of vegetation from naturally or human induced fires. 
The African savanna is considered the most important 
source of biomass combustion aerosols with more than 
40% of the total burned biomass worldwide due to the 
intensive heating during dry winter months (Li et al., 
2003). Emissions from global savanna regions have 
been estimated to be three times that from forest fires 
(Andreae, 1991). Biomass burning aerosols are mainly 
black carbon (soot), organic compounds, and inorganic 
compounds such as sulphates, nitrates, inorganic 
nutrients and some metals. Most of the carbon is found 
as organic carbon, but black carbon can account up to 
25% from the total carbon (Cachier et al., 1989; Watson 
and Chow, 1994). Biomass combustion aerosols are generally submicrometric. An example of aerosols 
from woodsmoke from laboratory experiments is presented in Figure 1.11. 
 

1.6.3. Anthropogenic aerosols 

Aerosols of anthropic origin are mostly associated with the fine size mode: black carbon, primary and 
secondary organic aerosols, secondary sulphates and secondary nitrates.  
 
(a) Carbonaceous aerosols 

Primary anthropogenic carbonaceous aerosols are obtained as result of pyrolitic processes, chemical 
compounds and fossil fuel handling.  

Figure 1.11. Coloured microscopy image of 
woodsmoke from lab experiments. 
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Vehicle exhaust and woodsmoke are the main 
sources of elemental carbon. Elemental carbon 
from combustion forms soot. Soot basically 
consists of elemental and organic carbon with 
other elements such as oxygen, nitrogen, sulphur 
and hydrogen in smaller amounts (Seinfeld and 
Pandis, 1996). A primary particle of soot is a 
group of hexagonal graphitic layers forming a 
spherule. The graphitic structures frequently 
present dislocations that allow the incorporation 
of other elements (Katrinak et al., 1992). Some 
organic compounds, mainly hydrocarbons, 
which remain in gas phase at high temperatures 
during soot formation from combustion, are 
absorbed by the structure as it cools comprising between 50 and 90% of the mass (Katrinak et al., 
1992). Aggregation and condensation take place at the same time. Final soot structure generally ends 
up in a group of primary spherules mixed with the condensed hydrocarbons in fractal morphology 
(Figure 1.12). Soot surfaces are readily oxidized by common atmospheric gases such as O3, NO2, and 
SO2 (Seinfeld and Pandis, 1996). Soot particles frequently present coatings that are formed under 
certain atmospheric conditions generally associated to photochemical activity. 
 
Vehicles, meat cooking and paved road dust are the main anthropogenic sources of primary organic 
carbon particles. Elemental carbon is frequently used as tracer of primary organic carbon, since both 
of them are considered to come from same sources (Seinfeld and Pandis, 1996). Secondary organic 
aerosols (SOA) are the result of the low volatility products from VOC oxidation. Estimations of 
anthropogenic SOA global emissions and sources are still uncertain. 

 
(b)  Sulphate aerosols 

Sulphate aerosols are mainly secondary and anthropogenic, especially from fossil fuel combustion 
(estimated in around 72%). It is formed by aqueous phase reactions within cloud droplets, oxidation 
of SO2 via gaseous phase reactions with OH, and by condensational growth onto pre-existing particles 
(Penner et al., 2001). Estimations of global SO2 emissions range from 66.8 to 92.4 TgS yr–1 for 
anthropogenic emissions in the 1990s and from 91.7 to 125.5 TgS yr–1 for total emissions (IPCC, 
2007). Sulphate in aerosol particles is present as sulphuric acid, ammonium sulphate, and intermediate 
compounds, depending on the availability of gaseous ammonia to neutralize the sulphuric acid formed 
from SO2 (IPCC, 2001). Sulphates play an important role in aerosol acidity thus strong acidities are 
mostly related to the presence of H2SO4 and NH4HSO4 (US EPA, 2004). 

 
 

1.7. Importance of Atmospheric Aerosols 

Atmospheric particulate matter is known to have adverse effects on human health and the environment. 
Understanding and quantifying the effects of ambient aerosols have been a serious goal pursued by the 
scientific community during recent decades. Thanks to this large number of studies we have the possibility 
to be aware of the consequences of anthropogenic and natural aerosols at a local and a global scale. 
During the past century, particulate matter has been the centre of many social and political discrepancies 
that ended with the Legal regulation of particulate matter concentration in air as previously explained. At 

Figure 1.12. Fractal structure of soot 
aggregates. 
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the present time, there is no doubt that reducing emissions of major pollutants leads to reduced levels of 
particulate air pollution, of population exposure and of health effects (WHO, 2006) although there is not a 
threshold level below which no damages could be guaranteed.  
 

1.7.1. Effects on Human Health 

Dramatic episodes like the ones in Donora (Pennsylvania) during October 1948 and London during 
December 1952 highlight the devastating effects atmospheric aerosols can have on human health. Results 
from subsequent epidemiological studies and collaboration among scientists from very different fields, 
have made an impact upon public opinion and increased social awareness of this matter throughout the 
subsequent decades. 
 
Donora was a little industrial city located in a valley on the border of the Monongahela River close to the 
city of Pittsburgh in western Pennsylvania. At the beginning of the 1900s, Donora started a process of 
industrialisation by settling steel and zinc production and coal exploitation companies and by 1948, the 
city had more than 14,000 inhabitants. At the end of October 1948, the city suffered a strong thermal 
inversion that lasted 4 days. The resulting “acid fog” episode was blamed for 20 deaths before the fog 
dispersed, a further 60 deaths during the subsequent weeks and a countless number of illnesses.  Since 
then, acidic aerosols have been the focus of several studies related to human health, particularly those 
related to chronic lung and respiratory diseases and mortality after short-term exposure (Lippman, 1989). 
This tragedy preceded the one in London, which occurred in December 1952 and ended with thousands of 
deaths. The result of both episodes and their consequences are well documented in Davis (2002). Recent 
health analysis of lung tissues from people who died during the London smog episode found mainly soot 
and heavy metal bearing particles (Hunt et al. 2003; Whittacker et al., 2004). The particulate matter, as an 
aggregation of ultrafine and fine aerosols, was identified in the compartments of the lung representing 
recent exposure and not in those indicative of long-term exposure. It is already in discussion whether the 
high mortality in London was associated to black carbon rather than to acidic particle formation from SO2. 
Nevertheless, it has been estimated that in 1955, the population of London was exposed to 7000 µg m-3 of 
TSP, which is over 200 hundred times the mass exposure of modern-day Londoners (30 µg m-3) 
(Whittacker et al., 2004). 
 
Inhalation of anthropogenic aerosols during variable term expositions (from short to long) can cause lung 
cancer, chronic bronchitis, asthma, cardiac ischemia, arrhythmias, increased blood pressure, decreased 
heart rate variability, thrombosis and death (Table 3) (Dockery et al., 1993; Pope et al., 1995; Borja -
Aburto et al., 1998; Delfino et al., 2005). In addition to the effects upon the cardiovascular and respiratory 
system, exposure to particulate matter in some studies point to the possibility of male infertility and an 
influence in the sex ratio, growth and weight of new births (Fredricsson et al., 1993; Mehta and Anad-
Kumar, 1997; De Rosa et al., 2003; Slama et al., 2007; Hansen et al., 2008). According to WHO (2006), 
despite known differences in toxic properties found among PM constituents studied under laboratory 
conditions, it is currently not possible to quantify precisely the contributions from different sources and 
different PM components to the effects on health caused by exposure to ambient PM. Thus there remain 
some uncertainties as to the precise contribution of pollution from regional versus local sources in causing 
the effects observed in both short- and long-term epidemiological studies (Table 1.3). 
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Table 1.3. Important health effects associated with exposure to PM (WHO, 2006). 

Long-term exposure to PM Short-term exposure to PM

Lung inflammatory reactions Increase in  lower respiratory symptoms

Respiratory symptoms  Reduction in lung function in children
Adverse effects on the 
cardiovascular  system

Increase in chronic obstructive pulmonary 
disease

 Increase in medicat ion usage Reduction in lung function in adults

Increase in hospital  admissions

Increase in mortality

Reduction in life expectancy, owing mainly 
to cardiopulmonary mortal i ty and probably 

to  lung cancer  
 
Not only anthropogenic aerosols have adverse effects on health, the exposure to crystalline silica or 
respirable quartz (<5 µm) is widely known to cause chronic inflammation and fibrosis in the lung and 
other organs (American Thoracic Society, 1997). Crystalline silica has also been classified as a known 
human carcinogen (International Agency for Research on Cancer, 1997) and is associated with systemic 
autoimmune diseases. US EPA (1996) reported that, for the case of healthy individuals not compromised 
by other respiratory ailments and for ambient environments expected to contain 10% or less crystalline 
silica fraction in PM10, maintenance of the 50 µg·m-3 annual NAAQS standard for PM10 should be 
adequate to protect against silicosis effects from ambient crystalline silica exposures. Moreover, an 
overexposure to respirable quartz contained in dust can cause disease, temporary and permanent 
disabilities, and death (WHO, 2000). Clay minerals as kaolinite, montmorillonite and illite, typical from 
dispersed Sahara dust (Maley, 1982), can also cause lung diseases. The decreasing order of potency of 
quartz, kaolinite and montmorillonite to produce lung damage may be related to their relative surface areas 
and surface chemistry (WHO/IPCS, 2005). Latter studies suggest the direct cause-effect of Saharan dust 
transports not only in allergies or respiratory diseases such as asthma (Cariñanos et al., 2004), but to 
mortality (Perez et al., 2008). 
 

1.7.2. Effects on Climate Change 

The effect of the variation of a determinate factor in climate change is generally evaluated by its radiative 
forcing. This radiative forcing is a measure of how the energy balance of the Earth-atmosphere system is 
influenced when factors that affect climate are altered. Factors such as a variation of the greenhouse gases 
concentration change the balance between incoming solar radiation and outgoing infrared radiation within 
the Earth's atmosphere controlling and modifying Earth's surface temperature (IPCC, 2007). 
 
Atmospheric aerosols are known to affect climate system by modifying the energy balance of solar and 
thermal radiation. They can scatter and absorb solar and infrared radiation in the atmosphere (direct 
radiative forcing) and alter the formation and precipitation efficiency of liquid water, ice and mixed-phase 
clouds (indirect radiative forcing) (IPCC, 2001). The quantification of aerosol radiative forcing is more 
complex than the quantification that of greenhouse gases because aerosol mass and particle number 
concentrations are highly variable in space and time (heterogeneity). A detailed knowledge of some 
chemical and physical properties of aerosols is needed to estimate and predict direct and indirect forcing. 
Several parameters like size distribution change in size with relative humidity, complex refractive index, 
and solubility of aerosol particles could become relevant to perform these estimations (IPCC, 2007).  
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Estimating radiative forcing also requires an ability to distinguish the nature of aerosols differentiating 
between natural and also anthropological origins. The quantification of indirect radiative forcing by 
aerosols is especially difficult and uncertain. In addition to the variability in aerosol concentrations, some 
quite complicated aerosol influences on cloud processes must be accurately modelled. The warm (liquid 
water) cloud indirect forcing may be divided into two components. The first indirect forcing is associated 
with the change in droplet concentration caused by increases in aerosol cloud condensation nuclei. The 
second indirect forcing is associated with the change in precipitation efficiency that results from a change 
in droplet number concentration. Quantification of the latter forcing necessitates understanding of a 
change in cloud liquid-water content and cloud density. In addition to warm clouds, aerosols may also 
affect ice clouds (IPCC, 2007). Figure 1.13 shows the various radiative mechanisms associated with cloud 
effects that have been identified as significant in relation to aerosols. The small black dots represent 
aerosol particles; the larger open circles cloud droplets. Straight lines represent the incident and reflected 
solar radiation, and wavy lines represent terrestrial radiation. The filled white circles indicate cloud droplet 
number concentration (CDNC). The unperturbed cloud contains larger cloud drops as only natural 
aerosols are available as cloud condensation nuclei, while the perturbed cloud contains a greater number 
of smaller cloud drops as both natural and anthropogenic aerosols are available as cloud condensation 
nuclei (CCN). The vertical grey dashes represent rainfall, and LWC refers to the liquid water content. 

Figure 1.13. Schematic diagram showing the various radiative mechanisms associated with cloud effects 
that have been identified as significant in relation to aerosols (source: IPCC, 2007, modified from 

Haywood and Boucher, 2000). 
 
According to IPCC (2007) the direct radiative forcing (RF) of the individual aerosol species is less certain 
than the total direct aerosol RF. The estimates are: sulphate, –0.4 [±0.2] W m–2; fossil fuel organic carbon, 
–0.05 [±0.05] W m–2; fossil fuel black carbon, +0.2 [±0.15] W m–2; biomass burning, +0.03 [±0.12] W 
m–2; nitrate, –0.1 [±0.1] W m–2; and mineral dust, –0.1 [±0.2] W m–2. For biomass burning, the 
estimation is strongly influenced by aerosol overlying clouds. For the first time best estimates are given 
for nitrate and mineral dust aerosols. Incorporation of more aerosol species and improved treatment of 
aerosol-cloud interactions allow a best estimate of the cloud albedo effect. However, the uncertainty 
remains large. Figure 1.14 summarises the Global radiative forcing from the factors and mechanisms 
affecting climate change since 1750 (start of the industrial era) until 2005. 
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Figure 1.14. Global mean radiative forcing from the factors and mechanisms affecting climate change. 
The thin black line attached to each colored bar represents the range of uncertainty for the respective value. 
Climate efficiency, timescale (associated effects time length), spatial scale, and associated scientific 
understanding are also included in the annexed columns (adapted from IPCC, 2007). 
 

1.7.3. Effects on the transmission of solar ultraviolet radiation 

Scattering of solar radiation back into space and absorption of solar radiation (SUV-B) determine the 
effects of an aerosol layer on solar radiation. According to US EPA (2004), atmospheric aerosols affect the 
transmission of SUV-B radiation but measurements relating variations in PM mass directly to SUV-B 
transmission are lacking. Measured attenuations of UV-B under hazy conditions range up to 37% of the 
incoming solar radiation. Particles also can affect the rates of photochemical reactions occurring in the 
atmosphere such as those involved in catalyzing tropospheric ozone formation. Depending on the amount 
of absorbing substances in the particles, photolysis rates either can be increased or decreased. Thus, the 
atmospheric particle effects on SUV-B radiation vary depending on the size and composition of particles 
and can differ substantially over different geographic areas, and from season to season over the same area. 
Any projection of the effects of location-specific airborne PM alterations on increased atmospheric 
transmission of solar UV radiation due to stratospheric ozone-depletion would, therefore, also be subject 
to considerable uncertainty. Atmospheric particles complicate estimation of potential future impacts on: 
human health (skin damage and cancer, ocular effects, suppression of some immune system components 
and susceptibility to certain infectious diseases), the environment (terrestrial plants and aquatic life) and 
alterations in the concentrations of other important trace species, most notably the hydroxyl radical and 
acidic aerosols.  
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1.7.4. Effects on the environment and ecosystems 

Atmospheric aerosols have positive and negative influence on the environment and ecosystems. Recent 
studies of Saharan dust transports crossing the Atlantic suggest mineral dust could be acting as fertilizer, 
stimulating the productivity of forest rain, minerals and nutrients over the Amazon basin (Swap et al., 
1992; Griffin, 2005; Koren et al., 2007) and of phytoplankton over the Oceans (Jickells et al., 2005; 
Sullivan et al., 2007). On the other hand, African dust can transport elevated levels of some toxic 
chemicals as well as a great variety and number of microorganisms, including some coral pathogens 
(Smith et al, 1996; Griffin et al., 2003; Prospero and Lamb, 2003; Kellog et al., 2004; Weir-Brush et al., 
2004; Griffin, 2005). 
 
The deposition of atmospheric aerosols affects plants, on a global and individual scale, and consequently 
the animals (including humans), insects, and microorganisms  that interact with the environment in which 
they exist (Odum, 1989). US EPA (2004) defines six essential environmental attributes that control the 
status and functioning of the ecosystems: (1) landscape condition, (2) biotic condition, (3) 
physicochemical characteristics, (4) ecological processes, (5) hydrology and geomorphology, and (6) 
natural disturbance regimes that can be used to characterise ecosystem status. The first three are related to 
“patterns” and the last three to “processes.” Alteration of any of both patterns and processes results in 
changes in the ecosystem. Some of the benefits of a good status and functioning of ecosystems include the 
absorption and breakdown of pollutants, cycling of nutrients, binding of soil, degradation of organic waste, 
and maintenance of a balance of gases in the air, regulation of radiation balance, climate, and fixation of 
solar energy. 
 
The deposition of PM onto vegetation and soil, depending on its chemical composition (such as acidity, 
trace metal or nutrient content) can produce direct or indirect responses within an ecosystem. An example 
of indirect effects may serve the coating of coarse particles with semivolatile materials that can 
substantially affect particle deposition and potential for biological effects. Chemical reactivity, particle 
shape and density, rates of physiological sequestration, and re-entrainment by gusts of wind remain to be 
addressed. 
 
The effects on the growth of plants resulting from the deposition of nitrates and sulphates and the 
acidifying effect of the associated H+ ion in wet and dry deposition are the most important 
environmentally. Acidic aerosols via wet deposition alter leaf surface structures, and produce plant 
injuries and lesions. Huttunen (1994) described the direct effects of acid rain or acidic mist on epicuticular 
waxes whose ultrastructure is affected by plant genotype and phenotype. Many experimental studies 
indicate that epicuticular waxes that function to prevent water loss from plant leaves can be destroyed by 
acid rain over a few weeks (Huttunen, 1994). 
 
The most important indirect effects over the environment are particulate nitrates and sulphates through 
deposition onto the soil. Once they enter into the soil, they can affect nutrient cycling, inhibit nutrient 
uptake, change ecosystem structure, and affect ecosystem biodiversity. The soil environment is one of the 
most dynamic sites of biological interaction in nature. Bacteria in soil are essential participants in the 
nitrogen and sulphur cycles that make these elements available for plant uptake. Changes in the soil 
environment, that influence the role of the bacteria in nutrient cycling and fungi in making minerals 
available for plant utilisation, determine plant and ultimately ecosystem response. The cascade of 
environmental effects of increases in reactive nitrogen include the following: (1) production of 
tropospheric ozone and aerosols that induce human health problems; (2) increases/decreases in the 
productivity in forests and grasslands depending on the loads; (3) acidification and loss of biodiversity in 
lakes and streams in association with sulphur; (4) eutrophication (now considered the biggest pollution 
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problem in coastal waters) and habitat degradation in coastal ecosystems; and (5) contributes to global 
climate change and stratospheric ozone depletion, which can in turn affect ecosystems and human health. 
 
As mentioned before, dust can cause physical and chemical effects. Particle deposition on above-ground 
plant organs, sufficient to coat them with a layer of dust, may result in changes in radiation received and, 
consequently, one or more of the following effects: a rise in leaf temperature and heat stress; a reduction 
in net photosynthesis, leaf chlorosis, respiration, and transpiration; a reduction in the formation of 
carbohydrates needed for normal growth; premature leaf-fall; damaged leaf tissues; inhibited growth of 
new tissue and increased penetration of phytotoxic gaseous pollutants (Guderian, 1986). Brandt and 
Rhoades (1973) attributed the reduction in the growth of trees to crust formation from limestone dust on 
the leaves. Increased permeability of leaves to ammonia with increasing dust concentrations and 
decreasing particle size has also been reported (Farmer, 1993). 
 
Sea-salt particles can serve as nuclei for the adsorption and subsequent reaction of other gaseous and 
particulate air pollutants. Both nitrate and sulphate from the atmosphere have been found to associate with 
coarse and fine sea-salt particles (Wu and Okada, 1994). Direct effects on vegetation reflect these inputs, 
as well as the classical salt injury caused by the sodium and chloride that constitute the bulk of these 
particles. Foliar accumulation of airborne salt particles may lead to foliar injury, thusly affecting the 
species composition in coastal environments (Smith, 1984). The effects of winds and sea spray on coastal 
vegetation have been reported in the literature since the early 1800s (Boyce, 1954). 
 
Heavy metals are of particular interest because of their potential toxicity for plant and animals, including 
humans. Although some trace metals are essential for vegetative growth or animal health, they may be 
toxic in large quantities. Cu, Zn, and Ni toxicities have been observed most frequently. Low solubility, 
however, limits foliar uptake and direct heavy metal toxicity because trace metals must be brought into 
solution before they can enter into the leaves or bark of vascular plants. In those instances when trace 
metals are absorbed, they are frequently bound in leaf tissue and are lost when the leaf drops off (Hughes, 
1981). However in the event of sufficient solubility and dose, are possible changes in microbial 
community structure on leaf surfaces because of heavy metal accumulation. 
 
Organic air contaminants in the particulate or vapor phase are absorbed to, and accumulate in, the 
epicuticular wax of vegetative surfaces (Gaggi et al., 1985; Kylin et al., 1994). Direct uptake of organic 
contaminants through the cuticle or the vapor-phase uptake via the stomata is characterised poorly for 
most trace organics. The phytotoxicity and toxicity of organic contaminants to soil microorganisms is not 
well studied (Foster, 1991). Vegetation itself is an important source of hydrocarbon aerosols. Terpenes, 
particularly α-pinene, β-pinene, and limonene, released from tree foliage may react in the atmosphere to 
form submicron particles. These naturally generated organic particles contribute significantly to the blue 
haze aerosols formed naturally over forested areas (Geron et al., 2000). 
 

1.7.5. Effects on visibility 

Visibility can be defined as the degree to which the atmosphere is transparent to visible light (US National 
Research Council, 1993). This degradation of visibility is due primarily to the scattering and absorption of 
light by fine particles suspended in the atmosphere. Visibility is measured by human observation, light 
scattering by particles, the light extinction-coefficient, and parameters related to the light-extinction 
coefficient (visual range and view scale), and fine PM mass concentrations (US EPA, 2004). 
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Visibility impairment is associated with airborne particle properties, including size distributions (i.e., fine 
particles in the 0.1 to 1.0 µm size) and aerosol chemical composition, and with relative humidity. In a 
general approach, it can be said that absorption by particles is primarily caused by elemental carbon. Some 
minerals in crustal particles also absorb light and can be a significant factor during fugitive dust episodes. 
Nevertheless, the ability of some commonly occurring chemical components of atmospheric aerosol to 
absorb water from the vapor phase has a significant effect on particle light scattering. Hygroscopic 
particles, which typically include sulphuric acid, the various ammonium sulphate salts, ammonium nitrate, 
and sodium chloride, change size by the accumulation and loss of water as they maintain equilibrium with 
the vapour phase as a function of changes in relative humidity. For instance, in the particular case of 
eastern United States, visibility impairment is caused primarily by light scattering by sulphate aerosols and, 
to a lesser extent, by nitrate particles and organic aerosols, carbon soot, and crustal dust. Up to 86% of the 
haziness in the eastern United States is caused by atmospheric sulphate (US EPA, 2004). In Spain, 
although visibility can be perturbed by natural factors (fogs or African dust outbreaks), anthropogenic 
emissions from different sources (urban, industrial) can trigger severe pollution episodes when visibility 
can be dramatically affected. 
 

1.7.6. Effects on materials 

Building materials (metals, stones, cements and paints) undergo natural weathering processes from 
exposure to environmental elements (wind, moisture, temperature fluctuations, sunlight, etc.) (US EPA, 
2004). The natural process of metal corrosion from exposure to natural environmental elements is 
enhanced by exposure to anthropogenic pollutants, particularly those related to high acidity, that render 
the protective film less effective. Sulphates may favour the conversion of stones that contain calcium 
carbonate such as limestone, marble, and cement into calcium sulphate dihydrate (gypsum). The rate of 
deterioration is determined by the permeability and humidity of the material, and the particle deposition 
rate. However, the extent of the damage to stones produced by the pollutant species apart from the natural 
weathering processes is uncertain (US EPA, 2004).  
 
A significant detrimental effect of particle pollution is the soiling of painted surfaces and other building 
materials. Soiling changes the reflectance of opaque materials and reduces the transmission of light 
through transparent materials. Attempts have been made to quantify the pollutants exposure levels at 
which materials damage and soiling have been perceived. However, to date, insufficient data are available 
to advance our knowledge regarding perception thresholds with respect to pollutant concentration, particle 
size, and chemical composition (US EPA, 2004). 
 

1.7.7. Economical effects 

The economical losses of the effects of atmospheric aerosols in health, climate change, ecosystems, 
visibility and materials are uncountable. Any alteration of these factors will directly impact global 
economic sectors. US EPA (2004) compiles various methods that have been applied to determine the 
economic valuation of changes in visibility or materials using marketplace cost estimates. For instance, 
Mohamed and El Bassouri (2007) have calculated the damage cost associated with human health and 
global environmental problems based on the environmental strategy priority model. The model gave a 
mean value of 120 EUR/kg of emitted fugitive dust. From these estimations PM2.5 and PM10 have 
contributed to about 60% and 36% of the estimated damage cost, respectively and only 4% was attributed 
to both nitrate and sulphate aerosols. Stern (2006) also studies the economic costs of tackling climate 
change. 
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 Chapter 2.  Scope and 
Goals of the Study 

 
“Mon premier soin fut de rechercher une méthode qui permit de 

recueillir en toute saison les particules solides qui flottent dans l’air et 
de les étudier au microscope.”   

Pasteur, M.L., (1862) 

 
 

  
 
 

2.1. Framework of the study 

This study focuses on the chemical and morphological characterisation of individual ambient aerosols 
over two different size ranges, PM2.5-10 and PM2.5 under diverse, but concrete, environmental conditions. 
The techniques applied when conducting this study have been based on Scanning Electron Microscopy 
(SEM) with Electron Dispersive Spectroscopy (EDS) together with Digital Image Analysis (DIA). 
 
Scanning Electron Microscopy techniques have been previously applied in the characterisation of 
atmospheric aerosols to study different properties. The development of Computer Controlled Scanning 
Electron Microscopy (CCSEM) in the last two decades, has allowed the measure ment of size, elemental 
composition and morphological parameters of thousands of particles in a time scale of hours (Cassucio et 
al., 1983; Schwoeble et al., 1988; Mamane et al., 2001; Laskin and Cowin, 2001; Conner et al., 2001). 
Microscopy studies have provided valuable information about the sources of atmospheric particles 
(Mamane et al., 1980), their mixing state (Dougle et al., 1998; Hasssegawa and Ohta, 2002; Johnson et al., 
2005), aerosol acidity (Levin et al., 1990; Pardess et al., 1992; Ganor et al., 1993, Ganor, 1999), 
hygroscopic behaviour (Pósfai et al., 1998; Ebert et al., 2002; Wittmaack, 2002; Laskin et al., 2002) and 
heterogeneous chemical reactions (Krueger et al., 2003; Laskin et al., 2005). Scanning electron 
microscopy/energy-dispersive X-ray spectroscopy (SEM/EDX) techniques have been successfully applied 
in the determination of particle sulphur content (Pardess et al., 1992; Ganor et al., 1993; Ganor, 1999). 
However, despite of its importance, atmospheric particle morphology remains one of the least understood 
properties. As explained in Chapter 1, particle morphology is closely related with physico-chemical 
properties. Morphology influences particle behaviour in the atmosphere and the respiratory system, 
changing residence time and patterns of deposition, and the transport process of specific particles 
(Vainshtein et al., 2004; Rogak et al., 1992). Additionally, the absorption and scattering of light is 
modified by particle morphology (Martins et al., 1998; Kalashnikova and Solokolik, 2002) and it is also 
known that morphology influences water absorption and water vapor nucleation and, hence, cloud 
formation (Rogers et al., 1991; Pruppacher and Klett, 1997; Weiss and Ewing, 1999). However, 
quantification of atmospheric particle morphology and how it affects all these processes is still a 
remaining challenge. 
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Microscopy based techniques are generally tedious and time-consuming and require a level of expertise to 
interpret the results. These are the most probable reasons that microscopy is frequently omitted from 
aerosol characterisation research. In this project, however, the technique is employed as a tool, with both 
its advantages and disadvantages, in order to resolve questions related to two specific locations that could 
not be studied and solved by other means. The work presented in this investigation was undertaken and 
developed in three distinctive cities: Pittsburgh (USA), Madrid (Spain), and Patras (Greece). The field 
research focused on aerosols in Pittsburgh and Madrid, which offered two different scenarios with very 
different problems and hypotheses concerning ambient aerosols. Part of the data analysis together with 
some preliminary laboratory analyses, were undertaken in Patras. 
 
The study of Pittsburgh was carried out during three short-term stays at the Department of Chemical 
Engineering of Carnegie Mellon University, which was funded by the Spanish Ministry of Education and 
Science through the “Formación de Jóvenes Investigadores” programme (REN2002-02343). The work 
focused on the morphological characterisation of individual particles from the Pittsburgh Air Quality 
Study (PAQS) that was conducted between July 2001 and September 2002. The Study was within the 
framework and funding of the U.S. Environmental Protection Agency (US EPA) Supersites Program and 
the Department of Energy, National Energy Technology Laboratory (NETL). The research was developed 
under the supervision of Prof. Spyros N. Pandis (also coordinator of PAQS) at RJ Lee Group, Inc., and 
with the collaboration with Gary Casuccio, vice-president of the company, and the person responsible for 
the single particle morphological characterisation of the Program. Chapters 4 and 5 of this document are 
the fruit of this research. Hypotheses and goals for this part of the study are presented in detail in the next 
section (2.2). 
 
Pittsburgh is located in the northeastern US and is the second largest city of the state of Pennsylvania, 
after Philadelphia. It is commonly known as the Steel City, and it is twinned with the city of Bilbao in 
Spain, which has had a similar metabolism as industrial city. Related to atmospheric pollution, the city and 
surrounding areas have drastically changed during recent decades with the closing down of the major 
industries. However, aerosols in Pittsburgh are still associated to high acidity, which is quite common in 
all the eastern US (US EPA, 2004). Contrary to most of the major cities in the world, sulphates are the 
principal contributor to PM2.5 mass fraction, followed by the organic fraction (Zhang et al., 2007), in 
which biogenic aerosols are a major component. 
 
The study of Madrid was carried out through a fellowship provided by the Spanish Ministry of Education 
and Science associated to the project REN2002-02343 entitled: “Physico-Chemical Characterisation of the 
urban atmospheric aerosol in the PM10 y PM2.5 fractions: Relationships with precursors gases and emission 
sources” which was undertaken between January 2003 and December 2005, with different field campaigns 
covering all the seasons during this period. The work focused on the morphological characterisation of 
mineral dust. This study was developed under the supervision of Dr. Begoña Artíñano (also coordinator of 
the Program) and Dr. Francisco J. Gómez-Moreno within the Atmospheric Pollution Unit of Ciemat 
(Centro de Investigaciones Energéticas, Mediambientales y Tecnológicas). Chapters 6 and 7 of this 
document are the fruit of this research. The hypotheses and goals of this part of the study are also detailed 
in the next section (2.2). 
 
In a city such as Madrid, where the ambient aerosol can be typically classified as urban, the two principal 
local sources are traffic and domestic heating in winter. However, the transport of huge quantities of PM 
from remote areas during certain spring, summer and fall months, and PM recirculations at a regional 
scale during summer months, complicate the overall aerosol characterisation of the city. In wintertime, 
ambient aerosols are typically anthropogenic with the highest PM concentrations recorded corresponding 
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to periods of thermal inversion in which the air suffers strong stagnation and aerosols accumulate in the 
surface layer of the atmosphere. In summer time, the strong ground heating in the central region of the 
Iberian Peninsula frequently provokes the formation of a thermal low which favours the movement of the 
previously pumped PM as a consequence of the convection that takes place at regional scale (Millán et al., 
1996; 1998). Another interesting meteorological synoptic scenario is the transport of PM from the Sahara 
desert and the Sahel region in northern Africa. This transport, together with the regional re -circulation 
scenario, produces the highest PM10 ambient concentrations recorded in the stations of regional and urban 
background air quality networks (Querol et al., 2004), in such a way that, throughout the year, more than 

half of the days, which exceed the daily limit as indicated by the 1999/30/CE Directive (PM10=50 µg m-3), 
can be ascribable to Saharan outbreaks. Both African transport and regional recirculations mainly 
contribute to increase the coarse range; however, they also affect the fine range albeit to a lesser extent 
(Artiñano et al., 2003). 
 
Several studies have focused on characterising the associated meteorological scenarios and impact of this 
type of long-range transport episodes over the Iberian Peninsula (Artiñano et al., 2004; Querol et al., 2004; 
Moreno et al., 2005, Escudero et al., 2005, 2006a, b). With respect to regional scenarios, their impact on 
PM and consequences has received less attention. Studies over the Iberian Peninsula characterising the 
chemistry and mineralogy of North African dust, derived from different origins, have been undertaken in 
different regions of the Iberian Peninsula, particularly along the Spanis h Mediterranean coast (Avila et al., 
1997, 1998; Rodriguez et al., 2001). However, to date, no previous morphological studies have taken 
account of both transported and resuspended mineral dust in the Iberian Peninsula. 
 
2.2. Goals and scope of the study 

2.2.1. Hypotheses for the study in Pittsburgh 

The PAQS study was designed to characterise particulate matter (PM) by examination of the following 
general attributes: size and surface area, volume distribution and chemical composition as a function of 
size and, on a single particle basis, morphology, and temporal and spatial variability within the Pittsburgh 
region.  Additionally the study attempted to to quantify the impact of the various sources (transportation, 
power plants, biogenic sources) on the aerosol concentrations in the area and to develop, and evaluate, the 
next generation of atmospheric aerosol monitoring and modeling techniques. Around 20 hypotheses were 
proposed to meet the goals of the study. Detailed information about PAQS, description, contributions, 
measurements and main results can be found in Wittig et al. (2004a). 
 
Since this study started at the end of the PAQS, more refined hypotheses than those set at the beginning 
were formed based on the results obtained during the Study. All the research from Pittsburgh focused on 
the fine range (PM2.5). The first hypothesis was established to confirm the ambient observations during the 
Program that suggested that most of the aerosol particles in summer were liquid below 30% of relative 
humidity and dried out in  winter when the relative humidity was lower than approximately 60% (Khlystov 
et al., 2005) and evaluate its relationship with aerosol acidity. The study focused on characterising the 
particle morphology in summer samples when aerosols were acidic and neutral, and in winter samples 
when aerosol was always neutral, and evaluate the possible metastable liquid state of acidic aerosols. 
 
The second hypothesis investigated was related to the seasonal variations of primary biogenic aerosol 
particles in Pittsburgh. Biogenic aerosols, both primary and secondary, were considered one of the major 
sources of Pittsburgh ambient aerosol. The aim of this part of the research was to study the contribution of 
primary cellular matter in summer and winter and to specify which type of primary biogenic aerosol 
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particles are predominant in each season. The latter goal of the study was to confirm if the previously 
carbohydrate measurements determined during the PAQS were acceptable since concentrations in both 
periods were quite high. 
 

2.2.2. Hypotheses for the study in Madrid  

This study was designed to characterise particulate matter in the city of Madrid in both the PM10 and PM2.5 

ranges. The main objective of the project was to characterise the physico-chemical properties of the 
ambient aerosols in the city and their relationship with their gas precursors and sources.  
 
Based on the hypothesis that the characteristics of African dust from the Sahara differ between different 
outbreaks and can be traced back to their original source, the study focused on evaluating the variability of 
individual particle composition and morphology with samples taken at different times and days. The 
principle aim was to study the individual particle differences between African dust episodes with different 
source origins, transport processes and meteorological scenarios, and analyse the possible aerodynamic 
selectivity processes during transport. 
 
Once achieved, a second hypothesis was then proposed. Having evaluated the variability of morphology 
and chemical composition of mineral dust derived from homogeneous and heterogeneous source regions 
and the role of transport processes from Africa, there was a necessity to characterise the chemical and 
morphological differences exhibited by the regional, or local, mineral dust, that also contributes to the 
overall aerosol mass. This point was especially sensitive since different results and, therefore different 
dust characteristics, would lead to very different conclusions from one or another dust episode. In addition 
to regional resuspended dust, particles obtained from local dust episodes and transport from the Atlantic 
were also characterised in order to evaluate the consistency of the results. 
 
2.3. Summary of the goals 

The main aims of this work can be summarised in four points: 
 
§ Confirm the ambient observations made during the Pittsburgh Supersites Program that suggested that 

most of the aerosol particles in summer were liquid below 30% relative humidity and dried out in 
winter when the relative humidity dropped below (approximately) 60% and evaluate the relationship 
with aerosol acidity, 

 
§ Study the contribution of primary biogenic aerosol particles in summer and winter in Pittsburgh; 

characterise and specify which type of cellular matter is predominant in each season, 
 
§ Evaluate the variability of individual particle composition and morphology in African dust episodes 

over Madrid with samples taken at different times and days; study the individual particle differences 
among African episodes with different source origin, transport process and meteorological scenarios, 

 
§ Characterise the chemical and morphological differences of mineral dust from African outbreaks with 

respect to regional resuspended dust. 
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 Chapter 3.  Methodology 
 

“The percentage of information that flows through visual pathways 
has been estimated at 90-95% for a typical human without any 

sensory impairment.” 
Russ, J.C (2004) 

 
 
 
 
 

3.1. Introduction 

The present study has focused on the chemical and morphological characterisation of individual ambient 
aerosols under diverse but specific environmental conditions and places, at two different size ranges PM10 
and PM2.5. The techniques used to conduct the study include the use of:  Scanning Electron Microscopy 
(SEM), coupled Electron Dispersive Spectroscopy (EDS) and Digital Image Analysis (DIA).  Figure 3.1 
represents a schematic diagram of the methodological steps needed to obtain the information. 
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Figure 3.1. Schematic diagram of the SEM, EDS and DIA processes. 

 

Chapter 3 



 
 
 
 
 
Methodology 

 34 

A SEM/EDS is an instrument that is able to give elemental composition and physical characteristics of 
individual particles such as size, area, and perimeter at the same time. Resolution of this type of 
instruments strongly varies with the characteristics of their technical and electronic elements in their 
construction. Basically, two different type of instruments have been used during the development of the 
study: (1) Computer-Controlled Scanning Electron Microscope (CCSEM), which is a totally automated 
SEM capable to give information of thousands of particles within in a time scale of several hours; and (2) 
High Resolution Scanning Electron Microscope (HRSEM) which is a SEM that gives information of 
particle morphology and texture of sizes down to several nanometers. This latter microscope is based on 
the Field Emission (FE) techniques that consistently improve the image resolution of the instrument. The 
CCSEM has been used for the quantitative analysis  and the HRSEM for the qualitative analysis  as 
explained later in this document. Both standard SEM techniques and HRSEM techniques based on FE are 
explained in detail in section 3.3. All the quantitative analysis and a vast majority of the qualitative 
analysis was undertaken at RJ Lee Group Inc. (Monroeville, PA, USA).Qualitative analysis of some of the 
samples was finished at the Institute of Chemical Engineering and High Temperature Processes (ICE-HT), 
Foundation for Research and Technology Hellas (FORTH) of Patras (Greece). 
 

3.1. Particle sampling 

3.2.1. Sampling instruments 

Particle sampling for subsequent SEM analysis is frequently carried out on inertial and filter based 
techniques. Two different instruments were used to fulfill the goals of this study. A filter based 
measurement of PM10 and PM2.5 mass concentration using a Dichotomous (Dichot) sampler (Thermo 
Andersen, Model-241) was used for the Pittsburgh samples. This instrument operated using standard 
procedures (US EPA, 1998). An 8-stage cascade impactor (Andersen Sierra Model-220) was used for the 
Madrid study. In the case of Pittsburgh, the PM2.5 from the Dichot was used since the study focused on 
fine aerosols. In the case of Madrid, in which the bulk of the study was on the coarse range, size 
segregation with a cascade impactor proved adequate. 
 

(a) Dichotomous sampler 

A dichotomous sampler is a size selective sampler that splits 
the particles into different size fractions that may be collected 
on separate filters. Size-selective sampling refers to the 
collection of particles under or within a specified 
aerodynamic size range. Size fractions are usually specified 
by the 50% cut-off size ponint, which means that , 
theoretically, 50% of the particles are either collected by the 
sampling device and the other 50% are rejected  (US EPA, 
2004). The two cut-off sizes for the Thermo Andersen Model-
241 dichotomous sampler are 2.5 µm and 10 µm. 
 
However, in practice, this is a non-precise simplified analysis 
to characterise the collector efficiency completely. The efficiency curve is  actually S shaped, therefore 
some particles above the cut-off size pass to the next stage, when they should be retained, and some of 
them are retained, when they should pass through (Figure 3.2). Thus, a PM2.5 sampler, as defined by the 
Federal Reference Method (US EPA, 1998), rejects 94% of >3 µm particles, 50% of >2.5 µm particles, 

Figure 3.2. Ideal and real impactor 
cut-off curves (Hinds, 1982). 
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and 16% of 2 µm particles. Samplers with the same 50% cut-off size point, but differently shaped 
penetration curves, would collect different fractions of PM. 
 
(b)  Cascade impactor 

The eight-stage cascade impactor Sierra Model-220 (Andersen Samplers, Inc.) has the same operation 
principles as any other multi nozzle cascade impactor, including the previously explained Dichotomous 
sampler, but it is able to sample particles in different size fractions (Figure 3.3). At each stage, jets of 
particle-laden air are impinged upon an impaction plate and particles larger than the cut-off size of each 
stage are collected on the impaction plates. Smaller particles with less inertia are carried by the air 

streamlines and proceed onto 
the next stage. The nozzles of 
each succeeding stage are 
progressively smaller, giving a 
higher velocity through the 
nozzles, and a smaller particle 
cut-off size. The airflow 
continues through a series of 
eight impactor stages. The 
smallest particles are retained 
by the final filter (Hinds, 1982).  
 
The cut-off sizes for each stage 
for the instrument working at a 
10 l·m-3 flow rate, can be found 
in Table 3.1. The cut-off size is 
proportional to the Stokes 
Number, which depends on the 
impactor type (model, geometry 
and other characteristics), 

which is provided in the manufacturer specifications. The cut-off size is obtained by the followed 
expression: 

5050

9
Stk

UC
W

d
cpρ

η
=  [3.1] 

 

where: pρ is  particle density, cC is  Cunningham correction factor, U is air velocity in the nozzle exit 

(U=Q/A), Q is Nozzle volumetric flow, A is  Nozzle area, 50d  is  particle cut-off size, η  is air viscosity, W 

is  nozzle weight or diameter and Stk is Stokes Number. 

 
Table 3.1. Sierra -220 stage cut-off size at 10 l·m-3 of flow rate. 

 Impactor stage cut-off size 

Stage 1 2 3 4 5 6 7 8 

D50 (µm) 16 10 4.0 2.4 1.5 0.85 0.47 0.29 

  
Particles in the impactor are collected in a substrate placed over each impaction plate. For microscopy 
analysis, particles must be deposited onto the same superficial level so fibre filters cannot be used for the 

Figure 3.3. Cascade impactor: (a) stages diagram, (b) Sierra-
220 impactor, and (c) substrate design. 
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purposes of this work as explained in the next point. The designed substrate is made of commercial 
aluminium foil, with four holes adjusted to the nozzle geometry following the manufacturer instructions to 
allow particles, smaller than the stage cut-off size, to pass through (Figure 3.3.c). 
 

3.2.2. Particle collection substrates 

For SEM analysis, particles are collected on either superficial filters or substrates depending if the 
technique is based on filtering or impaction. They must be all in the same spatial plane to guarantee they 
are properly measured during the image measuring process (Figure 3.4). 
 

 
Figure 3.4. SEM images of Atmospheric aerosols collected in (a) quartz filter, (b) polycarbonate filter, (c) 
glass substrate, and (d) aluminium substrate. 

 
Quartz and polycarbonate filters (Figure 3.4a,b) are frequently used in filter based sampling techniques, 
such as with high volume or dichotomous samplers.  Quartz filters (Figure 3.4a) are comprised of a great 
number of crystalline silicate fibres through which the air passes. They are widely used in various bulk 
chemical analytical methods but, unfortunately they are useless in microscopy. Smaller particles fall into 
the bottom of the filter during sampling and the measurement becomes biased as only larger particles are 
retained in the outer surface. In addition, this type of filter reduces image resolution as particles lie at 
different depths and therefore focusing frequently becomes a challenging task. 
 
Polycarbonate filters (Figure 3.4b) are superficial filters that present rounded pores of one to several 
hundreds of nanometers. This type of filter is widely used for microscopy purposes. They give a very good 
image response enhancing the microscope resolution as particles lay on the same plane. Therefore, they 
are suitable for image analysis purposes ; however, they present certain disadvantages. For example, their 
carbon composition frequently interferes with the X-ray spectrum of the particle  and the pore edges 
sometimes become bright and might be automatically segmented and labeled erroneously by the particle 
measurement program as a particle. In addition, the filters show a degree of roughness, down to a level of 
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several nanometers, which generally makes it 
difficult to distinguish particles and therefore  
limits the resolution to particles over 100 nm. 

 
Glass fibre  and aluminium substrates are used 
in the inertial not filtering based techniques 
such as cascade impactors. Glass fibre  
substrates (Figure 3.4c) give a very good 
response in imaging. However, the impact of 
the particles with the surface is severe and 
frequently results in the bouncing off of smaller 
particles that are carried on larger particles, 
thereby biasing the count (Figure 3.5). 
Aluminium (Figure 3.4d) substrates also give a 
good response in imaging and are very stable but its strong conductivity sometimes produces, in non-
conductive particles, a darkeneing effect that may lead to miscounting. 
 
 

3.3. Scanning Electron Microscopy: basic concepts 

Scanning Electron Microscopy (SEM) basically  involves the interpretation of information obtained from 
the interaction between an electron beam and the sample. The beam-matter interaction generates different 
response signals, which, when managed with the adequate detector, gives microscopic information about 
the nature of the sample.  
 

Different information is obtained from each 
of the emitted signals in the sample-beam 
interaction. Electron signals are used for 
imaging while X-ray signals are used to 
obtain elemental composition (Figure 3.6). 
Two different electron signals are used: 
secondary electrons  (SE) , which primarily 
provide information about sample topography 
and is the optimal technique for measuring 
particle size and morphology, and 
backscattered electrons (BSE) , which 
provides additional information about 
chemical composition heterogeneities in the 
sample when the resultant image is compared 
with that obtained by SE.  The image obtained 
by BSE is generally of poorer resolution. 

Alternatively, characteristic X-rays are used to obtain information about chemical composition through 
spectrum analysis.  In addition to these signals, other physico-chemical phenomena, such as superficial 
contamination by local hydrocarbon deposition from the residual vapors in the vacuum system or specific 
element migration (as in the case of nitrogen), may be taking place, and therefore detected,  in the sample 
(Aballe et al, 1996). 

 

Figure 3.5. Crater shaped effect of small particles 
disintegrated from the large one with the impact 
produced during deposition. 

Figure 3.6. Sample-beam interaction primary signals in 
SEM. 
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3.3.1. SEM description 

SEM is comprised by four main systems: column, control unit, vacuum system, and refrigeration system. 
The principal part of the Microscope is the column, where all the necessary elements for the signal 
formation, treatment and detection take place (Figure 3.7). The column is basically comprised of: 
 
1) An Electron Gun that acts as electron source. The filament of the electron gun is able to emit electrons 

when a power differential is applied over it. 
 
2) Electron lenses are used to reduce the diameter of the primary electron beam and to focus it on the 

specimen. 
 
3) The goal of the aperture system if to remove the deviated electrons from the beam trajectory, helping 

to increase resolution. 
 
4) The scanning system (also called deflection system) manages the scan of the beam along a line and its 

displacement creating a rectangular raster to form the rectangular image. Two different pairs of 
electromagnetic deflection coils (also scan coils) are used to control the raster of the beam. 

 
5) The specimen and the signal detectors are placed into the vacuum chamber, which is connected to the 

vacuum system, the refrigeration system, and the control unit. The detectors recover the signals from 
the different electrons and convert them into electric signals. 

 
Figure 3.7 . SEM control unit and column. Detail of the SEM column systems (adapted from Goldstein et 
al., 1992). 
 
The control unit, which is usually computer managed, processes the electrical signals emitted by the 
detectors and converts them into digital images (when the signal comes from SE or BSE) or into spectra 
(when the signal comes from the X-ray). The unit is comprised of a control unit , which allows adjustment 
of the magnification and other image parameters, and the screen that displays the information. 
 

 Control Unit 

Column 
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3.3.2. SEM resolution: choosing the right instrumentation 

Several different types of Electron Microscopes are available for microscopy research:  the Scanning 
Electron Microscope (SEM), the Transmission Electron Microscope (TEM) and the Atomic Force 
Microscope (AFM) are common examples. The different instruments and their related theoretic chemical 
and spatial resolution are presented in Figure 3.8. Chemical information content varies from elemental 
composition (the lowest) from carbon and heavier elements to the identification of the functional groups 
(the highest) and is given by the X-ray signal. Spatial resolution ranges from more than one micron down 
to nanometer scale and can be obtained from both electron and X-ray signals, the former being associated 
with producing much higher spatial resolutions. Ideally, the choice of microscope (or microscopes) used 
would be based solely on the aims  on the research (chemistry-spatial resolution efficiency), but 
availability of all these techniques is not always possible given the high financial costs invariably 
involved. Hence this problem generally leads to the inverse question that focuses on which problem can be 
solved with the techniques and technology available. 
 
As mentioned at the beginning of this 
chapter, two different types of SEM 
techniques have been used during this 
research project: CCSEM based on 
standard SEM and HRSEM based on 
Field Emission SEM (FE-SEM), both of 
them coupled to Energy Dispersive X-
ray Spectroscopy (EDS). The theoretic 
spatial resolution is defined as the 
minimum distance that two objects can 
be clearly distinguished by the 
instrument, which is around 2-5 nm for a 
standard SEM and under the nanometer 
for HRSEM (Figure 3.8). However, this 
theoretic resolution increases to several 
hundreds of nanometres in SEM and to 
several nanometers in HRSEM during 
the quantitative characterisation of 
particles. In practice, the specific 
resolution for chemistry and imaging 
depends on the instrument and the 
operating conditions (see section 3.3.6). 
 

3.3.3. The electron gun 

The electron gun provides an intense beam of high energy electrons. There is a wide variety of gun types 
for a SEM that varies with the amount and stability of electron current that can be produced, the size of the 
source and the source lifetime. 
 
The electron emission in a standard gun is based on a thermionic principal that occurs when enough heat is 
supplied to the emitter so that electrons can escape from the material. This type of electron gun is 
comprised of three components: cathode (tungsten wire filament), Welhnet cylinder or grid cap, and the 
anode (Figure 3.9). The tungsten filament in the thermionic gun is heated by applying a high voltage 

Figure 3.8. Chemical versus spatial resolution (theoretic) 
in the different microscopy techniques (adapted from 
Zeleney, 2007). Techniques onto the grey background give 
only image information unless coupled with any other 
technique such as EDS. Techniques used during the 
research are circled in red. 
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power supply which generates resistance within the filament.   Electrons are emitted from the V-shaped 
filament at the operating temperature. The grid cap focuses the emitted electrons, creating the initial beam, 
and controls the amount of electron emission, due to a lower negative potential (than that in the filament) 
which is achieved using the bias resistor as voltage divider. The focus forces the electrons to a crossover 
of diameter, d0, and divergence angle, α0. The anode has a hole that acts as a filter, allowing electrons with 
a trajectory towards the hole to pass through and collects those that fall wayward. Collected electrons 
return to the high voltage power supply. 

 
In the case of Field Emission electron Guns (FEG), the cathode is usually a wired thin sharp tungsten 
crystal with two anodes (Figure 3.9b). The second anode is used to accelerate the electrons to the 
operating voltage. The applied electric field, which is concentrated on the tiny tip, is so high that there is 
no need for thermal energy to induce electrons to escape from the material. A cathode current density as 
high as 105 A/cm2 can be obtained from a field emitter, compared with about 3 A·cm-2 from a tungsten 
hairpin one (Goldstein et al., 1992). This results in a very high brightness in the FEG images. 

 
The maximum theoretical brightness (A/cm2sr) for a conventional 
electron gun can be determined by: 

kT
eVJ c

π
β 0

max =    [3.2] 

where: Jc is the current density, at the cathode surface, V0 is the 
accelerating voltage, e is the electronic charge (1.59·10-19 C, 
coulomb), k  is the Boltmann’s constant (8.6·10-5 eV/K), and T(K) is 
the absolute temperature (Langmuir, 1937). 
 
The maximum theoretical brightness (A/cm2sr) of a field emission 
gun is given by: 

E
eVJ c

∆
=

π
β 0

max   [3.3] 

where ∆E, the spread energy of the beam, is around 0.3 eV (Crewe 
et al., 1971; Goldstein et al., 1992). Substituting the typical values (Jc = 3 and 105 A·cm-2; T = 2700K) for 
each electron gun in equations 3.1 and 3.2 respectively, both guns working at the same accelerating 

voltage (20 kV), βmax results approximately 102-103 times higher for FEGs  (Goldstein et al., 1992). 
 
The brightness (B) in the image will be the beam current per unit area, per solid angle and it is generally 
estimated by: 

2)/(4 ppp diB απ=  [3.4] 

Figure 3.9. (a) Thermionic 
electron gun basic diagram 

(Hall, 1966), (b) Butler field 
emission source, where V1 is 
the extraction voltage, and V0 

the accelerating voltage 
(Crewe, 1969). 

Figure 3.10.  Parameters  
of the electron beam 
during interact ion. 
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where ip is the beam current, dp is the beam size, and αp the probe convergence angle (Figure 3.10). 
 
 

3.3.4. Electron lenses 

The electron lenses, located just after the electron gun, convert the initial electron beam of around 10-50 
nm of diameter to a final spot of 1-10 nm. In the case of standard tungsten guns the demagnification is 
around 10,000 times, when in the case of FEG it is only 10-100 times. Typically, electron lenses use 
electromagnetic fields to focus the electron beam. 
 
Two types of lenses are found in the SEM’s column: condenser and objective lenses. The condenser lenses 
control the degree of magnification while objective lenses allow focusing of the image. There are two 
different types of objective lens: conical lenses and symmetrical immersion lenses .  Conical lenses are 
commonly used in standard SEMs and in order to obtain high image resolution it is  usually necessary to 
reduce the working distance, or distance between specimen and objective lens, WD. As much as possible.  
However, lens aberrations increase rapidly with focal length. Symmetrical immersion lenses are more 
frequently used for ultra-high resolution scopes with FEG. Since the specimen is immersed in the 
magnetic field, this lens provides focal lengths of around 2-5 mm in comparison with 10-40 mm with the 
conical ones, which means lower aberrations, and a smaller probe size. In addition, the secondary electron 
signal with a symmetrical immersion lens is clean due to the lens’ magnetic field that attracts BSE, so that 
only SE are collected in the detector, thus allowing a much higher resolution. 
 
Each lens type uses different types of objective aperture: real, in the case of the conical lenses, and virtual, 
in the case of immersion lenses. The real objective aperture is the one located just in front of the specimen 
in the gap of the lens. The virtual one is located between the last condenser lens and the objective. For 
both types, centreing is important (Goldstein et al., 1992). The final aperture has three important effects on 
the final probe: to minimize aberration, to minimise current on the final probe size, and to control the 
depth of field. 
 
There are different lens aberration types: spherical, aperture diffraction, chromatic and astigmatism which 
causes blurring.  Each type of aberration is formed by different processes: 
 
Electrons that deviate from the lens centre and have the greatest strength cause spherical aberration. The 
use of very small apertures, that reduce spherical aberration, frequently results in a diffraction pattern  
instead of a point at the image plane. Chromatic aberration  is caused by the variation in the electron beam 
energy that disturbs the focusing in the image plane due to instabilities on the high voltage and lens 
current power supplies. Astigmatism is due to imperfect rotational symmetry in the lenses, and its effect 
can be easily recognized by under-focusing and over-focusing the image. When a specific object in the 
image stretches and elongates through different directions from the same focus point in the under-over 
focusing action, astigmatism must be corrected. This correction is usually carried out by an octupole of 
small electromagnetic coils that apply the required level of additional pole in the right direction (Goldstein 
et al, 1992).  Whilst astigmatism can be directly corrected in the SEM, the only way to reduce the other 
three aberrations is by calculating the objective lens aperture that minimizes the effect, thus allowing the 
maximum amount of current at the minimum probe size to be obtained. 
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3.3.5. Electron beam-specimen interactions 

The region over which the beam electrons interact 
inside the specimen is called interaction volume, and it 
is known to adopt bulbous shape (Figure 3.11). 
Electron-specimen interactions can be divided in two 
main groups: elastic scattering , that affects the beam 
trajectories coming into contact with the specimen 
without altering the kinetic energy of the electron, that 
is, the backscattered electrons (BSE), and the inelastic 
scattering  that results from a transfer energy between 
beam electrons to the atoms of the specimen, which 
leads to a production of additional signals, as, 
secondary electrons (SE) and  X-rays, both of which are 
commonly used in SEM characterisation studies. In 
other words, back scattered electrons are primary beam 
electrons that rebound following interaction and reach 
the detector; secondary electrons are electrons that 
escape from the main sample, and the X-rays are free 
energy released by electrons in the sample. 
 
Figure 3.12 shows the volume interaction of the different signals in Electron Microscopy and their 
resolution. The signals of the Auger and secondary electrons have very good image resolution because 
their information comes from the specimen superficies, when the rest of the signals have lower image 
resolution as penetration depth (Xd, R(x), and R) increases. 
 
Estimations of the volume interaction are frequently done with Monte Carlo electron-trajectory 
simulations which are able to calculate the inelastic and elastic scattering effects. This type of model is 
widely used to establish the depth penetration in the interaction as a function of beam energy, specimen 
composition, and surface tilt, and it is of particular importance in the X-ray characterisation studies.  

 
Figure 3.12. Diagram showing the increasing of penetration depth of interaction volume with incident 
beam energy (E0) and accelerating voltage (AV) (from 
http://laser.phys.ualberta.ca/~egerton/SEM/sem.htm). 

Figure 3.11. Schematic diagram of the 
electron-specimen interaction of the different 
signals, their depth and resolution. 
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3.3.5.1. Backscattered electrons 

The energy with which the backscattered 
electrons (BSE) arrive to the detector depends 
on specimen nature, such as: composition 
(atomic number or compositional contrast), 
local surface  variations (topographic or shape 
contrast), crystallography (electron channeling), 
and internal magnetic fields (magnetic 
contrast), which make them a very useful signal 
for imaging. For detection purposes, BSE are 
considered when the energy of the probe 
electron beam is over 50 eV (Figure 3.13). 
 
Backscattering increases with atomic number. 
In practice, elements with different atomic 
number have different contrast in the backscattered image. Atomic number contrast between adjacent pairs 
of elements is larger at low atomic numbers and weaker at high atomic numbers. 
 
3.3.5.2. Secondary electrons 

The strongest region of the electron energy (region spectrum) in the specimen bombardment is due to 
secondary electrons. They are produced when an incident electron excites other electrons in the sample 
and the excited electron moves towards the surface, losing energy in the process through elastic and 
inelastic collisions until reaching the surface. One of the major reasons for coating a non-conductive 
specimen is to increase the SE response because they need less energy to escape from the sample. 
Secondary electrons, by convention, are those emitted with energy less than 50 eV (Figure 3.13). The 
mean free path length of secondary electrons in many materials is approximately 100 nm (Goldstein et al., 
1992). This volume of production is very small compared with BSE and X-rays. 
 
The detector receives the signal from two different types of secondary electrons: SEI, which are the ones 
directly associated with the primary beam, and SEII, the ones formed by backscattering. The SEI signal is a 
high-resolution signal because it maintains the spatial resolution and sampling depth of secondary 
electrons. SEII, as consequence of their backscattered influence carry lower resolution signals. 
 

3.3.6. Determining the optimal operating conditions 

Scanning Electron Microscopes  are generally very sensitive pieces of equipment that require a detailed 
set-up procedure to guarantee optimal operating conditions. These conditions may vary greatly with the 
instrument type and model, but generally are closely related with resolution. The highest resolution the 
instrument achieves, the most complex the procedure is. For instance, the equipment used for this study 
greatly varied in the procedure. CCSEM used for quantitative analysis is essentially  stable equipment that 
can work with autonomy for many hours whilst maintaining the initial conditions. HRSEM equipment 
based on Field Emission technology, as used for the qualitative analysis of this investigation, are generally 
very sensitive to ext ernal conditions such as temperature and noise. 
 

Figure 3.13. Distribution of electrons based on the 
primary electron beam energy (E0). 
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3.3.6.1. Stability of the signal 

The stability of the signal is of primary importance in order to obtain images in high and ultra-high 
resolution scope modes. An appropriate warm-up period in the microscope chamber is necessary to ensure 
the thermal equilibrium among the vacuum chamber components and walls. For instruments, such as those 
based on Field Emission for ultra-high resolution, the room conditions can limit the resolution of the 
image to much lower resolutions than it is capable of reaching, since this instrument is very sensitive to 
high temperatures and external vibrations. The manufactures usually recommend specific ambient 
temperatures between 20-22ºC. The absence of external noise is nearly impossible, but vibration absorbers 
usually reduce it. These instruments are rarely switched off to guarantee the previously mentioned thermal 
equilibrium among chamber components and column walls. 
 
3.3.6.2. Magnification 

The calibration of the scope is routinely checked in every SEM, and it is usually done with certified test 
specimens following a specific Standard (i.e., ASTM E 766-98: Standard Practice for Calibrating the 
Magnification of a Scanning Electron Microscope). Determining the appropriate working magnification is 
very important in CCSEM techniques to optimize subsequent image measurement errors in sizing and 
morphological characterisation. 
 
3.3.6.3. Accelerating Voltage 

The accelerating voltage (AV), as applied on the source emission, is proportional to that from the primary 
electron beam and can be generally adjusted from 1 to 30 kV. Accelerating voltage must be adjusted based 
on the objectives of the work and the type of information to obtain from the images (Figure 3.14). The 
optimal AV is also very important in X-ray characterisation, so it is essential to determine the AV that 
optimizes the signal. Increasing accelerating voltage will decrease lens aberrations, which leads to better 
resolution, an increase in probe current at the specimen, and thus, increase beam penetration (Figure 3.11-
12). 

Accelerating 
Voltage 

Low 

High Non superficies detail 

 Higher etching effects 

 Higher electrical charge  

 Higher damage 

Lower 
resolution 

Superficial details 

 Lower etching effects 

 Lower electrical charge 

 Lower damage 

Higher 
resolution 

 
Figura 3.14. Accelerating Voltage effects over the sample and image resolution (adapted from Jeol SEM 
manual, 2003). 
 
3.3.6.4. Working distance 

Working distance (WD) is the distance between the specimen and the objective lenses. In normal working 
conditions, WD is between 5-20 mm, and under 5 mm for projects that need high-resolution imaging. 
Increasing WD increases probe size, aberrations and the straying of magnetic fields (Figure 3.15a). 
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3.3.6.5. Probe diameter or spot size 

The probe diameter is the beam diameter when it impacts on the sample. Decreasing the spot size will 
enable greater resolution, decrease lens aberrations and decrease probe current (Figure 3.15b). 
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Figure 3.15. (a) Image resolution based on working distance, and (b) on probe dia meter (Jeol SEM guide, 
2003). 
 
3.3.6.6. Sample preparation and handling 

Every specimen in SEM characterisation needs to possess certain properties to be properly observed 
during the electron beam interaction. The specimen needs to be electrically and thermally conductive to 
avoid sample charging, that would involve the material damage (Figure 3.16), and poor image resolution. 

 
Figure 3.16. Evolution of a volatile compound bearing particle during the interaction in a few seconds 

time period. 
 
In the case of particulate matter the conductivity depends, basically, on the chemical composition of the 
particle being characterised. If the particles do not have the proper conductivity they can volatilize or 
jump, and cause serious damage to the microscope components. Imaging particles containing nitrogen, for 
example, may result very challenging as nitrogen is known to easily sublimate under the electron 
interaction whilst in the microscope (Figure 3.17). 

 
Figure 3.17. Evolution of a nitrate particle during beam interaction in a time interval of 2-3 seconds: (a) 
nitrate particle starting to sublimate (sparkling oval in the centre of the two particles), and (b) remains of 
the nitrate between the other two particles. 

(c) Ta
ble 

(b) 
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Generally, particles in which only nitrogen is detected (probably nitrates) volatilize completely (Figure 
3.17) whereas particles that contain sulphur, for example, only exhibit determined alterations (Figure 
3.18). 

 
 
(a) Coating 

To increase specimen conductivity, samples are usually coated with a high conductive material. Carbon 
coating is usually effective for EDS characterisation, but creates an overestimation in carbon when 
characterisation is focused on carbonaceous particles. For imaging, the optimal coatings generally consist 
of Au or Au/Pd.  
 
In the case of high resolution in imaging, it is important to know approximately the thickness of the 
coating layer. If the coating is thick, textural details can be hidden. The technique is usually done by 
sputtering, and the coating time is estimated by: 

KIV
d

t =  [3.5] 

where t(s) is the sputtering time, d(Å) is the desired coating thickness, K is a dimensionless constant that 
depends on the material and the sputter-specimen distance, I(mA) is the plasma current, and V(kV) is the 
applied voltage. Coating times usually vary from 30 seconds to several minutes. 
 
The objective of this operation is to avoid the specimen charging, promote heat dissipation during 
bombardment, increase the SE signal, increase the resolution and increase the mechanical stability of the 
material. 
 
(b)  Sample handling and storage 

For SEM characterisation, especially in particle matter characterisation, samples must be handled with 
caution to avoid contamination. In addition, whenever it is possible, substrates must be placed in sealed 
plastic dishes and stored under refrigeration until analysis to avoid subsequent reactions and re-
crystallization. Nevertheless, this remains a weak point of off-line characterisation as it is  difficult to 
establish what happens to the sample during and after collection. These points are specifically treated in 
the chapters containing the results. 
 
 

Figure 3.18. Ammonium sulphate 
droplet before and after EDS 
characterization, presenting 
alterations due to the chemical 
reactions during SE imaging, and 
a hole of the spot during EDS 
acquisition. 
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3.4. Digital Image Analysis: basic concepts 

3.4.1. Introduction 

Digital Image Analysis (DIA) is the process that involves all the necessary operations to obtain 
quantitative information from the images. It varies with the type of images and the type of measurements 
obtained, but it usually involves four main operations: image acquisition, processing, 
segmentation/labeling and measurement (Figure 3.19). Acquisition is the process of obtaining the digital 
image, whilst processing is usually focused on optimizing the quality of the image to differentiate between 
the objects to measure and the background. Segmentation is the operation that allows the separation of the 
objects from the image background and measurement involves all the mathematical operations to obtain 
the parameters from the previously segmented objects. 
 

 
Figure 3.19. General diagram of the Digital Image Process. 

 
These operations would depend on the properties of the digital image (spatial resolution, pixel depth, and 
number of planes): 
 

(a) The spatial resolution  is defined by the number of vertical columns and horizontal rows of the 
image. A standard image of n horizontal rows (height in pixels) and m columns (width in pixels), 
has a resolution of n·m. 

 
(b) The pixel depth  or image definition indicates the maximum number of brightness levels the 

image can have. The brightness scale is determined by the number of bits used to codify the pixel 
intensity in a 2n relationship, where n is the number of bits. The most widely used brightness 
scale is that in which n=8 bits, where  one pixel would have 28=256 different luminosity values 
that vary from 0 (absence of luminosity, black) to 255 (maximum luminosity, white) on a grey 
scale. 

 
(c) The number of planes in a digital image is the one that defines its colour scale. For grey scale 

images, one pixel in a digital image has one unique brightness value, f(x,y)=I, as it was 
previously defined for SEM imaging. For colour images, the pixel has three different luminosity 
levels, f(x,y)= (R,G,B), one for each channel,  Red (R), Green (G), and Blue (B), representing the 
primary colours on a luminosity scale. 
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3.4.2. Image acquisition 

The scanning of the electron beam is 
responsible for image formation. The two 
electromagnetic coils placed at the end of the 
objective lenses manage the axis movements 
(Figure 3.20). Each coils controls one of the 
axis movements, in the x and y  plane, 
respectively. The information obtained by the 
scope consists of the scan location XY and the 
intensities of the set of detectors. The cathode 
ray tubes (CRT) movement is synchronized 
with the one of primary electron beams to 
convert the information received from the 
detector into an image (Figure 3.20). With the 
XY location and their intensity, the image can 
be mapped at different scan speeds. A 
television works at scan speeds of 0.033 s per 
frame, which gives a live perception. The visual display CRT , in low scan, usually allows speeds in the 
ranges 0.5 to several seconds allowing higher image resolutions. 
 
The XY coordinates and the intensity level determine a digital image. Each individual element (a  pixel), is 
defined by the pair of coordinates (x,y) and the brightness level f(x,y)=I, where I is a value in the grey 
scale that varies from 0 to 255, that determines the intensity of the specimen at that point. I has a value of 
0 for black (absence of intensity) and 255 for white (maximum intensity). Geometrically, each pixel is a 
square of minimum size and, mathematically, one element of an algebraic matrix (Figure 3.21), which can 
be processed by mathematic algorithms. Each single pixel has a geometrical calibration, usually given by 

µm2/pixel or nm2/pixel, which allows obtaining size measurements. 
 
The ratio of the area rastered on the specimen with respect to the CRT gives the magnification (L/l in 
Figure 3.21). The overall signal produced from the sample may be summarised by its brightness and 
contrast, both of which can be electronically and mathematically modified. 

 
Figure 3.21. Mathematical representation of a digital image. 

Figure 3.20. Electron beam movement over 
the specimen and screen visualization. 
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The brightness of the image reflects the signal produced from the sample and will vary from one point to 
another. Brightness can be increased by amplifying the signal from the sample and vice versa. Brightness 
depends on the specimen topography, chemical composition, electrical conductivity, and other properties. 
Maximum brightness reached for SEM instruments in the study are given by the expressions 3.1 for 
CCSEM and 3.2 for FE SEM, and it is determined by the expression 3.3. 
 
Contrast reflects the variation in the signal from point to point. The contrast between two different points 
may be expressed as: 

2

12 )(
S

SS
C

−
=   [3.6] 

where S1 and S2 are the signals at two any points in the scan raster that defines the image. Contrast can 
also be enhanced by electronically increasing the difference between small and large signals. 
 

3.4.3. Image processing  

Image processing generally involves the operations required to optimize the image for posterior 
segmentation and measurement. Mathematical algorithms increase the image quality, adjusting contrast, 
brightness and sometimes focusing, but can never add information that has been lost during the image 
acquisition. This is the reason why the SEM optimal conditions, sample preparation and handling are 
extremely important for subsequent image analysis. There are several types of operations for image 
enhancement. The most commonly used are low, median and high pass filters. No processing has been 
applied during the measurement process of the study. However, some operations have been applied to 
enhance the visual appearance of the images included in this project. 
 

3.4.4. Image segmentation 

The segmentation is the process that separates the particles from the background and labels each particle 
to allow measurements to take place. The segmentation method used in this work, in both CCSEM and 
HRSEM images, is based on the difference in brightness between the particle and the filter and it is known 
as Threshold.  
 
The threshold is the brightness level (or grey level) that optimizes the discrimination of the particles from 
the substrate and the limit that separates the acceptable values for the particles from those that are not. 
Two different thresholds, an inferior and a superior, usually define the limits. Particle brightness will fall 
within the two levels. As particles usually have a higher brightness than the substrate, the superior 
threshold value is the maximum grey level in the image, which will also correspond to a particle. The 
inferior threshold value will be the one that delimits the difference between the particle and the 
background. 
 
Mathematically, with N being the array of Natural numbers, (x,y) the spatial coordinates of a digital 

image, and { }1,...,1,0 −= lG  the array of grey levels in the image, the image function can be defined as 

GNNf →×: , where the grey level of a pixel of (x,y) coordinates will be denoted as f(x,y). The 

expression,  Gt ∈ , is a threshold and { }10 ,bbB =  a pair of grey levels ( )Gbb ∈10 , , the resulted 

segmentation for an image function f for the t grey level will be the following binary image function: 
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[3.7] 
 
 

Choosing the optimal threshold level in segmentation is not straightforward. Figure 3.22 shows the 
segmentation difference for an atmospheric particle for two different values of threshold. 
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Figure 3.22. Segmentation difference in a typical silicon-aluminium spherical (SAS) particle for two 
different values of threshold: (a) particle image, (b) particle cross-section AB and thresholds (t1=130, 
t2=110), and (c) result of the segmentation. 
 

3.4.5. Image measurement 

Image measurement can provide two types of parameters: global, which determines the contents of the 
complete image, and individual, which defines the characteristics and measurements of each single object 
in the image. A global parameter is, for example, the superficial density of particles in the substrate that 
will be calculated as a ratio of the total particles area to the image area. An individual parameter is, for 
example, the area of one particle in the image. Image measurement of individual particles is done by three 
different operations: particle identification, labeling and measurement (sizing and morphological 
characterisation). 
 
3.4.5.1. Particle identification and labeling 

After particle segmentation, it is necessary to identify the particles in the image and label each one. The 
first step is to count the number of particles in the image and to delete those that are in contact with the 
image border as they usually do not appear complete. After this, it is necessary to obtain a sequential list 
of pixel coordinates that identify each particle in the image. There are several different processes; most of 
them are based on raster techniques with different algorithms. Once the particles are identified in the 
image, they are numbered and labeled to link the subsequent measurements with the particle image 
(Figure 3.23). Image storage together with the measurements is very useful for reviews in follow-up 
analyses. 
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Figure 3.23. Enhanced image from Figure 3.16.b (a), segmented image (b), border contact particles 
filtered image (c), labeled particles interactive drawn over the initial image (d). 
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3.4.5.2. Morphological characterisation 

The characterisation of physical properties of atmospheric particles by the analysis of their 2D images is 
incomplete. The lack of information from the third dimension makes the interpretation of the 
measurements uncertain. It is usually assumed that the particle lies on its longest projection, also called the 
plane of maximum stability (Davies, 1979). This assumption usually leads to particle size overestimation 
in particles with certain physical characteristics, such as layered flat clays, or droplets that spread out on 
the filter. Three different types of measurements define a complete particle characterisation: size, shape 
and texture. 
 
[a] Size 
 
Size is generally defined by the particle diameter. The diameter of an equivalent projected sphere was 
used to characterise particles in the present work from the several existing methods to define particle size 
by means of microscopy (Allen, 1997; Hinds, 1999). 
 
The particle equivalent diameter is the diameter of a circle with the same area of the particle being 
characterised. This parameter is calculated from the formula of the circle area:  

πareaD p ⋅= 2  [3.8] 

where, area is the area of the particle (Figure 3.24). 
 
Particle area is the main parameter in object characterisation 
in image analysis. Particle area in a digital image is the 
calibrated number of pixels of the particle surface in the 
image: 
 

2xNpyxNparea ⋅=⋅⋅= (µm) [3.9] 

 
where, Np is the number of pixels that define the particle, 
and x, y (µm/pixel) is the geometrical calibration of the pixel 
length and height in the image. In this project, the pixels are 
squares, as explained earlier, derived from the geometrical 
calibration results yx = . 

 
[b] Shape 

Four dimensionless shape parameters, Sp1, Sp2, Aspect Ratio (AR) and Roundness Factor (RF) have been 
used in this study to quantitatively characterise the individual particle morphology. The first one is defined 
as: 

max
1 D

D
Sp p=   [3.10] 

where, Dp is the particle geometric diameter and Dmax is the maximum diameter. Sp1 is 1 for a perfect 
circle, and < 1 for all other particle shapes: 0.80 for a square, 0.71 for a ellipse with a major axis twice of 
the minor one, and 0.71 for a 2:1 rectangle. This parameter is a measure of particle compactness and 
elongation, although it is generally insensitive to changes in the smoothness of the perimeter. 
 
The second shape parameter is: 

Circle of equivalent 
area 

Area 

Dp 

Dmax 

Dmin 

Figure 3.24. Particle equivalent 
diameter, maximum and minimum axis. 
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max

min
2 D

D
Sp =   [3.11] 

where, Dmin is the particle minimum diameter. Sp2 is also one for a circle and decreases with particle 
elongation: 0.71 for a square, 0.50 for a 2:1 ellipse, and 0.45 for a 2:1 rectangle.  
 
Aspect ratio (AR) was used to describe particle shape and was calculated by fitting an ellipse to the 
projected particle area and dividing the major axis by the minor axis (J.S. Reid et al., 2003; Kandler et al., 
2007). Aspect Ratio is 1 for a perfect sphere and increases with elongation. 
 
A number of additional shape parameters can be used for SEM analysis, but those outlined above are 
sufficient for our purposes. It is possible to find very different particle shapes with the same shape 
parameter value, thus combining more than one shape parameter can be more useful for the quantitative 
analysis in this study. Additional qualitative analysis of high-resolution images has been done to complete 
the interpretation. 
 
The diameters of a particle are measured by chords. A chord is defined as a group of co-linear, contiguous 
points, all of which are above threshold. Determination of the centroid of the particle was made by 
drawing six additional chords on the particle. The first of these chords was drawn through the midpoint 
and perpendicular to the initial horizontal chord.  Each of the next three chords was drawn through the 
midpoint and perpendicular to the previous chord. At the midpoint of the fourth chord, a further chord was 
drawn at a 45° angle on the particle.   At the midpoint of this  chord, the final chord was drawn at a 135° 
angle. The centroid of the particle was determined to be the midpoint of the last chord, and represents the 
inertial moment of the particle.  
 
Sixteen spaced radial chords are drawn through the centroid of the particle. The longest and shortest radial 
chords were chosen as maximum and minimum particle diameters respectively. The calibrated radial 
chords are the particle diameters in metric units. The measurement of an individual particle was 
accomplished using the following expression (3.12): 

] 2/12
21

2
21 )()[( nnnnn YYXXCD −+−⋅=   [3.12] 

 
where, Dn is the length of the chord n or particle diameter n (µm), C is the calibration or conversion factor 
based on magnification, X1n is the coordinate of endpoint 1 of chord n , X2n is the coordinate of endpoint 2 
of chord, n, Y1n coordinate of endpoint of 1 of chord n, Y2n is the coordinate of endpoint 2 of chord, n. 
 

3.4.6. Error sources in image analysis 

Image acquisition, processing and measurement are usually related to two different error sources: one 
relative to the spatial resolution, and the other one to the image contrast (Coster, M; Chermant, J.L, 1985). 
 
3.4.6.1. Spatial resolution error 

When the image has a very low spatial resolution, the measurement can be susceptible to important errors. 
These errors are the consequence of the discrete propert ies of digital images.  
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A perfect circle for human recognition can have a different shape 
parameter value than one established for a perfect circle (Almeida et 
al., 2003). Digital images represent discrete functions and not 
continuous ones, this is the main reason why the mathematical 
concept is different to the ones frequently used as it is the case of the 
Euclidean mathematics. To minimize the errors in a discrete function 
it is necessary to be as close as possible to a continuous one. This 
occurs when the discrete function tends to infinite. 
 
This is translated in terms of discrete particles into a very simple 
idea:  the more pixels the particle contains (achieving as high a 
spatial resolution as possible) the smaller the associated error. An 
example of the variation of the error with the particle spatial 
resolution is a spherical particle in an image as it can be seen in 
Figure 3.25. The circle corresponding to the particle is drawn in red. Supposing that each one of the 
discontinuous lined squares is the basic unity of the discrete image, this is, one pixel, the area of the circle 
would be 88 u2. If we suppose now that one pixel corresponds to a continuous lined green square (1U=5u), 
the area of the particle would comprise 4 pixels and will be equivalent to 100 u2. The real area of the 
object is 78.5 u2. 
 
3.4.6.2. Error relative to image contrast and focus 

The brightness and contrast conditions of the image and the focus of the particle in the image can lad to an 
excessive or defective measurement. These errors are directly associated with the microscope capabilities 
and can be calculated (and accounted for) during the calibration of the microscope. 

3.5.  Energy Dispersive Spectroscopy: basic concepts 

The energy dispersive X-ray spectrometer gives the spectrum for elemental composition. The spectra 
acquisition generally ranges from 10 to 100 seconds in time and from 100 eV to the beam energy. The 
EDS has no multiple wavelength interference problems but the resolution related to energy (100 eV) can 
lead to peak overlapping for the lighter elements. 
 

3.5.1. X-ray signal 

X-rays are electromagnetic radiation and represent a very energetic portion of the electromagnetic 
spectrum, possessing short wavelengths of about 1 to 1000 nm. They are bound by ultraviolet light at long 
wavelengths and gamma rays at short wavelengths. 
 
Two different components form the X-ray spectrum: a characteristic one, which identifies the specific 
atom(s) present in the interaction volume, and a continuum one, which is not specific and forms a 
background at all energies.  
 
Characteristic X-rays are those that give information about the elemental composition in the specimen. 
During the specimen bombardment by the primary electron beam, some electrons are knocked out of their 
shells in a process called inner-shell ionization. To neutralize the excitement state of the atom after the 
electron leaves, an electron from an outer-shell fill in the vacancy in a process of self-neutralization. When 

Figure 3.25. Spatial resolution 
of a particle in a digital image. 
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outer-shell electrons drop into inner shells, they emit a quantized photon "characteristic" of the element. 
The X-ray from the electromagnetic radiation of this photon corresponds to the characteristic X-rays. 
Continuum X-rays are the result of the deceleration in the inelastic electron collision with the specimen. 
This type of X-ray does not give any specific information about the specimen. Hence the level of 
continuum radiation plays an important role in the X-ray analytical spectrometry because it forms a 
background under the characteristic peaks of interest. 
 

3.5.2. EDS detector 

The EDS detector (sometimes called EDX detector) is essentially a la rge single crystal semiconductor that 
has either been treated to approximate an ideal semiconductor, or is of high enough purity to truly be an 
intrinsic semiconductor. This intrinsic semiconductor is cooled so there is very little thermionic creation of 
charge carriers, typically by liquid nitrogen. Front and back contacts are kept at several kilovolts potential 
relative to each other. X-rays that pass through the front contact will tend to dissipate their energy creating 
electron-hole pairs in the intrinsic region because each electron-hole pair has characteristic creation 
energy, the total number of charge carriers created is proportional to the energy of the incident X-ray. 
Thus, by measuring the charge pulse that is created for each X-ray, the energy of the X-ray can be 
determined. A computer keeps track of the number of counts within each energy range, and the total 
collected X-ray spectrum can then be determined.  
 

3.5.3. EDS Fundaments 

An atom is a positively charged nucleus surrounded by shells of negatively charged electrons. The shells 
are known as: K, L, M, and N from the inner to the outer shell. The quantum numbers define the electron 
position in the atom. 
 
Characteristic X-rays are produced from the jump of the electrons from one shell to another in the process 
of shelf-neutralization explained earlier in the text. K shell ionizations, for example, are commonly filled 
by electrons from the L shell (Kα radiation) or M shell (Kβ radiation). In theory, characteristic X-rays are 
named according to the shell  being filled and the number of shells changed by the electron is indicated by 
α(1 shell), β(2 shells), or γ(3 shells). Moseley’s law describes the relationship between atomic number and 
wavelength of a spectral line: 

2)( σλ −= ZK   [3.13] 

where K and σ are given constants for an spectral line. For energy, this expression is approximately 
equivalent to: 

2)1( −= ZKE   [3.14] 

in keV, where Z is the atomic number and K= 1.042·10-2 for the k-shell, 1.494·10-3 for the L-shell, and 
3.446·10-4 for the M-shell. 
 

3.5.4. Element identification and quantification 

The first step prior to the element identification in the spectrum is the background correction. There are 
two main methods to correct the background in a spectrum: 1) modeling, by calculating the continuum 
energy response function combined with a mathematical function of the detector response, and 2) filtering, 
by digital processing. 
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To measure the intensity of an X-ray line in a spectrum, it is necessary to guarantee that there is no peak 
overlapping. The EDS resolution is the capacity of the spectrometer to separate peaks close in energy or 
wavelength. Typical detectors have a resolution between 130 and 155 eV, wh ich can lead to peak 
overlapping in X-ray spectra for multi-element specimens. A mathematical model is  most commonly used 
to separate, at each channel, the effects of the peaks that are summed together, referred to as convolution, 
and is through this which the spectrum can be generated. Once the spectrum is corrected, the characteristic 
K, M and L families of the elements can be searched and identified.  
 
The EDS measurement method used in the study is semi -quantitative. The EDS peak area for each 
identified element is expressed as a percentage of the total area of all elements analysed, therefore, the 
number of X-rays counted are attributed to each element. In general, the EDS peak area percentage 
increases or decreases with the element concentration but it cannot be directly considered as a weight 
percentage unless a correction with standards is made. The classification of chemical families with known 
stechiometry, such as minerals, is done by comparison to spectra collected from known standards. 
Changes in non-stechiometric components can be expressed as changes in the EDS peak area as opposed 
to weight percentage (Kennedy et al., 2002). 
 

3.6. Quantitative analysis with CCSEM/EDS 

The quantitative analysis in this work has been developed with a CCSEM. The term Computer Controlled 
Scanning Electron Microscopy (CCSEM) is the one that involves all the necessary steps to develop the 
characterisation in an automatic mode. This instrument is a totally automated SEM capable of providing 
information of thousands of particles in a time scale of several hours without any human assistance other 
than the initial set-up and programming. Once the microscope is set up, the run will give the desired 
information in an autonomous way. As the 
microscope runs without any assistance, the 
previous setup and programming is of 
paramount importance. The data is generally  
treated by statistical methods so human 
interpretation is limited. However, the operator 
must be aware of the uncertainties and errors 
related with the process, especially those related 
to previously run operations. 
 
The equipment used for the CCSEM analysis 
was the Personal SEM® (ASPEX PSEM®), 
originally a division of RJ Lee Group, Inc., 
which is an automated Scanning Electron 
Microscope (SEM) system equipped with 
secondary and backscattered electron detectors 
and a thin-window, energy-dispersive X-ray 
detector that enables X-ray detection of carbon 
and heavier elements by Electron Dispersive Spectroscopy (EDS) (Figure 3.26). The EDS resolution is 
135 eV. The system software, ZepRun®, allows automatic processing of both morphological and chemical 
information of individual particles (Lee et al., 1979; Lee and Kerry, 1980), in a 100 nm to 5 mm size 
range. 
 

Figure 3.26. PSEM Aspex  Corp. 
(http://www.aspexcorp.com/html/products/psem.ht

ml) 
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3.6.1. Set-up procedure 

Before setting each run, a preliminary study of the filter is done to evaluate the suitability of the sample 
for the analysis. Possible particle overlap and contamination of the filter were checked. 
 
The PSEM® operating conditions were set to optimize the runs. The accelerating voltage used was 20kV, 
the electron beam is adjusted to 32-33 % (equivalent of spot size in PSEM), and the working distance was 
set between 15-17 mm, which is the optimal for X-ray acquisition with PSEM (Conner et al., 2001). Beam 
alignment and saturation were checked before programming the run. 
 
Three small strips of carbon and copper tape were fixed to the surface of each sample stub (Figure 3.27). 
The brightness and contrast of the image were adjusted in such a way that the intensity of the carbon and 
copper tape were  at established values thus assuring consistency of all samples. The aluminium strip is 
used as standard to check the spot size. Once the brightness and contrast conditions were set up, it was 
necessary to select the proper brightness threshold value to separate particles from the background during 
the run and the optimal magnification. 

 

 
Figure 3.27. Sample diagram, (a) frontal view, (b) defined area of analysis, where A, B, C, and D are the 
four coordinates that define the area in the PSEM run, and (b) lateral view. 
 
A different set of thresholds is defined for each magnification and sample depending on the PSEM® 
conditions each case. The optimal threshold value is chosen to try to maximize the selected particles in the 
filter. The threshold is automatically checked and corrected if necessary for each field. The selected 
magnification for particle identification was chosen according to the particle size range being 
characterised: a 400/600-fold magnification is used for the particles between 2.5 and 10 µm, 800-fold for 

those between 1.0 and 2.5 µm, and 1600-fold for particles between 0.2 and 1.0 µm. These magnifications 
were used to locate and proceed to the particle segmentation from the substrate. A different magnification 
was automatically adjusted in the acquisition of the particle image that was measured and saved with the 
rest of the information. This magnification was adjusted as a function of particle size, in such a way that 

the particle occupies approximately 50-60% of the total area of the image. The image of a particle of 3 µm 
of diameter was acquired approximately at 10,000 times, a particle of 1 µm at around 15000 times and a 

particle of 0.5 µm at 20,000. Magnifications in the study were chosen to guarantee size errors smaller than 
5 % for smaller particles. Digital resolution of the particles at these magnifications guaranteed errors 
smaller than 5% on the estimations of the shape parameters. Magnifications in the study are much higher 
than those recommended by the “Standard Practice for Particle Characterisation” (ASTM F1877-98). A 
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minimum number of 2000 particles per sample were analysed. RJ Lee Group, Inc. already had a protocol 
to calculate sizing errors related to the different magnifications. This allowed the operator to choose the 
appropriate magnifications based on the resolution required for the study. Errors related to the resolution 
of shape parameters can be found in section 1.8.2. 
 
The area for analysis of each sample is defined by directing the stage to four different points in the sample 
and setting their X and Y coordinates, defining the area of characterisation, and the focus (Figure 3.27). 
The definition of the focus in these four points allows the microscope to calculate the correct focus in all 
the previously defined area. Two further coordinates are then saved. These coordinates determine an 
origin in the sample and the second one the alignment of the X-axis. Setting origin and alignment to define 
a local coordinate allows particles to be relocated  even after the sample has been removed and replaced 
some time later (Kennedy et al., 2002). 
 
The files for the run must be programmed. Four different files determined the running conditions: the run 
parameter file, the rule file, the vector file and the density file. These files contain all the information 
about the job and sample identification, such as:  images and spectrums, number of particles to measure, 
particle size range to measure (upper and lower size limits), magnification, field raster mode, image 
acquisition characteristics, particle parameters, chemical elements to characterise, spectrum corrections, 
elemental composition and weight fraction calculation method, and classification rules. 
 

3.6.2. Run procedure and data acquisition 

After the initial set-up, the operator starts the run. The SEM begins to work under the computer control 
following all the instructions defined in the run parameter file. The stage is driven to the first field within 
the previously defined area of analysis. During the run, there are two different ways to raster the area: 
selecting the fields randomly when the run is not programmed to cover the complete selected area, and to 
analyse all the fields in order to cover the whole area of analysis. The first option is used in the CCSEM 
runs of the PAQS samples (Pittsburgh) and the second one in the CIEMAT samples (Madrid) because the 
former were too large to cover them completely during the run in a moderate time scale. 

 
1 0 -E4  1 0 -E4  

(a) (b) 

 
Figure 3.28. Sample diagram with fields (a) randomly chosen over the area of analysis -red large 
rectangle-, and (b) with fields in order to cover the complete area of analysis. 

 
Each field, taken at the programmed magnification, is segmented and particles are labeled, as explained in 
the point 3.2.3 of this chapter (Figures 3.22 and 3.23). Particles under and over the defined size range in 
the run parameter file are removed from the group. The beam is located over each particle of interest, 
which is measured and the X-ray are collected for several seconds (~10s). This time has been proved to 
give reproducible results. As the spectrum is acquired, it is evaluated for elemental composition by the 
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routine programmed in the run file. The image magnification to measure the particle is adjusted. The 
spectrum, parsed into 2048 channels, each 10 eV wide, was stored as specified in the run file. As the 
spectrum is acquired, it is evaluated for elemental composition as determined by peaks in the EDS 
spectrum. 

 
Figure 3.29. Scheme of the CCSEM process. 

 
Secondary electron images of each particle are acquired and stored together with the measurements. These 
individual particle images are very useful in order to verify, upon completion, that the correct focus, 
feature segmentation and brightness/contrast conditions have remained constant during the run and to 
obtain extra information if necessary during post-processing.  
 
After the set up, it is necessary to evaluate the analysis for potential problems: verify the particles are 
being segmented and sized properly, to check the peaks are properly calibrated for the EDS analysis and to 
confirm the particles have not been rejected. Sulphates and carbonaceous particles in the fine range 
usually produce a poor response during the beam interaction due to the low-Z elements comprising these 
compounds. This response is translated into a low number of electron counts that can lead to important 
errors. As the PAQS study focused on fine particles, several manual checks in the threshold and PSEM® 
conditions during the CCSEM run were also needed. 
 
Electron Dispersive Spectrometry (EDS) was used to quantify the elemental composition of each particle 
based on its X-ray spectrum produced by the electron beam-particle interaction. The particle, excited by 
electron bombardment, emits a number of electrons (X-ray counts) at certain energy (keV) producing the 
corresponding spectrum (counts vs. energy). Each element produces a characteristic X-ray peak in the 
spectrum that is used for its identification. The number of electron counts for each identified element in 
the spectrum divided by the total number of electron counts gives the X-ray intensity response. The PSEM 
detected and measured the concentration of 18 elements (C, O, Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, Cr, Mn, 
Fe, Zn, Ba, Pb) that were automatically stored together with the total X-ray counts. The EDS method was 
the so-called “standard-less”, which gives semi -quantitative results using the ratio of X-ray counts for a 
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determined element to total counts which is proportional to its elemental composition as explained in 
section 3.5.4. 
 

3.7. Qualitative analysis with HRSEM 

Qualitative analyses are complementary to the quantitative analysis and provide further information to an 
experienced researcher that it is frequently missed by computer recognition. Statistics obtained by non 
automatic microscopes are not as accurate as those obtained by totally computer controlled techniques, but 
human interpretation may be essential and determinant to achieve the proper conclusions. Darwin (1845, 
1846) identified by microscopy more than 15 types of dust particles traveling from Africa to the Atlantic. 
Pasteur (1862) studied the seasonal variations of different microorganisms in the atmosphere. 
 
One of the most important aims of human vision is recognition, which is generally based on the basic 
technique of comparison. For instance, since the eye does not quantify brightness, but simply makes 
comparisons, it is very difficult to distinguish brightness differences unless the regions with different 
brightness are immediately adjacent. Human vision can extract several different kinds of information from 
images, and much of the processing that takes place has been optimized by evolution and experience to 
perform very efficiently. But at the same time, other types of information are ignored or suppressed and 
are not normally observed (Russ, 2004). Drawings presenting visual illusions or with different 
interpretations are frequently used as example of ignored information (Figure 3.30). These types of 
examples are not only used for scientific purposes but economical for example, as it happens in marketing 
techniques. 
 

 

 
Figure 3.30.  (a) Visual illusion of movement: are the elements of the picture static or moving?, (b) 
drawing with two interpretations: young or old woman?, and (c) visual bias in length measurement due to 
the position of the elements: has the vertical line in the two elements the same length?. 
 
In microscopy methods, the viewer tends to underestimate darker particles with a bright background and 
vice-versa (to overestimate bright particles with a brighter background) due to a colorimetric principle. 
Interesting discussions about visual perception of shape from shading can be found in Kleffner and 
Ramachandran (1992), Ramachandran (1998), Adelson (2000) and Economou et al. (2007).  Nevertheless, 
visual estimates of mineral, grain and particle abundance have shown to be reliable (Dennison and Shea, 
1966). 
 
According to Grattan-Bellew et al. (1978), a problem commonly affecting the visual interpretation of SEM 
data is the selection of non-representative images just because they show a well defined morphology 
without realizing that this feature may comprise only a small percentage of the group or sample, which is  
subsequently descried as being representative of the sample. However, this problem seems to be 
frequently corrected as researchers gain more experience. Another common problem detected by Grattan-
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Bellew et al. (1978) is the misinterpretation of the observed 
morphology. This problem is serious when morphology is 
exclusively used to identify and count the particles. 
 
Two factors strongly influence the visual estimation o f a component, 
especially a minor one: (a) the representativeness of the surface 
being examined, and (b) the accuracy of the method used. To 
minimize these two factors, samples have been divided into 5-6 
sections for the qualitative analysis. Around 50 particles per section 
were investigated with EDS to perform the analysis (200-300 
particles per sample). 
 

Two different Field Emission SEM (FESEM) have been used: a FEI Sirion400 coupled to an Edax Inc. 

EDS (Field Emission Instruments) and a LEO 1530 with Gemini EDS (LEO Electron Microscopy Ltd.). 
 

3.8. Estimation of the optimal parameters to minimize errors in the process 

3.8.1. Substrates/filters background 

During the beam-particle interaction the electron beam usually reaches the filter, this is the X-ray signal in 
the analysis may come from both the particle and the substrate, as explained in section 3.3.5. In the case of 
samples taken from Madrid, the samples were not coated and aluminium was removed from the clustering 
by chemical families. However, in the study of Pittsburgh, it was necessary to take carbon into account in 
the analysis. 
 

Figure 3.32 presents the simulation of the interaction of the 
electron beam into a Spherical Alumino-Silicate (SAS) particle of 
approximately 1 µm size. The red lines into the particle 
correspond to the beam-particle interaction, and the blue lines are 
the result of the beam interaction into the substrate. The 
simulation has been modeled with Montecarlo algorithm 
(CASINO v.242). As it can be seen, the penetration depth of the 
beam goes deep into the substrate, so the signal in the microscope 
will arrive from both. The penetration depth and the intensity of 
the response from the background (substrate) depend on particle 
properties such as size, conductivity, chemical composition. To be 
able to obtain the elemental composition that corresponds solely 
to the particle, it is necessary: (1) to know the elemental 
composition of the substrate obtained with the SEM, and (2) 
which percentage of the particle response comes from the 
substrate. 
  

In the case of polycarbonate filter, the elemental composition of 8000 points in a blank filter was 
measured with the CCSEM/EDS to know the response of the SEM to the background. The elemental 
composition (% of element counts/total counts) of the polycarbonate filter for the equipment results: 
89.2±2.5% of C, 9.2±2.0% of O, 0.9±1.6 of Al, and some other elements in less than 1%, so the C and O 
are the elements that may present an excess in counts. To accurately estimate the percentage of C and O in 

Figure 3.31. Sections for the 
qualitative analysis. 

Figure 3.32. Simulation of the 
interaction of the electron beam 
into a Spherical Alumino-Silicate 
(SAS) particle. 
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excess (that come from the substrate) in each particle is a more complicated task since it is not the same 
for each particle. Due to this reason, Chapter 4 about particle acidity just uses the ratio of X-ray counts for 
sulphur to total counts which is proportional to its concentration to compare if it increases or decreases in 
each sample (comparing the sulphur content between samples measured with the same methodology and 
microscope).  The influence of the substrate interaction in the results of this study is contemplated in the 
chapter. In the case of Chapter 5, possible errors in the estimation of weight percentages and the influence 
in the analysis are discussed together with the CCSEM results in the chapter. 
 

3.8.2. Errors associated to shape parameters 

This section provides the results of the error estimation in the shape factor measurements with the 
different particle resolution in the study. The theory of these errors was explained in section 3.4.6 of this 
present document. The estimation of the error associated to the shape parameters consists in the generation 
of 70 circles of an area ranging from 4 to 34000 pixels. The four different shape parameters defined in 
section 3.4.5 are measured over the generated circles. Errors due to different particle area resolution can 
be found in Figure 3.33. The errors associated to the 
CCSEM particle resolution are shown in Table 3.2. 
AR was associated with the highest errors, when RF 
with the lowest. However, these errors may not be 
constant and depend on the morphology of the 
particle. For two particles with the same resolution, 
shape parameters of a spherical particle are going to 
have smaller error than a rough complex particle, 
such as agglomerates. To study if the errors are 
different for different morphologies, and the 
variability with resolution, four particles with different morphology are randomly acquired from one 
sample at 15 different resolutions. The results of the estimated shape parameters for these particles can be 
found in Table 3.3.  
 
 
Table 3.3. Mean value and standard deviation for the different shape parameters with CCSEM in the study 

for particles with different morphologies. 

 
Particle 1  

 
Particle 2  

 
Particle 3  

 
Particle 4  

 
 
 

Shape 
parameter 

Mean St.Dev. Mean St.Dev. Mean St.Dev. Mean St.Dev. 

Sp1 0.81 0.01 0.92 0.01 0.96 0.02 0.44 0.00 
Sp2 0.74 0.01 0.87 0.01 0.95 0.04 0.23 0.01 
AR 1.54 0.03 1.19 0.03 1.09 0.05 5.06 0.09 

Error Shape 
Parameter 

Theoretic 
value Mean St.Dev 

Sp1 1.00 0.021 0.003 
Sp2 1.00 0.025 0.005 
AR 1.00 0.041 0.006 

Tabla 3.2. Mean value and Standard deviation 
of the errors for the different shape parameters 
with CCSEM in the study for spherical particle 

simulation. 
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Figure 3.33. Error evolution with particle pixel resolution for the shape factors in the study. 
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 Chapter 4.  Individual Particle Morphology 
and Acidity 

 
“It was a foggy day in London, and the fog was heavy and dark. Animate London, with 
smarting eyes and irritating lungs, was blinking, wheezing and choking [...]. Even in the 

surrounding country it was a foggy day, but there the fog was grey, whereas in London it was, 
at about the boundary line, dark yellow, and a little within it brown, and then browner, and 
then browner, until at the heart of the city- which call Saint Mary Axe-it was rusty-black. ” 

Dickens, C. (1865) 
 
 
 
 
 
 
 
 

4.1.  Introduction 

PM2.5 in Northeastern US is dominated by secondary components, where sulphates generally constitute the 
larger fraction. Photochemical production of secondary PM, especially sulphate, occurs over wide areas in 
relatively homogeneous air masses during the summer months, when aerosol tends to be highly acidic (US 
EPA, 2004). An interesting finding of the Pit tsburgh Air Quality Study (PAQS) was that, during the 
summer months, aerosols contained water even at relative humidity (RH) below 30% (Khlystov et al., 
2005). In winter, aerosols were neutral and effloresced when the relative humidity was lower than 
approximately 60%. During the spring months the aerosol water had a transitional behaviour between 
these two states. Khlystov et al. (2005) hypothesized that the summer aerosol was acidic and retained 
water at low RH (Figure 4.1). Even if the above explanation is reasonable, there was no direct evidence 
supporting the acidity-water link for individual particles. 
 
Strong particle acidity is considered to be due almost entirely to the presence of H2SO4 or NH4HSO4. The 
acidity of atmospheric particles depends on both the amount of SO2 that is oxidized to SO3 and 
subsequently forms H2SO4 as well as the amount of ammonia available to react with the sulphuric acid. In 
the case of Pittsburgh, little NH4NO3 is found in the atmosphere in summer, in part due to its volatil ization 
at ambient temperatures of around 20ºC. Only when SO2 emissions are reduced to the point that there is 
more than enough ammonia to neutralise the sulphuric acid, NH4NO3 particles can begin to form. At 
decreasing relative humidity, such acidic particles might tend to remain in solution at relative humidity 
well below the several deliquescence points. These water equilibrium processes may cause an ambient 
particle to significantly increase its diameter. A particle can grow to five times its dry diameter as the RH 
approaches 100% (US EPA, 2004). 

Chapter 4 
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Figure 4.1. Aerosol water content and acidity during July 2001 in Pittsburgh (data from Khlystov et al., 
2005). 
 
The purpose of this part of this investigation was to study the relationship between individual particle 
morphology in the fine range (PM2.5), and the estimated aerosol acidity taking advantage of the PAQS 
samples and results. CCSEM was used to quantitatively compare particle morphology during acidic and 
neutral periods in both summer and winter samp les. CCSEM was also used to investigate the relationship 
between individual particle sulphur content and morphology as a function of particle size. Finally, the 
complementary High Resolution SEM (HRSEM) technique was used to link the previous results to 
individual particle morphology and physical state. 
 
Previous studies using SEM/EDX techniques have been successfully applied in the determination of 
particle sulphur content (Pardess et al., 1992; Ganor et al., 1993; Ganor, 1999), but it has not been used in 
the study of aqueous metastable aerosols. However, other techniques such as Atomic Force Microscopy 
have been used to investigate the response of aerosols exposed to relative humidity and to identify 
aqueous metastable aerosols by calculating and comparing particle height to diameter ratios 
(Köllensperger et al., 1999; Wittmack and Strigl, 2005). 
 

4.1. Methods 

4.2.1. Sample collection and preparation 

The main PAQS site was located in Schenley Park, at the top of a hill close to the Carnegie Mellon 
University campus approximately 6 km east of the city centre  (business centre) of Pittsburgh (Figure 4.2). 
More details about the location and characteristics of the site can be found in Wittig et al. (2004a). 
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Figure 4.2. Map of Pittsburgh city centre area (downtown) showing the approximate location of the site 
and a photograph of the site (map adapted from http://map.mapnetwork.com/destination/pittsburgh/). 
 
Daily 24-hour samples for Scanning Electron Microscopy (SEM) analysis were collected on 
polycarbonate filters (PC filters, Nucleopore®, 200 nm pore size) during the summer of 2001 and the 
winter of 2002. The sampling was conducted with a Dichotomous sampler (Thermo Andersen, Model-241, 
PM10 and PM2.5, details in Chapter 3). This instrument operated using standard procedures (US EPA, 
1998). After collection, samples were placed in sealed dishes and stored in a refrigerator until analysis. 
The first samples were analysed for this work in 2002. All the samples were analysed in 2004 and 
reanalysed in 2005. Potential changes in some of the samples were evaluated again in 2006. The results 
from the reanalysed samples were consistent with the original findings. A small section of the filter was 
mounted on a SEM stub and was carbon coated to dissipate charge during the analysis. Some of the 
samples were Au/Pd coated for high-resolution analysis.  
 
A total of 16 daily samples from July and August of 2001 and January of 2002 were selected based on the 
estimated aerosol acidity (Takahama et al., 2006): ten summer samples, including five from days when the 
aerosol was acidic and five when the aerosol was neutral, and six winter samples when the aerosol was 
neutral (Table 4.1). The H+ concentration in the aerosol was estimated using the thermodynamic Gibbs 
Free Energy Minimization (GFEM N) model (Ansari and Pandis, 1999) using as input 1-2 hour semi-
continuous measurements of sulphate, total nitric acid, and total ammonia following the approach of 
Takahama et al. (2006). The samples were analysed using Computer-Controlled Scanning Electron 
Microscopy (CCSEM) and High Resolution Scanning Electron Microscopy (HRSEM). CCSEM provided 
the quantitative data while HRSEM gave detailed information about particle morphology and texture. 
 

4.2.2. Quantitative analysis 

Particle diameter in the work and the dimensionless shape parameters, Sp1 and Sp2, described in chapter 3 
(pp.64-65), were used in this study to quantitatively characterise the individual particle morphology.   
 
For the purposes of this work, particles have been grouped based on their relative sulphur X-ray intensity 
response (S-counts/total counts) in four different categories: 

§ Very low S: Particles with sulphur response below 2% of the total number of counts have almost 
negligible sulphur content. 
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§ Low S: Particles with sulphur response between 2-11%. 
§ Intermediate S : Particles with sulphur response between 12-22%. 
§ High S : Particles with sulphur response above 22%. 

The numbers to classify particles based on the sulphur content were chosen based on: a maximum sulphur 
content of roughly 33% for part icles (corresponding to pure sulphuric acid) the 0-33% region was 
separated in three sub-regions with cut-offs of 11% and 22%. A fourth (less than 2% S) region was 
arbitrarily selected for the very low sulphur particles. 

Micron and submicron particles were  analysed separately to avoid errors related to the size of the particles. 
First, the microscope scanned the filter measuring the larger (above 1 µm) particles with magnification, 
thresholds, and background corrections suitable for this size range. After finishing this step, the 
measurements were performed for the submicron particles using a new set of parameters including 
magnification and thresholds for particle detection. 
 

Table 4.1. Summary of PAQS ambient concentrations of the selected samples for CCSEM analysis 
(OC, organic carbon, EC, elemental carbon). 

PM2.5 
(1) OC (2) EC(2) 

Date 
(µg m-3) (µg m-3) (µg m-3) 

Sulphate 
(3) (µg m-

3) 
Nitrate (3) 
(µg m-3) 

Sample(4) 

07/04/01 21.6 2.01 0.29 9.08 0.44 S6 
07/08/01 22.0 3.52 0.33 8.84 0.61 S8 
07/12/01 10.2 2.14 0.49 2.04 0.67 S10 
07/15/01 15.2 3.63 0.34 5.73 0.55 S7 
07/18/01 44.4 4.33 0.67 22.00 0.95 S1 
07/19/01 36.3 3.85 0.42 17.28 0.85 S5 
07/22/01 31.1 3.55 0.32 14.36 0.19 S4 
07/24/01 35.8 3.46 0.66 13.21 0.49 S2 
07/26/01 11.5 1.80 0.29 3.55 0.35 S9 
08/03/01 42.6 4.20 0.82 20.92 0.86 S3 
01/03/02 15.9 3.67 0.81 3.99 3.87 W3 
01/04/02 10.9 1.69 0.27 2.46 3.93 W6 
01/07/02 11.8 1.77 0.24 2.99 0.83 W1 
01/09/02 10.6 1.40 0.27 2.43 1.33 W2 
01/18/02 10.8 2.04 0.23 2.92 3.85 W4 
01/19/02 15.6 4.15 0.49 3.40 4.90 W5 

1 Wittig et al. (2004a); 2 Cabada et al. (2004), Subramanian et al (2004); 3 Wittig et al. (2004b); 4 summer 
(S) and winter (W) samples are numbered based on the acidity. 
 

4.2.3. Qualitative analysis 

For the high resolution images, the working distance of the FEI® Sirion 400 was set at 3 mm, with a 5 kV 
of accelerating voltage and 3 nm of spot size. The characterisation was mainly focused on the particle 
solid or liquid appearance in the fine range (PM2.5) and especially on those with sizes below 1 µm, where 
particles associated with higher acidity were found. To achieve this, five morphological groups were 
defined, and their relative abundance (<5%, 5-15%, 15-30%, 30-50% 50-70%, 70-90%, >90%) was 
estimated based on about 250 particles per sample. Shape parameters, Sp1 and Sp2, of particles from each 
morphological group are presented in Figure 4.3.  
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The following morphological groups defined for the purposes of this work are: 
 
Group A. This group comprises all the particles with low or very low shape parameters: Sp1≤0.75 and 

Sp2≤0.40 that presented signs of a liquid state from when they were deposited on the filter (Figure 4.3a -f) 
This group includes particles with a droplet appearance and no sign of previous crystallization (Figure 
4.3a-b), and rectangular elongated particles with the presence of a surrounding residue indicating a 
possible previous liquid state (Figure 4.3c), or a liquid droplet joined with the elongated crystal (Figure 
4.3d-e). Droplet-like particles tend to adopt irregular shapes generally associated with low Sp1 and Sp2 
values, below 0.7 and 0.4 respectively. Their irregular shapes are probably the result of their impaction on 
the filter and subsequent coalescence during sampling. This particle type was stable during the analysis. 
The rectangular elongated particles were unstable when irradiated with the electron beam, frequently 
changing appearance during imaging and often creating a hole in the particle during X-ray analysis. The 
crystallization process of this particle type from an acidic solution forming elongated sulphate crystals 
(ammonium sulphate and bisulphate, calcium sulphate, and others) has been described in previous electron 
microscopy studies (Dingle and Joshi, 1974; Ganor et al., 1993; Ganor, 1999). Mixtures of these particles 
with other morphologies have also been observed (Figure 4.3f), and generally have low shape parameters 
and rarely present alterations after the HRSEM analysis. 
 
Group B, soot-like: These are particles with the typical soot aggregate shape compris ed of spherical 
primitive individual particles (Figure 4.3g-h). This morphology is usually associated with combustion 
sources (Katrinak et al., 1992); nevertheless, similar structures have been found in smog chamber aerosol 
generation from organic products of non-combustion processes. Shape parameters values of this particle 
type are variable, and depend on the agglomerate properties such as the number of individual particles and 
disposition. An example of compact agglomerates with high Sp1 and Sp2 values is shown in Figure 4.3g 
and chain aggregates with very low Sp1 and Sp2 values can be seen in Figure 4.3h. 
 
Group C, regular-shaped: This group comprises soft particles with geometric forms: mostly spherical 
(Figure 4.3i, j), quadrangular (Figure 4.3k) or hexagonal (Figure 4.3l). Spherical particles are round 
shaped with a swollen appearance and high Sp1 and Sp2 values, generally above 0.90. Quadrangular 
particles have shape parameter values between 0.8-0.9 and hexagonal particles usually have intermediate 
Sp1 and Sp2 values (around 0.7). These particle types are quite stable under the microscope and sometimes 
are surrounded by a liquid layer. The chemical composition of particles into group C was quite variable 
with the particles falling into all of the S contents groups. Spherical particles were often aluminosilicates, 
processed calcium sulphate, or carbonaceous particles. 
 
Group D, minerals, biogenic, and other particles: This group includes particles that do not belong to any 
of the previous groups. They are often mineral (Figure 4.3m) or biogenic (Figure 4.3n) particles. They can 
have widely varying Sp1 and Sp2 values, from very low (clay minerals with platelet shape) to high values 
(biogenic spores).   
 
Group E, Mixed type: This group includes particles that have more than one recognizable morphology 
type from the previous groups, excluding group A particles (Figure 4.3o and p). Shape parameters depend 
then on the combination of particle types, so they are quite variable. 
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Figure 4.3 . Examples of the morphological groups for HRSEM analysis: (a -f) group A, particles with 
signs of a primary liquid state: (a -b) droplet-like, (c-e) needle-like, and (f) others; (g-h) group B, soot-like; 
(i-l) group C, regular-shaped particles; (m-n) group D, minerals, biogenic and others; and (o-p), group E, 
mixed particles. Particle geometric diameter, shape parameter values and HRSEM type also shown in the 
pictures. 
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Table 4.2. Daily acidity, CCSEM shape parameters and HRSEM groups sample (columns A-E 
described in section 4.2.3) for particles below 1µm. 

H+ (1) 

(ng m -3) S p 1 St. Dev. S p 2 St. Dev. A B C D E
41.1 0 .612 ± 0.003 0 .340 ± 0.004 70-90% 5-15% <5% <5% <5%
30.6 0 .702 ± 0.005 0 .403 ± 0.007 50-70% 5-15% 5-15% <5% 30-50%
26.4 0 .643 ± 0.006 0 .371 ± 0.008 70-90% 5-15% <5% <5% <5%
29.1 0 .691 ± 0.005 0 .387 ± 0.007 50-70% 5-15% 5-15% <5% 30-50%
20.3 0 .653 ± 0.008 0 .349 ± 0.011 70-90% 5-15% <5% <5% <5%
3.8 0 .750 ± 0.002 0 .497 ± 0.003 <5% 15-30% 30-50% <5% 15-30%
2.4 0 .731 ± 0.005 0 .495 ± 0.008 <5% 30-50% 15-30% <5% <5%
1.9 0 .757 ± 0.004 0 .499 ± 0.007 <5% 15-30% 50-80% <5% <5%
1.6 0 .715 ± 0.004 0 .444 ± 0.007 <5% 30-50% 15-30% 5-15% <5%
1.5 0 .755 ± 0.004 0 .520 ± 0.006 <5% 30-50% 15-30% 5-15% <5%

9.20 0 .754 ± 0.002 0 .501 ± 0.004 15-30% 15-30% 15-30% 15-30% 5-15%
1.70 0 .718 ± 0.005 0 .468 ± 0.007 <5% 15-30% 30-50% <5% 15-30%
0.30 0 .737 ± 0.004 0 .479 ± 0.007 <5% 15-30% 30-50% 5-15% 5-15%
0.30 0 .769 ± 0.004 0 .543 ± 0.006 <5% 15-30% 30-50% 5-15% 5-15%
0.30 0 .726 ± 0.004 0 .446 ± 0.006 <5% 15-30% 30-50% 5-15% 5-15%
0.10 0 .745 ± 0.004 0 .495 ± 0.007 <5% 15-30% 30-50% <5% 15-30%

CCSEM HRSEM group(2)

 
1 Takahama et al. (2006); 2 A-droplet-like, needle like, or mixtures of both types; B-soot-like; C-regular-
shaped; D-minerals, biogenic and others; E-Mixed particles that do not fall in A type. 

 

4.3. Results 

4.3.1. Individual particle morphology and aerosol acidity 

Results of sample CCSEM shape parameters, Sp1 and Sp2, mean values, standard deviation of the mean, 
and estimated daily acidity can be found in Table 4.2. During all days (even those with high average 
acidity) there were periods when the aerosol was neutral (Rees et al., 2004). Also during periods when the 
particles were acidic on average, there were probably some particles that were neutral. Therefore the 
acidity corresponds to the average aerosol composition on that day and probably the samples examined 
include particles of different composition and acidity. Samples linked to high average aerosol acidities 
(H+=10 ng m-3) had smaller mean values than neutral ones for both shape parameters, wh ich results in 
more elongated particles. The samples were grouped into three categories: summer acidic, summer neutral 
and winter (Table 4.3). Summer acidic samples had morphologies that were statistically different from 
summer neutral and winter ones (p<0.05 in the Student t-test for both parameters). On the other hand, 
shape parameters in the summer neutral and winter samples had the same mean. Thus, particle 
morphology is quantitatively different in summer acidic samples from neutral summer or winter samples, 
which seem to contain similar particle morphologies. Lower shape parameters in the summer acidic group 
indicate the presence of more irregular elongated particles than in the other two groups. Detailed 
description of these elongated particles and the interpretation of their presence in the summer acidic 
periods will be discussed later using the HRSEM analysis. 
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Table 4.3. Sp1 and Sp2 mean value and standard deviation of the mean: summer acidic, summer neutral 
and winter samples for particles below 1µm. 

Mean Mean Mean
Sp 1 0.643 ± 0.002 0.745 ± 0.001 0.745 ± 0.001
Sp 2 0.361 ± 0.003 0.493 ± 0.002 0.492 ± 0.002

St. Dev. St. Dev.

S u m m e r WinterAcidic Neut ra l
St. Dev.

 

 

4.3.2. Individual particle morphology as a function of size  

To evaluate the possible size dependence of the particle morphology for the three different cases (summer 
acidic, summer neutral and winter samples), the two shape parameters Sp1 and Sp2 have been studied for 
different size ranges (Table 4.4). The shape parameters of particles in the 0.5-1 µm range are similar to 

those of the 1-2.5 µm particles under nearly all conditions. However, the smaller particles (less than 0.5 

µm) have statistically significant lower values of both shape parameters in all cases, but this is particularly 
pronounced in particles corresponding to summer acidic periods. Higher acidities associated with a 
decrease in particle size have been previously reported by Ganor et al. (1993) in Israel, where acidic 
droplets were linked to particle sizes below 0.9 µm. 
 

Table 4.4. Sp1 and Sp2 mean value and standard deviation of the mean for the summer acidic, summer 
neutral, and winter periods in three size ranges: 0.2-0.5 µm, and 0.5-1µm, 1.0-2.5µm. 

Size range Mean Mean Mean
0.2-0.5 µm 0.575 ± 0 .003 0 .720 ± 0.002 0 .725 ± 0.002
0.5-1.0 µm 0.736 ± 0 .002 0 .792 ± 0.002 0 .799 ± 0.002
1.0-2.5 µm 0.727 ± 0 .002 0 .778 ± 0.002 0 .778 ± 0.001
0.2-0.5 µm 0.259 ± 0 .003 0 .438 ± 0.003 0 .448 ± 0.003
0.5-1.0 µm 0.498 ± 0 .004 0 .592 ± 0.004 0 .611 ± 0.004
1.0-2.5 µm 0.495 ± 0 .003 0 .579 ± 0.002 0 .574 ± 0.002

St. Dev.

S u m m e r
Winter

Acidic Neutral

S p 1

S p 2

St. Dev. St. Dev.

 

 

4.3.3. Particle morphology as a function of sulphur content 

This analysis was carried out to study the possible dependence between particle morphology and their 
sulphur content. Figure 4.4 shows the fraction of particles in the four defined groups (very low, low, 
intermediate and high sulphur content) for summer (acidic and non acidic) and winter samples based on 
CCSEM of a large number of particles. During summer, there is a higher fraction of particles with a higher 
S content, a finding consistent with the observed PM2.5 sulphate concentrations during PAQS (Wittig et al., 
2004a). The average values for Sp1 and Sp2 of each group are shown on the top of each bar. Winter and 
summer neutral samples have similar fractions of particles of each group. Nearly 90% of the particles in 
the summer acidic samples are found in the intermediate and high sulphur content groups and have smaller 
Sp1 and Sp2 values than the summer neutral and winter ones. 
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4.3.4. HRSEM analysis  

Results of the HRSEM analysis are shown in Table 4.2. Samples with high acidities contain mainly the 
group A: elongated particles with liquid appearance and partially or totally recrystallyzed needle-like 
particles with low Sp values as shown in Figure 4.3a-f. This is consistent with the CCSEM results in 
which these samples have very low values for both shape parameters, Sp1 and Sp2. We have confirmed 
using X-ray analysis that particles similar to the ones shown in Figure 4.3a were not organic droplets but 
that they were mostly sulphates.   
 
In general, samples linked to neutral conditions, with higher measured carbon concentrations (Table 4.1), 
have higher fractions of soot-like and regular-shaped particles (groups B and C) than the more acidic 
periods. There are more group C and D particles in winter than in summer neutral samples, with the 
exception of S2. The high concentration of regular-shaped particles that volatilize easily when they 
interact with the electron beam may be due to the higher abundance of nitrates during winter (Wittig et al., 
2004b). 
 
Figure 4.5 shows Sp1 distribution for 4 different summer samples. S1 was taken during a day linked to 
high aerosol acidity and water uptake, S7 and S10 were taken when aerosol was neutral and had no water, 
and S8 was also collected when the aerosol was neutral and contained some water. S7 and S10 had same 
Sp1 distribution. Aerosol containing water had an opposite morphological behaviour when acidic or 
neutral. The area A of Figure 4 corresponded to particles from type A (Figure 4.3a -b) in a metaestable 

Figure 4.4. Number distribution of 
particles classified based on sulphur content 
(relative X-ray  counts) in the 
submicrometer range: Very low (non 
detectable S), Low (2-11 %), Intermediate 
(12-21%), and High (22-33%) for summer 
samples, taken on acidic (a) and neutral 
days (b), and winter (c). The numbers in 
brackets on the top of each bar correspond 
to the median values of Sp1 and Sp2 in each 
group. 



 
 
 
 
 
Particle Morphology and Acidity 

 72 

liquid state associated to the acidic sample. The area B of Figure 4 corresponded to particles from type C 
(Figure 4.3i-k) that tend to adopt a bubble shape with water uptake when aerosol was neutral.  

Figure 4.5. Sp1 distribution for samples S1, S7, S8 and S10. W+ and W++ indicates aerosol water uptake 
from 5 to 15 ng·m-3 and larger than 15 ng·m-3 respectively. 
 

4.4. Conclusions 

Summer 2001 and winter 2002 samples from the intensive SEM filter collection during PAQS have been 
analysed by different microscopy methods. The CCSEM results allow the mo rphological differentiation of 
samples taken on days in which acidity was high (H+=10ng m-3) from the rest of the samples in particles 
down to 200 nm. Complimentary HRSEM analysis was used to examine the morphological properties in 
more detail and to link shape and possible liquid or solid state of the particle. 
 
Particle morphology, size and sulphur content were different in samples linked to high estimated aerosol 
acidity from those samples linked to neutral conditions during summer and winter periods. Much lower 
shape factors values were associated with smaller particles (less than 500 nm) with high sulphur contents 
in samples associated to highest acidities, which may indicate that smaller particles are more acidic 
(relating low Sp values to acidity). Acidic aerosol samples had lower shape parameter values because they 
mainly contained partially coalesced droplets with irregular shapes and partially or totally recrystallized 
elongated rectangular particles with very low associated shape parameters. Two ma in different 
morphologies were associated to particle water uptake in summer; a predominant metastable liquid state 
during days in which aerosol was acidic, and bubble-shaped, those days in which aerosol water uptake was 
high and aerosol was neutral. 
 
These direct observations suggest that acidic atmospheric particles may maintain a partially metastable 
liquid state even after being deposited on a filter for a long time. This supports the hypothesis that during 
summer acidic periods in the Eastern US the particles may contain some water even at low relative 
humidity both in the atmosphere and on filters. 
 

B 
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 Chapter 5.  Seasonal Variations of 
Primary Biogenic Aerosols 

 
”[…] la pussière que l’on trouve á la surface de tous les corps est soumise constamment à 

des courants d’air qui dovient soulever ses particules les plus légères, au nombre 
desquelles se trouvent, sans doute, de préférence les corpuscules organisés, œufs ou spores, 

moins lourds généralement que les particules minerales. […] Ce n’est donc pas la 
poussière au repos qu’il faut observer, mais bien celle que est en suspension dans l’air.” 

 
Pasteur, L. (1890) 

  
 
 
 
 

5.1. Introduction 

Primary biogenic organic aerosols (PBOA) are a little understood component of atmospheric particulate 
matter. These particles have important effects on human health and ecosystems, and act as cloud 
condensation nuclei and ice nuclei (IC) (Dingle, 1966; Schnell and Vali, 1972; Morris et al., 2004; 
Kanakidou et al., 2005; Christner et al., 2008). They can thus influence directly or indirectly the Earth’s 
energy budget by scattering and absorbing radiation and changing the properties of clouds. Nevertheless, 
the contribution of PBOA to global organic aerosol levels is still uncertain. Global fluxes of ~50 Tg·yr-1 
for plant emissions and sub-micron microorganisms was indirectly estimated by Penner (1995) and 
reported by IPCC (2001). Similar values have been suggested by Elbert et al. (2007) for emission rate of 
total fungal spores (50 Tg·yr- 1), considered from 1 to 10 µm of size, in more recent studies. However, the 
large diversity of biological types, families and characteristics may lead to high quantities of unidentified 
and non quantified PBOA. Jaenicke (2005) suggested that the majority of the 20-40% of the 
compositionally unidentified measured aerosols may be associated with this source, leading to an 
estimated global flux of as much as 1000 Tg yr-1. In a local scale, PBOA could be significant PM 
component abundant in remote continental, rural, and marine influenced environments (Matthias-Maser et 
al., 2000).  
 
PBOA is produced during plant and animal disintegration and includes a variety of airborne 
microorganisms. It can be divided into two main groups: living organisms, which are able to multiply or 
participate in plant reproduction such as bacteria, viruses, protozoa, algae, pollen and spores, and non-
living organisms, such as dead skin, insect detritus and other dead animal and plant debris. Sources of 
PBOA include leaf abrasions, agricultural activities, biomass burning and animal and human shed. Oceans, 
by bubble bursting mechanisms (Blanchard and Syzdek, 1972), and arid deserts (Griffin, 2005) are also an 
important source of microorganisms. For instance, the concentration in number of microorganisms per 
gram of arid soil traveling from North Africa to the Caribbean ranges from 103 (a conservative estimate) 
to 109 (Griffin, 2005; Kellog et al., 2004). It has been also estimated that the act of changing clothes by a 
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human can contribute 103 bacteria and the entire outer layer of skin is shed every day or two at a rate of up 
to 107 particles per minute which corresponds to a mass emission rate of about 20 mg/minute (Heinsohn 
and Cimbala, 2003). Most of the PBOA studies suggest that these particles cover a wide size range. 
Amongst them, only microorganisms, certain types of fungi spores, and small fragments of animal and 
plants have been linked to the fine aerosol fraction, PM2.5 (Matthias-Maser, 1998; Després et al., 2007; 
Elbert et al., 2007; Deguilleaume et al., 2008 and references herein). Despite fragments of human and 
animal epithelial cells and pollen cytoplasm are generally considered larger than the micrometer in size, 
they can be also abundant in the fine range (Taylor et al., 2004; Miguel et al., 1999; Franze et al., 2005). 
For instance, pollen can rupture in high humidity and moisture, especially during rainfall. The sizes of 
these fragmented tissues, released through the pores of the pollen by wind effect, have been found in the 
range from 30 nm to 4.5 µm (Taylor et al., 2004). Proteins, dissolved in rainwater, have been frequently 
found mixed with fine anthropogenic aerosols, such as road dust and traffic -related particles (Miguel et al., 
1999; Franze et al., 2005). Some insect detritus such as the brochosomes have sizes of around 300 nm but 
they are generally found as larger aggregates (Witmaack, 2005).  
 
Differentiation amongst types of PBOA may be important since not all species can serve as IN and CCN. 
Pollen and spores may resist environmental stress and survive atmospheric transport (Griffin, 2004; 
Griffin and Kellog, 2004), whereas DNA in plant and fungal tissue fragments may be rapidly degraded by 
atmospheric photooxidants (Després et al., 2007). Bacteria proteins, which mediate IN formation, are very 
heat sensitive and thus may be inactivated, whereas IN of mineral origin is insensitive to temperature 
(Christner et al., 2008). Nevertheless, some bacteria (from deciduous plants) are able to maintain part of 
their ice nucleating activity during winter transport. Bacteria smaller than 2 µm, once entrapped in snow, 
might also be able to metabolize, repair and maintain the proteins intact during long periods of time 
(Christner et al., 2000, 2001, 2002). Although the atmosphere has been largely considered as a non natural 
environment for microorganisms (in that there are always linked to water, soil or vegetation), Maron et al. 
(2005) have found the same bacterial diversity in the air than that generally found in soil or water. 
 
There are several methods of studying the concentration of bioparticles in the atmosphere. Airborne 
particulate matter can be examined for major biopolymers originating from both plant and microbiological 
cells: DNA + (phospho)lipid + carbohydrate + protein. In these cases, biopolymer analysis and 
microscopy are commonly used. However, neither of them is able to provide all the answers to all the 
questions. DNA analysis helps to identify the genome of a wide different range of human, animal and 
bacteria types but the methods to estimate relative abundances of bacteria are still under discussion 
(Christner et al., 2008; Despres et al., 2007; Hong et al., 2006). Microscopy methods help to identify 
bioparticles based on certain trace elements together with their morphology and behaviour under the 
microscope, but the large diversity of biogenic particles and their similar appearance to particles from 
other sources may lead to underestimations (Matthias -Maser and Jaenicke, 1994; Matthias-Maser et al., 
1995, 2000a,b; Wittmaack et al., 2005; Wittmaack, 2005). 
 
The aim of this part of the thesis was to quantify and characterise PBOAs in the PM2.5 size fraction during 
the Pittsburgh Air Quality Study (PAQS) and study their seasonal variations. To achieve this purpose, 
methods based on biopolymer estimations and morphology and elemental composition have been used 
jointly. PM2.5 mass concentration of carbohydrates, from both plant and microbiological cells were 
measured. Scanning Electron Microscopy coupled with energy-dispersive X-ray spectroscopy 
(SEM/EDX) techniques were used to characterise the main bioparticle types and morphologies. 
Specifically, the study focused on: (1) estimating the seasonal variations of bioparticles, (2) comparing the 
PBOA concentrations obtained by SEM/EDX in days linked to high and low biopolymer concentrations, 
and finally (3) characterising and comparing the predominant types and morphologies of PBOAS. The 



 
 
 
 
 

   Seasonal variations of Primary Biogenic Aerosols  

 75 

biopolymer estimations, included in sections 5.2.1 and 5.2.2, were developed by M.S. L.M. Clark (2004) 
from the Department of Civil, Environmental and Architectural Engineering of University of Colorado at 
Boulder, USA, under the supervision of Prof. M. Hernández during the PAQS. 
 

5.2. Methods 

5.2.1. Sample collection and preparation 

Polycarbonate filters (Millipore Billerica, MA, 37-mm in diameter) were prepared for biopolymer 
analyses in advance of sampling by desiccation and weighing in a controlled laboratory environment. 
Samples were collected in a high volume virtual impactor (HVVI) developed by the Particle Technology 
Laboratory at the University of Minnesota. Modifications of a standard Andersen PM10 high volume 
sampler (Thermo -Andersen, Atlanta, GA) were made to retain PM2.5 fraction. One HVVI and one open-
face 37 mm filter holder installed in the instrument separated particles collected from ambient air into 
three size ranges: > 10 µm, 2.5 µm to 10 µm and < 2.5 µm. Filter replacement was normally conducted 
every 24-hours throughout the entire sampling period (July 2001-August 2002, ~331 days). Immediately 
following their removal from the high-volume sampler, filters were returned to their original desiccating 
cassettes, and stored at -20ºC for no longer than a month before shipping back to the University of 
Colorado. Particulate matter collected on each filter surface was eluted and measured for associated 
amounts of biopolymers: proteins, carbohydrates, and endotoxins. Only carbohydrate concentrations are 
contemplated in this study. 
 
Polycarbonate filters (Nucleopore®, 200 nm pore size) were prepared and weighted for microscopy 
analysis in advance of sampling by a similar procedure that the one described for biopolymers. Daily 
samples for Scanning Electron Microscopy (SEM) analysis were collected on the polycarbonate filters 
during the summer of 2001 and the winter of 2002. Sampling was conducted with a Dichotomous sampler 
(Thermo Andersen, Model-241) operated using standard procedures (US EPA, 1998). The two cut-off 
sizes of the dichotomous sampler are PM10 and PM2.5. Filters were immediately stored at -20ºC. Prior to 
the analysis, a small section of each filter was mounted on a SEM stub and was carbon coated to dissipate 
charge during the analysis. Some of the samples were Au/Pd coated for high resolution analysis. Details 
can be found in Coz et al. (2008). 
 
For comparison to the ambient recovery, samples of diesel exhaust, wood smoke, and vegetative detritus 
were collected in the same area and were analysed for their biopolymer content. Particle collection from 
combustion sources was conducted with a dilution sampler (Lipsky and Robinson, 2005, 2006). Samples 
from vegetative detritus were collected of approximately 2,000 leaves of various trees from Pittsburgh. 
These samples were also studied by microscopy methods.  
 

5.2.2. Biopolymer analysis for carbohydrate concentrations  

Using sterilized forceps, the filters were placed in new 50-mL sterile polystyrene tubes. 10 mL of sterile 
pyrogen-free water was then added to the tube, which was then rotated in a hybridization oven for an hour 
at a speed of 17 revolutions per minute (rpm) and at a constant temperature of 25ºC. A quantity of 10 mL 
was then removed and placed in a new sterile 15 mL polystyrene tube, which was centrifuged at room 
temperature at 2200 rpm for approximately 10 minutes. The supernatant was divided equally into 
individual cryogenic tubes (3 mL each) and stored at -80°C for later analysis: one for carbohydrate 
quantification, one for protein quantification, and one for endotoxin quantification. 
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The protocol used to quantify carbohydrates associated with airborne PM was a dextrose-standard 
colourimetric acid digestion (with phenol and sulphuric acid), a modification to the Molisch test for 
carbohydrates. With this analysis, pentoses, hexoses, di-, oligo-, and polysaccharides, including cellulose 
and hemicelluose can be measured as they are unaffected by the presence of proteins and the method does 
not detect amino sugars such as glucosamine and galactosamine (Clarke, 2002). The addition of sulphuric 
acid to the sample along with heating hydrolyses the polysaccharides, causing sugars to form furan and 
pyran derivatives. The derivatives subsequently form a complex with phenol that acquires a characteristic 
colour.  
 
Using an 8000 µg/mL stock solution of anhydrous dextrose (Fisher Scientific, Hampton, NH), a general 
standard was created for carbohydrate analysis in sterilized glassware (heated at 500°C for at least 3 
hours). Triplicate examinations of each sample were observed. After adding 0.5 mL of aqueous sample, or 
standard, to a sterile wide-mouth glass test tube, 0.5 mL of 5% phenol and 2.5 mL sulphuric acid were 
added respectively, the tubes were allowed to cool for 25 minutes, and then each sample standard, and 
blank were subsequently placed into a 96-well microplate (Corning, Corning, NY) and the absorbance was 
measured in an ELx808 Synergy microplate reader (BioTek, Winooski, VT) at 485 nm. A minincubation 
of 25 minutes period was determined to be the optimal length of time required for the hydrolysis reaction 
to reach maximum colour intensity. Calibration curves were compiled from triplicate independent 
observations of standards and evaluated by least squares regression. In accordance with US EPA QA/QC 
protocols, the limit of determination was calculated as 3.14 times the average standard deviation for six 
observations of the analyte.  This was taken at a concentration corresponding to a value near the second 
lowest point of the calibration curve for laboratory analysis in water and determined for air by comparing 
the standard observations to the actual amount present in a sample. 
 
To calculate the carbohydrate concentration, the absorbance was converted into a concentration using a 
standard curve that was calibrated for each individual run. The general formula for this is below:  
 

)()( tQLSEbABSmACC m ⋅⋅+⋅=      [5.1] 

 
where, ACC is the expected atmospheric carbohydrate concentration in µg·m-3, m is the slope, ABS is the 
actual absorbance in nm, b  is the y-intercept, LSE the total liquid sample eluted in mL, Qm the average 
flow rate in m3·s-1, and t is the sampling time in minutes. 
 
To estimate the error o f the ambient concentration, the following expression from the propagation of 
errors was used: 
 

22222
, )/()/1(),( mcarbmcarbmQcarb QACCQQcarbf

m
σσσ +⋅==    [5.2] 

 

where, carbσ is the error on the carbohydrate laboratory measurement, and 
mQσ  is the error on the 

measured flow rate, ACC  the previously atmospheric carbohydrate concentration and Qm the average flow 
rate.. 
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Figure 5.1. Examples of pollen and spores found in the PM2.5  filters. 

 

5.2.3. SEM/EDX quantification procedure  

Three steps are required for the estimation of the fractional contribution of PBOA to the sample total mass 
concentration: identification and classification , quantification  and definition of the principal PBOA types. 
The final step of the procedure includes the qualitative analysis used to validate the previous results and to 
describe the principal PBOA types found during the study. The methodology used to quantify the PBOA 
was similar to that used by Matthias-Maser and Jaenicke (1991, 1994). This methodology considered 3 
criteria: the characteristic morphology, the special elemental composition (P, K, S, K, Ca sometimes with 
Cl on a high background spectrum) and the behaviour during EDX (sometimes shrinking). 
 

 
Figure 5.2. Examples of vegetal and insect detritus found in the PM2.5 filters. 
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(a) PBOA identification and classification 
 
PBOA particles of recognized morphologies such as those presented in Figures 5.1 to 5.5 were found to 
contain mostly C and O, and K, P, S, Cl, Zn, Si, Fe, Al and Ca as minor elements in different proport ions 
(0-10% of relative element x-ray intensity). More than 85% of the examined particles contained either K 
or P or S in the elemental composition. These elements have been previously reported as minor 
components of PBOA in several studies and therefore used as tracers (Matthias-Maser and Jaenicke, 1994; 
Artaxo and Hansson, 1995; Matthias-Maser et al., 2000a,b). Based on the aforementioned specific 
morphology and characteristic x-ray composition, particles were classified as PBOA or non-PBOA. Since 
CCSEM images are saved in low resolution, those corresponding to the smallest particles do not always 
have the proper resolution to be identified. To ensure that this process did not introduce significant errors, 
a non automated analysis with a higher resolution scope (HRSEM) was conducted. 
 

Figure 5.3. Examples of microorganisms found in the PM2.5 filters. 
 
(b) PBOA mass fraction estimation 
 
The x-ray intensities of each element in the particle are proportional to their elemental content, this is they 
increase or decrease with element concentration. Knowing the relative volume of each particle, and their 
density, the percentage by weight of any particular group of particles can be estimated. EDS techniques 
are not as accurate as bulk chemical techniques but are able to give proportions of each particle class. 
 

The mass of a particle was estimated as follows: ppp VM ρ⋅= , where Vp is the particle volume and ? p 

its density. The percentage by mass of a group of particles from the total in the sample was subsequently 

calculated as follows: ∑∑
==

=
n

j
j

m

i
iPBA MMM

11

/(%) , where Mi is the mass of each particle classified as 

PBOA and Mj the mass of each particle in the sample. Since filters were weighted before and after 
sampling, and then the total weight of each filter, concentration of PBOA (in ? g m-3) can be estimated by 
multiplying the previously obtained MPBOA (% by mass) by the total aerosol concentration (in µg m-3).  
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Figure 5.4. Examples of non classified particles found in the PM2.5 filters. 

 
(c) Description of main PBOA types 
 
For the purposes of this study, PBOA have been classified in the following groups: 
A.  Living organisms include all the 
particles that are able to directly reproduce or 
participate in reproduction. Within this group, 
two subclasses have been differentiated: 
(A.1) pollen and fungi spores, and (A.2) 
microorganisms.  
B.  Non living organisms include all the 
organic particles from human, animal, insect 
and vegetation waste origins. This type of 
bioparticles is frequently referred as detritus 
or debris. 
C.  Others (non identified) comprise any 
other PBOA that did not fall into any of the 
previous groups. 
 

5.3. Results 

5.3.1. Biopolymer concentrations  

Measurements of monthly PM2.5 carbohydrate mass concentrations revealed a substantial seasonal 
variation in carbohydrate levels associated with PM2.5 (Figure 5.6), with the highest levels occurring in the 
early fall (1.2 µg m-3) and the lowest levels occurring in summer 2001 (<0.25 µg m-3). Spring and autumn 
had the highest average seasonal concentrations and summer months (June to August 2001) the lowest. In 

Figure 5.5 . Example of insect wing (a) and detail of 
the texture (b) found in the PM2.5 summer filters. 
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Pittsburgh, autumn months correspond to the last part of the pollinating period for weeds and leaf fall. In 
addition, fungal spores are common in the air during all the year, but their maximum period of activity in 
the area is from July through October. The spring period coincides with tree and grass pollination period 
in Pittsburgh. However, the low carbohydrate concentrations obtained for July and August, in which high 
fungi and insect activity is quite high is rather counterintuitive. By contrast, winter months had higher 
carbohydrate concentrations on average than those found during summer. 
 

 

Figure 5.6. Monthly average carbohydrate concentrations from July 2001 through June 2002 (bars 
indicate 95% confidence interval). 
 
From the source samples taken for comparison to the ambient ones, those from wood-smoke contained the 
highest carbohydrate levels, ranging from 5 to 8 times those from diesel emissions. Vegetative detritus 
contained the lowest carbohydrate levels. This result suggests that carbohydrate concentrations obtained 
for the period from December to February might be higher than expected due to the wood emissions from 
winter domestic heaters. Anthropogenic source emissions, such as wood burning, are typically higher in 
the winter months than any other season because of low ambient temperatures, and hence may be the 
primary source of airborne carbohydrates observed. 
 
Daily average carbohydrate concentrations for July and August 2001 as well as January 2002 are 
presented in Figure 5.7. Maximum PM2.5 carbohydrate concentrations of 1.88 and 1.17 µg m-3 were 
recorded during July/August and January respectively, which represent up to 5% and nearly 15% of total 
PM2.5 mass concentration respectively. 
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Figure 5.7. Carbohydrate concentrations in µg·m-3 during July and August 2001, and during January 2002 

(bars indicate 95% confidence interval). 
 

5.3.2. Types of Primary Biogenic Aerosols  

A total of 12 samples, 6 from July and August of 2001 and 6 from January of 2002 were selected based on 
the estimated aerosol carbohydrate concentration to be analyzed by microscopy methods. Results of main 
PBOA particle types for summer and winter samples can be found in Table 5.1. Types of PBOA particles 
in summer and winter samples were quite different. Spores and detritus, both insect and vegetative, were 
predominant in summer (Figures 5.1 and 5.2) while vegetative detritus, microorganisms and some other 
non-classified PBOA were predominant in winter (Figures 5.2 to 5.4). Non-classified particles were those 
identified as PBOA but were difficult to classify or may fall into more than one group. Some spores and 
detritus were also identified for the winter period. Fungi spores were found in nearly all the samples, with 
larger concentrations in summer, which agrees with their major reproduction activity period in Pittsburgh 
(from July to October). The debris identified on the winter samples mainly corresponded to insect detritus. 
Brochosomes, which are leafhopper secretions (Wittmaack, 2005) were also identified in winter together 
with some fecal detritus (Figure 5.2b). 
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Table 5.1. Date, daily average PM2.5 carbohydrate and PBOA (by CCSEM) mass concentrations. 

Abundance of each type in the PM2.5 samples: scarce (<3%), abundant (3-10%), highly abundant (> 10%). 
Carbohydrates Primary Biogenic Aerosols (SEM) 

Types (% by mass)(1) 
Date 

% by 
mass 

Mass     
(µg m-3) 

95%  
CI  

% by 
mass 

Mass   
(µg m-3) Spores Microorg Detritus Others 

08/07/01 1.8 0.40 ± 0.30 13.5 3.2 3-10%   3-10%   

07/15/01 0.9 0.14 ± 0.31 9.3 1.5 > 10%  <3%  
07/19/01 5.2 1.88 ± 0.38 30.3 10.2 > 10% 3-10% 3-10% <3% 

07/22/01 1.1 0.36 ± 0.32 5.3 1.7 3-10%  <3%  

07/30/01 2.9 0.42 ± 0.33 12.0 1.9 3-10%  <3%  
02/08/01 0.5 0.30 ± 0.30 4.9 2.5 3-10% <3% <3%   
03/01/02 4.9 0.78 ± 0.51 4.4 1.1   <3% <3%   

04/01/02 5.7 0.62 ± 0.43 4.6 0.7  <3%  <3% 

07/01/02 7.6 0.89 ± 0.56 4.4 0.5 <3% 3-10% <3%  

11/01/02 1.5 0.23 ± 0.18 11.2 1.7  <3%  <3% 
12/01/02 10.8 0.89 ± 0.56 6.6 0.8 <3% 3-10% <3% <3% 

01/18/02 1.2 0.13 ± 0.31 6.2 0.9   <3%  <3% 
(1) The range is due to the estimated variability depending on the area of the filter inspected. 
 
Examples of pollen and spores found in the PM2.5 samples can are shown in Figure 5.1. The geometric 
size of the particles ranges from 600 nm to nearly 6 µm. The predominant range for this type of particles 
was 2-4 µm. These larger particles may have smaller aerodynamic size due to their low density and shape 
thus passing through the standard 2.5 µm sampling head and making it to PM2.5 filter. Pollen 
morphologies from the vegetation of the region were not frequently found in the samples. Spores were the 
most abundant type of PBOA particles in summer samples in the fine range. Spores represent 30-60% of 
the PBOA on a number basis in the coarse range in some specific summer samples, so the ones falling into 
the 1-2.5 µm range might represent the smaller tale of distribution of the coarse ones. Other type of 
bioparticles frequently found in summer samples that had high geometric to aerodynamic size ratio was 
insect wings (Figure 5.5). Their thin layered structure results in small aerodynamic diameters and 
inclusion in the PM2.5 part of the size distribution. The principle is the same of the transport of clay 
minerals with layered structure thousands of kilometers from Sahara desert along the pacific. More 
examples of insect wings can be found in Witmaack et al. (2005). 
 
Abundant PBOA particles in summer samples were also vegetative and insect detritus. Examples of 
detritus are presented in Figure 5.2. Figure 5.2a-d shows different insect detritus. Figure 5.2a is a typical 
leafhopper's waste aggregate that includes brochosomes and fecal residues. These fecal residues 
sometimes adopt similar morphologies to those from combustion (Figure 5.2b-c) but the original particles 
are not spherical but layered pellets. Other authors compare these morphologies with fractal structures 
from diesel combustion (Wittmaack et al., 2005; Berube et al., 1999; Xiong and Friedlander, 2001). 
During this study, we realized that the presence of this particle type in the submicrometric range may be 
higher than expected as we found a great number of these structures together with brochosomes and other 
detritus in the small size fraction. Figure 5.2e-k recovers characteristic morphologies from organic matter 
from soil resuspension and vegetation. Figure 5.2f shows an organic flake typical of certain types of crops 
and of skin shed.  
 
PBOA particles shown in Figure 5.3 were predominant in winter samples. This figure depicts some 
examples of particles classified as microorganisms in the study. Particles in Figure 5.3a-b are probably 
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fungi but some bacteria frequently have similar structures. Figure 5.3e-g are typical bacteria morphologies 
and very abundant in winter samples. Particles in Figure 5.3d are frequently found mixed together with 
other particles, generally nitrates (as in Figure 5.4). PBOA particles as the one in Figure 5.3h have a 
peculiar behavior during their interaction with the electron beam. The particle showed stripped colors 
during the analysis and recovered after that to a homogeneous color. This type of modifications in the 
structure of materials under the scope is generally due to the presence of nitrogen in the particle. 
 
Figure 5.4 presents morphologies that were identified as bioaerosols but were difficult to classify or may 
fall into more than one group. These morphologies were found in summer and winter samples but were 
their relative abundance was higher in winter samples. Figure 5.4a presents a large vegetative detritus with 
a salt particle attached at the body and some typical rod-shaped bacteria surrounding it (enlarged detail). 
Two other similar examples are presented in Figure 5.4b-c. Figure 5.4d has a similar structure to that in 
Figure 5.4d but joining a carbonaceous particle. These particle types are frequently found attached to other 
inorganic and organic matter. Same  behavior but with tendency to be together with nitrates have the 
particles in Figure 5.4e-f. 
 
Our study suggests that approximately 5% of the PM2.5 mass in winter might correspond to 
microorganisms in this area. There are certain types of microorganisms able to reproduce and live in the 
atmosphere under cold, humid icy environments, especially in abundance of nitrates and carbonaceous 
particles (Bauerfeind, 1985; Zweifel et al., 1993). 
 

5.3.3. Primary Biogenic Aerosol concentrations 

PBOA mass concentrations were estimated following the procedure explained in section 2.3. Prior to the 
PBA estimations, mass concentrations obtained by the PC filters (for microscopy analysis) were compared 
with those measured by the FRM method (Figure 8a). Larger differences were found in winter samples, 
but generally results were in good correlation. Total carbon concentrations obtained from the PC filters by 
the CCSEM technique were also compared with the OC+EC estimations obtained by other methods 
during PAQS. Results can be seen in Figure 8b. The use of polycarbonate filters and the carbon coating 
frequently results in an overestimation of the carbon content. The slope of 1.1 indicates that this 
overestimation is approximately 10% (by mass concentration) in this case. Higher errors are associated 
with smaller particles due to a higher electron beam volume interaction with the substrate, in this case, the 
polycarbonate filter. However, it was observed during a previous study of the relationship between particle 
morphology and acidity that smaller particles in acidic days contained the higher sulfur contents (and 
lower carbon) than larger particles (Coz et al., 2008).  
 
Table 1 summarizes the quantitative results of the study: CCSEM percentages (by mass) and relative 
concentration in the PM2.5 filters. Even if similar average carbohydrate concentrations were measured for 
the samples from summer and winter, PBOA in summer had nearly 4 times the concentration of those in 
winter based on the SEM analysis. PBOA concentration in summer samples had higher variability, 
ranging from 4.9 to 30.3% (by mass) while relative abundance in winter samples ranged from 4.4 to 
11.2% (by mass). On the other hand, the fractional PBOA contribution in winter samples was less variable. 
Summer samples had an average of 12.6±9.4 (% by mass) of PBOA while winter samples 6.2±2.6%. 
These results suggest the presence of a relatively constant background of BPOA during winter. It is 
already known that biogenic aerosols can present high variability in short-term periods as it happens in 
summer samples (Fierer et al., 2008). Different PBOA fractions in atmospheric aerosol larger than 0.2 µm 
and up to 50µm have been previously reported for other locations: Helgoland, Germany (15.3%), Mainz, 
Germany (23.7%), Baikal, Siberia (20%), Jungfraujoch, Switzerland (13.1%), Mace Head, Ireland (30%) 
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and Balbina, Amazon (74%) by Gruber et al. (1999), Matthias-Maser et al. (1995), Matthias-Maser et al. 
(2000a), Matthias-Maser et al. (2000b), Jennings et al. (1999) and Graham et al., 2003) respectively. 
Smaller fractions found in our work are due to the exclusive analysis of the fine range, PM2.5 , and not the 
coarse. 
 
Carbohydrate and PBOA mass concentrations are compared in Figure 9. Summer samples had a quite 
good correlation in which carbohydrate concentrations were around 18% of the total PBA mass 
concentration, opposite to winter samples, in which carbohydrate concentrations were higher in 4 of the 6 
samples studied. The two samples in which PBOA concentrations are lower, are consistent with the 
summer correlation with slope equal to 0.18. These two samples are the ones that had lowest carbohydrate 
concentrations. Based on the source analysis from combustion and vegetative detritus samples, the results 
suggest that the carbohydrate method overestimates those typically from combustion, such as glucosane, 
from those in primary particles since the largest differences are found in samples linked to colder humid 
days in which wood combustion may have been higher. Dividing these four samples by 8, they would fit 
into the summer correlation line. In addition, the cellular fraction seems underestimated in the biopolymer 
concentrations in summer since carbohydrates have generally higher relative abundances (over 20% by 
mass) in primary biogenic particles. The PBA fraction reported for summer by microscopy methods may 
be underestimated too. 
 

5.4. Conclusions 

Seasonal variations of PM2.5 biogenic particles in Pittsburgh have been quantified and characterized. 
Methods based on biopolymer estimations and morphology and elemental composition have been used 
jointly. PM2.5 mass concentration of carbohydrates, from both plant and microbiological cells were 
measured. Scanning Electron Microscopy coupled to energy-dispersive X-ray spectroscopy (SEM/EDX) 
techniques were used to compare with the carbohydrate concentrations and to characterize the main 
bioparticle types.  
 
Measurements of monthly PM2.5 carbohydrate mass concentrations revealed a substantial seasonal 
variation, with highest average concentrations in spring and autumn coinciding with the trees and grass 
pollinating period and the fall of the leaves and the last part of the pollinating period of weeds in the 
region respectively. Fungi spores are very common in September and October months too.  
 
Similar carbohydrate average concentrations were measured in summer and winter. The high carbohydrate 
concentrations in winter were linked to wood combustion from heaters, since the method used to quantify 
biopolymers include those typically from combustion, such as  glucosane. In addition, PBOA 
concentration in the PM2.5 determined by microscopy methods was up to four times higher in summer than 
that in winter for Pittsburgh, ranging from 5-30% in the first instance and from 4-12% in the second 
Carbohydrate concentrations and PBOA concentrations were in good correlation for summer (R2=0.97). 
Carbohydrates represented 18% of the PBOA mass.  Carbohydrate concentrations and PBOA 
concentrations are not correlated during winter during which only 2 of the 6 samples fitted the summer 
correlation. Carbohydrate concentrations were much higher than the estimated PBA in the other 4 samples, 
associated to more cold humid days. 
 
Fungi spores and insect detritus were the most abundant PBAs in summer samples, while winter samples 
were comprised by a mixture of microorganisms, insect and vegetative detritus, some spores and some 
other non classified biogenic material in small proportions with the exception of microorganisms. Summer 
months are the most active for fungi. However, microorganisms seem to be predominant during winter 
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months dominated by cold icy weather. The study in detail of this last finding might be interesting since 
the bacteria associated to the deciduous forest from Pittsburgh might be able to maintain part of their ice 
nucleating activity during winter transport.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8. (a) comparison of PC filters FRM PM2.5 mass concentrations (forced at the origin), and (b) 
comparison of the total carbon concentration obtained by CCSEM methods and the OC+EC obtained 
during PAQS (forced at the origin). 
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Figure 5.9. Comparison of daily PM2.5 PBOA and carbohydrate mass concentration for summer and 

winter samples (forced at the origin). 
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(b) 
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 Chapter 6.  Individual Particle Characteristics of North 
African Dust 

«I have found fifteen distinct statement of dust having fallen; and several of these 
refer to a period of more than one day, and some to a considerably longer time. […] The 

dust collected on the Beagle was excessively fine-grained, and of a reddish brown colour; 
it does not effervesce with acids…»  

Darwin, C.R. (1846) 
 
 

6.1. Introduction 

As explained in the Introduction (Chapter 1, section 7), mineral dust is known to affect the climate system 
by changing the energy balance of solar and thermal radiation, although the magnitude of direct radiative 
dust forcing is still uncertain (Liao and Seinfeld, 1998; IPCC, 2007). Its presence can heat the atmosphere 
and modifies the surface temperature (Miller et al., 2004) and interactions with other pollutants can 
modify their physical and chemical properties, such as chemical composition, morphology or 
hygroscopicity (Semeniuk et al., 2007; Matsuki et al., 2005; Falkovich et al., 2004; Levin et al., 1996). It 
is also known that some species, such as organics, sulphates or chlorine, can be adsorbed onto mineral 
dust during the transport process (Sullivan et al., 2007; Falkovich et al., 2004; Mamane et al., 1980). It can 
also carry several thousand types of micro-organis m that can affect plant, animal, and human health 
(Smith et al, 1996; Griffin et al., 2003; Prospero and Lamb, 2003; Kellog et al., 2004; Weir-Brush et al., 
2004; Griffin, 2005). Conversely, mineral dust may have some positive effects, as Saharan dust transport 
could be acting as a fertilizer, stimulating the productivity of forest rain, minerals and nutrients in the 
Amazon basin (Swap et al., 1992; Griffin, 2005; Koren et al., 2007), and of phytoplankton in the Oceans 
(Jickells et al., 2005). 
 
Mineral dust is the major contributor to aerosol loading, with global flux estimations of 1500-2600 Tg·yr-1 
(IPCC, 2007). Soil erosion from certain arid and semi-arid regions is considered to be the principal source 
of atmospheric dust (Prospero et al., 2002). Anthropogenic sources, previously considered to be important 
dust contributors (IPCC, 2001), are now estimated to contribute only 5-7% of the total mineral dust (IPCC, 
2007; Tegen et al., 2004) giving a major importance to natural sources. However, IPCC (2007) considers a 
maximum anthropogenic contribution of up to 20%, admitting that the methods used to estimate 
anthropogenic contribution to dust emissions involve large uncertainties and can vary greatly between 
locations. 
 
Mineral dust is the second largest PM10 contribution in Madrid City after urban sources, comprising 38% 
on average of total emissions (Artíñano et al., 2004). Two different types of episode associated with 
mineral dust can be linked to the increase of PM concentration levels in the central area of the Iberian 
Peninsula: regional recirculation during summer months and long range transport processes during both 
autumn and spring time. These have recorded the highest PM levels in regional and urban background air 
quality network stations (Querol et al., 2004). Long-range transport processes of dust-laden air masses 
over the Iberian Peninsula are mainly associated with African outbreaks from the Sahara desert, under 
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diverse meteorological transport scenarios at different altitudes, display various plume characteristics and 
are derived from different source origins (Querol et al., 2004; Moreno et al., 2005, Escudero et al., 2006a). 
In Madrid, these episodes contribute particularly to an increase in the coarse range (PM2.5 -10), but also, 
albeit to a lesser extent, to the fine fraction (PM2.5) (Artiñano et al., 2004). Saharan dust represents the 
principal dust source, not only in the Iberian Peninsula, but also within the entire Mediterranean basin 
(Tafuro et al., 2006; Gobbi et al., 2007). 
 
The results of a study of the daily PM10 (µm·m-3) for the three EMEP rural background stations located in 
the central area of the Iberian Peninsula (Peñausende, Campisábalos and Risco Llano) during the period 
2004-2005 are summarised in the Table 6.1. Up to 68 and 54 days were associated with African dust 
events during the years 2004 and 2005 respectively in the central basin of the Iberian Peninsula (following 
the “Guidance to member states on PM10 monitoring and intercomparisons with the reference method”, 
EC Working Group on Particulate Matter, 2002). The mean values of the daily averaged concentration for 
the days associated with this type of events are 2.5 times higher than the mean values for the rest of the 
days of the year in the two years, 2004 and 2005. These results reveal the important contribution of  
African dust for increasing particle concentrations levels in the region.  
 
Table 6.1. Number of days associated to African dust episodes, the mean of the daily  concentrations for 
those days affected and the number  of days not associated (background/others) to African dust episodes 
as recorded by the EMEP rural background stations in the central area of the Iberian Peninsula. 

 PM10 (µg·m-3) 
 

Days with 
episode African  Others 

2004 68 28 11 
2005 54 27 11 

 
The distribution of African dust events on a monthly basis for these stations in the same period confirms 
the seasonal dependence of these events in the area (Figure 6.1). Spring and summer are associated with 
long-term particle transport over the Peninsula for those years in agreement with the findings of Artíñano 
et al. (2003). 
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Figure 6.1. Number of days associated to African dust episodes on a monthly basis average for the EMEP 
background stations in the central area of the IP during 2004 and 2005. 
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In the case of Spain, as a Member State of the European Union, the magnitude of the mineral dust 
contribution to PM10 levels has legal implications derived from the 1999/30/EC European Directive 
(Moreno et al, 2005) and also from the recently published Directive 2008/50/CE.  The Madrid authority 
(Ayuntamiento de Madrid) reported in its “Memoria Anual de Calidad del Aire” for the years 2005 and 
2006, that 26 and 38 of the exceedances, respectively, of the daily limit established by the Directive (50 
µg·m-3) were due to Saharan outbreaks. This means that more than 50% of those days in which the PM10 
level was exceeded were ascribable only to Saharan outbreaks and therefore should not be accounted for 
compliance purposes, as contemplated by the EU Directive article 2.15. In an urban context , such as 
Madrid, mineral dust concentrations in the atmosphere complicates the evaluation of the impact of 
anthropogenic particulate emissions on air quality and the adoption of abatement measures of such 
emissions. 
 
The chemical and mineralogical characteristics of African dust have been comprehensively studied and 
some authors have related them to their parent soil composition at the origin. The principal components 
are clays, quartz, calcium carbonates and sulphates, feldspars and some iron (and other metal) oxides in 
minor quantities (Bergametti et al., 1989; Ganor, 1991, Chiapello et al., 1997; Caquineau et al., 1999; 
Claquin et al., 1999). Out of these, clay minerals are positively selected in the transportation processes 
modifying the mineral distribution with respect to the original parent composition (Pósfai and Molnar, 
2002; E.A. Reid et al., 2003). This aerodynamic selection is caused by the fine-layered platelet structure of 
clays. Thus, the morphology of mineral dust seems to be an important property when determining the 
variability of the plume during transportation. Some studies characterise particle morphology by 
calculation of different shape parameters, highlighting the diversity of shapes and their differentiation 
from a spherical shape (E.A. Reid et al., 2003; J.S. Reid et al., 2003; Blanco et al., 2003; Kandler et al., 
2007). Studies over the Iberian Peninsula characterising chemistry and mineralogy of North African dust 
from different source region or origins have been previously conducted for other regions of the Iberian 
Peninsula, especially those affecting the Spanish Mediterranean coast (Avila et al., 1997, 1998; Rodriguez 
et al., 2002), but no studies are found for the dust arriving to the central region. No previous 
morphological studies are recorded for African dust in the Iberian Peninsula. 
 
The aim of this part of the thesis was to characterise particle properties, such as elemental composition and 
morphology, on a single particle basis for different Saharan outbreaks over Madrid to: (a) evaluate the 
variability of individual particle composition and morphology during the same types of episode by means 
of samples taken at different times and days, (b) study the individual particle differences between African 
episodes with different source or geographic origins, transport process and meteorological scenarios, and 
(c) analyse the possible aerodynamic selective processes during transport based on the results of the 
previous points. The current study has been conducted in Madrid within the framework of a programme 
focused on the physico-chemical characterisation of the urban aerosol and its source determination. The 
samples were selectively collected during the 2004-2005 campaigns. Meteorological scenarios, airmass 
back-trajectories, dust source region identification, and impact on the study are characterised and 
described in detail in this chapter. 
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6.2. Methods 

6.2.1. Sample collection and preparation 

Sampling was carried out during 2004 and 2005 at CIEMAT, a site located in a suburban area, northwest 
of Madrid city centre (Figure 6.2), between the main University Campus, Ciudad Universitaria, and La 
Dehesa de la Villa Park (Figure 6.3). 
 
Samples were collected on aluminium foils with an 8-stage Andersen cascade impactor; model Sierra -220 
(details in chapter 3, section 2). The analysis focused on the coarse range (stages 3, 4-10µm, and 4, 2.4-
4µm), which represented more than 65% of the PM10 mass concentrations for the episodes under study. 
The aluminium substrates  showed a very good response to the particle segmentation process during SEM 
analysis , as explained in the Chapter 3 on Methodology, with higher image qualities than other type of 
substrates. However, there was an overestimation of Al due to the beam interaction with the substrate on 
the X-ray analysis. Since it was very difficult to determinate which percentage of the element that came 
from the particles and which from the sustrate, Al was taken out of the clustering rules. 

 
Figure 6.2 . Map of the location of the sampling site (Ciemat). 

 
 

Sampling site 

 
Figure 6.3. Aerial view of the sampling site at Ciemat. 
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A total of six samples were collected to characterise four different episodes related to high mineral dust 
concentrations: five samples corresponded to three different African dust outbreaks and one sample to an 
African transport mixed with regional recirculation (Table 6.2). The duration of sampling, which varied 
from 30 to 90 minutes, was subjectively selected as a function of the PM concentration levels at the site at 
the time of sampling. The loading density of the substrates, calculated as the ratio of particle area to the 
total substrate area, was evaluated to check whether particles were separated enough to guarantee their 
individual characterisation during the automatic CCSEM identification and segmentation. A piece of the 
aluminium substrate, corresponding to the area of one of the four nozzles, was mounted on a special stub, 
designed specifically for SEM. Samples were not coated.   
 

6.2.2. Clustering 

The hierarchical method described by Mamane et al. (2001) was used to identify the main element 
associations in the particles within each sample. The TechTIFF Explorer® software was used to determine 
the thresholds in the different ratios between x-count rates of elements, to delimit the groups of interest 
and to define the clustering rules. The software allows grouping of particles according to their elemental 
composition and shape parameters. It is also possible to analyse each individual image and associated 
information in the group to check whether it has been properly clustered. Traditional factor analysis was 
not used, because of difficulty in interpreting the complex results (Yuan et al., 2004). 
 

Particles are frequently heterogeneous in 
chemistry and morphology, and present 
associations between different mineralogical 
phases (Figure 6.4). For instance, Kandler et al. 
(2007) present a model with the composition in 
each group. The method used in EDX that takes 
only one spectrum per particle forces the 
classification of one particle to one unique group 
when it might be comprised of more than one 
mineral or compound. In the case of this study, 
the method has been sufficient to distinguish 
between clusters. 

 
General clustering . Particles were grouped into nine different clusters (the rules are shown in Table 6.3). 

Rules were comparable with those used by Kandler et al. (2007) in their study carried out in Tenerife 
(Canary Islands, Spain). Due to Al overestimation in the elemental analysis, the Al was excluded to avoid 
potential errors. Note that aluminosilicates fall into the Si-rich cluster. 
 
Source apportionment . This clustering exercise, which only applied to the Si-rich group, sub-categorised 

particles into five groups: (Al)Si-rich,  K, Si-rich, Mg,Si-rich, Ca,Si-rich, Fe,Si-rich and others (Table 6.4). 
Interpretation of this classification was focused on distinguishing particle characteristics between the 
different episodes and linking the particle chemical composition with its source region in North Africa. 

Figure 6.4. SE image of a particle and its mapping 
based on the O, Si and Ca elemental content. 
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Table 6.3. Summary of the general clustering method. 

Hierarchical 
classes  Classification rule Group name 

Si-O |Si+O|>0.9 Silicates 
Si-O-X |Si|>0.2 and Na/Si<0.7 and Mg/Si<1.5 and K/Si<1.5 and 

P/Si<0.5 and Cl/Si<0.5 and S/Si<0.5 and Ca/Si<1.33 Fe/Si<1 
and Ti/Si<1 

Silicates 

Ca-O |Ca|>0.15 and S/Ca<0.33 and Mg/Ca<0.33 and P/Ca<0.15 and 
Fe/Ca<1 and Ti/Ca<1 

Carbonates 

Ca-Mg-O 
Mg-Ca-O 

|Ca+Mg|>0.5 and S/Ca<0.25 and Mg/Ca>0.33 and P/Ca<0.15 
and Ti/Ca<1 and Ti/Ca<1 

Carbonates 

Ca-S-O |Ca+S|>0.5 and Na/S<4 and Fe/S<1 and Ti/S<1 Sulphates 

S-O-X |S|>0.2 and |S+O+X|>0.9; (X = Na, Fe, Mg, K or associations) Sulphates 

Cl-Na 

Na-Cl 

|Cl+Na|>0.5 and S/Na<0.375 and Si/Cl<0.5 and S/Cl<0.5 Salt 

P-O-X |P|>0.15 and not previously classified Phosphates  

Fe-O |Fe|>0.15 and Ti/Fe<0.75 Iron oxides 

Ti-O |Ti|>0.3 and not previously classified Titanium oxides 

X-O |X|>0.2 and not previously classified;  (X = Cr, Mn, Ni, Cu, 
Zn, Ba or Pb) 

Heavy metal oxides 

 
 
 

Table 6.4. Summary of the Si-rich particles clustering method. 

Class name 
Hierarchical 

classes  Classification rule Associated mineralogy* 

Si-rich Si-O 
|Si+O|>0.9 and |K|<0.05 and |Ca|<0.05 and 

|Fe|<0.05 and |Mg|<0.05 
Quartz / kaolinite 

K,Si-rich Si-O-K 
|K|>0.05 and Ca/K<1.3 and Na/K<1.3 and 

Mg/K<2 and Fe/K<1.3 Illite/mica 

Ca-Si-O 
Ca,Si-rich 

Ca-Na-Si-O 
|Ca|>0 and Mg/Ca<2 and Fe/Ca<1 Smectite 

Si-O-Mg,Fe-
(Ca,Na) Fe,Si-rich 

Si-O-Mg,Fe-(X) 
|Fe|>0 and Mg/Fe<2 Smectite 

Mg,Si-rich Si-O-Mg |Mg|>0.1 Palygorskite, Smectite 
Others X Non classified Various 

(*) Most frequently identified clay minerals associated to the cluster in the post-analysis (TechTIFF 
Explorer/HRSEM) 
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6.3. Description of the Episodes: Meteorological Scenario, Air Mass 

Trajectory and Source Region Apportionment 

 
The procedure to characterise the episodes in this study, followed a simple routine based on the 
information provided by different sources and based on the analysis of the following:  meteorological 
charts and data, satellite image analysis and processing, air mass trajectories calculations and analysis of 
aerosol mass concentrations in the ambient air from background, local and measurement site stations 
following the next steps:  
 
§ The aerosol mass concentration in three different sites (Peñausende, Campisábalos and Risco Llano) 

from the EMEP (European Monitoring Evaluation Program) network, classified as rural background 
stations, in the central area of the Iberian Peninsula were used to distinguish between local and remote 
sources determination (Figure 6.5). The concentrations were used to confirm the existence, and 
determine the intensity of the long-range dust transport. This type of station is often used to identify 
and characterise the impact of Saharan outbreaks into the Iberian Peninsula (Moreno et al., 2005, 
Escudero et al., 2006b). Averaged PM concentrations from the Comunidad de Madrid (regional 
government) and Ayuntamiento de Madrid network stations were used to determine the evolution and 
impact of the episodes on a regional and local scale respectively, which were compared with the 
EMEP concentrations.. 

 
§ The Geopotential Height and Sea Level Pressure maps analysis are widely used in meteorology to 

analyse and describe the air mass situation and dynamics occurring in the atmosphere just above the 
surface layer for a specific geographic domain. The information obtained by the analysis of these 
charts is used to understand the scale of the events and their nature and to describe the meteorological 
scenario. Surface analysis and geopotential height charts corresponding to 300mb, 500mb, and 850mb 
constant pressure surfaces, provided by the Spanish Agencia Estatal de Meteorología (Ministerio de 
Medio Ambiente, http://www.aemet.es/es/portada) were used. 

 
§ Analysis of the air mass back-trajectories at different heights processed with the HYSPLIT (HYbrid 

Single -Particle Lagrangian Integrated Trajectory) Model is used to confirm the aerosol transport paths 
and their origin in specific  cases (Draxler and Hess, 1998a,b; Draxler and Rolph, 2003). This model 
has been previously used to estimate the origin of air masses over the Iberian Peninsula in a number 
of  works (Artíñano et al., 2001; Rodríguez et al., 2001; Viana et al., 2002; Escudero et al., 2006b; 
Salvador et al., 2007). 

 
§ The analysis of the evolution of the aerosol index of the Earth Probe Total Ozone Mapping 

Spectrometer (EP/TOMS) is used to obtain information about the existence of aerosol mass transports 
in a long-term distance scale, as it is the case of the dust outbreaks coming to the Iberian Peninsula 
from Africa http://jwocky.gsfc.nasa.gov/. The study of the aerosol index mapping can help to identify 
the source region and give important information about the possible dust trajectory before reaching 
the Peninsula. TOMS AAI record is widely used to investigate aerosol optical depth during strong 
dust storms and other natural episodes (Chiapello et al., 1999; Pandithurai et al., 2001; Prospero et al., 
2002; Moulin and Chiapello, 2004). 
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Figure 6.5. Map representing location of African source regions for the long range transport episodes 
identified in this study and mineralogy associated to the parent topsoil of each one (Reiff et al., 1988; 
WRB Map of World Soil Resources (1:25000000), FAO, January 2003; Soils Map of Africa, Sheets 5&6 
(1:5000000), D'Hoore, J.L, Institut Géographique Militaire, Bruxelles, 1963; Broad Soil Associations of 
Tropical Africa. GS.13292 (1:10000000)). Back-trajectories (solid lines) , EMEP stations location (E1,E2 
and E3) used in this study, and Ca/Si ratio in the Iberian Peninsula topsoil (XRF data from the 
Geochemical Atlas of Europe, http://www.gtk.fi/publ/foregsatlas/, FOREGS, 2005; WRB Map of World 
Soil Resources (1:25000000), FAO, January 2003; Mapa de Suelos de España, CSIC, 1966), are also 
represented in the figure 
 
§ In addition to the information obtained by the Aerosol Index by the EP/TOMS processed data 

(http://toms.gsfc.nasa.gov/aerosols/aerosols_v8.html), other satellite images are taken into account in 
the study to support all the previous information. Images from METEOSAT 
(http://www.eumetsat.int), SeaWIFS (http://www.nrlmry.nay.mil/aerosol), and Terra and Aqua from 
MODIS (http://modis -atmos.gsfc.nasa.gov/) are also analysed in the study. 

 
§ Additionally, two laser spectrometer monitors (GRIMM 1107, 1108) were used at the CIEMAT site 

for recording mass concentration, volume and number of particles at the size ranges under study. 
Gravimetric concentrations from PM10 and PM2.5 filters during some of the events were also used to 
correct the GRIMM concentration data. The hourly and daily PM concentrations at the Casa de 
Campo station, the only urban background station in the Madrid network, 5 km approximately from 
CIEMAT were used to contrast the concentrations at the measurement site. 

 
All the information obtained as a result of characterisation of the African outbreaks over the Iberian 
Peninsula was previously compared with the information available from the Spanish CALIMA project 
(http://www.calima.ws) dedicated to forecast and validate this type of events. 
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6.3.1. Episode AFR-1 

This episode resulted from a surface level perturbation of the pressure field located over Northern Algeria 
close to the Moroccan border on 16th March 2004 (Figure 6.6). The low-pressure centre entered into the 
Iberian Peninsula from the southeast, reaching the central area on the 16th, driven by a high pressure 
system in central Europe (Figure 6.7a -c). Additional information from the EP-TOMS/AI map and the 
movement of the low-pressure centre agree with the HYSPLIT back-trajectory at 2500 m.a.g.l. and higher 
altitudes (Figure 6.7d -e). Detailed information about the episode can be found in http://www.calima.ws. 
Atmospheric instability over the region favoured the arrival of dust from upper layers at the surface. 
 
Two samples were taken during the episode, 
AFR-1 (A) and AFR-1 (B), on the same 
date,  16th March 2004, at different times 
(Table 6.2). Da ily PM10 concentration for 
the collection date in the Ayuntamiento de 
Madrid and Comunidad de Madrid 
networks (average of the stations) were 83 
µgm-3  and 90µgm-3 respectively, which 
means approximately 2.4 times the annual 
average (33 µgm-3 and 38 µgm-3 
respectively), and far exceeding the daily 
limit of 50 µgm-3 established by the 
European Directive. Ratios of PM 
concentrations between different size 
ranges at the sampling site during the 
collection period indicate that 67% of the 
PM10 is comprised of the coarse mode. 
Coarse to fine range concentration ratios for 
the EMEP rural background stations, were 
around 2.5 for the sampling date with PM10 
mass concentrations over 4-5 times the 
annual average. The evolution of the daily PM10 mass concentration levels  at each station from the AFR-1 
episode can be seen in Figure 6.8. 
 

6.3.2. Episode AFR-2 

The meteorological scenario of this episode corresponds to a characteristic summer African outbreak over 
the Iberian Peninsula (Escudero et al., 2005; Rodríguez et al, 2001). The intense ground heating in the 
Sahara region during the summer months enhances atmospheric convection, favouring dust injection to 
upper atmospheric levels up to 5000 m.a.s.l. (Prospero and Carlson, 1972). This dust remains stacked at 
these high altitudes, decoupled with respect to the surface layer (Figure 6.7f-g). The dust layer is 
transported in height by a compensatory high-pressure centre (Figure 6.7h). The surface low-pressure 
centre was located over north-western Africa on 22nd July, whereas the upper high-pressure centre passed 
over the Peninsula from the southwest on the 23rd July. 
 
The EP-TOMS/AI images show the dust source location and extension, a large area covering Western 
Sahara, Mauritania, Western Algeria and the North of Mali. The airmass, which originated in Mauritania 
and Western Sahara, follows a trajectory through the Atlantic sector before reaching the Iberian land by 

Figure 6.6. Terra MODIS Truecolour image taken on the 
16th March 2004 at 10.35 a.m. The possible source area 
is circled in red colour. 
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way of Portugal (Figure 6.7i; Figure 6.9). This area has 
been considered as one of the major African dust 
sources (Blanco et al., 2003; Prospero et al., 2002), 
particularly affecting the Iberian Peninsula (Escudero et 
al., 2006b). In summer, the strong ground heating 
enhances atmospheric convection and enlargement of 
the mixing layer that can reach the centre of the Iberian 
Peninsula up to 3000 m a.g.l (Crespi et al., 1995), 
allowing dust particles from upper levels to reach the 
surface. 
 
The episode had a severe impact on PM10 levels in the 
central region of the Iberian Peninsula (see EMEP 
stations -E1, E2 and E3, and E4- PM10 concentration 
during the sampling date, Figure 6.8). One sample, 
AFR-2, was taken on July the 23rd 2004. In this case, the 
daily PM10 concentrations in the Ayuntamiento de 
Madrid and Comunidad de Madrid networks were more 
than 3 times the annual network average, and far 
exceeded the daily limit of 50 µgm-3, as established by 
the European Directive. Ratios of PM concentrations 
over different size ranges at the sampling site during the 
collection period indicate that the concentration of the 
coarse range was more than 3 times that of the fine 
mode, contributing more than 75% of the PM10. 
 
 
 

6.3.3. Episode AFR-3 

This episode was characterised by the combination of a low-pressure centre located over south-eastern 
Algeria and western Libya, and a high-pressure centre over the western Mediterranean Sea on the 18th 
March 2005. Both systems favour the transport of the African air mass towards the Iberian Peninsula. The 
surface analysis map from 19th March clearly shows the African-Mediterranean trajectory followed by the 
air mass (Figure 6.7k-o). The EP-TOMS/AI chart does not detect the aerosol layer over the Iberian 
Peninsula, probably due to the low altitude at which the episode took place, as the technique is sensitive to 
the aerosol layer altitude (Torres et. al., 1998, 2002; Prospero et al., 2002, de Graaf et al., 2005). 
 
This episode also had a severe impact on the central region of the Iberian Peninsula (see EMEP stations 
{E1, E2, and E3} PM10 concentration during the sampling date, Figure 6.8). Two samples were taken on 
two different, non-consecutive dates: AFR-3 (A) and AFR-3 (B) the 19th and 21st march 2005 respectively. 
The daily PM10 concentrations in the Ayuntamiento de Madrid and Comunidad de Madrid networks were 
more than 3 times the annual network average. Again, ratios of PM concentrations between different size 
ranges at the sampling site during the collection period indicate that the concentration of the coarse was 
more than 3 times that of the fine mode, when the first sample was taken and 2.3 times for the second 
sample. Evolution of the daily PM10 mass concentration levels at each station during the AFR-3 episode 
can be seen in Figure 6.8. 
 

Figure 6.9. Terra MODIS Truecolour 
image taken on the 23 of July of 2004. 
The possible source area is circled in red 
colour. 
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Figure 6.7 . AFR-1 : (a) Surface pressure analysis chart, (b, c) 850hPa and 500hPa geopotential height 
charts, (d) TOMS/AI map, (e) HYSPLIT back-trajectories (height in m agl) on 16 march 2004. AFR-2: (f) 
Surface pressure analysis map at 12 UTC on the 22nd of July of 2004, and (g) 850 hPa, (h) 500 hPa 
geopotential height analysis charts at 12 UTC on the 23rd of  July of 2004; (i) TOMS/AI map, (j) 
HYSPLIT back-trajectories (height in m agl) on 23rd of July 2004 AFR-3: (k) Surface pressure analysis 
charts at 12UTM on the 19th, (l) 12UTM on the 20th, and (m) 6UTM on 21st of March 2005 respectively; 
(n) TOMS/AI map, (o) HYSPLIT back-trajectories (height in m agl) on 19th of March 2005. 
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Figure 6.8 . Evolution of daily PM10 mass concentration for the background EMEP stations (Peñausende, 
Campisábalos, and Risco Llano) and Comunidad de Madrid and Ayuntamiento de Madrid networks 
(average from all the stations).  
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6.3.4. Episode AFR/REG 

This episode corresponds to the merging of the North African episode AFR-2, on one of the last days of 
transport, when the transported PM concentrations were lower, with the presence of a low-pressure centre 
over the Madrid region. The transported dust arrived over 2000 m a.g.l., coinciding with a recirculation 
process in the air-shed driven by thermal-induced circulation in the lower layers. In comparison with 
AFR-2, the source seemed to be displaced towards western Mauritania and eastern Mali, and the trajectory 
of the dust-laden air mass followed a northeast direction towards the southern Iberian Peninsula (Figure 
6.10). As with the previous episode, this source region has been also classified as one of the most active 
(Blanco et al., 2003; Prospero et al., 2002). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

6.4. Results 

Elemental composition and morphology of more than 30,000 particles have been automatically 
determined by CCSEM/EDX methods, characterising six samples from four episodes, corresponding to 
different meteorological scenarios. Differences between transport characteristics, origin, chemical families 
and morphology are discussed in detail in the next sections. 

6.4.1. Cluster distribution for the episodes 

Principal cluster distribution of particle volume per sample and episode is presented in Table 6.5. Silicates 
and carbonates (Ca-rich particles) were the most abundant particles, representing more than 85% of the 
total particle volume in most of the samples. 
 
The first objective has been the evaluation of the clustering results in samples taken during the same 
event: AFR-1 (A, B) taken on the same day, and AFR-3 (A, B), taken on two non-consecutive days (Table 
6.2). The aim of this evaluation was to study whether or not particles taken under the influence of the 
same transport scenario maintain the same characteristics over time. AFR-2 and AFR/REG also occurred 
during the same transport summer episode with a 5-day delay, but the development of a thermal low over 
the central region of the Iberian Peninsula prior to the AFR/REG sample collection interfered with the 
episode transport pattern. In addition, the episode origin shifted towards the southeast during these days. 
 
Generally, good agreement has been observed in the cluster distribution taken during the same episode 
(Table 6.5). Differences between clusters of AFR-1 (A, B) samples were generally less than 1%. The 
largest difference has been found in the silicate cluster of the smaller size range, reaching 4% of the 

Figure 6.10. (a) Surface pressure analysis , (b) EP -TOMS/AI 
map, and (c) Terra MODIS Truecolour image, on the 28 of July 
of 2004 

(a) (b) 
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particle volume. Main particle volume (%) differences in clusters can be linked to a major anthropogenic 
influence in the first sample taken during the morning peak associated with road traffic, having a higher 
relative abundance of iron oxides and heavy metals, such as copper and zinc. In addition, 16% of the 
particle volume of iron oxides in the first sample has been associated with Cr-Ni, Cu-Zn-Ba, and Mn or Ba 
(Figure 6.1l), and the relative abundance of Mg was significantly higher (from 3 to 12% in relative 
elemental composition from AFR-1 (B) to (A)). No association with heavy metals has been found for the 
iron oxides in the second sample. Samples A and B, from episode AFR-3, differ more in cluster 
distribution than the first one. The sample taken on March 19th (A) presents higher relative silicate 
abundance, which is compensated for by lower relative carbonate and sulphate abundances than the 
sample taken on March 21st (B) (Table 6.5). However, in both cases these differences do not seem to 
affect morphology, as discussed in the next point. Thus, the particles arriving during the same episode 
have the same morphological and chemical characteristics independent of the moment they are collected. 
 
Silicates were the most abundant particle for every episode, with percentages of particle volume ranging 
from around 60-70% in the 4-10µm size range to 70-85% in the 2.4-4µm size range. Relative silicate 
abundances lower than 50% by particle volume have been obtained for episodes under regional or local 
meteorological scenarios during the same campaign. 
 
The relative abundance of silicates in the African episodes seem to be size dependent, increasing as 
particle size decreases for all samples. Similar silicate abundances in CCSEM studies of North African 
transports were found by E.A. Reid et al. (2003), with around 80% of particle volume on average, and 
Kandler et al. (2007), with 70% of particle volume on average. However, both studies presented greater 
percentages of silicates in larger particles. 
 
It is already known that the silicate contribution of Saharan dust transport is mainly due to the major 
presence of clays (also referred to as aluminosilicates) which contribute to large components of North 
African topsoil (Reiff et al., 1986; Gatz and Prospero, 1996). These types  of silicates are frequently used 
as a footprint in Saharan incursions, not only for their relative abundance, but also because of their 
particular aerodynamic properties; a consequence of the specific laminar morphology that favours 
transport over distances of greater than several thousands of kilometres. In addition, characterisation of 
this group of silicates has been widely used to link transports to their African source origin (Kandler et al., 
2007; Stuut et al., 2005; Boberly-Kiss et al., 2004; Blanco et al., 2003; E.A. Reid et al, 2003; Caquineau et 
al., 1998; Chiapello et al., 1997; Avila et al., 1997; Ganor, 1991; Coude-Gaussen et al., 1987; Reiff et al., 
1986). 
 
Calcium is the principal element in the K,Mg,Ca-rich group (74% by elemental composition), with the Mg 
and K content having variable percentages. Calcium-rich particles, found mostly as calcite [CaCO3] or 
reprocessed calcium nitrate [Ca(NO3)2], made up over 82% by volume of the K,Mg,Ca -rich group in every 
episode. Ca-Mg-rich particles, probably dolomite [CaMg(CO3)2] are the second most abundant group, 
varying from 3-15% by volume within the group. In comparison with the study conducted by E.A. Reid et 
al. (2003) and Kandler et al. (2007), in which similar silicate abundance in North African transports are 
found, this investigation has discovered calcium-rich particles to be significantly more abundant under 
same transport conditions, pointing to the calcium enriched topsoil in the Southern Iberian Peninsula as a 
possible contributor. In addition, other episodes analysed during the campaign, under the influence of 
regional recirculation and local stagnation scenarios, exhibit much larger contents of calcium rich particles 
(over 50% and 30% by particle volume, respectively), thus supporting the previous hypothesis .  
 



 
 
 
 
  
Characteristics of North African Dust 

 102 

 
 

 

H
ea

vy
 m

et
al

 
ox

id
es

 

0.
1 0 0 0 0 0 0.
1 

0.
1 0 0 0 0 

T
it

an
iu

m
 

ox
id

es
 

0.
2 

0.
6 

0.
3 

0.
3 

0.
2 

0.
3 

0.
4 

0.
1 

0.
2 

0.
1 

0.
1 

0.
1 

Ir
on

 
ox

id
es

 

3.
6 

1.
6 

4.
7 

1.
0 

1.
0 

0.
9 

2.
8 

1.
0 

2.
6 

0.
8 

0.
6 

1.
3 

P
ho

sp
ha

te
s 

0.
2 

0.
1 

0.
7 

0.
2 

0.
2 

0.
9 

0.
1 

0.
1 

0.
1 

0.
1 

0.
1 0 

Sa
lt

s 
   

   
   

  
(C

l, 
N

a)
 

0.
8 

1.
8 

6.
4 

3.
6 

5.
2 

2.
9 

0.
4 

2.
8 

0.
8 

1.
6 

2.
7 

1.
8 

Su
lp

ha
te

s 

7.
6 

7.
0 

2.
7 

2.
8 

5.
5 

4.
6 

7.
2 

10
.4

 

2.
5 

3.
6 

5.
1 

4.
2 

C
ar

bo
na

te
s 

20
.1

 

21
.1

 

24
.0

 

20
.6

 

23
.4

 

23
.2

 

15
.9

 

16
.7

 

14
.2

 

11
.6

 

13
.5

 

6.
6 

C
lu

st
er

s 
(%

 v
ol

um
e)

 

Si
lic

at
es

 

67
.5

 

67
.8

 

61
.2

 

71
.5

 

64
.6

 

67
.3

 

73
.1

 

69
.0

 

79
.6

 

82
.2

 

78
.0

 

86
.0

 

E
pi

so
de

 (s
am

pl
e)

 

A
FR

-1
 (

A
) 

A
FR

-1
 (

B
) 

A
FR

-2
 

A
FR

-3
 (

A
) 

A
FR

-3
 (

B
) 

A
FR

/R
E

G
 

A
FR

-1
 (

A
) 

A
FR

-1
 (

B
) 

A
FR

-2
 

A
FR

-3
 (

A
) 

A
FR

-3
 (

B
) 

A
FR

/R
E

G
 

Si
ze

 r
an

ge
 

4-
10

µ
m

 

2.
4-

4µ
m

 

 

T
ab

le
 6

.5
. C

lu
st

er
 c

om
po

si
tio

n 
(%

 in
 v

ol
um

e)
 o

f t
he

 s
am

pl
es

 in
 th

e 
st

ud
y 

fo
r t

he
 c

oa
rs

e 
ra

ng
e 



 
 
 
 
 

   Characteristics of North African Dust  

 103 

In the eastern half of the Iberian Peninsula, the topsoil is particularly enriched by calcareous materials in 
comparison with most other European regions, including the Atlantic western region of the Iberian 
Peninsula. In addition, the southern Mediterranean coast of Spain is a semi-arid region, which favours 
particle re-suspension. Figure 6.5 shows the Ca/Si ratio distribution in the Iberian Peninsula topsoil plotted 
over the topography (the Ca/Si ratio was obtained from XRF data of the Geochemical Atlas of Europe, 
http://www.gtk.fi/publ/foregsatlas/, FOREGS, 2005). The Ca/Si elemental ratios in this work varied from 
0.27 to 0.52 for long range transports, higher than those generally found in the literature, which usually 
vary from 0.10 to 0.40, depending on the source region (Kandler et al., 2007; Marenco et al., 2006; Blanco 
et al., 2003; Formenti et al, 2003; E.A. Reid et al., 2003; Bergametti et al., 1997; Chiapello et al., 1997; 
Gatz and Prospero, 1996). However, studies from Italy, whose topsoil is also calcium rich (Geochemical 
Atlas of Europe, http://www.gtk.fi/publ/foregsatlas/, FOREGS, 2005), generally present higher Ca/Si 
ratios (0.3-0.4) than samples from other locations (Bonelli et al., 1996; Bergametti et al., 1989; Marenco et 
al, 2006). The Ca/Si ratios from African topsoil are generally under 0.2 (Guieu And Thomas, 1996; 
Krueger et al., 2004; Moreno et al., 2006a), with the exception of Western Sahara, whose ratios have been 
found to be 0.33-0.58 (Moreno et al., 2006a). Dust coming from the Moroccan Atlas region also contains 
higher amounts of calcite and dolomite (Avila et al., 1997). 
 
No significant sulphate coating on mineral particles has been detected during the study. Table 6.6 
summarises the percentage of particles that fall into four catagories based on elemental sulphur content 
(%) as calculated by relative X-ray counts  which detects  sulphur in each particle.  These catagories 
include: “None” with no sulphur detected; “Low”, with sulphur between 1% and 10%; “Intermediate” 
with sulphur between10% to 20%; and “High”, with sulphur exceeding more than 20%. Over 89% of the 
particles contained no sulphur. Differences between chemical analysis of the PM10 and PM2.5  filters 
studied in this  campaign and previous studies, found small concentrations of sulphate in the coarse range, 
always being below 5% during this type of episode. Secondary inorganic compounds in the coarse range 
during these episodes were mainly nitrates. 

 
Table 6.6. None, low, intermediate, and high sulphur content (relative X-ray counts) of particles (% in 

number) for the episodes in each size range. 

 Sulphur content 
 4-10 um 2.4-4 um 

Sample 
None 
(%) 

Low         
(2-10%) 

Interm.    
(10-20%) 

High 
(>20%) 

None 
(%) 

Low        
(2-10%) 

Interm.    
(10-20%) 

High 
(>20%) 

AFR-1 (A) 89 3 1 7 93 0 1 6 
AFR-1 (B) 89 1 2 8 89 0 1 10 

AFR-2 94 2 1 3 96 0 0 4 
AFR-3 (A) 93 2 1 4 95 0 1 4 
AFR-3 (B) 90 2 1 6 93 0 1 6 
AFR/REG 92 2 2 4 96 0 0 4 

 

6.4.2. Morphological Characteristics of Particles from African Dust Episodes 

Coarse African dust particles had a median Aspect Ratio (AR) of 1.81. Aspect Ratio values versus particle 
volume distribution presented a lognormal distribution. The median value was slightly smaller than that 
reported by E.A. Reid et al. (2003) of 1.96, during the Puerto Rico Dust Experiment (PRIDE) and higher 
than 1.64 obtained by Kandler et al. (2007) for the Canary Islands. AR median values of 1.64<1.81<1.96 
for the Canary Islands, the Spanish Peninsula and Puerto Rico, respectively, would be related to selective 
aerodynamic processes during the transport. Larger median values may indicate the tendency of more 
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elongated laminar particles to persist during the transport, which may be linked to the aforementioned 
aerodynamic behaviour of clay. Between 8% and 14% of particles (by number) had AR values greater 
than three. Specific Aspect Ratio average and standard deviation values for each episode can be found in 
Tables 6.7, 6.8 and 6.9. These tables also summarise AR by clusters. 
 

Table 6.7. AR mean, median and standard deviation for AFR-1 (A) and (B). 

AFR-1 (A) E3 (4-10um) E4 (2.4-4um) 
Cluster Mean Median St. Dev. Mean Median St. Dev. 

All 2.19 1.83 1.51 2.12 1.82 1.26 
Silicates 2.12 1.82 1.38 2.12 1.83 1.48 

Carbonates 2.00 1.75 1.08 1.91 1.69 0.71 
Sulphates 2.34 1.93 1.16 2.19 1.86 1.04 

Salts (Cl, Na) 1.95 1.84 0.75 2.05 1.78 0.82 

Phosphates  1.41 1.39 0.30 3.43 2.34 3.61 
Iron Oxid. 2.46 1.97 1.63 2.18 1.87 0.96 

Titan. Oxid. 1.85 1.67 0.78 1.87 1.81 0.78 
Heavy metal oxides 1.41 1.30 0.29 1.39 1.42 0.15 

AFR-1 (B) E3 (4-10um) E4 (2.4-4um) 
Cluster Mean Median St. Dev. Mean Median St. Dev. 

All 2.22 1.81 1.80 2.07 1.77 1.67 
Silicates 2.19 1.81 1.58 2.15 1.81 1.91 

Carbonates 1.87 1.70 0.64 1.83 1.63 0.84 
Sulphates 2.43 1.98 1.23 2.09 1.88 0.92 

Salts (Cl, Na) 1.67 1.51 0.48 1.57 1.45 0.39 
Phosphates  1.51 1.48 0.26 1.56 1.57 0.20 
Iron Oxid. 1.88 1.76 0.57 1.89 1.64 0.75 

Titan. Oxid. 1.98 1.63 1.21 1.43 1.29 0.29 
Heavy metal oxides 1.48 1.48 0.46 1.56 1.56 --- 

 
 
Aspect Ratio values for samples taken under the same meteorological scenarios AFR-1 (A) and (B) and 
AFR-3 (A) and (B) were statistically equal (p<0.05 on the Student test), for the two size ranges in the 
study (Tables 6.7 and 6.8). This result indicates that particles may have similar morphological 
characteristics when taken during the same episode, including those samples collected on different non-
consecutive dates. The Student T-test was applied to compare sample differences as although median AR 
values were similar, standard deviations were high. The test helped to resolve whether those high standard 
deviations were due to diversity of particle AR, or to a few particles having extremely high AR, as 
previously explained.  
 
Table 6.7 summarises the cluster results (AR mean, median and standard deviation) for AFR-1 (A) and 
(B).  The main differences between these two samples are linked to the standard deviation, which was 
found to be higher in the second sample. Focusing on the three most abundant clusters: Silicates, 
carbonates and sulphates (Table 6.5) both samples had similar results, being 
ARsulphates>ARsilicates>ARcarbonates. From the three groups, carbonates not only had the lowest AR values but 
the standard deviation, which means there may be higher homogeneity of shapes in this group. 
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Similar behaviour is observed in the other samples taken during a same episode, AFR-3 (A) and (B) 
(Table 6.8). From the three most abundant clusters, (silicates, carbonates and sulphates) the two samples 
showed a relative abundance of: ARsulphates>ARsilicates >ARcarbonates as seen with the previous episode. In 
addition, carbonates presented the lowest standard deviation in most of the cases. 
 

Table 6.8. AR mean, median and standard deviation for AFR-3 (A) and (B). 

AFR-3 (A) E3 (4-10um) E4 (2.4-4um) 
Cluster Mean Median St. Dev. Mean Median St. Dev. 

All 2.04 1.79 0.94 2.18 1.83 2.32 
Silicates 2.07 1.83 0.87 2.19 1.88 1.19 

Carbonates 1.93 1.67 0.84 2.01 1.68 1.28 
Sulphates 2.11 1.81 0.95 2.10 1.81 0.97 

Salts (Cl. Na) 1.85 1.57 1.04 1.72 1.55 0.59 
Phosphates  1.94 1.98 0.5 1.77 1.79 0.32 
Iron Oxid. 1.96 1.95 0.55 2.06 1.84 0.81 

Titan. Oxid. 1.49 1.26 0.57 2.23 1.82 1.23 
Heavy metal oxides --- --- --- 1.96 1.96 --- 

AFR-3 (B) E3 (4-10um) E4 (2.4-4um) 
Cluster Mean Median St. Dev. Mean Median St. Dev. 

All 2.04 1.79 0.94 2.18 1.83 2.32 
Silicates 2.07 1.79 0.94 2.17 1.88 1.00 

Carbonates 1.97 1.71 0.95 2.00 1.71 1.03 
Sulphates 2.33 2.00 1.16 2.37 2.00 1.31 

Salts (Cl. Na) 1.62 1.43 0.56 1.64 1.49 0.60 
Phosphates  2.18 2.25 0.65 1.77 1.35 1.08 
Iron Oxid. 1.89 1.54 0.66 2.10 1.52 0.85 

Titan. Oxid. 2.02 1.64 0.78 1.61 1.86 0.35 
Heavy metal oxides --- --- --- --- --- --- 

 
 
Ou of all the episodes, AR from the AFR-REG episode showed the highest differences when compared to 
the rest of the dust events  (Table 6.9). Smaller median AR values in most of the clusters might be linked to 
the recirculation during that episode, which tended to retain particles with specific chemical and 
morphological characteristics, probably due to their smaller aerodynamic sizes (a function of density and 
shape). Again carbonates were associated to the lowest AR values, but in this case, silicates had similar 
standard deviations to the former group. 
 
Comparison of AR of the remaining samples showed significant statistical differences, with few 
exceptions. Samples from episodes AFR-1 and AFR-3 were close in AR values and also chemical 
clustering in the silicate group cluster distribution within this size range, that which basically determines 
the mean AR values of the samples due to its high abundance. This similarity in results is related to 
morphology. Nevertheless, AFR-1 had higher calcium carbonate concentration than the latter, and 
opposite occurs with silicates. Comparing the relative abundance of the silicates, sub-grouped following 
the rules in Table 6.4, their relative abundance was similar, which might be associated to a close source 
origin, as it will be explained in the next section.  
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Table 6.9. AR mean, median and standard deviation for AFR-2 and AFR/REG. 

AFR-2 E3 (4-10um) E4 (2.4-4um) 
Cluster Mean Median St. Dev. Mean Median St. Dev. 

All 2.05 1.81 1.02 2.21 1.89 1.21 
Silicates 2.04 1.83 0.94 2.23 1.91 1.23 

Carbonates 1.93 1.71 0.89 2.08 1.76 1.12 
Sulphates 2.12 1.81 1.26 2.55 1.97 1.65 

Salts (Cl. Na) 2.57 1.77 1.72 2.12 1.96 0.94 
Phosphates  1.71 1.64 0.4 1.84 1.67 0.40 
Iron Oxid. 2.90 2.07 2.33 2.01 1.81 0.79 

Titan. Oxid. 1.50 1.43 0.24 1.78 1.51 0.53 
Heavy metal oxides --- --- --- --- --- --- 

AFR/REG E3 (4-10um) E4 (2.4-4um) 
Cluster Mean Median St. Dev. Mean Median St. Dev. 

All 1.96 1.71 0.93 2.04 1.76 1.25 
Silicates 2.00 1.78 0.91 2.06 1.79 1.31 

Carbonates 1.77 1.56 0.68 1.85 1.66 0.82 
Sulphates 1.77 1.58 0.72 2.21 1.90 1.43 

Salts (Cl. Na) 1.77 1.49 0.73 1.45 1.38 0.26 
Phosphates  1.92 1.65 0.64 1.59 1.59 --- 
Iron Oxid. 1.90 1.80 0.50 1.83 1.54 0.70 

Titan. Oxid. 1.92 1.62 0.83 1.53 1.53 0.01 

Heavy metal oxides --- --- --- --- --- --- 

 
 
Combining the samples according to chemical families, it was observed that silicates, sulphates and iron 
oxides make up the cluster with larger median AR values and the remainder generally present smaller 
median AR values (Table 6.10). Examples of particles from each cluster, along with their Dp and AR 
values can be found in Figure 6.11. The images may help to understand which types of morphology can be 
associated with different AR values. Important differences are found in the two principal clusters, silicates 
(Si-rich) and carbonates (Ca-rich), since AR was statistically different for both clusters within both size 
ranges (p<0.05 in the Student test). This finding is of particular importance although the relative 
abundance of carbonates to silicates has been found to be significantly higher in non-African samples 
during the campaign. Smaller AR values in carbonates in comparison to silicates indicate a major 
abundance of particles with axis lengths closer to a 2:1 (major to minor axes) ratio in a model based on 
ellipsoidal morphology (Figure 6.11a-f). Sulphates presented the highest median AR values of 1.89-1.91 
(Table  6.10), as also observed in the study conducted by Kandler et al. (2007), where rectangular and 
elongated (or needle-like) crystallisation was prevalent (Figure 6.11g). Median AR values for salts in most 
of the samples, with the exception of samples AFR-1 (A) and AFR-2, varied from 1.38 to 1.57, which can 
be linked to halite and other salt morphologies (Figure 6.11i-j). In the former samples, some sodium-rich 
particles (probably as carbonate or nitrate) with more elongated shapes have been detected. In the latter 
case of AFR-2, the larger AR values may be linked to two or more salt crystal associations, such as cubic 
twinned habits for example. 
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Table 6.10. AR mean, median and standard deviation for each cluster. 

All
Mean Median St. Dev. Mean Median St. Dev.

Cluster
Silicates 2.08 1.81 1.10 2.17 1.87 1.29

Carbonates 1.93 1.69 0.90 1.97 1.70 1.03
Sulfates 2.26 1.89 1.13 2.24 1.91 1.18

Salts (Cl, Na) 1.78 1.50 0.89 1.70 1.53 0.62
Phosphates 1.86 1.71 0.56 2.11 1.61 1.83
Iron Oxid. 2.29 1.90 1.45 2.06 1.83 0.85

Titan. Oxid. 1.82 1.57 0.81 1.80 1.54 0.71
Heavy metal 

oxides
1.43 1.30 0.31 1.50 1.51 0.25

E3 (4-10um) E4 (2.4-4um)

 
 
 

6.4.3. African Episodes and Source Origin 

Atmospheric Saharan dust is usually considered to be composed of the lighter particles from topsoil 
composition, essentially quartz and clay, this latter consisting mostly of kaolinite [Al2Si2O5(OH)4], 
smectite and, within this sub-group, specifically montmorillonite [(Ca, Na, H)(Al, Mg, Fe, 
Zn)2(Si,Al)4O10(OH)2·xH2O], and illite [(K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,H2O]] in variable 
proportions (Brooks et al., 2005; Krueger et al., 2004; Maley, 1982). Calcite, dolomite and feldspars are 
also components of transported dust from Northern Africa (Ganor, 1991; Molinaroli, 1996; Avila et al., 
1997; Caquineau et al., 1998). The relative abundance of one or another type of clay has been linked to the 
parent material in different dust productive regions in North Africa (Reiff et al., 1982; Morinaroli, 1986; 
Prospero, 2002). Palygorskite [Si8(Mg2Al2)O20(OH)2(OH2)4 ·H2O] is also used as a tracer for Saharan 
outbreaks, but only from some specific areas (Avila et al., 1997; Reiff et al., 1982).  
 
Figure 6.12 shows the relative particle volume distribution of the different clusters defined within the Si-
rich particle group (also denoted as silicates), together with Ca-rich and Ca,Mg-rich groups (carbonates), 
in the study. Results from samples taken from the same episode on the same day (AFR-1, A/B) and non-
consecutive days (AFR-3, A/B) are again in good agreement. The groups in this Figure represent 79-86% 
of the total particle volume in the samples (data in brackets on top of the bars).  
 
Taking into account the different source origins and trajectories followed by the air mass for each sample, 
every individual episode has a characteristic cluster distribution of Si-rich particles that may be linked 
with its source origin. The most probable mineralogy associated with each cluster has been indicated in 
brackets. To interpret the results, the source of each episode has been located on the map in Figure 6.5, 
showing the most probable source area and linked with the distribution of major minerals in the topsoil of 
each region and the respective trajectories. Source regions from AFR-2, AFR/REG and AFR-3 correspond 
to the most productive source of Saharan dust, while the Moroccan Atlas area, the origin of episode AFR-
1, was identified by Avila et al. (1997). 
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Figure 6.11. Examples of particle morphologies found in the different clusters (general clustering method 
in Table 6.3). AR value for each particle has been added in the image. 
 
Relative calcite contents between 18-22% (Ca-rich group, Figure 6.12) were found in all the samples. The 
parent material in the Atlas region and Western Africa is known to be particularly rich in Calcite (Moreno 
et al., 2006a; Krueger et al., 2004; Avila et al., 1997). Similar percentages in AFR-1, with origin in the 
Atlas Mountains, and AFR-3, whose origin is located in Eastern Algeria and Western Libya, may be due 
to the parent material composition (both with calcite content, Map of World Soil Resources (1:25000000), 
FAO, January 2003). The gathering of dust during the transport of these episodes may be another source 
of calcite, as the airmass travelled below 1000 m a.g.l. Quartz is also detected in all the samples, with 
similar content to calcite. Quartz is present in all North African wind-borne dust (Claquin et al., 1999) and 
shows no regional pattern (Caquineau et al., 1998). Relatively low percentages of kaolinite were found in 
AFR-1 samples (approximately 3-5%), high in AFR-3 (approximately 12-15%) and very high in AFR-2 
and AFR/REG (approximately 20-25%). However, X-ray diffraction would be needed here to accurately 
determine the kaolinite contribution. Kaolinite, abundant in Southern Sahara and Sahel areas, is used as a 
tracer for Harmattan winds in sedimentology (Heinz-Lange, 1982). It has been observed that Kaolinite 
presented similar morphology and smaller sizes than the rest of the clays, and seems to be especially 
abundant in the 2.4-4 µm size range. The Illite group (K,Si-rich cluster, Figure 6.12) is abundant in all 
samples, being higher in episodes with northern origins (nearly 20% of particle volume). Some particles of 
Illite are easily recognizable due to the filaments in the structure (Figure 6.11c-d). The Montmorillonite 
group (Figure 6.12) is abundant in samples with northern origins, making up 20-24% of relative content in 
comparison with 10-12% for episodes with origin in Western Sahara. 
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Figure 6.12. Cluster distribution of silicates (Si-rich group) and carbonates (Ca,Mg-rich group) particles 
during the African episodes. Numbers in top of the bars represent volume of particles in each sample. 
 
Table 6.11. AR median values and standard deviations from the silicate group clusters from all the 
samples and the AFR-REG-1 episode. 

 All  AFR/REG 

Si-rich E3 (4-10 µm) 
Cluster Mean Median St. Dev.  Mean Median St. Dev. 

AlSi 2.08 1.77 1.13  1.99 1.76 0.94 
Ca 2.02 1.78 0.92  1.77 1.67 0.50 

Mg-Fe 2.02 1.83 0.72  1.95 1.76 0.79 
K 2.06 1.81 1.04  2.02 1.78 1.00 

Mg 2.26 1.93 1.52  2.31 2.04 1.07 
Others 2.21 1.78 1.43  1.83 1.74 0.69 

Si-rich E4 (2.4-4 µm) 
Cluster Mean Median St. Dev.  Mean Mean St. Dev. 

AlSi 2.22 1.89 1.44  2.13 1.85 1.42 
Ca 2.08 1.83 0.99  2.00 1.62 1.12 

Mg-Fe 2.12 1.81 1.55  1.84 1.64 0.68 
K 2.07 1.83 0.88  1.76 1.61 0.52 

Mg 2.16 1.90 1.02  1.50 1.58 0.22 
Others 2.02 1.87 0.72  1.46 1.33 0.34 

 
The main differences are found comparing the (Al)Si-rich, Mg,Si-rich and Mg-Fe,Si, rich clusters. Major 
abundances of the (Al)Si-rich may indicate a large presence of kaolinite in the episode located in eastern 
Algeria and western Libya, as described in the previous paragraph. The major presence of Mg silicates in 
the episode with Atlas origin (10-11% to ~3%) may indicate a larger amount of palygorskite, which is 
used as a tracer for this region. Differences in composition of samples linked to west, southern (AFR-2, 
AFR/REG) and northern origins (AFR-1, AFR-3) are mainly due to the significant presence of kaolinite 
and lower smectite in the first two when compared to the others. Results are in good agreement with the 
soil distribution for each region, which is constant with all the episodes studied (Figure 6.5). Despite this 
good agreement, the regional dust recirculation during the AFR/REG episode appeared to positively select 
particles with smaller and more homogenized AR values resulting in lower standard deviations (Table 
6.11). Median AR values from this episode in comparison with the values from particles from all the 
episodes together were smaller for every cluster and size range. Analysing the silicate clusters for all the 
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samples together, it is observed that the Ca, Fe and K clusters have similar average AR values over both 
size ranges (Table 6.11). The mean and median AR values for the Mg cluster are larger, indicating the 
presence of a greater number of particles with an elongated platelet shape.  
 

6.5. Conclusions 

Chemical composition and morphology of more than 30,000 particles have been studied to characterise 
dust from four African episodes associated with very high PM10 mass concentrations and different 
transport scenarios. Samples taken under the influence of the same episode were used to confirm whether 
or not dust has similar characteristics throughout the transport  process. These samples showed good 
agreement in chemical clustering and in morphology (being statistically equal), so the particles exhibited 
similar properties independent of the time of collection. 
 
Silicates have been the most abundant particle type ranging from about 65-85% (particle volume), which 
was consistent with other studies of African dust conducted in continental Europe using similar 
methodology. Silicate abundances of less than 50% were previously found for non-African transports, 
under regional recirculation or local stagnation conditions during the campaigns. Carbonates and sulphates 
were the most abundant particle types after silicates. The relative abundance in particle volume of both 
particle types varied with episode characteristics, but carbonates were always more abundant than 
sulphates. Higher relative abundances  of calcite, with respect to other similar studies, have been linked to 
the abundance of topsoil composition in the Eastern half of the Iberian Peninsula. 
 
Particle morphology has been quantified by a shape parameter, the Aspect Ratio (AR). A median average 
value of 1.81 has been obtained for the study. Smaller average AR values are found for studies 
characterizing dust in sites close to North African coast and larger average AR values for studies located 
further away. The increasing average AR value would be related to selective aerodynamic processes 
during transport. Larger median values may indicate the tendency of more elongated laminar particles to 
persist during the transport, which could probably be linked to the aforementioned laminar morphology of 
clay. The AR values for all the samples and size ranges follow the order: sulphates>silicates>carbonates. 
The larger AR values of sulphates are associated with their typical elongated crystallization. Silicates also 
present elongated values due to the major presence of clay minerals associated with laminar mineralogical 
habits that favour their transport in air. Carbonates always present lower values than the two previously 
cited groups. This finding is particularly interesting, as consequently much higher carbonate abundances 
have been found in non-African episodes during this research, which have been linked to the calcareous 
parent soil of the Iberian Peninsula. Out of all the episodes, the event which was accompanied by regional 
recirculation differed the most in terms of chemical clustering and morphology. The silicate group has 
been divided into sub-clusters and the chemical distribution within the silicates has been linked to the 
lithology at the source of the dust episode. In general, the following clusters have been found exhibiting 
the following order of decreasing relative abundance: kaolinite > illite > smectite > calcite > palygorskyte.  
However, quantitatively, the abundance of these clusters differs from one origin to another. 
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 Chapter 7.  Individual Particle Characteristics from 
local, regional and long-range 

transport episodes 

“The quality of urban air compared to the air in the deserts and forests is like thick and 
turbulent water compared to pure and light water. In the cities with their tall buildings and 
narrow roads, the pollution that comes from their residents, their waste makes their entire 

air reeking and thick, although no one is aware of it. Because we grow up in cities and 
become used to them, we can at least choose a city with an open horizon.”  

Maimonides, M. S. XII. 

 
 
 
 
 
 

7.1. Introduction 

During development of this research the legislation about particulate matter in Spain was ruled by the air 
quality Framework Directive 96/62/EC. The Directive covers the revision of the existing legislation and 
the introduction of new air quality standards for previously unregulated pollutants by four daughter 
directives. The list of ambient pollutants to be considered includes sulphur dioxide, nitrogen dioxide, 
particulate matter, lead and ozone, benzene, carbon monoxide, poly-aromatic hydrocarbons, cadmium, 
arsenic, nickel and mercury.  A new Directive has recently come into force, regulating the same pollutants, 
updating the previous marked levels (2008/50/CE). 
 
The first daughter directive 1999/30/EC relating to limit values for NOx, SO2, Pb and PM10 in ambient air 
came into force in July 1999. Spain adopted the Directive by the Real Decreto 1073/2002 in October 2002. 
The introduction and application of this Directive established new limits in the mass concentrations in air 
(50µg·m-3 daily limit, 40 µg·m-3 annual limit) in a specific size range PM10 meant a challenge in air quality 
monitoring and managing in Spain. Preliminary estimations allowed an evaluation in Madrid of the actual 
PM10 concentration levels with respect to the limits proposed by the directive (Artíñano et al., 2003; 
Artíñano et al.; 2001, Salvador and Artíñano, 2000) prior to its application. This type of assessment was 
also carried out in other regions of Spain (Querol et al., 2001a, b; Rodriguez et al, 2001) and Europe 
(QUARG, 1996).  
 
The new Directive 2008/50/CE considers two levels of evaluation, superior and inferior, considered 70% 
and 50% of the PM10 limit value (35 and 25 µg·m-3)  and the PM2.5 limit value (17 and 12 µg·m-3) 
respectively. These levels determine the procedure for the evaluation of the air quality. 

Chapter 7 
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Table 7.1. Annual PM10 averaged concentrations (µg/m3), and number of days in which the 50 µgPM10/m3 
EU Directive daily limit value (n>LV) was exceeded, obtained at the Madrid network monitoring stations 
for the period 1999–2000 (Artíñano et al., 2003). 
 

n>LV n>LV

No. 1 Paseo de Recoletos 4 5 103 42 101

No. 2 Gta.  De Carlos V 3 7 5 9 36 71

No. 3 Pza. del Carmen ND ND 30 47

No. 4 Pza.  de  España 3 6 5 8 41 121

No. 5 Barrio del Pilar 3 6 6 8 40 119

No. 6 Dr. Marañón 4 5 118 43 114

No. 7 Marqués  de  Salamanca 3 7 6 8 35 60

No. 8 Escuelas Aguirre 4 1 8 9 41 110

No. 9 Pza. Luca de Tena 3 8 7 0 35 65

No. 10 Cuatro  Caminos 3 5 5 0 32 53

No. 11 Av. Ramón y Cajal 3 1 3 0 29 41

No. 12 Manuel  Becerra 3 3 3 6 32 48

No. 13 Vallecas ND ND 34 64

No. 14 Pza. Fdez. Ladreda 4 5 110 40 105

No. 15 Pza. de Castilla 3 6 4 8 37 68

No. 16 Arturo Soria 3 2 3 3 ND ND

No. 17 Villaverde 4 8 128 47 135

No. 18 Marqués de Vadillo 5 2 154 51 171

No. 19 Alto de Extremadura 3 1 2 9 32 52

No. 20 Moratalaz 3 1 3 4 32 49

No. 21 Isaac Peral 3 3 4 1 31 50

No. 22 Paseo de Pontones ND ND 37 83

No. 23 Final Calle Alcalá 3 2 3 9 33 61

No. 24 Casa  de  Campo 2 7 1 8 29 32

No. 25 Santa  Eugenia 4 5 138 50 128

3 8 38Network average

Madrid PM10  network stat ions
1 9 9 9

PM10 PM10

2 0 0 0

 
 
In the Madrid network, managed by the city council authorities, the Tapered Element Oscillating 
Microbalance system (TEOMTM) has operated since 1995. The analysis of the data provided by the 25 
stations of this network during 1999 and 2000 provided evidence of the complicated situation that Madrid 
had to face with the application of the new Directive. Between six to  nine stations exceeded the limits for 
more than a hundred days during those years respectively. Table 7.1 presents the annual PM10 averaged 
daily concentrations (µg·m-3)and the number of days in which the 50 µg·m3 EU Directive daily limit value 
(n>LV) was exceeded at the network monitoring stations during these two years (Artíñano et al., 2003). 
The main differences were found for two stations: Casa de Campo and Marqués de Vadillo. The daily 
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average values in Casa de Campo were exceeded on 18 and 32 days for 1999 and 2000 respectively, while 
in Marques de Va dillo levels were exceeded on 154 and 171 days, exhibiting noticeable differences 
between stations within the city monitoring network.  Casa de Campo was confirmed as the only 
background urban station of the network, and so, it has been used throughout the study to analyse the 
evolution of the PM concentrations in the city. 
 
From 2000 until the present day, three different types of phenomena have been found to be associated to 
the high particle concentration events in the city of Madrid: local anthropogenic, regional episodes and 
African dust episodes. Local episodes generally arise as a the result of thermal inversions that take place 
during the coldest days of the year. The regional episodes are caused by a thermal low associated to the 
warmest days of the summer season, and the air mass transport from North African origins, which are 
distributed during spring, autumn and summer months. 
 
Madrid is one of the few big European cities with no influential industrial activity nearby, thus 
anthropogenic pollution, mainly associated to the PM2.5 size fraction, can be considered to be urban in 
origin. However, the increasing concentration of the coarse fraction can be associated to natural origins, 
such as regional and African episodes. The results found in Artíñano et al. (2003), Salvador et al. (2004) 
and Moreno et al. (2005) provide evidence of the relevance of long term transport of Saharan dust 
episodes over the Madrid and central Iberian areas.  They point to this source, not only as the most 
probable contributor for the majority of PM10, but also as an important influence on PM2.5, and thereby 
contributing to the exceedance of EU limits due to the large amount of particle matter associated to this 
transport (Artíñano et al., 2003; Querol et al., 2001a,b). Table  7.2 summarises the mean daily values of the 
concentration levels based on the station category and the identified high level particle concentration event. 
The mean levels associated to particles of African origin are the highest for all the station types (TSP and 
PM10), closely followed by those derived from  anthropogenic sources. 
 
Table 7.2. Mean daily values of TSP and PM10 concentration levels (µg·m-3) in Madrid and the 
surrounding area during the 1996-2000 period, based on the station category and the type of event 
(Salvador, 2004). 

Type of Station Local Regional African 
Rural background (TSP) 17 35 43 
Urban background (TSP) 42 40 52 

Traffic-urban (PM10) 57 51 58 
Traffic-urban (TSP) 88 75 99 

 
The results of a study of the daily PM10 (µg·m-3) for the three EMEP rural background stations located in 
the central area of the Iberian Peninsula (Peñausende, Campisábalos and Risco Llano) during the period 
2004-2005 are summarised in the Table 7.3. Sixty eight and 54 days are associated to African dust events 
during the years 2004 and 2005 respectively in the central basin of the Iberian Peninsula (following the 
“Guidance to member states on PM10 monitoring and intercomparisons with the reference method”, EC 
Working Group on Particulate Matter, 2002). The mean values of the average daily concentration for the 
days associated with this type of events are 2.5 times higher than the mean values for the rest of the days 
of the year in the two cases, 2004 and 2005. These results reveal the important contribution of the African 
dust to the increase of the particle concentrations levels in the region. 
 
As explained in the previous chapter, the EU Directive 1999/30/EC contemplates that countries will 
sometimes be subject to PM10 pollution events ascribable to natural events defined as volcanic eruptions, 
seismic activities, geothermal activities, wild-land fires, high-wind events or the atmospheric re -
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suspension or transport of natural particles from dry regions (EU Directive article 2.15). Therefore , 
characterisation of these types of episodes over Madrid City is particularly relevant in order to 
differentiate them from anthropogenic influences.  
 
Table 7.3. Number of days associated to African dust episodes, mean of the daily averaged concentrations 
for the days associated (African episodes) and no associated (background/others) to African dust episodes 
for the EMEP rural background stations in the central area of the Iberian Peninsula. 
 

  PM10 (µg·m3) 
 

Days with 
episode African  Others 

2004 68 28 11 
2005 54 27 11 

 
This evaluation of the three main types of events associated to high particle concentration levels in Madrid 
City and the surrounding area (Table 7.2) shows the important contribution that episodes associated with 
mineral matter have on the region. High concentrations of mineral dust in the air are related to the increase 
of soil aridity and fertility. In addition to this, in urban areas, anthropogenic particles get mixed with those 
from natural sources, thereby varying the chemical and physical properties of the atmospheric aerosols. In 
the case of Spain, desertification processes currently threaten large areas of the territory, in particular by 
the impact of forest fires and by the loss of fertility of irrigated land due to higher salinity and erosion 
(Va llejo et al., 2005). 
 
The motivation of this part of the study was the characterisation of the mineral dust associated to the 
episodes mentioned earlier, with the aim of evaluating its similarities and differences related to particle 
chemistry and morphology. Specifically, the characterisation of these individual particle properties for 
episodes linked to long-range, regional and local meteorological scenarios, pursued the following 
objectives: (a) to evaluate the variability of individual particle composit ion and morphology during 
episodes and to compare them, and (b) to analyse the possible differences and the associated origin.  
 
As in the previous chapter, the current study has been conducted in Madrid within the framework of a 
programme focused on the physico-chemical characterisation of the urban aerosol and determination of its 
source. The samples were selectively collected during the 2004-2005 campaigns. Meteorological 
scenarios, air-mass back-trajectories, dust source identification, and impact on the study are characterised 
and described in detail in section 7.3. 
 

7.2. Methods 

7.2.1. Sample collection 

Sampling was carried out during 2004 and 2005 at CIEMAT, during the same field campaigns referred to 
in the previous chapter where further details of the experimental site can be found (see: section 6.2.2). 
 
A total of four samples were collected to characterise four different episodes: two long range transports 
from North Africa and the Northern Atlantic, one from a regional recirculation, and one from a local 
stagnation (Table 7.4). A detailed description of these episodes can be found in section 7.3. 
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7.2.2. Clustering 

The cluster method applied to group particles based on their elemental composition was the same as that 
described in the previous chapter where further details can be found (see: section 6.2.2). 
 

Table 7.4. Sample collection, CCSEM analysis and PM10 levels of each episode. 

Sample collection CCSEM analysis 
 Time (UTC) 

2 PM10 levels 
(µg·m-3) EVENT TYPE 

Date 
Initial Final 

Size 
range 
(µm) 

# of part. 
S1 S2 L1 

4-10 1308 
2.4-4 2398 

African 
16/03/20 14:50 15:30 

1.5-2.4 1299 
92 98 96 

4-10 4795 
2.4-4 2903 

Regional  
22/07/20 10:30 11:10 

1.5-2.4 2323 
53 48 42 

4-10 3660 
2.4-4 4500 

Local 
22/01/20 13:25 14:35 

1.5-2.4 2172 
67 --- 65 

4-10 1471 
2.4-4 2733 

North Atlantic 
23/03/20 10:25 12:25 

1.5-2.4 3269 
6 4 10 

        Total 32831   
(1) S1 and S2: daily PM10 mass concentration ratios at CIEMAT site and Casa de Campo station and L1,Casa de 
Campo, station during the sample collection times. 

 

7.3. Description of the Episodes: Meteorological Scenario, Air Mass 

Trajectory and Source Region Apportionment 

The methodology chosen attempted to identify and characterise each type of episode is the same as the 
described in the previous chapter (section 6.3). In this particular case, understanding the behaviour of the 
air masses affecting Madrid would help to interpret the complex atmospheric events that take place and to 
identify the origin of the different PM episodes. Figure 7.2 is a compilation of the geographic source 
sectors and the regular trajectories of the air mass that affect the Iberian Peninsula. From a 
thermodynamics point of view the air masses can be divided into the categories: warm, cold or mixed 
based on the air temperature range differences (Table 7.4). The PM concentration levels are directly 
associated to the events in each case. This difference is emphasised if the airmass is also different: marine 
or continental . Cold fronts are usually linked to low PM concentration levels, especially those coming 
from the Atlantic sector (AN-ANW-AW, Figure 7.2). Those with maritime origin, together with the 
associated precipitations and strong winds crossing across the Peninsula, result in a drop in PM levels. 
However, conversely, the warm air masses, and especially those of continental tropical origin  derived 
from the African desert areas, are associated with an increase of PM10 concentration levels. The 
characteristics of the principal air masses affecting the Peninsula are summarised in the Table 7.4. 
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Figure 7.2. Compilation of the source sectors and the regular trajectories of the air mass that affect the 
Iberian Peninsula (adapted from Salvador, 2004). 
 
 
Table 7.4. Summary of the principal air masses over the Iberian Peninsula (adapted from Font, 1982). 

PRINCIPAL AIR MASSES OVER THE IBERIAN PENINSULA 

Nature Name Sign Origin place Origin 
Sector Seasonality Affected 

regions 
Continental 
tropical air cT Sahara AFR Spring Mediterranean 

and plateaus 

Continental 
African 

tropical air 
cT 

Sahara w/ 
marine 

circulation 

AFR-
ASW 

Summer 
Canary Is., SW 

regions, 
plateaus 

Maritime 
tropical air mT Tropical 

Atlantic 
ASW-
AW 

Autumn 
and Winter 

NE regions, N 
plateau 

Warm 

Maritime 
Maritime 

subtropical air 
mT 

(sub.) 
Subtropical 

Atlantic AW Summer 
and Winter 

N regions, N 
plateau, 

Mountain 
chains 

Mixed Maritime/ 
Cont. 

Mediterranean 
air mcT East Africa MED-

AFR 
Spring and 

Summer 
Mediterranean  

Continental Continental 
polar air cP Siberia, 

Russia EUR December, 
January 

Peninsula, 
Baleares Is.  

Maritime 
polar air mP Greenland, 

N. Canada ANW Winter Peninsula Cold 
Maritime 

Artic ocean air mA Artic region AN Winter and 
April 

Peninsula, 
Baleares Is.  

  
To simplify the analysis of the impacts from the different events, they have been grouped based on their 
air mass origins and nature in six different scenarios (Salvador, 2004): (a) Atlantic air masses transport or 
advection (AN-ANW-AW, ASW), (b) African advection (AFR), (c) European advection (EUR), (d) 
Mediterranean transport (MED), (e) regional recirculation (REG), and local stagnation (LOC). 
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Results presented by Salvador (2004), for the 1996-2000 period in the Madrid basin, showed that air 
masses coming from the Atlantic were the most frequent, whilst air masses  derived from Mediterranean 
and regional sources the least frequent (Table 7.5, Figure 7.3). The three events associated to highest 
concentration levels are the African, Regional and Local (table 7.2). The Atlantic events are the ones with 
the lowest concentration levels. 
 
Table 7.5. Average particle concentration levels (µg·m-3) in the Madrid basin area during the period 1996-
2000, based on the type of station and the air mass scenarios described in Figure 7.2 (Querol et al., 2004a). 

 AN-ANW-AW 
(62%) 

ASW 
(13%) 

AFR 
(9%) 

MED 
(4%) 

EUR 
(8%) 

REG 
(4%) 

Rural background 
(TSP) 

10-17 20-23 30-36 21-29 18-20 29-32 

Urban background 
(PM10) 

27-29 34 42 37 35 29-32 

Traffic-urban (PM10) 30-43 37-46 43-56 41-56 39-47 42 
Traffic-urban (TSP) 44-98 52-99 69-105 66-88 58-84 63-94 

  
 

 1996 –2000 period Year 2001 

 
Figure 7.3. Occurrence of the meteorological scenarios defined (transport from: A, Atlantic; EU, Europe; 
ME, Mediterranean; NAF, North Africa; RE, regional recirculation and local stagnation) for the Madrid 
basin area during 1996– 2000 (a) and during the year 2000 (b), (Querol et al., 2004a, b). 
 

7.3.1. North African Episode 

This episode has already been described in detailed in the previous chapter (see: section 6.3.1). It was 
generated from a surface level perturbation of the pressure field located over Northern Algeria close to the 
Moroccan border on March 16th 2004 reaching the Iberian Peninsula at very low altitudes. Only one of the 
two samples taken during this episode (AFR-1 (B) is going to be used for comparison with the rest of the 
episodes in this chapter. Figure 7.4 shows the PM evolution during the day in which particle sampling was 
conducted. Lined columns correspond to the sampling collection periods. 
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Figure 7.4. Evolution of the PM10, PM2.5 and PM1 concentrations at CIEMAT, and PM10 at Casa de 
Campo during the previous and subsequent hours of sampling during the episode. 

7.3.2. Regional Episode 

Regional episodes are the consequence of air recirculation caused by the summer thermal low associated 
to increments of the PM levels during the summer season. The regional scenario in the study was 
characterised by the presence of a low-pressure centre at ground level which lasted at least 2-3 days after a 
rain storm or Atlantic transport (and thus assured that the air was clean from any residual PM derived from 
previous North African or local scenarios). 
 
This episode is characterised by the presence of a low-pressure centre placed in the central sector of the 
Iberian Peninsula from the 20th to the 22nd July 2004 after a night summer rainstorm on the 17th July. This 
type of scenario, which is  typical from the warmest days of the summer season, is associated to air mass 
recirculation on a regional scale and strong thermal convection that favours particle resuspension 
processes (Millán et al., 1996; Millán et al., 1998). Figure 7.5 presents the surface analysis charts for 21st 
and the 22nd July 2004. The daily PM10 concentrations in the Ayuntamiento de Madrid and Comunidad de 
Madrid networks represent around 45-50% over the annual average of the networks (33 and 38µg m-3 
respectively). At the sampling site, the PM mass concentration during the collection period in the coarse 
mode is 1.6 times that in the fine range which is mainly being comprised of submicrometric particles 
(Table 7.6). 
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Figura 7.5. Surface analysis charts at 12 UTC on (a) the 21st July 2004 and, (b) the 22nd July 2004 (source: 
INM). 
 

This type of episode is generally complex and proceeded by a summer rainstorm or an episode from the 
northern Atlantic which cleans the air. Very frequently in summer, sometimes after one or two days of the 
beginning of the high pressure centre, this type of episode takes place at the same t ime as long range dust 
transport from North Africa, in which the particle matter is typically transported at high altitudes. The 
resultant mid-altitude, mixed layer may contain a combination of both local dust and that which has been 
transported. Figure 7.6 shows the PM evolution during the previous and subsequent hours during the day 
in which particle sampling was conducted. The lined column corresponds to the sampling collection 
period. 

 

Figure 7.6.  Evolution of the PM10, PM2.5 and PM1 concentrations at CIEMAT, and PM10 at Casa de 
Campo during the previous and subsequent hours of sampling during the episode. 
 
The percentage of coarse particles (PM10-2.5) to the PM10 during the sample collection of this episode was 
55%, which is slightly lower than that obtained from the African episode presented in this chapter (65%) 
and the other episodes  presented in the previous chapter (65% to 76% ). 
 

7.3.3. Local episode 

The stagnation of air during winter thermal inversion favours aerosol concentration in a local scale during 
the coldest months of the year. These episodes are characterised by high PM2.5 concentration levels 
basically comprised of anthropogenic particles. Specifically, this episode is associated with high fine PM 
concentrations below stable atmospheric conditions favoured by the presence of a high-pressure centre at 
surface level (Figure 7.7). The episode had a length of 4-6 days in January 2004. One sample was taken on 
the 22nd January 2004. 
 
Stations at the CIEMAT site and the urban background station, at Casa de Campo, showed daily PM10 

concentrations above 65 µg·m-3 which contrasted with low daily average values below 10µg·m-3 measured 
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by the EMEP rural background stations for the sampling date, and both the previous and subsequent days. 
Evolution of these stations during the previous and subsequent days of the sample collection day can be 
seen in Figure 7.8. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.7. 
Meteorological chart of the pressure at the sea surface level on the 22nd January 2004. 
 
 

 
Figure 7.8. PM10 concentrations at EMEP stations (Peñausende, Campisábalos and Risco Llano), 
Comunidad de Madrid and Ayuntamiento de Madrid networks (average of every station). Sampling date is 
marked by a circle. 
 
Figure 7.9 shows the PM hourly evolution during the previous and subsequent hours during the day in 
which particle sampling was conducted. The highlighted column corresponds to the sampling collection 
period. Ninety percentage of the PM10  observed during the period corresponding to sample collection was 
in the fine range, smaller than 2.5 µm, (PM2.5). 
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Figure 7.9. Evolution of the PM10, PM2.5 and PM1 concentrations at CIEMAT, and PM10 at Casa de 
Campo during the previous and subsequent hours of sampling during the Local episode. 
 

7.3.4. North Atlantic Episode 

This episode is associated with long-range transport fro m the Atlantic and very low particle concentration 
in the air. The goal of taking a sample during these conditions was mainly to use it as a blank to evaluate 
the CCSEM response and compare these results with those obtained from the other samples. PM10 daily 
averaged values below 10µg·m-3 measured in the three EMEP rural background stations during the 
sampling date (and both the previous and subsequent days) were approximately half the concentrations 
recorded across the Comunidad de Madrid and Ayuntamiento de Madrid networks during the same days  
(Figure 7.10). At the CIEMAT site, PM10 concentrations remained predominately below 10µg·m-3, 
including the period when the sampling was conducted.  However, an exceptional peak of larger particles 
coincides with the hours of maximum traffic congestion in the morning (Figure 7.11). 
 

7.4. Results 

Elemental composition and morphology of more than 30,000 particles have been automatically 
determined by CCSEM/EDX methods, characterising six samples from four episodes, corresponding to 
different meteorological scenarios. Differences between transport characteristics, origin, chemical families 
and morphology are discussed in detail in the next section. 
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Figure 7.10. PM10 concentrations at EMEP stations (Peñausende, Campisábalos and Risco Llano), 
Comunidad de Madrid and Ayuntamiento de Madrid networks (average of every station). The sampling 
date is marked by a circle. 

 

 

Figure 7.11. Evolution of the PM10, PM2.5 and PM1 concentrations at CIEMAT, and PM10 at Casa de 
Campo during the previous and subsequent hours of sampling during the North Atlantic episode on 23rd 
March 2004 
 

7.4.1. Representativeness of the CCSEM samples for each type of episode 

Since only one sample for each episode type was taken during the campaign to be analysed by CCSEM 
techniques, a study was conducted to see how representative those days were. The results are also 
compared with previous campaigns in the area of Madrid.  
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The first goal was to determine the mass contribution of the particles in the 2.5-10µm , 1-2.5µm  and 
<1µm size -ranges respectively to the PM10 for each episode in the study for the sample collection period 
and the daily average (Table 7.6).  
 
Table 7.6. PM2.5-10, PM1-2.5 and PM1 to PM10 ratios (by mass) during the episodes in the study. 

  
CIEMAT_CCSEM samples_sampling 

time(1) 
CIEMAT_CCSEM samples_daily 

average(2) 
EPISODE PM10-2.5/PM10 PM2.5-1/PM10 PM1/PM10 PM10-2.5/PM10 PM2.5-1/PM10 PM1/PM10 

ATL 0.34 0.16 0.50 0.42 0.15 0.43 
AFR 0.65 0.16 0.18 0.59 0.23 0.18 
REG 0.55 0.07 0.38 0.45 0.06 0.49 
LOC 0.11 0.07 0.83 0.31 0.15 0.54 

(1,2) Data obtained from GRIMM-1107 at CIEMAT during sampling times and daily averaged respectively . 
 
The percentage of mass distribution in each size range (PM1/PM10, PM1-2.5/PM10 and PM2.5-10/PM10),  for 
the episodes in the study was consistent with that estimated for the same type of episodes for the complete 
campaign included in the research program (REN2002-02343) that lasted from July 2003 until December 
2004 and included 65 days of sampling (Table 7.7). The largest difference has been found in the PM10-

2.5/PM10 ratio for the regional episode, which is comparable to the ratio found in Alcobendas, a suburban 
site from the Comunidad de Madrid network, during a previous campaign in 2001 (Table 7.8). More than 
65% of the PM10 from African scenarios, and 55% from regional scenarios, in samples taken for 
individual particle analyses fall into the coarse range (2.5-10µm). African episodes have strong influence 
on the supermicrometric range (1-10µm) comprising more than 80% of the total PM10 at CIEMAT during 
the CCSEM samplings and an average of 75% during the whole campaign. The size distribution found 

during the campaign at CIEMAT is also 
consistent with a previous study developed 
in Alcobendas during 2001 (Table 7.8). 
Differences between daily averaged and 

sampling times for the CCSEM samples 
can be explained as samples were 
collected during the highest PM10 
concentrations recorded along the day. 
The CCSEM analysis (1.5-10µm) covered 
approximately 50%, 81%, 63% and 18% 
of the mass of the North Atlantic, North 
African, Regional and Local episodes 

respectively. Daily averaged PM10 mass concentrations of 6µg.m-3, 92µg.m-3 , 53µg.m-3  and 67µg.m-3 
were recorded in CIEMAT during the CCSEM samplings, similar to those recorded in Casa de Campo 
(Madrid Network suburban station). 
 

 CIEMAT(1) 

EPISODE PM10-2.5 /PM10 PM2.5-1/PM10 PM1/PM10 

ATL 0.37 ± 0.11 0.15 ± 0.07 0.48 ± 0.09 
AFR 0.58 ± 0.03 0.17 ± 0.06 0.25 ± 0.06 
REG 0.42 ± 0.06 0.19 ± 0.10 0.39 ± 0.13 
LOC 0.18 ± 0.09 0.09± 0.04 0.73 ± 0.10 

(3) Data obtained from GRIMM-1107 at CIEMAT during the campaigns.  

Table 7.7. PM 2.5-10, PM1-2.5 and PM 1 to PM 10 ratios during the 
same type of episodes in the complete campaign of 65 days from 
July 2003 until January 2005. 
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A simple chemical balance for source 
determination between the CCSEM sampling 
dates, CIEMAT campaign (2003-2004) and 

two previous campaigns in Madrid (Escuelas 
Aguirre, 1999-2000, and Alcobendas, 2001) 
was conducted. Details about the method to 
calculate the chemical balance can be found 
in Artíñano et al. (2004).  Mass distribution 
grouped for each episode type in the study 
based on the relative source apportionment 
(crustal, marine, secondary and traffic) from 
chemical mass balance from the samples for 
the CCSEM study is presented in Table 7.9.  

 
Table 7.9. Relative PM10 source contribution obtained by chemical balance methods for crustal, marine, 
Secondary Inorganic Compounds (SIC) and Organic Matter (OM). 

  CIEMAT(1) - CCSEM samples   CIEMAT(1) 

Episode 
Crustal 

(%) 
Marine 

(%) 
SIC 
(%) 

OM 
(%) 

  
Crustal 

(%) 
Marine 

(%) 
SIC 
(%) 

OM 
(%) 

ATL 36 6 33 25  35 9 25 32 
AFR 65 1 16 18  57 2 26 15 
REG 49 1 23 27  45 2 24 30 
LOC 15 4 33 48  16 2 36 46 

  Escuelas Aguirre(1,2)   Alcobendas (1,3) 

Episode 
Crustal 

(%) 
Marine 

(%) 
SIC 
(%) 

OM 
(%)   

Crustal 
(%) 

Marine 
(%) 

SIC 
(%) 

OM 
(%) 

ATL 33 3 21 43  34 6 24 36 

AFR 57 1 12 30  61 3 16 20 

REG 49 1 21 29  47 3 24 26 

LOC 30 1 25 44   26 4 30 40 
(1) Relative PM10 contribution of crustal, marine, secondary inorganic compounds (SIC) and organic matter 
(OM) estimated by chemical mass balance for the episodes (Artíñano et al., 2004) 
(2) Averaged PM10 source contribution data during the period July 1999-June 2000 (Salvador, 2004; Artíñano 
et al., 2004) 
(3) Averaged PM10 source contribution data for the year 2001 (Salvador, 2004) 

 
Mineral dust (from both crustal and marine sources) comprises up to 58-65% of the PM10 during African 
episodes, when dust contribution during regional resuspension is down to 47-49%, due to a major 
anthropogenic input. Marine influences in local episodes are basically comprised of chloride, which have 
also been found on fine PM linked to anthropogenic sources, therefore attributing the source of chloride to 
solely NaCl may not be appropriate. 

7.4.2. Cluster distribution of Regional, local and long-range transported dust 

Main clustering results are summarised in Table 7.10. The main differences were  found relating to silicate 
(Si-rich particles) and carbonate (Mg,K,Ca -rich particles) abundances for the different episodes. Both 
groups were the most abundant in nearly all the samples, together with NaCl in the episode coming from 
the Atlantic. Ratios relating Mg,K,Ca-rich/Si-rich particle volume was below 0.4 during the long range 
transport episodes. By contrast, the ratio was always over 0.7 in the regional and local events , which 

 Alcobendas (1) 
EPISODE PM10-2.5 /PM10 PM2.5-1/PM10 PM1/PM10 

ATL 0.40 ± 0.17 0.12 ± 0.04 0.48 ±  0.17 
AFR 0.54 ± 0.11 0.12 ± 0.04 0.35 ± 0.11 
REG 0.43 ± 0.19 0.08 ± 0.01 0.49 ± 0.19 
LOC 0.20 ± 0.09 0.08 ± 0.02 0.71 ± 0.10 

(1) Averaged data obtained from GRIMM-1107 at Alcobendas during 2001 
corrected by gravimetric methods (Salvador, 2004) 

Table 7.8. PM 2.5-10, PM 1-2.5 and PM 1 to PM10 ratios during the 
same type of episodes in Alcobendas during the campaign of 
2001. 
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indicates much larger abundance of silicates during the first scenarios and carbonates (or reprocessed 
nitrates) during the second episodes . This ratio seems to be size dependent, decreasing with stage cut-off 
size for all samples and showing a major presence of silicates in smaller sizes for nearly all the episodes 
with the exception of the local event. It has already been explained in Chapter 6 that the silicate 
contribution of Saharan dust transport is mainly due to the major presence of clays, which are an important 
component of North African topsoil. In addition, they present mineralogical laminar habits that favour 
their transport in air (Reiff et al., 1986; Gatz and Prospero, 1996). 
 
Calcium is the principle  element in the group of carbonates, followed by Mg and Si  in smaller 
percentages , within all the samples. Calcium rich particles, found mostly as calcite [CaCO3] or 
reprocessed calcium nitrate [Ca(NO3)2], were over 82% in volume of the group in every episode. Ca-Mg-
rich particles, probably Dolomite [CaMg(CO3)2] are the second group in abundance, and vary from 3-
15 % in volume within the group. As explained in the previous chapter, the relative high abundance of 
calcium in the regional and local episodes may be explained by the Iberian Peninsula lithology. The 
topsoil of the Eastern half of the Iberian Peninsula is specially enriched by calcareous materials in 
comparison with most of the European regions and the Atlantic western region of the Iberian Peninsula. 
Figure 7.12 presents the Ca/Si ratio distribution in the Iberian Peninsula topsoil plotted over the 
topography (Ca/Si ratio obtained from XRF data of the Geochemical Atlas of Europe, 
http://www.gtk.fi/publ/foregsatlas/, FOREGS, 2005). The location of the city of Madrid on the border of 
three different lithologic regions of the Iberian Peninsula: siliceous, calcareous, and clayey (this area 
linked to calcareous associations too), can make a very variable and heterogeneous aerosol dust 
composition depending on the meteorological scenario, transport process and impact of the episode. 
 
Ca/Si elemental ratios presented in this report varied from 0.27-0.52 for long range transport events , 
higher than those generally found in the literature for North African transport, which generally vary from 
0.10-0.40 depending on the source region (Kandler et al., 2007; Marenco et al., 2006; Blanco et al., 2003; 
Formenti et al, 2003; J.S. Reid et al., 2003; Bergametti et al., 1997; Chiapello et al., 1997; Gatz and 
Prospero, 1996). However, research from Italy, where the topsoil is also calcium enriched (Geochemical 
Atlas of Europe, http://www.gtk.fi/publ/foregsatlas/, FOREGS, 2005) generally present higher Ca/Si ratios 
(0.3-0.4) than investigations conducted in other locations (Bonelli et al., 1996; Bergametti et al., 1989; 
Marenco et al, 2006). The highest Ca/Si ratios estimated for North African topsoil are linked to Western 
Sahara and an area of the Atlas Mountains, with ratios of 0.33-0.58 (Moreno et al., 2006a; Claquin et al., 
1998). 
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In the case of local and regional recirculation, Ca/Si elemental ratios in this study are 0.97 and 1.17 
respectively, which are similar to those obtained from previous campaigns in Madrid City with average 
ratios of 0.99 and 1.28 for regional and local scenarios respectively (ratios obtained from the data of the 
campaign published in Artíñano et al., 2003). Larger Ca/Si ratios from non-African episodes were 
estimated from data published from other research of the central regions of the Iberian Peninsula (Table 
7.11). Ca/Si ratios calculated from chemical balances must be taken with caution since Si is indirectly 
estimated (due to the quartz filter artifact). However, the results remain consistent, in which North African 
dust always has a smaller ratio than that obtained from resuspended material (Figure 7.12).   These 
differences are more noticeable when comparing with events originating from areas with higher topsoil 
Ca/Si ratios.  
 

 
Figure 7.12. Ca/Si ratio in the Spanish Iberian Peninsula topsoil (XRF data from the Geochemical Atlas 
of Europe, http://www.gtk.fi/publ/foregsatlas/, FOREGS, 2005). 
 
 
 

Table 7. 11. Ca/Si ratios in different sampling sites of Spain below different atmospheric scenarios 
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Sampling site Scenario Ca/Si ratio
Madrid(1) Marine 0.35

African 0.34
Regional 1.1

Local 0.9

Madrid(2) African 0.59

Regional 0.99
Local 1.24

Badajoz(3) Marine 0.24

African 0.16
Regional 0.23

Local 0.19

Burgos(3) African 0.22

Regional 0.48
Local 0.86

A Coruña(3) African 0.13

Local 0.26
Puertollano(4) Marine 0.32

African 0.32
Regional 0.42

Local 0.65
Barcelona(5) Summer complex 0.85

Tenerife(6) African 0.38

Non African 0.81  

(1) This work; (2) ratios calculated from the data provided from P. Salvador from the published work Artiñano et al. (2003) with 
sampling site; (3) ratios calculated from the data provided by P. Salvador with results published in Querol et al. (2007) and Salvador 
et al. (2007); (4) ratios calculated from the data provided by T. Moreno with results published in Moreno et. (2006b); (5) ratio 
calculated from the data published in Viana et al. (2005); (6) ratios calculated from the data published in Viana et al. (2002). 
 
 
Sulphates , salts (NaCl, Cl and Na -rich), and metal groups (Fe, Ti and other heavy metals) vary in 
abundance depending on the type of episode. Sulphur-rich clusters are mainly comprised of calcium 
sulphate (over 60% of the S-rich group), followed by Mg, K, Ba and Na sulphates in minor percentages. 
The presence of salts, especially NaCl, is associated to episodes with long marine path, such as the 
Atlantic one (ATL-1) and those African events  with long Atlantic trajectory (AFR-2, AFR-3). The 
presence of heavy metals is linked to samples taken during anthropogenic influence: LOC-1, ATL-1, 
REG-1 and AFR-1 (A), with this final sample being taken during morning rush hour and is  associated to 
road traffic. After Fe, the most abundant metals found are Ti, Zn and Cu, with Ni, Cr and Mn occurring in 
lesser amounts. The regional and Atlantic scenarios contribute to Pb, Mn and Ni concentrations. 
 

7.4.3. Morphology of regional, local and long-range transported dust 

Aspect Ratio AR results from the episodes are summarised in Table 7.12. In comparison with the different 
North African transport  events  studied in the previous chapter, the AR for silicates, carbonates and 
sulphates follow the same rule: ARsulphates>ARsilicates>ARcarbonates. This result means that sulphates, silicates 
and carbonates have different associated morphologies that do not depend on the type of episode and 
origin. As explained in the previous chapter for North African transport, this finding is of special 
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importance although the relative abundance of carbonates to silicates has been found to be significantly 
higher in non-African samples during the campaign, which means the associated particle morphology will 
be different too. Smaller AR values in carbonates in comparison to silicates indicate a major abundance of 
particles with axis lengths closer to a 2:1 (major to minor axes) ratio in a model based on ellipsoidal 
morphology. Again, sulphates presented the highest median AR values of 1.89-1.91 (Table 7.12) as in the 
study conducted by Kandler et al. (2007), where it is associated with the prevalent rectangular elongated 
(or needle-like) crystallization. Figure 7.13 shows different morphologies of particles classified as silicates 
(a-i), carbonates (j-m) and sulphates (n-q) in the study. 
 

 
Figure 7.13. Images of (a-i) particles classified as silicates, (j-m) particles classified as carbonates, (n-q) 
particles classified as sulphates in the study. 
 
 
 
 
Table 7.12. AR mean, median and standard deviation for each episodes and size arange of the study by 
chemical clusters. 
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AFR
Cluster Mean Median St .  Dev . Mean Median St .  Dev. Mean Median St .  Dev.
Silicates 2.19 1.81 1.58 2.15 1.81 1.91 2.09 1.77 1.25

Carbonates 1.87 1.70 0.64 1.83 1.63 0.84 1.83 1.62 0.73
Sulfates 2.43 1.98 1.23 2.09 1.88 0.92 2.01 1.76 0.79

Salts (Cl, Na) 1.67 1.51 0.48 1.57 1.45 0.39 2.01 1.59 2.51
Phosphates 1.51 1.48 0.26 1.56 1.57 0.20 1.45 1.45 ---
Iron Oxid. 1.88 1.76 0.57 1.89 1.64 0.75 2.13 1.67 1.82

Titan. Oxid. 1.98 1.63 1.21 1.43 1.29 0.29 1.53 1.42 0.32
Heavy metal 

oxides
1.48 1.48 0.46 1.56 1.56 --- - - - ---

REG
Cluster Mean Median St .  Dev . Mean Median St .  Dev. Mean Median St .  Dev.
Silicates 2 .32 1.94 1 .84 2.17 1.81 1.32 2.04 1.76 1.01

Carbonates 2 .08 1.75 1 .67 1.79 1.58 0.78 1.80 1.59 0.76
Sulfates 2 .24 1.83 2 .19 2.02 1.84 0.80 2.09 1.80 0.92

Salts (Cl, Na) 2 .33 1.82 1 .48 1.72 1.55 0.59 1.60 1.49 0.36
Phosphates 2 .01 1.80 0 .7 2.17 1.90 0.83 1.64 1.61 0.23
Iron Oxid. 2 .52 1.93 3 .16 1.94 1.65 0.86 2.04 1.75 1.02

Titan. Oxid. 2 .59 1.98 1 .35 2.43 2.21 1.34 2.06 1.67 0.79
Heavy metal 

oxides
1 .59 1.55 0 .37 1.58 1.53 0.41 --- --- ---

LOC
Cluster Mean Median St .  Dev . Mean Median St .  Dev. Mean Median St .  Dev.
Silicates 2 .01 1.79 0 .92 2.18 1.86 1.52 2.04 1.76 1.01

Carbonates 1 .87 1.65 0 .77 1.95 1.68 1.50 1.80 1.59 0.76
Sulfates 2 .11 1.80 1 .03 2.16 1.80 1.22 2.09 1.80 0.92

Salts (Cl, Na) 1 .75 1.66 0 .58 2.08 1.72 1.07 1.60 1.49 0.36
Phosphates 2 .19 1.73 1 .29 1.94 1.82 0.74 1.64 1.61 0.23
Iron Oxid. 2 .06 1.80 0 .93 2.22 1.88 1.13 2.04 1.75 1.02

Titan. Oxid. 1 .58 1.35 0 .51 2.92 1.70 3.50 2.06 1.67 0.79
Heavy metal 

oxides
1 .87 1.74 0 .60 2.43 1.97 1.74 2.19 1.92 0.96

ATL
Cluster Mean Median St .  Dev . Mean Median St .  Dev. Mean Median St .  Dev.
Silicates 2 .23 1.84 1 .53 2.17 1.87 1.08 2.10 1.80 1.42

Carbonates 1 .96 1.72 0 .96 1.89 1.71 0.76 1.85 1.63 0.79
Sulfates 1 .98 1.81 0 .69 2.04 1.71 1.03 2.06 1.78 0.93

Salts (Cl, Na) 2 .31 1.50 3 .30 1.75 1.57 0.69 1.63 1.46 0.72
Phosphates 2 .02 2.15 0 .3 2.19 1.76 1.28 1.72 1.60 0.54
Iron Oxid. 2 .42 1.96 1 .65 2.19 1.90 1.02 1.99 1.76 0.85

Titan. Oxid. 1 .29 1.35 0 .12 1.77 1.76 0.42 1.74 1.69 0.49
Heavy metal 

oxides
2 .16 2.16 --- 2 .39 2.33 0.79 1.64 1.39 0.56

E3 (4 -10um) E4 (2 .4 -4um) E5 (1 .5 -2 .4um)

E5 (1 .5 -2 .4um)E3  (4 -10um) E4 (2 .4 -4um)

E3  (4 -10um) E4 (2 .4 -4um) E5 (1 .5 -2 .4um)

E5 (1 .5 -2 .4um)E3  (4 -10um) E4 (2 .4 -4um)

 
 
 
 
The cluster referred to as “Salts” presents the smallest AR values in most of the samples together with the 
titanium oxides from some of the samples. The median AR values for salts , in most of the samples, varied 
from 1.38 to 1.57 which, as reported in the previous chapter regarding the North African episodes, may be 
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linked to cubic or orthogonal crystallizations. Associated standard deviations were also generally very low, 
indicating the low variability of shapes. Nevertheless, perfect crystallization is very difficult  to find and 
crystals can adopt very flashy shapes depending on the grade of the crystallization (Figure 7.14). 
 

 
Figure 7.14. Examples of particle morphologies in the cluster of salts. Particles within this cluster 
generally present associations with sulphates. 
 

7.5. Conclusions 

Elemental composition and morphology of more than 30,000 particles from 1.5µm to 10µm of size have 
been studied to characterise dust from four episodes associated with different meteorological scenarios: 
long-range, regional and local scenarios. 
 
Three chemical clusters have been found to be the most abundant after classifying the particles based on 
their elemental composition, independent of the episode studied: silicates, carbonates and sulphates. The 
main difference has been found when comparing the samples associated with long-range transport and 
those with local and regional recirculation. Much larger concentrations of silicates seem to be associated 
with synoptic scenarios, while carbonates appear to predominant on a local and regional scale. While, in 
the previous chapter, it was seen that silicates ranged from about 65-85% (particle volume), and showed 
comparability with other studies of African dust conducted in continental Europe using a similar 
methodology, in this chapter it has been noted how silicate abundance decreased to 34-45% in the regional 
episode and to 45-57% in the local episode. The opposite trend occurred with the carbonate cluster. 
 
 
 
These differences between silicate and carbonate contents have been directly related to the composition of 
the parent topsoil by studying the Ca/Si ratios of similar episodes around the Iberian Peninsula. The 
episodes linked to long-range transport always presented the smallest ratios (indicating higher abundance 
of silicates). The ratios from regional and local scenarios were always smaller than those from long-range 
transport events and, in addition, were much higher in those locations linked to calcareous lithology than 
with episodes derived from locations which possessed siliceous topsoil. 
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Particle morphology has been quantified by a shape parameter, the Aspect Ratio (AR). Larger average AR 
values are found for studies characterising dust from long-range and smaller average AR values for studies 
from local and regional resuspended dust. The increasing average AR value has been linked to the silicate 
cluster and a reduction within the carbonate cluster, since the AR values for all the samples and size 
ranges generally follow the order found for the previous chapter covering North African transport 
episodes : ARsulphates>ARsilicates>ARcarbonates. As explained in the previous chapter, the larger AR values of 
sulphates and silicates are associated with their typical elongated and laminar crystallization respectively. 
This finding is especially interesting, as consequently the differences in morphology of the mineral 
particles have been associated with each of the principle chemical clusters, independently of the type of 
meteorological scenario. 
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 Chapter 8.  Conclusions and Future Work 

“Not everything that counts can be counted and not 
everything that can be counted counts.” 

– Einstein, A. 1933-1955 (held at his office 
in University of Princeton). 

 

 

8.1. Conclusions and scientific contributions 

The present study has dealt with the chemical and morphological characterisation of ambient aerosols by 
Scanning Electron Microscopy techniques to solve hypotheses linked to diverse scientific issues that are 
unable to be tackled by any other technique or instrumental means. 
 
To achieve the goals outlined at the beginning of the study, it has been necessary to adapt and redesign a 
methodology that is  scarcely applied in the field, and therefore required a lot of improvements. The strong 
point of the methodology presented is in its flexibility. The same microscopy methods have been applied 
to conduct research from two locations, Madrid and Pittsburgh, which are associated with very different 
atmospheric situations with respect to aerosols. 
 
More than 150,000 images of individual particles and their corresponding data have been stored and 
analysed, which have helped to obtain reliable statistical data of both elemental composition and 
morphology of individual particles. Around 50,000 additional particles were observed and analysed to 
complete the study. The relative X-ray counts from 20 different chemical elements obtained by Energy 
Dispersive Spectroscopy (EDS) for each of the particles have been used to classify those with similar 
chemical composition, applying rules that related to the aforementioned X-ray counts. The morphology of 
the same particles has been characterised through shape parameters (also called morphological 
descriptors), which provide a quantitative measure of the geometrical, fractal and textural properties of 
particles by Digital Image Analysis (DIA). This study has been conducted using two different techniques: 
a Computer-Controlled Scanning Electron Microscope (CCSEM), which is a totally automated 
microscope that develops and stores the particle information individually without any human assistance 
other than initial programming by the researcher, and a High Resolution Scanning Electron Microscope 
(HRSEM) based on Field Emission, which conducts the same study as the CCSEM but is manually 
controlled by the researcher. This last technique was used to validate the reliability and confidence of the 
results automatically obtained by CCSEM and to obtain specific information about particles that was 
missed, owing to the resolution of the first instrument, such as textural properties in particles less than 500 
nm. 
  
The research was conducted following the aforementioned methods and applied to investigate different 
hypotheses in very different scenarios.  The following major scientific contributions have been obtained 
from this research: 

Chapter 8 
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− Aerosol acidity favours a meta-stable liquid state at low relative humidity. The aerosol shape 
parameters measured during the Pittsburgh Air Quality Study (PAQS) were statistically different 
during periods when atmospheric particles were neutral or acidic. High concentrations of small 
particles under 500 nm with high sulphur content and liquid appearance, or showing signs of a 
previous liquid state before partial or total re-crystallisation, were present on filters collected in days 
with high aerosol acidity. By contrast, in winter and summer periods, in which aerosols were neutral, 
the shape parameter values showed similarities and suggest that the particles had dried out. These 
direct observations support the hypothesis that during summer, acidic periods in the Eastern US 
particles may contain water even at low relative humidity both in the atmosphere and on filters. 

 

− Primary Biogenic Aerosol (PBOA) concentration (by mass) in the PM2.5 was up to four times higher 
in summer than that in winter for Pittsburgh, ranging from 5-30% in the first instance and from 4-12% 
in the second. The PBOA concentrations measured during the PAQS were in good correlation with 
the carbohydrate concentrations for summer, representing approximately 18% of the total PBOA. By 
contrast, carbohydrate and PBOA concentrations couldn’t be correlated for winter as only two of the 
six samples fitted the summer correlation. Carbohydrate concentrations were much higher than PBOA 
concentration, probably due to the interference of the carbohydrates emitted by wood combustion 
through the use of winter heaters. Fungal spores and insect detritus were the most abundant PBOA in 
summer samples, while winter samples were comprised of a mixture of microorganisms, insect and 
vegetative detritus, spores and other, non-classified biogenic material. These occurred in varying 
proportions although microorganisms were found to be the principle contributor. 

 
− The morphology of mineral dust particles was related to their chemical composition, independent of 

the meteorological scenario and origin. The morphology of mineral dust particles in the coarse range 
from different episodes was characterised by a shape factor (Aspect Ratio, AR), which was dependent 
on chemical clusters but not the type of transport or origin (North-African, North-Atlantic, regional 
recirculation and local stagnation). The AR values for the four most common groups tend to follow 
the order of decreasing abundance: ARsulphates>ARsilicates>ARcarbonates>ARsalts, which is independent of 
sample, size range and type of dust episode. The larger AR values of sulphates are due to an 
elongated crystallisation. Silicates also present elongated values due to the major presence of clay 
minerals associated with laminar mineralogical habits that favour their transport in air. Carbonates 
always present lower values than the two previously cited groups and salts presented the lowest 
values because of their tendency to adopt cubic crystallisation. 

 
− The chemical composition of the mineral dust from North-African transport was associated with the 

parent topsoil properties found at the source of the episode. Some studies point to a homogenisation 
of aerosols during transport from Saharan regions by the effect of wind and resuspension processes. 
However, the results of this work confirm that the mineralogical composition of dust is closely related 
with the lithology at the origin even after aerodynamic selection during transport. This relationship is 
independent of characteristics such as trajectory, season, source location, transport height or 
contribution to increase PM10 and PM2.5 levels. 

 
− The main differences found between mineral dust particles from North-African transport with those 

from regional sources or resulting from local recirculation were in the different silicate and carbonate 
contents of each type of episode, and thus the associated particle morphology. Mineral dust from 
African transport was characterised by the presence of silicates ranging from 65-85% (by particle 
volume), which was consistent with other studies of African dust conducted in continental Europe 
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using a similar methodology. By contrast, it was observed how silicate abundance decreased to 34-
45% in the regional episode and to 45-57% in the local episode, with the opposite trend occurring 
within the carbonate cluster. These differences between silicate and carbonate contents have been 
directly related to the composition of the parent topsoil by studying the elemental Ca/Si ratios from 
similar episodes in locations all over the Iberian Peninsula. The episodes linked to long-range 
transport always presented the smallest ratios (indicating higher abundance of silicates) independent 
of the sampling location In addition, Ca/Si ratios were much higher in localities linked to calcareous 
lithology than in episodes from locations in which siliceous topsoil prevails. 

 
 

8.2. Future work 

From the results obtained and experience acquired whilst undertaking this investigation, the following 
lines of research related with the morphological characterisation of atmospheric aerosols have arisen: 
 
− Characterisation of the morphology of organic aerosols and mixtures of organic and inorganic 

aerosols within the laboratory. This work already shows some preliminary results regarding the 
morphology of some biogenic compounds but it is still in an early stage. This research is developed in 
collaboration with University of Patras and ICE-FORTH (Greece). 

 
− Study of the contribution of anthropogenic versus biogenic aerosols in the carbonaceous fraction in 

the fine and coarse aerosol and their respective morphological characteristics in Barcelona by 
SEM/EDS. The motivation of this study will be to support the hypothesis that the results from 
previous campaigns in Central Europe (dominance of biogenic and biomass burning in the organic 
aerosol) may not apply in the Mediterranean. The research is part of the 2009 Aerosol Winter 
Campaign Montseny-Barcelona  coordinated by CSIC-Barcelona. The following multidisciplinary 
groups are involved: PSI (CH), University of Colorado at Boulder (USA), CEH Edinburgh (UK), 
Universidad de Barcelona (ES), Universidad de Granada (ES) and Ciemat-Madrid (ES). 

 

− Morphological characterisation of nanometer emitted particles from onboard equipment for the 
transport of passengers and goods. This research is linked to MIVECO (Metodología e 
Instrumentación embarcada en Vehículos para evaluar los Efectos del tráfico real en las Emisiones 
COntaminantes) and MERTEC V (Medida de Emisiones Reales del Transporte por carretera, en el 
tramo Español del Corredor V, Gerona-Badajoz). 

 
− Study the aging of soot particles during the day in Mexico DF. This study is part of the field 

campaign GGP-05 from the Instituto de Ciencias de la Atmósfera from Universidad Nacional 
Autonoma de Mexico. The sample analysis of this study has been already concluded. 

 

− Characterisation of the chemical heterogeneities and changes in the internal microstructure of 
individual biomass burning aerosol particles under different atmospheric conditions using a 
Synchrotron Light X-ray Absorption Spectroscopy. This research is contemplated as Post-Doctoral 
research for a period of 2 years at the Paul Scherrer Institute (PSI, Switzerland) through a Marie Curie 
Action within the 7th EU-Framework Programme. 
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