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”Vis comme si tu devais mourir demain,

apprends comme si tu devais vivre toujours”

”Live as if you were to die tomorrow,

learn as if you were to live forever.”

(Mahatma Gandhi)
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dans les prémices de mon education scientifique. Il s’agit de de mon professeur Mme
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aime très fort, merci pour TOUT, vous savez bien...

Thanks to all other colleagues who brightened my stay at TNO: Lex, Harm, Harald,
Jan Olijslager, Eric van der Veen, Gertjan, Adam, with special thoughts for people of
the Acoustics Group who kindly adopted me for lunch and coffee breaks: Simonette,
Paul, Ton, Jeroen, Sander, Rene, Frans Peter, Peter, Lianke, Sander, Pieter, Jan
Cees, Henri, Frank, Camiel...etc.

A vous qui m’avez aimée dès le premier instant, qui m’avez appris, protegée et
soutenue contre vents et marées... vous qui m’avez laissé m’envoler sans jamais pour
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petites familles que je considère comme miennes. Il y a aussi mes adorables ”familles
d’accueil” qui m’ont choyée comme leur propre fille: Christine & Pascal, Dominique
& Véronique, André & Edith.

Ma tendre Juliette, ni la distance ni le temps n’ont eu raison de nous... Toi qui a
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Un manuscript de thèse n’est pas seulement le fruit d’un travail, c’est également
un accomplissement personnel dans une belle aventure humaine. On est rien seule,
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Abstract

Satellite Remote Sensing of Aerosols using

Geostationary Observations from MSG-SEVIRI

Aerosols play a fundamental role in physical and chemical processes affecting re-
gional and global climate, and have adverse effects on human health. Although much
progress has been made over the past decade in understanding aerosol-climate inter-
actions, their impact still remains one of the largest sources of uncertainty in climate
change assessment. The wide variety of aerosol sources and the short lifetime of
aerosol particles cause highly variable aerosol fields in both space and time. Ground-
based measurements can provide continuous data with high accuracy, but often they
are valid for a limited area and are not available for remote areas. Satellite remote
sensing appears therefore to be the most appropriate tool for monitoring the high
variability of aerosol properties over large scales.

Passive remote sensing of aerosol properties is based on the ability of aerosols to
scatter and absorb solar radiation. Algorithms for aerosol retrieval from satellites
are used to derive the aerosol optical depth (AOD), which is the aerosol extinction
integrated over the entire atmospheric column. The aim of the work described in
this thesis was to develop and validate a new algorithm for the retrieval of aerosol
optical properties from geostationary observations with the SEVIRI (Spinning En-
hanced Visible and Infra-Red Imager) instrument onboard the MSG (Meteorological
Second Generation) satellite. Every 15 minutes, MSG-SEVIRI captures a full scan of
an Earth disk covering Europe and the whole African continent with a high spatial
resolution. With such features MSG-SEVIRI offers the unique opportunity to explore
transport of aerosols, and to study their impact on both air quality and climate.

The SEVIRI Aerosol Retrieval Algorithm (SARA) presented in this thesis, esti-
mates the AOD over sea and land surfaces using the three visible channels and one
near-infrared channel of the instrument. Because only clear sky radiances can be
used to derive aerosol information, a stand-alone cloud detection algorithm was de-
veloped to remove cloud contaminated pixels. The cloud mask was generated over
Europe for different seasons, and it compared favorably with the results from other
cloud detection algorithms - namely the cloud mask algorithm of Meteo-France for
MSG-SEVIRI, and the MODIS (Moderate Resolution Imaging Spectroradiometer) al-
gorithm. The aerosol information is extracted from cloud-free scenes using a method
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that minimizes the error between the measured and the simulated radiance. The sig-
nal observed at the satellite level results from the complex combination of the surface
and the atmosphere contributions. The surface contribution is either parameterized
(over sea), or based on a priori values (over land). The effects of atmospheric gases
and aerosols on the radiance are simulated with the radiative transfer model DAK
(Doubling-Adding-KNMI) for different atmospheric scenarios.

The algorithm was applied for various case studies (i.e. forest fires, dust storm,
anthropogenic pollution) over Europe, and the results were validated against ground-
based measurements from the AERONET database, and evaluated by comparison
with aerosol products derived from other space-borne instruments such as the Terra/-
Aqua-MODIS sensors. In general, for retrievals over the ocean, AOD values as well
as their diurnal variations are in good agreement with the observations made at
AERONET coastal sites, and the spatial variations of the AOD obtained with the
SARA algorithm are well correlated with the results derived from MODIS. Over land,
the results presented should be considered as preliminary. They show reasonable
agreement with AERONET and MODIS, however extra work is required to improve
the accuracy of the retrievals based on the proposed method.
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Résumé

Télédétection satellite des aérosols à partir

d’observations géostationnaires du capteur MSG-SEVIRI

Les particules d’aérosols jouent un rôle fondamental dans les processus physico-
chimiques de l’atmosphère impliqués dans régulation climatique et dans la qualité
de l’air, aussi bien à l’échelle régional qu’à l’échelle globale. Malgré les progrès con-
sidérables accomplis au cours des deux dernières décennies dans le domaine de la
caractérisation des aérosols et dans la compréhension des mécanismes d’interaction
aérosols-climat, il existe encore une large plage d’incertitude dans les projections cli-
matiques liées à l’estimation de l’impact radiatif des aérosols. En raison de leur
courte durée de vie, et de l’hétérogénéité des sources naturelles et anthropiques, la
distribution des aérosols présentent une grande variabilité temporelle et spatiale. A
l’heure actuelle, les mesures d’aérosol effectuées depuis le sol permettent de fournir des
données en continu qui constituent la plus fiable des sources d’information existantes.
Cependant, ces données ne sont souvent disponibles que sur un domaine limité, voire
même totalement absentes dans certaines régions. A cet égard, le satellite représente
le seul outil capable de produire des observations à grande échelle indispensables à
une description approfondie des propriétés des aérosols atmosphériques.

La télédétection passive des aérosols exploite les propriétés diffusantes et ab-
sorbantes des aérosols. Les algorithmes de télédétection des aérosols à partir des
données satellite, permettent de restituer l’épaisseur optique des aérosols, qui corre-
spond à l’intégration verticale du coefficient d’extinction sur la colonne atmosphérique.
Le système de balayage du capteur SEVIRI (Spinning Enhanced Visible and Infra-
Red Imager) embarqué sur le satellite géostationnaire MSG (Meteorological Second
Generation) permet d’acquérir l’image d’un disque terrestre complet couvrant princi-
palement l’Europe, le continent Africain, et les mers adjacentes, à intervalles réguliers
de 15 minutes. Grâce de telles caractéristiques, l’instrument SEVIRI offre un po-
tentiel unique et sans précédent pour suivre le transport des aérosols, et pour mieux
comprendre et quantifier leur influence sur la qualité de l’air et sur le changement
climatique. L’objectif de ce travail de thèse consistait au développement et à la vali-
dation d’un nouvel algorithme pour l’extraction des propriétés optiques des aérosols
à partir des observations du radiomètre MSG-SEVIRI.

L’algorithme SARA (SEVIRI Aerosol Retrieval Algorithm) présenté dans cette
thèse, permet d’estimer l’épaisseur optique des aérosols sur terre et sur mer, dans
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les canaux du visible et du proche infrarouge de l’instrument. La restitution des
aérosols ne pouvant être réalisée qu’à partir d’observations en ciel clair, les données
SEVIRI contaminées par la présence de nuages ont été filtrées grâce á une technique
de détection des nuages qui a été implémentée au sein de l’algorithme. Les masques
de nuages obtenus au-dessus de l’Europe pour différentes saisons, ont été comparés
aux résultats d’autres algorithmes de détection de nuage, à savoir le masque de nuage
de Météo France développé pour MSG-SEVIRI et celui de MODIS (Moderate Resolu-
tion Imaging Spectroradiometer). Ces intercomparaisons ont démontré une efficacité
raisonnable de la technique mise en oeuvre pour la détection nuageuse. L’information
sur les aérosols est dérivée des données en ciel clair en utilisant une méthode qui con-
siste à minimiser l’écart entre le signal mesurée et le signal simulé. Le signal observé
par le satellite au sommet de l’atmosphère résulte d’une combinaison complexe des
effets de la traversée de l’atmosphère et des propriétés réflectives de la surface. La
contribution de la surface est basée sur une paramétrisation au-dessus de la mer, et
sur l’utilisation de valeurs a priori d’une base de donnée d’albedo de surface sur la
terre. Les propriétés optiques de l’atmosphère sont estimées au moyen de données
pré-calculées par le code de transfert radiatif DAK (Doubling-Adding-KNMI), pour
différents scénarios atmosphériques.

Cet algorithme a été appliqué à différents cas d’étude au-dessus de l’Europe, et
les résultats obtenus ont été validés à l’aide de mesures au sol du réseau AERONET,
et comparés avec les produits aérosols dérivés des mesures spatiales de Terra-MODIS.
Au-dessus de la mer, en général, les valeurs d’épaisseur optique ainsi que les variations
diurnes sont en bon accord avec les observations réalisées aux sites côtiers AERONET,
et les variations spatiales de l’épaisseur optique obtenues avec l’algorithme SARA
présentent une bonne corrélation avec les résultats du produit aérosol de MODIS. Au-
dessus de la terre, les résultats obtenus doivent être considérés comme préliminaires.
Ils sont en accord satisfaisants avec les données MODIS et AERONET, cependant un
effort supplémentaire sera nécessaire pour améliorer la précision de ces résultats dans
le cadre de la démarche proposée.

xviii



Contents

Acknowledgements xi

Abstract xv
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Chapter 1

Aerosols, climate and air

quality

1.1 Context of study

Atmospheric aerosols originate from various sources from both natural and anthro-
pogenic origins, and present a very large diversity of size and chemical composition.
Since the past two decades, there has been increased interest in aerosols because they
have significant environmental and health impacts. Extreme weather events have yet
demonstrated the devastating consequences Earth’s warming can have. According
to scientific forecasts, these climate events are likely to be more intense and more
frequent in the near future, thus associated to huge human, environmental and eco-
nomical damage costs. In the past few years, scientific studies on climate change have
confirmed that the current warming is very likely to be due to human activities. In
the most optimistic scenarios, which assume extremely conservative greenhouse gas
emissions, climate models predict a global surface temperature rise of 2.4◦ above the
pre-industrial reference in the 21st century [IPCC, 2007]. Like green-house gases,
atmospheric aerosols affect the Earth’s radiation balance. They have the potential
to influence climate directly by affecting the amount of radiation reaching the Earth
surface due to scattering and absorption, and indirectly by playing a key role in the
formation and behaviour of clouds in the climate system. At the global scale, aerosol
tend to counteract the effect of greenhouse gases, by contributing to global cooling.
However, anthropogenic aerosols alter air quality, and increased levels of small par-
ticles can be responsible for serious health hazards. Therefore, the relative impact
of natural aerosols and those of human origin has to be accurately quantified. The
variability in particle chemical composition, physical and optical properties renders
it difficult to assess both their effect on human health, and their influence on long-
term global climate change. The most reliable measurements of aerosols are currently
provided by ground-based stations. Nevertheless, spatial extrapolation from such
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Chapter 1. Aerosols, climate and air quality

measurements is difficult. The retrieval of aerosol properties from space-based obser-
vations, which is a relatively recent discipline in aerosol science, is a unique tool that
allows for measurements on regional and global scales. The purpose of this research
work was to develop and to validate a new algorithm for the retrieval of aerosol op-
tical properties over both land and ocean from geostationnary observations provided
by the SEVIRI (Spinned Enhanced Visible and Infrared Radiometer) instrument on-
board the MSG (Meteosat Second Generation) spacecraft. The uniqueness of these
observations resides in the unprecedented sampling frequency (15 minutes) which al-
lows for a detailed description of spatio-temporal characterization of aerosols which
in turn provides crucial information for the study of air quality and climate-related
issues.

1.2 Atmospheric aerosols

1.2.1 General information

Definition

An aerosol can be defined as an ensemble of airborne solid and/or liquid particles
in a gas [Seinfeld and Pandis, 1998c]. Thus, atmospheric aerosol refers to particles
suspended in air. In atmospheric science, aerosol usually refers to the particulate
component. Atmospheric aerosols reside mainly in the two lowest layers of the at-
mosphere: the troposphere, and the stratosphere. Most aerosols are characterized by
sizes ranging from a few nanometers to more than a hundred micrometers.

Sources and Formation

Atmospheric aerosols can originate from both natural and anthropogenic sources,
or be formed by chemical processes in the atmosphere. Aerosol particles that are
directly injected into the atmosphere are called primary aerosols. Natural primary
aerosols such as sea spray, mineral dust, volcanic ash, plant and animal debris, are
produced by mechanical means. The desintegration and the dispersion of vegetal and
animal fragments, and microbes blown off from various surface types, represent the
biogenic component of primary aerosol. During a volcanic eruption, a large amount
of particles can be released into the atmosphere, and some particles can be injected at
very high altitudes (>10 km) into the stratosphere [Rampino and Self, 1984, Robock,
2000, Thomason and Pitts, 2008]. Similarly, human activities such as industry, traf-
fic, households, biomass burning, and agriculture produce primary anthropogenic
aerosols. The presence of precursor gases from both natural and anthropogenic ori-
gin such as SO2, NO2, and Volatil Organic Compounds (VOC) are responsible for
gas-to-particle conversion, thus producing secondary aerosols. Table 1.1 summarize
the strenghs of the different aerosol sources in terms of aerosol mass fluxes [Andreae,
1995].
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1.2 Atmospheric aerosols

Table 1.1: Sources of natural and anthropogenic aerosols with the global annual
burden of their emission (after Andreae [1995]).

Source Annual Emissions
(Tg.yr−1)

Natural Particles

Primary

Soil and rock debris 1500
Forest fires and slash burning 50
Sea salt 1300
Volcanic debris 33
Gas to particle conversion

Sulfate from sulfure gases 102
Nitrate from NOx 22
VOC from plants exhalation and fires 55
Subtotal (Natural) 3060

Anthropogenic Particles

Primary

Industrial, transportation, etc. 120
Gas to particle conversion

Sulfate from SO2 and H2S 120
Nitrate from NOx 36
VOC conversion 90
Subtotal (Anthropogenic) 366

Total 3430
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Transport and life cycle

Once in suspension, aerosols are mixed and transported in the atmosphere during a
period that can last from a few hours to a few weeks. They may travel over large dis-
tances, sometimes as far as thousands of kilometers away from their sources. During
their journey, the size, shape and chemical characteristics of airborne particles can
change by various chemical and physical processes. They can be subject to chemical
reactions, coagulation with other particles (i.e. the process by which small particles
collide and join together to form larger particles), condensation and evaporation.

Two types of processes can cause their removal from the atmosphere: dry depo-
sition and wet deposition [Seinfeld and Pandis, 1998a,b]. Dry deposition includes
all mechanisms involved in the direct transport of particles onto surfaces (such as
gravitation, collisions with obstacles). In wet deposition or precipitation scavening,
a particle is intercepted by cloud or fog drops, rain or snow. Due to the time scales
characterizing these processes, the residence time of aerosols in the atmosphere is
relatively short compared to those of most greehouse gases.

Their relatively short lifetime together with the heterogeneity of the sources ren-
der aerosol concentrations and composition over the globe highly variable in both
space and time. In consequence, aerosol pollution is mainly observed over developing
countries, in the European region, over North America and China. Biomass burn-
ing aerosols are mostly found over South America and Africa. The major sources of
dust aerosols are located in the ’Dust Belt’ [Prospero et al., 2002], a belt of strongly
emitting desert dust sources, including the Sahara desert and in Central Asia [Schütz
et al., 1981, D’Almeida, 1987]. Saharan dust can be transported across the Mediter-
ranean and Caribbean seas into northern South, Central, and North America, and
Europe [Prospero, 1996, Swap et al., 1992, Goudie and Middleton, 2001]. The Gobi
Desert is another source of dust in the atmosphere, which affects eastern Asia and
western North America [Jaffe et al., 2003, Husar et al., 2001].

1.2.2 Physical and chemical characterization

Size classification

Atmospheric aerosols are often classified according to their size range or mode. Ac-
cording to the classification proposed by Whitby and Cantrell [1976], coarse particles
generally have a diameter greater than 2.5 µm, below this limit they are referred to
as fine aerosols (see Figure 1.1). This distinction in size in general, is also valid in
terms of sources, formation, chemical composition, optical properties, removal pro-
cesses, and health effects. It should be noted, however, that other definitions for
fine/coarse mode aerosols are used as well. Coarse mode aerosols consist of mechani-
cally produced natural and anthropogenic aerosols. Because of their large size, these
particles do not remain suspended for long before falling out of the atmosphere by
dry deposition. The fine mode can distinguish two submodes: a smaller mode called
the nuclei or the Aitken mode, and a larger mode called the accumulation mode.
Particles in the nuclei mode have typical diameters below 0.1 µm. They are usually
secondary aerosol which are formed by nucleation or condensation of atmospheric
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1.2 Atmospheric aerosols

Figure 1.1: Conceptual representation of the principal size ranges for atmospheric
particles and their associated sources, and removal processes, adapted from the work
of Whitby and Cantrell [1976]. The blue curve is a plot of the idealized surface area
distribution of an atmospheric aerosol, and blue arrows identify the different physical
and the chemical processes responsible for aerosol formation and changes in size.
Source: http://www.dwanepaulsen.net/blog/category/aerosols/.
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gas compounds, but also primary sea salt particles have been observed in this mode.
Their number concentration in the atmosphere is the highest, however they represent
only a small mass fraction of the total aerosol load. For these particles, brownian
motion is the dominant mechanism for deposition, and is responsible for their short
lifetime in the atmosphere. Accumulation mode particles are produced by the growth
of Aitken particles by either coagulation or condensation of gases, and have sizes in
the range of 0.1 µm to 2.5 µm. Removal processes have little effect on these particles,
and thus have a long residence time in the atmosphere (∼ weeks), which is principally
reduced due to washout and rainout (i.e. wet scavenging) [Hoppel et al., 1994]. In
the litterature the terms ”giant” [Kim et al., 1990], or ”ultrafine” [Bates et al., 1998b]
are also employed, and the number of different modes can reach 4. The terminology
used to refer to the different modes depends very much on the authors.

Hygroscopicity and Chemical composition

The ability of aerosol particles to absorb water vapor is expressed by its hygroscop-
icity. Dry hygroscopic aerosols retain their solid state at relative humidity up to the
deliquescence point, which corresponds to the relative humidity where the aerosol goes
from a solid dry phase to an aqueous or mixed solid-aqueous phase [Wexler, 1991].
When the relative humidity increases, liquid aerosols made of acqueous solution grow
in size [Tang and Munkelwitz, 1994, Tang et al., 1997, Chan et al., 2000].

The principal chemical constituents of atmospheric aerosols are: sulfate, ammo-
nium, nitrate, chloride, black carbon, organics, trace metals, and water. According
to their chemical composition, aerosols can be divided in five major categories: sea
salt, sulfate, nitrate, mineral dust and carbonaceous aerosols.

Sea salt aerosols are produced by bursting bubbles at the surface of the ocean
during wave breaking, and by spume drops generated from surface tearing at the
wave crests. The chemical composition of the sea spray droplets reflects the nature
of the sea water enriched by material present in the sea-surface microlayer. Sea salt
aerosols consist primarily of sodium chloride (NaCl) [Tang et al., 1997], and contain
small amounts of other salts like sulfate, calcium and potassium, as well as halogens.
O’Dowd and de Leeuw [2007] determined the organic component in sea spray aerosol
which can represent as large as 70% of the mass concentration over bilogically active
waters. Sea salt particles are highly soluble, and their size can vary over a wide range
(0.01-100 µm diameter) [O’Dowd and de Leeuw, 2007]. Although liquid in the marine
environment, they may crystallize when carried inland or to high altitudes.

Sulfate aerosols are produced from the oxidation of sulfur dioxide (SO2) of an-
thropogenic or natural origin. Over land, sulfate dixode is emitted by fossil fuel com-
bustion and volcano eruptions. Over the ocean, phytoplancton produces DiMethyl
Sulfide (DMS) which oxidates in the atmosphere to form SO2 [Andreae and Raem-
donck, 1983, Andreae, 1986]. Sulfate aerosols are liquids under almost all conditions,
and present mainly in the fine mode (< 2.5 µm).

Similarly to sulfate, nitrate aerosols are formed by oxidation processes applying to
nitrate dioxide (NO2). Anthropogenic NO2 is released in the atmosphere due to the
combustion of fossil fuels. It is also naturally produced by microbial activity in soils
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and by lightning [Bond et al., 2002]. Nitrate aerosols are present in both the coarse
and the fine modes.

Mineral dust aerosol forms during storms over arid areas and deserts. These
particles, which are irregularly shaped [Dick et al., 1998], are composed of minerals
such as aluminium, silicon, iron oxide and carbonates [Sokolik and Toon, 1999]. Most
of them belong to the coarse particle mode. Although nonsoluble, they usually mix
with sulfate and organic compounds which constitute a thin liquid layer around the
solid cores. In the presence of such a layer, dust particles might become hygroscopic
and grow with increasing relative humidity.

Carbonaceous aerosols are composed of organic carbon and black carbon (or el-
emental carbon) [Kanakidou et al., 2005]. Carbonaceous aerosols emitted in the
atmosphere during incomplete combustion processes, e.g., fossil fuel burning or forest
fires, are commonly referred to as soot particles [Pöschl et al., 2004]. Soot contains
elemental carbon in the form of particle aggregates which are always mixed with or-
ganic species. Although soot is not soluble, aging particles may become hygroscopic
due to chemical transformation [Chughtai et al., 1999, Decesari et al., 2002]. Biogenic
aerosols (i.e. pollen, plant debris, animal fragments etc) constitute the natural source
of carbonaceous aerosols. Secondary organic aerosols are formed by oxidation and
condensation of VOC. Fresh organic carbon from biogenic sources tend to be solid
like, but as they age in the atmosphere their chemical and physical properties are
affected by oxidation processes in the presence of OH and NOx.

1.2.3 Ambient aerosol models

Size distribution

As shown in the previous paragraphs, the chemical composition of aerosol particles
is very diverse and their size can vary over a broad range of diameters. In conse-
quence, since the nature of ambient aerosols over a region depends on both the local
sources and dynamic processes in the atmosphere (i.e. transformation by physical
and chemical processes, removal processes), the characteristics of ambient aerosols
can be highly variable. Several models have been proposed to describe the physical
properties, chemical composition and mixing state of typical ambient aerosols. In the
environment, the aerosol mixing state lies between the extreme cases described by the
internal and the external mixture [Clarke et al., 2004]. In an internal mixture, multi-
ple components reside within a particle. When the different components are physically
separated (i.e. in different particles), it is an external mixture [Lesins et al., 2002].
The model proposed by Shettle and Fenn [1979] distinguishes 4 different air masses
or background aerosols qualified as: maritime, urban, rural, and free troposphere (i.e.
mid- and upper troposphere, above clouds). In this model, the chemical composition
of each aerosol type is described by the relative contribution of sea salt, soil dust,
sulfate, and black carbon, expressed as a fraction of the total number concentration.

The full description of an ambient aerosol, also requires the description of the size
distribution. Aerosol size distribution represents the number of particles as function
of the particle diameter or radius. The number size distribution of a polydispersed
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Background Aerosols
Size Distribution (Jaenicke 1993)
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Figure 1.2: Number size distributions as described by the trimodal lognormal parame-
trization proposed by Jaenicke [1993] for urban, rural, remote, desert and marine
environments.

aerosol type can be well described by the superposition of one or several lognormal
distribution functions:

nN (D) =
dn

dD
=

k∑

i=1

ni

D·
√

2π· lnσg,i

exp
−(lnD − ln D̄g,i)

2

2·ln2 σg,i

(1.1)

With this parametrization, the number size distribution is fully determined by k

pairs of parameters: the mean geometric diameter Dg,i and the geometric standard
deviation σg,i of each mode i. From this expression, a similar description can de
derived for the size distribution of the aerosol surface area nS(DgS , σg), and volume
nV (DgV , σg). Hence:

ln D̄gS,i = ln D̄g,i + 2 · σg,i
2 (1.2)

ln D̄gV,i = ln D̄g,i + 3 · σg,i
2 (1.3)

In the model proposed by Jaenicke [1993], the size distribution of the different ambient
aerosols is described by the sum of three lognormal modes, for marine, urban, rural,
continental, and desert environments. Based on the data of this study, Figure 1.2
shows a representation of the surface number size distribution for these backgrounds.
A dominant accumulation mode in the number size distribution indicates the presence
of aged particles, and a trimodal structure is usually observed for rural and natural
aerosols [Mäkelä et al., 2000]. Aerosols found in the remote maritime environment
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have a very broad size distribution, and are generally characterized by three modes,
in the nuclei, the accumulation and the coarse mode. Although most of the mass is
contained in the coarser mode [Fitzgerald, 1991], the number of particles is higher
for the finer modes. The largest particles are produced by wave-wind interactions
at the sea surface e.g. [de Leeuw, 1986], and the number concentration and the size
distribution are strongly dependent on both wind speed e.g. [Andreas, 1998.] and
fetch i.e. the wind’s trajectory over water [Piazzola et al., 2002, Piazzola and Despiau,
1997]. Urban aerosols are mainly influenced by primary emissions from human activ-
ities, therefore most particles have a radius below 0.1 µm. For many urban sites, it
was shown that the mass distribution has two modes in the accumulation and in the
coarse mode [Lioy et al., 1987, Aceves and Grimalt, 1993]. The size distribution of
aerosols is highly variable within an urban area, and the highest concentration levels
are found at the sites downwind of the sources. The rural continental background
mainly contains aerosols of natural origin, and undergoes a moderate influence from
nearby urban areas. The size distribution of ultrafine particles in urban and rural re-
gions is modulated by many parameters such as photochemical generation during the
summer months, vehicle emissions at rush hours, and downwind long-range transport
of particles originating from highly polluted industrial or urban sites to rural areas
[Kim et al., 2002]. In remote continental regions or desert, the anthropogenic influence
is negligible, and the number size distribution is trimodal. The desert dust number
distribution spreads over a wide range of diameters, and the shape of the distribution
is strongly related to wind speed [Schütz and Jaenicke, 1974, Longtin et al., 1988].

Vertical profile

The Planetary Boundary Layer (PBL) represents the lowest part of the troposphere
where large scale atmospheric flows interact with the earth’s surface [Stull, 1988]. Due
to the action of atmospheric turbulence, a substance injected in this layer is gradually
dispersed throughout this layer. In the absence of sinks and sources, this substance
would be completely mixed throughout the PBL, therefore the PBL is also referred to
as the mixing layer [Seibert et al., 2000]. In the simplest models, aerosols are confined
in a single and well mixed layer, with an extent of a few kilometers above the surface.
In this ideal case, there is a good correspondence between the aerosol layer height
and the height of the mixing layer. For a typical background aerosol, it is common to
characterize the vertical profile of the mass concentration by an exponential decrease
with altitude [Gras, 1991]:

M(z) = M(0) · exp−
(
z

Hs

)

(1.4)

where M(0) is the mass concentration at the surface level, z is the altitude above
the ground, and Hs the scale height describing the slope of the profile. In Hess et al.
[1998], different values for the scale height and the altitude of the aerosol layer are pro-
posed for different aerosol background types. The shape of a real vertical profile can
significantly differ from the exponential model. It is highly variable close to sources,
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and strongly influenced by the meteorological conditions. In practice, aerosols can
be transported above the mixing layer and aerosols can occur in disconnected layers,
with different aerosol content and properties [Gobbi et al., 2003, 2004, Sicard et al.,
2006]. These layers are formed due to diurnal variations in the meteorological pro-
cesses [Stull, 1988]. In addition, terrain elevation can also be a mechanism responsible
for the transport of aerosols above the boundary layer [De Wekker et al., 2004].

1.2.4 Radiative properties

Absorption and Scattering

Aerosol particles can absorb and/or scatter electromagnetic radiation at different
wavelengths. For interactions of solar radiation with molecules and particles in the
atmosphere, the specific form of scattering is elastic scattering. In this process, when
a photon encounters a particle, the kinetic energy of the system photon-particle is
conserved. The light scattered has the same wavelength as the incident beam, only the
trajectory of the scattered photon is modified. Scattering and absorption properties of
a particle are determined by its chemical composition, size, and the wavelength of the
incident radiation. These processes are governed by two wavelength (λ) dependent
parameters, the refractive index m and the dimensionless size parameter x:

m(λ) = n(λ) + i·k(λ) (1.5)

x =
π·D
λ

(1.6)

The real part of the refractive index n represents scattering and its imaginary part k
is responsible for absorption. The refractive index of a particle is strongly related to
its chemical composition. In equation 1.6, D is the characteristic length of the particle
(diameter for spherical particles). The angular distribution of the scattered intensity
is controlled by the value of both the refractive index and the size parameter. Based
on the value of the size parameter, three regimes of scattering can be distinguished
(see Figure 1.3): Rayleigh scattering (x << 1), Mie scattering (x∼1) and Geometric
scattering (x >> 1). Rayleigh scattering is an extreme case of elastic scattering.
It usually refers to molecular scattering, but also applies to small aerosol particles.
Mie theory provides an exact solution to Maxwell’s equations [Mie, 1908] which can
be used to describe scattering for most aerosol particles. This anlytical solution is
calculated considering spherically shaped particles. As regards irregularly shaped
aerosols, Mishchenko [1991] proposes an alternative for scattering by homogeneous,
rotationally symmetric nonspherical particles in fixed and random orientations. The
geometric regime of scattering concerns larger particles including cloud droplets and
ice crystals. The scattered intensity depends on the angle between the direction of
incidence and the direction of observation. This property is described by the phase
function of the particle, which corresponds to the angular distribution of the scattered
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Figure 1.3: Schematic description of light scattering by particles with different
size parameters. The size parameter is increasing from left to right. Source:
http://hyperphysics.phy-astr.gsu.edu/Hbase/atmos/blusky.html.

intensity:

P (Θ, x,m) =
I(Θ, x,m)

∫ π

0
I(Θ, x,m)· sin ΘdΘ

(1.7)

where I(Θ, x,m) is the intensity scattered in the direction forming an angle Θ with
the incident direction of the light. When there is no preferred direction (i.e. isotropic
scattering), the spherically symmetric phase function can be written as:

P (Θ, x,m) =
1

cosΘ
(1.8)

To give an indication on the degree of asymmetry of scattering it is common to
define the asymmetry parameter. Its expression is derived from the cosine weighted
average of the phase function over the scattering plane:

g(Θ, x,m) =
1

2

∫ π

0

P (Θ, x,m)· cosΘ· sinΘdΘ (1.9)

Forward scattering refers to the observation directions for which Θ < 90◦, and back-
ward scattering refers to the observation directions for which Θ > 90◦. As shown
in Figure 1.3, usually the Rayleigh phase function is symmetrical in forward and
backward directions, whereas higher size parameters favor forward scattering (g > 0).

Extinction

Due to scattering and absorption, when a light beam passes through a medium, only
part of the incident radiation is transmitted in the forward direction (i.e. direction of
the incident light). Following the Beer-Lambert-Bouguer Law, the light attenuation
over an infinitesimal path of length dz can be expressed by the ratio of the transmitted
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to the incident intensity of the radiation:

dI(z)

I0
= exp (−z·σext(z))dz = exp (−z·(σs(z) + σa(z)))dz (1.10)

In the above equation, σext is called the total extinction coefficient which can be
splitted into the extinction from scattering σs and from absorption σa. When par-
ticles are considered to be spherically shaped, the extinction due to a population of
particles characterized by a number size distribution n(r) (radius function) can be
calculated by:

σext =

∫ R

0

Qext(x,m)·πD
2

4
·n(D)·dD (1.11)

with D and Qext representing respectively the diameter and the extinction efficiency
of each single particle. Qext is a complex function of the refractive index and size pa-
rameter of the particle, which can be, like for the extinction coefficient, separated into
Qs and Qa. Since scattering of particles in the Rayleigh domain is symmetrical and
almost independent on the particle shape, Bohren and Huffman [1983] determined
an analytical solution of Qext. In this case, Qext varies proportionnaly to λ−4. For
particles having a size close to the wavelength, the Mie-Debye-Lorentz theory [Mie,
1908] allows the calculation of Qext. Scattering in the Geometric regime is strongly
dependent on the particle shape and on its orientation relative to the direction of the
incoming radiation. For very high size parameters, Qext saturates at a limit value of
2. Instead of parameter Qext, it is also common to use the extinction cross section
Cext, which is defined as the product of the extinction efficiency by the geometrical
cross section of the particle. For a sphere :

Cext = Qext(x,m)·πD
2

4
(1.12)

For a particle, the relative effect of scattering to the total extinction is quantified
by the single scattering albedo:

w0 =
Qs

Qext

=
Cs

Cext

(1.13)

Hence single scattering albedo would be 1 for a fully scattering particle and 0 for
a fully absorbing particle. In general, sea salt and water soluble aerosols predomi-
nantly scatter solar light with single scattering albedo approaching 1, whereas dust
and carbonaceous aerosols are partially absorbing. Aerosols with a single-scattering
albedo greater than 0.85 are generally considered to cool the planet, and those with
less than 0.85 tend to warm the planet [Hansen et al., 1981].
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Aerosol Optical Depth

In atmospheric radiative studies, the aerosol optical depth (AOD) is a dimensionless
quantity that is often used. The AOD is defined as the integrated value of the extinc-
tion coefficient over the whole atmospheric layer (i.e. from the surface z = 0 to the
Top of the Atmosphere z = hTOA) :

τ(λ) =

∫ hTOA

0

σext,aer(λ, z)·dz (1.14)

Therefore, the AOD depends on the vertical profile of the aerosol extinction, which in
turn is a complex function of its physical and chemical properties. Generally, aerosol
models relate the phase function, the extinction coefficient, and the single scattering
albedo to their physical and chemical charcateristics [Shettle and Fenn, 1979, WMO,
1983, Hess et al., 1998]. With the use of a general circulation model, Reddy et al.
[2005] could estimate the largest contributions of different aerosol types to the global
AOD (0.12 at 0.55µm): 58% for natural, 26% for fossil fuel and 16% for biomass
burning.

The spectral dependance of the AOD is usually represented by power law function:

τ(λ)∝λ−α (1.15)

The Ångström coefficient α decreases when the size distribution is dominated by rela-
tively large particles, and increases when relatively small particles dominate [Kuśmierczyk-
Michulec et al., 2001]. Its values range roughly between 0 and 3. In the presence of
air masses dominated by large particles such as sea salt or dust, the Ångström coeffi-
cient has values close to zero, which can even become negative in the presence of very
large particles like freshly produced sea salt or desert dust particles suspended during
dust storms. In polluted areas where small sulfate and nitrate particles dominate,
the Ångström coefficient can reach values in the order of 2 to 3. High values of the
Ångström coefficient are also observed during biomass burning episodes. Scattering
and absorption of solar light by aerosol particles induce perturbations in the Earth
energy balance which have been shown to significantly affect the climate system at
both regional and global scales.

1.3 The role of aerosols in climate and air quality

1.3.1 The Earth’s energy balance

Sunlight is the primary source of energy for the Earth’s oceans, atmosphere, land
and biosphere. The energy emitted by the sun is mostly in the ultraviolet, visible,
and near-infrared parts of the spectrum (shortwave), while the Earth radiates in the
thermal infrared wavelengths (longwave). Assuming the sun is a black body at a tem-
perature close to 6000 K, Planck’s law provides the description of the spectral solar
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Figure 1.4: Sun and Earth emission spectrums. The spectrum of the solar radition
can be approximated by the spectrum of a black-body with a temperature of 6000 K.
With this temperature, most of the radiation is emitted between 0.1 and 4 µm and
the maximum of energy is reached for a wavelength of approximatively 0.48 µm. The
spectral distribution of the terrestrial radiation is similar to that of a black-body
with a temperature of 288 K. The Earth radiates mainly in a range between 0.5 and
30 µm, and the wavelength of maximum emission is found around 10 µm. Source:
http://ockhams-axe.com/global warming.

irradiance as illustrated in Figure 1.4. The Earth system reaches a thermal equi-
librium when the amount of longwave energy emitted is balanced by the shortwave
solar energy absorbed. The radiative equilibrium maintains the Earth at the global
temperature of about 288K. Due to the inclination of the Earth rotation axis, the sun
energy is not uniformly distributed over the globe. Most of solar radiation benefits to
the tropics where the sun rays are almost perpendicular to the Earth’s orbit plane,
whereas polar latitudes receive much less solar heating. On a yearly average, the
whole globe receives 1370 J per second from the sun. In other words, at the top of
the atmosphere, the solar flux across a surface of unit area normal to the solar beam
is about 342 W.m −2. This energy is distributed among the different components
of the Earth system through various reflection and absorption processes (see Figure
1.5). About one third of the shortwave radiation is reflected back to space by clouds,
aerosols and atmospheric molecules (∼ 77 W.m −2), and the surface (∼ 30 W.m −2).
In addition, a fraction of the incoming solar radiation that is transfered by the at-
mosphere to the surface is absorbed by greenhouse gases present in the atmosphere
(∼ 67 W.m −2). Therefore, only half of the direct shortwave radiation reaches the
surface and is absorbed as heat (∼ 168 W.m −2). Due to the ability of greenhouse
gases to absorb longwave radiation, the thermal radiaton emitted by the surface in
turn heats the atmosphere. The thermal radiation emitted by both the atmosphere
and the surface is absorbed by clouds and aerosols which re-emit longwave radiation,
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1.3 The role of aerosols in climate and air quality

Figure 1.5: The global annual energy balance of the Earth. The con-
tributions of the different components are expressed in Wm−2. Straight
lines represent either short-wave radiation (black) or long-wave radiation
(red), and dotted lines illustrate the vertical heat transport due to evapo-
condensation processes (latent heat) and uprising warm air masses (sensi-
ble heat). Source http://www.hamburger-bildungsserver.de/welcome.phtml?unten-
=/klima/greenhouse/radiation.html, based on data from Kiehl and Trenberth [1997],
Figure 1.2 in Chapter 1 ”The Climate System: an Overview” of the Working Group
I Report in the 2001 Intergovernmental Panel on Climate Change.
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thus trapping the energy between the Earth surface and cloud tops. In the absence
of greenhouse gases, clouds and aerosols and their related processes, the mean tem-
perature of the Earth would be 33◦ lower. With greenhouse gases, but no clouds or
aerosols, this temperature would reach 293 K.

1.3.2 Aerosol radiative forcing

Since the first industrial revolution, which began in the eighteenth century, the con-
centrations of all long-lived greenhouse gases and aerosols have largely increased due
to human activities. These anthropogenic emissions have brought external perturba-
tions to the Earth’s natural radiation balance which are refered to as climate radiative
forcing [Myhre et al., 2001]. When climate forcing occurs, the solar energy absorbed
by the Earth system is no longer in balance with the longwave radiation it emits, and
the climate system evolves toward a new equilibrium. A net negative change in the
Earth radiative budget is associated with a cooling effect of the atmosphere, whereas
a net positive difference implies that the atmosphere is warming up. The globally
averaged net effect of human activities since pre-industrial times (1750) has been es-
timated with great confidence to represent a warming of 1.6 W.m−2 [+0.6 to +2.4]1

[Solomon et al., 2007]. The different radiative forcing agents, and the range of their
contribution to the global average radiative forcing estimated for the year 2005 from
pre-industrial times, are presented in Figure 1.6. As compared to aerosols, most of
the significant greenhouse gases (e.g. CO2, CH4, N2O) are long-lived (lifetime beyond
a decade) and relatively well mixed. Consequently, their global impact on climate is
easier to determine than that of aerosols. In the troposphere, they absorb the ra-
diation in near-infrared wavelengths of the solar spectrum, which has a net positive
change on the Earth radiation balance and produces the well-known global-warming
effect. The increases in CO2, CH4, and N2O concentrations, have contributed to this
global-warming effect by 2.3 W.m−2 [+2.1 to +2.5]1 [Solomon et al., 2007]. Anthro-
pogenic aerosols are believed to globally cool the planet, and to substancially offset
the positive radiative forcing from the increase in greenhouse gases [Haywood and
Boucher, 2000, Penner et al., 2001]. However, their effect on climate is much more
complex than that of greenhouse gases, and although large efforts are pursued in un-
derstanding aerosol-climate interactions, this remains one of the largest uncertainties
in the climate system. Due to their short lifetime and variety of sources, aerosols are
heterogeneously dispersed: generally concentrated downwind, at close distances from
their sources, and strongly correlated to them. Thus, their radiative effects, which
in turn are determined by their concentration, chemical composition, size and shape,
are highly variable in both space and time. As a consequence, aerosols affect both
regional and global climate. Aerosols influence climate in two different ways: a direct
and an indirect effect. To investigate these effects and quantify their impact on cli-
mate, many studies have been carried out, either relying on analysis of ground-based
[Yu et al., 2006] or satellite [Kaufman et al., 2005a, Bellouin et al., 2005] measure-
ments, or from model calculations [Schulz et al., 2006, Forster et al., 2007]. Overviews

190% uncertainty interval around the best estimate
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1.3 The role of aerosols in climate and air quality

Figure 1.6: Global average estimates (in W.m−2) of the contributions from the dif-
ferent radiative forcing components of the Earth climate for the year 2005. For each
component, the spatial scale and Level Of Scientific Understanding (LOSU) are pre-
sented in the right most columns. The amplitude and the uncertainty of the total
net radiative effect due to the anthropogenic contribution is also available. Source:
Figure SPM.2 from the Summary of Policymakers of the Working Group I Report in
the 2007 Intergovernmental Panel on Climate Change.
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on the assessment of global radiative forcing of aerosols on climate are discussed in
Haywood and Boucher [2000] for the direct effect and in Lohmann and Feichter [2005]
for the indirect effect. The most recent estimate of aerosol-induced radiative forcing
represents a cooling of -1.3 Wm−2 [-2.2 to +0.5]1 [Solomon et al., 2007].

Direct effect

The direct effect is related to the ability of aerosols to absorb and scatter solar and
thermal radiation [Chỳlek and Coakley, 1974]. These two processes reduce the amount
of shortwave radiation reaching the Earth’s surface. By reflecting the solar radiation
back to space, aerosols contribute to cooling the atmosphere and the surface, whereas
absorbing processes lead to positive climate forcing. Among the most recent studies,
the study of Yu et al. [2006] based on satellite measurements evaluates the direct
radiative effect of aerosols to be a global cooling of -5.5±+0.2 W.m−2 over the ocean,
and of -4.9±0.7 W.m−2 over land. The global and total direct radiative forcing
accounting for the anthropogenic contributions for all main aerosol types represent
-0.5 Wm−2 [-0.9 to -0.1]1 [Solomon et al., 2007]. Reddy et al. [2005] have estimated
from general circulation modeling results that the major aerosol components (i.e.
sulfate, black carbon, organic matter, dust and sea salt) contribute respectively -0.62,
+0.55, -0.33, -0.28 and 0.30 W.m−2 to the global annual mean of the direct aerosol
radiative perturbation in the shortwave range for all-sky conditions. In the longwave
domain, these values were found to be approximatively half.

Indirect effect

Aerosols also perturb the Earth-atmosphere radiation balance by changing the albedo,
the amount and the lifetime of clouds. All these processes contribute to the so-called
indirect climate forcing by aerosols. Clouds are a collection of water droplets or ice
cristals supended in the atmosphere. To be formed, cloud droplets require the pres-
ence of aerosol particles which serve as cloud condensation nuclei (CCN), on which
water vapour condenses when relative humidity increases. As they absorb water
vapour, aerosol particles swell and eventually reach a critical diameter above which
they become activated CCN [Kohler, 1921]. These activated CCN grow faster to be-
come rain droplets. Therefore, the microphysical and radiative properties of a cloud
are closely linked to the nature of the aerosols from which it forms. Anthropogenic
processes produce large amounts of hygroscopic particles, which affect cloud micro-
physical and radiative properties in different ways. The first indirect effect refers to
the increase in the number of CCN available for a fixed amount of water vapor. Less
water vapor can thus condensate to each CCN, and as a result cloud droplets are
smaller [Twomey et al., 1984]. When the droplets are smaller, the scattering within
the cloud is enhanced, and the cloud has a higher albedo [Twomey, 1977]. The sec-
ond indirect effect is related to the reduction of the precipitation efficiency induced
by more numerous smaller droplets which precipitate less easily. This effect usually
leads to longer cloud lifetime and greater cloud cover [Albrecht, 1989]. Besides, ab-
sorbing aerosols enhance the ability of clouds to absorb sunlight, thereby cooling the
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Figure 1.7: Schematic illustration of aerosol radiative effects on climate including the
different direct and indirect effects (modified from Haywood and Boucher [2000]).
Straight lines represent shortwave radiation, and wavy lines the longwave radiation.
Black dots, circles, and stars represent respectively aerosols, cloud droplets, and cloud
ice cristals. The precipitation amount is related to the thickness of the grey dashed
lines. Source: Figure 2.10 from Chapter 2 ”Changes in Atmospheric Constituents and
in Radiative Forcing” of the Working Group I Report in the 2007 Intergovernmental
Panel on Climate Change.

surface and heating the atmosphere. The consequence of this effect termed as the
semi-indirect effect, is the inhibition of the cloud formation [Ackerman et al., 2000].
The schematic representation of the different effects induced by cloud-aerosol inter-
actions is illustrated in Figure 1.7. Based on satellite data for the Amazon basin
and Cerrado during the dry season, [Kaufman and Fraser, 1997] have shown that
smoke particles from biomass burning were responsible for an increase of the cloud
reflectance from 0.35 to 0.45, and reduce the droplet size from 14 to 9 µm . A more
rencent study relying also on satellite observations, reports the influence of smoke
from biomass burning on the scattered cumulus cloud cover over the Amazon region
during the dry season [Koren et al., 2004]. A 38% reduction of the scattered cumulus
cloud cover was estimated in clean conditions, whereas no reduction occurred in the
presence of heavy smoke. When the reduction applied, the instantaneous regional
forcing reversed from -28 W.m−2 up to +8 W.m−2. In contrast, according to other
satellite obsevations, aerosols lead to increases of the shallow cloud coverage of 0.2
to 0.4 over the Atlantic Ocean, in all conditions of smoke, dust and pollution. This
change in the cloud coverage induces a radiative forcing of about -7 W.m−2 at the
top of the atmosphere [Kaufman et al., 2005b]. Using ground-based measurements
around the globe, Kaufman and Koren [2006] found that generally the cloud cover
increases with the aerosol column concentrations, whereas it is inversely dependent on
aerosol absorption of sunlight. Due to the duality of these effects, the aerosol indirect
forcing is credited with the greatest level of uncertainty among the known factors
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of radiative forcing [IPCC, 2007]. The current best estimate for the contribution of
anthropogenic aerosols to the global indirect cloud albedo radiative effect, is based on
model calculations which associate this effect with a cooling of -0.7 W.m−2 [-1.8 to
0.3] [Solomon et al., 2007]. Therefore, aerosol particles certainly play an important
role in the overall radiation budget of the Earth, and there is still a lot to learn about
the relation between particles and cloud radiative properties.

1.3.3 Health effects of aerosol pollution

In addition to their effect on climate, aerosols affect air quality, thus having a detri-
mental effect on human health. In the last decades, the occurence of asthma has
dramatically increased, and aerosols can certainly trigger and aggravate respiratory
problems [Lippmann et al., 1980]. Many epidemiological studies report that expo-
sure to particulate air pollution produces excesses in cardio-pulmonary morbidity
and mortality [Lippmann et al., 2000, 2003]. In densely populated areas and highly
industrialized urban centers, the concentration levels of ambient particles alarms the
health authorities, and air pollution particles are thought to kill more than 500 000
persons worldwide each year [Devlin et al., 2003]. Consequently, in addition to regu-
lar measurements of the contaminant gases (i.e. SO2, NO2, O3, CO etc), air quality
policies/studies also rely on Particulate Matter (PM) indicators: PM10 and PM2.5.
PM10 concentrations refer to mass concentrations of all aerosol particles with a dry
aerodynamic diameter below 10 micrometers. Such particles can be inhaled into the
nose and throat [Lippmann and Albert, 1969]. Particles with aerodynamic diame-
ters of less than 2.5 µm (PM2.5) can penetrate deep into the lungs [Lippmann and
Albert, 1969], and the finest can even enter the bloodstream via the lungs, thus affect-
ing other parts of the human body. The main toxic effect of PM10 is cardiovascular
diseases in populations, and respiratory diseases among children. Like other atmo-
spheric pollutants, particulate matter might be reponsible for some childhood cancers,
due to prenatal exposure to PM10 that are inhaled by the mother during pregnancy
[Knox, 2005]. With regards to these health issues, the various governments have set
maximum standards. According to the European standards, daily levels of PM10
concentration below 50 µg.m−3 are considered to be clean days, for levels between
50 µg.m−3 and 200 µg.m−3 air quality is considered to be moderate, and for levels
above 200 µg.m−3 is considered poor and designated as smog. Although air quality
has in terms of PM improved during the past decade, The Netherlands, for which 45%
of the aerosols are of anthropogenic origin, remains like many other states from the
European Union among the countries that do not comply with the 24-hour average
limit of 50 µg.m−3 imposed by the European norms [Buijsman et al., 2005]. A num-
ber of studies have demonstrated the efficiency of the policies in the reduction of PM
related detrimental health effects, however the magnitude of health risk depends on
a complex combination of factors involving particle size, concentration and chemical
composition, and are therefore difficult to manage [Vincent et al., 1995]. In order
to improve and explore environmental policy, aerosol measurements have become a
crucial necessity.
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1.4 Remote sensing

Aerosol physical and chemical properties, and thus their optical properties, are highly
variable over scales ranging from local to regional to global, and vary with location
on Earth and with the season. To better understand and quantify the radiative
forcing effect of aerosol on climate, and for better management of air quality, more
knowledge on the properties of aerosol at global and regional scales is needed. To this
end, several measurement techniques are used. Aerosol properties can be measured
directly by analyzing in-situ samples, or derived from remotely sensed data acquired
at ground-based stations or by instruments carried on satellites. Some methods used
for in-situ measurements have the unique advantage to provide a direct and complete
determination of the physical and the chemical properties of the particles.

Remote sensing is defined as the acquisition of information about an object without
being in physical contact with it [Elachi, 1987]. This technique make use of the
properties of electromagnetic radiation emitted, reflected or diffracted by the objects.
A remotely sensed object of interest can be observed either passively or actively.
In passive remote sensing, the sensor measures the radiation which originates from
natural sources. Natural sources refer to either the radiation emitted by the sun or
by the earth-atmosphere sytem. Observations in the UV (Ultra Violet) or the visible
wavelengths use the sun as a source of radiation, whereas terrestrial radiation is mainly
used for longwave measurements (>8 µm). In active remote sensing, the sensors detect
the response scattered back by the object, based on the use of artificially-generated
energy sources. Theses techniques use instruments such as RADAR (RAdio Detection
And Ranging) and LIDAR (LIght Detection And Ranging) which operate in a spectral
domain ranging from the UV to the microwave region. Thus, depending on the optical
properties of the atmosphere, the radiation observed from above or below it is more
or less affected, and aerosol properties can be derived by the change induced in the
backscattered radiation.

1.4.1 Ground-based measurements

Field campaings in different regions of the globe have contributed to improve the
understanding of atmospheric aerosol and their effects on climate. Some major ex-
periments were focused either on the remote marine atmosphere or areas downwind
of continental aerosol source regions. They integrated dedicated ship cruises, using
fully equipped vessels over oceanic regions, and intrumented aircrafts and balloon-
sondes, to perform atlitude profiling over selected regions. Among these campaigns,
the first Aerosol Characterization Experiment ACE-1 was carried out over the South-
West Pacific to determine the properties characterizing aerosols in the remote marine
atmosphere, and to quantify the impact of the controlling factors involved in aerosol
radiative forcing and climate [Bates et al., 1998a]. The Tropospheric Aerosol Radia-
tive Forcing Observational Experiment (TARFOX) conducted along the east coast
of the USA in the summer of 1996 was designed to assess the anthropogenic impact
on climate change where one of the world’s major plumes of urban/industrial haze
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is advected off the continent over the Atlantic Ocean [Russell et al., 1999]. A cen-
tral objective of the Southern African Regional Science Initiative campaign (SAFARI
2000) during the dry season was to investigate the emissions from fires and from
soils impacted by burning in the African savannas [Swap et al., 2002]. The Saharan
Dust Experiment (SHADE), which took place in September 2000 on the west coast
of Africa, used a wide range of measurements to improve knowledge about the radia-
tive impact of mineral dust [Tanré et al., 2003]. More recently, the objective of the
ICARB (Integrated Campaign for Aerosols, gases, and Radiation Budget in Spring
2006) which is the largest and most exhaustive field campaign that has ever been
conducted in the Indian region, was to characterize the physico-chemical properties
and radiative effects of atmospheric aerosols and trace gases over the Indian landmass
and the adjoining oceanic regions of the Arabian Sea, northern Indian Ocean, and
Bay of Bengal through intensive, simultaneous observations [Moorthy et al., 2008].

However large field campaigns occur rarely, and remain relatively limited in space
and time. Thanks to ground-based networks, long term climatologies provide the
context needed for intensive field campaigns which focus on regional issues. These
ground-based networks can include in-situ and/or remote-sensing instrumentation.
Aerosol measurements at NOAA GMD/ERDL (Global Monitoring Division / Earth
Research Laboratory) have began to provide information about the trends and the
factors of aerosol particles that influence climate forcing since the early seventies
[Ogren, 2004]. Aerosol properties monitored by ESRL/GMD include both in situ
and remote-sensed data from baseline and regional stations [Ogren, 2004]. NASA has
established an international network of ground-based sunphotometers: the Aerosol
Robotic Network (AERONET) [Holben et al., 1998] which performs passive measure-
ments of aerosols at more than 300 locations all over the world. AERONET stations
use CIMEL sunphotometers to measure the radiance angular distribution in 4 or more
spectral bands. For this purpose, radiance observations are made both in the almu-
cantar (i.e. azimuthal angle relative to the sun) and the principal plane (i.e. direction
away from the sun direction). The aerosol optical depth is recorded every 15 minutes
based on the transmission of direct sunlight inferred from the radiance measurement in
the sun direction. The collection of radiance data from the different directions is used
in combination with the aerosol optical depth to derive aerosol properties such as size
distribution, complex refraction index, partition spherical/non spherical. The latter
are retrieved using Direct Sun inversion algorithms [Nakajima et al., 1983, Dubovik
and King, 2000] routinely applied to clear sky data (i.e. no clouds) [Smirnov et al.,
2000]. The phase function and single scattering albedo are calculated on the basis of
the retrieved parameters. AERONET data can be freely accessed on the web and are
available for three quality levels: Level 1.0 for raw data i.e. unscreened (AOD), Level
1.5 for automatically cloud filtered data (AOD and inversion products), and Level 2
quality assured, automatically cloud filtered and manually inspected (AOD and in-
version products). Except for Level 2 data which have post-field yearly calibration
applied, all products are provided on a near-real time basis.

Since its creation in February 2000, the EARLINET (European Aerosol Lidar
Network) is a joint project of 20 European lidar groups to establish a quantitative
comprehensive statistical data base of both horizontal and vertical distribution of
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aerosols on a continental scale [Bösenberg et al., 2001]. Most of the measurements
performed by these lidars are performed on fixed schedules, or at specific time and
location to explore particular issues. In addition to vertical/horizontal monitoring,
LIDARs have the advantage to operate under all sky conditions whereas other remote
sensing measurements require cloud screening.

1.4.2 Satellite observations

Satellite remote sensing of aerosols is the only technique allowing to monitor the
high variability of aerosols in both space and time. Moreover, aerosols affect the re-
mote sensing of other geophysical parameters (i.e. ocean color, atmospheric ozone,
surface albedo, etc), therefore aerosol remote-sensed data are also essential for at-
mospheric correction [Kaufman et al., 1997b]. Space-based aerosol observations are
based on inversion algorithms using radiative transfer simulations of the signal re-
ceived by the sensor at the satellite level (cf. Chapter 2). The radiative simulations
require the use of a priori information on the aerosol type and usually on the sur-
face reflectance/properties. Aerosol measurements from space make use of instru-
ments such as radiometers, spectrometers, spectroradiometers, or polarimeters for
passive techniques, and of LIDARs in active detection [King et al., 1999]. These var-
ious sensors can be carried on either polar orbiting spacecrafts (i.e. sunsynchronous)
also called Low-Earth Orbit Satellites (LEO), or geostationary satellites for having
Geosynchronous (GEO) (see Figure 1.8).

Despite the fact they were not designed for aerosol retrievals, the intruments on-
board the first meteorological satellites, such as Nimbus-7-TOMS (Total Ozone Map-
ping Spectrometer), NOAA-AVHRR (Advanced Very High Resolution Radiometer)
and ERS-2 (European Remote Sensing)-GOME (Global Ozone Monitoring Experi-
ment) [Burrows et al., 1999] were used for that purpose. Carried on the NOAA’s
polar orbiting platforms since 1978, AVHRR is a broad band scanner with 4 to 5
channels in the solar spectrum and in the thermal infrared [Kidwell, 1995]. It is
a standard instrument for global mapping of vegetation, sea surface temperature
and ice cover, that has also provided the first aerosol information from space-based
measurements. The first aerosol retrieval algorithm using channel 1 (0.58-0.68 µm)
of AVHRR was implemented by Griggs [1975], and started to provide operational
aerosol observations in 1988 [Rao et al., 1989]. The single-channel methodology was
improved and applied to channel 2 (0.73-1.10 µm) [Stowe et al., 1997], and channel 3
(1.58-1.64 µm) [Ignatov et al., 2004]. For application over land, Holben et al. [1992]
proposed two different techniques to retrieve the aerosol optical depth in channel 1
of AVHRR. First TOMS, then GOME and OMI (Ozone Monitoring Instrument) se-
ries of polar orbiting sensors, aimed at monitoring the long term global changes in
stratospheric ozone. During almost 30 years, the nadir-viewing spectrometer TOMS
(1978-2007) supplied global ultraviolet radiance data for 6 wavelengths in the range
of 308.6-360.44 nm, every 3 days at a rather coarse resolution of 25-60 km2. Torres
et al. [2002] have tested a retrieval method that makes use of the unique near-UV
remote sensing feature of the TOMS instrument onboard Nimbus-7 (1979-1992) and
Earth Probe (since mid-1996) to produce a long term record of aerosol optical depth
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Figure 1.8: Description of GEosynchronous Orbit (GEO) and Low Earth Orbit (LEO)
satellites. GEO satellites have geosynchronous orbits characterized by their circular-
ity, an altitude of 35000 km directly above the Earth’s equator (0◦latitude), and a
period equal to the revolution period of the Earth. For an observer on the Earth
surface, geostationary satellites appear motionless. Orbits of LEO satellites are com-
monly defined as orbits with an altitude below 2000 km. These orbits are elliptical
or circular with a period of the order of a hundred minutes. Polar orbits are LEO
orbits for applications with the purpose to view the same place on Earth at the same
time each day. Image Credit: Reproduced with permission from Computer Desktop
Encyclopedia (c) 2008 The Computer Language Company Inc.
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over land. With a larger footprint (40x320 km2) than TOMS, GOME (1995-present)
achieves a complete scan of the Earth within 1 day. GOME performs nadir obser-
vations of the spectrum between 237 nm and 794 nm, in 4 broad-band channels and
with a spectral resolution of 0.2 to 0.4 nm. The algorithm proposed by Kuśmierczyk-
Michulec and de Leeuw [2005] allows to derive the aerosol optical depth over both land
and water from GOME data at 6 wavelengths in the range of 380-670 nm. The Ozone
Monitoring Instrument (OMI) flown on Aura [Levelt and Noordhoek, August 2002]
is a nadir viewing imaging spectrograph, which combines the advantages of GOME
and TOMS. It measures a complete spectrum in the ultraviolet and the visible wave-
length range, with a spectral resolution of about 0.5 nm and has the advantage to
make a full scan of the Earth within one single day at a spatial resolution of 13x24
km2. A recently developed algorithm, cf. Curier et al. [2008], dedicated to OMI,
has been used to derive the aerosol properties in the near-UV, based on the multi-
wavelength approach proposed by Torres et al. [2002]. Starting 1991, the series of
Along Track Scanning Radiometers (ATSR-1, ATSR-2 and AATSR) have the goal to
measure the surface temperature with the climate standard accuracy [Edwards et al.,
1990, Llewellyn-Jones et al., 2001]. These instruments provide the radiance in the
visible, near-infrared and far-infrared ranges, with the advantage to perform quasi-
simultaneously measurements for two viewing angles (i.e. 55◦ forward and nadir), at a
spatial resolution of 1 km for the nadir view. The dual-view feature of this radiometer
allowed for the retrieval of the aerosol optical depth (at 0.550, 0.67, 0.87 and 1.6 µm),
without using any a priori on the surface contribution to the top of the atmosphere
radiance [Veefkind, 1999].

Accurate retrieval of aerosol properties from remotely sensed data requires the use
of sensors with very narrow bands and multispectral characteristics. Furthermore, the
accuracy of these retrievals can be significantly improved when the sensors provide
measurements for multiple viewing angles and information on the polarization. Over
the past decade, a new generation of instruments well suited for aerosol applications
has emerged. In that respect POLDER (Polarization of Directionality of the Earth
Reflectance) [Deschamps et al., 1994], and two instruments from the A-Train satellite
constellation [Savtchenko et al., 2007] namely MODIS (MODerate resolution Imaging
Spectroradiometer)[Salomonson et al., 1989b] and MISR (Multi-angle Imaging Spec-
troRadiometer) [Diner et al., 1998], are imagers that were designed with the aim to
provide regular measurements on a large scale for aerosol related issues. The large
2300 km swath of MODIS onboard the NASA’s Terra (launched in 1999) and Aqua
(launched in 2002) spacecrafts, allows the acquisition of a global coverage within a pe-
riod of 1 to 2 days. With its 36 spectral bands between 0.4 and 14.4 µm, the MODIS
sensor exhibits enhanced spectral and spatial resolution (250-500 m) which are well
suited for the derivation of aerosol information. The aerosol retrieval algorithm for
MODIS which uses 7 wavebands of the instrument in the visible to near-infrared range
(0.259-2.15 µm), is based on the work of Tanré et al. [1997] over the ocean and of
Kaufman et al. [1997c] over land. The derivation of aerosol optical depth from the
MODIS single-view instrument is based on the ratio of the visible to the near-infrared
reflectance [Kaufman et al., 1997a]. The POLDER instrument which was developed
by CNES (French National Space Agency) for the Japanese ADEOS (Advanced Earth
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Satellite System) missions (launched in 1996), has 15 spectral bands which range from
443 nm to 910 nm. The spectral measurements are made for 12 different directions
in 6 km2 grid boxes, and in addition to the intensity field, the sensor provides the
2nd and the 3rd parameter of the Stokes vector characterizing the upwelling radiance
[Deschamps et al., 1994]. The polarization feature of this spectroradiometer makes
it far more advanced than the other instruments to determine the type of aerosols.
Deuzé et al. [1999] and Deuzé et al. [2001] describe the aerosol retrieval methodology
and the global distribution of tropospheric aerosols obtained from the daily global
data of POLDER. The algorithm uses the 670 nm and 865 nm channels of POLDER
to derive the aerosol optical depth and Ångström coefficient. In addition to MODIS,
the Terra platform carries the MISR intrument, which measures the radiation in four
spectral bands of the solar spectrum (0.446, 0.558, 0.672, and 0.866 µm) at 9 different
viewing angles: a nadir view and 8 other symmetrical views (26.1, 45.6, 60.0, and
70.5) spread out forward and aftward of nadir. MISR data are provided at a spatial
resolution of 275 m at all off-nadir angles and 250 m at nadir. With a 360 km swath,
the multi-angle repeat cycle is achieved every 9 days at the equator, and every 2 days
at highest latitudes. Martonchik et al. [1998, 2002] describe the technique used by
the MISR Heterogeneous Land and Dark Water aerosol retrieval algorithm and its
applicability to a wide variety of atmospheric conditions. Based on realistic aersol and
surface models, this algorithm derives simultaneously the aerosol and surface optical
properties in boxes of 17.6x17.6 km2. The major advantage of this algorithm is that
it requires no assumption on land reflectance, the angular signatures allow to separate
the surface-leaving reflectance from the intrinsic atmospheric radiance.

More recently (2006), the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observation (CALIPSO) mission, established in the framework of a collaboration
between CNES and NASA, provides a unique opportunity to improve our under-
standing of the role of aerosols and clouds in climate [Winker et al., 2003]. Like
Terra, CALIPSO flies as part of the so-called A-Train constellation of Earth-orbiting
spacecraft. The active Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP)
onboard CALIPSO enhances the current capabilities in space-based aerosol observa-
tion, by delivering global information on their vertical distribution over all types of
surface during both day and night. CALIOP is equipped with 2 laser transmitters
which produce light pulses at 532 nm and 1064 nm at a repetition rate of 20 Hz.
The receiver provides backscatter profiles from the surface to 40 km, with a vertical
resolution of 30-60 km and horizontal resolution of 333 m. From these backscatter
data, the profiles of cloud and aerosol backscatter and extinction coefficients as well as
the their respective layer heights can be retrieved [Vaughan et al., 2004]. In addition,
the linearly polarized laser and the polarization sensitivity of the receiver can be used
to calculate the linear depolarization from the two-channel lidar measurement, which
allows the detection of non-spherical particles, and the distinction between ice and
water clouds.

With the recent emergence of all these new spaceborne instruments, there has
been significant progress in the development and the validation of algorithms dedi-
cated to the retrieval of aerosol information, over large scales and at a high spatial
resolution. However, ground-based aerosol products are less affected by uncertainties
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than satellite-based information, and therefore constitute a reliable ground truth ref-
erence, which is of crucial importance for the evaluation and the validation of satellite
retrievals.

1.5 This thesis

1.5.1 Motivation

Space-based aerosol observations represent a great potential for climate forcing and
air quality research associated with aerosol particles, at both global and regional
scales [Kaufman et al., 2002, Engel-Cox et al., 2004, Gupta et al., 2006, Al-Saadi
et al., 2005, Schaap et al., 2009]. The research work described in this thesis aims to
contribute to the development, the application and the validation of scientific methods
for the retrieval of aerosol properties from satellite observations. In this respect, a
new algorithm for the retrieval of aerosol optical properties over cloud-free scenes has
been inplemented. This algorithm uses the data from the SEVIRI (Spinned Enhanced
Visible and Infrared Radiometer) imager onboard the European geostationary satellite
MSG (Meteosat Second Generation) launched in August 2002, which delivers an image
of a full Earth hemisphere every 15 minutes. The results generated by SARA (SEVIRI
Aerosol Retrieval Algorithm) have been tested successfully with data from both space-
based and ground-based measurements, and for various case studies (e.g. forest fires,
dust storm, anthropogenic pollution). The high temporal sampling of this radiometer
offers the unique opportunity to monitor aerosol diurnal variability and to follow the
transport of atmosperic pollutants over Europe and the entire African continents.

1.5.2 Outline

The next chapter of this thesis is dedicated to the main principles and the data
involved in aerosol remote sensing using the MSG-SEVIRI intrument. It starts with
a detailed description of the measurements provided by this instrument, followed
by an explanation of the general theory behind aerosol remote sensing from space
observations, and by the description of the different ancillary data needed to perform
aerosol retrievals with MSG-SEVIRI.

The third chapter explains the cloud detetection method used for the stand-alone
cloud screening process implemented within the aerosol retrieval algorithm for MSG-
SEVIRI. The cloud detection process which consists of 4 main tests, generates a cloud
mask that has been compared to another MSG-SEVIRI cloud mask obtained with the
KNMI/MF algorithm, and to the cloud product derived for the MODIS instrument.
This chapter has been accepted for publication in the International Journal of Remote
Sensing in October 2008.

In Chapter 4, the method used for the retrieval of the aerosol optical properties
over the ocean is presented. The reflectances measured in the visible and the near-
infrared channels of the SEVIRI instrument are used to retrieve physical parameters
such as the optical depth and the Ångström coefficient, which provide information
on the aerosol load and size distribution. The results obtained for two case studies
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were evaluated by means of comparisons with the aerosol product of MODIS, and with
AERONET AOD measurements at coastal stations. This chapter has been submitted
to the Journal of Geophysical Research in December 2008.

Chapter 5 deals with the methodology implemented for the extraction of aerosol
information over land surfaces. This technique requires the use of a priori information
on the spectral albedo of the land surface. For that purpose, MSG-SEVIRI measure-
ments are used in synergy with the MODIS surface albedo/parameter product. The
spectral AOD is validated with ground-based observations from the AERONET net-
work, and evaluated against the results of the MODIS aerosol retrieval algorithm.

The 6th chapter provides conclusions and outlook for the research work described
in this manuscript. This synthesis explores the potential benefit of the results together
with their limitations, and proposes some perspectives for improvements and future
investigations.
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Chapter 2

MSG-SEVIRI and

satellite-based aerosol

retrievals

2.1 Introduction

Space-based passive aerosol remote sensing uses sensors that are designed to measure
the upwelling radiance at the top of the atmosphere, from which the optical properties
of aerosols can be derived. In inversion algorithms dedicated to aerosol retrievals, the
most complex task is to separate the contribution of the surface from that of the
atmosphere. When this distinction cannot be achieved in a straightforward manner,
several assumptions and approximations have to be made. In this thesis, the Spinning
Enhanced Visible Radiometer (SEVIRI) flown on the Meteosat Second Generation
(MSG) satellite was considered. The first part of this chapter provides a description
of the principal features of the MSG-SEVIRI imager. The second part of the chapter
summarizes the main principles and the different assumptions behind the theory of
aerosol retrieval in general, and those used within the SEVIRI Aerosol Retrieval
algorithm. In addition, SARA retrievals rely on radiative transfer simulations using
the Doubling-Adding KNMI (DAK) radiative transfer model, and require the use of
ancillary data such as terrain elevation and chlorophyll concentration data for which
details are given at the end of the chapter.

2.2 MSG-SEVIRI, instrument description

The new series of European geostationary satellites Meteosat Second Generation
(MSG) operated by EUMETSAT (European Organisation for the Exploitation of
Meteorological Satellites) was created to provide high quality data needed to forcast
global weather conditions and monitor climate until the year 2012 [Schmetz et al.,
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Figure 2.1: Schematic representation of the scanning principle used by the MSG-
SEVIRI instrument, showing the line-by-line process, the spin rate of the satellite,
the spatial resolution, and the spatial coverage of the observation. Source: Figure
from [Aminou, 2002].

2002]. The MSG satellite is a spin-stabilized satellite rotating at a spin rate of 100
rotations per minute, and flying at an altitude of about 36 000 km above the Earth
surface. The first satellite of this program MSG-1 also called METEOSAT-8, was
launched in August 2002 and started routine operations in January 2004. MSG-1
has a nominal position centered over the equator and 0◦ in longitude. The Spinning
Enhanced Visible Radiometer (SEVIRI) [Schmid, 2000] onboard the MSG satellite
is a line by line radiometer that provides a complete scan of an Earth hemisphere
with a repeat cycle of 15 minutes (see Figure 2.1). Thus, the SEVIRI imager carried
on the MSG-1 spacecraft continuously observes Europe, the entire African continent
and parts of the Indian and Atlantic Oceans. The SEVIRI instrument measures the
upwelling radiance in 11 narrow bands and one broad band. The narrow channels
which include 3 solar (0.6, 0.8 and 1.6 µm) and 8 infrared wavelengths (3.9, 6.2, 7.3,
8.7, 9.7, 10.8, 12.0 and 13.4 µm), provide data at a spatial resolution of 3x3 km2

at the sub-satellite point. The broadband channel covers the spectral range between
0.4 and 1.1µm, and has a higher spatial resolution than the standard channels with
1x1 km2 at nadir. The spectral features of the SEVIRI instrument, including the
band width and the nominal wavelength of the different channels are summarized in
Table 2.1. MSG-SEVIRI images complement the present measurements of polar or-
biting sensors, by combining their multi-spectral features and high spatial resolution,
with continuous observations at high temporal frequency. The infrared channels of
MSG-SEVIRI can produce accurate pictures of the temperature of clouds, and of land
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Table 2.1: Spectral features characterizing the SEVIRI channels.

Channel Nadir resolution Central wavelength Spectral band Gaseous absorber
(km) (µm) (µm) / window

1 VIS.0.6 3 0.635 0.56 - 0.71 window
2 VIS0.8 3 0.810 0.74 - 0.88 window
3 NIR1.6 3 1.64 1.5 - 1.78 window
4 IR3.9 3 3.90 3.48 - 4.36 window
5 WV6.2 3 6.25 5.35 - 7.15 Water Vapor
6 WV7.3 3 7.35 6.85 - 7.85 Water Vapor
7 IR8.7 3 8.70 8.30 - 9.10 window
8 IR9.7 3 9.66 9.38 - 9.94 Ozone
9 IR10.8 3 10.8 9.80 - 11.80 window
10 IR12.0 3 12.0 11.0 - 13.0 window
11 IR13.4 3 13.40 12.40 - 14.40 window
12 HRV 1 - 0.4 - 1.1 Carbon dioxide

and sea surfaces, at all times of the day and night. Using channels in the absorption
band of ozone, water vapour and carbon dioxide, MSG-SEVIRI also provides infor-
mation on the characteristics of atmospheric air masses. The solar channels ’VIS0.6’,
’VIS0.8’ and ’NIR1.6’ of SEVIRI are crucial for cloud detection (cf. Chapter 3), and
can be used to retrieve both aerosols and surface properties. Thus, the combination
of channels supplied by MSG-SEVIRI offers a unique opportunity to monitor the
weather conditions as they develop, and to study long-range transport of atmospheric
constituents and their impact on the climate system. SEVIRI solar channels give
measurements at similar wavelengths as channels from AVHRR, MODIS and GOES.
The comparison with measurements from MODIS and GOES have shown that the
calibration accuracy of theses channels is within 5% [Govaerts et al., 2004, Doelling
et al., 2004].

2.3 Illumination-observation geometry

The radiance measured by the sensor at the satellite level depends on the radiative
properties of the atmospheric constituents and surface below. These properties de-
pend on both the wavelength and the geometry of the illumination-observation. In
remote sensing, several angles are used to describe both the sun illumination and the
sensor observation geometries. The horizontal coordinate system is a celestrial system
of coordinates which uses the horizon of a specific observation point as the fundamen-
tal plane. With respect to this reference, for each location on the Earth surface, the
apparent position of the sun and the sensor are specified by the zenith and azimuth
angles (see Figure 2.2). The zenith angle describes the position of the sun (satellite)
relative to the local normal to the horizontal plane. The azimuth angle is the angle
on the horizontal plane, formed between a reference direction and the point directly

31



Chapter 2. MSG-SEVIRI and satellite-based aerosol retrievals

Figure 2.2: Schematic representation of the illumination-viewing geometry for satellite
observations: θs and θv are the sun and viewing zenith angles, φs and φv the azimuth
angles for the sun and the satellite.

beneath the sun (satellite). Here sun (satellite) azimuth is defined clockwise with
respect to true north (i.e. geographic north). Thus azimuthal angles vary from 0 to
360◦ starting with true north as 0. The zenith and azimuth angles can be calculated
from various formulas based on spherical trigonometry formulas.

2.3.1 Illumination

For the sun, the zenith angle is a function of the location latitude lat, the solar
declination δ and the time angle h:

cos (θs) = sin (latp) sin (δ) + cos (latp) cos (δ) cos (h) (2.1)

The time angle defines the angle the Earth has turned since local solar noon. Local
solar noon corresponds to the time during the day, when the sun is highest in the sky.
Hence the time angle expression can be written as:

h =
πt

12
+ lonp − π + et (2.2)

where lonp is the longitude of the location on the Earth surface and t is time in
the Universal Time Coordinate system. The hour angle can also be defined as the
difference between the longitude of the observation and the longitude below the sun
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(i.e. sun nadir). The eccentricity and the obliquity of the Earth orbit around the
sun cause variations in the Earth’s rate of rotation. As a result, solar noon differs by
a correction offset et which is calculated using the Equation of Time (in hour unit)
[Velds et al., 1992]:

et(f) = 0.0072·cos (f) − 0.0528·cos (2f) − 0.0012·cos (3f)

−0.1229· sin (f) − 0.1565· sin (2f) − 0.0041· sin (3f)

in which f is a function of the day number d taken between 0 and 366:

f =
2π

366
·d (2.3)

The solar declination measures the angle between the sun rays and the equatorial
plane of the Earth (counted positive northward and negative southward). It is anal-
ogous to the latitude of the sub-solar point. Due to the tilt of the Earth’s rotation
axis with respect to its orbital plane around the sun, the declination varies between
approximatively +23.5◦ in June (Summer solstice) to -23.5◦ in December (winter
solstice). The declination angle can be calculated as a function of the day number
[Spencer, 1971]:

δ(f) = 0.006918− 0.399912·cos (f) − 0.006758·cos (2f) − 0.002697·cos (3f)

−0.070257· sin (f) − 0.000907· sin (2f) − 0.00148· sin (3f)

The azimuth angle of the sun can be calculated using:

cos (φs) =
sin (δ) − sin (latp) cos (θs)

cos (latp) sin (θs)
(2.4)

sin (φs) =
sin (h) cos (δ)

sin (θs)
(2.5)

2.3.2 Observation

The zenith angle θv associated to the sensor position, is determined using the formula:

tan (θv) =
sin (ψ)

cos (ψ) − Re

Re+A

(2.6)

The factor Re+A
Re

takes into account the Earth curvature with the Earth radius
Re, and a sensor orbit with an altitude A, which is assumed to be circular. ψ is the
great circle angle (i.e. angle to the center of the Earth) between the subsatellite point
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Figure 2.3: Observation geometry for MSG-SEVIRI: map of viewing zenith angle
(upper panel) and viewing azimuth angle (lower panel).
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(latv, lonv) and the observed point (latp, lonp). This angle is calculated with:

cos (ψ) = sin (latp) sin (latv) + cos (latp) cos (latv) cos (lonp − lonv) (2.7)

Since the subsatellite point of MSG is located at (0◦,0◦):

cos (ψ) = cos (latp) cos (lonp) (2.8)

The azimuth angle of the satellite is a function of the geolocation coordinate and
the aforementioned great circle angle ψ. It can be calculated with similar expression
to those of the sun azimuth using the folowing equations:

cos (φv) =
sin (latv) − sin (latp) cos (ψ)

cos (latp) sin (ψ)
(2.9)

sin (φv) =
sin (lonp − lonv) cos (latv)

sin (ψ)
(2.10)

Like for the expression of ψ, due to the nominal position of the satellite, simplifi-
cations can be applied to obtain:

cos (φv) =
− sin (latp)

tan (ψ)
(2.11)

sin (φv) =
sin (lonp)

sin (ψ)
(2.12)

As an example, Figure 2.3 describes the viewing geometry of MSG-SEVIRI over
Europe, with the maps of the satellite zenith and azimuth angle.

2.3.3 Scattering geometry

The combination of the illumination and the viewing geometry determines the scat-
tering and the glint angle. The scattering angle Θ is defined by the angle formed
between the incident direction of the radiation, and the direction of the radiation
reflected toward the sensor. It is derived from:

cos (Θ) = cos (θs) cos (θv) + sin (θs) sin (θv) cos (φr) (2.13)

where φr which is the absolute difference between the satellite azimuth and the
solar azimuth angles. Figure 2.4(a) presents an example of the diurnal variations
of the scattering angles observed by MSG-SEVIRI over Europe for two days. June
22 and December 22 represent the two extreme cases corresponding respectively to
the summer and the winter solstice, when the sun reaches its most northern or most
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(a) First part

Figure 2.4: Maps of scattering angle for MSG-SEVIRI observations for 22 June (sum-
mer solstice) and for 22 December (winter solstice) 2006.
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(b) Second part

Figure 2.4: Maps of scattering angle for MSG-SEVIRI observations the 22 June (sum-
mer solstice) and 22 December (winter solstice) 2006. (Con’t)
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southern position. During the course of a day, the scattering angle isolines rotate with
the Earth rotation. The scattering angle reaches a maximum around noon, when the
geometry of the observation gets the closest to backscattering, and this maximum
is larger in the winter than in the summer. Another angular reference that is often
used in remote-sening is the glint angle. The glint angle is the angle in the scattering
plane formed between the direction of backscattering (Θ = 180◦) and the direction of
scattering associated to the sensor field of view. The glint angle θg can therefore be
obtained using:

cos (θg) = cos (θs) cos (θv) − sin (θs) sin (θv) cos (φr) (2.14)

2.4 Theory for space-based retrievals

Assuming a plane parallel homogeneous atmosphere, the spectral bidirectional re-
flectance ρ at the Top of the Atmosphere (TOA) is a dimensionless parameter that
can be derived from the radiance measurements L(W.m−2.s−1) provided by the satel-
lite instrument using:

ρ(λ, µs, µv, φr) =
π·L(λ, µs, µv, φr)

µs·F0(λ)
(2.15)

In this equation, µs, µv and φr are the cosine of the solar zenith angle, the cosine of
the viewing zenith angle, and the relative azimuth angle (φs − φv). F0 (W.m−2.s−1)
is the extraterrestrial solar irradiance at the wavelength λ. It is the solar radiation
incident at the top of the atmosphere, which is on average 1367 W.m−2and varies
within 3% as the earth orbits around the sun.

2.4.1 Atmosphere-surface coupling

The bidirectional reflectance observed at the TOA results from the contribution of
scattering by the various constituents of the atmosphere (i.e. including gas molecules
and aerosols), of the reflective properties of the underlying surface, and the scattering
processes resulting from multiple surface-atmosphere interactions. The formulation
of Tanré et al. [1979] models the TOA reflectance including all the different paths a
photon could follow in the atmosphere before reaching the sensor:

ρ = ρatm
︸︷︷︸

(1)

+T ↓ρsfc,dirT
↑

︸ ︷︷ ︸

(2)

+ t↓ρsfc,difT
↑

︸ ︷︷ ︸

(3)

+T ↓ρ′sfc,dif t
↑

︸ ︷︷ ︸

(4)

+ t↓ρsfc,isot
↑

︸ ︷︷ ︸

(5)

(2.16)

In this equation all terms depend on the wavelength and the sun-satellite geome-
try. Each numbered term is associated to the different type of light paths (see Figure
2.5). Term (1) corresponds to the intrinsic reflectance of the atmospheric layer which
is commonly called the path reflectance of the atmosphere. It represents the part
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Figure 2.5: Schematic representation of the different paths a photon from the sun
beam can follow before reaching the satellite sensor.

of the radiation which is reflected by the atmospheric constituents (i.e. gases and
aerosols) toward the sensor.

On its way upward and downward across the entire atmospheric layer, the radia-
tion is attenuated by absorption and scattering occuring within the atmosphere. This
effect is represented by the different transmission coefficients (T ,t). Both downward
and upward transmissions are splitted into a direct (T ↓,T ↑) and a diffuse component
(t↓,t↑) of the radiation. The direct transmissions accounts for photons that are not
redirected by scattering on their way downward (upward), whereas diffuse transmis-
sions accounts for photons that have undergone multiple scattering events on their
way downward (upward).

Terms (2), (3), (4) and (5) are related to the various interactions between the ra-
diation and the surface. In the above formulation, the directionality of the radiation
reflected by the surface is taken into account. The surface reflectance is described
by different components: a specular component ρsfc,dir, two diffused components
ρsfc,dif , ρ′sfc,dif , and an isotropic component ρsfc,iso. Term (2) considers both illu-
mination and reflection through a direct path. ρsfc,dir is the Bidirectional Reflectance
Distribution Function (BRDF), which quantifies the angular distribution of the radi-
ance reflected by an illuminated surface. In term (3) only the diffuse illumination of
the surface is considered. ρsfc,dif is the fraction of diffuse irradiance scattered in the
viewing direction (µv, φv) under solar incidence µs. This quantity corresponds to the
average of the surface BRDF weighted by the contribution of the downward diffuse
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radiation to the total downward radiation over all directions of incidence:

ρsfc,dif = ρ̄dir(λ, µs, µv, φr) =

∫ 2π

0

∫ 1

0 µ·L
↓(µs, µ, φ

′)·ρsfc,dir(µ, µv, φ
′ − φr)dµdφ

′

∫ 2π

0

∫ π
2

0 µ·L↓(µs, µ, φ′)dµdφ′

(2.17)

Assuming reciprocity of ρsfc,dif when µs and µv are interchanged, ρ′sfc,dif can be
inferred from equation 2.17 using:

ρ′sfc,dif (λ, µv, µs, φr) = ρsfc,dif (λ, µs, µv, φr) (2.18)

In equation 2.16, term (5) combines downward and upward diffuse radiation (t↓·t↑),
and therefore has a small impact on the total signal observed at the TOA. Addition-
naly, the diffuse radiation becomes isotropic after very few scattering events. This
allows to approximate the surface reflection in term (5) by the value of by the hemi-
spherical albedo of the surface target ρsfc,iso:

ρsfc,iso = ¯̄ρdir(λ) =

∫ 1

0

µ

∫ 2π

0

∫ 1

0

µ′ρsfc,dir(µ, µ
′, φ′ − φr)dµ

′dφ′dµ (2.19)

When the underlaying surface reflects the radiation equally in all directions, it is
referred to as a Lambertian surface. Under the Lambertian assumption, equation 2.16
is replaced by the widely used expression proposed by Chandrasekhar [1960]:

ρ = ρatm +
ρsfc

1 − Satm·ρsfc

Ttot (2.20)

where Ttot is the total transmission of the atmosphere, including both diffuse and di-
rect components of the radiation, for upward and downward paths (Ttot = T

↓
tot·T

↑
tot).

In expression 2.20, ρsfc is the albedo of the underlaying surface. The factor
ρsfc

1−Satm·ρsfc

accounts for multiple-orders of scattering between the surface and the atmosphere, in
which Satm represents the spherical albedo of the atmosphere.

For the shortest wavelengths of the solar spectrum (i.e. uv range), the surface
reflectivity is low for most surface types (except for snow and ice cover), with values
ranging between 2 % an 8 % for both land and water bodies regardless of the season
[Herman and Celarier, 1997, Herman et al., 2001, Koelemeijer et al., 2003]. The low
near-UV surface albedo results in reduced sensitivities to errors in values associated
with neglecting BRDF effects [Torres et al., 2002]. Consequently, the Lambertian
approximation is satisfactory in this wavelength range.

In the visible and the near-infrared parts of the spectrum, surfaces such as the
ocean or densely vegetated areas are dark for most geometries. However, these sur-
faces may be very bright when they are viewed under certain angles. This occurs
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when the glint angle corresponds to the directions of specular reflectance which are
related to the specific surface properties. As regards water bodies, this effect is called
the sun glint. Over the ocean, the directions of specular reflectance can be caculated
using the Fresnel coefficient formula applied to a flat or a wavy sea surface. For a
perfectly flat ocean surface, the unique direction of specular reflection is determined
by the Snell-Descartes law. Considering the ocean as a rough surface, the wave facets
present various slopes, and behave as a collection of inclined mirrors. The sea state
is described by the wave slope distribution which is related to the wind speed. Most
models are based on the parametrization of the wave slope distribution proposed by
[Cox and Munk, 1954]. Away from the sun glint, the reflectance of the sea surface is
mostly due to its isotropic components namely the reflectance oceanic whitecaps and
subsurface scattering from water constituents (see details in Chapter 4). Over land
surfaces, there is a large variety of different surface cover types. The vegetation BRDF
is a complex function of the zenith and the azimuth angles describing the illumination
and the viewing geometry [Li and Strahler, 1992]. The most notable feature char-
acterizing the directional signature of vegetation BRDFs is the hot spot. This effect
occurs when the geometry of the observation gets close to backscattering and can lead
to a significant and sharp increase of the surface reflectance. Away from the surface
hot-spot, a Lambertian surface may be assumed. Sparsely vegetated or arid areas are
very bright targets in the visible and the near-infrared, and they show more isotropic
surface reflectances as compared to vegetated ones [Bacour et al., 2006]. Over the
desert, the retrieval of aerosol can be done under the Lambertian assumption with
reasonable accuracy [Takemata et al., 2000].

To retrieve aerosol over land, the surface contribution may be derived using a
surface BRDF/albedo database when available. Under the assumption of a Lamber-
tian surface, some aerosol retrieval techniques use the minimum LER (Lambertian
Equivalent Reflectance) to estimate the surface reflectance [Kuśmierczyk-Michulec
and de Leeuw, 2005, Koelemeijer et al., 2003]. The LER is the value of the re-
flectance for an isotropic surface, required to match the TOA measurement in an
atmosphere devoid of aerosols. In this case, the surface reflectance of a target is
determined from the minimum value of the LER observed over that target during
a certain period. The shape of the BRDF can be simulated using different types of
models. The parameters of these models are determined by fitting atmospherically
corrected data to the chosen models. Analytical models such as the three-parameter
linear Ross-Li model [Ross, 1981, Li and Strahler, 1992, Roujean et al., 1992], or the
nonlinear Rahman-Pinty-Verstraete (RPV) model [Rahman et al., 1993, Minnaert,
1941, Henyey and Greenstein, 1941] have produced accurate fitting of atmospheri-
cally corrected observations from POLDER [Maignan et al., 2004], MISR [Lavergne
et al., 2007], and from MODIS-MISR [Jin et al., 2003, Wanner et al., 1997]. The use of
a relationship between the surface reflectance at visible and mid-infrared wavelengths
is a mean to avoid the necessity of a surface a priori over land [Levy et al., 2007].
Assuming the shape of the BRDF to be much less dependent on the wavelength than
on the viewing angle [Flowerdew and Haigh, 1997], Veefkind [1999] used the dual-view
feature of the AATSR (Advanced Along Track Scanning Radiometer) to correct for
the surface contribution.
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When aerosol retrievals make use of polarized light, the fact that atmospheric
scattering is much more polarized than the radiation reflected from the surface allows
another approach, as proposed by [Deuzé et al., 2001] for POLDER. The SEVIRI
channels in the visible and the near-infrared, are close to some of the MODIS channels.
Therefore, the parameters from the MODIS BRDF/albedo database [Schaaf et al.,
2002] can be used to reproduce the surface reflectance over land for the appropriate
geometry of SEVIRI observations (see details in Chapter 5). Atmospheric reflectance
and transmission functions are pre-calculated by a radiative transfer model (see details
in section 2.4.3).

2.4.2 Radiative transfer equations

Remote sensing of atmospheric constituents is based on radiative transfer theory.
When radiation propagates through a medium, its energy is affected by scattering,
absorption and emission processes. The radiative transfer equation provides a matem-
atical expression of these phenomena. The nature of this equation depends on the
specific geometry and the physical properties of the propagation medium. The ra-
diative tranfer equation can be expressed for the monochromatic radiance L, with a
general form that is valid regardless of the problem geometry [Lenoble, 1985]:

~Ω·∇L(λ,~r, ~Ω) = −σext[L(λ,~r, ~Ω) − J(~r, ~Ω)] (2.21)

In this equation, ~r defines the position of the point considered, and ~Ω the direction
of propagation of the radiation. The function J(~r, ~Ω) is called the source function, it
represents both internal and external radiation sources. Equation 2.21 is solved for
specific boundary conditions. In atmospheric applications, the plane parallel assump-
tion is often used. In this case, a simplified form of the radiative transfer equation
can be expressed in terms of the dimensionless optical depth τ . Thus, for a plane
parallel atmosphere overlaying a black surface:

µ
dL(λ, τ, µ, φ)

dτ
= L(τ, µ, φ) − ω0

4π

∫ 2π

0

p(λ, τ, µ, φ, µ′, φ′)L(λ, τ, µ, φ)dµ′dφ′ (2.22)

where p is the phase function and w0 the single scattering albedo of an atmospheric
layer with optical depth τ (see definitions in Chapter 1). The boundary condi-
tions are defined by the upwelling and the downwelling radiances L−(τTOA, µ, φ) and
L+(0, µ, φ). Aerosol retrievals based on passive remote sensing techniques make use
of the solar radiation as the source of light. Therefore downwelling radiance at the
top of the atmosphere is determined from the direction (µs, φs) and the intensity of
the incident solar radiation. For MSG-SEVIRI retrievals, the various interactions of
the radiation with the surface are taken into account using the equations described in
section 2.4.1, provided that the reflectance and the transmission functions of the at-
mosphere are known. For this purpose, the above equation is solved using a radiative
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transfer model.

2.4.3 Radiative transfer model

Different approaches can be used to solve atmospheric radiative transfer equations,
e.g., the Discrete Ordinate method (DISORT) [Stamnes et al., 1988], the Doubling
Adding method [de Haan et al., 1987, Stammes, 2001], Successive Order of Scatter-
ing (SOC) [Vermote et al., 1997], the Monte-Carlo method [Macke et al., 1999], the
Spherical Harmonic Discrete Ordinate Method [Evans, 1998]. In these models the
discretisation of the atmosphere is treated in different ways, either taking into ac-
count the sphericity or assuming a plane parallel geometry of the Earth-Atmosphere
system. Some of them correct for the refraction, and/or perform polarization calcu-
lations. The radiative transfer equations are solved monochromatically, or provide
spectral or broad band computations. The most complicated models allow to inves-
tigate two-dimensional and even three-dimensional effects. Therefore, depending on
the application, an appropriate solver must be chosen. The classical radiative transfer
models which treat a medium as a superposition of horizontally uniform plane-parallel
layers, are well suited for the study of aerosol interactions with solar radiation. The
basic assumptions state that particles in the medium are well separated, and that
interferences from the light scattered by the neighboring particles can be neglected.
The latter condition is satisfied when the distance between the particles is much larger
than wavelength.

To simulate the signal measured by SEVIRI at the satellite level in different atmo-
spheric scenarios, the Doubling-Adding KNMI (DAK) radiative transfer is used. This
model has been developed at KNMI (Royal Netherlands Meteorological Institute)
and performs monochromatic or narrow band multiple scattering calculations under
the assumption of a plane parallel homogeneous atmosphere [de Haan et al., 1987,
Stammes, 2001]. DAK determines the radiative fluxes through the entire atmospheric
layer subdivided in several sublayers. These calculations can include scattering due
to aerosol and/or molecular scattering provided that the vertical profile of each at-
mospheric constituent is given as an input. Different aerosol models (i.e. scattering
matrix, and single scattering albedo) can be associated to the different layers, and the
turbidity of each layer is defined by setting its aerosol optical depth. The doubling-
adding method consists of two steps which are repeated until the total optical depth
of the layer is reached. When the ”doubling” step starts, the transmission and the
reflection are calculated for an optically thin layer so that only single scattering ap-
plies. In the second step or ”adding” procedure, an identical layer is added on top
of the previous layer, and the optical properties of the combined layer are calculated
including internal scattering. Thus, the ”doubling” allows to take into account mul-
tiple scattering. The two steps are successively repeated until the radiative fluxes
between all layers are determined. To truncate the phase function and to determine
the number of streams for multiple scattering calculations, DAK discretizes the zenith
angles and the azimuth angles using respectively Gaussian points, and Fourier terms.
The accuracy of DAK simulations is partly dependent on the numbers of Gaussian
points and Fourier terms used. The number of zenith angles required for integration
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increases with the anisotropy of the phase function.

2.4.4 Retrieval method

Given an appropriate model to represent atmosphere-surface interactions (see section
2.4.1), the outputs from the radiative transfer model are used to reproduce the re-
flectance measured by SEVIRI at the visible and the near-infrared wavelengths for
different atmospheric ’scenarios’. These atmospheric ’scenarios’ for use over Europe
account for the presence of gases using the standard Mid-Latitude Winter (MLW) or
Summer (MLS) profiles [McClatchey et al., 1972], and different aerosol loads defined
by the aerosol optical depth at the reference wavelength of 500 nm. Rayleigh (i.e. gas)
absorption and scattering are calculated for ozone, with cross sections based on the
work of Bass and Paur [1984]. Several aerosol models are used to produce different
Look Up Tables (LUT) in which reflectance, transmittance and transmission data are
stored. The rayleigh LUT represents the case of an atmosphere devoid of aerosols (i.e.
τ = 0). The retrieval splits the TOA reflectance into two individual contributions:

ρ(λ) = ρ0(λ) + ρaer(λ) (2.23)

ρ0 is the TOA reflectance for the case of a purely molecular atmosphere, and ρaer the
reflectance caused by the presence of aerosols. The TOA reflectance is related to the
aerosol optical depth by assuming a linear function of the AOD [Durkee et al., 1986]:

ρ(λ) = ρ0(λ) + C(λ)·τ(λ) (2.24)

The linearity of the above equation is not valid for high optical depths [Veefkind,
1999, Kokhanovsky et al., 2009]. Although in most cases this approximation is suf-
ficient, for dust events, the optical depth can reach values much larger than 1. For
such situations, a third order polynomial approximation was used to interpolate the
LUTs data. The reflectance at the top of the atmosphere is calculated for an external
mixture of two aerosol types representing the dominant aerosol type for the fine and
the coarse mode. The reflectance of the mixture can be approximated by the weighted
average of the reflectance due to the individual contributions of each mode [Wang and
Gordon, 1994]:

ρaer(λ) = ν·ρf (λ) + (1 − ν)·ρc(λ) (2.25)

The atmospheric scenario (i.e. coarse-fine combination and AOD at 500 nm) that
minimizes the least square error ε:

εw,f,c,τ500
=

n∑

i=1

(
ρmeas(λi) − ρlut(λi, τ500)

ρmeas(λi) − ρlut
0 (λi) + 0.01

)2

(2.26)
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Figure 2.6: Map of terrain elevation over Europe, obtained from GTOPO30 data, and
remapped for the projection grid of MSG-SEVIRI.

determines the aerosol model selected to derive the AOD. In the expression of ε,
the wavelengths corresponding to te first three channels of SEVIRI are used, ρlut and
ρmeas refer to the modeled and the measured reflectance. The constant of 0.01 has
been added to the denominator to avoid numerical overflows.

2.5 Ancillary data

2.5.1 Land-sea mask and topography

Since the reflectance properties of ocean and land surfaces differ strongly, the surface
correction used in aerosol retrievals is performed differently over these two types of
surface. Consequently, land pixels have to be distinguished from sea pixels. Moreover,
since surfaces of equal aerosol extinction roughly follow the terrain contours, local
elevation adjustment must be taken into account in the atmospheric correction. Here,
pre-calculated atmospheric parameters are specified for a target at sea level. The
measured reflectance is therefore adjusted by a factor corresponding to the ratio of
the pressure at the ground elevation to the reference pressure, which is calculated
using an hydrostatic vertical pressure profile. For these two purposes, the data from
Global 30-Arc-Second Digital Elevation Model (GTOPO30) [U.S. Geological Survey,
1997] are used. The remapping of these ancillary data onto the MSG-SEVIRI images
is done with a nearest neighbor interpolation to generate a land sea mask, and a
bi-linear interpolation for elevation data. Terrain elevation values interpolated from
the GTOPO30 dataset over Europe are displayed in Figure 2.6.
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Figure 2.7: Map of chlorophyll-a concentration over Europe for August 2006, obtained
from SeaWiFS data, and remapped for the projection grid of MSG-SEVIRI.

2.5.2 Chlorophyll concentrations

As mentioned in section 2.4.1, one of the effects that has to be taken into account
for the sea surface reflectance is subsurface scattering. Subsurface scattering refers
to the reflectance of the water constituents. Some substances present in suspended
particles can enhance light scattering e.g., in sediments such as sand, silt, whereas
others absorb the radiation at certain wavelengths and alter its characteristics. The
most important light-absorbing substance in the ocean is chlorophyll, a green pig-
ment used by phytoplancton organisms during photosynthesis. Chlorophyll absorbs
preferencially in the blue and the red region of the solar spectrum [Hovis et al., 1980].
Therefore the contribution of chlorophyll to subsurface scattering is not expected
to have a significant impact on the TOA radiation in the solar channels of SEVIRI
(i.e. VIS0.6, VIS0.8, VIS1.6). It is accounted for using a parametrization of the
upwelling radiance as a function of the chlorophyll concentration. The values of the
chlorophyll concentration are obtained from the Level-3 monthly global dataset of
SeaWiFS [Campbell et al., 1995]. In this dataset, the chlorophyll concentrations were
derived using the ocean color algorithm for SeaWiFS [O’Reilly et al., 1998, Gregg and
Casey, 2004]. Level-3 products of SeaWiFS are space/time averaged fields binned on
a standard 9 km grid. Within the aerosol retrieval algorithm for SEVIRI, the value
of the chlorophyll concentrations in a SEVIRI pixel is estimated by using a bilinear
interpolation of the SeaWiFS data. Figure 2.7 shows an example of the chlorophyll
concentration observed over a European scene for August 2006.
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Cloud detection∗

Abstract

Since February 2003, the Spinning Enhanced Visible and Infrared Imager (SEVIRI)
aboard the first Meteosat Second Generation (MSG) provides radiance data in 12 spec-
tral bands for a full earth hemisphere every 15 minutes. This high frame rate renders
it an excellent tool for studies of atmospheric transport of pollutants, aerosol and
clouds. TNO (Netherlands Organisation for Applied Scientific Research) is currently
developing an algorithm for the retrieval of aerosol properties from MSG-SEVIRI ob-
servations over cloud-free scenes. This requires rigorous cloud screening for which a
fast and stand-alone algorithm is developed. The detection technique described in this
paper which is based on ATSR-2 (Along Track Scanning Radiometer 2) cloud screening
algorithm, can be easily implemented, and satisfactorily identifies clouds. The study
presented here focuses on West-Europe for the year 2006. Cloud detection results
are compared to the KNMI/MF (Royal Netherlands Meteorological Institute/Meteo-
France) and the MODIS cloud detection algorithms. According to the statistics, the
results obtained with our algorithm show good agreement (> 80%) with these data
sets.

∗Y.S. Bennouna, R.L. Curier, G. de Leeuw, J. Piazzola, R. Roebeling, and P. de Valk. An
automated day-time cloud detection technique applied to MSG-SEVIRI data over Western Europe.
International Journal of Remote Sensing. Accepted for publication: October 2008.
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3.1 Introduction

The Meteosat Second Generation (MSG) geostationary satellite was launched in Au-
gust 2002 and started routine operations in January 2004. The Spinning Enhanced
Visible Infrared Radiometer SEVIRI [Schmetz et al., 2002] aboard the MSG satellite
gives a full scan of the earth dish centered on the Equator and Greenwich meridian for
11 spectral bands. Compared to the original Meteosat radiometer, it has enhanced
spectral characteristics, with double temporal sampling rate with an image every 15
minutes and increased horizontal resolution of 3 km at the sub-satellite point except
for the High Resolution Visible (HRV) channel (1 km at the sub-satellite point). The
spectral capabilities of the instrument allow various environmental remote sensing
applications, and the need for accurate satellite-based cloud detection is particularly
important because a number of these applications require cloud masking (i.e. aerosol
retrievals, sea surface temperature retrievals, ocean color retrievals, surface albedo
retrievals, sea ice mapping). Clouds generally have much higher reflectances than
blue sky which causes strong reflection of the solar radiation at the Top of the At-
mosphere (TOA). The magnitude of this effect depends on cloud type and cloud
microphysical properties. Accurate cloud filtering is essential for retrievals of surface
and aerosol properties, which are based on satellite observed spectral reflectances or
brightness temperatures in case of cloud free conditions. As regards aerosol retrievals,
any remaining cloud contamination can lead to large overestimation of the Aerosol
Optical Depth (AOD). Therefore, the robustness of satellite retrievals of AOD de-
pends largely on the accuracy of the cloudy and cloud contaminated pixels. During
the last twenty years, various methods have been proposed for the detection and the
classification of clouds using VIS/IR imaging radiometers: multispectral thresholding
methods applied to individual pixels [Reynolds and Vonder Haar, 1977, Schiffer and
Rossow, 1983, Saunders and Kriebel, 1988, Derrien, 1993, Feijt et al., 1999], spatial
coherence methods [Coakley and Bretherton, 1982, Simmer et al., 1982], dynamic
cloud clustering analysis [Desbois et al., 1982, Seze and Desbois, 1987], pattern recog-
nition techniques [Ebert, 1987], and artificial neural networks techniques [Bankert,
1994]. The aim of this paper is to outline the cloud detection methodology used in
the aerosol retrieval algorithm for MSG-SEVIRI, which is currently under develop-
ment at TNO (Netherlands Organisation for Applied Scientific Research). It presents
the development of a simple, stand-alone, fast and efficient day-time cloud detection
process which doesn’t use any ancillary data. Except over extremely bright or cold
surfaces such as the desert and snow, clouds are generally brighter and colder than
the underlying surfaces, and the screening process can be based on pre-defined thresh-
olds for both reflectance and temperature. The determination of these thresholds is
done through a histogram technique proposed by Koelemeijer et al. [2001], that was
already used in the aerosol retrieval algorithm [Robles-Gonzalez, 2003] for the ERS-2
(European Research Satellite 2) ATSR-2 (Along Track Scanning Radiometer 2). The
procedure was adapted to the MSG-SEVIRI spectral bands and updated according
to recent improvements of the AVHRR Processing scheme Over cLouds, Land and
Ocean (APOLLO) analysis tool [Kriebel, 2003]. Since aerosol retrievals are problem-
atic over snow, the applicability of the cloud detection over snow covered areas is
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not needed. The accuracy of this cloud screening technique has been evaluated over
Europe (where desert areas are not common) by means of comparisons with other
cloud mask products derived either from the same radiometer or from a different in-
strument on another platform such as Terra-MODIS (MODerate resolution Imaging
Spectroradiometer).

3.2 Overview of cloud detection methods

The threshold methods are of two types, radiative transfer methods, and statistical
methods. In radiative transfer methods, both cloud detection and cloud classification
apply physical thresholding of the VIS/IR radiances on individual pixels. On the
other hand, statistical methods are applied to image segments and use statistical
properties of the radiance data.

Radiative transfer methods detect clouds through the spatial and the temporal
variations they induce in infrared and visible radiance data. Thus clouds that do
not alter or weakly alter radiances remain undetected. The radiance changes are
determined by means of comparison between the surface properties inferred from
satellite measurements at a given place and time and its simulated estimates in clear
conditions calculated with a radiative transfer model [Rossow and Garder, 1993]. The
decision tools involve one or a few selected spectral bands, and the cloud pixels are
classified in cloud classes according to their radiative characteristics. This technique,
which is certainly the simplest, was mainly developed during the 1980s and remains
the most commonly used approach in cloud remote sensing. However, this method
suffers from several problems: the high variability of clouds, the difficulty to accurately
estimate surface emissivity over land (where the background is more uncertain), and
to determine the most suitable bands. In consequence, the development of statistical
methods has recently received increasing attention.

The statistical approach is based on the representation of one image segment in the
spectral space. Assuming homogeneous targets, a surface or a cloud type can be iden-
tified by a high density peak in the bi- or multidimensional histograms. To improve
the clustering process, statistical methods are applied on time-accumulated samples.
Thus cloudy from clear conditions can be distinguished from statistical properties
of an image ensemble. Statistical methods are generally more accurate than tradi-
tional threshold methods. They have the advantage of utilizing all available bands
simultaneously to extract the information on a type of target. In addition, statistical
analysis provides better separation of two types of targets with overlapping character-
istics. However, the performance of statistical methods is limited by either the need
of a training phase to build regional-based sets like in neural network approaches, or
the requirement of a priori information on the data distribution in Bayesian methods.
Treshold methods which are not affected by location and data distribution, are there-
fore more suitable for global applications. Another disadvantage of the statistical
approach is that it lacks physical basis.

Cloud detection using only spectral bands becomes an extremely difficult task
when spectral signatures in all bands are similar. Over bright and cold surfaces like
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in the polar regions, the visible and the thermal contrast between cloud and the
surface is very small, and in consequence threshold techniques are not reliable. As an
alternative, the pattern recognition approach makes use of textural features which can
also be combined with spectral features for a better detection accuracy [Ebert, 1987].
In this technique, the image is divided into homogeneous regions that are then used
to classify each cell. However the calculation of texture features is computationally
complex and time-consuming, so in areas where it is not necessary their use should
be avoided.

3.3 TNO stand-alone Cloud Detection Algorithm

Since our aerosol retrieval algorithm is meant to derive aerosol properties using re-
flected solar radiation in the SEVIRI visible wavelengths during day-time, the cloud
mask is generated by TNO stand-alone Cloud Detection Algorithm (TNO-CDA) for
day-time only. The method used to identify cloud contaminated pixels is based on the
work of Saunders and Kriebel [1988] that was carried out for detecting clear sky and
cloudy radiances from the Advanced Very High Resolution Radiometer(AVHRR) on
TIROS-N/NOAA polar orbiters. The main structure of the routines implemented for
SEVIRI is similar to the automated version implemented by [Robles-Gonzalez, 2003]
for ATSR-2, which is based on the algorithm developed by [Koelemeijer et al., 2001].
The code was adapted to fit the characteristics of MSG-SEVIRI, and updated accord-
ing to the improvements implemented in the APOLLO cloud analysis tool [Kriebel,
2003].

3.3.1 General principles of the method

For the MSG-SEVIRI stand-alone cloud detection algorithm developed by TNO, a
multispectral dynamic thresholding technique is adopted. This method can be easily
applied with a limited number of channels. It relies on the simple physical principle
that clouds are generally brighter and colder than most surface features. If the re-
flectance (visible range) of a pixel is above a certain threshold, or if the brightness
temperature (infrared range) of a pixel is lower than a certain minimum value, this
pixel is likely to be cloudy. However, the accuracy of the cloud detection depends on
the extent of the clouds compared to the spatial resolution of the satellite scanner.

Determination of the threshold value remains the major difficulty in this method,
because it depends on the range of reflectances and temperatures characterizing the
selected area at the time of acquisition. Sea is usually much darker than land, with
rather small horizontal gradients within hundreds of kilometers for both reflectance
and surface temperature. On the other hand, the wide variety of land cover type
provides a wide range of surface reflectances. As a consequence, the application of a
fixed threshold would certainly lead to large errors. Therefore accurate cloud detection
requires the determination of image-dependent thresholds to take into account surface
properties as well as day to day variation of the meteorological conditions.

To this end image data sets of temperature and reflectance data are clustered to
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3.3 TNO stand-alone Cloud Detection Algorithm

form two different types of histograms. The automatic determination of appropriate
thresholds requires the calculation of extreme points values (including minima, max-
ima, and inflection points) of these histograms. For this purpose, the cloud detection
algorithm uses numerical methods from Numerical Recipes [Press et al., 1992]. The
histograms are first smoothed with a low-pass filter which is based on a Fast Fourier
Transform approach. Once the smoothing process has been performed, a Lagrangian
interpolation by cubic splines is applied to compute the extreme points (i.e where
the first derivative becomes null). From the latter, appropriate thresholds can be
derived to make the distinction between cloud-free and cloud-contaminated pixels.
However, due to the fixed size of the bins, some images might produce smoothed
histograms with a shape which prevents the correct computation of extreme points.
In such cases, to prevent a test from being completely disabled, the threshold is set
to a default value.

The method further includes tests involving pseudo-channels created from linear
or non-linear combinations of actual channels. For instance, brightness temperature
differences or reflectance ratios of two channels are commonly employed and provide
information beyond what can be extracted from a single spectral band. Additionnaly,
the spatial uniformity of clouds is checked through threshold tests on the standard
deviation for temperature and reflectance data.

Thus, this histogram technique which is rather easy to implement, enables fast
detection of cloud contaminated radiances without the use of auxiliary data from
external sources (i.e. numerical weather prediction model or in-situ observations).

3.3.2 Test description

The cloud detection technique developed for MSG-SEVIRI makes use of the same
satellite data needed in the aerosol retrieval algorithm, namely reflectances at 0.635 µm
(channel 1), 0.810 µm (channel 2), and 1.64 µm (channel 3), together with brightness
temperature measurements at 10.8 µm (channel 9) and 12.0 µm (channel 10). The
detection process applied in the TNO-CDA consists of 4 different tests. With the
help of a land-sea mask, a distinction is made between land and ocean, for which
different tests apply. The land-sea mask is derived from the Global 30-Arc-Second
(GTOPO30) Digital Elevation Model (DEM) data [U.S. Geological Survey, 1997],
which were remapped to the normalized geostationary projection of MSG (i.e. po-
lar stereographic grid centered at (0,0)) at the resolution of the SEVIRI instrument
(3x3 km2 at the subsatellite point). This resampling is done through a nearest neigh-
bor interpolation.

Test 1: The Infrared Gross Temperature Test

The Infrared Gross Temperature Test (test 1) uses brightness temperature at 12.0 µm
to detect the coldest areas in the image. The latter correspond to medium or high
clouds, [Derrien, 1993] characterized by cloud-tops much colder than most land and
sea surfaces. The histograms are produced with the use of all pixels falling within a
reasonable temperature range (i.e. 260 deg K and 310 deg K), and each bin has a
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width of 1 degree. Over land, vegetated surfaces are identified using the threshold test
described below (test4). For these clear vegetated pixels, the temperature threshold
is calculated. Since plant evapotranspiration has a cooling effect, vegetated areas are
generally colder than other land surfaces (soil, urban, sparsely vegetated). Vegetated
areas thus can be used to determine a valid threshold for all land surfaces. This may
not be true when a temperature inversion occurs, but this situation is so rare during
day-time with clear sky that it is not expected to have a significant effect on the
cloud mask. Due to potentially large spatial variability of surface temperatures over
land, the temperature threshold associated with this test is latitudinally dependent.
In this study, Europe has been divided in 7 horizontal zones (of equal size in pixels)
for which 7 thresholds are calculated, one for each region. As regards to sea pixels,
they are all used to produce a single histogram for the whole scene, from which the
temperature threshold over sea is estimated.

Figure 3.1(a) shows an example of the temperature histogram analysis performed
over land pixels in a single sub-zone of the scene, for a SEVIRI image acquired on
29 October 2006 at 10:00. The brown colored histogram corresponds to land pixels,
and green bars display the same information for identified clear vegetated areas. For
this subzone of the image, most pixels have temperatures lower than 300 K. In this
example, the calculation of the second derivative by the ”Spline” routine (see section
3.3.1) determines an inflection point at 277 K, which is used as threshold value for
this part of the scene. Any land pixel showing a temperature below this limit is
rejected as cloudy. For the whole scene, the temperature test applied to sea pixels
is illustrated in Figure 3.1(b). In the same manner as for land, the inflection point
below the peak temperature, which is found around 280 K, discriminates cloud free
from cloud contaminated pixels over the ocean. All values to the left of this point
indicate cloud presence.

Test 2: The Spatial Coherence Test

The Spatial Coherence Test (test 2) aims to detect small cloud amounts and clouds
presenting low optical thickness (i.e. cloud edges, thin cirrus, and small cumulus) by
using the standard deviation of the 10.8 µm brightness temperature in a 3x3 pixel
array. To avoid misclassifications due to large horizontal variations of temperatures
which may occur over land during the day, this test is applied only over the ocean.
Each pixel where the temperature differs from its neighbours by more than 2 degrees is
suspected to be cloudy. However, such variations in temperature can also be caused by
oceanic upwellings. Therefore a second test needs to be done on reflectance standard
deviation as well. Thus, the pixels are flagged as cloudy when both of the following
criteria apply: (1) standard deviation in temperature above the limit, (2) they either
have been determined as cloudy by any of the other tests or the variability between
surroundings pixels is more than 5 percent in reflectance .
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(a) (b)

Figure 3.1: Infrared Gross Temperature Test histograms over Western Europe for
29 October 2006 at 10:00 UTC, in (a) Land case and (b) Sea case. Bars in orange
and blue represent the histograms including all land, and sea pixels. Green bars
correspond to pixels determined as clear vegetated by test 4 (see text for further
explanation).

Test 3: The Dynamic Visible Test

The Dynamic Visible Test (test 3) takes advantage of the strong reflectance of clouds
as compared to that of land and sea surfaces. This test has particular importance for
the detection of low clouds [Derrien, 1993]. Clouds have similar reflectance signatures
in the two visible channels, but sea surfaces reflect more radiation in channel 1, and
land surfaces look brighter in channel 2. Therefore, to take advantage of an enhanced
contrast between cloud and surface targets, this test uses the 0.635 µm reflectance
over land, and the 0.810 µm reflectance over sea. Both land histograms and sea
histograms are constructed with 1% reflectance bin width. Over sea, all pixels are
used to construct one histogram. Over land, only cold land pixels identified by the
temperature test are selected based on the visible test.

An example of a reflectance histogram at 0.635 µm is shown in Figure 3.2(a). In
this particular situation, two peaks can be seen. The peak centered over much higher
values indicates clouds with a reflectance around 0.7. The analysis also shows that
land reflectivity spreads roughly between 0.1 and 0.3, with most land surfaces having
a reflectance of approximatively 0.2 and leading to a second peak in the histogram.
The first inflection point encountered above the peak reflectance is calculated with
the method described in section 3.3.1. Thus the reflectance threshold is set to 0.26.
Land pixels with higher reflectivity are considered to be cloudy. Similarly, Figure
3.2(b) displays the reflectance histogram over sea areas for the same sample image.
Sea surfaces are very dark, their reflectance can reach a maximum of approximatively
0.15. For this case, the automatic process finds a threshold value of 0.14, and brighter
sea pixels suggest cloud contamination.
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(a) (b)

Figure 3.2: Dynamic Visible Test histograms over Western Europe for 29 October 2006
at 10:00 UTC, in (a) Land case and (b) Sea case (see text for further explanation).

Test 4: The Dynamic Ratio Test

The Dynamic Ratio Test (test 4) uses the ratio of the two visible reflectances provided
by SEVIRI:

R =
R0.8

R0.6
(3.1)

R0.6 and R0.8 are the reflectances centered at 0.635 µm and 0.810 µm. Given the
relative reflectivity of the different types of targets at these two wavelengths (see
description of test 3), R is around 1 for clouds, whereas larger values are observed
for land surface reflectances, and R < 1 for ocean surface reflectances. However, the
reflectance ratio of poorly vegetated areas e.g. in central Europe reaches values close
to 1, hence using the ratio to distinguish between clouds and sparsely vegetated land
surfaces can lead to numerous mis-detections over land [Kriebel, 2003]. Consequently,
the ratio test is not used to determine cloud contaminations over land. It is however
used to isolate cloud-free vegetated areas with reasonable confidence. Thus all pixels
with a ratio higher than 1.6 are classified as cloud-free vegetated targets.

Figure 3.3 shows the reflectance ratio histogram obtained for sea pixels. Cloudy
pixels are grouped around the peak centered close to 1. Here, the Lagrangian inter-
polation (see section 3.3.1) determines a maximum which is reached for a reflectance
of 1.09. The lower inflection point gives a limit of 0.98 below which all sea pixels are
classified cloud free.

As mentioned before, depending on the scene observed, the smoothed histograms
obtained are not necessarily gaussian shaped. When this is the case, the method used
to calculate extreme points cannot be applied, and hence the cloud test cannot be
applied either. To avoid significant underestimation of the cloud cover, the threshold
is set to a default value for use in this particular situation. In Test 1, when no
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Figure 3.3: Dynamic Ratio Test histogram over Western Europe for 29 October 2006
at 10:00 UTC, as applied over sea (see text for further explanation).

automatic threshold is found, the minimum possible temperature of a surface target
is set to 280 K (with no distinction in surface type). When Test 3 is used in default
mode, it treats (independently of latitude and season) as cloudy: all land pixels with a
reflectance above 25 % at 0.635 µm , and all ocean pixels with a reflectance exceeding
10% at 0.810 µm . Although the default limit of Test 3 over land would certainly fail
over the desert, and might be slightly too strict for drylands in Southern Europe, it
is suitable over most of Western Europe. Hence these default thresholds may have to
be appropriately tuned for such bright surfaces. Whether the threshold is determined
automatically or by a default value, due to their brightness and low temperatures,
snow areas are not distinguished from clouds, and the corresponding pixels are flagged
as cloudy. However, this limitation of the cloud detection algorithm is not much of
an issue as aerosol retrievals cannot be performed over snow.

3.3.3 Detection scheme and results

The detection process consist of the 4 tests described in the previous section. From
the histogram analysis, each single detection test suspects a group of pixels of being
cloudy. Areas of the image suspected to be cloudy present a test flag equal to 1. A
slightly different scheme applies over land and sea areas. The implementation of the
4 tests is schematically recapitulated in Figures 3.4 and 3.5, for scenes over land and
sea, respectively. As mentioned in section 3.3.2, in term of cloud detection, Test 4
is not decisive over land (i.e. flag value not filled). Test 1 uses the group of pixels
identified as ’clear vegetated’ by Test 4 to determine a threshold. This threshold is
then applied to all land pixels to identify cold land areas (Test 1 = 1). Test 3 applies
differently depending on the output of Test 1, and it is meant to detect bright areas
(Test 3 = 1). In the sea case, all the tests are applied independently except for Test
2. In the independent tests, the individual thresholds are inferred from all sea pixels,
and applied to the latter. Test 1 detects cold areas (Test 1 =1), Test 3 bright areas
(Test 3 =1), and Test 4 areas with a visible ratio close to 1 (Test 4 =1). Test 2 looks
for pixels with high standard deviation in brightness temperatures among pixels with
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Figure 3.4: Description of the test sequences used in TNO-CDA developed for MSG-
SEVIRI, for land pixels. Rectangles represent the data corresponding to a particular
group of pixels within the image. These distinctions may be derived from the result
of a test, and used as an input for other tests. For the areas suspected to be cloudy
by a test, the test flag is set to 1, to 0 otherwise.
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Figure 3.5: Description of the test sequences used in TNO-CDA developed for MSG-
SEVIRI, for sea pixels. Rectangles represent the data corresponding to a particular
group of pixels within the image. These distinctions may be derived from the result
of a test, and used as an input for other tests. For the areas suspected to be cloudy
by a test, the test flag is set to 1, to 0 otherwise.
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a high standard deviation in reflectance or a null output for the other tests (Test 2
=1).
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Figure 3.6: MSG-SEVIRI images over Western Europe for 29 October 2006 at 10:00 UTC, for the 4 channels used in the
TNO cloud detection algorithm. (a) channel 1 - VIS0.6 (b) channel 2 - VIS0.8 (c) channel 9 - IR10.8 and (d) channel 10 -
IR12.0.
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Chapter 3. Cloud detection

The results from the cloud detection routines running in the aerosol retrieval
algorithm, are stored in output files, which include the result of each individual test.
To illustrate the type of information that is extracted from the data of 4 SEVIRI
channels (see Figure 3.6), the map displayed in a mercator projection in Figure 3.7
shows the different combinations of tests identifying cloud occurences, over Europe
on the 27th of October 2006. The correspondence between the map colors and test
combinations is explicited in Table 3.1. Over land, most areas flagged as cloudy by
Test 1 are flagged as cloudy by Test 3 as well (dark blue). However, Test 3 seems less
strict than Test1 on the edges of clouds. For sea, Test 1, 3 and 4 generally identify the
same areas as cloudy (yellow). Nevertheless, Test 4 seems to detect cloud targets that
Test 1 fails to detect. Test 2, which is exclusively applied in the sea case, detects only
a very small percentage of cloudy pixels located either on the edges of the clouds,
or over broken cloud fields. From these results, a pixel is considered to be cloud
contaminated if any of the individual tests has detected a contamination. A pixel is
assumed to be clear only if it has been labeled as cloud free by all tests. Although no
confidence flag is determined from these results, the number of tests that have flagged
a pixel as cloudy can give an indication on the likelyhood of cloud contamination.

3.4 Comparison with other cloud masks

To evaluate the accuracy of the cloud mask obtained through the stand-alone algo-
rithm, the results have been compared to other cloud products generated with differ-
ent algorithms: the KNMI/MF (Royal Netherlands Meteorological Institute/Meteo-
France) algorithm for MSG-SEVIRI, and the MODIS algorithm. In the study pre-
sented here, the screening method has been applied to a limited area of the MSG-
SEVIRI disk, covering mainly the western part of Europe. To test the applicability of
the method in various conditions, it was applied in different seasons during the year
2006.

3.4.1 MSG-SEVIRI comparisons

KNMI/MF algorithm

KNMI has adopted the Cloud Mask (CMa) and Cloud Type (CT) algorithm devel-
oped by METEO-FRANCE [Derrien and le Gléau, 2005] in the Satellite Application
Facility for Numerical Weather Prediction (SAFNWC) context. The cloud mask is
determined by applying a number of tests depending on illumination: night, day,
twilight and sunglint, and surface conditions (e.g. sea, land, snow covered and sea
ice). Most thresholds are determined from satellite-dependent look-up tables using as
input the viewing geometry (sun and satellite viewing angles), NWP forecast fields
(surface temperature and total atmospheric water vapour content) and ancillary data
(elevation and climatological data). These thresholds are computed at a user de-
fined spatial resolution, which is specified by the number of SEVIRI infrared pixels.
Some thresholds are empirical constants or satellite-dependent values. The threshold
tests are applied both on a single spectral channel, and on the difference between
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Figure 3.7: Cloud test results obtained with TNO-CDA, over Western Europe for 29
October 2006 at 10:00 UTC. Each color corresponds to a different combination of
tests that have all flagged the same pixel as cloudy. (see Table 3.1 for details).

Table 3.1: Code signification for the result map of TNO cloud detection algorithm.

Legend Code Test 1 Test 2 Test 3 Test 4

CL Clear Clear Clear Clear
T1 Cloudy Clear Clear Clear
T2 Clear Cloudy Clear Clear
T12 Cloudy Cloudy Clear Clear
T3 Clear Clear Cloudy Clear
T13 Cloudy Clear Cloudy Clear
T23 Clear Cloudy Cloudy Clear
T123 Cloudy Cloudy Cloudy Clear
T4 Clear Clear Clear Cloudy
T14 Cloudy Clear Clear Cloudy
T24 Clear Cloudy Clear Cloudy
T124 Cloudy Cloudy Clear Cloudy
T34 Clear Clear Cloudy Cloudy
T134 Cloudy Clear Cloudy Cloudy
T234 Clear Cloudy Cloudy Cloudy
T1234 Cloudy Cloudy Cloudy Cloudy
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two spectral channels. The threshold values themselves depend on surface type and
illumination conditions. The local spatial texture is also used in the tests to discrim-
inate clouds from clear conditions. The tests are performed per pixel in a sequential
order until one of them is positive. The difference between the derived pixel value
and the threshold value is also an indication of the quality of the test, e.g. a very
cold temperature of a pixel well below the threshold value is very likely to be a cold
cloud top. For a limited period the cloud mask has been compared to ground based
observations. The comparison showed a high accuracy with a low false detection rate
(i.e. number of false detection over the number of real detection) for both clear and
cloudy conditions. Low clouds are most challenging to determine correctly. Also snow
covered land poses a challenge in unfavorable illumination conditions. For the year
2006, the MSG-SEVIRI cloud mask product provided by KNMI is available every 15
minutes after Julian day 100, and at 3 hourly intervals before that date.

Comparison of KNMI/MF and TNO-CDA cloud masks

The results obtained with the TNO cloud detection algorithm and the KNMI cloud
mask product were compared for 4 representative periods of one week in January, May,
August, and October 2006. Except for the winter period (January), for which the
KNMI product was available only on a 3-hourly basis, the comparison study involves
all images acquired by SEVIRI between 6:00 and 18:00 UTC. The KNMI cloud mask
product provides 5 different flags for a SEVIRI image: ’out of processing region’, ’no
cloud’, ’possible cloud’, ’cloud’, ’snow’ and ’not processed’. For this comparison study,
no distinction was made between the three flags corresponding to ’out of processing
region’, ’snow’, or ’not processed’. The associated pixels are set to a new flag: ’Not
Determined’. Thus, no conclusions can be drawn from the comparison made for these
pixels. This simplification has little influence on the results of the comparison study
because the concerned regions usually represent very small areas.

The TNO cloud mask provides simple binary information: a pixel is either ’cloud
free’ or ’cloud contaminated’, no confidence index is given. Because the KNMI cloud
mask can show large regions identified as ’possible cloud’, it has been converted as
well to binary information by simply replacing the ’possible cloud’ flag by a ’cloudy’
flag. This leads to the type of comparison maps presented in Figures 3.8(a)-(d). Each
map corresponds to a representative time within each of the 4 periods outlined above.
The code for the colors used is given in Table 3.2. Each color corresponds to a unique
combination of flags of the two products, and the related percentage appears in Table
3.3.

All image samples presented here were chosen because they were characterized by
particularly cloudy conditions, where the cloud cover represents at least 40 % of the
image. Regions identified as cloudy or as clear by both algorithms are represented
respectively in blue and grey. Yellow and red colored areas indicate that the two
different products disagree. The presence of yellow indicates a stricter behaviour of
the KNMI cloud mask as compared to the TNO screening product, and visa versa for
red.
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Figure 3.8: Comparison of the KNMI/MF and TNO-CDA products over Western Europe for (a) 29 January 2006 at 11:45
UTC, (b) 1 May 2006 at 13:15 UTC, (c) 4 August 2006 at 14:00 UTC and (d) 29 October 2006 at 10:00 UTC. The meaning
of the different abbreviations used in the legend are explained in Table 3.2. The percentages represented by the different
colors are available in Table 3.3.
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Figure 3.8: Comparison of the KNMI/MF and TNO-CDA products over Western Europe for (a) 29 January 2006 at 11:45
UTC, (b) 1 May 2006 at 13:15 UTC, (c) 4 August 2006 at 14:00 UTC and (d) 29 October 2006 at 10:00 UTC. The meaning
of the different abbreviations used in the legend are explained in Table 3.2. The percentages represented by the different
colors are available in Table 3.3. (Cont’)
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Table 3.2: Signification of the legend abbreviations used in the comparison maps with the KNMI/MF product (Figures 3.8).
Legend Code MSG-SEVIRI (KNMI/MF) MSG-SEVIRI (TNO) Comparison

CL Clear Clear Agreement
CT KNMI Cloudy Clear Disagreement
CT TNO Clear Cloudy Disagreement
CT Cloudy Cloudy Agreement
ND Not Determined - Not Determined

Table 3.3: Extent (in pixel percentage) of the different colored areas in the comparison maps with the KNMI/MF product
(Figures 3.8).

Date-Time CL CT KNMI CT TNO CT ND Agreement Disagreement
(%) (%) (%) (%) (%) (%) (%)

29/01/2006 11:45 15.0 5.6 3.9 72.2 3.3 87.2 9.5
01/05/2006 13:15 32.7 9.8 2.4 55.1 0.0 87.8 12.1
04/08/2006 14:00 41.0 6.7 1.7 50.6 0.0 91.6 8.4
29/10/2006 10:00 24.4 7.7 2.3 65.6 0.0 90.0 10.0
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For all periods, differences between the two cloud masks are mainly observed
near the cloud edges and within areas with scattered clouds. In general, the KNMI
algorithm appears more strict on cloud edges. The TNO detection routines seem to
overestimate cloud occurence in scattered cloud areas. This tendency appears the
largest in the January examples shown in Figure 3.8(a), but never exceeds 10 % of
the image area. Apart from these, the two products compare favorably, and the cloud
structures observed in the cloud mask are rather similar for both algorithms.

A statistical analysis of the comparison maps was made. Theses statistics take
into account all available images over the 4 selected periods, and provide the average
of the different flag combinations (in pixel percentage). The results are presented in
a histogram in Figure 3.9. Each bar of the histogram corresponds to a single period
of study. The bars are grouped in 7 different groups distinguished by color. The first
5 groups (grey, yellow, red and blue) displayed correspond to the different flag combi-
nations used in the comparison maps (see Table 3.2). The 2 other groups represented
in pink and orange are derived from the first 5 groups. The bars representing the
percentage of agreement is the sum of the bars in the 1st group (grey) and the 4th
group (blue), and the sum of the 2nd (yellow) and the 3rd (red) groups gives the bars
related to the percentage of disagreement.

The cloud cover is obviously more extended during the winter and fall periods than
for the spring and the summer periods, and on average the percentage of agreement is
between 80 and 90 %. The lowest value is found in January with 79 % of agreement.
In January, only 25 images were available for the comparison study, whereas the
statistics were made with about 300 pictures for all other periods. Moreover, certain
cloud mask products provided by KNMI contain very large areas flagged as ’Not
Determined’ in January period.

To assess the applicability of the TNO algorithm within the area selected, the
spatial distribution of cumulative agreement percentages is presented in Figure 3.10.
To create these cumulative data sets, each pixel is associated to a counter which is
incremented for every frame showing agreement between the two products at that
particular location. The percentage for the specific pixel is obtained by dividing the
value of this counter by the number of images over the given time interval. Here, one
map represents a full week. The cumulative agreement percentage is rather satisfying
for all periods, between 80 and 90 % over most regions in Europe. Poorest cumulative
agreement is observed in January, in the eastern and the center part of the selection,
when large regions show values smaller than 50 %. This weak agreement is due
to the limited number of samples used to produce the January map, together with
the gaps in the data provided by KNMI. In May, the agreement frequency over the
North and the Baltic Sea is very low. These regions tend to be falsely identified as
cloudy in the TNO detection process by the Infrared Gross Temperature test (Test
1) over the North Sea and the Dynamic Visible Test (Test 3) over the Baltic Sea. It
is suggested that the application of a fixed sea surface temperature over the entire
study area results in an overestimation of cloudiness at higher latitudes. Moreover,
over the Baltic Sea the presence of algae blooms in spring time may result in higher
surface reflectance, which may explain the high amount of falsely identified clouds
over the Baltic Sea. Therefore, the application of a global sea temperature threshold
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3.4 Comparison with other cloud masks

Figure 3.9: Statistical comparison of the KNMI/MF and TNO cloud detection results,
over Western Europe for the 4 periods chosen in 2006 (’J’, ’M’, ’A’, and ’O’ refer
to individual periods for January, May, August, and October, respectively). The
abbreviations used in the legend are explained in Table 3.2.

calculated for the whole selection is not really suitable in this case.
The TNO cloud mask is generated regardless of the illumination conditions. Some

areas among the images taken between 6:00 in the morning and 18:00 in the evening
may present large solar zenith angles, and the algorithm which was designed for day-
time only cannot perform well. Before retrieving aerosol AOD, cosine of solar zenith
angles below 0.5 are filtered, therefore these artifacts do not have much impact on
the retrievals.

The comparison study between the KNMI and TNO cloud masks shows that for
the purpose of aerosol retrieval, and for solar zenith angles lower than 60◦, the TNO
cloud detection algorithm provides reasonable results.
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Figure 3.10: Geographic distribution of the cumulative agreement (in percentage) between KNMI/MF product and TNO
product, over Western Europe for one week in (a) January 2006, (b) May 2006 (c) August 2006 and (d) October 2006.
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Figure 3.10: Geographic distribution of the cumulative agreement (in percentage) between KNMI/MF product and TNO
product, over Western Europe for one week in (a) January 2006, (b) May 2006 (c) August 2006 and (d) October 2006.
(Cont’)
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3.4.2 MODIS-TERRA comparisons

MODIS Algorithm

A number of images from Terra-MODIS overlapping the study area have also been
used for the evaluation of the TNO-CDA cloud mask. The MODIS Cloud Mask
data product that was used for the comparison is part of the Earth Observation
System (EOS) standard data products [Ackerman et al., 1998]. It is produced from
the radiance data measured by the MODIS sensor mounted on the Terra platform,
and generated for each image collected by Terra-MODIS with 1 km spatial resolution
at nadir. This Cloud Mask is a Level 2 product from Collection 5. Like the TNO
cloud algorithm, the MODIS algorithm is based on the principles of the APOLLO
processing scheme. It employs a panel of visible and infrared thresholds, and makes
use of the full spectral range offered by the 36 channels of the instrument. In addition,
consistency tests related to the radiometrical accuracy of the radiances allow for the
specificication of the confidence for each single test. The final decision to determine
whether a pixel is cloud-free or not is made by combining the confidence values from
the individual test. The tests applied to the MODIS data can be divided in four
groups depending on the type of clouds to be detected: the tests meant to identify
high thick clouds from temperature thresholds, the reflectance tests for the detection
of low clouds, the thin cirrus tests relying on both temperature and temperature
difference tests, and the tests for thin clouds detected from temperature thresholds.

In every Terra-MODIS Cloud Mask data product file (MOD35 L2), the MODIS
Cloud Mask Scientific Data Set(SDS) is coded on a 6 byte array. For each pixel,
the different bits give various information such as cloudy conditions, illumination
conditions, and surface type. In this study, only the flag named Unobstructed FOV
Quality flag is used (i.e. bit 1 and bit 2). Thus the information extracted will
determine whether a MODIS pixel is clear or cloudy with either probable or reliable
confidence.

Comparison of TNO-CDA and MODIS cloud masks

In order to produce comparison maps, both the TNO cloud mask for MSG-SEVIRI
and the MODIS data have been regridded on a regular grid at 0.05 degree resolution
filled by bilinear interpolation. Figure 3.11 shows the results obtained by the two
algorithms on the area covered by a MODIS graticule overlapping the selected area
of the MSG-SEVIRI disk.

Like for the study with the KNMI product described in section 3.4.1, comparison
maps are presented. The associated legends are detailed in Tables 3.4, and each map
is an example for the 4 different study periods.
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Figure 3.11: Comparison between MSG-SEVIRI (TNO product) and Terra-MODIS cloud detection over Western Europe
for (a) 30 January 2006 at 10:00 UTC, (b) 7 May 2006 at 10:45 UTC, (c) 10 August 2006 at 10:00 UTC and (d) 29 October
2006 at 10:00 UTC. The meaning of the different abbreviations used in the legend are explained in Table 3.4. The percentage
represented by the different colors are available in Table 3.5.
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Figure 3.11: Comparison between MSG-SEVIRI (TNO product) and Terra-MODIS cloud detection over Western Europe
for (a) 30 January 2006 at 10:00 UTC, (b) 7 May 2006 at 10:45 UTC, (c) 10 August 2006 at 10:00 UTC and (d) 29 October
2006 at 10:00 UTC. The meaning of the different abbreviations used in the legend are explained in Table 3.4. The percentage
represented by the different colors are available in Table 3.5. (Cont’)
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Table 3.4: Meaning of the legend abbreviations used in the comparison maps with the MODIS product (Figure 3.11).
Legend Code MODIS MSG-SEVIRI (TNO) Comparison

CL Clear Clear Agreement
CT Modis Cloudy Clear Disagreement
CT Seviri Clear Cloudy Disagreement
CT Cloudy Cloudy Agreement

Table 3.5: Extent (in pixel percentage) of the different colored areas in the comparison maps with the MODIS product
(Figure 3.11).

Date-Time CL CT Modis CT Seviri CT Agreement Disagreement
(%) (%) (%) (%) (%) (%)

30/01/2006 10:00 1.5 0.6 15.3 82.5 84.1 15.9
07/05/2006 10:45 31.2 13.7 2.8 52.3 83.5 16.5
10/08/2006 10:00 21.5 13.2 7.0 58.3 79.8 20.2
29/10/2006 10:00 13.1 9.1 4.5 73.3 86.4 13.6

7
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Chapter 3. Cloud detection

In the MODIS cloud mask, the zones flagged with the lowest confidence flag namely
’probably cloudy’ and ’probably clear’ are generally located on the edges of the clouds.
To evaluate the performance of the TNO algorithm to screen clouds, MODIS lowest
confidence flags are transformed to their respective confident flags. In this new config-
uration it becomes clear that an area that is initially considered as ’probably cloudy’
by MODIS, is flagged as ’cloudy’ by TNO algorithm, and areas flagged as ’probably
clear’ by MODIS are set to ’clear’ for SEVIRI. Thus, when the MODIS information
becomes simply binary, the agreement between the two algorithms increases.

The main differences between the two cloud masks reside in the definition of the
cloud contours. Cloud edges are more accurately determined by MODIS due to its
higher spatial resolution (1x1 km2 vs 4x7 km2 for SEVIRI over Europe). In addition,
the TNO algorithm occasionnaly fails to distinguish clear areas within large broken
clouds. This can be seen for the winter example displayed in Figure 3.11(a). Figures
3.11(b), (c), (d), show that during spring, summer and autumn periods, the agreement
between the two products is good.

Comparison of KNMI/MF and MODIS cloud masks

The results of the KNMI/MF and the MODIS cloud masks for the same images
selected in the comparison between TNO and MODIS algorithms (see section 3.4.2)
are displayed in Figures 3.12(a)-(c). Results from the KNMI/MF product were not
available for the 30 January 2006 at 10:00.

Like in section 3.4.2 the comparison maps display the combination of flags after
they have been simplified to a binary information for both products (see Table 3.6).
MODIS and KNMI/MF cloud mask products generally agree well, and the percent-
age of agreement is greater than 80% for the three examples (see Table 3.7). The
KNMI/MF algorithm appears stricter than the MODIS algorithm by a few percent.
Since the spatial resolution of the MODIS instrument is higher than that of SEVIRI,
the MODIS cloud mask can be considered to be the most reliable of the three prod-
ucts presented here. The results from both the TNO and KNMI/MF cloud detection
algorithms are consistent with the results of the MODIS algorithm. Comparison of
Table 3.7 and Table 3.5 shows that the KNMI/MF algorithm is in better agreement
with MODIS than the TNO-CDA. However, these differences are less than 3% in the
total agreement.
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Figure 3.12: Comparison between MSG-SEVIRI (KNMI product) and Terra-MODIS cloud detection over Western Europe
for (a) 7 May 2006 at 10:45 UTC, (b) 10 August 2006 at 10:00 UTC and (c) 29 October 2006 at 10:00 UTC. The meaning of
the different abbreviations used in the legend are explained in Table 3.6. The percentage represented by the different colors
are available in Table 3.7.
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Figure 3.12: Comparison between MSG-SEVIRI (KNMI product) and Terra-MODIS cloud detection over Western Europe
for (a) 7 May 2006 at 10:45 UTC, (b) 10 August 2006 at 10:00 UTC and (c) 29 October 2006 at 10:00 UTC. The meaning of
the different abbreviations used in the legend are explained in Table 3.6. The percentage represented by the different colors
are available in Table 3.7. (Cont’)
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Table 3.6: Meaning of the legend abbreviations used in the comparison maps with the MODIS product (Figure 3.12).
Legend Code MODIS MSG-SEVIRI (KNMI) Comparison

CL Clear Clear Agreement
CT Modis Cloudy Clear Disagreement
CT Seviri Clear Cloudy Disagreement
CT Cloudy Cloudy Agreement
ND - - Not determined

Table 3.7: Extent (in pixel percentage) of the different colored areas in the comparison maps with the MODIS product
(Figure 3.12).

Date-Time CL CT Modis CT Seviri CT ND Agreement Disagreement
(%) (%) (%) (%) (%) (%) (%)

07/05/2006 10:45 24.3 4.5 9.6 61.6 0.0 85.8 14.2
10/08/2006 10:00 15.9 4.9 12.6 66.6 0.0 82.5 17.5
29/10/2006 10:00 10.6 3.9 7.0 78.5 0.0 89.1 10.9
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Chapter 3. Cloud detection

3.5 Conclusions and perspectives

The cloud detection technique used by TNO in the AATSR aerosol retrieval algorithm
[Robles-Gonzalez, 2003] has been transferred to MSG-SEVIRI. The test sequence
of the detection scheme dedicated to MSG-SEVIRI includes the implementation of
the modifications suggested by Kriebel [2003] for the improvement of the APOLLO
scheme. The applicability of the day-time TNO stand-alone cloud detection algorithm
over western Europe was verified by means of comparison with the KNMI/MF cloud
product for MSG-SEVIRI, and cloud mask data from MODIS. Generally, TNO results
are in good agreement with both products. Part of the differences between MODIS
and MSG are caused by collocation differences due to re-projection uncertainties, to
small differences in overpass time and to parallax differences. Most differences between
the three cloud masks are observed near cloud edges. Due to the high resolution of
the MODIS instrument, the MODIS product can be considered to represent cloud
edges with more accuracy than the SEVIRI cloud masks. In case of TNO-CDA
algorithm, it is noted that some problems still remain in the identification of clear
areas within broken clouds. Such artefacts can be explained by the fact that no
external dataset is used to constrain the determination of the thresholds, as it is
for example in KNMI/MF algorithm. In the scope of aerosol retrievals, these mis-
detections lead to an artificial increase in AOD near cloud edges [Koren et al., 2007].
Besides cloud contaminations at the cloud edges, these features are also related to the
aerosol swelling effect, when water vapour is absorbed as relative humidity increases
near clouds. Consequently, accurate identification of cloud edges is not a trivial task.
However, most of these outliers can be screened out in a post-processing step [de Leeuw
et al., 2007]. Over the domain selected, the sea temperature threshold, which for the
current work was fixed over the whole area, should be replaced by latitudinally varying
threshold as done over land. Regarding the winter comparison, the agreement found
is weak as compared to the results from the other seasons. This may in part be due
to the small data set available and the study should be repeated for a longer period,
to arrive at a statistically more reliable data set allowing for more solid conclusions.
Although the KNMI/MF cloud mask looks slightly stricter than both the MODIS and
TNO cloud masks, it must be taken into account that the extrapolation of ’probable’
flags to ’confident’ flags may enhance or diminish the differences between the cloud
mask products. In conclusion, the TNO algorithm appears reasonably efficient to
detect clouds for application of cloud screening in aerosol retrievals, and this without
the use of any ancillary data. For future investigations, it could be interesting to
examine its applicability over other regions of the MSG disk, such as desert areas.
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Chapter 4

Aerosol retrievals over the

ocean∗

Abstract

With its observational frequency of 15 minutes, the Meteosat Second Generation
(MSG) geostationary satellite offers a great potential to monitor aerosol transport
over the Atlantic Ocean and the Mediterranean Sea using Spinning Enhanced Visible
and Infra-Red Imager (SEVIRI) data. To explore this potential, an algorithm for
the retrieval of aerosol optical properties has been developed for use over the ocean.
It is based on the Along Track Scanning Radiometer (ATSR-2) algorithm [Veefkind
and de Leeuw, 1998] which has been adapted to the corresponding channels of SEVIRI
(635 nm, 0.810 nm and 1.640 nm). The SEVIRI Aerosol Retrieval Algorithm (SARA)
provides the Aerosol Optical Depth (AOD) for these channels. To illustrate its capabil-
ities, the application of this algorithm to two cases is presented: (1) a forest-fire smoke
plume advected from Spain and Portugal over the Atlantic Ocean in August 2006, and
(2) an outbreak of Saharan dust across the Western Mediterranean Sea in February
2006. The results obtained are validated with AERONET ground-based measurements
for two coastal stations, and compared with the retrievals from the MODerate resolu-
tion Imaging Spectroradiometer (MODIS) on NASA’s Terra and Aqua satellites. The
diurnal variations of the aerosol optical depth observed at the AERONET sites are
well reproduced, and the spatial patterns retrieved using the SARA algorithm are in
reasonable agreement with those observed by MODIS.

∗Y.S. Bennouna, G. de Leeuw, J. Piazzola, and J. Kuśmierczyk-Michulec. Aerosol remote sensing
over the ocean from MSG-SEVIRI images. Journal of Geophysical Research - Atmospheres. Sub-
mitted for publication: December 2008.
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Chapter 4. Aerosol retrievals over the ocean

4.1 Introduction

Atmospheric aerosol refers to a suspension of solid or liquid particles in air [Seinfeld
and Pandis, 1998d]. These particles have a typical size between 0.05 and 1 µm. Tro-
pospheric aerosols originate from both natural and anthropogenic sources. They can
be directly injected into the atmosphere (primary aerosols), or generated by gas-to
particle conversion (secondary aerosols). They can be transported over long distances,
and their residence time in the troposphere ranges from a few days to a few weeks
[Pandis et al., 1995]. Aerosol particles are involved in many atmospheric processes.
By absorbing and scattering the incoming solar radiation, atmospheric particles af-
fect the amount of radiation reaching the surface, and therefore influence directly the
earth radiative balance. Since they can act as condensation nuclei (hygroscopic par-
ticles with submicrometer sizes) or as ice nuclei (e.g. dust particles), they also play
a role in the formation of clouds. Urbanization and industrialization have largely
contributed to the increase of aerosol concentrations and to the change of the chemi-
cal composition of the lower troposphere. When the number of Cloud Condensation
Nuclei (CCN) increases (i.e. the number of droplets increases), less water is available
for each droplet, and hence their size is smaller. These changes in the cloud mi-
crophysics modify the cloud albedo [Twomey, 1977, Twomey et al., 1984], influence
cloud lifetime and reduce precipitation [Flossmann, 1998]. Because of the complexity
of these processes, the role of aerosols remains one of the largest uncertainties in cli-
mate assessment [IPCC, 2007]. The significance of their impact on climate has been
estimated by Kaufman et al. [2002]. Globally, effects of aerosols on the radiation bal-
ance is cooling as opposed to warming by greenhouse gases. Aerosol radiative forcing
is of the same order of magnitude as that due to anthropogenic greenhouse gases: -0.1
to -0.9 W/m2 for direct forcing, -0.3 to -1.8 W/m2 for indirect forcing [IPCC, 2007].

Most aerosols have short lifetimes (days to weeks) and therefore their geographical
distribution, physical, chemical and optical properties are highly variable in both
space and time, and strongly related to their sources. To document this variability,
satellites present an almost instantaneous view over a large spatial area using the
same instrument and technique. Regarding Low Earth Orbiting (LEO) satellites, the
revisit time is at best one day. The high temporal sampling of Geostationary Orbiting
(GEO) satellites renders them very suitable for aerosol-climate and transport studies.

The use of passive remote sensing to retrieve aerosols is based on the separation
of the surface from atmospheric contributions to the top of the atmosphere (TOA)
radiance, in cloud free conditions. In most situations, the contribution of aerosols is
similar to the signal from the surface except over very bright (desert, snow, ice) or
dark (forests, ocean) surfaces.

In 1981, AVHRR (Advanced Very High Resolution Radiometer) provided the
first aerosol information from space observation over oceans [Griggs, 1981]. Since
then, a number of space-based instruments has emerged, e.g., TOMS (Total Ozone
Monitoring Spectrometer), GOME (Global Ozone Monitoring Experiment), ATSR
(Along Track Scanning Radiometer), MODIS (MODerate resolution Imaging Spectro-
radiometer), POLDER (POLarization and Directionality of Earth Reflectance), MISR
(Multi-angle Imaging Spectro- Radiometer), MERIS (Medium- Resolution Imaging
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4.1 Introduction

Spectrometer), SeaWiFS (Sea-viewing Wide Field-of-view Sensor), and several algo-
rithms dedicated to aerosol retrievals have been proposed, for application over both
ocean and land. These algorithms require assumptions on ambient aerosol types, and
most retrievals use algorithms which determine the best fit between the measured
radiation at the TOA, and that calculated using a Radiative Tranfer Model (RTM)
for one or several aerosol models. When available, the use of polarization with radi-
ance measurements reduces the dependancy on the aerosol a priori, and improves the
quality of the retrievals [Mishchenko et al., 1997].

The solar radiation reflected within the three spectral bands of SEVIRI centered
at 635, 810 and 1640 nm, is sensitive to all major aerosol types. The aim of this
paper is to present the method used in a newly developed algorithm: the SEVIRI
Aerosol Retrieval Algorithm (SARA), for the retrieval of AOD and the Ångström
coefficient over sea surfaces in the three solar channels. This methodology is based on
the interpolation of Look Up Table (LUT) reflectance and transmittance data built for
pre-defined aerosol types with monomodal particle size distributions. The parameters
of the LUTs have been generated with the Doubling and Adding radiative transfer
model developed by KNMI (DAK) [Stammes, 2001] for each selected aerosol type.
The SARA algorithm is similar to the single view algorithm developed by Veefkind
and de Leeuw [1998], which was first applied to ATSR-2 [Robles-Gonzalez, 2003] and
more recently to AATSR [Curier et al., 2009]. In this algorithm, the reflectance of the
sea surface is parameterized as a function of wind speed and chlorophyll concentration,
and a least square fitting procedure selects the aerosol mixture (fine and coarse) that
minimizes the difference between pre-calculated (contained in LUTs) and measured
TOA reflectance.

The study presented here provides a description of the algorithm developed for
MSG-SEVIRI, and its application to two cases: (1) a plume of smoke due to forest fires
in Spain and Portugal and transported over the Atlantic Ocean, and (2) a Saharan
dust outbreak across the eastern Mediterranean Sea. In order to investigate the
ability of the geostationary retrievals to follow diurnal trends of the aerosol load, the
results were evaluated against timeseries from sunphotometer measurements at two
AERONET sites located on the coast. The AOD retrieved from SEVIRI radiances
is also compared to the MODIS aerosol product, for two different time slots acquired
during the aforementioned events.
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Chapter 4. Aerosol retrievals over the ocean

4.2 Algorithm description

4.2.1 MSG-SEVIRI radiance data

METEOSAT-8, launched in August 2002, is the first in a new generation of highly ad-
vanced weather satellites within the Meteosat Second Generation (MSG) programme
of EUMETSAT [Schmetz et al., 2002]. MSG is a spin stabilized satellite orbiting
geosynchronously at about 36000 km above the earth surface. The SEVIRI instru-
ment onboard the MSG satellite delivers a full scan of the earth disk centered over
the Equator and the 0 longitude every 15 minutes. This radiometer measures simul-
taneously the radiance in 11 narrow spectral bands: 3 solar channels (0.6, 0.8 and 1.6
µm), 8 infrared channels, and in one broad band 0.3-0.7 µm. SEVIRI provides images
at a resolution of 3 km at the subsatellite point for the 11 narrow bands, and at a
higher resolution of 1 km for the broad band channel. In this study, MSG-SEVIRI
data were provided by KNMI in numerical counts which have been converted to ra-
diances using the calibration coefficients as provided by EUMETSAT. Since aerosol
optical properties influence the measurement of the sensor in the shortwave range,
SARA uses the SEVIRI data for two visible wavelengths, 0.635 nm and 0.810 nm,
and one near-infrared wavelength: 1.64 µm.

4.2.2 Cloud Mask

The retrieval of aerosol properties is possible only for cloud free scenes. This requires
rigorous cloud screening for which a fast and stand-alone algorithm has been imple-
mented [Bennouna et al., 2008]. The method used to identify cloud contaminated
pixels is based on the work of Saunders and Kriebel [1988]. The main structure of the
routines implemented for SEVIRI is similar to the automated version implemented
by Robles-Gonzalez [2003] for ATSR-2 which in turn is based on the algorithm de-
veloped by Koelemeijer et al. [2001]. The code was adapted to fit the characteristics
of MSG-SEVIRI, and updated according to the improvements implemented in the
APOLLO cloud analysis tool [Kriebel, 2003]. The dynamic thresholding technique
adopted in the TNO stand-alone Cloud Detection Algorithm (TNO-CDA) is based on
image histogram analysis which makes use of a limited number of channels. The de-
tection process consists of 4 different tests: the Infrared Gross Temperature Test, the
Spatial Coherence Test, the Dynamic Visible Test and the Dynamic Ratio Test. The
evaluation of this cloud screening technique over Western Europe has been described
in Bennouna et al. [2008].

4.2.3 LUTs

Aerosol Models

Optical properties of aerosols are determined by their size distribution and chem-
ical composition which is related to the refractive index. In this study, 3 sets of
LUTs have been created. Each of these sets is based on various sources of infor-
mation including the Navy Oceanic Vertical Aerosol Model [de Leeuw et al., 1989],
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4.2 Algorithm description

Table 4.1: Size distribution parameters and microphysical properties for the aerosol
models used to generate the different LUTs.

m(λ) = n + ik

LUT Label Rg(µm) σg 635 nm 810 nm 1640 nm

NAM6b1 0.03 2.03 1.37 + i0.00002 1.37 + i0.00004 1.36 + i0.00050
NAM6soc 0.24 2.03 1.39 + i0.00000 1.38 + i0.00000 1.37 + i0.00030
OPACwaso 0.03 2.24 1.40 + i0.00212 1.39 + i0.00327 1.37 + i0.00633
OPACssam 0.42 2.03 1.35 + i0.00000 1.35 + i0.00000 1.33 + i0.00015
OPACmiam 0.39 2.00 1.53 + i0.00450 1.53 + i0.00400 1.53 + i0.00609
OPACmitr 0.50 2.20 1.53 + i0.00450 1.53 + i0.00400 1.53 + i0.00609
MODISc8 0.60 1.82 1.53 + i0.00000 1.53 + i0.00000 1.46 + i0.00100
MODISc9 0.50 2.22 1.53 + i0.00000 1.53 + i0.00000 1.37 + i0.00100

the Optical Properties of Aerosols and Clouds (OPAC) database [Hess et al., 1998],
and the MODIS aerosol retrieval algorithm [Remer et al., 2006]. The different size
distribution parameters and refractive index used to build the different LUTs are
listed in Table 4.1. Unlike dust, sea salt and water soluble aerosols are hygroscopic
particles. Here, the mean geometric radius and the refractive indices have been de-
termined at 80% relative humidity [Shettle and Fenn, 1979]. Two different models of
sea salt and water soluble aerosols have been tested: the types labeled as ’NAM6b1’
and ’NAM6soc’ are defined from the NOVAM model, ’OPACwaso’ and ’OPACssam’
are based on the OPAC database. As regards dust particles, the mineral accumu-
lation mode (’OPACmiam’) and the mineral transported model (’OPACmitr’) from
OPAC were used, as well as the 2 dust aerosol types proposed in the MODIS aerosol
retrieval algorithm (’MODISc8’ and ’MODISc9’). For each aerosol type the param-
eters rg (mean geometric radius) and σg (geometric standard deviation) define the
distribution of the normalized number concentration n, represented by a monomodal
lognormal function of the particle radius r [Seinfeld and Pandis, 1998c]:

n(r) =
dn

dr
=

1

r·
√

2π· lnσg

exp
−(ln r − ln r̄g)

2

2·ln2 σg

(4.1)

In most climate and radiative transfer models, optical properties of aerosols are
modeled assuming particle sphericity. This assumption is based on the simple physical
principle that liquid aerosols have spherical shape because of surface tension. How-
ever, soot agglomerate and dust aerosols are non-hygroscopic solid aerosols which are
typically irregularly shaped [DeCarlo et al., 2004, Kalashnikova and Sokolik, 2002].
The nonsphericity aspect of dust particles can have a significant impact on their op-
tical properties in the solar spectrum [Yang et al., 2007]. Spheroid models can closely
reproduce light scattering matrices obtained from laboratory measurements of desert
dust particles [Volten et al., 2001]. In this study, the scattering matrices of spherical
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Chapter 4. Aerosol retrievals over the ocean

Table 4.2: Spectral average extinction cross section (in µm2) for the different aerosol
types and wavelengths of SEVIRI.

Cext(λ)

LUT label 635 nm 810 nm 1640 nm

NAM6b1 2.3124e-11 1.3417e-11 2.0394e-12
NAM6soc 1.3264e-08 1.2835e-08 8.3628e-09
OPACwaso 7.7462e-11 5.1359e-11 1.1746e-11
OPACssam 3.8268e-08 3.9259e-08 3.4102e-08
OPACmiam 3.1998e-08 3.3394e-08 3.3980e-08
OPACmitr 6.4656e-08 6.6841e-08 7.2833e-08
MODISc8 5.6892e-08 5.9713e-08 6.6271e-08
MODISc8 (non-spherical) 4.6905e-08 5.5673e-08 4.3161e-08
MODISc9 6.6372e-08 6.8582e-08 7.4196e-08
MODISc9 (non-spherical) 3.7230e-08 4.3404e-08 2.2725e-08

particles are calculated with the code developed by de Rooij and van der Stap [1984]
based on the Lorentz-Mie theory [Mie, 1908, van de Hulst, 1957, Kerker, 1969]. The
impact of the particle shape on the retrievals has been investigated with the T-matrix
code [Mishchenko and Travis, 1994] which rigorously computes light scattering by
randomly oriented spheroid particles. For both spherical and non-spherical models,
the values of the average extinction cross section Cext, single scattering albedo w0

and asymetry parameter of the phase function g are presented in Tables 4.2, 4.3 and
4.4, respectively.

Radiative transfer simulations

To model the TOA reflectance measured by SEVIRI, the algorithm uses pre-calculated
LUTs which provide the modeled bidirectional reflectance/transmittance data, and
transmission functions for a pre-defined atmosphere in the three channels 635, 810
and 1640 nm. Each LUT corresponds to a different type of aerosol (i.e. size dis-
tribution parameters and chemical composition), except the ’Rayleigh LUT’ which
represents the case of a purely molecular atmosphere, without aerosols. Various sets
of aerosol models were used to build the LUTs dedicated to MSG-SEVIRI retrievals.
The different aerosol types are described in section 4.2.3. Reflectance, transmittance,
and transmission quantities which are stored in the LUTs are computed using the
KNMI Doubling and Adding radiative transfer model (DAK) [Stammes, 2001]. DAK
is developed for line-by-line or monochromatic multiple scattering calculations at UV,
visible, and near-infrared wavelengths in a horizontally homogeneous atmosphere us-
ing the doubling adding method [de Haan et al., 1987]. For the results presented in
this paper, the atmospheric profile for pressure, temperature and humidity is based on
the Midlatitude Summer (MLS) and the Midlatitude Winter (MLW) reference atmo-
spheres [McClatchey et al., 1972]. For all simulations, the aerosol layer was assumed
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4.2 Algorithm description

Table 4.3: Spectral single scattering albedo for the different aerosol types and wave-
lengths of SEVIRI.

ω0(λ)

LUT label 635 nm 810 nm 1640 nm

NAM6b1 0.9997 0.9994 0.9811
NAM6soc 1.0000 1.0000 0.9976
OPACwaso 0.9828 0.9708 0.9004
OPACssam 1.0000 1.0000 0.9984
OPACmiam 0.9080 0.9330 0.9471
OPACmitr 0.8589 0.8926 0.9148
MODISc8 1.0000 1.0000 0.9901
MODISc8 (non-spherical) 0.9999 0.9999 0.9951
MODISc9 1.0000 1.0000 0.9833
MODISc9 (non-spherical) 0.9999 0.9999 0.9948

Table 4.4: Spectral asymetry parameter for the different aerosol types and wavelengths
of SEVIRI.

g(λ)

LUT label 635 nm 810 nm 1640 nm

NAM6b1 0.6257 0.5759 0.3946
NAM6soc 0.7620 0.7660 0.7627
OPACwaso 0.6918 0.6680 0.5608
OPACssam 0.7844 0.7892 0.8050
OPACmiam 0.7170 0.6999 0.6875
OPACmitr 0.7622 0.7383 0.7041
MODISc8 0.6988 0.6824 0.7203
MODISc8 (non-spherical) 0.6255 0.6770 0.7420
MODISc9 0.7242 0.7096 0.7225
MODISc9 (non-spherical) 0.6627 0.7116 0.7050
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Chapter 4. Aerosol retrievals over the ocean

to be 2 km high and concentrations decrease exponentially with altitude. The signal
measured by the satellite is simulated for various scenarios, including multiple sun-
satellite geometries and various aerosol loads: 15 solar and viewing zenith angles, 37
azimuth angles, and 11 optical depths at the reference wavelength of 500nm (ranging
between 0.02 and 6). All physical parameters available in the LUTs are listed and
described in Table 4.5.

4.2.4 Reflectance model over sea

Sea-surface reflectance

SARA accounts for the bidirectional reflectance of the ocean. The ocean reflectance is
assumed to be the sum of specular reflection, reflection from oceanic whitecaps, and
subsurface reflection [Koepke, 1984]. Given the relative area covered with whitecaps
proposed by Monahan and Muircheartaigh [1980] for a surface wind speed U inm.s−1:

Awc = 3.84·10−6 · U3.41 (4.2)

the total sea surface reflectance can be expressed as:

ρsea = (1 −Awc)ρg
︸ ︷︷ ︸

(1)

+Awc·ρwc
︸ ︷︷ ︸

(2)

+ (1 −Awc)·ρu
︸ ︷︷ ︸

(3)

(4.3)

In equation 4.3 the sea surface reflectance is composed of one bidirectional com-
ponent also called glint (1) and two isotropic components (2 and 3). The first term
describes the specular reflectance at the water surface, which applies in the absence
of whitecaps (cf. (1 − Awc) for area not covered by whitecaps). When the ocean
surface can be approximated by a flat surface, the specular reflectance is calculated
using the classical Fresnel coefficient formula [Fresnel, 1827]. When the roughness
effect is taken into account, the Fresnel reflection coefficient of a wavy sea surface can
be calculated using a probability distribution function of surface wave slope [Cox and
Munk, 1954]. Term (2) quantifies the reflectance due to the presence of whitecaps.
The spectral values of the foam reflectance ρwc are based on the laboratory measure-
ments performed by Whitlock et al. [1982]. In situ measurements of foam reflectance
have been carried out by e.g. Moore et al. [2000], Kokhanovsky [2004]. Term (3)
represents the water leaving reflectance or underlight which is the reflectance caused
by the water constituents below the ocean surface. The below- and above-water up-
welling radiances and fluxes expressed by Gordon and Morel [1983] and Morel and
Gentili [1996] lead to a relation which defines the water leaving reflectance by covering
both effects of reflection and refraction at the air-sea interface [Ruddick et al., 2006]:

ρu = π· (1 − ρw)·(1 − ρ̄w)

n2
w

·R
Q

(4.4)

In this equation, the index w refers to pure sea water, ρw(∼ 0.021) is the Fresnel

86



4
.2

A
lg

o
rith

m
d
escrip

tio
n

Table 4.5: Variables stored in the LUTs.

Parameter Symbol Dependence Dimension

Surface pressure p - 1
Wavelength λ - 3
Reference AOD at 500nm τ500 - 11
Cosine of solar Zenith Angle µs - 15
Cosine of viewing Zenith Angle µv - 15
Relative Azimuth Angle φ - 37
Single Scattering Albedo w0 (λ) 3
Asymetry Parameter g (λ) 3
Spectral AOD τ (λ, τ500) (3,11)
Bidirectional reflectance at the TOA ρatm (λ, τ500, µs, µv , φ) (3,11,15,15,37)
Bidirectional transmittance at the surface Tbd (λ, τ500, µs, µv , φ) (3,11,15,15,37)
Transmission function of the atmophere Ttot (λ, τ500, µs, µv) (3,11,15,15)

Total downward transmission of the atmosphere T
↓
tot (λ, τ500, µs) (3,11,15)

Total downward diffuse transmission of the atmosphere t↓ (λ, τ500, µs) (3,11,15)
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reflectance for upwelling radiance from water to air, ρ̄w(∼ 0.043) is the coefficient
for downwelling flux from air to water, and nw the refractive index of water (∼ 1.33
in the visible and near infrared). R is the irradiance reflectance, and Q relates the
radiance to the irradiance. Gordon et al. [1988] have shown that for case 1 water, the
ratio R

Q
can be approximated by:

R

Q
= 0.11· bb

Kd

(4.5)

Thus the water leaving reflectance is related to its inherent optical properties, i.e.
the total backscatter coefficient bb and the diffuse attenuation coefficient Kd.

Morel and Prieur [1977] have proposed a classification of sea water according to
their constituents. For case 1 water, it was shown that water color mainly depends
on phytoplancton concentrations. Therefore, the index usually adopted to specify the
bio-optical state of case 1 water is its chlorophyll concentration [Smith and Baker,
1978]. Both the backscatter and diffuse attenuation coefficients can be expressed as
the sum of specific coefficients related to pure sea water (bbw,Kdw) and chlorophyll
(bbc,Kdc):

bb = bbw + bbc (4.6)

Kd = Kdw +Kdc (4.7)

The values used for the coefficients of pure sea water are based on the measurements
of Smith and Baker [1981]. ρu can be expressed as a function of the chlorophyll-a
concentration Chl, using the bio-optical models formulated by Morel [1988] for the
backscatter coefficient:

bbc(λ) = 0.30·Chl0.62·
(

2.10−3 + 2.10−2·(0.50 − 0.25· logChl)·0.550

λ

)

(4.8)

and by Baker and Smith [1982] for the diffuse attenuation coefficient:

Kdc(λ) = kc(λ)·Chl· exp (−(k′c(λ)·log (2·Chl))2) + 0.001·Chl2 (4.9)

In equation 4.9, kc and k′c are fitting parameters. Regarding the results presented in
this paper, the surface wind speed has been fixed to a value of 5 m.s−1 for the whole
area of study. The sea-surface chlorophyll concentration is extracted from monthly
data of the SeaWiFS Level-3 product for chlorophyll-a concentration [Campbell et al.,
1995].
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4.2 Algorithm description

TOA reflectance

By combining the bidirectional reflectance of the sea-surface with atmospheric scat-
tering, the total TOA reflectance overlaying an ocean surface can be expressed as the
sum of five terms corresponding to the different paths a photon might follow in the
atmosphere [Tanré et al., 1979]:

ρ = ρatm
︸︷︷︸

(1)

+T ↓ρsea,dirT
↑

︸ ︷︷ ︸

(2)

+ t↓ρsea,difT
↑

︸ ︷︷ ︸

(4)

+T ↓ρ′sea,dif t
↑

︸ ︷︷ ︸

(3)

+ t↓ρsea,isot
↑

︸ ︷︷ ︸

(5)

(4.10)

All the above terms are functions of the wavelength and the sun-view geometry (i.e.
sun and satellite zenith angles, and relative azimuth angle). The first term ρatm is
called the path reflectance by aerosols and molecules (i.e. gases), which corresponds
to the reflectance of the atmospheric layer containing both aerosol and gases as if
there was no underlaying surface. T and t (↑ upward or ↓ downward) stand for the
direct and diffuse transmission of the atmosphere. Direct transmissions are assumed
to be an exponential function of the aerosol optical depth τ :

T = exp

(
−τ
µ

)

(4.11)

where µ is either the cosine of the solar zenith angle (µs) for the direct transmis-
sion in the downward direction, or the cosine of the viewing angle (µv) for the direct
transmission in the upward direction. The downward diffuse transmission is directly
provided by the LUT (cf. Table 4.5). The transmission downward (upward) is con-
sidered to be the sum of the diffuse and the direct transmissions downward (upward).
The diffuse transmission in the upward direction can thus be derived from the LUTs
data using:

t↑ =
Ttot

(T ↓ + t↓)
− T ↑ (4.12)

In equation 4.10, terms (2), (3), (4) and (5) include the contributions of the specular
reflection, oceanic whitecaps and underlight from the sea surface. ρsea,dir, ρsea,dif

(ρ′sea,dif ), and ρsea,iso, are respectively the directional, the diffuse and the isotropic
components of the sea surface reflectance. A wavy ocean, as described by Cox and
Munk [1954], is assumed for the computation of the term related to the direct con-
tribution (2), and a flat interface is assumed for the computation of the diffuse com-
ponents (3, 4 and 5). As it was shown by Takashima and Masuda [1985], the latter
approximation has very little effect on the retrievals.
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4.2.5 The retrieval method

The method applied by SARA for aerosol ocean retrievals is similar to the single view
algorithm that was developed for ATSR-2 [Veefkind, 1999]. This method is used to
derive the AOD at the 3-km pixel level of SEVIRI (nadir resolution), in the three solar
channels of the instrument. In the retrieval method, the first assumption relies on the
separation of the TOA reflectance into the TOA reflectance of an atmosphere-ocean
system in the absence of aerosols (ρ0), and the reflectance caused by the presence of
aerosols (ρaer):

ρ(λ) = ρ0(λ) + ρaer(λ) (4.13)

In the algorithm, an external mixture of two aerosol types is considered: one type
represents the dominant aerosol type for the fine mode (anthropogenic/pollution),
and the other the dominant aerosol type for the coarse mode (natural particles). In
the same way as it is done in the retrieval scheme of MODIS [Remer et al., 2005],
the TOA reflectance for the mixture of two aerosols is approximated as a weighted
average of the reflectances from the individual modes, as if they were alone in the at-
mosphere [Wang and Gordon, 1994]. If the fraction associated with the contribution
of the fine mode to the TOA reflectance is called ν, the TOA reflectance can thus be
expressed by:

ρaer(λ) = ν·ρf (λ) + (1 − ν)·ρc(λ) (4.14)

where ρf and ρc represent the reflectance due to the fine and the coarse mode re-
spectively. With the help of equation 4.10 and the variables from the LUTs interpo-
lated to the appropriate geometry, the TOA reflectance is calculated both for a purely
molecular atmosphere (ρlut

0 ), and for an atmosphere composed of both aerosol and
gases (ρlut). ρlut is determined for different fine/coarse aerosol mixtures, and for all
tabulated values of the AOD at the reference wavelength at 500 nm. The best model
is chosen by minimizing the least square error ε expressed as:

εν,f,c,τ500
=

n∑

i=1

(
ρmeas(λi) − ρlut(λi, τ500)

ρmeas(λi) − ρlut
0 (λi) + 0.01

)2

(4.15)

This regression compares the sensor measurements ρmeas in n selected channels of
the instrument, with ρlut, the estimate of the TOA reflectance provided by the LUT
data for the same wavelengths. The additional value of 0.01 in the denominator is only
here to avoid numerical overflows. For weakly absorbing aerosols and small optical
depths [Veefkind, 1999, Kokhanovsky et al., 2009] we can assume a linear relationship
between the reflectance due to aerosols and the AOD noted τ [Durkee et al., 1986],
hence:

ρaer(λ) = C(λ)·τ(λ) (4.16)
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4.3 Sets for data evaluation

The spectral values of C depend on the aerosol type. The fine-coarse combination
and the fraction ν that best fits the remote sensed data determine the model (i.e.
spectral values of C) used to derive the AOD. Given the two aerosol types (fine and
coarse) and ν for which εν,f,c,τ500

is minimal, C(λ) is estimated for each wavelength:

C(λ) =
ρlut

aer

τ lut
=
ν·ρlut

f (λ, τ500) + (1 − ν)·ρlut
c (λ, τ500)

ν·τ lut
f (λ, τ500) + (1 − ν)·τ lut

c (λ, τ500)
(4.17)

and the spectral AOD can be derived as follows:

τ(λ) =
ρmeas

aer

C(λ)
=

(ρmeas(λ) − ρlut
0 (λ))

C(λ)
(4.18)

In the SARA algorithm, the set of equations is solved for the first three bands of the
MSG-SEVIRI instrument (i.e. 635, 810 and 1640 nm), and the fraction ν is chosen
among 50 regularly spaced values between 0 and 1. For high AODs, the linear ap-
proximation mentioned in equation 4.16 cannot be used because the TOA reflectance
plateaus for large AOD values. For this reason, if the best model corresponds to an
AOD higher than 1, a third-order polynomial approximation is used to derive the
AOD.

4.3 Sets for data evaluation

4.3.1 AERONET data set

AERONET is an international network of automated sun-photometers [Holben et al.,
1998] established by NASA. AERONET involves more than 300 automatically oper-
ating instruments worldwide. Standardization imposes sun and sky measurements of
the downwelling radiation for a number of defined wave bands (340, 380, 440, 500,
675, 870, 1020nm). The aerosol optical depth derived from these measurements is
available from a free-access database. This database also provides other inversion
products [Dubovik and King, 2000] characterizing aerosol optical, microphysical and
radiative properties which are of great interest for aerosol research studies and satel-
lite validation. In the current study, we used Level 1.5 (cloud-screened) and Level
2.0 (cloud-screened and quality-assured) data from two AERONET stations: Cabo
da Rocca (38N, 9W), and Forth Crete (35N, 25E).

4.3.2 MODIS aerosol product

The polar-orbiting MODIS [Salomonson et al., 1989a] aboard Terra and Acqua space-
crafts acquires data for the entire Earth every 1 to 2 days. It measures the radiance in
a large spectral range composed of 36 spectral bands between 0.405 and 14.385 µm,
at three spatial resolutions of 250 m, 500 m, and 1000 m, with a wide swath of 2330
km. With such characteristics, this instrument was uniquely designed for monitoring
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ambient aerosols, clouds, and further allows the derivation of various products for
remote sensing applications over land, ocean, and atmosphere. Aerosol retrievals over
land and ocean from MODIS is done through two independent algorithms. The theo-
retical basis of the algorithms for application over land is described by Kaufman et al.
[1997c], and over ocean by Tanré et al. [1997]. Ocean and land retrievals have been
validated by means of comparison with AERONET data [Ichoku et al., 2002, Chu
et al., 2002, Remer et al., 2002, Levy et al., 2003, 2005]. The accuracy of the AOD re-
trievals over the ocean is: δτ = ±0.15τ ± 0.05 as reported after revision of pre-launch
estimation [Remer et al., 2005]. The MODIS algorithm relies on a LUT approach.
The MODIS algorithm models the ambient aerosol as a combination of one fine and
one coarse mode following individual log-normal distributions. The measurement is
compared to pre-calculated radiative transfer calculations for 9 aerosol types (4 ’fine’,
and 5 ’coarse’), and the inversion finds two solutions: the best and the average least
square fit. In the Level-2 Atmosphere products of MODIS collection 5 [Remer et al.,
2006], both Terra and Aqua MODIS aerosol products (MOD04/MYD04-C005) pro-
vide global spectral AOD values over the ocean and the continents for cloud free
regions at 10 km resolution. These products also include the fractional contribution
of the fine aerosol mode to the total AOD at 0.55 µm, and the type of aerosol identi-
fied by the retrieval. The SEVIRI channels in the visible and near-infrared are close
to channels on Terra/Aqua MODIS. Therefore, aerosol retrievals derived from these
two instruments can provide relevant comparisons to study the spatial variability of
the AOD obtained with SARA.

4.4 Case studies

The applicability of the SARA algorithm for MSG-SEVIRI data over sea was tested
for two case studies. The first event presented is the advection of strong forest-fire
plumes from Portugal and Galicia (Spain) over the Atlantic Ocean. The second con-
cerns a dust outbreak from the Saharan desert over the Western Mediterranean Sea.
The values of the AOD and its diurnal variability are validated against AERONET
measurements which are considered as ’ground truth’. In addition, the ability to re-
produce the spatial variations is evaluated through comparisons with data from the
MODIS aerosol product.

4.4.1 Transport of forest-fire smoke over the Atlantic Ocean

Large forest fires contribute to global warming in a ”positive feedback loop”: huge
amounts of carbon dioxide and other ”planet-warming” greenhouse gases are released
into the atmosphere, and global warming enhances the conditions that favours forest
fires. In Europe, climate change seems to induce more frequent and longer heat waves
of high intensity, with increasing likelihood of forest fires in the Mediterranean regions.

In summer 2006, the Iberian peninsula experienced one of its most severe droughts.
By August 7, many severe wildfires occurred across Galicia (Spain) and northern
Portugal. Figure 4.1(a) shows the smoke plumes produced by forest fires which can
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be seen in the MODIS RGB picture (Terra) at 11:10 UTC.

SEVIRI retrieval results

For the forest-fire case, SEVIRI aerosol retrievals were performed for two different
sets of aerosols, namely the ’OPAC’ and the ’NAM’ sets (see section 4.2.3). Since
the results obtained with the ’NAM’ and the ’OPAC’ models are very similar, only
the ’OPAC’ retrievals which give a slightly better agreement with AERONET, are
presented here. The AOD retrieved from MSG-SEVIRI radiance data at 11:15 UTC
is shown in Figure 4.1(b). High values of the AOD located in the middle of the smoke
plume contrast with the clean maritime background characterized by low AOD values
(<0.1). The AOD at 635 nm retrieved with the SARA algorithm in the plume ranges
mostly between 0.3 and 0.5, with maxima around 0.7. Outside the plume, high AOD
values also appear near cloud edges. These are artefacts due to remaining cloud
contamination.

The Ångström coefficient was inferred from the AOD retrieved at the two visible
wavelengths:

α635−810 = −810

635
· ln τ635

τ810
(4.19)

The spatial variation of the Ångström coefficients is presented in Figure 4.1(c). It
shows that α has values in the plume of 0.6-1, whereas outside the plume they are
around 0. This indicates the presence of small particles within the plume. Figure
4.1(d) shows that the high AOD observed over the plume is mostly due to the con-
tribution of the fine mode, with values of ν mainly above 0.8.

Validation with AERONET

To validate the results of SARA, the latter were compared to AOD measured at the
AERONET site of Cabo da Rocca (38N,9W), see Figure 4.2. For the comparison,
both timeseries (Figure 4.2(a)) and scatterplots (Figure 4.2(b)) are presented. The
AERONET observations represent measurement average within 15 minutes. To esti-
mate the AOD at the AERONET site, the AOD retrieved with SARA over the ocean
(spatial resolution of about 5x7 km2 over Central Europe), has been averaged over
an area of 10 km radius around the Cabo da Rocca location. Although the SARA
retrievals were analyzed on a three day period, the timeseries are presented only for 7
August 2006, to better show diurnal variations. The scatterplot comprises the results
for the entire period from 6 to 8 August 2006. In the timeseries for 7 August, a max-
imum of 0.4 in the AOD was observed at Cabo da Rocca around 13:00 (UTC), when
the edge of the smoke plume crossed over the AERONET station. The AOD estimated
from SARA shows a good agreement with AERONET, and the diurnal variations of
the AOD are very well reproduced at all wavelengths. The correlation coefficient be-
tween SARA retrievals and AERONET is about 90% for the visible wavelengths. The
correlation is weaker for the near-infrared channel, because small particles have less
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(a) (b)

(c) (d)

Figure 4.1: True Color image from the MODIS Terra/Aqua collection (a) and re-
sults from SARA retrievals (b,c,d) for the smoke plume from forest-fires in Portugal
advected over the Atlantic Ocean on 7 August 2006 at 11:15 UTC. Map (resolution
∼5x7km2) of (b) AOD at 635 nm, (c) Ångström coefficient 635-810 nm, and (d)
weight of the Fine/Coarse mode aerosol on the AOD at 500 nm.
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(a)

(b)

Figure 4.2: Comparison of the AOD retrieved using SARA with AERONET data at
Cabo da Roca for the period 6 - 8 August 2006: (a) Timeseries (7 August 2006). (b)
Scatter plots (6 - 8 August 2006). The open diamonds stand for AERONET data, the
dots represent SARA retrievals, and the triangles the aerosol product for the MODIS
overpass.

95



Chapter 4. Aerosol retrievals over the ocean

impact on the measurement at longer wavelengths. The AOD retrieved with SARA
at 810 nm is overestimated, with a positive bias of about 0.08.

Comparison with MODIS

For this forest-fire case study, MODIS and SEVIRI 11:15 overpasses were within 5
minutes. AOD spatial patterns for the first visible channel of SEVIRI show con-
sistency with the MODIS aerosol product at 660 nm (see Figure 4.3(a)). Over the
ocean, the AOD at 660 nm derived from MODIS data, shows high optical depths
along the west coast of the Iberian peninsula due to smoke advected from land over
the Atlantic Ocean. According to MODIS retrievals, the smoke plume is mainly
characterized by AOD values between 0.4 and 0.6, with higher values in the center
of the plume, to larger than 1. The AOD differences between the two instruments
(τseviri,635−τmodis,660) are presented in Figure 4.3. For this comparison, the AOD has
not been adjusted to a common wavelength because an adjustment (using Ångström
coefficient of 1) changes AOD by less than 88%. They are generally within ±0.1 with
higher values in the tail of the distributions. The comparison analysis includes: the
map (Figure 4.3(b)) and the histogram (Figure 4.3(d)) of the AOD differences, as well
as the scatterplot (Figure 4.3(c)). The map of the AOD differences shows that in the
plume the AOD estimated by SEVIRI is in general lower than the AOD estimated by
MODIS, and visa versa outside the plume. This explains the double-peak feature of
the histogram. These differences can reach values between -0.1 and -0.2 in the middle
of the plume. However, about 80% of the pixels differ by less than 0.05. The largest
positive differences (> 0.4) are located on cloud edges and can therefore be ascribed
to cloud mask screening failure in SARA. According to the density scatterplot in Fig-
ure 4.3(c), there is a good correlation between the two datasets (∼90%). At Cabo
da Roca the AOD retrieved for the collocated pixel from the MODIS overpass was
also shown in the timeseries of AERONET (see Figure 4.2(a) in previous section). As
noticed in the comparison with AERONET at Cabo da Roca, the scatterplot confirms
that MODIS overestimates the AOD in the forest-fire case.

4.4.2 Saharan dust storm across the eastern Mediterranean

Sea

The Mediterranean Sea is among the areas with the highest aerosol optical depth over
the ocean in the world [Prospero et al., 2002], and especially during Saharan desert
dust outbreaks. The Saharan desert is the major source of mineral aerosols on the
Earth [Papayannis et al., 2005], and dust aerosols have an important effect on climate
[Tanré et al., 2003], marine chemistry and sedimentation in the Mediterranean Sea
[Guerzoni and Chester, 1996]. It is mostly transported in the form of pulses during
high wind periods, and can be advected over long distances as a consequence of the
injection to high altitudes up to 10 km [Gobbi et al., 2000]. On February 25, 2006, a
thick dust cloud was observed over the eastern Mediterranean Sea. It originated from
a dust storm in the Saharan Desert that had started two days before. The MODIS
RGB image (see Figure 4.4) shows a dense dust layer extending northwestward over
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(a) (b)

(c) (d)

Figure 4.3: Map (resolution ∼10x10 km2) of AOD at 660 nm (’best’ solution) from
MODIS aerosol product (a), and comparison of the retrieved AOD from MSG-SEVIRI
(11:15 UTC) and MODIS (11:10 UTC), for the smoke plume from forest-fires in Por-
tugal advected over the Atlantic Ocean on 7 August 2006. (b) Map of the AOD
difference (resolution ∼5x5 km2). (c) Density scatterplot, with the correlation coef-
ficient, the linear regression coefficients, and the Root Mean Square Difference. (d)
Histogram of the AOD difference. The dashed line in the scatterplot represents the
identity line, and the solid line is the calculated regression line.
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Figure 4.4: True Color image from the MODIS Terra/Aqua collection for the dust
storm over the Mediterranean Sea on 25 February 2006 as observed at 09:00 UTC.

the eastern Mediterranean. The dust obscures entirely the island of Cyprus, and
heads from Libya and Egypt toward the Greek Islands. As it is the case with heavy
dust events, atmospheric turbulence has produced several wave patterns which can
be observed on the western edge of the plume.

Dust detection

In the presence of desert dust over the ocean, the cloud detection algorithm flags
the dust-covered areas as cloudy. Therefore, an additional test has been added to
discriminate water clouds and ice clouds from dust clouds over the ocean. Dust
constituents have absorption bands at thermal infrared wavelengths [Sokolik et al.,
2001], and as a result the brightness temperature difference between the 11 and 12 µm
channels is generally negative, which is often not the case for liquid water clouds
and ice clouds [Duda et al., 2006]. For thin dust layers, the brightness temperature
difference is small, and distinguishing between thin cirrus clouds and a thin layer of
dust is difficult [DeSouza-Machado et al., 2006].

Dust pixels are not flagged as cloudy by the Infrared Gross Temperature Test (test
1), only by the Dynamic Visible Test (test 3) and/or the Dynamic Ratio Test (test
4) (cf. [Bennouna et al., 2008] for description of these tests). Both cloud tests 3 and
4 screen dense dust layers (middle of the plume), whereas for hazy dust regions (i.e.
around a plume) only test 3 falsely indicates cloud contamination. Therefore two
different flags for either ”Dense Dust” or ”Thin Dust” detection are used. When a
pixel is classified as ”clear” by test 1, and as ”cloudy” by test 4 and/or test 3, the dust
detection process is applied. In addition, it was observed that for similar reflectance
and brightness temperature difference features, dust tends to show higher 12 µm
brightness temperature than clouds. Thus, if the brightness temperature difference
of this pixel is below 0.5 K, and if its 12 µm temperature is at least 2 K above the
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automatic temperature treshold determined by test 1, the ”Dense Dust” flag is set
to be positive. If the temperature difference is between 0.5 K and 0.7 K, and if the
temperature of the pixel is at least 4 K higher than the treshold of test 1, the ”Thin
Dust” flag is set positive. In all other cases the dust detection result is negative.
Figure 4.5 displays the cloud mask obtained, and the results from the dust detection
process not only for the dust storm case (Figures 4.5(a) and 4.5(c)), but also for a
clear day in the absence of dust (Figures 4.5(b) and 4.5(d)). As can be seen from
the figures, the situation was very cloudy during the dust storm event, and the dust
detection allowed to isolate the dust plume, as well as the thin layer of dust spread in
the plume’s surroundings (∼ 7% of the pixels in total). The clear situation shows the
presence of minor false detections of dust due to the presence of thin warm clouds.
However, these detections, by their number (<1% of the pixels), and by the fact they
are rather dispersed across the entire study area, already give an indication of a wrong
dust detection. In this case the dust flag must not be used to reset to clear pixels
which have been screened in the cloud detection process.
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Figure 4.5: Cloud and dust detection results from SARA algorithm for the dust storm over the Mediterranean Sea on 25
February 2006 at 09:00 UTC. (a,b) Cloud Mask and (c,d) Dust Detection maps. See text for futher explanation. The cloud
tests indicated on the color bar in figures (a) and (b) are described in [Bennouna et al., 2008].
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4.4 Case studies

SEVIRI retrieval results

The AOD retrievals for SEVIRI were performed using different aerosol models. For
one simulation the fine mode is based on the ’NAMb1’, and the algorithm chooses the
best coarse mode among ’NAMsoc’ (sea salt), ’MODc8’ and ’MODc9’ (desert dust).
For the other simulation the different aerosol types are based on the ’OPAC’ set
(cf. section 4.2.3). Since the simulations based on the OPAC aerosol models are not
very satisfying, the results presented in Figure 4.6 are related to the first simulation
mentioned. For most aerosols the near-infrared AOD is rather low, except for large
particles such as dust. Figure 4.6(a) displays the AOD map retrieved using SARA for
the near-infrared channel of SEVIRI. The AOD at 1640 nm indicates large values in
the plume off the Egyptian coast. In the center of the dust cloud, the AOD can be as
high as 5, and these values decrease as the dust is dispersed. For this case study, the
Ångström coefficient is calculated between the wavelengths 810 nm and 1640 nm. The
spatial distribution of the Ångström coefficient is shown in Figure 4.6(b). Low values
of the Ångström coefficients indicate the presence of large particles. In the areas where
the dust is densest the Ångström coefficient becomes negative, with values reaching
a minimum of -0.5. Arround the dust plume, the Ångström coefficient mostly ranges
between 0 and 0.5. Values close to 0 can be explained by the dominance of marine
aerosol or dust, whereas higher Ångström coefficients can probably be associated
with polluted air masses. Clean areas with very low optical depth, as well as the dust
plume region have a weak contribution of the fine mode aerosol to the total AOD at
500 nm, as opposed to air masses affected by pollution where the Ångström coefficient
is usually higher than 0.5 (see Figure 4.6(c)).
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Figure 4.6: Results from SARA retrievals for the dust storm over the eastern Mediterranean on 25 February 2006 at 09:00
UTC: Map (resolution ∼5x7 km2) of (a) AOD at 1640 nm, (b) Ångström coefficient 810-1640 nm, and (c) weight of the
Fine/Coarse mode aerosol on AOD at 500 nm.
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4.4 Case studies

Validation with AERONET

Data from the AERONET station at Forth Crete (35N,25E), located on the north-
east coast of the Greek island of Crete, were used to validate the ocean retrieval
results for the dust event. The comparison with AERONET is presented in Figure
4.7, with timeseries and scatterplots of results from a three day period from 24 to
27 February 2006. The SEVIRI AOD is presented as the average value for pixels
at a distance of less than 10 km from the station. Like for the results presented
in the previous section, the comparison is shown only for SARA retrievals using
NAM/MODIS sets of aerosol models (fine: ’NAMb1’, coarse: ’NAMsoc’, ’MODISc8’,
’MODISc9’). The timeseries in Figure 4.7(a) shows that the general trend of the AOD
measured at Forth Crete is generally well represented by the retrieval using SARA.
Some high frequency variations in the SEVIRI AOD, which are not observed in the
AERONET data, are probably related to cloud contamination. The scatterplot in
Figure 4.7(b) shows that the AOD retrieved with SARA is well correlated (>79%)
with AERONET measurements, and the best agreement between the two datasets is
found for the near-infrared channels (94% correlation) with a slope of about 0.83 and
a bias of 0.07. For the visible wavelength, the AOD retrieved is much lower than the
AOD from AERONET, whereas the near-infrared AODs are in good agreement. This
could be caused by the aerosol modes used in the aerosol models.

Comparison with MODIS

The results from SARA for the dust event were compared to the MODIS retrievals
for the overpass at 09:00 (UTC), the 25th of February. On the map of the AOD at
1630 nm derived from MODIS data (see Figure 4.8), the values reach 4 where the
dust layer is the densest. In the area surrounding the dust plume, the presence of
dust haze leads to lower AOD values, between 1 and 2. These values are in the same
order of magnitude as the AOD at 1640 nm retrieved with SARA, except for some
areas in center of the dust cloud where the AOD is lower in MODIS retrievals. Figure
4.9 shows the differences between the two products (τseviri,1640 − τmodis,1630). For the
first comparison (top panel), SARA retrievals used aerosol types from NAM/MODIS
sets, and for the second comparison (bottom panel) aerosol types from the OPAC
set. Like for the Forest-Fire case, the maps of the AOD difference (Figures 4.9(a)
and 4.9(d)), the histograms of the AOD differences (Figures 4.9(b) and 4.9(e)), as
well as the scatterplots (Figures 4.9(c) and 4.9(f)) are presented. The map of the
AOD differences shows different patterns depending on the aerosol models that were
used for the retrieval with SARA. In general, the first simulation (i.e. NAM/MODIS)
seems to minimize the differences with the MODIS data, and for both simulations (i.e.
NAM/MODIS and OPAC), the absolute difference is largest within the plume region.
The differences observed over the dust plume are larger when the OPAC model is
used. Outside the plume, large positive differences located on the edge of the cloud
mask indicate the presence of cloud contaminated pixels in SARA retrievals. The
rough shape of the histogram is similar for the two different simulations. About 70%
of the pixels have absolute difference smaller than 0.1 for the first SARA simulation.
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(a)

(b)

Figure 4.7: Comparison of the AOD retrieved using SARA with AERONET data at
Forth Crete for the period 24 - 26 February 2006: (a) Timeseries (26 February 2006).
(b) Scatter plots (24 - 26 February 2006). The open diamonds stand for AERONET
data, the dots represent SARA retrievals, and the triangles the aerosol product for
the MODIS overpass.
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4.4 Case studies

Figure 4.8: Map (resolution ∼10x10 km2) of AOD at 1630 nm (’best’ solution) from
MODIS aerosol product for the dust storm over the Mediterranean Sea on 25 February
2006 as observed at 09:00 UTC.

For the OPAC results, this percentage is slightly lower. The density scatterplots show
that MODIS and SEVIRI retrievals are well correlated.
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Figure 4.9: Comparison of the retrieved AOD from MSG-SEVIRI and MODIS, for the dust storm over the Mediterranean
Sea on 25 February 2006 at 09:00 UTC: (a,d) Map of the AOD difference (resolution ∼5X5 km2). (b,e) Histogram of the
AOD difference. (c,f) Density scatterplot, with indication for the correlation coefficient, the linear regression coefficients,
and the Root Mean Square Difference. Pictures at the top are related to SARA retrievals obtained using both ’NAM’ and
’MODIS’ datasets, and at the bottom using the ’OPAC’ dataset. The dashed line in the scatterplot represents the identity
line, and the solid line is the calculated regression line.
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Figure 4.9: Comparison of the retrieved AOD from MSG-SEVIRI and MODIS, for the dust storm over the Mediterranean
Sea on 25 February 2006 at 09:00 UTC: (a,d) Map of the AOD difference (resolution ∼5X5 km2). (b,e) Histogram of the
AOD difference. (c,f) Density scatterplot, with indication for the correlation coefficient, the linear regression coefficients,
and the Root Mean Square Difference. Pictures at the top are related to SARA retrievals obtained using both ’NAM’ and
’MODIS’ datasets, and at the bottom using the ’OPAC’ dataset. The dashed line in the scatterplot represents the identity
line, and the solid line is the calculated regression line. (Cont’)
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Chapter 4. Aerosol retrievals over the ocean

The correlation coefficient is larger than 95% for the two simulations. Because the
dust event involves high values of the AOD, the RMSD values obtained (0.27 and 0.58)
are rather satisfying. The coefficients of the linear regression confirm that AOD values
retrieved with SARA are slightly higher than the results obtained with the MODIS
algorihm. This difference is negligible in the first simulation, but it represents about
30% of the optical depth when the aerosol model is based on the OPAC. In the second
simulation, it was noticed that the algorithm failed to distinguish sea salt from dust
particles. This leads to discontinuities in the AOD retrieved over the dust plume. This
may also explain the large overestimation of the AOD when the OPAC set of particles
is used. The linear regression between MODIS and SEVIRI retrievals, indicate a very
good agreement for SARA retrievals using NAM/MODIS aerosol models. The AOD
value for the MODIS pixel coincident with the Forth Crete location is shown in the
AERONET comparison described in the previous section (see Figure 4.7(a)). For the
dust outbreak case, both MODIS and SARA retrievals present satisfactory agreement
with AERONET.

Non-Spherical simulations

The effect of particle shape on the retrieval of dustlike tropospheric aerosols is a cru-
cial issue in aerosol remote sensing [Koepke and Hess, 1988]. Several studies have
shown that the use of non-spherical models in dust retrievals allow for more accu-
rate fitting of the spectral and angular dependances of the observed intensity. The
phase function of desert dust aerosols can be modeled using a mixture of spheroids
[Mishchenko et al., 1997] characterized by a certain shape distribution. Inversions
from AERONET sunphotometer measurements have shown that in desert plumes the
number of particles in the coarse mode with a high aspect ratio dominates [Dubovik
et al., 2006].

For the dust storm event presented in this paper, a very simple non-spherical
model of randomly oriented spheroids was applied. The single scattering albedo and
the expansion coefficients of the scattering matrix for the non-spherical model were
calculated with the T-matrix code [Mishchenko et al., 1996, Mishchenko and Travis,
1994]. No shape distribution was used, all particles are assumed to be spheroids with
the same shape. The shape aspect of the spheroids is parameterized by their axis
ratio which is set to 2. The parameters of the size distribution (i.e. mode radius and
standard deviation) for the spheroid model are given in terms of volume equivalent
spheres. The gaussian size distribution function was used with the same radius mode
and standard deviation as for the spherical model (see Table 4.1 in section 4.2.3).
For the dust aerosol labelled ’MODISc8’, the phase function calculated with the T-
matrix code (i.e. spheroid model) is compared to the phase function obtained with the
MIE code (i.e. spherical model) in Figure 4.10. For the three SEVIRI wavelengths,
the spheroid and the spherical model differ mainly in their phase function at large
scattering angles. As compared to the sphere model, the curve flattens at large
scattering angles in the non-spherical case, therefore the back scattered intensity is
smaller for these geometries.

Similarly to simulations made with the sphere model, two non-spherical dust
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4.4 Case studies

Figure 4.10: Phase Function (P11) of desert dust as a function of scattering angle (Θ),
simulated for a sphere (dashed lines) and a spheroid model (solid lines) with a single
axis ratio of 2. The different colors indicate the wavelengths of the SEVIRI channels
for which the phase function is represented.
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aerosol models labeled as ’MODISc8’ and ’MODISc9’ were used to retrieve the AOD
with SARA. The results obtained with the non-spherical retrievals are presented in
Figure 4.11. In general, the spatial variations obtained with the non-spherical model
remain unchanged as compared to the results of the spherical simulations. However
the AOD observed over the dust plume is lower by approximately 25% than for the
spherical simulations (see Figure 4.11(a)). The map of the Ångström coefficients (see
Figure 4.11(b)) shows a less clear distinction between the oceanic background and
the dust cloud than in the spherical case. Although the values of Ångström coeffi-
cient are nearly homogeneous over the area, they are slightly lower over the dusty
regions(< -0.2) than over clean areas (> 0). As regards the weight of the fine over the
coarse mode on the AOD at 500 nm (see Figure 4.11(c)), the maps for the spherical
and the non-spherical simulations are very similar, the differences did not exceed 5%.
For the comparison with MODIS, in Figure 4.12, the map and the histogram of the
AOD differences are similar to the results obtained for the spherical simulations. For
the corresponding SEVIRI image, the scattering angle over the area studied varies
between 129◦ and 133◦, a range in which the phase function of the spherical and the
spheroid model are much alike at 1630 nm. Although the results for the visible chan-
nels are not shown for the dust outbreak case, it should be noted that the differences
between spherical and non-sperical retrievals from SARA are more notable at 635 nm
and 810 nm. Although these differences are of little importance in the near-infrared,
the scatterplot (see Figure 4.12(c)) shows that a better agreement is found between
MODIS and SARA results when the non-spherical model is used, in particular for the
highest AOD values.
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Figure 4.11: Results from SARA retrievals for the dust storm over the eastern Mediterranean on 25 February 2006 at 09:00
UTC: Map (resolution ∼5x7km2) of (a) AOD at 1640 nm, (b) Ångström coefficient 810-1640 nm, and (c) weight of the
Fine/Coarse mode aerosol on AOD at 500 nm.
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Figure 4.12: Comparison of the retrieved AOD from MSG-SEVIRI and MODIS, for the dust storm over the Mediterranean
Sea on 25 February 2006 at 09:00 UTC, with the use of a non-spherical dust model: (a) Map of the AOD difference (resolution
∼5x5km2). (b) Histogram of the AOD difference. (c) Density scatterplot, with indication for the correlation coefficient,
the linear regression coefficients, and the Root Mean Square Difference. The dashed line in the scatterplot represents the
identity line, and the solid line is the calculated regression line.
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4.5 Conclusions

The approach used in the AATSR aerosol retrieval algorithm over the ocean has been
applied to the data from the MSG-SEVIRI instrument through the implemention of
the new algorithm SARA. Several sets of LUTs for use with SARA and based on
different aerosol models were produced with the DAK radiative transfer model. The
results obtained with SARA based on these pre-computed LUTs have demonstrated
its capability to derive optical properties such as the aerosol optical depth and the
Ångström coefficient over the ocean for case studies related to forest fires and dust
storm.

During summer 2006, a forest fire episode in Spain and Portugal has resulted in
high AOD values over the Atlantic coast of the Iberian peninsula. The values of
AOD retrieved with SARA have been validated against AERONET ’ground-truth’
measurements for the coastal station of Cabo da Roca, and showed ∼90% correlation
in the visible channels. The diurnal variation of the retrievals at the AERONET
location are in very good agreement with the AERONET trends (bias of about 0.07).
According to MODIS comparisons, the spatial variations of the AOD related to the
transport of smoke over the ocean, are well reproduced by the SARA algorithm with
approximately 87% correlation. Other parameters derived from the retrievals such as
the Ångström coefficient and the contribution of the fine mode to the total AOD at
500 nm, provide additional and consistent information which confirms the dominance
of fine aerosol particles in the smoke plume and their important contribution to the
total AOD at 500 nm.

The second case study is related to the dust outbreak across the eastern Mediter-
ranean in February 2006. This case study required the implementation of a desert
dust detection routine which provides a satisfactory discrimination between dust and
clouds over the ocean for the studied event. The AOD retrieved using SARA is in
very good agreement with MODIS retrievals, which is further improved by using a
non-spherical model to represent the coarse mode for the dust aerosol type: 98% cor-
relation and a bias of about 0.02 for the near-infrared channel. For the desert dust
case study, cloud contamination during the event prevented to draw solid conlusions
from the comparison with the ground measurement timeseries. However, the general
trends of the AOD provided by SARA retrievals agree reasonably with observations
made at the AERONET site of Forth Crete. According to the Ångström coefficient
derived from the retrievals, the coarse mode was found dominant where the dust
was densest, and its fraction vanished as the dust was mixing with the surrounding
polluted air masses. Due to the particular range of scattering angles, non-spherical
and spherical simulations produced similar results for the near-infrared wavelength in
this study. The impact of using this non-spherical model in SARA retrievals over the
ocean should be further investigated with applications to other desert dust events pre-
senting different illumination-observation geometries. Moreover, when non-spherical
aerosol types were used for dust, the algorithm preferentially chose one size among
the two coarse modes (i.e. ’MODISc8’ or ’MODISc9’). So both the size and phase
function of the aerosol a priori play an important role in the determination of the
’best’ aerosol model in the algorithm. The values of the retrieved AOD are found not
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significantly dependent on the aerosol model. Meanwhile the ability to retrieve the
aerosol type certainly requires further development and additional studies.
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Chapter 5

Aerosol retrievals over land:

exploration of a method and

application

Abstract

In this chapter the exploration and preliminary application of a method for aerosol
retrieval over land using SEVIRI data are presented. With this purpose, in the SARA
algorithm the surface correction over land is determined using a global surface re-
flectance database based on MODIS/MISR observations. This method allows to derive
the AOD from the first visible channel of MSG-SEVIRI with a frequency of 15 minutes,
and was applied over Europe for the summer of 2006. In general, these results cor-
relate moderately with AERONET ground-based measurements (0.4-0.8). As regards
spatial variations, the SEVIRI AOD shows reasonable consistency with the MODIS
aerosol product. According to both comparisons with MODIS and AERONET, the
SEVIRI AOD retrieved with SARA is overestimated, and SARA is unable to produce
satisfactory retrievals under low AOD conditions (<0.15). Moreover, the timeseries
show that cloud contamination remains a critical issue in the retrievals. Further im-
plementations are needed to better estimate the surface effect, and to include AOD
retrievals for the second visible channel and the near-infrared channel of SEVIRI.
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5.1 Introduction

Although 70% of the Earth surface is covered by oceans, the largest number and
variety of aerosol particles originate from land sources. Satellites are the only tools
capable of providing data for the description of the size distribution and chemical
composition of aerosols over large scales. Satellite detection of aerosols over water is
a well-established technique (cf. Chapter 4), whereas retrievals over land are generally
difficult to perform due to a poor contrast, or because the reflectance of the surface
background is generally greater than that due to the aerosol layer. For this reason, the
retrievals of aerosol properties from satellite-based measurements has for long been
limited to applications over the ocean or dark vegetation.

So far, aerosol information derived from satellite measurements in the visible and
the near-infrared range, has mainly been retrieved using passive remote sensing tech-
niques. To correct the satellite signal for the contribution of the surface, an aerosol re-
trieval algorithm over land can use a priori values from a surface reflectance database.
Among the current databases: Koelemeijer et al. [2003] proposed a surface reflectivity
database derived from the visible wavelengths of the GOME (Global Ozone Monitor-
ing Experiment) instrument; the high angular sampling obtained from the combina-
tion of data from the two MODIS (MODerate resolution Imaging Spectroradiometer)
instruments flown on Terra and Aqua, and MISR (Multi-angle Imaging SpectroRa-
diometer), allowed the construction of a surface BRDF (Bi-Directional Reflectance
Distribution Functions)/albedo parameter database which constitutes a realistic land
surface parametrization of the surface anisotropy [Wanner et al., 1997]. However,
due to the lack of surface reflectance databases, several techniques based on spectral,
angular, or polarization properties have been proposed to separate the surface from
the aerosol contribution in the absence of a surface a priori. For MODIS, [Kaufman
et al., 1997a] describes a method based on the properties of the visible (blue) to the
mid-infrared (2.1 µm) reflectance ratio of over land. With bi-angular and multian-
gle observation capabilities of ATSR (Along Track Scanning Radiometer) and MISR
(Multi-angle Imaging SpectroRadiometer), the directional signature can be used to
discriminate between the radiation originating from the surface and the atmospheric
contribution [Veefkind, 1999, Martonchik et al., 2002]. As compared to atmospheric
scattering, much less polarized light emerges from the reflection of natural light on
ground surfaces. As a result, polarized radiances such as those from POLDER (PO-
Larization and Directionality of the Earths Reflectances) facilitate the correction for
ground contribution to the TOA reflectance [Deuzé et al., 2001]. The launch of the
CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation) space-
craft which carries the CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization)
lidar offers direct applications of active remote sensing from space to provide accurate
information on the vertical distribution of aerosols and clouds with a global coverage.

The greatest advantage of the SEVIRI (Spinning Enhanced Visible Radiometer)
instrument onboard the MSG (Meteosat Second Generation) is its unprecedented
repeat cycle of 15 minutes over a full Earth disk. The single-view radiometer MSG-
SEVIRI is designed to measure the radiance for 12 spectral channels for a hemispheric
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region encompassing Africa, most of Europe and the Atlantic ocean at a spatial res-
olution of 3 km at the subsatellite point. With the combination of excellent spatial,
temporal, and spectral resolutions, the multispectral geostationary observations of
this sensor provide important inputs for weather forecasts and climate models, and
for understanding of the transport and the dispersion of atmospheric pollution. In
the framework of aerosol retrievals, the three solar channels of MSG-SEVIRI (635 nm,
810 nm and 1640 nm) are expected to provide useful information as regards urban
and rural pollution over mid-latitude Europe and the Mediterranean basin, Saharan
dust from North Africa, or the tropical and sub-tropical forest-fires in the African
savanna.

The objective of this chapter is to present the exploration of a method for the
derivation of aerosol optical properties over land surfaces from MSG-SEVIRI data.
This method, which is based on the use of the MODIS surface reflectance database,
has been applied to obtain preliminary results for aerosol optical depth (AOD) over
land. The chapter starts with a short description of the methodology used in the
first-stage retrievals of the SEVIRI Aerosol Retrieval Algorithm (SARA) over land.
Aerosol information is derived for cloud-free areas, and cloud-contaminated data are
filtered using the cloud screening technique described by Bennouna et al. [2008] (for
details see Chapter 3). In the retrieval procedure applied over land, radiative transfer
simulations provide pre-calculated tables of the optical properties of the atmosphere
for two different types of aerosols and under different aerosol load conditions. The
surface correction assumes a Lambertian surface, with reflectance values based on
(solar) zenith angle dependent albedo values, reconstructed using the parametrization
of the MODIS BRDF/Albedo product for the illumination geometry of MSG-SEVIRI.
The preliminary results obtained with the SARA algorithm show the aerosol optical
depth derived from the first visible channel of SEVIRI over Europe in the summer of
2006. The AOD retrieved with SARA is evaluated against measurements from several
AERONET stations across Europe. For the same period, the differences between
MODIS and SEVIRI aerosol retrievals are also presented for a MODIS overpass over
western Europe.

5.2 Method and algorithm description

5.2.1 Simulation of the satellite signal

Away from hot spot geometry conditions (cf. definition in 2), a land surface can be
considered to reflect like a Lambertian surface. For a Lambertian surface the fraction
reflected by the surface is independent of the viewing geometry. The TOA reflectance
above a plane parallel homogeneous atmosphere overlying a Lambertian surface is
modeled using the formulation proposed by Chandrasekhar [1960]:

ρ = ρatm +
ρsfc

1 − Satm·ρsfc

Ttot (5.1)
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In this equation, ρatm is the atmosphere intrinsic reflectance, Ttot is the transmis-
sion function of the atmosphere, Satm the spherical albedo of the atmosphere, and
ρsfc is the albedo of the underlying surface. The optical properties of the atmosphere
ρatm, Ttot and Satm are calculated using a radiative transfer model (see next section).
The values used for ρsfc are based on the MODIS BRDF/albedo product (detailed
description in section 5.2.3).

5.2.2 Aerosol models and atmospheric optical properties

The Doubling and Adding KNMI (Royal Netherlands Meteorological Institute) radia-
tive transfer model (DAK) [Stammes, 2001], is used to compute the optical properties
of the atmosphere for different aerosol burdens. In the radiative transfer simulations,
the atmosphere contains both gases and aerosol particles, and the aerosol particles
are confined to the lowest 2 km of the atmosphere. The characteristics of the gaseous
phase are based on the mean winter and summer conditions described by the clas-
sic Midlatitude Winter (MLW) and Midlatitude Summer (MLS) profiles [McClatchey
et al., 1972]. The optical characteristics of the aerosol media are caldulated using the
Mie code of de Rooij and van der Stap [1984] for a polydispersed aerosol consisting
of spherical particles distributed according to a monomodal lognormal number size
distribution:

n(r) =
dn

dr
=

1

r·
√

2π· lnσg

exp
−(ln r − ln r̄g)

2

2·ln2 σg

(5.2)

Two different aerosol types based on the OPAC database [Hess et al., 1998] are used
for the retrievals over land. The water soluble aerosol type ’OPACwaso’ is used to
represent the anthropogenic component of the ambient aerosol, whereas the sea salt
aerosol type ’OPACssam’ accounts for the contribution of the natural source, here
considered to be of marine origine. Table 5.1 summarizes the physical and optical
properties associated with these two aerosol types. The atmospheric properties ρatm,
Ttot, and Satm are calculated individually for these two aerosol types, and are stored
in two separate LUTs. ρatm and Ttot are directly obtained from the DAK output, with
a surface reflectance parameter set to 0 in DAK input data. For a given atmospheric
state, the spherical albedo of the atmosphere Satm is derived from the results of 3
different radiative transfer simulations obtained successively with a surface reflectance
value of 0, 0.5 and 1, using equation 5.1:

Satm = 1 +
(ρρsfc=0.5 − ρρsfc=0)

(ρρsfc=0.5 − ρρsfc=1)
(5.3)

The parameter values of the LUTs are tabulated for multiple observation geometries
(15 solar and viewing zenith angles, 37 azimuth angles), and different atmospheric
conditions characterized by the aerosol optical depths at the reference wavelength of
500 nm (τ500) in the range of 0 to 6.
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Table 5.1: Size distribution parameters and microphysical properties for the aerosol
models used to generate the different LUTs.

m(λ) = n + ik

LUT Label Rg(µm) σg 635 nm 810 nm 1640 nm

OPACwaso 0.03 2.24 1.40 + i0.00212 1.39 + i0.00327 1.37 + i0.00633
OPACssam 0.42 2.03 1.35 + i0.00000 1.35 + i0.00000 1.33 + i0.00015

5.2.3 Land surface albedo

Land surface albedo describes the fraction of incoming solar energy reflected at a
given point and time [Wang et al., 2004] i.e. time of the day and season. It is
strongly dependent on the solar zenith angle and the three-dimensional structure of
the vegetation canopy. Strahler et al. [1999] describes the theoretical basis of the
algorithm used for the derivation of the land surface albedo from atmospherically
corrected and cloud-cleared radiances from combined observations of the MODIS
and MISR instruments. In this algorithm the satellite observations are coupled with
semi-empirical models to describe the shape of the BRDF and the corresponding
integrals that can be used to derive the spectral albedo of the surface. The semi-
empirical models are based on the Ross-Li semi-empirical kernel-driven models of
Roujean et al. [1992], in which the BRDF of the surface (Rsfc) is expressed by the
sum of three kernels corresponding to the basic scattering modes:

Rsfc(λ, θs, θv, φr) = fiso(λ) + fvol(λ)·Kvol(θs, θvφr) + fgeo(λ)·Kgeo(θs, θv, φr) (5.4)

where fiso, fvol and fgeo are the weighting parameters for isotropic scattering, vol-
ume scattering (i.e. interleaf effect), and geometric-optical scattering (i.e. intercrown
effect) respectively. The kernels Kvol and Kgeo represent the Ross-Thick [Ross, 1981]
and the Li-Sparse [Li and Strahler, 1992] kernels respectively.

One of the standard products of this algorithm is the global MODIS BRDF/Albedo
data product (MCD43C1). The MCD43C1 product is a 16-day 0.05◦ gridded product
which provides a set of the 3 parameters fiso, fvol, and fgeo for each of the first 7
bands of the MODIS instrument. These parameters can be used to calculate the white
and the black sky albedo. The black sky albedo represents the albedo under a fully
direct illumination (i.e. in the absence of a diffuse component of the radiation). The
black sky albedo is thus a function of the solar zenith angle. The white sky albedo
corresponds to the albedo of the surface under a completely diffuse and isotropic
illumination. Although the actual albedo of a surface can be accurately represented
by a value interpolated between the black and white sky albedo, under most situations
the black sky albedo provides a reasonable estimation of the surface albedo that can
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be used in the surface correction step. Therefore, in equation 5.1, the value of the
surface reflectance ρsfc is approximated by the value of the black sky albedo, which
is determined from the parametrization of the MODIS/BRDF albedo product for
coincident MODIS and SEVIRI pixels, using:

ρsfc(θs, λ) =

3∑

k=1

fk(λ)·hk(θs) (5.5)

in which hk corresponds to the kernel integrals specific to the kernel driven mod-
els.

5.2.4 Retrieval assumptions

Decoupling aerosol and molecular scattering

In the retrieval process, the intrinsic reflectance of the atmosphere ρatm, also called
path reflectance of the atmosphere, is decomposed into the sum of ρray the path
radiance of a purely molecular atmosphere, and ρaer the path reflectance accounting
only for the aerosol constituents of the atmosphere:

ρatm(λ) = ρray(λ) + ρaer(λ) (5.6)

Therefore, the spherical albedo of the atmosphere can be expressed with a similar
expression:

Satm(λ) = Sray(λ) + Saer(λ) (5.7)

External aerosol mixture

In addition, the path reflectance estimate for a mixture of two aerosol types is the
weighted average of the path reflectance from each of the two aerosol types:

ρaer(λ) = ν·ρf (λ) + (1 − ν)·ρc(λ) (5.8)

in which ν is the weight of the reflectance due to the aerosol type representing the fine
mode ρf , and ρc represents the reflectance related to the coarse mode aerosol. Hence
the spherical albedo of the atmosphere due to the aerosol mixture can be written as:

Saer(λ) = ν·Sf (λ) + (1 − ν)·Sc(λ) (5.9)

5.2.5 Minimization process and AOD retrieval

The signal measured by the satellite ρmeas, is compared to the modeled TOA re-
flectance ρlut calculated using the LUT data for different atmospheric states, and the
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algorithm finds the aerosol model that minimizes the error ε formulated by:

εν,f,c,τ500
=

n∑

i=1

(
ρmeas(λi) − ρlut(λi, τ500)

ρmeas(λi) − ρlut
0 (λi) + 0.01

)2

(5.10)

where ρ0 is the TOA reflectance of the underlying surface-atmosphere system, in the
absence of aerosols. The so-called ’best’ aerosol model determines the aerosol mixture
which is used to derive the relation between the top of the atmosphere reflectance and
the AOD. For weakly absorbing aerosols and small optical depths, the SARA algo-
rithm assumes a linear dependance of the top of the atmosphere reflectance on the
aerosol optical depth [Durkee et al., 1986, Veefkind, 1999]. Under such conditions,
the top of the atmosphere reflectance is:

ρ(λ) = ρ0(λ) + C(λ)·τ(λ) (5.11)

The spectral constant C is calculated for the interpolated observation geometry, and
depends on the value of the surface reflectance as well as on the aerosol type.

5.3 Aerosol observations over Europe for summer

2006

5.3.1 Results

In the current state of development of the SARA algorithm, only the AOD in the first
visible channel (635 nm) of SEVIRI can be retrieved with some degree of confidence.
At 810 nm and 1640 nm, the relative contribution of the surface to the total signal
is very large, and the difference between the spectral bands of SEVIRI (810 nm,
1640 nm) and MODIS (860 nm, 1640 nm) can strongly affect the accuracy of the
surface correction based on the MODIS surface a priori. As a result, deviations from
the surface a priori induce large errors and the AOD is not properly retrieved at those
wavelengths. Figure 5.1 shows an example of the spatial distribution of the AOD over
Europe at 635 nm as retrieved from SEVIRI by SARA. In this example, the highest
AOD values (0.4-0.8) are observed over England, central Germany, northern France,
and the Po Valley. For some areas (e.g. Netherlands, Spanish North Atlantic coast),
as compared to AOD values retrieved over the ocean, the values of the AOD over
land seem rather low, and the AOD gradient between the land and ocean appear
discontinuous. This suggests an overestimation of the surface correction, which could
also explain the negative values of the AOD obtained over Ireland, The Netherlands,
the southwest of France, and Hungaria. For this case, the high and spatially dispersed
AOD values observed over Spain and north Africa occur near cloud edges where strong
gradients exist and transsition between aerosol and cloud causes undetermined clouds.

121



Chapter 5. Aerosol retrievals over land: exploration of a method and application

(a)

Figure 5.1: Results from SARA retrievals over Europe on 17 July 2006 at 11:15 UTC.
Map (resolution ∼5x7km2) of AOD at 635 nm.

5.3.2 Evaluation against AERONET

To evaluate the AOD results obtained with the SARA algoritm, the latter were com-
pared to AERONET timeseries from different European sites for the months of June,
July and August 2006. The map location of the AERONET stations chosen for
this study is presented in Figure 5.2, namely: Avignon, Carpentras, Ispra, Modena,
Chilbolton, Cabauw, Mainz, and Laegeren.

The surface reflectance values inferred from the MODIS/BRDF albedo parametriza-
tion (cf. section 5.2.3), for the SEVIRI pixels collocated with the different AERONET
sites, are presented in Figure 5.3. For each AERONET site, the variations of the sur-
face reflectance over the day describe different shapes. These shapes are representative
of the reflective properties of the local land cover type for the illumination geometry
associated with the SEVIRI pixel. The diurnal variations of the surface reflectance
form a bell shape (e.g. Avignon) or a bowl shape (e.g. Carpentras), and in both
cases the surface reflectance presents high values at large solar zenith angles. Each
day is represented with a different color, and the missing data points indicate cloud
contamination, because the SARA algorithm does not apply the surface correction
when a SEVIRI pixel is considered as cloud contaminated by cloud detection tests.

For each ground site, the study compares 15-minute average AERONET data
at 675 nm, with the AOD at 635 nm retrieved from SARA for the SEVIRI pixel
nearest to the sunphotometer. Prior to comparison, SEVIRI retrievals were filtered to
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Figure 5.2: Map showing the locations of the different AERONET sites used to test
the SEVIRI AOD results of the SARA algorithm over land.

remove remaining cloud contaminated data. In the postprocessing, AOD values above
1 having more than one cloudy-pixel among the neighbouring pixels, were excluded
from the comparison. The timeseries are shown in Figure 5.4, and scatterplots are
represented in Figure 5.5. The best correlation between SEVIRI and AERONET is
found for the Avignon station, where the two datasets are strongly correlated (80%).
For all other stations, the correlation coefficient is generally lower, in the range of
40 to 60%. The poor correlations can be explained by the large number of small
AOD values measured at the ground-based stations. For clean aerosol conditions,
SARA finds the best model to corresponds to the lowest AODs from the LUT (0.02
and 0.05 at 500 nm). However, the interpolation step described by equation 5.11
produces appropriate AOD values. In such conditions, the retrieval method is more
sensitive to surface correction accuracy. Consequently, the AOD value retrieved is
often either negative or very high. For low-AOD conditions occuring at the beginning
or at the end of the day, the AOD retrieved is negative as a result of the increasing
surface reflectance at these times of the day. According to the regression lines, the
bias is below 0.1 for most locations, and in general the SARA algorithm tends to
overestimate the AOD as compared to AERONET.

5.3.3 Evaluation against MODIS

Figure 5.7 shows collocated SEVIRI and MODIS AOD retrievals at 635 nm and
660 nm respectively, for the MODIS overpass of 17 July 2006 at 10:50. In this case,
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Figure 5.3: Diurnal variations of the surface reflectance inferred from the
MODIS BRDF/Albedo parametrization, for SEVIRI pixels coincident with differ-
ent AERONET sites in Europe for summer 2006: (a) Avignon (b) Carpentras (c)
Ispra (d) Modena (e) Chilbolton (f) Cabauw (g) Mainz (h) Laegeren. Each color
corresponds to a different day.
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Figure 5.3: Diurnal variations of the surface reflectance inferred from the
MODIS BRDF/Albedo parametrization, for SEVIRI pixels coincident with differ-
ent AERONET sites in Europe for summer 2006: (a) Avignon (b) Carpentras (c)
Ispra (d) Modena (e) Chilbolton (f) Cabauw (g) Mainz (h) Laegeren. Each color
corresponds to a different day. (Cont’)
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Figure 5.4: Timeseries of the AOD retrieved using SARA at the SEVIRI pixels coinci-
dent with AERONET locations for the summer of 2006 (June, July and August): (a)
Avignon (b) Carpentras (c) Ispra (d) Modena (e) Chilbolton (f) Cabauw (g) Mainz
(h) Laegeren. The red diamonds stand for AERONET data, the blue dots represent
SARA retrievals.
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Figure 5.4: Timeseries of the AOD retrieved using SARA at the SEVIRI pixels coin-
cident with AERONET locations for the summer of 2006 (June, July and August):
: (a) Avignon (b) Carpentras (c) Ispra (d) Modena (e) Chilbolton (f) Cabauw (g)
Mainz (h) Laegeren. The red diamonds stand for AERONET data, the blue dots
represent SARA retrievals. (Cont’)
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Figure 5.5: Scatterplot of the AOD retrieved using SARA for SEVIRI pixels coincident
with AERONET locations site for the summer of 2006 (June, July and August): (a)
Avignon (b) Carpentras (c) Ispra (d) Modena (e) Chilbolton (f) Cabauw (g) Mainz
(h) Laegeren. On each graph, the correlation coefficient and the linear regresssion
equation are indicated. The dashed line in the scatterplot represents the identity line,
and the solid line is the calculated regression line.
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Figure 5.5: Scatterplot of the AOD retrieved using SARA for SEVIRI pixels coincident
with AERONET locations for the summer of 2006 (June, July and August): : (a)
Avignon (b) Carpentras (c) Ispra (d) Modena (e) Chilbolton (f) Cabauw (g) Mainz
(h) Laegeren. On each graph, the correlation coefficient and the linear regresssion
equation are indicated. The dashed line in the scatterplot represents the identity line,
and the solid line is the calculated regression line. (Cont’)
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MODIS detects AOD values in the range of 0.1 to 0.2 over central England, the north-
ern part of France, the Netherlands and eastern Germany. The highest AOD values
are found over Paris, the Po valley, the southwestern part of France and northeastern
part of Spain, where AOD values are mainly above 0.3 reaching up to 0.4. For regions
where the MODIS aerosol product shows AOD values below 0.15, the SEVIRI AOD
is higher and more homogeneous than that of MODIS. Thus AOD spatial patterns
over the northern regions are in general less clear on the map of the SEVIRI AOD.
However, the highest AOD values retrieved by MODIS over Italy, France and Spain
are well detected by SARA. In addition the high AOD spatial variations over land
presumably reveal accuracy problems in the surface correction. The AOD transition
between land and ocean surfaces observed over the Atlantic coast of France and Spain,
is likely due to underestimation of the AOD over land. According to this comparison,
AOD spatial variations seem better represented by the MODIS product. This can
be partly explained by the high resolution of the MODIS instrument as compared
to SEVIRI, but also by the simplifications and assumptions used by SARA in the
surface correction process over land.

For the same MODIS granule, the map of the AOD difference between MODIS
and SEVIRI retrievals and its associated histogram are presented in Figure 5.7. In
general, the two sets of data differ by less than ±0.2 in AOD. On the difference map,
the most obvious pattern concerns extremely low AOD values (<0.1) from MODIS
which correspond to significantly larger AOD values for SEVIRI. This difference can
be between 0.1 and 0.2. For higher values of the MODIS AOD (>0.1) the difference
between the two instruments is smaller and remains in the range of -0.1 to 0.1. Large
differences (>0.5) are observed near cloud edges, and therefore are anticipated to be
due to time difference (5 minutes), the use of different cloud detection algorithms for
the two sensors, as well as intrument resolution.

5.4 Conclusion

A simple approach using a surface correction based on the MODIS albedo database
has been explored and applied to the SEVIRI data over Europe. The AOD retrieved
with this method correlated moderatley with AERONET measurements from several
European sites. The correlation coefficient is in the range of 0.4 to 0.8. SEVIRI AOD
traces quite well AERONET AOD timeseries, but SEVIRI AOD is generally high
compared to AERONET, and tends to show very high AODs (>1). In the present
case, AODs with values above 1.5 are likely to result from cloud contaminated data
that were not identified as cloudy by the cloud detection process. Screening all AOD
retrievals above 1.5 (these figures are not shown in the chapter) have considerably
increased the correlation coefficients, by 20% for some locations. Regarding other
AOD overestimations, they are suspected to occur because of the surface effect which
is not well accounted for in the assumptions of the algorithm. The comparison with
MODIS has principally confirmed that in its current implementation state, SARA is
not suitable for the retrieval of low AOD values (<0.15). It should be noted that these
results have been obtained with a very simplified formulation of the surface reflectance,
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(a)

(b)

Figure 5.6: Map of AOD from (a) MSG-SEVIRI (10:45 UTC) and (b) MODIS (10:50
UTC) on 17 July 2006.
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(a)

(b)

Figure 5.7: Comparison of the retrieved AOD from MSG-SEVIRI (10:45 UTC) and
MODIS (10:45 UTC) on 17 July 2006: (a) Map of the AOD difference (resolution
∼5X5 km2). (b) Histogram of the AOD difference.
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5.4 Conclusion

which considers a surface illuminated by a direct beam. It can expected to improve
the accuracy of the retrievals by using a more complex parametrization of the surface
reflectance, such as a linear combination of the ”black sky” and the ”white sky”
MODIS albedo to account as well for the diffuse component of the illumination. The
resolution of the surface reflectance database (0.05◦) can also be responsible for the
poor accuracy of the surface correction. In the next implementation step, it be should
considered to exploit the three solar channels of SEVIRI. By means of iterations, the
use of the three channels would allow to tune and adapt more accurately the surface
reflectance for the SEVIRI spectral bands.
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Chapter 6

Conclusion and Outlook

Among the new generation of atmosphere sensors, the SEVIRI (Spinned Enhanced
Visible and Infrared Imager) carried on the european spacecraft MSG (Meteosat Sec-
ond Generation) has the capability to produce 15-minute measurements of the top of
the atmosphere radiance over an entire Earth disk, with a high spatial resolution of
3x3 km2 at nadir. These observations are expected to provide valuable information
on aerosol properties and their diurnal variations.

In this thesis the development and the validation of the SEVIRI Aerosol Re-
trieval Algorithm (SARA), dedicated to the retrieval of aerosol optical properties
from geostationary images acquired by MSG-SEVIRI was presented. In its current
implementation, SARA allows the retrieval of the aerosol optical depth in the three
solar channels of MSG-SEVIRI over the ocean and in the first visible channel over
land.

The algorithm can only be applied over cloud free land and ocean surfaces, for
which a stand-alone cloud detection procedure has been implemented. The technique
used is a modified version of the cloud detection technique applied in the aerosol
retrieval algorithm for ATSR-2 and AATSR [Curier et al., 2009] based on the work
of Koelemeijer et al. [2001] and Robles-Gonzalez [2003]. Several reflectance and tem-
perature tests are applied, wich are different for scenes over land and ocean surfaces.
The detection procedure was applied over Europe for several periods during different
seasons of 2006, and compared with the cloud mask from the SEVIRI cloud product
of Meteo-France and with the MODIS cloud product. The comparison shows that
the overall ability of this technique to identify cloud contaminations is satisfactory.
The disagreement between the three cloud masks was found to be within 5 to 15 %.
In general, the main differences were observed near cloud edges and broken cloud
fields. Moreover, obvious cloud mask defects in the cloud mask generated by SARA
suggest that an improved version of this stand-alone algorithm should consider the
use of latitudinally dependent temperature tresholds over the ocean, as it was done
for land. Displacing or modifying the size of the study area within the MSG disk
could affect the accuracy and the efficiency of the cloud mask. Because this study
was focused over the European region, the technique should also be tested over other
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regions, and in particular over very bright surfaces such as desert or snow/ice areas.
The principle of the retrieval of aerosol properties as implemented in SARA, relies

on a least-squares minimization of the error between SEVIRI measured and sim-
ulated reflectances, for predefined aerosol models and under different aerosol load
conditions. The most challenging task of inversion algorithms for aerosol retrieval
remains the separation of the surface from the atmospheric contribution. Conse-
quently, aerosol retrievals require an accurate estimation the surface reflectance, as
well as an appropriate formulation for the interactions between the surface and the
atmosphere. SEVIRI is a single-view instrument, each SEVIRI pixel within the MSG
disk is seen under a different viewing angle, and the illumination geometry associated
with a pixel varies during the course of the day. As a result, the surface reflectance
cannot be directly inferred from SEVIRI radiances, and aerosol retrievals require ad-
ditional information on the surface reflective properties. So far, no available surface
reflectance database based on MSG-SEVIRI data is available. Such a database would
allow for the correction for the surface effect, to take the full advantage of the high
temporal resolution of 15 minutes.

In SARA, the top of the atmosphere reflectance over the ocean, is determined from
the model of Tanré et al. [1979], and the Lambertian approximation of Chandrasekhar
[1960] is applied over land. Over dark surfaces, such as the ocean, the surface re-
flectance can be parametrized relatively easily. The surface reflectance over the ocean
accounts for the specular reflection of a wavy ocean surface, the reflectance of oceanic
whitecaps, and sub-surface scattering. The wave slope distribution is described by
the widely used wind speed dependent formulation of Cox and Munk [1954], foam
reflectance is based on measurements of Whitlock et al. [1982], and sub-surface scat-
tering is a function of the chlorophyll concentration [Baker and Smith, 1982, Morel,
1988] estimated from the monthly climatological chlorophyll concentration database
from SeaWiFS [Campbell et al., 1995]. Over land, the reflective properties of the
Earth’s surface can vary very much with the land cover type. SEVIRI has spectral
channels in the visible and the near-infrared similar to those of MODIS (Moderate
resolution Imaging Spectroradiometer). Therefore, an approach was explored that
uses the global MODIS BRDF/albedo database as a surface a priori in the surface
correction process of SARA over land [Schaaf et al., 2002]. This database includes
a parametrization of the surface reflective properties, the so-called ”black sky” and
”white sky” albedo, based on the fitting of semi-empirical models to MODIS and
MISR data. As regards atmospheric optical properties, they were pre-calculated
based on DAK (Doubling-Adding KNMI) radiative transfer simulations, using dif-
fent aerosol models from the litterature [de Leeuw et al., 1989, Hess et al., 1998,
Remer et al., 2006] and different ranges of aerosol concentrations. The shape of the
phase functions is determined by MIE theory for spherical particles [Mie, 1908], using
the Mie code of de Rooij and van der Stap [1984], except for the desert dust aerosol
type, for which the description of the phase function results from T-matrix calcula-
tions [Mishchenko et al., 1996]. All reflectance and transmittance data describing the
atmospheric optical properties for the three SEVIRI channels were stored in the form
of look-up tables (LUTs). Each LUT refers to a different aerosol type, and is used
by SARA to correct for scattering and absorption due to atmospheric contituents,

136



i.e., gases and aerosol. SARA was implemented in such a way that it considers the
aerosol constituent to be an external mixture of two monomodal aerosols: a coarse
mode and a fine mode, thus representing a natural and an anthropogenic component,
respectively. SARA estimates the surface reflectance and interpolates the LUT values
for the specific geometry of each pixel. The aerosol mixture that best fits the satellite
measurement determines the model used to calculate the SEVIRI AOD.

The methodology for AOD retrievals over the ocean is based on the single-view
algorithm developed by Veefkind and de Leeuw [1998] for ATSR-2 (Along Track Scan-
ning Radiometer). The applicability of the SARA algorithm over the ocean was eval-
uated for two case studies for which both the AOD and the Ångström coefficient were
derived.

The first case study deals with observations made during forest-fire episodes in
Spain and Portugal. The smoke of these fires was advected off the Atlantic coast,
and high values of both AOD (>0.4) and Ångström coefficient (>0.8) were detected
from the visible radiances of SEVIRI over the smoke plume. These observations
confirmed the expected dominance of small aerosol particles and their large impact on
the total aerosol optical depth. The values and diurnal variations of the SEVIRI AOD
during this episode correlate very well with the timeseries of available AERONET data
observed in the region. This comparison shows that SARA provides better results
than MODIS in this particular case. In these retrievals, a mixture of sea salt and
water-soluble aerosol types was considered. However, biomass burning aerosols are a
complex mixture of non-soluble and water-soluble organic and inorganic compounds.
Although AOD retrievals have provided satisfactory results over the smoke plume, a
new LUT dedicated to biomass burning retrievals should be built and tested.

The second case study is that of a desert dust outbreak in the eastern Mediter-
ranean sea. For this case study several desert dust models were tested, and the effect
of the non-sphericity of dust particles on the retrievals was also investigated. Over
the dust cloud, aerosols strongly influence the statellite measurement in the near-
infrared channel, and the AOD retrieved for this spectral band reaches values up
to 5. The Ångström coefficient presented very low negative values (-0.5-0). Due to
the occurence of cloud contaminations, the agreement with AERONET data was less
convincing than for the forest-fire case. However the general day-to-day trends of
the AOD appeared reasonably reproduced by SARA. As regards spatial variations of
the SEVIRI AOD, they were in good agreement with MODIS retrievals (correlation
coefficient >95%). The use of non-spherical models appears to produce lower values
of the SEVIRI AOD, and leads to a slightly improved agreement with MODIS.

As mentioned, over land a methodology based on the use of the surface reflectance
database of MODIS has been explored. With this method, SARA retrieves the AOD
from the visible channel of SEVIRI at 0.635 nm, and an evaluation of the results ob-
tained was carried out using data over Europe for the summer of 2006. The compari-
son with several AERONET locations accross Europe shows that there is a moderate
correlation between the SEVIRI AOD and ground-based AERONET AOD timeseries
(40-80%). Ground-based measurements indicate low-AOD conditions frequently oc-
cured during the study period, and this can partly explain the weak correlations
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Chapter 6. Conclusion and Outlook

between SEVIRI and AERONET data. Under such atmospheric conditions, the rela-
tive contribution of arosols to the TOA reflectance is small, and therefore the retrieval
is more sensitive to errors in the estimate of the surface reflectance. This can lead
to large under- or over-estimation of the AOD. For larger AODs (> 0.2), the SARA
algorithm produces satisfactory results although, as compared to AERONET, there
seems to be an overestimation of the AOD by SARA. The comparison of the spatial
variations between the SEVIRI AOD and the MODIS aerosol product have demon-
strated that the major spatial patterns of the AOD are captured by SEVIRI, but the
differences between the AOD values obtained for the two retrievals are quite large,
and mostly in the range of -0.2 to 0.2. In general, high values of the MODIS AOD
are underestimated by SEVIRI, whereas for MODIS low-AOD conditions the AOD
is overestimated by SARA. Preliminary AOD results over land are promising, but
more work is required to achieve accurate AOD retrievals using this method. At this
stage of the implementation, the surface correction is simply performed using the
MODIS ”black sky” albedo, which implies the assumption of a pure direct illumina-
tion. The errors introduced by this assumption could be critical, in particular for
large solar zenith angles (i.e. air mass factor impact), or under high AOD conditions.
More adequate retrievals should consider a diffuse component of the illumination in
the estimation process of the surface reflectance. This could be taken into account,
for instance, by approximating the surface reflectance as a linear combination of the
white and the black sky albedo, weighted by the fraction of the diffuse to the total
incident radiation at the surface level. In addition, extra implementation work is
needed to include the use of the 810 nm and 1640 nm SEVIRI channels, both to tune
the surface reflectance estimate for the specific wavelengths of SEVIRI, and to obtain
AOD retrievals at these wavelengths.
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and B.N. Holben. A spatio-temporal approach for global validation and analysis of
MODIS aerosol products. Geophys. Res. Lett, 29(12):8006, 2002. 92

A. Ignatov, J. Sapper, S. Cox, I. Laszlo, N.R. Nalli, and K.B. Kidwell. Operational
Aerosol Observations (AEROBS) from AVHRR/3 On Board NOAA-KLM Satel-
lites. Journal of Atmospheric and Oceanic Technology, 21(1):3–26, 2004. 23

IPCC. Climate change 2007: The physical science basis . Contribution of
Working Group I to the Fourth Assessment Report of the Intergovernmen-
tal Panel on Climate Change. Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA, 2007. Accessed online at
http://www.ipcc.ch/ipccreports/ar4-wg1.htm, in January 2008. 1, 20, 80

R. Jaenicke. Tropospheric Aerosols. Published by Academic Press, San diego, CA,
1993. 8, 161

D. Jaffe, J. Snow, and O. Cooper. The 2001 Asian Dust Events: Transport and
Impact on Surface Aerosol Concentrations in the US. Eos, Transactions American
Geophysical Union, 84(46):501–516, 2003. 4

Y. Jin, C.B. Schaaf, F. Gao, X. Li, A.H. Strahler, W. Lucht, and S. Liang. Consis-
tency of MODIS surface bidirectional reflectance distribution function and albedo
retrievals: 1. Algorithm performance. Journal of Geophysical Research, 108(D5):
4158, 2003. 41

146

http://www.ipcc.ch/ipccreports/ar4-wg1.htm


Bibliography

O.V. Kalashnikova and I.N. Sokolik. Importance of shapes and compositions of wind-
blown dust particles for remote sensing at solar wavelengths. Geophysical Research
Letters, 29(10):38–1, 2002. 83

M. Kanakidou, J.H. Seinfeld, S.N. Pandis, I. Barnes, F.J. Dentener, M.C. Facchini,
R. Van Dingenen, B. Ervens, A. Nenes, C.J. Nielsen, et al. Organic aerosol and
global climate modelling: a review. Atmospheric Chemistry and Physics, 5(4):
1053–1123, 2005. 7

Y.J. Kaufman and R.S. Fraser. The Effect of Smoke Particles on Clouds and Climate
Forcing. Science, 277(5332):1636, 1997. 19

Y.J. Kaufman and I. Koren. Smoke and Pollution Aerosol Effect on Cloud Cover.
Science, 313(5787):655–658, 2006. 19

Y.J. Kaufman, A.E. Remer, L.A.B.C.G. Rong-Rong, L. Flynn, L.N.G.S.F. Center,
and M.D. Greenbelt. The MODIS 2.1-µm channel-correlation with visible re-
flectance for use in remote sensing of aerosol. Geoscience and Remote Sensing,
IEEE Transactions on, 35(5):1286–1298, 1997a. 25, 116
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Y.J. Kaufman, O. Boucher, D. Tanré, M. Chin, L.A. Remer, and T. Takemura.
Aerosol anthropogenic component estimated from satellite data. Geophysical Re-
search Letters, 32, 2005a. 16

Y.J. Kaufman, I. Koren, L.A. Remer, D. Rosenfeld, and Y. Rudich. The effect of
smoke, dust, and pollution aerosol on shallow cloud development over the Atlantic
Ocean. Proceedings of the National Academy of Sciences, 102(32):11207–11212,
2005b. 19

M. Kerker. The Scattering of Light and Other Electromagnetic Radiation. 1969. 84

K.B. Kidwell. NOAA Polar Orbiter Data Users Guide:(TIROS-N, NOAA-6, NOAA-7,
NOAA-8, NOAA-9, NOAA-10, NOAA-11, NOAA-12, NOAA-13, and NOAA-14).
1995. 23

JT Kiehl and K.E. Trenberth. Earth’s Annual Global Mean Energy Budget. Bulletin
of the American Meteorological Society, 78(2):197–208, 1997. 15, 161

147



Bibliography

S. Kim, S. Shen, C. Sioutas, Y. Zhu, and W.C. Hinds. Size Distribution and Diurnal
and Seasonal Trends of Ultrafine Particles in Source and Receptor Sites of the
Los Angeles Basin. Journal of the Air & Waste Management Association, 52(3):
297–307, 2002. 9

Y. Kim, H. Sievering, and J. Boatman. Volume and surface area size distribution,
water mass and model fitting of GCE/CASE/WATOX marine aerosols. Global
Biogeochem. Cycles, 4:165–177, 1990. 6
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