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Résumé 
La	détermination	de	 la	 composition	 chimique	des	 aérosols	 atmosphériques	 est	 essentielle	

pour	le	climat	terrestre	et	l’environnement.	Néanmoins,	les	mesures	in	situ	qui	permettent	

d’accéder	à	cette	composition	sont	limitées	et	les	modèles	de	chimie-transport	peuvent	ne	

pas	représenter	bien	la	réalité.	Notre	travail	de	thèse	a	consisté	à	développer	une	nouvelle	

approche	afin	de	remonter	à	la	composition	des	aérosols	à	grande	échelle	par	télédétection.	

Les	modèles	de	mélange	des	composants	des	aérosols,	 soit	par	proportion	en	volume	soit	

par	l’approximation	de	Maxwell	Garnett	qui	relient	les	propriétés	optiques	à	la	composition,	

ont	été	incorporés	dans	l’algorithme	de	restitution	des	propriétés	atmosphériques	(GRASP).	

La	 nouveauté	 du	 concept	 réside	 dans	 la	 restitution	 directe	 des	 composants	 chimiques	 de	

l’aérosol	 plutôt	 que	 dans	 une	 estimation	 indirecte	 à	 partir	 des	 propriétés	 optiques	

retrouvées.	 Les	 tests	 synthétiques	ont	montré	une	sensibilité	des	observations	de	satellite	

POLDER/PARASOL	à	la	présence	d’éléments	chimiques	clés	des	aérosols.	La	méthodologie	a	

ensuite	 été	 appliquée	 aux	 mesures	 réelles.	 Les	 caractéristiques	 optiques	 dérivées	 de	

PARASOL	en	utilisant	le	module	de	composition	chimique	ont	montré	un	bon	accord	(R	de	~	

0,9	pour	 l’épaisseur	optique)	 avec	nos	mesures	de	 la	 référence	—	 le	 réseau	AERONET.	 La	

méthodologie	 a	 aussi	 été	 appliquée	 aux	mesures	 de	 AERONET.	 Les	 variabilités	 spatiale	 et	

temporelle	de	la	composition	de	l’aérosol	ainsi	retrouvée	correspondent	bien	à	nos	attentes.	

La	 composition	 obtenue	 a	 également	 été	 validée	 à	 l’aide	 de	 données	 de	 campagne	 du	

terrain	et	a	pu	être	comparée	avec	les	simulations	réalisées	avec	le	modèle	chimie-transport	

GOCART.	
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Abstract 

Determination of atmospheric aerosol chemical composition has a great importance for 

Earth’s climate and environment. However, in situ measurements that enable determination of 

aerosol composition are limited in time and space, while simulations by chemical transport 

models may not accurately describe the reality. The current thesis presents a novel 

methodology for monitoring of aerosol composition by remote sensing on large spatial and 

temporal scale. Namely, the volume-weighted and Maxwell-Garnett models, which link the 

aerosol optical properties and aerosol composition, were incorporated into the first versatile 

algorithm (GRASP) that derives the atmospheric properties from remote sensing. The concept 

proposes the direct retrieval of fractions of aerosol compositions instead of post-processing 

estimate of the aerosol composition from the retrieved optical properties (refractive index, 

aerosol sizes). The tests showed sufficient sensitivity of the POLDER/PARASOL satellite 

observations to presence of key aerosol compositions. Then, the methodology was applied for 

the real PARASOL measurements. The aerosol optical characteristics derived from 

PARASOL using the aerosol composition module demonstrated a good agreement with our 

reference measurements – AERONET ground-based network (e.g., R of ~ 0.9 for AOT). The 

methodology was then applied to the AERONET measurements as well. The obtained spatial 

and temporal patterns of aerosol composition agree well with known physical expectations. 

The retrieved aerosol composition was inter-compared with available field campaign data and 

with GEOS-5/GOCART chemical transport model simulations. 
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Chapter 1 

1. Introduction 

“Reading is to the mind what exercise is to the body.” 

------ Joseph Addison 

1.1 General context 
Aerosol is generally defined as a suspension of solid particles or liquid droplets in a gas, with 

diameters in the range of 10-9 − 10-4 m (Seinfeld et al., 1998; Bernstein et al., 2004; 

Finlayson-Pitts, et al., 1997; Hinds, 1999). Such particles suspended in the atmosphere 

originate from a wide variety of natural and anthropogenic sources. Primary particles are 

directly emitted from sources such as biomass burning, incomplete combustion of fossil fuels, 

volcanic eruptions, and wind-driven or traffic-related suspension of road, soil, and dust, sea 

salt, and biological materials. Secondary particles are defined as the particles formed by gas-

to-particle conversion (nucleation and condensation) in the atmosphere. Figure 1.1 shows the 

main sources and sinks of atmospheric aerosol. There are two main sinks of aerosol: dry 

deposition and wet deposition. Depending on aerosol properties and meteorological 

conditions, the lifetime of aerosol in the atmosphere ranges from hours to weeks (Raes et al., 

2000; Williams et al., 2002). 

Aerosols (sometimes referred to particulate matter or “PM”, especially in air quality 

applications) exert a variety of impacts on the environment. Exposure to PM is the fourth 

largest overall health risk factor globally and the largest environmental risk factor leading to 

more than 6 million deaths annually (~ 12% of total deaths) (Ault and Axson, 2017). Aerosols 

concentrated near the surface are correlated with severe health effects including enhanced 

mortality, cardiovascular, lung cancer, respiratory, and allergic diseases (Dockery et al., 1989; 

Pope et al., 1991, 2002, 2004, 2009; Pope and Dockery, 1992; Brook et al., 2010; Wellenius 
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et al., 2012; Bernstein et al., 2004; Gauderman et al., 2004; Katsouyanni et al., 2001; Samet et 

al., 2005; Dockery et al., 1993; Schwartz et al., 1996), as well as with new associations still 

being identified, such as those with Parkinson’s and Alzheimer’s diseases (Ritz et al., 2016; 

Jung et al., 2015). Comprehensive investigations, understanding, and controlling of aerosol 

health effects need to consider not only the particulate and components of aerosols, but also 

their chemical reactivity and aging (Pöschl, 2002).    

	
Figure 1.1: The main sources and sinks of atmospheric aerosol, taken from https://www.e-

education.psu.edu/meteo300/node/671. 

Atmospheric aerosols play an important role in the complex physico-chemical processes 

that impact Earth’s climate. Aerosols influence the climate directly and indirectly (see Figure 

1.2). Aerosol direct effect is associated with scattering and absorption of radiation that 

influences the radiative balance of the Earth-atmosphere system. The sign of the radiative 

forcing can be positive or negative depending on aerosol properties (chemical compositions, 

single scattering albedo) and surface albedo (Haywood and Shine, 1995; Haywood and 

Boucher, 2000). The indirect effect refers to aerosol influence on radiative properties, amount 

and lifetime of clouds (Ramanathan et al., 2001). Aerosol indirect effects could be subdivided 

into three different parts: Twomey (Twomey, 1974, 1977), Albrecht (Albrecht, 1989) and 

semi-direct effects, as illustrated in Figure 1.2. In Twomey effect, aerosol affects cloud 

formation by providing additional nuclei for droplet or ice crystals growth, referring to the 

enhanced reflection of solar radiation due to the more but smaller cloud droplets (Boucher, 

1999; Lohmann et al., 2003; Lohmann and Feichter, 2005; Lohmann and Hoose, 2009). In 

Albrecht effect, aerosol changes clouds lifetime (Albrecht, 1989) and other cloud properties 
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like liquid water content and cloud top height (Pincus and Baker, 1994). The evaporation of 

cloud droplets within the clouds is increased as the absorption of solar radiation in clouds, 

which may affect the presence of clouds. Such effect is called the semi-direct effect. All 

indirect effects are highly dependent upon aerosol quantity, altitude (Koch and Del Genio, 

2010), cloud type (Feingold et al., 2003) and the local meteorological conditions. Aerosol 

chemical composition affects their ability to act as cloud condensation nuclei (CCN) and rain 

development in a number of ways. For example, soluble particles mostly composed of 

sulfates or nitrates are effective CCN because they rapidly reach their critical size under 

relatively low supersaturation (Radke, 1983; Leaitch et al., 1982). The presence of soluble 

species (e.g., sulfate) converts mineral dust particles into effective giant CCN (Levin et al., 

1996; Levi and Rosenfeld, 1996). 

	
Figure 1.2: Schematic diagram showing the various radiative mechanisms associated with cloud 

effects that have been identified as significant in relation to aerosols (courtesy of Haywood and 

Boucher, 2000). The small black dots represent aerosol particles and the larger open circles represent 

cloud droplets. Straight lines symbolize the incident and reflected solar radiation, and wavy lines 

symbolize terrestrial radiation. The filled white circles indicate cloud droplet number concentration 

(CDNC). The unperturbed cloud contains larger cloud drops as only natural aerosols are available as 

cloud condensation nuclei, whereas the perturbed cloud contains numerous smaller cloud drops as 

both natural and anthropogenic aerosols are available as cloud condensation nuclei (CCN). The 

vertical grey dashes symbolize rainfall, and LWC refers to the liquid water content. 

Radiative forcings change the energy fluxes of solar radiation and terrestrial radiation; it 

can be associated with anthropogenic or natural changes in atmospheric compositions, Earth 

surface properties, or solar activity. Negative forcing indicates cooling of the Earth’s surface-

atmosphere system, whereas positive forcing indicates the warming. The current aerosol 

radiative forcing relative to that in pre-industrial times is estimated to be around -1 to -2 

W/m2, as opposed to a greenhouse gas forcing of about +2.4 W/m2 (Houghton et al., 2001; 

Lohmann and Feichter, 2005; Andreae et al., 2005). Figure 1.3 illustrates the sign and 
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intensity of radiative forcings of the main constituents in the atmosphere. The radiative 

forcings of greenhouse gases are estimated with a very high level of scientific understanding. 

However, radiative forcings of aerosols have large uncertainty and the level of scientific 

understanding of indirect aerosol effect on climate is low (Myhre et al., 2013). One of the 

greatest challenges in estimating the aerosol impacts on climate is the immense diversity, not 

only in particle size, composition and origin, but also in their spatial and temporal distribution 

(Chin et al., 2009b). Because of the limited accuracy in the knowledge of aerosol sources, 

compositions and properties, the actual effects of aerosols on climate and health are still far 

from being well understood and quantified. Specifically, the aerosol columnar properties and 

compositions together with wide spatial and extensive temporal coverage are important for 

aerosol forcing estimations and climatic studies both on global and regional scale (Pilinis et 

al., 1995; Costa et al., 2004).  

	
Figure 1.3: Radiative forcing of climate between 1750 and 2011, according to IPCC 2013 (Myhre et 

al., 2013). 

Atmospheric aerosol can also have an effect on the environment via biogeochemical cycles. 

For example, mineral dust and iron oxide contained in minerals have an effect on marine 

productivity through deposition and brining the nutrients to phytoplankton and ocean life 

(Zhu et al., 1993). The iron oxide imposes effects on the rate of nitrogen fixation by 

microorganisms to influence the global carbon cycle (Sarthou et al., 2003; Mills et al., 2004; 

Moore et al., 2002).  
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1.2 Motivation  

Information about atmospheric aerosol chemical composition has a great importance for 

monitoring and understanding of various aspects of climate and environment. This 

information can be obtained by laboratory analysis of sampled aerosol. However, the in-situ 

measurements require considerable effort and represent only small areas without providing 

results on wide spatial and temporal scale. It is known that chemical transport models are able 

to represent chemical component concentrations with wide spatial and temporal coverage. 

The capability of aerosol model simulation has developed rapidly in the past decade. There 

were only a few global models that could evaluate one or two aerosol components in the late 

1990s, but now a few dozen global models can simulate a comprehensive suite of aerosols in 

the atmosphere. However, the models have uncertainties because they are initialized by 

gridded emission inventories that are highly uncertain in the present day. For example, the 

carbon emissions inventories can be uncertain with a factor of two and this uncertainty is 

carried forward to the model output (Bond et al., 1998; Cooke et al., 1999; Streets et al., 

2001). In addition, prediction of the natural components, such as dust or iron concentrations, 

depends on wind speeds and local mineralogy, and thus can be even more uncertain 

(Kaufman et al., 2005a).  

Currently, global observations of aerosols from satellites (mainly aerosol optical thickness) 

have well-defined accuracies, which can provide an opportunity to validate model simulations 

at large spatial and temporal scales. Using data integration or objective analysis, the 

information on aerosols obtained from satellite measurements can be applied to constrain 

aerosol model simulations and the assessment of aerosol direct radiance forcing (e.g., Collins 

et al., 2001; Yu et al., 2003, 2004, 2006; Liu et al., 2005; Zhang et al., 2008a). The aim of 

data assimilation is to minimalize the discrepancies between the models and observations, and 

to form an optimal estimation of aerosol distributions. The integration can fill gaps in satellite 

retrievals and make global distributions of aerosol have good agreement with ground-based 

measurements (Yu et al., 2003, 2006; Liu et al., 2005). In order to reduce large aerosol 

simulation uncertainties, the inverse modeling can be used. For instance, Dubovik et al. (2007) 

showed the ability to retrieve global aerosol sources by inverse modeling relying on satellite 

observations. Therefore, the integration of models with satellite retrievals practice provides a 

possibility of improving aerosol simulations of the pre- and post-satellite eras. However, 

besides the aerosol emission sources, an accurate modeling of atmospheric aerosols and their 

effects also requires information about particles composition and complex atmospheric 

processes. In order to evaluate the aerosol mass concentrations, models should include not 
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only the aerosol and precursor emissions, but also the chemical transformation, transport, and 

removal processes. The lack of comprehensive dataset providing multiple constraints for the 

key parameters simulated in the model has hindered the improvement of model simulation. 

Specifically, improving the capability of aerosol composition estimation will require 

improved remote sensing and in situ observations to discriminate among aerosol components. 

The constraints of large model diversities in aerosol composition, size, vertical distribution 

and mixing state should be based on reliable measurements with adequate spatial and 

temporal coverage. For a realistic and meaningful assessment of the aerosol chemical 

compositions, it is crucial to constrain the model results globally by comparing them with 

global coverage observations. The retrieved aerosol compositions from satellite observations 

can therefore improve the accuracy and capability of model simulation of aerosols (including 

components and atmospheric processes) and aerosol direct radiative forcing. The accuracy 

and specification of the aerosol composition as retrieved from satellite observations should 

also approach the requirements of the chemical transport models. At the same time, the 

challenge is to formulate the aerosol composition parameters that can be successfully 

retrieved by remote sensing measurements given their sensitivity to the aerosol optical 

properties and complex refractive index in particular. 

An example of satellite observations that provide global coverage is POLDER/PARASOL 

(Deschamps et al., 1994; Tanré et al., 2011) space instruments. The implementation of multi-

wavelength, multi-angle and polarization measuring capabilities has made it possible to derive 

the particle properties (size, shape and absorption) (Dubovik et al., 2011; Waquet et al., 2013) 

that are essential for characterizing and estimating aerosol compositions from satellite 

observations. So far, the aerosol compositions with global or large coverage cannot be 

retrieved from satellite measurements. However, following the idea of Schuster et al. (2005, 

2009, 2016) and applications for ground-based network of Sun/sky photometers AERONET, 

a method of retrieving the aerosol composition from remote sensing observations can be 

incorporated into the satellite retrievals as well. The current PhD work presents an effort on 

methodology development of aerosol composition retrieval from satellite remote sensing and 

incorporation of aerosol composition retrieval into the GRASP (Generalized Retrieval of 

Aerosol and Surface Properties) algorithm (Dubovik et al., 2011, 2014), which is designed to 

retrieve an extended set of atmospheric parameters from remote sensing data including 

satellite observations with wide spatial and extensive temporal coverage. 
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1.3 Objectives 

The main objective of this PhD work is to offer an approach that monitors the aerosol 

compositions from space-borne remote sensing observations, which can provide 

observationally-based results with wide spatial and extensive temporal coverage. Such 

objective is expected to both reduce the influence of aerosol modeling uncertainties on the 

retrieval results, and to provide additional constraints in situations where remote sensing 

observations do not have enough sensitivity to refractive index variability throughout the 

measured spectral range. That is, the variability of complex refractive index is constrained in 

the retrieval by the assumed aerosol composition conversion model. At present, the most 

advanced methods that involve retrieval of aerosol compositions from remote sensing 

measurements fit the intermediate retrieval of the refractive index (Schuster et al., 2005, 2009, 

2016; Arola et al., 2011; Wang et al., 2013; Li et al., 2013, 2015). In the approach suggested 

in this thesis work, the algorithm should retrieve aerosol compositions directly from remote 

sensing measurements, without intermediate retrieval of the complex refractive index. The 

developments are also dedicated to satellite observations in order to provide wide spatial and 

extensive temporal coverage. The developed algorithm should then be applicable for ground-

based Sun/sky photometric measurements because this type of measurements usually presents 

a higher sensitivity to aerosol absorption than the satellite remote sensing.  

One of the principal difficulties is the identification of an adequate model for linking 

refractive index to aerosol compositions. Indeed, on the one hand, the conversion model 

should cover entire range of aerosol complex refractive index and, on the other hand, it should 

provide unique correspondence between each spectral realization of refractive index and 

aerosol compositions. Therefore, the primary objective is focusing on identification of an 

optimal “physico-chemistry to refractive index” conversion model. Firstly, using a simplified 

volume-weighted conversion model to test the retrieval approach and minimize the 

uncertainties of retrievals. Secondly, the volume-weighted conversion model is updated with 

the Maxwell-Garnett conversion model when the optimum configuration is found. In addition, 

a series of sensitivity tests using synthetic data were conducted. Such approach distinguishes 

amongst the assumed aerosol compositions and provides more accurate information about 

both vertical and columnar properties of aerosols.  

The last but not least objective of this work is to apply the realization of the proposed 

algorithm in a variety of realistic application scenarios, including both satellite observations 

and ground-based remote sensing measurements.  
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The technique involves finding the best combination of aerosol composition fraction by 

fitting the complete set of PARASOL observations in all spectral channels and including both 

measurements of total radiances and linear polarization. The aim is also that the product will 

become a useful data for the modelers to evaluate their model results, within the uncertainties 

of our retrieval, over regions where otherwise no data on aerosol composition is available. 

1.4 Thesis layout 
This PhD thesis consists of seven following chapters. 

First chapter provides a general context, motivation and objectives of thesis. 

Second chapter is a summary of aerosol properties, as well as the remote sensing 

techniques both ground-based and space-borne satellite measurements. 

Third chapter is dedicated to a detailed summary of the GRASP algorithm and provides 

description of the developed in this thesis work aerosol composition to optics conversion. The 

chapter also deals with the sensitivity tests of the approach to illustrate both the possibilities 

and limitations of the aerosol composition retrievals. 

Fourth chapter contains detailed illustrations and discussions of the algorithm performance 

derived from real POLDER/PARASOL satellite observations over Africa. In this chapter, the 

spatial and temporal properties of aerosol composition retrieved by two different aerosol 

composition conversions are discussed in detail. This chapter also uses the ground-based 

AERONET measurements to validate the retrievals of aerosol optical properties obtained 

from the new aerosol composition model approach and compares the composition retrievals 

with the GEOS-5/GOCART model simulation.   

Fifth chapter investigates the distributions of atmospheric aerosol compositions on a global 

scale. 

Sixth chapter shows the application of the aerosol composition approach to ground-based 

AERONET measurements in a variety of typical aerosol cases. 

Seventh chapter contains the conclusions and perspective of the whole work, as well as the 

limitations of the algorithm. 
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Chapter 2   

2. Remote sensing of atmospheric 

aerosols 

 “All the resources we need are in the mind.”   

------ Theodore Roosevelt 

2.1 Atmospheric aerosol properties 

Atmospheric aerosol particles have three principal sets of properties: microphysical, optical 

and chemical. Microphysical property characterizes the morphology (size and shape) of the 

particles, optical property characterizes the interactions (scattering and absorption) between 

aerosol particles and light, and chemical property characterizes the species and fractions of 

aerosol compositions.      

2.1.1 Microphysical properties 

Aerosol particles could be characterized by shape and size, which describe their 

microphysical properties. The shape of aerosol particles is variable and may be irregular, 

whereas droplet aerosols are mostly spherical. Studies of scanning electron microscopy have 

shown that solid aerosol particles could have different shapes associated with their 

compositions and sources (e.g., cubic: salts, lattice: dust, and agglomerates of spheres: soot).   

Particle size is one of the key parameters for characterizing the aerosol physical properties. 

It extends over four orders of magnitude, from a few nanometers to several tens of microns. 

Because the particles have complex shapes and undergo reactions (nucleation, coagulation 

and condensation) during the time that they exist in the atmosphere, it is difficult to describe 

the size of particles. Suitable for the characterization of the size, an aerodynamic diameter is 
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often used, which is defined as the diameter of a spherical particle with a density of 1 g/cm3 

should be to present the same setting velocity as the particle under review. As shown in 

Figure 2.1, aerosol particles are classified into separate modes according to their sizes 

(aerodynamic diameter), formation process and atmospheric age. There are three most 

commonly observed modes: nucleation (also called “Aitken”, A), accumulation (B) and 

coarse mode (C). Nucleation and accumulation mode particles can be collectively called fine 

mode. 

	
Figure 2.1 Schematic view of the size ranges of atmospheric aerosols in the vicinity of the sources and 

the principal processes involved (courtesy of Kacenelenbogen, 2008). 

The nucleation mode particles with diameter between 0.01 to 0.1 µm are formed from 

ambient temperature gas-to-particle conversion and condensation of hot vapour during 

combustion processes. These particles act as nuclei for the condensation of low vapour 

pressure gaseous species, making them to grow into the larger mode. The particles induced by 

gas-to-particle conversion processes, with diameter less than 0.01 µm, are known as ultrafine 

particles. Such smallest particles have been observed in bursts of very large numbers in the 

presence of either biogenic or anthropogenic emissions under favorable local conditions in 

many different environments, including forests (Kulmala et al., 2004) and coastal zones 

(O’Dowd et al., 2002), and have been referred to as the nucleation mode.  
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The accumulation mode represents a radius between 0.1 to 1.0 µm. The particles in such 

mode are generated from the aggregation of smaller particles, from the condensation of gases 

or the re-evaporation of droplets. In addition, the incomplete combustion of fuels (e.g., coal, 

gasoline) and wood can produce particles in the size of accumulation mode. Such particles are 

comprised by substantial amounts of organic materials as well as soluble inorganics such as 

ammonium, nitrate and sulfate.  

The coarse mode corresponds to particles with diameter larger than 1 µm. These particles 

are primarily produced by mechanical processes and introduced directly into the atmosphere 

from both natural and anthropogenic sources. Dust, soil and biological particles blown into 

the atmosphere by winds are the significant sources. The bursting of bubbles in the ocean also 

generates coarse particles. It is noted that anthropogenic coarse particles could be generated in 

the industrial and agricultural activities.  

Mathematically, the lognormal distribution can well describe a population covering a wide 

range of sizes. Variation in the number of particles 𝑛 as a function of the natural logarithm of 

the radius 𝑟 can be expressed as: 

𝑛(𝑟) = !"
!"#$

= !!
!! !!

𝑒𝑥𝑝[− (!"#!!!!!)!

!!!!
],                                   (2.1) 

where 𝑛(𝑟) represents the number of particles within the natural logarithm of the radius 

between 𝑙𝑛𝑟  and 𝑙𝑛𝑟 + 𝑑𝑙𝑛𝑟 , 𝑟!  represents the modal radius, 𝜎!  represents the standard 

deviation of the natural logarithm of the radius and 𝑛! represents the number of particles in 

the mode considered. 

The distribution of the surface area (S(r)) is more appropriate for characterizing the 

chemical reactions involved in aerosol particles, but can also be used in remote sensing 

applications. It can be expressed as: 

!"
!"#$

= !!
!! !!

𝑒𝑥𝑝[− (!"#!!"!!)!

!!!!
],                                           (2.2) 

where 𝑆! represents the surface area of particle in the mode considered 

The distribution of volume is widely used in remote sensing, but also to evaluate the mass 

of aerosols and is written as: 

!"
!"#$

= !!
!! !!

𝑒𝑥𝑝[− (!"#!!"!!)!

!!!!
],                                           (2.3) 

where 𝑟!  and 𝜎!  represents the modal radius and the standard deviation of the natural 

logarithm of the radius, respectively. 𝑉! is the volume concentration of particles. Knowing 

that the standard deviations remain unchanged (𝜎! = 𝜎! = 𝜎!).  
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The most used is bi-modal lognormal size distribution. A multi-modal distribution can be 

implemented simply by a sum of lognormal distributions.   

2.1.2 Optical characteristics 

Aerosol optical depth and extinction coefficient, Ångström Exponent, complex refractive 

index, single scattering albedo and phase matrix are the key optical parameters that are 

important for determination of the aerosol radiation effects.  

Aerosol optical depth  

Aerosol optical depth (also called aerosol optical thickness, AOT) is a measure of the 

amount of incident light either scattered or absorbed by airborne particles. The aerosol optical 

depth is a dimensionless quantity, the integral of the product of particle number concentration 

and particle extinction cross-section along a path length through the atmosphere, usually 

measured vertically. 

From the Bouguer-Lambert-Beer law, the sun irradiance E(λ, z) at wavelength λ at an 

altitude z above sea level is expressed as (Bohren and Huffman, 1983): 

𝐸(𝜆, 𝑧) = 𝑡!(𝜆, 𝑧)𝐸!(𝜆)𝑒!!(!,!)!,                                        (2.4) 

where 𝐸!(𝜆)  characterizes the extraterrestrial sun irradiance, 𝑡!(𝜆, 𝑧)  characterizes the 

gaseous transmission, 𝑚 characterizes an airmass proportional to 1 𝑐𝑜𝑠(𝜃!) when refraction 

is neglected, 𝜃! characterizes a solar zenith angle, 𝜏(𝜆, 𝑧) characterizes the spectral total 

optical depth of the atmospheric layer from altitude z to the top of the atmosphere and it 

consists of aerosol extinction and molecular (Rayleigh) scattering optical depths, written as: 

𝜏 𝜆, 𝑧 = 𝜏!"#! 𝜆, 𝑧 + 𝜏!"#! (𝜆, 𝑧).                                         (2.5) 

The thickness of optical absorption and scattering comprise aerosol optical depth 𝜏!"#!  

representing the extinction of radiation by aerosol layer integrated along the atmospheric 

column. It is written as: 

𝜏!"#! (𝜆, 𝑧) = 𝜎!"#! (𝜆, 𝑧!)𝑑𝑧!!"#
! .                                         (2.6) 

Thus, 

𝜎!"#! = !!!"#
!

!"
.                                                         (2.7) 

For spherical aerosols, the extinction coefficient 𝜎!"#! (𝜆, 𝑧) (m-1) is defined as: 

𝜎!"# 𝜆, 𝑧 = 𝜋𝑟!𝑄!"#(𝑚, 𝑟, 𝑧, 𝜆)𝑛(𝑟, 𝑧)𝑑𝑟
!
! ,                              (2.8) 
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where the extinction efficiency factor 𝑄!"# is associated with the complex refractive index 𝑚, 

the particle size 𝑟, altitude 𝑧 and the wavelength 𝜆.  

Ångström parameter  

Ångström Exponent (Ångström, 1929) α is determined by the spectral dependence of the 

aerosol optical depth and provides information on the particle size. It is written as:  

𝜏(𝜆) = 𝜏(𝜆!)(
!
!!
)!!.                                                  (2.9) 

The stronger the spectral dependence of the aerosol optical depth, the larger the Ångström 

coefficient, and the smaller are the particles. If the value of Ångström Exponent is 0, it 

indicates the very large particles such as desert dust. If the value of Ångström Exponent is 

about 2, it indicates dominance of very fine particles such as urban pollution aerosol (Eck et 

al., 1999). It is noted that sometimes Ångström Exponent can have a slightly negative value 

when a population of large particles distributed on a single mode. 

Complex refractive index 

The complex refractive index of aerosol is related to particles composition and also affects 

aerosol optical properties such as the phase matrix and the single scattering albedo. It is 

expressed as: 

𝑚 = 𝑛 + 𝑖𝑘,                                                       (2.10) 

where 𝑛 and 𝑘 represent, respectively, real and imaginary parts of the complex refractive 

index. 

The real part 𝑛 indicates the speed of propagation in the medium and provides information 

on the deflection of light by the particle. For atmospheric aerosol it ranges generally from 

1.33 (aerosol saturated water) to 1.55 (mineral aerosol), but can reach even higher than 1.95 

in the visible range for soot particles (Bond and Bergstrom, 2006). The imaginary part 𝑘 is 

associated with the absorption properties of aerosols. It is nearly 0 for purely scattering 

aerosols (e.g., ammonium nitrite) and 0.79 for the most absorbing aerosols (e.g., soot particles) 

(Bond and Bergstrom, 2006). 

Single-scattering albedo 

The single-scattering albedo 𝜔! (SSA) is defined as the ratio of the scattering coefficient to 

the extinction coefficient of an ensemble of particles and is expressed as: 

𝜔! =
!!"#$
!!"#

 .                                                        (2.11) 
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The absorption properties are directly associated with aerosol chemical compositions, as 

well as with the refractive indices of the aerosols. More the aerosol particles are absorbing, 

higher the imaginary part of the refractive index is, and smaller 𝜔! is. The absorption of 

aerosol is mainly determined by the presence of black carbon (BC), e.g., the SSA at 0.55 µm 

wavelength is equal to 0.15 to 0.30 (Bond and Bergstrom, 2006), whereas for brown carbon 

(BrC) and absorbing mineral dust (due to iron oxides) the SSA at 0.55 µm is about 0.75 

(Tanré et al., 2001; Schnaiter et al., 2005). Whereas for other non-absorbing species such as 

sulfates, organic carbon (OC), sea salt and non-absorbing dust the SSA at 0.55 µm is 0.98 to 1 

(Penner et al., 2001; Cooke et al., 1999; Hess et al., 1998). 

Phase function  

Phase function describes the angular distribution of light scattering by a particle or an 

ensemble of particles. It is normalized as: 

𝑃 Ω 𝑑Ω!! = 4𝜋,                                                  (2.12) 

where Ω is the solid angle. The scattering angle Θ is defined as the angle between the incident 

and scattering directions. If 𝜇 = cos (Θ), then  

𝑃 𝜇 𝑑𝜇 = 2!
!! ,                                                    (2.13) 

when the phase function presents a rotation symmetry in the azimuthal angle, which is the 

case of spherical particles and non-spherical randomly oriented particles. The phase function 

of aerosol is highly anisotropic with a very sharp diffraction peak for scattering angles 

between 0° and 5°. 

The asymmetry parameter (𝑔), indicating the moment of first order in the decomposition of 

the phase function in Legendre moments, is expressed as:  

𝑔 = !
!

𝜇𝑃(𝜇)𝑑𝜇!
!! .                                                 (2.14) 

The parameter 𝑔 ranges from -1 for entirely back-scattering particles, to 0 for isotropic 

(uniform) scattering, to +1 for entirely forward-scattering, which provides information on the 

symmetry forward/back distribution of the particles scattering. 

2.1.3 Chemical composition 

Information about aerosol chemical composition can be crucial for studying aerosol effects 

on various atmospheric processes. At the same time, the atmospheric aerosol chemical 

composition is very complex and variable. Depending on the various sources and 

transformations undergone in the atmosphere, each particle may have individual composition. 
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Atmospheric aerosol generally consists of different amounts of crustal elements, 

carbonaceous compounds (elemental and OC) and other organic materials, sulfate, nitrate, 

ammonium and sea salt. Fine particles are primarily composed of sulfate, nitrate, ammonium, 

elemental and OC and certain trace metals (e.g., lead, cadmium, nickel, copper, etc.). The 

major components of coarse particle fraction are dust, crustal elements, nitrate, sodium, 

chloride and biogenic organic particles (e.g., pollen, spores, plant fragments, etc.). Crustal 

materials contained mostly in the coarse particle fraction predominantly originate from 

windblown mineral dust. The compositions and amounts of crustal materials are quite 

different as their different local geology and surface conditions at the emission areas. 

Carbonaceous materials constitute a large but highly variable fraction of the atmospheric 

aerosol. The carbonaceous fraction of the aerosol consists of both elemental carbon or BC and 

OC that are mainly generated from combustion processes. The ratio of elemental to total 

carbon strongly depends on the sources. The main sources of elemental carbon particles are 

biomass and fossil fuel burning. OC particles are not only emitted from anthropogenic origin 

(burning of petroleum, wood, garbage, cooking meat, etc.), they can also be produced by 

secondary organic aerosol (SOA) formation during the atmospheric oxidation of biogenic or 

anthropogenic volatile organic compounds (VOC). VOCs come from combustion processes 

(fossil fuel and biomass) and have little chemical reactivity (Andreae and Crutzen, 1997). 

The main precursors of sulfate component in the troposphere are sulfur dioxide (SO2) 

emitted from anthropogenic sources and volcanoes, and dimethyl sulfide from biogenic 

sources, especially from marine planktons. In the stratosphere, sulfate aerosols mostly convert 

from carbonyl sulfide. According to the availability of gaseous ammonia to neutralize the 

sulfuric acid formed from SO2, sulfate in aerosol particles is present as sulfuric acid, 

ammonium sulfate and intermediate compounds (Adams et al., 1999). Most SO2 is converted 

to sulfate either in the gas phase or in cloud droplets that later evaporate (Weber et al., 1999). 

Correspondingly, nitrate is formed mainly from the oxidation of atmospheric nitrogen 

dioxide (NO2). Ammonium salts are also common compositions of atmospheric aerosols. 

They are formed during the reactions between ammonia (NH3) and various acids, like sulfuric 

(H2SO4) and nitric acids (HNO3). When atmospheric ammonia neutralizes these acids, 

ammonium sulfate ((NH4)2SO4) and ammonium nitrate (NH4NO3) particles are formed.  

The emission of sea salt is determined by wind on the surface of the ocean. Sea salt is 

dominant contributor of both light scattering and cloud nuclei. It is noted that the main source 

of chloride (Cl–) is sea spray, but ammonium chloride (NH4Cl) particles are formed during the 

reaction between ammonia and hydrochloric acid (HCl). 
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Therefore, in generally, typical chemical compositions of aerosols can vary at different 

locations, times, weather conditions and particle size fractions. In addition, aerosol chemical 

compositions can also be categorized by their water solubility. In continental regions, most of 

smaller particles are water-soluble as well as some types of coarse particles are water soluble, 

like sea salt particles over oceans. Most water-soluble aerosol compositions are hygroscopic. 

When aerosol particles contain water-soluble materials, the size of these particles can increase 

as the hygroscopic growth. Highly soluble particles (e.g., ammonium sulfate, ammonium 

nitrate and sodium chloride) are efficient cloud condensation nuclei (CCN). However, several 

particles are poorly soluble or insoluble in water such as particles derived from soil dust or 

volcanoes (e.g., metal oxides, silicates, clay minerals). At the same time, physico-chemical 

transformations during atmospheric transport can make hygroscopic even originally insoluble 

particles (e.g., Usher et al., 2003; Laskin et al., 2005). 

2.2 Atmospheric aerosol remote sensing 

The methods of aerosol remote sensing are categorized into two different groups: active 

and passive remote sensing. Both active and passive remote sensing observations can be 

implemented by the ground-based instruments or space-based sensors. Relying on these two 

different platforms, there are numerous investigations of atmospheric aerosols in recently 

years. Ground-based measurements provide good temporal but poor spatial coverage, whereas 

space-based measurements have the opposite characteristics. In the current work, the 

developments are primary dedicated to a space-based sensor POLDER. Since the ground-

based photometric measurements are expected to have even better sensitivity to aerosol 

complex refractive index, the algorithm is tested with such type of measurements as well. 

2.2.1 Ground-based remote sensing 

In this section an overview of ground-based photometric measurements is provided. The 

specific focus is on observations by AERONET (AErosol RObotic NETwork) because these 

measurements are further employed in the presented study. 

Observations by ground-based instruments generally can provide very detailed and 

accurate information about aerosol properties (Nakajima et al., 1996; Dubovik and King, 

2000). At present, there are numerous global and regional networks consist of passive or/and 

active ground-based observations. The global AERONET (Holben et al., 1998) and South-

Eastern SKYNET (Nakajima et al., 2007) networks of Sun photometers are passive remote 

sensing observations. The lidar networks including EARLINET (Bösenberg, 2000), ALiNe 

(Antuña et al., 2006), Cis-Linet (Chaikovsky et al., 2006) and GALION (Bösenberg and Hoff, 
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2007; Wandinger et al., 2004) are active remote sensing observations. Aerosol data provided 

by these networks with highly valuable information for investigating aerosol is widely applied 

to validate satellite observations and constrain aerosol properties in climate simulation efforts 

(Kinne et al., 2003, 2006; Textor et al., 2006; Koch et al., 2009).  

AERONET (Holben et al., 1998) is a federation of regional and national network deployed 

in the 1990s by collaboration of the NASA (National Aeronautics and Space Administration) 

with LOA (Laboratoire d’Optique Atmosphérique, University of Lille) in the form of 

automatic stations for monitoring atmospheric aerosols. The original French component of the 

network is the AERONET/PHOTONS network (PHOtométrie pour le Traitement 

Opérationnel de Normalisation Satellitaire). The AERONET project was conducted to 

facilitate the characterization of the aerosol properties and validation of satellite 

measurements with reliable monitoring of global aerosol optical and microphysical properties. 

The global distribution of all available sites of the AERONET is shown in Figure 2.2. 

AERONET users are allowed to visualize and download data by choosing different periods 

and locations from the website.  

The Sun and sky photometer (Cimel Électronique 318) was chosen as standard instrument 

for the AERONET. Such instrument covers a spectral range from 0.340 to 1.640 µm by 8 or 9 

spectral channels. All instruments provide direct Sun and angular measurements of 

distribution of sky radiance in almucantar and principal plane configurations at least within 

the spectral channels of 0.440, 0.670, 0.870 and 1.020 µm. Direct Sun measurements are 

performed every 15 minutes and sky radiances are acquired every hour both for almucantar 

and principal plane configurations when the optical airmass is less than 2 to minimize the 

variations in radiance due to the change in optical airmass (Holben et al., 1998). The 

instrument is equipped with two robot axes allowing movements in azimuth and zenith plans. 

As a consequence, it covers any point in the celestial vault with an accuracy of 0.05° and a 

field of view of 1.2°. There are additional triplet observations of direct Sun measurements in 

30 seconds afterwards per each wavelength, which is used for operational cloud screening 

(Smirnov et al., 2000). 

All data collected by the AERONET Sun photometers are processed with the same 

algorithm (version 2) in the NASA’s Goddard Space Flight Center (GSFC). There are several 

levels of data quality: level 1.0 indicates raw data; level 1.5 contains cloud screened, but final 

calibration is not applied; level 2.0 with cloud screening and final calibration is available after 

an operation period (about several months) as the re-calibrated. 

Measurements performed within the AERONET could be divided into two groups: direct 

Sun measurements and sky radiance measurements. The direct Sun measurements allow the 
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determination of the attenuation of sunlight passing through the atmosphere containing 

aerosol particles, molecules, and absorbing gases at each spectral channel 𝐼(𝜆), which is 

defined as the total optical depth of the atmosphere (τ). Under cloud-free conditions, the total 

optical depth (𝜏) consists of the aerosol scattering and absorption (𝜏! ), the molecular 

scattering or Rayleigh scattering (𝜏!) and the gaseous absorption (𝜏!). Therefore, the aerosol 

optical thickness (𝜏!) can be derived from the total optical depth if the molecular optical 

thickness (𝜏! ) and the gaseous absorptions (𝜏! ) are known. The AOT is retrieved at 

wavelengths of 0.340, 0.380, 0.440, 0.500, 0.670, 0.870, 1.020 and 1.640 𝜇𝑚 because of low 

or no absorption by atmospheric gases at these channels. The number of wavelength could 

vary with the different instrument types, but all instruments within the network utilize at least 

four standard spectral channels: 0.440, 0.670, 0.870 and 1.020 𝜇𝑚. 

	
Figure 2.2: The global distribution of all available sites of the AERONET network, taken from 

https://aeronet.gsfc.nasa.gov/. 

There are two geometries followed within AERONET to perform the sky radiance 

measurements: almucantar and principal plane (illustrated in Figure 2.3). The Sun 

photometers keep the zenith angle equal to the solar zenith angle 𝜃!  in the almucantar 

configuration. The measurement sequence contains a direct Sun measurement executed 

previously to almucantar; afterwards the instrument covers the range from 3°  to 180°of 

azimuth angles in both right and left branches. The observation angles of almucantar are 

depicted in Table 2.1. The sequence is repeated for each channel and the entire measurement 

takes about 5 minutes. 

The almucantar radiance values are averaged between right and left branches when they 

are used in the AERONET inversion algorithm. This operation procedure is performed only 

for almucantar measurements and allows eliminating data contaminated by clouds: the 
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measurements with differences in radiances more than 20% between right and left branches 

are disregarded. 

The azimuth angle remains equal to the solar azimuth angle in the principal plane 

geometry and the sky radiance measurements are performed for the different zenith angles 

(listed in Table 2.1) after a direct Sun measurement.   

	
Figure 2.3: Illustrations of the two geometries (left: the almucantar; right: the principal plane) used for 

the measurements of the sky radiances (Torres, 2012). 

The relations between the scattering angles (Θ), the observation angles (𝜃! ,𝜙!), and the solar 

zenith and azimuth angles (𝜃!,𝜙!) are cos Θ = 𝑐𝑜𝑠! 𝜃! + 𝑠𝑖𝑛! 𝜃! cos (𝜙! − 𝜙!) in the 

case of almucantar geometry and cos (Θ) = cos (𝜃! ∓ 𝜃!) for the principal plane geometry 

(Nakajima et al., 1996), where the sign is minus when 𝜙! − 𝜙! = 0°and plus for the case of 

𝜙! − 𝜙! = 180°. Consequently, the scattering angle observed with the almucantar geometry 

is limited by 0° ≤ Θ ≤ 2𝜃! reaching its maximum when 𝜙! = 180°. The maximum scattering 

angle in the principal plane measurement is the value of the maximum angle (𝜃!) from the set 

of values of the principal plane (see Table 2.1), which fulfills the condition 𝜃! < 90° − 𝜃!.  

Table 2.1: Observation angles for sky radiance measurements in the almucantar and principal plane 

geometries. In the almucantar, angles are azimuth positions relative to the azimuth solar position (with 

two branches, right and left from the Sun). In the principal plane, angles are zenith angles relative to 

the zenith solar position (negative means below the Sun). 

Measurement type Observation angles 

Almucantar 
0, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 6.0, 6.0, 8.0, 10.0, 12.0, 14.0, 16.0, 
18.0, 20.0, 25.0, 30.0, 35.0, 40.0, 45.0, 50.0, 60.0, 70.0, 80.0, 90.0, 
100.0, 110.0, 120.0, 130.0, 140.0, 160.0, 180.0 

Principal plane 
0, -6.0, -5.0, -4.5, -4.0, -3.5, -2.5, -2.0, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 
6.0, 6.0, 8.0, 10.0, 12.0, 14.0, 16.0, 18.0, 20.0, 25.0, 30.0, 35.0, 40.0, 
45.0, 50.0, 60.0, 70.0, 80.0, 90.0, 100.0, 110.0, 120.0, 130.0, 140.0 

The multi-wavelength and multi-angle sky radiance measurements provide the bulk of 

information about aerosol optical properties. The optical and microphysical properties of the 

aerosol particles (e.g., size distribution, single scattering albedo, refractive index and phase 
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function) can be retrieved from these measurements by the inversion algorithm (Dubovik and 

King, 2000).	

2.2.2 Satellite remote sensing 

Satellite remote sensing is used for characterizing the temporal heterogeneities of aerosol 

distributions on a global or large spatial scale. The space instruments providing global 

monitoring of aerosol properties (e.g., King et al., 1999; Kokhanovsky et al., 2007) have been 

developed and launched (Winker et al., 2007). Monitoring of aerosols from space has been 

performed for several decades and is planned for the coming decade with enhanced 

capabilities (King et al., 1999; Mishchenko et al., 2007b). The Advanced Very High 

Resolution Radiometer (AVHRR) provided radiance observations in the visible and near 

infrared wavelengths that are sensitive to aerosol properties over the ocean (Husar et al., 1997; 

Mishchenko et al., 1999). The Total Ozone Mapping Spectrometer (TOMS) was suitable for 

investigating biomass burning smoke and dust, though with limited sensitivity near the 

surface (Hsu et al., 1996; Herman et al., 1997). TOMS is also suitable for retrieving aerosol 

single-scattering albedo from space (Torres et al., 2005), because its ultraviolet (UV) channels 

are sensitive to aerosol UV absorption with little surface interferences, even over land (Torres 

et al., 1998). The sensors (TOMS/OMPS and successive Ozone Monitoring Instrument (OMI)) 

have provided multi-decadal climatology of AOT that is helpful to understand the aerosol 

distributions and its long-term variability (Torres et al., 2002; Veihelmann et al., 2007; 

Massie et al., 2004; Mishchenko et al., 2007a; Zhao et al., 2008). 

Satellite aerosol retrievals are becoming sophisticated. Now, satellites can provide 

information about the angular dependence of radiance and polarization at multiple 

wavelengths from UV through the infrared (IR) with fine spatial resolution. From these 

observations, retrieved aerosol products include not only optical depth at one wavelength, but 

also spectral optical depth and some information about particle size over both ocean and land. 

Here are some examples of such new and enhanced sensors:  

1) MODIS: MODerate resolution Imaging Spectroradiometer 

MODIS, which was launched aboard NASA’s Terra and Aqua satellites in December 1999 

and May 2002, performs near global daily observations of atmospheric aerosols in a wide 

spectral range (Remer et al., 2005). There are two independent MODIS aerosol algorithms, 

one for deriving aerosols over land and the second for aerosols over ocean. Over cloud- and 

surface-screened areas, aerosol properties are retrieved by seven of 36 channels from 0.47 to 

2.13 𝜇𝑚 (Martins et al., 2002; Li et al., 2004). Over vegetated land, AOT retrieved at three 

visible channels has a high accuracy of ± 0.05 ± 0.2𝜏 (Kaufman et al., 1997; Remer et al., 
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2005; Levy et al., 2007). A deep-blue algorithm that can retrieve aerosol over bright deserts 

on an operational basis has an estimated accuracy of 20 – 30% (Hsu et al., 2004). Over ocean, 

MODIS has the capability of retrieving AOT with greater accuracy, i.e., ± 0.03 ± 0.05𝜏 

(Tanré et al., 1997; Remer et al., 2002, 2005, 2008), as well as quantitative aerosol size 

parameters (e.g., fine-mode fraction of AOD, which is an important parameter to distinguish 

anthropogenic aerosols from natural ones and estimate the direct forcings of anthropogenic 

aerosols) (Kaufman et al., 2002a, 2005a; Remer et al., 2005). 

2) MISR: Multi-angle Imaging SpectroRadiometer 

MISR was launched into a Sun-synchronous polar orbit, crossing the equator about 10:30 

local time, in December 1999, aboard the NASA Earth Observing System’s Terra satellite. 

MISR measures upwelling short-wave radiance in four narrow spectral bands centered at 

0.446, 0.558, 0.672, and 0.866 µm and at nine distinct zenith angles, ranging from 70° 

forward to 70° aftward along the spacecraft track (Diner et al., 2002; Martonchik et al., 2004; 

Kahn et al., 2005). Because of the wide range of along-track view angles, the information of 

MISR observations can be used to evaluate the surface contribution to the top of atmosphere 

radiances more accurately and retrieve aerosols over both ocean and land surfaces, including 

bright desert and sun glint regions (Martonchik et al., 1998, 2004; Kahn et al., 2005). The 

scattering angle ranging from about 60° to 160° in midlatitude makes MISR multi-angle data 

feasible to yield information about particle size (Kahn et al., 1998; Chen et al., 2008) and 

shape (Kalashnikova and Kahn, 2006). AOT retrieved from MISR measurements has an 

accuracy of 20% or ± 0.05 of coincident AERONET measurements (Kahn et al., 2005; Abdou 

et al., 2005).  

3) POLDER: Polarization and Directionality of the Earth’s Reflectance 

POLDER is an unique aerosol sensor that consists of wide field-of-view imaging spectro-

radiometer, which can measure multi-spectral, multi-directional and polarized radiances 

(Deuzé et al., 2001). The observed radiances can be exploited to better separate the 

atmospheric contribution from the surface contribution over both land and ocean. POLDER-1 

and -2 flew onboard the ADEOS (Advanced Earth Observing Satellite) from November 1996 

to June 1997 and April to October of 2003, respectively. A similar POLDER instrument was 

carried aboard on the PARASOL satellite launched in December 2004 in order to be part of 

the A-Train, providing the observations from March 2005 to November 2013. Because of the 

polarized and directional signatures, POLDER data are better suited to select the aerosol 

model in the inversion algorithm and to determine the size and shape of particles over the 

ocean (Tanré et al., 2011). When the scattering angle range is large enough (90° – 160°), 

PARASOL can discriminate large spherical marine aerosols from non-spherical desert 
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aerosols, retrieve the effective radius of the accumulation and coarse modes and evaluate the 

real part of the refractive index. In addition, over highly reflective land surfaces, PARASOL 

is using the polarized radiance to reduce the surface contribution (Tanré et al., 2011). 	

Aerosol products retrieved from satellite measurements include not only AOT at single 

wavelength or multi-wavelength, but also some information about particle size over both 

ocean and land, as well as more direct measurements of polarization and phase function. The 

accuracy of AOT retrieved from these sensors is about 0.05 or 20% (Remer et al., 2005; Kahn 

et al., 2005), but that for aerosol microphysical properties, which is helpful to distinguish 

aerosol types, is generally low.  

Table 2.2 shows a summary of major satellite measurements including passive remote 

sensing, active remote sensing. In recently years, algorithms are being developed to infer 

aerosol properties (e.g., absorption, SSA) from satellite observations (Kaufman et al. 2002a; 

Torres et al., 2005). The retrieved aerosol microphysical properties can help separate 

anthropogenic aerosols from natural aerosols to estimate the anthropogenic component of 

aerosol direct radiative forcing (Kaufman et al., 2005a; Bellouin et al. 2008; Yu et al., 2008). 

However, in order to infer aerosol number concentrations and examine indirect aerosol 

radiative effects from space, significant efforts are needed to measure aerosol size distribution 

with much improved accuracy, characterize aerosol type (dust, biomass burning, marine, etc.) 

(Mishchenko et al., 2007b), account for impacts of water uptake on aerosol optical thickness, 

and fix the fraction of aerosols that is at the level of the clouds (Kapustin et al., 2006; 

Rosenfeld, 2006). It is noted that satellite remote sensing is not sensitive to particles with 

diameter much smaller than 0.1 µm, which mainly serve as cloud condensation nuclei. 

In summary, despite the retrieval accuracy from satellites is lower than from ground-based 

Sun photometers, the remote sensing from space can provide a better coverage and 

information on spatial distribution of aerosol concentration (aerosol optical thickness) and 

properties. Indeed, since the satellite retrievals entail additional and major sensitivities to 

surface scattering properties, it may be not possible that satellite remote sensing of aerosol 

will exceed the Sun photometer accuracy and information content. Nevertheless, major 

advances have been made during the past decade in distinguishing aerosol types from space, 

and the retrievals became useful for evaluating aerosol transport model simulations. 
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Table 2.2: Summary of major satellite measurements currently available for the tropospheric aerosol 

characterization and radiative forcing research (Chin et al., 2009b). 

Properties Sensor/ 
Platform Parameters Spatial coverage Temporal 

coverage 

Loading 

AVHRR/NOAA-
series 

Optical depth 

~ daily coverage 
of global ocean 

1981-
present 

TOMS/Nimbus, 
ADEOS1, EP 

~ daily coverage 
of global land 

and ocean 

1979-2001 

POLDER-1, -2, 
PARASOL 

1997-
present 

MODIS/Terra, Aqua 

2000-
present 
(Terra) 
2002-

present 
(Aqua) 

MISR/Terra 

coverage of 
global land and 
ocean, including 

bright desert 
and nadir sun-

glint 

2000-
present 

OMI/Aura 
~ daily coverage 

of global land 
and ocean 

2005-
present 

Size shape 

AVHRR/NOAA-
series Ångström exponent global ocean 1981-

present 

POLDER-1, -2, 
PARASOL 

Fine-mode fraction, 
Ångström exponent, 

non-spherical fraction 

global 
land+ocean 

1997-
present 

MODIS/Terra, Aqua 

Fine-mode fraction global 
land+ocean 

(better quality 
over ocean) 

2000-
present 
(Terra) 
2002-

present 
(Aqua) 

Ångström exponent 

effective radius global ocean Asymmetry factor 

MISR/Terra 

Ångström exponent, 
small, medium, large 

fractions, non-spherical 
fraction 

global 
land+ocean 

2000-
present 

Absorption 

TOMS/Nimbus, 
ADEOSI, EP 

Absorbing aerosol 
index, single-scattering 

albedo, absorbing 
optical depth 

global 
land+ocean 

1979-2001 

OMI/Aura 2005-
present 

MISR/Terra Single-scattering 
albedo (2-4bins) 

2000-
present 

2.3 Remote sensing of aerosol composition 

According to the aerosol scattering and absorbing properties, the aerosol particles can be 

divided into two categories: light-absorbing components and pure scattering (nonabsorbing) 

components. The radiative impacts of aerosols at the top of the atmosphere could change in 

sign from cooling to warming in regions of highly absorbing aerosols (Chylek and Coakley, 

1974; Charlock and Sellers, 1980; Haywood and Shine, 1995). There are two kinds of 
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absorbing aerosols that are commonly found in the atmosphere: absorbing carbon and mineral 

dust, especially the mineral dust containing iron oxides (Sokolik and Toon, 1999). 

Light-absorbing carbon produced from combustions of organic matter is an important 

component of atmospheric aerosol. The complex refractive index of light-absorbing carbon in 

atmospheric aerosols is dependent on the type of the fuel and the conditions of combustion 

(Bond and Bergstrom, 2006). Based on the origin of the material, combustion conditions, 

morphological characteristics, chemical composition and optical properties (Andreas and 

Gelencsér, 2006; Schkolnik et al., 2007), the term black carbon (BC), associated with 

elemental carbon or soot in the literatures, is used to define the strongly light-absorbing 

carbon in the atmosphere, which is composed of aggregated graphite spheres (Andreae and 

Gelencsér, 2006). BC radiative forcing is second after CO2 radiative forcing as a contributor 

to global warming (Ramanathan and Carmichael, 2008; Bond et al., 2013). However, the 

range of uncertainty for BC forcing is much larger than the range of uncertainty for CO2 

forcing. Meanwhile, the term brown carbon (BrC) is used for strongly wavelength-dependent 

light-absorbing carbon particles whose absorption is greater at near-ultraviolet and blue 

wavelengths (Jacobson, 1999; Kirchstetter et al., 2004; Kanakidou et al., 2005; Hoffer et al., 

2006; Schnaiter et al., 2006; Sun et al., 2007; Dinar et al., 2008; Chen and Bond, 2010), to 

distinguish these particles from BC.  

Mineral dust particles have a strong spectral signature, with the stronger absorption at the 

UV and blue wavelengths. Iron oxide is an important component that affects the ability of 

mineral dust aerosol to absorb sunlight at short wavelength. Hematite and goethite are 

different forms of “free” iron, and they typically appear together as well (Arimoto et al., 2002; 

Lafon et al., 2006; Shi et al., 2012; Formenti et al., 2014a). The presence of iron in mineral 

dust particles is also important for its biogeochemical and radiative impacts (Jickells et al., 

2005; Mahowald et al., 2005). Variable concentrations of iron oxide influence climate 

through altering the dust’s radiative properties (Sokolik and Toon, 1999). Although the 

regional distribution of the iron concentration is important for climate studies, it is difficult to 

obtain since it requires in-situ aerosol sampling or simulation of complex natural processes. In 

addition, mineral dust particles can be contaminated by anthropogenic aerosol particles (e.g., 

carbonaceous aerosols) producing from biomass burning. Separating the absorption 

associated with light-absorbing carbon from the absorption associated with mineral dust 

(especially iron oxides) is not trivial (Derimian et al., 2008). Thus, determining the relative 

proportions of BC, BrC and iron oxide in atmospheric aerosols is a necessary step for 

retrieving aerosol composition. Several approaches can be used to evaluate iron oxide or 

light-absorbing carbon concentrations in aerosol particles, e.g., in-situ sampling of 
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atmospheric aerosol particles with further laboratory analysis and employed chemistry 

transport model simulations. An additional approach is modeling of aerosol optical properties 

(Sokolik and Toon, 1999), which can be employed for deriving concentrations of aerosol 

compositions. Dubovik et al. (2002a) showed that the spectral absorption of light-absorbing 

aerosols is distinct from that of mineral dust. Schuster et al. (2005) inferred the BC column 

content and BC specific absorption from AERONET retrievals by assuming that BC is the 

source of all significant aerosol absorption in the AERONET retrievals. Based on the spectral 

variability of the imaginary refractive index, Koven and Fung (2006) retrieve hematite 

concentrations at dust sites, while Arola et al. (2011) retrieve BrC from AERONET retrievals. 

Wang et al. (2013) add single-scatter albedo as an additional constraint to such refractive 

index approach (Schuster et al., 2005; Arola et al., 2011) and make it feasible to distinguish 

BC, BrC and dust simultaneously. Similarly, Li et al. (2013, 2015) investigate the 

microphysical, optical and chemical properties of atmospheric aerosols by fitting the 

AERONET complex refractive indices measured at Beijing and Kanpur. Recently, Schuster et 

al. (2016) using the AERONET size distributions and complex refractive indices to retrieve 

the relative proportion of carbonaceous aerosols (BC and BrC) and free iron minerals 

(hematite and goethite) in fine and coarse modes particles. 

Currently, the most advanced methods (Schuster et al., 2005, 2009, 2016; Arola et al., 

2011; Wang et al., 2013; Li et al., 2013, 2015) that involve retrieval of aerosol composition 

from remote sensing measurements fit the intermediate retrieval of the refractive index such 

as measured in AERONET. It is noted that these retrievals of aerosol compositions can be 

obtained only from ground-based remote sensing measurements, which is possible to be 

employed in the satellite retrieval algorithm.  
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Chapter 3   

3. GRASP algorithm description 

“For success, attitude is equally as important as ability.” 

------ Walter Scott 

This chapter describes in detail the GRASP algorithm, which is a rigorous, versatile and 

accessible at https://www.grasp-open.com, as well as the development of a new aerosol 

composition conversion model designed to retrieve aerosol composition fraction. The aerosol 

composition conversion approach proposed in this work is integrated in the standard inversion 

procedure, which general structure is shown in Figure 3.1 (courtesy of Dubovik et al., 2011). 

The algorithm is divided into several interacting but rather independent modules to enhance 

its flexibility. The straightforward exchange of limited parameters makes the interactions 

between the modules minimized. The “Forward Model” and “Numerical Inversion” are the 

two most complex and elaborated modules in the algorithm. The “Forward Model” is 

developed in a quite universal way to quantitatively simulate the measured atmospheric 

radiation emitted by the surface or atmospheric objects with given properties. The “Numerical 

Inversion” module, which can be used in any other application, even not related to 

atmospheric remote sensing, includes general mathematical operations not related to the 

particular physical nature of the inverted observations. Numerical inversion is implemented as 

a statistically optimized fitting of observations based on the multi-term least squares method 

(LSM), which combines the advantages of a variety of approaches and provides transparency 

and flexibility in developing algorithms that invert passive or active observations and derive 

several groups of unknown parameters (Dubovik et al., 2004). As a consequence of such 

organization of the algorithm, it can equally be applied (with minimal changes) to invert 

observations from satellite sensors or from the ground-based remote sensing. The following 

several sections provide a full description of the “Forward Model” and “Numerical Inversion” 
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algorithm modules, as well as the new development of aerosol composition conversion part 

(schematically presented by red dashed frames in Figure 3.1).  

	
Figure 3.1: The general structure of GRASP algorithm with aerosol composition conversion model, 

courtesy of Dubovik et al. (2011). The red dashed frames represent modifications for the composition 

inversion approach. 

Depending on the input data, the algorithm is designed to retrieve columnar and vertical 

aerosol properties and surface reflectance globally. In order to achieve reliable retrieval from 

PARASOL observations, the algorithm simultaneously derives retrievals from a large group 

of pixels within one or several images. This multi-pixel retrieval approach takes advantage of 

known limitations on spatial and temporal variability in both aerosol and surface properties to 

provide satellite retrievals of higher consistency and smoothness. Because the retrieval over 

each single pixel can benefit from coincident aerosol information from neighboring pixels, 

and from the information about surface reflectance obtained in preceding and consequent 

observations over the same pixel (Dubovik et al., 2011, 2014). Although the algorithm is 

tuned for inverting PARASOL observations, some aspects of aerosol parameterization and 

inversion implementation (in particular a priori constraint settings) can be modified and 

adjusted for optimizing the algorithm performance if it is applied to other remote sensing 

observations. 

3.1 Forward model 

This section presents description of the forward model implemented in the GRASP 

retrieval algorithm. The description largely relies on the algorithm in the study of Dubovik et 

al. (2011), however, as illustrated in Figure 3.1, the forward model was modified for the 

retrievals of aerosol composition fractions. Namely, the new parameters, such as fractions of 
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aerosol composition, are presented. Note that the complex refractive index in this approach is 

not retrieved, but calculated based on fraction of aerosol composition. Following is the 

detailed description that accounts for the relevant modifications. 

The new composition approach is also proposed to invert the POLDER/PARASOL 

observations including the total radiance in six window channels (0.440, 0.490, 0.565, 0.670, 

0.865 and 1.02 𝜇𝑚) and the linear polarization in three of these channels (0.490, 0.670 and 

0.865 𝜇𝑚) in Table 3.1. In the POLDER/PARASOL window channels, the absorption of 

atmospheric gases can be calculated from the available information of ancillary observations 

and it has rather minor contributions. The water vapor absorption can be corrected by the 

procedure of Deuzé et al. (2001) using PARASOL measurements in 0.91 𝜇𝑚 spectral band. In 

addition, the minor absorption of ozone, NO2 and O2 can be obtained from the climatology 

data. Thus, the modeling of aerosol properties (extinction, single scattering albedo and phase 

matrix) is the most challenging part. These properties depend on particle size, shape and 

composition of aerosol. All these characteristics are determined by the parameters included in 

the vector of unknowns and correspondingly they are inferred from the observations.  

For the ocean surface, the reflection properties mainly affected by the wind speed at sea 

level can be retrieved by the same model (Cox and Munk, 1954), which was employed in the 

operational POLDER algorithm (Deuzé et al., 2001; Herman et al., 2005; Tanré et al., 2011). 

While the reflection properties of the land surface may vary significantly according to the 

differences of conditions. There are some alterable subroutines, (e.g., the Ross-Li model 

(1981), Nadal and Bréon (1999), Rahman et al. (1993) and Maignan et al. (2009)), for the 

retrievals of land surface reflection.  

Therefore, the forward model of reflected radiances measured by POLDER/PARASOL 

consists of three main sections: aerosol single scattering, surface reflection and solving vector 

radiative transfer equation. The forward model is designed by means of adapting the 

atmospheric modeling strategies and computer routines developed within previous POLDER 

and AERONET activities, as well as some important modifications required for optimizing 

the forward modeling performance. For example, the models of land surface reflectance have 

been introduced into the radiative transfer calculations. These modifications allowed the 

performance of the inversion procedure to achieve the standards required for operational 

processing (achieving sufficient speed of computations, etc.).  
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Table 3.1: List of measured and retrieved characteristic considered in POLDER/PARASOL algorithm 

with aerosol composition conversion model, modified from Dubovik et al. (2011). 

POLDER/PARASOL measurements 

Measurements type: 

𝐼(𝜇!; 𝜇!;𝜑!;𝜑!; 𝜆!) = 𝐼(Θ!; 𝜆!) – I reflected total radiances 
𝑄(𝜇!; 𝜇!;𝜑!;𝜑!; 𝜆!) = 𝑄(Θ!; 𝜆!) – Q component of the Stokes vector 
𝑈(𝜇!; 𝜇!;𝜑!;𝜑!; 𝜆!) = 𝑈(Θ!; 𝜆!) – U component of the Stokes vector 

Observation specifications: 

Angular: 
 𝐼(Θ!; 𝜆!), 𝑄(Θ!; 𝜆!) and 𝑈(Θ!; 𝜆!) measured in up to 16 viewing directions, 

that may cover the range of scattering angle Θ from ~ 80° to 180° 
Spectral: 
 𝐼(Θ!; 𝜆!) measured in 6 window channels 𝜆! = 0.440, 0.490, 0.565, 0.670, 

0.865 and 1.02 𝜇𝑚 
 𝑄(Θ!; 𝜆!) and 𝑈(Θ!; 𝜆!) measured in 3 window channels 𝜆! = 0.490, 0.670, 

and 0.865 𝜇𝑚 

Retrieved characteristic 

Aerosol parameters: 

𝐶! – total volume concentration of aerosol (𝜇𝑚!/𝜇𝑚!) 
𝑑𝑉(𝑟!)/𝑑𝑙𝑛𝑟 – (𝑖 = 1,… ,𝑁!) values of volume size distribution in 𝑁!  size bins 𝑟! 

normalized by 𝐶! 
𝐶!"! – fraction of spherical particles 
𝐹𝑟𝑎𝑐(𝐹!) – (𝑖 = 1,… ,𝑁!) the fraction of composition in fine mode 
𝐹𝑟𝑎𝑐(𝐶!) – (𝑖 = 1,… ,𝑁!) the fraction of composition in coarse mode 
ℎ! – mean height of aerosol layer 
𝑛(𝜆!)	 – (𝑖 = 1,… ,𝑁!  =  6) the real part of the refractive index at every 𝜆! 

wavelength, calculated by the fraction of composition  
𝑘(𝜆!)	 – (𝑖 = 1,… ,𝑁!  =  6) the imaginary part of the refractive index at every 

𝜆! wavelength, calculated by the fraction of composition  

Surface reflection parameters: 

Rahman et al. (1993) model: 

𝜌!(𝜆!) – (𝑖 = 1,… ,𝑁! = 6) first RPV BRDF parameter (characterizes intensity 
of reflectance) 

𝜅(𝜆!) – ( 𝑖 = 1,… ,𝑁! = 6 ) second RPV BRDF parameter (characterizes 
anisotropy of reflectance) 

𝜃(𝜆!) – ( 𝑖 = 1,… ,𝑁! = 6 ) third RPV BRDF parameter (characterizes 
forward/backscattering contributions) 

ℎ!(𝜆!) – (𝑖 = 1,… ,𝑁! = 6) fourth RPV BRDF parameter (characterizes hot 
spot effect) 

Note: ℎ!(𝜆) is retrieved only for the observation conditions: ±7.5° close to backscattering.  
In other situations, it is fixed as related to ℎ! 𝜆 = 𝜌!(𝜆) 

Maignan et al. (2009) model: 

𝐵(𝜆!) – (𝑖 = 1,… ,𝑁! = 6) free parameter 
Option: algorithm allows using alternative surface model: Ross-Li model for BRDF and 

Nadal-Breon model for BPDF 
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3.1.1 Aerosol single scattering properties 

The modeling of the aerosol scattering matrices has been implemented following the ideas 

of Dubovik and King (2000) and Dubovik et al. (2002b, 2006). 

The atmospheric aerosol is modeled as an ensemble of randomly oriented spheroids to 

infer aerosol non-sphericity. AERONET operational retrievals (Dubovik et al., 2006) model 

the particles for each size bin as a mixture of spherical and non-spherical aerosol components. 

Therefore, aerosol particles of non-spherical component have size-independent distribution of 

shapes and the modeling of the total aerosol optical thickness 𝜏 of non-spherical aerosol can 

be expressed as: 

𝜏(𝜆) = 𝑐!!(𝜆; 𝑘;𝑛; 𝑟; 𝜀)
!"(!)
! !"#

!"(!)
! !"#

𝑑 𝑙𝑛𝜀 𝑑 𝑙𝑛𝑟!!"#
!!"#

!!"#
!!"#

,                    (3.1) 

where 𝑐!!(𝜆; 𝑘;𝑛; 𝑟; 𝜀)  describes the extinction cross-sections of spherical particle and 

randomly oriented spheroid, 𝜆 is the wavelength, n and k is the real and imaginary part of the 

refractive index, respectively,  𝜀 denotes spheroid axis ratio (𝜀 = 𝑎 𝑏, a is the axis of 

spheroid rotational symmetry, 𝑏 is the axis perpendicular to the axis of spheroid rotational 

symmetry), 𝑟  denotes the radius of volume equivalent sphere. The usage of 𝑟  and 𝜀  is 

convenient for distinguishing the effect of particle shape and size in analysis of aerosol 

mixture light scattering (Mishchenko and Travis, 1997). Then the functions 𝑑𝑁(𝑟) d𝑙𝑛𝑟 and  

𝑑𝑁(𝜀) d𝑙𝑛𝜀 describe the number particle size and the number particle shape distribution 

respectively. In the new composition approach, the real and imaginary part of the refractive 

index are not retrieved directly from the observations. They are calculated by the retrieved 

fraction of aerosol composition and the refractive index of each composition assumed in the 

conversion model. 

In addition, because the utilization of both the volume size distribution and logarithm of 

radius is a convenient way to perform the algorithm. The usage of both the volume of particle 

(instead of number) and logarithmic scale in binning of the size distribution contributes to 

optimize the approximation. Therefore, volume size distribution 𝑑𝑉(𝑟) 𝑑𝑙𝑛𝑟 is often chosen 

to retrieve aerosol characteristic in the algorithms applied to invert the optical data of high 

sensitivity to aerosol particle size. For example, a similar size distribution representation was 

used to retrieve aerosol properties from ground-based sky-radiometers (Nakajima et al., 1983, 

1996). Dubovik et al. (2006) found that the accuracy of the calculations remains practically 

unchanged if the aerosol size bins corresponding to very small and very large particles have 

been eliminated. The contributions of smaller and larger particles into POLDER/PARASOL 

observations are negligible. Dubovik et al. (2011) have demonstrated that sufficiently 
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accurate modeling of POLDER/PARASOL observations can be achieved if the shape of each 

single bin is optimized, which is also used in the present new composition approach.  

3.1.2 Modeling surface reflectance  

The algorithm for modeling the reflective properties of ocean surface is similar to the 

currently operational POLDER algorithm (Deuzé et al., 2001; Herman et al., 2005; Tanré et 

al., 2011). The Cox and Munk model (Cox and Munk, 1954) is implemented to estimate the 

Fresnel’s reflection on the agitated sea surface. The water leaving radiance is approximately 

isotropic (Voss et al., 2007) and its polarization is negligible (e.g., Chami et al., 2001; 

Chowdhary et al., 2006; Ota et al., 2010), which is taken into account by Lambertian 

unpolarized reflectances. The whitecap reflectance, driven by the wind speed at sea surface 

(Koepke, 1984), is also taken into account by Lambertian unpolarized reflectances. At short 

wavelengths, the seawater reflectance depending on the properties of oceanic water cannot be 

ignored. Therefore, the magnitude of seawater reflectance at short wavelengths and the wind 

speed are inferred together with aerosol or have a priori information. 

The previous aerosol retrieval algorithm (Deuzé et al., 2001) over land does not consider 

the detailed directional scattering properties of total reflectance by land surface. Therefore, 

the “Forward model” is improved to account adequately for both total and polarized 

properties of surface reflectance. The effects of directionality of land surface reflectance are 

often estimated by semi-empirical models driven by some internal parameters. For example, 

the Ross-Li model (Ross, 1981; Li and Strahler, 1992; Wanner et al., 1995) is successfully 

used for the characterization of directional properties of land surface reflectance derived from 

MODIS observation by Justice et al. (1998). The Rahman-Pinty-Verstraete (RPV) model 

(Rahman et al., 1993) is applied to analyze the observations of MISR (Martonchik et al., 1998) 

and SEVIRI (Govaerts et al., 2010; Wagner et al., 2010). The comparisons of Ross-Li model 

and RPV model demonstrate that these two models can comparably reproduce the multi-angle 

observations of land surfaces (Maignan et al., 2004, 2009; Litvinov et al., 2010, 2011).  

Most theoretical models developed for approximating observed the Bidirectional 

Polarization Distribution Function (BPDF) are based on the Fresnel equations of light 

reflection from the surface. For example, Nadal and Bréon (1999) have proposed a two-

parameter non-linear function of the Fresnel reflection to characterize the atmospheric aerosol 

over land surface based on POLDER observations of land surface reflectance. Recently, 

Maignan et al. (2009) have introduced a new linear BPDF model with one free parameter, 

which one can fit the POLDER observations analogously to the non-linear model (Nadal and 

Bréon, 1999).  
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The Rahman et al. (1993) and Maignan et al. (2009) formulations, chosen as primary 

models for BRDF and BPDF, have limited accuracy (Litvinov et al., 2010, 2011). There is an 

alterable subroutine of changing BRDF by the Ross-Li model and BPDF by Nadal and Bréon 

(1999) formulation.  

3.1.3 Forward radiative transfer 

The atmospheric multiple scattering effects employed in PARASOL operational retrievals 

(Deuzé et al., 2001; Herman et al., 2005; Tanré et al., 2011) are estimated by the successive 

order of scattering radiative transfer algorithm (Lenoble et al., 2007). The radiation properties 

measured by passive remote sensing show negligible circular polarization of the 

electromagnetic field (Hansen, 1971). In the present, the successive order of scattering 

radiative transfer code allows calculations of atmospheric radiances for several aerosol 

components (𝑁!). The defined vertical profile of spectral extinction and altitude independent 

phase matrix and single scattering albedo, which are determined by microphysical model of 

atmospheric aerosol, are used to describe each aerosol component. For example, the vertically 

invariant altitude independent phase matrix and single scattering albedo are driven by: the 

size distribution 𝑑𝑉!(𝑟!) 𝑑𝑙𝑛𝑟 (𝜇𝑚! 𝜇𝑚!) giving the aerosol particle volume in the total 

atmospheric column per unit of surface area; the real 𝑛!(𝜆) and imaginary 𝑘!(𝜆) parts of the 

complex refractive index related to aerosol composition fraction; and the fraction of the 

spherical particles 𝐶!,!"!. The spectral dependence of optical thickness 𝜏!(𝜆) 𝜏! (𝜆!) is also 

vertically invariant and dependent on these parameters, while the absolute value of 𝜏!(𝜆) is 

also determined by the total volume of the aerosol in the atmospheric column: 𝐶!,! =

 (!!!(!)!
!"#$

)!!!,…,!! .  

The accuracy of radiative transfer calculations is significantly determined by the number of 

terms M used in the expansion of the phase matrix into Legendre polynomials and number of 

terms N used in Gaussian quadrature for zenithal integration. The values required by the 

inequality 4 𝑁 − 1 > 2𝑀 can maintain conservation of energy in the successive order of 

scattering integration. Although the larger values M and N may provide more accurate 

calculation, the longer calculation time is needed. Dubovik and King (2000) demonstrated 

that the successful retrieval could be inferred using the approximate and quick calculations of 

the first derivatives to invert the observations of ground-based radiometers. At the same time, 

the retrieval time can be obviously decreased because the calculation of the first derivatives is 

the most time consuming component of Newtonian’s retrieval algorithms. The study of 

Dubovik et al. (2011) has shown that it is not sufficient for conducting retrieval from satellite 

observations using single scattering approximation. However, the Jacobians estimated 
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numerically as finite differences on basis of the full radiative transfer calculations 

implemented with significantly reduced values of M and N provide fast and accurate retrievals 

(Dubovik et al., 2011).  

Rozanov and Lyapustin (2010) discussed the comparisons of different methods 

implementing the phase matrix truncation in their studies. The use of truncation is optional 

but recommended in the PARASOL algorithm. The utilization of the phase matrix truncation 

allows for decreasing the number of terms M in the expansion of the truncated phase function 

and N in the Gaussian quadrature for azimuth integration. Dubovik et al. (2011) demonstrated 

that accurate PARASOL retrievals could be inferred using the suggested values (calculating 

the fit to PARASOL observations: M=21 and N=10; calculating Jacobian matrices: M=15 and 

N=7). 

The successive order of scattering radiative transfer code needs the phase function values 

at 𝑁!"#  angles corresponding to the points of Gaussian quadrature. Such values can be 

provided by the software (Dubovik et al., 2006), which can generate aerosol single scattering 

properties and provide the phase function for the set of fixed scattering angles allowing 

sufficiently accurate modeling of angular variability of scattering. Additionally, the speed of 

aerosol single scattering modeling is determined by the number of the scattering angles used. 

The study of Dubovik et al. (2011) demonstrated that POLDER/PARASOL observations 

could be adequately modeled with set of 𝑁!"# = 35 selected scattering angles. 

3.2 Numerical inversion 

This section presents description of numerical inversion employed in the GRASP retrieval 

algorithm. The description is largely relies on the algorithm in the study of Dubovik et al. 

(2011) with several modifications for retrieving aerosol composition. Namely, the fractions of 

aerosol composition are presented instead of the complex refractive index. In the composition 

approach, the complex refractive index is calculated based on fractions of aerosol 

composition.  

In contrast to the majority of existing satellite retrieval algorithms, this module attempts to 

develop an aerosol satellite retrieval using statistically optimized multivariable fitting. Such 

strategy has no dependence on the preassumed classes of potential solutions. Instead the 

solution is sought in a continuous space of solutions under statistically formulated criteria 

optimizing the error distribution of the retrieved parameters. The implementation of some 

components of such a strategy was pursued in the previous developments of retrieval 

algorithms (Martonchik et al., 1998; Chowdhary et al., 2002, 2005; Waquet et al., 2007, 2009; 
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Hasekamp and Landgraf, 2005, 2007; Govaerts et al., 2010) for processing satellite 

observations.  

There are many detailed descriptions of inversion methods in earlier studies (Tikhonov and 

Arsenin, 1977; Twomey, 1977; Tarantola, 1987; Press et al., 1993; Rodgers, 2000; Doicu, 

2010). Following the developments of previous studies (Dubovik and King, 2000; Dubovik, 

2004; Dubovik et al., 2008), Dubovik et al. (2011) focused on illuminating the relationships 

among different inversion methods established in atmospheric optics and unifying the key 

ideas of these methods into a single inversion procedure. In contrast to the standard inverse 

methods, the methodology has several original features optimized for remote sensing 

applications. For example, the methodology addresses such important aspects of inversion 

optimization as accounting for errors in the satellite observations, inversion of multi-source 

data with different levels of accuracy, accounting for a priori and ancillary information, 

estimating retrieval errors, clarifying potential of employing different mathematical inverse 

operations (e.g., comparing iterative versus matrix inversion methods), accelerating iterative 

convergence (Dubovik, 2004). Dubovik et al. (2011) propose a generally multi-term Least 

Square type formulation taking complementarily the advantages of a variety of practical 

inversion approaches (Phillips, 1962; Tikhonov, 1963; Twomey, 1963; Kalman, 1960). Such 

approach providing significant transparency and flexibility in development of remote sensing 

algorithm can derive a set of continuous characteristics, such as vertical profiles, size 

distributions. 

Two scenarios can be chosen for inverting satellite observations: single-pixel retrieval and 

multi-pixel retrieval. The single-pixel retrieval is a conventional approach for inverting 

satellite observations over each single pixel completely independently. The multiple-pixel 

retrieval is a newly instrument for inverting observations over a group of pixels 

simultaneously with extra a priori constraints on the inter-pixel variability of the retrieved 

parameters. Such constraints are expected to improve the reliability of the retrieval. 

3.2.1 Single-pixel observation fitting 

The retrieval algorithm consists of a multi-term least squares method (LSM) that 

implements statistically optimum fitting of several sets of observations with a priori 

constraints under assumption of normally distributed uncertainties. It solves the system of 

equations: 

𝒇∗ = 𝒇(𝒂)+ ∆𝒇
𝟎∗ = (∆𝒂)∗ = 𝑺 𝒂+ ∆(∆𝒂)

𝒂∗ = 𝒂+ ∆𝒂∗
.                                         (3.2) 
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Here, 𝒇∗  denotes a vector of the PARASOL measurements, ∆𝒇  denotes a vector of 

measurement uncertainties, 𝒂 denotes a vector of unknowns. The second equation in Eq. (3.2) 

characterizes the a priori smoothness assumptions that constrain the variability of size 

distribution and the spectral dependencies of parameters of surface reflectance model. The 

matrix S includes the coefficients for calculating m-th differences of 𝑑𝑉(𝑟!) 𝑑𝑙𝑛𝑟 , 

𝐹𝑟𝑎𝑐(𝑖) , 𝜌!(𝜆!), 𝜅(𝜆!), 𝜃(𝜆!). It is noted that 𝑛(𝜆!) and 𝑘(𝜆!) are calculated by the fraction 

(𝐹𝑟𝑎𝑐(𝑖)) of aerosol composition. 𝟎∗ represents vector of zeros and ∆(∆𝒂) represents vector 

of the uncertainties that characterizes the deviations of the differences from the zeros. This 

equation indicates that all these m-th differences are equal to zeros within the uncertainties 

∆(∆𝒂). The third equation in Eq. (3.2) includes the vector of a priori estimates 𝒂∗, as well as 

the vector of the uncertainties (∆𝒂∗) in a priori estimates. 

The assumption of lognormal error distribution was applied to account for the non-

negative character of the observed radiances and retrieved aerosol (𝑑𝑉(𝑟!) 𝑑𝑙𝑛𝑟) and surface 

reflectance (𝜌!(𝜆!)) parameters. The noise distribution is obviously the most appropriate for 

the positively defined values. The lognormal noise distribution indicates that the logarithms of 

the observed positively defined values are normally distributed. Therefore, because of the 

convenience of formulating the statistically optimized solution of Eq. (3.2), the logarithmic 

transformation is used for both measured 𝒇!  and retrieved  𝒂!  parameters. The detailed 

discussions can be found in the studies of Dubovik and King (2000) and Dubovik (2004). 

Correspondingly, the errors ∆𝒇, ∆(∆𝒂), and ∆𝒂∗ are assumed normally distributed. 

The statistically optimized solution of Eq. (3.2) defined on the base of Maximum 

Likelihood Method corresponds to the minimum of the following quadratic form: 

Ψ 𝒂! = Ψ! 𝒂! +Ψ∆ 𝒂! +Ψ! 𝒂!   

                  = !
!
((∆𝒇!)!  (𝑾!)!! ∆𝒇! + 𝛾∆(𝒂!)!Ω𝒂! + 𝛾!(𝒂! − 𝒂∗)!𝑾!

!!(𝒂! − 𝒂∗)).     (3.3) 

In non-linear case, the minimum can be obtained using the iterative procedure: 

𝒂!!! = 𝒂! − 𝑡!∆𝒂!,                                                (3.4) 

where ∆𝒂! represents a solution of the p-th so-called, in statistical estimation formalism, 

Normal System 

𝑨!∆𝒂! = ∇Ψ(𝒂!).                                                  (3.5) 

The matrix in the left side of Eq. (3.5) is known as Fisher Matrix 𝑨! and the right side of 

Eq. (3.5) denotes the gradient ∇Ψ(𝒂!) of quadratic form Ψ(𝒂!) in the vicinity of 𝒂!: 

𝑨! = 𝑲!
!𝑾!

!!𝑲! + 𝛾∆𝛀+ 𝛾!𝑾!
!!,                                     (3.6) 
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∇Ψ(𝒂𝑷) = 𝑲!
!𝑾!!∆𝒇! + 𝛾∆𝛀𝒂! + 𝛾!𝑾!

!!(𝒂! − 𝒂∗),                     (3.7) 

where ∆𝒇! = 𝒇(𝒂!)− 𝒇∗, 𝑲! is Jacobi matrix of the first derivatives 
!!!(!!)
!!!

. Fisher Matrix 

𝑨! also can be considered as so-called Hessian matrix of second-order partial derivatives of 

the quadratic form Ψ(𝒂!)  (Bevington, 1969; Tarantola, 1987). Thus, Eq. (3.5) can be 

expressed as: 

(∇∇Ψ(𝒂!))∆𝒂! = ∇(𝒂!),                                            (3.8) 

where ∇∇!Ψ(𝒂!) is the matrix with the elements {∇∇!Ψ(𝒂!)}!" =
!!!(!)
!!!!!! 𝒂!𝒂!

. 

In the current inversion strategy, all equations are expressed by means of weighting matrices 

(W), which is defined as 𝐖 = 1 𝜀! 𝑪 (dividing the corresponding covariance matrix C by 

its first diagonal element 𝜀!). This formal transformation of the inversion equations allows 

rather transparent interpretation of Lagrange multipliers 𝛾 determining the contributions of a 

priori terms into solution (Dubovik and King, 2000, Dubovik et al., 2011). The Lagrange 

multipliers 𝛾!  and 𝛾∆  can be written as (Dubovik and King, 2000): 𝛾∆ = 𝜀!! 𝜀∆!  and 

𝛾! = 𝜀!! 𝜀!! , where 𝜀!! , 𝜀∆!  and 𝜀!!  represents the first diagonal elements of corresponding 

covariance matrices 𝑪! , 𝑪∆  and 𝑪! , respectively. It is noted that if one can assume a 

simplified situation when the POLDER observations 𝒇∗, a priori estimates of differences 

(∆𝒂)∗ and a priori estimates of parameters 𝒂∗ are independent and have the same accuracy, 

i.e., 𝑪! = 𝜀!!𝑰(!!×!!), 𝑪∆ = 𝜀∆!𝑰(!∆×!∆) and 𝑪! = 𝜀!!𝑰(!!×!!), then corresponding weighting 

matrices are simply equal to the unity matrices: 𝑾! = 𝑰(!!×!!), 𝑾∆ = 𝑰(𝑵∆×𝑵∆) and 𝑾! =

𝑰(!!×!!) . It should be noted that straightforward increasing of 𝑁!  by adding similar 

observations is not necessarily beneficial for the retrieval (Dubovik, 2004).  

The coefficient 𝑡! ≤ 1 in Eq. (3.4) is adjusted to provide monotonic decrease of Ψ(𝒂!), 

i.e., 

Ψ(𝒂!!!) < Ψ(𝒂!).                                                 (3.9) 

The minimum value of the above quadratic form can be theoretically estimated as follows: 

Ψ(𝒂) ≈ (𝑁! + 𝑁∆ + 𝑁!∗ − 𝑁!) 𝜀!!.                                     (3.10) 

Once the value of measurement error (𝜀!!) is known, Eq. (3.10) can be used to verify the 

consistency of the retrieval.  

In addition, the control of “measurement residual” Ψ!(𝒂!) is a very useful tool to diagnose 

the dynamics of the retrieval. In generally, since the weights of a priori terms Ψ∆(𝒂!) and 
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Ψ!(𝒂!) are minor compared to the weight of the “measurement residual” term Ψ!(𝒂!), the 

contributions of the a priori residual terms in Eq. (3.3) should not be significant. However, 

when the solution approximation is very far from the solution, Ψ!(𝒂!) is dominated by 

linearization errors and has much higher value than the expected measurement noise. 

Consequently, the weight of the a priori term should be increased because the accuracy of a 

priori data is independent of the iteration. Correspondingly, the enhanced impact of a priori 

data can improve the convergence of non-linear fitting. For example, the strength of a priori 

constraints is adjusted dynamically as a function of the measurement residual Ψ!(𝒂) in 

developed POLDER/PARASOL algorithm:  

𝜀!!(𝒂!) ≈
!!(𝒂!)
(!!!!!)

,                                                  (3.11) 

where Ψ!(𝒂!) is the accuracy of the POLDER observation fit at the p-th iteration and shows 

the process of how the iterations converge to the solution. In the last iteration, when the 

solution estimate 𝒂!!"#$ is expected to be in a small vicinity of the actual solution, the value of 

the residual Ψ!(𝒂) of the measurement fit can be estimated as: 

Ψ! 𝒂!!"#$ ≈ (𝑁! − 𝑁!)𝜀!!.                                           (3.12) 

Therefore, Eq. (3.11) can adjust the values of the Lagrange multipliers and enhance the 

contribution of a priori constraints in the previous iterations.  

The present inversion procedure is driven by the limited set of the input characteristics 

including the weighting matrices W… and corresponding variances 𝜀…. The vector of 

POLDER/PARASOL measurements consists of two components. 

𝒇∗ = 𝒇!
∗

𝒇!
∗ ,                                                          (3.13) 

where subscript “I” and “P” represents the total reflectance observations and the observations 

of the degree of linear polarization, respectively. Because of the different accuracies of the 

total radiance and degree of linear polarization, the covariance matrix assumed for logarithms 

measurements 𝒇∗ has the array structure: 

𝑪! =
𝑪! 𝟎
𝟎 𝑪!

= 𝜀!!𝑰! 𝟎
𝟎 𝜀!!𝑰!

.                                       (3.14) 

Accordingly, the weighting matrix 𝑾! is expressed as: 

𝑾! =
𝑰! 𝟎
𝟎 𝛾!𝑰!

,                                                   (3.15) 
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where I… symbolize the unity matrices of corresponding dimension and 𝛾! indicates a ratio 

of the total and polarized reflectance variances, it is defined as: 

𝛾! = 𝜀!! 𝜀!!.                                                       (3.16) 

It is noted that the variance of the errors in measurements of total reflectance is expected at 

the level of 2% relative to the magnitude of observed radiance I. While, the variance of the 

errors in measurements of the degree of linear polarization is expected at the absolute level of 

1%. In Eq. (3.14), it assumes the simplest structure of the covariance matrix when intensity 

and polarization observations are equally accurate for all spectral channels and angles of 

observations. If there is more detailed available information about covariance matrix, it can be 

trivially integrated into Eqs. (3.13) – (3.16). 

Comparing to the methodology of Rodgers (2000), the retrieval was constrained here using 

exclusively the a priori smoothness constraints as discussed in the 3.2.3. 

3.2.2 Multiple-pixel observation fitting 

The algorithm implements the measurement fitting for a group of pixels and it is 

constrained by the extra a priori limitations on inter-pixel variability of aerosol and/or surface 

reflectance properties. Since the information content of the reflected radiation from single 

pixel is sometimes insufficient for a unique retrieval of all retrieved parameters, such 

approach can obtain more stable satellite data inversions. If the properties of aerosol and/or 

surface reflectance are the same for a certain time period or over some area, one can trivially 

achieve higher redundancy in the retrieval by applying single pixel algorithm to the 

observations collected from such multiple pixels. In order to make the multi-pixel retrieval 

more robust and reliable, a priori known statistical limitations serving as an extra constraint is 

indispensable. With such concept in a frame of statistical estimation formalism, Dubovik et al. 

(2008) improve the global aerosol inverse modeling retrievals. Quaife and Lewis (2010) 

employ a similar concept to impose temporal smoothness constraints on the variability of 

surface reflectance for inverting linear kernel-driven BRDF models from MODIS 

observations. In addition, application of the multi-pixel approach is only a tool for imposing 

extra spatial and temporal constraints on the retrieved aerosol and surface parameters. When a 

group of pixels is inverted together, this approach is also convenient for rigorous accounting 

for cross-pixel coupling in this forward modeling of reflected radiances. This coupling caused 

by multiple light scattering effects can introduce some dependence of reflected radiances over 

observed pixel on the properties of surface and aerosol over neighboring pixels. It is known as 

adjacency effect in satellite remote sensing and sometimes adds some errors to the aerosol 

retrieval. Although this effect is significant for high-resolution observations, it is negligible 
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for satellite images with resolution ~2 km and larger (Tanré et al., 1981; Kaufman, 1982; 

Lyapustin and Kaufman, 2001). In this algorithm, it does not take into account the adjacency 

effect because the resolution of POLDER/PARASOL observation is about 5.3 km × 6.2 km.  

In order to make the equations more compact, Eq. (3.2) can be expressed as (for i-th single 

pixel): 

𝒇!∗ = 𝒇! 𝒂 + ∆𝒇!
𝟎!∗ = 𝑺!𝒂! + ∆ ∆𝒂! ⇒ 𝒇!∗ = 𝒇! 𝒂! + ∆𝒇!

𝒂!∗ = 𝒂! + ∆𝒂!∗
.                              (3.17) 

Correspondingly, the inversion of multi-pixel observations is a solution to the following 

combined system of equations: 

𝒇!∗ = 𝒇! 𝒂! + ∆𝒇!
𝒇!∗ = 𝒇! 𝒂! + ∆𝒇!
𝒇!∗ = 𝒇! 𝒂! + ∆𝒇!

…
𝟎!∗ = 𝑺!𝒂+ ∆(∆!𝒂)
𝟎!∗ = 𝑺!𝒂+ ∆(∆!𝒂)
𝟎!∗ = 𝑺!𝒂+ ∆(∆!𝒂)

,                                               (3.18) 

where the subscript “i” (i=1, 2, 3, …) is the number of each single pixel. The total vector of 

unknowns a is combined by the vectors of unknowns 𝒂! of each i-th pixel: 

𝒂 =
𝒂!
𝒂!
𝒂!…

.                                                         (3.19) 

The matrices 𝑺! , 𝑺!  and 𝑺!  include the coefficients for calculating m-th differences 

(numerical equivalent of m-th derivatives) of spatial or temporal inter-pixel variability for 

each retrieved parameter 𝑎! characterizing 𝑑𝑉(𝑟!) 𝑑𝑙𝑛𝑟, 𝐹𝑟𝑎𝑐(𝑖), 𝜌!(𝜆!), 𝜅(𝜆!), 𝜃(𝜆!). It is 

noted that 𝑛(𝜆!) and 𝑘(𝜆!) are calculated by the fraction (𝐹𝑟𝑎𝑐(𝑖)) of aerosol composition. 𝟎!∗ , 

𝟎!∗ , 𝟎!∗  denote vectors of zeros and ∆(∆!𝒂) , ∆(∆!𝒂)  and ∆(∆!𝒂)  denote vectors of the 

uncertainties describing the deviations of the differences from the zeros. 

Formally, using the same sequence of the functions as shown in the single pixel case, the 

solution of the multi-pixel system can be implemented. However, the minimized quadratic 

form Ψ(𝒂!), its gradient ∇Ψ(𝒂!) and Fisher Matrix 𝑨! formulated for inversion of combined 

multi-pixel Eq. (3.18) would be expressed by corresponding single-pixel terms: 

Ψ(𝒂!) = Ψ!(𝒂!)
!!"#$%&
!!! + !

!
(𝒂!)!𝛀!"#$%𝒂!,                           (3.20) 

𝑨! =
𝑨!,! ⋯ 𝟎
⋮ ⋱ ⋮
𝟎 ⋯ 𝑨!,!

+ 𝛀!"#$% ,                                   (3.21) 
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∇Ψ(𝒂!) =

∇Ψ!(𝒂!!)
∇Ψ! 𝒂!!

…
∇Ψ!(𝒂!! )

+ 𝛀!"#$%𝒂! ,                                     (3.22) 

where Ψ!(𝒂!), ∇Ψ!(𝒂!) and 𝐀!,!  describe for N single pixels. The smoothing inter-pixel 

matrix 𝛀!"#$% is written as: 

𝛀!"#$% = 𝛾!𝑺!!𝑺! + 𝛾!𝑺!!𝑺! + 𝛾!𝑺!!𝑺!.                                   (3.23) 

∇Ψ(𝒂!) is not equal to a simple sum of ∇Ψ!(𝒂!!) and the inter-pixel matrix 𝛀!"#$% has non-

zero non-diagonal elements. Hence the solution of the multi-pixel system (N pixels) is not 

equivalent to the solution of N independent single pixel systems. In addition, since the matrix 

Ω!"#$%  is very sparse and transparent, in contrast to other calculations performed in the 

inversion, computer time required for definition of these smoothing terms is insignificant. 

Another difference is that the multi-pixel approach requires solving the 𝑁!"#$% pixels joint 

Normal System that can have rather high dimension. Meanwhile, the Fisher matrix 𝐴! is also 

very sparse and a number of numerical tools are available for optimizing the solution of linear 

system. There are also some differences between single-pixel and multi-pixel approaches 

about the smoothness constraints on variability of aerosol and surface parameters as discussed 

in the 3.2.3.  

3.2.3 A priori smoothness constraints of fitting 

This section presents smoothness constraints of fitting in the GRASP retrieval algorithm. 

The smoothness constraints are the same as that in the study of Dubovik et al. (2011) except 

the smoothness constraints of refractive index. Namely, in the composition approach, the 

smoothness constraints on spectral variability of complex refractive index are determined by 

the fraction of aerosol composition  in the conversion model.  

3.2.3.1 A priori smoothness constraints in single-pixel fitting 

The vector a consists of several components: 

𝒂 = (𝒂! 𝒂!"#$  𝒂!"! 𝒂!"  𝒂! 𝒂!"#$,! 𝒂!"#$,! 𝒂!"#$,! 𝒂!"#$)!,                   (3.24) 

where 𝒂! ,   𝒂!"#$ , 𝒂!"!  represents the component of the vector a corresponding to the 

𝑑𝑉(𝑟!) 𝑑𝑙𝑛𝑟, 𝐹𝑟𝑎𝑐(𝑖) and 𝐶!"!, respectively, 𝒂! characterizes the logarithm of mean altitude 

of the aerosol layer ℎ!. The element 𝒂!" denotes the logarithms of total volume concentration, 

while 𝒂!  includes logarithms of values 𝑑𝑉(𝑟) 𝑑𝑙𝑛𝑟  normalized by total volume 

concentration. The three components (𝒂!"#$,!,𝒂!"#$,!,𝒂!"#$,!) are related to the logarithms 

of spectrally dependent parameters (𝜌!(𝜆), 𝜅(𝜆) and 𝜃(𝜆)) included in RPV model. The 
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vector 𝒂!"#$  includes the logarithms of the spectrally dependent free parameter 𝐵(𝜆) 

employed in Maignan et al. (2009) model.  

In the POLDER/PARASOL algorithm, the a priori smoothness constraints are imposed on 

several different components of the vector a. Specifically, the matrix S has the array structure 

as: 

𝑺𝒂 =

𝑆!
0
0
0
0
𝟎
𝟎
𝟎
𝟎

 

𝟎
0
0
0
0
𝟎
𝟎
𝟎
𝟎

𝟎
0
0
0
0
𝟎
𝟎
𝟎
𝟎

𝟎
0
0
0
0
𝟎
𝟎
𝟎
𝟎

𝟎
0
0
0
0
𝟎
𝟎
𝟎
𝟎

𝟎
0
0
0
0

𝑆!"#$,!
𝟎
𝟎
𝟎

𝟎
0
0
0
0
𝟎

𝑆!"#$,!
𝟎
𝟎

𝟎
0
0
0
0
𝟎
𝟎

𝑆!"#$,!
𝟎

𝟎
0
0
0
0
𝟎
𝟎
𝟎

𝑆!"#$

𝒂!
𝑎!"#$
𝑎!"!
𝑎!"
𝑎!

𝒂!"#$,!
𝒂!"#$,!
𝒂!"#$,!
𝒂!"#$

,                  (3.25) 

where the corresponding matrices S… have different dimensions and describe differences of 

different order. The lines in Eq. (3.25) corresponding to 𝒂!, 𝒂!", 𝒂!"!, 𝒂!"#$ contain only 

zeros because no smoothness constraint can be applied. The errors ∆ (∆𝒂) are assumed 

independent for different components of the vector (∆𝒂)∗ and the smoothness matrix in Eqs. 

(3.3) – (3.8) has the array structure as: 

𝛾∆Ω =

𝛾∆,!Ω!
0
0
0
0
𝟎
𝟎
𝟎
𝟎

 

𝟎
0
0
0
0
𝟎
𝟎
𝟎
𝟎

𝟎
0
0
0
0
𝟎
𝟎
𝟎
𝟎

𝟎
0
0
0
0
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𝟎
𝟎
𝟎
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𝟎
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𝟎
𝟎

𝟎
0
0
0
0
𝟎

𝛾∆,!Ω!
𝟎
𝟎

𝟎
0
0
0
0
𝟎
𝟎

𝛾∆,!Ω!
𝟎

𝟎
0
0
0
0
𝟎
𝟎
𝟎

𝛾∆,!Ω!

,                         (3.26) 

where 𝛀! = 𝑺!!𝑾!
!!𝑺! uses the derivative matrices 𝐒! (i=1, …, 5), 𝐒!, 𝐒!"#$,!, 𝐒!"#$,!, 𝐒!"#$,!, 

S!"#$. If the covariance matrices of errors ∆ (∆𝒂) have the structure 𝐂∆ ,! = 𝜀∆,!! 𝑰(!∆,!×!∆,!) for 

each components of (∆𝒂)∗, the quadratic form Ψ∆(𝒂!) in Eqs. (3.3) – (3.8) can be expressed 

as: 

2Ψ∆(𝒂!) = γ∆ (𝒂!)!𝛀 𝒂! = 2Ψ∆,!(𝒂!)!!!,…,! = 𝛾∆,!(𝒂!!)!𝛀!𝒂!!!!!,…,! ,     (3.27) 

where 𝛾∆,! = 𝜀!! 𝜀∆,!! . 

The idea of imposing the smoothness constraints on a single retrieved function 𝑦(𝑥!) was 

proposed by Phillips (1962), Tikhonov (1963) and Twomey (1963). It is usually considered to 

be an implicit constraint on derivatives in these original papers. Following the ideas of 

Dubovik and King (2000), Dubovik (2004) and Dubovik et al. (2011), this algorithm 
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considers smoothness constraints explicitly as a priori estimates of the derivatives of the 

retrieved characteristic 𝑦(𝑥!) . The values of m-th derivatives 𝑔!  of the function  𝑦(𝑥) 

characterize the degree of its non-linearity and, therefore, can be used as a measure of 𝑦(𝑥) 

smoothness. These derivatives 𝑔! can be approximated by differences between values of the 

function 𝑎! = 𝑦(𝑥!) in discrete points 𝑥!.  

Dubovik and King (2000) and Dubovik (2004) related the strength of a priori smoothness 

constraints in a priori known deviations of derivatives from zeros in second line of Eq. (3.2) 

to the integral norm of the derivatives, which can be defined as: 

𝑏! = (!
!!!(!)
!!!

)!𝑑𝑥!!"#
!!"#

,                                              (3.28) 

where 𝑏! describes the smoothness of the physical continuous function 𝑦!(𝑥). If the values of 

function 𝑦!(𝑥) are known at 𝑁! discrete points 𝑥!, the norm of the m-th derivatives can be 

approximated as: 

𝑏! = (!
!!!(!)
!!!

)!𝑑𝑥!!"#
!!"#

≈ (∆
!!!(!!)
∆!(!!)

)!∆!(𝑥!) = (𝑎!!)!𝛀!,!𝒂!!
!!
!!!!! ,         (3.29) 

where 𝛀!,! = (𝑺!,!)!𝑾!
!!𝑺!,!, 𝐒!,! characterizes the matrices of the coefficient for estimating 

derivatives g!,!(x!) , 𝐖!  characterizes diagonal weighting matrix with the elements 

{𝐖!}!! = 1 ∆!,!(𝑥!). Therefore, the relation of the multiplier γ∆,! = 𝜀!! 𝜀∆,!!  in Eq. (3.27) to 

the known values of b! can be written as: 

γ∆,! =
!!
!

(!!
!)!"#,                                                      (3.30) 

where  

(𝑏!!)!"# = (!
!!!

!"(!)
!!!

)!!!"#
!!"#

𝑑𝑥.                                      (3.31) 

Here, 𝑦!!"(𝑥) is the most unsmooth real function y!(𝑥). Therefore, the smoothness a priori 

condition imposed by the second line in Eq. (3.2) allows any function y!(𝑥) to be solution that 

has norm of m-th derivatives 𝑏!! smaller than (𝑏!!)!"#. Such definition means the second 

component in Eq. (3.2) defining the derivatives equal zeros:  𝒈!∗ = 𝟎!∗ = 𝟎+ ∆!,! . It is 

assumed that the errors ∆! are independent for each i-th (i = 1, 2, …, 5) component of vector 

a. Such errors ∆! have the diagonal covariance matrix with the elements of the diagonal 

defined as: {𝑪!,!} = 𝜀!,!! (∆!,!(𝑥!)). The deviation of estimates 𝑔!,!(𝑥!) from zero is assumed 

to have variance 𝜀!,!! (∆!,!(𝑥!)). Therefore, the strength of a priori constraint imposed on 

each retrieved function (𝑑𝑉 𝑟 𝑑𝑙𝑛𝑟, 𝜌! 𝜆 , 𝜅(𝜆), 𝜃 𝜆  and 𝐵 𝜆 ) is defined by calculating 
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values of (𝑏!!)!"# using most unsmooth examples of corresponding physical functions, such 

as most unsmooth size distributions, spectral dependencies of BRDF parameters. 

3.2.3.2 A priori smoothness constraints in multiple pixel fitting 

The 3.2.2 section discusses the simultaneous inversion of a group of pixels. The multi-

pixel approach employs expected continuity in pixel-to-pixel variability of aerosol and land 

surface properties as an additional retrieval constraint. In addition, the pixel group (𝑁!×𝑁!×

𝑁!) has limited size. The properties of aerosol and surface observed at the edges of a pixel 

group and the pixel-neighbors located just outside of the 𝑁!×𝑁!×𝑁! pixel group may have 

certain continuities. Such constraints enforcing continuity of retrieved properties during 

different pixel groups can be rather logically added to the inversion formulations. Adding 

extra terms in Eqs. (3.20) – (3.23) can implement the additional conditions of continuity of 

aerosol and surface properties with the values of corresponding parameters in the 

neighborhood of the inverted pixel group. For example, the minimized quadratic form Ψ(𝒂!), 

its gradient ∇Ψ(𝒂!)  and Fisher Matrix 𝑨!  will include the extra-terms Ψ!"#!(𝒂!) ,  

∇Ψ!"#!(𝒂!) and (𝑨!)!"#! accordingly. Such additional terms are rather transparent and can 

be computed with very minor effort. Because of the natural limitations of computer resources, 

the inversion of satellite observations over large geographical areas and extended time periods 

can be inverted sequentially by small pixel groups of limited 𝑁!×𝑁!×𝑁!  size. Such 

sequential retrieval is nearly equivalent to simultaneous inversion of all data by adding 

intergroup constraints. It is noted that the retrieval for each small pixel group would not take 

advantage of the information contained in the observations over the pixels inverted in 

subsequent retrieval acts, while the retrieval can fully benefit from all preceding retrievals. 

Since the spatial and temporal correlations of both aerosol and surface properties have rather 

limited range, using the inter-parcel continuity constraints sequential pixel parcel-by-parcel 

retrieval can produce the extended fields of the retrieved parameters. The high consistency of 

those fields is enforced by unified inter-pixel constraints. 

The multi-pixel retrieval approach discussed in the above sections benefits from the 

limited spatial variability of aerosol or land surface reflectance for different pixels or 

temporary for the same pixel. However, sometimes it is reasonable to assume that some 

parameters do not change at all from pixel to pixel. Specifically, most of the aerosol 

parameters and the land surface reflectance parameters are assumed diurnally constant in the 

retrieval algorithm developed for geostationary observations (Govaerts et al., 2010). Thus, a 

possibility of assuming the inter-pixel invariant parameters can be a useful option for 

constraining the retrieval and verifying the importance of neglected variations. 
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Inclusion of those assumptions would enforce high correlation between corresponding 

retrieved parameters and make them practically equal. However, the enforcement of full 

dependence of the retrieved parameters has deficiencies. For example, the increase of 𝛾! 

would produce a strong increase in the smoothness matrices 𝛀!"#$% and 𝛀!"#! into the total 

Fisher matrix in Eqs. (3.20) – (3.23). Correspondingly, the dominant contributions of 𝛀!"#$% 

and 𝛀!"#! would result in degenerated Normal systems. Therefore, if the properties of aerosol 

or surface in different pixel are same, the retrievals of a single group of those constant 

parameters for many pixels seem more logical than the retrievals of several groups of 

parameters (one group per each pixel) forced by the enhanced smoothness constraints to have 

very close values in different pixels. However, since practical implementation of the 

algorithm allowing easy increase or decrease in the number of fixed parameters is logistically 

very challenging, the algorithm based on the straightforward strategy looses flexibility. Thus, 

the approach that uses the general formulation of the inversion strategy by the inter-pixel 

smoothness constraints even for some retrieval scenarios when some derived parameters do 

not change in different observations (for example, some parameters of BRDF are intra-day 

independent over the same pixel) or one set of observation (for example, some parameters of 

BRDF are spectrally independent in any single pixel) is recommended. 

The approach is the following. First, it is assumed that every single parameter driving the 

forward model is retrieved. Under such assumption, the Normal system is built. Then, using 

simple modification of the Normal system without any other changes to fix several 

parameters equal in the inversion. It is noted that the Fisher matrix 𝑨(!) and gradient ∇Ψ(!) 

for deriving N parameters 𝑎! are defined. Then if 𝑛 + 1 parameters are assumed to equal 

(𝑎! = 𝑎!! (k = 1, … , 𝑛 + 1)), it is better to decrease number of the retrieved parameters and 

recalculate Fisher matrix and gradient for new decreased set of the retrieved parameters. Such 

new Fisher matrix and gradient can be obtained easily from the Fisher matrix and gradient 

calculated for original set of retrieved parameters. For example, the retrieval can be 

implemented simply by decreasing the dimensions of the Fisher matrix and gradient by 

summing up 𝑛 + 1 of lines and columns of the equal parameters. Therefore, the solution can 

be obtained by solving modified Normal system with Fisher matrix 𝑨(!!!) and gradient 

∇Ψ(!!!) of smaller dimensions: 𝑁 − 𝑛 ×(𝑁 − 𝑛) and (𝑁 − 𝑛), respectively.  
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3.3 Physico-chemistry to refractive index conversion 

model 

One of the most challenging aspects of measuring aerosol physicochemical properties is 

that the impacts of aerosols on climate and health are collectively determined by the 

properties of the individual particles. Field and laboratory studies demonstrate that aerosols 

have complex morphologies and phase behavior (You et al., 2012; Virtanen et al., 2010; 

Buajarern et al., 2007). The complex behavior caused by the phase and internal structure 

within particles can ultimately impact climate-relevant properties. Since such complex 

properties show that beyond knowing chemical mixing state, a further level of detail is needed, 

which is regarded as physicochemical mixing state (an example of the detail possible with 

physicochemical mixing state shown in Figure 3.2) (Ault and Axson, 2017). Chemical mixing 

state provides information on primary versus secondary components, but ignores spatial 

information and other physical properties. Physicochemical mixing state provides chemical 

detail information as well as the spatial information and/or physical properties such as 

morphology, internal structure and the spatial distribution of species. The complexity of 

coupling physical properties and chemical mixing state is a factor contributing to the studies 

of aerosol in spectroscopic measurements (Ault and Axson, 2017). 

	
Figure 3.2: Illustrations of particle composition with increasing complexity and detail. The locations 

of the colors in the chemical mixing state particles are not meant to convey spatial distribution, only 

the presence of both primary and secondary components (Ault and Axson, 2017). 
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The previous GRASP algorithm can achieve a robust retrieval of complete aerosol 

properties including information about aerosol particle sizes, shape, absorption and refractive 

index, while without aerosol composition information. This thesis work presented an attempt 

to increase the physical and chemical detail information derived from remote sensing 

retrievals. The approach consist in modifying the “Forward model” by relating aerosol 

refractive index with fractions of some main aerosol compositions and direct retrieval of these 

fractions. In order to implement the idea of retrieving aerosol composition from remote 

sensing, it is imperative to identify a set aerosol components, combination of which refractive 

indices covers all possible solutions. At the same time, optical properties of these components 

should be sufficiently different to be distinguished in the measured signal. The components 

should also be representative for atmospheric aerosol and be as close as possible to aerosol 

composition implemented in global transport modeling. Information about relation of 

composition to aerosol microphysical properties, e.g., size fraction, should also be respected. 

Therefor the approach is called “physico-chemistry to refractive index” conversion model. 

The identification and development of the conversion model, as well as a series of sensitivity 

tests using synthetic data, are presented in the following. 

3.3.1 Size-independent volume-weighted conversion model 

3.3.1.1 Definition and assumption 

The volume-weighted conversion model, which is the simplest conversion model, provides 

aerosol refractive index using the fraction and refractive index of each composition employed 

in the conversion model. The volume-weighted conversion model estimates the aerosol 

refractive index by Eq. (3.32) for particles of all sizes:  

𝑚(𝜆) = !"#$!!!(!)
!
!!!

!"#$!
!
!!!

,                                                    (3.32) 

where 𝑚(𝜆) represents the complex refractive index at the wavelength of 𝜆.  𝐹𝑟𝑎𝑐! (i = 1, 

2, …, j) represents the fraction of each composition and 𝑚! represents the complex refractive 

index of composition, correspondingly.  

Considering the limited information contained in the satellite remote sensing 

measurements and the optical discriminations among the compositions in the aerosols, it is 

assumed that aerosols can be composed of carbonaceous particles, mineral dusts, iron oxide 

and water for all sizes. The complex refractive indices of assumed aerosol compositions 

employed in such model are shown in Figure 3.3. Note that the refractive indices of all the 

selected components are different by their absolute values or by their spectral dependence; 

e.g., at some wavelengths the imaginary part of iron oxide is similar to carbonaceous or dust, 
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but the entire spectral dependence is very different. Here iron oxide is an important 

component that affects the ability of mineral dust aerosol to absorb sunlight at short 

wavelength. Dust is a non-absorbing component, such as quartz. They are the same in the 

conversion model for size-dependent case. 

	

Figure 3.3: The refractive indices of assumed aerosol compositions employed in the size-independent 

volume-weighted conversion model. The parameters of carbonaceous particles are calculated from 

Bond and Bergstrom (2006) and Sun et al. (2007). The parameters of dust refer to Ghosh (1999). The 

parameters of iron oxide refer to Longtin et al. (1988). The parameters of water refer to Lesins et al. 

(2002). 

3.3.1.2 Sensitivity test  

With the size-independent volume-weighted conversion model, a series of sensitivity tests 

are conducted using synthetic data. First, using the assumed fractions of aerosol composition 

and the associated information (such as viewing geometry, spectral characteristic, coordinates, 

etc.) the PARASOL/POLDER synthetic measurements of radiances and polarization 

properties are created by the forward calculations. Then, the synthetic measurements are fitted 

by the numerical inversion procedure and fractions of the aerosol compositions are retrieved. 

Abscissa in the first panel of the Figure 3.4 shows the range of the assumed fractions. Figure 

3.4 shows very good correlations between the assumed and the retrieved fractions of aerosol 

composition, as well as between the derived optical parameters (AOD, single-scattering 

albedo, refractive index). It demonstrates that using the size-independent volume-weighted 

conversion model, the inversion procedure is able to distinguish amongst the aerosol 

compositions employed in the model. The retrievals are not sensitive to the initial guess. 

However, the inconvenience of this model is that the BC and BrC are not distinguished, but 

grouped into one component (carbonaceous) that characterizes the strongly absorbing aerosols. 
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Figure 3.4: The sensitivity tests of size-independent volume-weighted conversion model. 

With the size-independent conversion model, the POLDER/PARASOL retrieval is set to 

retrieve only one aerosol mode. The algorithm derives single values of fractions of aerosol 

composition and spherical particles for particles of all sizes.  
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3.3.2 Size-dependent volume-weighted conversion model 

3.3.2.1 Definition and assumption 

To derive information on BC and BrC separately, a new set of fractions was tested; that is 

the elements considered are BC, BrC, iron oxide, mineral dust and aerosol water content. 

However, because BrC and iron oxides (hematite and goethite) have similar strong spectral 

dependencies for the imaginary index with significant absorption at ultraviolet through mid-

visible wavelengths (Kerker et al., 1979; Chen and Cahan, 1981; Derimian et al., 2008; Chen 

and Bond, 2010), mixtures of BrC and iron oxide cannot be unambiguously partitioned on the 

basis of the imaginary index alone. In order to retrieve BrC and iron oxide simultaneously, an 

option solution is separating these two compositions by the particle size. It is known that the 

fine mode is dominated by carbonaceous absorbing particles and the coarse mode is 

dominated by mineral dust aerosol, where the iron oxides are commonly present. Therefore, 

suggested is employment of the size dependent conversion aerosol composition model. It is 

assumed that the fine mode particles are comprised of BC, BrC, dust and water; the coarse 

mode particles consist of dust, iron oxide and water. Therefore, in the size-dependent 

conversion model, the refractive index is presented separately for fine and coarse modes, as 

follows: 

𝑚!(𝜆) =
!"#$(!!) !!!(!)

!
!!!

!"#$(!!)
!
!!!

,                                           (3.33) 

𝑚!(𝜆) =
!"#$(!!) !!!(!)

!
!!!

!"#$(!!)
!
!!!

,                                           (3.34) 

where “F” and “C” denotes fine and coarse mode, respectively. The refractive indices of 

compositions employed in the size-dependent conversion model are shown in Figure 3.5. It is 

noted, however, that OC (non-absorbing organic carbon) and non-absorbing mineral dust 

have similar complex refractive index (Koepke et al., 1997; Ghosh et al., 1999), which makes 

impossible their distinguishing in the fine mode. Therefore, in the presented size-dependent 

approach, the OC and the fine dust appear as the same element. However, the Ångström 

Exponent is suggested to be use for attribution of the derived fraction to one of the elements. 

Separation by the Ångström Exponent is expected to be particularly useful in areas affected 

by dust or biomass burning only. The assumption may lead to uncertainty in mixed cases. 

3.3.2.2 Sensitivity test 

In order to investigate the sensitivity of POLDER/PARASOL observations to the 

parameters retrieved using the size-dependent volume-weighted conversion model, a similar 
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series of sensitivity tests are conducted using the synthetic data as discussed in 3.3.1.2. The 

correlations shown in Figure 3.6 indicate that the size-dependent volume-weighted conversion 

model allows the algorithm to retrieve the fractions of aerosol compositions employed in fine 

and coarse modes, respectively. Indeed, the number of the retrieved parameters is increased in 

this case (from four fractions to seven fractions), however, the sufficiency of the information 

content tests shows that the retrievals are not sensitive to the initial guess.  

	
Figure 3.5: The refractive indices of assumed aerosol compositions employed in the size-dependent 

volume-weighted conversion model. The parameters of BC refer to Bond and Bergstrom (2006). The 

parameters of BrC refer to Sun et al. (2007). The parameters of dust refer to Ghosh (1999). The 

parameters of iron oxide refer to Longtin et al. (1988). The parameters of water refer to Lesins et al. 

(2002).  
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Figure 3.6: The sensitivity tests of size-dependent volume-weighted conversion model.  

3.3.2.3 Uncertainty 

In the present size-dependent conversion model, OC and fine dust can be retrieved as the 

same element in the fine mode. Because these two elements have similar complex refractive 

index (Ghosh, 1999; Koepke et al., 1997; Arola et al., 2011), their distinguishing by the 
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presented algorithm is impossible. This may lead to an artificial fine dust fraction, especially 

in regions affected biomass burning. Figure 3.7 shows the uncertainties caused by the 

assumption of OC and fine dust. First, using the assumed fractions of composition averaged 

over biomass burning regions and the OC refractive index in fine mode to create the 

PARASOL/POLDER synthetic measurements of radiances and polarization properties. Then, 

the synthetic measurements are fitted by the numerical inversion procedure employed the dust 

refractive index in fine mode and fractions of the aerosol compositions are retrieved, showing 

the biomass burning cases that can have uncertainties induced by the assumption of OC and 

fine dust refractive indices. The uncertainties in BC, BrC, iron oxide, water and coarse dust 

are less than 5%, and the uncertainties in fine dust or OC are around 10%.  

	

Figure 3.7: The uncertainty of OC and fine dust assumed as same composition in fine mode of size-

dependent Maxwell-Garnett conversion model. The solid lines represent the aerosol compositions in 

fine mode and the dashed lines represent the aerosol compositions in coarse mode. “F” and “C” 

denotes the fine particles and coarse particles, respectively. 

3.3.3 Size-dependent Maxwell-Garnett conversion model 

3.3.3.1 Definition and assumption 

The volume-weighted conversion model is a straightforward and transparent approach that 

facilitated understanding of sensitivity limits of POLDER/PARASOL measurements to the 

aerosol composition and determining an optimum configuration of the algorithm. At the same 

time, the Maxwell-Garnett mixing rule has been extensively applied in many studies for 
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retrieval of aerosol composition from ground-based remote sensing measurements (Schuster 

et al., 2005, 2009, 2016; Li et al., 2013, 2015; Wang et al., 2013). Figure 3.8 illustrates a 

general logistics of an effective refractive index calculation using a conversion model that is 

based on Maxwell-Garnett effective medium approximation. 

The first step in this approach is creation of a “host” and calculation of refractive index of 

the host, which can be formed by water and soluble inorganic species (e.g., ammonium nitrite, 

ammonium sulfate, sea salt). 

	
Figure 3.8: Illustration of Maxwell-Garnett conversion model.  

It is well know that inorganic salt aerosols are mostly hygroscopic by nature and exhibit 

the property of deliquescence in humid air (Tang, 1979). The phase transition from a solid 

particle to a saline droplet (host) usually occurs spontaneously when the relative humidity 

reaches a specific value, known as the deliquescence point, that is specific to the chemical 

composition of the aerosol particle (Orr et al., 1958; Tang, 1976; Tang and Munkelwitz, 

1993). The refractive indices of hygroscopic aerosols change with the additional amount of 

water that is absorbed in response to changing relative humidity. These changes in refractive 

index, including also the changes in specific density, size and mass fraction, have been 

measured very accurately as functions of relative humidity (Tang and Munkelwitz, 1991, 

1994; Tang, 1996). The measurements are made at the HeNe laser wavelength of 0.633 𝜇𝑚, 

and parametric formulas derived for the changes in real part of the refractive index, specific 

density, size and water activity as functions of mass fraction. 

In present approach, the host is assumed to depend on the properties and the proportions of 

ammonium nitrate and water because relative humidity of deliquescence of ammonium nitrate 

is low. The real and imaginary refractive indices of water are smoothly interpolated utilizing 

measured data (Hale and Querry, 1973; Palmer and Williams, 1974; Downing and Williams, 

1975; Tang and Munkelwitz, 1991; Kou et al., 1993). The real refractive index of dry 

ammonium nitrate is spectrally extrapolated from water refractive index using refractive 

index proportionality measured by Tang (1996). The imaginary refractive index of dry 

ammonium nitrate is linearly extrapolated from measurements for a solution of ammonium 

nitrate with mass fraction of 40% (Gosse et al., 1997) using Tang (1996) proportionality. 
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Outside of the measurement interval, the imaginary refractive index of ammonium nitrate is 

assumed to be the same as that for pure water.  

For droplets (“host”) the equilibrium relative humidity is increased by the Kelvin effect 

due to the surface tension of the droplet curvature according to Eq. (3.35): 

%𝑅𝐻 = 100𝑎!𝑒𝑥𝑝(
!!!
!"#$

),                                          (3.35) 

where 𝑎! and 𝛾 are, respectively, the water activity and surface tension of a bulk solution of 

composition and density 𝜌. 𝑀 is the molecular weight of water, 𝑅 is the gas constant, and 𝑇 is 

the absolute temperature. The curvature effect is generally neglected in droplet 

growth/evaporation computations for aerosol particles in the optical size range. Therefore, 

%𝑅𝐻 is given by 100𝑎!. Newton-Raphson iteration is used to obtain mass fraction X for the 

specified relative humidity using the water activity (𝑎!), which is expressed as (Tang, 1996): 

𝑎! = 1.0− 0.365 ∗ 𝑋 − 0.09155 ∗ 𝑋! − 0.2826 ∗ 𝑋!.                    (3.36) 

Ammonium nitrate solution refractive index for the mass fraction X is used to obtain a 

refractive index proportionality factor that can linearly interpolate the relative humidity 

dependence of both real and imaginary refractive index between the dry ammonium nitrate 

and pure water values, written as Eq. (3.37) (Tang et al., 1981). Kou et al. (1993) suggest that 

linear interpolation is appropriate for changes in refractive index due to changing mass 

fraction for ammonium nitrate. Relative humidity is used to compute the refractive index of 

the host solution 𝐻𝑜𝑠𝑡!, using partial molar theory (Tang and Munkelwitz, 1991, 1994; Tang, 

1996). 

𝐻𝑜𝑠𝑡! = 1.3337+ 0.119𝑋,𝑋 ≤ 0.205
1.3285+ 0.145𝑋,𝑋 > 0.205.                                (3.37) 

A detailed description and FORTRAN subroutines for calculating of host complex 

refractive index is accessible at the website of GACP (Global Aerosol Climatology Project, 

https://gacp.giss.nasa.gov/data_sets/). The second step aims to calculate the refractive index 

of a mixture composed of inclusions embedded in the host. Therefore, once the refractive 

index of the host has been computed, the refractive index of the mixture is computed using 

the Maxwell-Garnett equations. The Maxwell-Garnett effective medium approximation 

allows the computation of the average dielectric function based upon the average electric 

fields and polarizations of a host matrix with embedded inclusions, and is the appropriate 

effective medium approximation for mixtures of insoluble particles suspended in solution 

(Bohren and Huffman 1983; Lesins et al., 2002).  
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The dielectric functions of aerosols are not typically tabulated in the literature, so they 

must be computed from the refractive index. Once the dielectric functions are know for the 

host and its constituents, the Maxwell-Garnett dielectric function may be calculated for a 

homogeneous material, which (for example, a 2-component mixture) can be expressed as 

(Bohren and Huffman, 1983): 

𝜀!" = 𝜀! 1+
!(!!

!!!!!
!!!!!!

!!!
!!!!!
!!!!!!

)

!!!!
!!!!!
!!!!!!

!!!
!!!!!
!!!!!!

,                                    (3.38) 

where 𝜖!, 𝜖!, and 𝜖! are the complex dielectric functions of the host matrix and inclusions, 

and 𝑓!, 𝑓! are the volume fractions of the inclusions. The corresponding complex refractive 

index of the mixture can be obtained by Eqs. (3.39) – (3.40): 

𝑚! =
!!!!!!

!!!!

!
,                                                 (3.39) 

𝑚! =
!!!!!!

!!!!

!
,                                                 (3.40) 

where 𝜀! and 𝜀! denote the real and imaginary components of the mixture dielectric function, 

𝜀!" . 

The aerosol refractive index is therefore derived by two described above steps using 

relative humidity and the fractions of aerosol composition employed in the conversion model. 

The detailed refractive indices of inclusions embedded in the host of the present aerosol 

composition conversion model are shown in Figure 3.9. Based on the considerations that the 

size-dependent aerosol composition model is required for separation between BC, BrC and 

iron oxides, the same model was also used in the case of Maxwell-Garnett mixing rule. 
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Figure 3.9: The refractive indices of assumed aerosol compositions embedded in the host of the size-

dependent Maxwell-Garnett conversion model. The parameters of BC refer to Bond and Bergstrom 

(2006). The parameters of BrC refer to Sun et al. (2007). The parameters of dust refer to Ghosh (1999). 

The parameters of iron oxide refer to Longtin et al. (1988). 

3.3.3.2 Sensitivity test 

Figure 3.10 presents results of tests of POLDER/PARASOL measurements sensitivity to 

aerosol elements and RH considered in the size-dependent Maxwell-Garnett conversion 

model. Similarly to the Figures 3.4 and 3.6, abscissas in the first panel of Figure 3.10 present 

the range of the assumed aerosol composition fractions in fine and coarse modes. Good 

correlations between the assumed and the retrieved fractions of composition and optical 

parameters (AOT, single-scattering albedo, refractive index) in Figure 3.10 demonstrate that 

utilization of the size-dependent Maxwell-Garnett conversion model allows the algorithm to 

distinguish the assumed aerosol compositions in fine and coarse modes, as well as the 

ammonium nitrate and water in the host. Despite Maxwell-Garnett conversion model implies 

more aerosol compositions (soluble species like ammonium nitrate), the tests to sufficiency of 

informative content still show that stable results are not sensitive to initial guess.  
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Figure 3.10: The sensitivity tests of size-dependent Maxwell-Garnett conversion model. AN represents 

ammonium nitrate in the host and RH represents the relative humidity. RH is shown in the panel of 

coarse mode for a purpose of convenience; note that it is used for host refractive index calculation of 

fine and coarse particles. 
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3.3.3.3 Uncertainty 

In the present size-dependent Maxwell-Garnett conversion model, the host refractive index 

is calculated by ammonium nitrate and water, which may lead to some uncertainties of the 

aerosol compositions in the retrievals. Because in the realistic atmospheric aerosols, there are 

a variety of soluble inorganic species, such as ammonium nitrate, ammonium sulfate, sea salt. 

Figure 3.11 shows the uncertainties caused by the assumption of ammonium nitrate and 

ammonium sulfate. First, using the host of ammonium nitrate and water with the other 

assumed fractions of aerosol composition to create the PARASOL/POLDER synthetic 

measurements of radiances and polarization properties. Then, the synthetic measurements are 

fitted by the numerical inversion procedure employed the host of ammonium sulfate and 

fractions of the other aerosol compositions are retrieved, showing the uncertainties induced by 

the assumption of ammonium nitrate. The uncertainties in BC, BrC, iron oxide and dust are 

less than 0.5%, and the uncertainties in water and inorganic soluble (ammonium nitrate) are 

around 5%. Such uncertainties of the host are attributed to the differences of hygroscopicity 

between ammonium nitrate and ammonium sulfate (Tang and Munkelwitz, 1991, 1994; Tang, 

1996).  

	
Figure 3.11: The uncertainty of soluble inorganic species assumed in size-dependent Maxwell-Garnett 

conversion model. The solid lines represent the aerosol compositions in fine mode and the dashed 

lines represent the aerosol compositions in coarse mode. “F” and “C” denotes the fine particles and 

coarse particles, respectively. 
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Chapter 4    

4. Retrieval of aerosol composition 

from POLDER/PARASOL 

observations over Africa  

“The man who has made up his mind to win will never say ‘impossible’.”  

------Napoleon Bonaparte 

Africa is the largest source of mineral dust aerosols over the world (Laurent et al., 2008) as 

dust emission takes place primarily in a few preferential source regions, mostly located in the 

world’s arid zones, notably the Sahara desert (Herman et al., 1997; Prospero et al., 2002; 

Torres et al., 2002; Washington et al., 2003; Zhang and Christopher, 2003). Mineral dust 

originated from Africa is transported mainly towards the Atlantic Ocean and the 

Mediterranean Sea. The African dust is emitted from numerous sources with varying intensity, 

seasonality and frequency (Goudie and Middleton, 2001; Prospero et al., 2002; Laurent et al., 

2008). For example, the Bodélé depression located northeast of Lake Chad consists of a series 

of ephemeral lakes that collect erosion from several sources (Mounkaila et al., 2003). It is 

known as the most vigorous dust source caused by locally strong winds associated with the 

Bodélé Low-Level Jet (LLJ) (Washington and Todd, 2005; Washington et al., 2006). 

Besides dust emission, the African continent is also affected by strong biomass burning 

events all year round, which is attributed to widespread savannah fires and agricultural fires. 

Approximately 80% of all global biomass burning takes place in the tropical region (Keil and 

Haywood, 2003), with about 440 million hectares of land exposed to fire annually (Scholes 

and Andreae, 2000). An estimated one third of total global pyrogenic emissions are produced 
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from burning occurring on the African continent (Alleaume et al., 2005). The intensity and 

variability of biomass burning in Africa follow a well-determined seasonal cycle associated 

with the seasonal shift in the Inter-Tropical Convergence Zone (ITCZ). The emissions of 

biomass burning from the south regions of northern Africa reach the peaks during the dry 

season (Northern Hemisphere winter - DJF), and then more intense emissions occurring in 

southern Africa during the months of JJA and SON. It is known that biomass burning alters 

regional aerosol and trace gas composition (Crutzen et al., 1979; Seiler and Crutzen, 1980; 

Crutzen and Andreae, 1990; Andreae and Merlet, 2001), impacts atmospheric chemistry, 

radiative balance and biogeochemical cycles (e.g., Liousse et al., 1996; Garstang et al., 1998; 

Dubovik et al., 2000; Tyson and Gatebe, 2001; Kaufman et al., 2002b; Takemura et al., 2002). 

Africa is under the influences of biomass burning and dust aerosols with significant seasonal 

variation. 

It should be mentioned here that in addition to African continent, the West Asia is also an 

important dust source. For instance, previous studies (Prospero et al., 2002; Ginoux et al., 

2012; Léon and Legrand, 2003) show that about 65% of the southwest Asian arid terrain is 

able to be a potential dust source. There are several arid to semi-arid countries with 

substantial sources of dust, including the Margo Desert to the east of the Sistan Basin, 

Registan Desert in southern Afghanistan, the large dry lake of Hamoun-e Mashkel in western 

Pakistan south of the Sistan Basin and the broad plains of the Makran Desert located on the 

Iran-Pakistan border, along the coastal plain of the Oman Sea, the Karakum Desert along the 

east coast of the Caspian Sea (Orlovsky et al., 2005) and Qobustan in Azerbaijan on the west 

side of the Caspian Sea (Ginoux et al., 2012). Most of West Asia is under the influence of 

mineral dust aerosols originated from these sources of dust. 

Therefore, since dust and biomass burning aerosol present significant seasonal and spatial 

variation, investigating their compositions using satellite observations can enable highly 

important information, especially because very few ground-based data exists in desert regions, 

e.g., Sahara Desert. The current chapter presents retrievals and analysis of aerosol 

composition from POLDER/PARASOL observations over Africa. As it was presented in the 

previous chapter, there are two different aerosol composition conversion models: volume-

weighted model and Maxwell-Garnett model. This chapter presents a detailed discussion of 

the aerosol composition inferred by the both conversion models, which also account for the 

size-dependent composition. Then, the ground-based AERONET measurements and field 

campaign data from literature are applied to validate the results of the retrievals using aerosol 

composition module. Finally, a comparison of GRASP composition retrievals with GEOS-

5/GOCART model simulation is discussed. The retrievals can provide a possibility to 
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evaluate the chemical transport model simulations with large coverage observations in order 

to reduce the uncertainties of the simulations.   

4.1 Volume-weighted conversion model retrieval 

4.1.1 Black carbon  

Aerosols from vegetation fires consist predominantly of fine carbonaceous particles in 

combination with various products, mostly referred as BC (Pósfai et al., 2003). The BC 

emission depends on vegetation types and fire intensity (Reid and Hobbs, 1998). Figure 4.1 

shows the retrieved seasonal and interannual variations of BC columnar volume concentration 

over Africa and Arabian Peninsula. Note that the years 2006 to 2008 are presented because 

only this period was processed at the time of the manuscript writing. The results show two 

seasonal peaks of BC concentration one in the winter season (DJF) over northern Africa and 

another one during SON mostly over southern Africa. BC concentration during MAM has a 

lower magnitude and the area of coverage in comparison to other three seasons. The average 

values and percentages (here the values are calculated over the region as shown in the Figures 

and all values in Chapter 4 are the same) of BC concentration during MAM are the smallest, 

up to half, of the values during DJF and SON accordingly (see Table 4.1). Both Figure 4.2 

and Table 4.2 indicate that BC concentration in May is the smallest one during all months.    

During the Northern Hemisphere winter season (DJF), the agricultural burning is intense 

across the sub-Sahelian region of Africa. BC generated from such agricultural burning 

extends for thousands of kilometers from east to west across the continent. As shown in 

Figure 4.1 and 4.2, BC concentration in northern Africa is more over land near the west coast, 

especially from Senegal south to Gabon on the equator, and over the Gulf of Guinea. It is 

because the savanna fires occur in the humid Guinean and southern Sudanese zones where the 

total biomass loading is high during this period (Delmas et al., 1991; Menaut et al., 1991). It 

is noted that BC over the ocean is generally transported from biomass burning areas by 

prevailing trade winds. BC concentration during DJF, especially in January, has the highest 

average values and the percentages as shown in Table 4.1 and 4.2. It is attributed to the 

percentage of BC emitted, which is determined by intensity and efficiency of the burning. For 

example, flaming fires produce a higher percentage of BC than smoldering fires (Kaufman et 

al., 2002b; Pósfai et al., 2003). Duncan et al. (2003) also obtained stronger TOMS Aerosol 

Index (AI) signal from biomass burning over such areas. It is noteworthy that mineral dust 

transported from the Sahara desert and arid parts of the Sahel is also present with high 

concentration in the same time, which is discussed in 4.1.3 and 4.1.4. 
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During the months of JJA and SON, BC is mostly concentrated over southern Africa. 

Overall, the average value and the percentages of BC for entire Africa during SON are larger 

than those during JJA, which is attributed to the different areas and intensity of the fires 

during these two seasons. Many field campaigns (e.g., Southern Africa Fire-Atmosphere 

Research Initiative (SAFARI-92) (Lindesay et al., 1996), the Southern Africa Atmosphere 

Research Initiative (SA’ARI) (Helas et al., 1995), the Ben MacDhui High-Altitude Trace Gas 

and Aerosol Transport Experiment (BHATTEX) (Piketh et al., 1999b), Aerosol Recirculation 

and Rainfall Experiment (ARREX) (Terblanche et al., 2000), and the Southern African Fire 

Research Initiative (SAFARI-2000) (Swap et al., 2003)) carried out in southern Africa have 

demonstrated that stable atmospheric conditions predominate over southern Africa during the 

dry season. The largest source of biomass burning material in southern Africa during JJA and 

SON is savanna vegetation (Swap et al., 2002, 2003). Biomass burning is also carried out 

largely as part of regional agricultural practices in southern Africa (Maenhaut et al., 1996; 

Eck et al., 2003). The presented retrieval results are indeed in line with the previous studies. 

As illustrated in Figure 4.2 and Table 4.2, in southern Africa, the average value and the 

percentages of BC begin to increase in June, reach the peaks in August and September, and 

then decrease in October. The variations of the retrieved BC are consistent with the biomass 

burning activity progressing from north to south, beginning in June, peaking in July and 

August and then decreasing in intensity until late October when the dry season comes to an 

end (Cahoon et al., 1992; Maenhaut et al., 1996; Liousse et al., 1996; Swap et al., 1996). In 

addition, a small part of BC is observed to leave the continent from the southeastern coast of 

South Africa, especially near Mozambique (e.g., JJA in 2008 in Figure 4.1), which is 

associated with the recirculation of aerosols and trace gases occurring in a significant extent, 

on local, regional and subcontinental scales as the stable layers generated by the anticyclonic 

nature of atmospheric circulation over the region (Torres et al., 2002). 

There are also some interannual variations of BC concentration during the period 2006 – 

2008 (Figure 4.1 and Table 4.1), such as BC concentration during DJF in 2007 is higher than 

those in 2006 and 2008.  Interannual variability is likely due to both year-to-year variations in 

climate and fires intensity. The emissions of biomass burning are variable during different 

years can be partly attributed to an ENSO-induced drought in Africa that decreases the 

amount of biomass available for burning (Barbosa et al., 1999). Interannual variability also 

depends primarily on the amount of rainfall received during the seasons when burning 

typically occurs, with most burning in the driest years (Gleason et al., 1998). However, since 

most fires in Africa are in the savannas with relatively low fuel loads compared to forests and 
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high burn frequency, the interannual variation in fire activity is expected to be less than in 

other regions, such as south America, (e.g., Delmas et al., 1991; Menaut et al., 1991). 

Note that the BC columnar volume concentration (mm3/m2), which is directly retrieved by 

the algorithm, was converted to columnar mass concentration (mg/m2) using the density value 

of 1.8 g/cm3 (Park et al., 2004; Bond and Bergstrom, 2006). 
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Figure 4.1: Seasonal variations of BC columnar volume concentration (mm3/m2) over Africa and 

Arabian Peninsula during the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the volume-weighted conversion model. 
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Figure 4.2: Monthly variations of BC columnar mass concentration (mg/m2) over Africa and Arabian 

Peninsula averaged over the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the volume-weighted conversion model. 
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Table 4.1: Seasonal columnar volume concentration (mm3/m2) statistics for BC over Africa and 

Arabian Peninsula during the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the volume-weighted conversion model. The 

percentages (5%, 25%, 50%, 75% and 95%) of the values are determined by ordering the values of the 

variable from lowest to highest, which indicate in detail the distribution of the variable. 

Year Season Average Std 5% 25% 50% 75% 95% 

2006 

DJF 0.96 1.28 0.01 0.15 0.51 1.28 3.45 

MAM 0.51 0.89 0.01 0.08 0.25 0.58 1.81 

JJA 0.54 0.86 0.01 0.07 0.22 0.60 2.30 

SON 0.80 1.14 0.02 0.13 0.40 1.03 2.85 

2007 

DJF 1.08 1.41 0.03 0.18 0.54 1.42 4.02 

MAM 0.46 0.79 0.01 0.07 0.22 0.52 1.63 

JJA 0.67 1.12 0.01 0.07 0.25 0.76 2.83 

SON 0.79 1.07 0.03 0.15 0.42 1.01 2.75 

2008 

DJF 1.01 1.27 0.02 0.17 0.54 1.40 3.52 

MAM 0.41 0.83 0.01 0.05 0.16 0.43 1.55 

JJA 0.55 0.87 0.01 0.07 0.23 0.66 2.23 

SON 0.80 1.03 0.03 0.14 0.41 1.08 2.81 

Table 4.2 Monthly columnar mass concentration (mg/m2) statistics for BC over Africa and Arabian 

Peninsula averaged over the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the volume-weighted conversion model. The 

percentages (5%, 25%, 50%, 75% and 95%) of the values are determined by ordering the values of the 

variable from lowest to highest, which in detail indicate the distribution of the variable. 

Month Average Std 5% 25% 50% 75% 95% 

Dec 1.73 2.37 0.04 0.26 0.85 2.34 6.13 

Jan 1.96 2.62 0.04 0.28 0.95 2.52 7.48 

Feb 1.60 2.33 0.03 0.20 0.73 2.08 5.97 

Mar 1.02 2.27 0.02 0.09 0.34 1.02 3.99 

Apr 0.73 1.36 0.02 0.10 0.32 0.82 2.74 

May 0.61 1.15 0.02 0.08 0.24 0.66 2.38 

Jun 0.72 1.49 0.01 0.07 0.24 0.78 2.96 

Jul 0.99 1.82 0.02 0.11 0.32 0.98 4.45 

Aug 1.41 2.30 0.02 0.15 0.48 1.62 6.05 

Sep 1.52 2.39 0.04 0.18 0.63 1.89 5.78 

Oct 1.10 1.63 0.04 0.19 0.55 1.40 3.80 

Nov 1.15 1.74 0.03 0.17 0.51 1.37 4.48 
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4.1.2 Brown carbon 

Similarly to BC, the BrC also has an important seasonal and spatial variation over Africa 

and Arabian Peninsula. BrC concentration reaches the peaks during DJF and JJA, 

correspondingly associated with biomass burning in northern and southern Africa. Figures 4.3, 

4.4 and Tables 4.3, 4.4 illustrate the temporal and spatial variations of BrC concentration. BrC 

concentration during MAM is less in quantity and area than in other three seasons, similarly 

to BC.  

Indeed, the BrC concentration reaches the peaks during the same periods as BC because 

they are simultaneously generated from biomass burning combustion. However, a comparison 

between Figures 4.1, 4.2 and 4.3, 4.4, respectively, shows that the largest values of BC and 

BrC concentrations are distributed in different areas, especially during JJA and SON. BC is 

mainly enriched in the area near the biomass burning emissions, whereas BrC is generally 

concentrated over the ocean and near the west coast of Africa from Gabon south to northern 

Namibia during all seasons. Carbonaceous particles are transported by prevailing easterlies 

from the highland plateau over low-lying coastal plains and the Atlantic Ocean. There can be 

some rapid changes occurring in the relative concentrations of particle types with the aging of 

smoke. Previous studies (Haywood et al., 2003; Abel et al., 2003; Reid et al., 1998) have 

demonstrated that the fresh biomass burning aerosols have higher BC content than aged 

aerosol. During SAFARI-2000, for example, Abel et al. (2003) found that single scattering 

albedo has an increase from 0.84 to 0.90 between smoke close to the source and aged haze 5 h 

downwind from a large fire, which is attributed to changes in aerosol composition rather than 

size distribution. 

The analysis of the BrC retrievals also point out on a limitation of the algorithm. It can be 

noted in Figures 4.3 and 4.4 (DJF and MAM) that some elevated BrC concentrations appear 

also over the Bodélé region, which is regarded as one of the strongest sources of dust in the 

world. In fact, the aerosol absorbing property attributed to BrC in this case should be 

associated with iron oxides in fine size fraction. Because BrC and iron oxide have the similar 

spectral absorption behavior (see Figure 2.6), it is difficult to distinguish BrC and iron oxide 

effectively only using the discrepancies of optical properties (absorbing and scattering) 

between them provided by satellite remote sensing. This is why, there is no iron oxide 

component assumed for the fine mode of the aerosol composition conversion model in the 

present algorithm. The hypothesis used is that the iron oxides are associated with mineral dust, 

which primary contribution is to the coarse mode size fraction. Nevertheless, a posteriorly 

analysis can be used for reattributing BrC to fine mode iron oxide in case of small Ångström 

Exponent that indicates pure dust events. 
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Note that the BrC columnar volume concentration (mm3/m2), which is directly retrieved by 

the algorithm, was converted to columnar mass concentration (mg/m2) using the density value 

of 1.2 g/cm3 (Turpin and Lim, 2001). 
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Figure 4.3: Seasonal variations of BrC columnar volume concentration (mm3/m2) over Africa and 

Arabian Peninsula during the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the volume-weighted conversion model. 

 

 

 

 

 

 

 



	 72	

 

	
Figure 4.4: Monthly variations of BrC columnar mass concentration (mg/m2) over Africa and Arabian 

Peninsula averaged over the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the volume-weighted conversion model. 
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Table 4.3: Seasonal columnar volume concentration (mm3/m2) statistics for BrC over Africa and 

Arabian Peninsula during the period 2006 – 2008 as retrieved by GRASP from POLDER/PARASOL 

satellite observations using the volume-weighted conversion model. The percentages (5%, 25%, 50%, 

75% and 95%) of the values are determined by ordering the values of the variable from lowest to 

highest, which indicate in detail the distribution of the variable. 

Year Season Average Std 5% 25% 50% 75% 95% 

2006 

DJF 4.71 6.03 0.05 0.62 2.52 6.31 17.73 

MAM 2.98 4.04 0.08 0.51 1.61 3.84 10.75 

JJA 4.98 6.65 0.10 0.78 2.39 6.21 20.05 

SON 4.99 6.11 0.19 1.09 2.84 6.27 18.43 

2007 

DJF 5.08 6.26 0.11 0.96 2.91 6.49 18.90 

MAM 3.23 4.02 0.09 0.56 1.76 4.29 11.66 

JJA 5.08 7.12 0.06 0.65 2.24 6.29 20.52 

SON 4.42 5.06 0.24 1.06 2.63 5.82 15.08 

2008 

DJF 4.75 6.12 0.09 0.79 2.59 5.95 18.66 

MAM 2.95 3.64 0.08 0.55 1.74 3.96 10.08 

JJA 4.71 5.98 0.13 0.85 2.42 5.93 18.01 

SON 4.49 4.88 0.24 1.23 2.94 5.87 14.77 

Table 4.4: Monthly columnar mass concentration (mg/m2) statistics for BrC over Africa and Arabian 

Peninsula averaged over the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the volume-weighted conversion model. The 

percentages (5%, 25%, 50%, 75% and 95%) of the values are determined by ordering the values of the 

variable from lowest to highest, which indicate in detail the distribution of the variable. 

Month Average Std 5% 25% 50% 75% 95% 

Dec 5.00 6.96 0.10 0.75 2.51 6.27 19.39 

Jan 6.08 8.29 0.09 0.82 2.95 7.56 24.80 

Feb 5.56 6.98 0.08 0.82 3.12 7.57 19.88 

Mar 4.00 5.81 0.08 0.54 1.89 5.14 15.11 

Apr 3.39 4.51 0.09 0.55 1.75 4.45 12.28 

May 3.19 4.63 0.07 0.44 1.45 3.98 12.36 

Jun 4.56 7.01 0.07 0.54 1.82 5.55 18.84 

Jul 5.72 8.50 0.10 0.67 2.15 6.83 24.59 

Aug 6.70 9.24 0.13 0.89 3.04 8.33 27.55 

Sep 6.44 8.19 0.25 1.27 3.44 8.07 24.44 

Oct 4.61 5.36 0.22 1.12 2.80 6.05 15.28 

Nov 3.93 4.95 0.14 0.75 2.16 5.26 13.55 
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4.1.3 Organic carbon/fine dust  

Figures 4.5 and 4.7 show the temporal and spatial variations of OC or fine dust over Africa 

and Arabian Peninsula. As discussed in chapter 2, it is infeasible to separate OC and fine dust 

based only on the optical properties (absorption and scattering) provided by satellite 

observations. Therefore, OC and fine dust are shown and discussed together in Figures 4.5, 

4.7 and Tables 4.5, 4.6. However, the Ångström Exponent is provided by the retrievals and 

can be helpful to separate between OC and fine dust cases, especially in pure dust regions 

(northern Africa and Arabian Peninsula with smaller Ångström Exponent) or pure biomass 

burning areas (mostly in southern Africa with larger Ångström Exponent), the maps of the 

derived Ångström Exponent are presented in Figures 4.6 and 4.8.  

During DJF, the Harmattan winds occurring along the southern border of the Sahara 

induce sources on the border of the Sahel, particularly the Bodélé depression in Northern 

Chad. Aerosols are also transported very efficiently by winds towards the Atlantic Ocean and 

across the Sahel (Pye, 1987; Sokolik et al., 2001; Laurent et al., 2008). In Figures 4.5 and 4.7, 

the particles concentrated in northern Africa should be classified as fine dust, especially near 

the Bodélé depression, because Ångström Exponent in this region is very small (less than 0.5, 

see Figures 4.6 and 4.8). It illustrates that the fine dust is enriched over Bodélé depression 

during SON. In addition, many fires take place in south of approximately 13°N (Haywood et 

al., 2008) and the emissions of biomass burning around the gulf of Guinea are intense during 

DJF. As a result, mixing between dust and biomass burning aerosols may occur in such area 

during southward transport (Johnson et al., 2008a). Ångström Exponent (shown in Figures 4.6 

and 4.8), retrieved over the ocean and near the west coast of Africa from Gabon south to 

northern Namibia, is ranging from 1.0 to 1.2 and indicating that the particles are rather a 

mixture of OC and fine dust. A number of field campaigns (the African Monsoon 

Multidimensional Analyses (AMMA, Formenti et al., 2008), the Dust Outflow Deposition to 

the Ocean (DODO, Formenti et al., 2008), the Saharan Mineral dUst ExperiMent (SAMUM, 

Ansmann et al., 2009), and the Dust And Biomass Experiment (DABEX, Johnson et al., 

2008a, b)) show that atmospheric column may contain a multi layers structure of low level 

dust layer and elevated biomass burning layer during DJF. During MAM, the particles shown 

in Figures 4.5 and 4.7 consist predominately of fine dust. Indeed, the fires during this season 

have less intensity and cover a smaller area; the derived Ångström Exponent indicates 

stronger dust contribution.  

During JJA, fine dust concentration is higher over northern Africa and Arabian Peninsula, 

where Ångström Exponent is usually smaller than 0.5. The Sistan region is considered as a 

major dust source in southwest Asia (Middleton, 1986a; Prospero et al., 2002; Léon and 
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Legrand, 2003; Ginoux et al., 2012; Goudie, 2013) because the strong persistent 

northwesterly to northeasterly winds known as the “wind of 120 days” (Middleton, 1986b; 

Hossenzadeh, 1997; Goudie and Middelton, 2006; Miri et al., 2007; Choobari et al., 2013) or 

locally known as Levar, can cause frequent dust and sand storms, especially during the period 

of June to August (Middleton, 1986b; Goudie and Middleton, 2000) and contribute to the 

deterioration of air quality (Rashki et al., 2013a). At the same time, over northern Africa, a 

progressive organization of convection from isolated cells to large-scale and quickly 

propagating systems attributed to the Intertropical Convergence Zone (ITCZ), are efficient in 

eroding bare soils to induce mineral dust (Marticorena et al., 2010; Touré et al., 2011).  

On the contrary, over southern Africa, where Ångström Exponent is usually larger than 1.2, 

the particles are regarded as OC with high concentration. The main burning months are 

August, September and October (Cahoon et al., 1992; Andreae, 1993), which is in line with 

the derived highest OC concentrations over southern Africa in August, September and 

October (Figures 4.5 and 4.7). Note that the OC or fine dust columnar volume concentration 

(mm3/m2), which is directly retrieved by the algorithm, was converted to columnar mass 

concentration (mg/m2) by their densities. When the retrieved Ångström Exponent is less than 

1.0, it is assumed as pure dust using the density of 2.5 g/cm3 (Formenti et al., 2014a, b). When 

the retrieved Ångström Exponent is larger than 1.2, it is assumed as pure OC using the 

density of 1.2 g/cm3 (Turpin and Lim, 2001). When the retrieved Ångström Exponent is in the 

range of 1.0 – 1.2, it is assumed as a mixture of OC and dust using the density of 1.85 g/cm3 

(Turpin and Lim, 2001; Formenti et al., 2014a, b).   
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Figure 4.5: Seasonal variations of OC/fine dust columnar volume concentration (mm3/m2) over Africa 

and Arabian Peninsula during the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the volume-weighted conversion model. 
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Figure 4.6: Seasonal variations of Ångström Exponent (0.670/0.865 µm) over Africa and Arabian 

Peninsula during the period 2006 – 2008 as retrieved by GRASP algorithm from POLDER/PARASOL 

satellite observations using the volume-weighted conversion model. 
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Figure 4.7: Monthly variations of OC/fine dust columnar mass concentration (mg/m2) over Africa and 

Arabian Peninsula averaged over the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the volume-weighted conversion model. 
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Figure 4.8: Monthly variations of Ångström Exponent (0.670/0.865 µm) over Africa and Arabian 

Peninsula averaged over the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the volume-weighted conversion model. 
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Table 4.5: Seasonal columnar volume concentration (mm3/m2) statistics for OC/fine dust over Africa 

and Arabian Peninsula during the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the volume-weighted conversion model. The 

percentages (5%, 25%, 50%, 75% and 95%) of the values are determined by ordering the values of the 

variable from lowest to highest, which indicate in detail the distribution of the variable. 

Year Season Average Std 5% 25% 50% 75% 95% 

2006 

DJF 9.15 14.41 0.09 0.81 4.00 11.49 36.88 

MAM 10.26 13.15 0.12 1.66 5.92 14.91 32.63 

JJA 15.07 18.49 0.28 2.86 10.12 20.70 45.46 

SON 12.28 16.66 0.19 2.59 7.61 14.76 43.39 

2007 

DJF 13.05 19.95 0.25 2.09 5.71 14.13 56.89 

MAM 12.31 13.81 0.29 2.72 7.71 17.82 38.12 

JJA 14.73 18.80 0.13 2.71 9.35 19.92 47.26 

SON 14.54 19.57 0.33 3.62 9.18 17.11 49.35 

2008 

DJF 12.02 19.17 0.14 1.27 4.85 12.93 52.56 

MAM 10.25 12.33 0.18 2.02 6.46 15.11 30.50 

JJA 14.26 18.03 0.32 3.03 9.42 18.42 44.86 

SON 16.75 20.86 0.22 4.05 10.53 20.38 60.64 

Table 4.6: Monthly columnar mass concentration (mg/m2) statistics for OC/fine dust over Africa and 

Arabian Peninsula averaged over the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the volume-weighted conversion model. The 

percentages (5%, 25%, 50%, 75% and 95%) of the values are determined by ordering the values of the 

variable from lowest to highest, which indicate in detail the distribution of the variable. 

Month Average Std 5% 25% 50% 75% 95% 

Dec 21.50 35.20 0.36 2.62 9.48 24.52 86.56 

Jan 26.60 44.87 0.30 2.60 9.96 29.15 118.29 

Feb 26.45 42.16 0.28 2.77 11.49 31.64 107.39 

Mar 28.01 38.12 0.39 4.02 14.63 38.40 97.83 

Apr 26.59 33.84 0.38 4.11 14.91 39.10 85.32 

May 22.44 29.28 0.35 4.06 13.63 32.60 70.34 

Jun 26.89 38.09 0.43 4.44 15.93 40.05 82.59 

Jul 32.89 43.03 0.58 5.86 21.00 44.77 100.89 

Aug 38.29 54.89 0.59 6.49 23.67 51.21 121.31 

Sep 38.54 48.54 0.73 8.81 24.68 49.80 126.46 

Oct 25.81 29.36 0.54 6.41 18.06 35.19 77.57 

Nov 17.53 23.86 0.34 3.15 10.17 23.56 58.38 
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4.1.4 Coarse dust  

Figure 4.9 and Table 4.7 show very important coarse dust concentration over Africa and 

Arabian Peninsula. The dust concentration also exhibits a pronounced seasonal cycle with the 

peaks, in both the intensity and the area covered, during MAM. Lower values are observed 

during JJA and DJF, and the lowest during SON. The average concentration of coarse dust 

during MAM is about twice as that during SON, as well as the peak of 192.84 mg/mm2 in 

April and the lowest value of 87.82 mg/mm2 in November (in Table 4.8), which is attributed 

to the analogous seasonal variations of the dust emissions in two regions: northern Africa and 

Arabian Peninsula. The detailed analysis of these two regions is discussed separately in the 

following.  

In northern Africa, coarse dust concentration is high in all times of the year and varies 

depending on the winds annual cycle over the Sahara. The retrievals clearly show a “hot spot” 

of coarse dust concentration over Bodélé depression practically all year long (Figures 4.9 and 

4.10). The Bodélé depression, located between the Tibesti Mountains and Lake Chad, is the 

most active dust source in the Sahara desert (Gasse, 2002; Prospero et al., 2002; Washington 

et al., 2003), caused by the coincidence of an extensive source of diatomite sediment and high 

velocity winds associated with the Bodélé Low Level Jet (Washington and Todd, 2005; 

Washington et al., 2006; Todd et al., 2006). High dust concentration over Bodélé depression 

is also observed in previous studies (e.g., Kalu, 1979; Herrmann et al., 1999; Brooks and 

Legrand, 2000; Koren and Kaufman, 2004; Washington and Todd, 2005; Washington et al., 

2006) with the emission peaks during DJF and MAM. 

During DJF, mineral dusts emitted from two persistent dust sources in southern Sahara – 

the Bodélé depression and the areas in between the east of Mauritania, the north of Mali and 

the south of Algeria (Prospero et al., 2002; Laurent et al., 2008; Washington et al., 2006; Shao 

et al., 2011) – are transported by the Harmattan winds southwestward over the Sahel toward 

the Gulf of Guinea into the Atlantic Ocean heading to the coast of South America (Kaufman 

et al., 2005b). Consequently, coarse dust concentration is higher over the Bodélé depression, 

the area near the west coast from Senegal south to Gabon on the equator, and over the Gulf of 

Guinea during DJF. 

During MAM and JJA, the coarse dust concentration increases and covers larger regions in 

the northern Africa. Because the Intertropical Convergence Zone (ITCZ) displaces northward, 

it makes the surface monsoon flow intrude into the continent from the south-west towards the 

continental Sahel. Such change produces a progressive organization of convection from 

isolated cells to large-scale and quickly propagating systems, which usually do not precipitate 
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and are efficient in eroding bare soils to induce mineral dust (Marticorena et al., 2010; Touré 

et al., 2011). Thus, during JJA, the columnar dust content over western Africa results from the 

superimposition of local emission from the Sahel and remote transport of dust emitted in the 

Sahara (Tegen and Fung, 1994; Yoshioka et al., 2005; Marticorena et al., 2010). In addition, 

western Africa is prone to land-use change as the rapid demographic increase and 

desertification during drought periods (Dai, 2011), which may induce more dust sources 

(Carslaw et al., 2010). The emission of mineral dust by wind erosion over the semi-arid areas 

of the Sahel is possible to explain the seasonal maximum in the aerosol loading observed by 

satellites over western Africa (Tegen and Fung, 1994; Yoshioka et al., 2005; Forster et al., 

2007). Dust concentration in September is substantially less and the minimum dust 

concentration is observed during SON in association with lower dust emission in northern 

Africa. 

In addition, Figures 4.9 and 4.10 also illustrate that coarse dust concentration is 

particularly high over the Arabian Peninsula, central to southern Pakistan, as well as over the 

Oman and Arabian seas. Over this region, the maximum dust concentration is observed 

during JJA, followed by MAM, while dust concentration has substantially decreased during 

SON and DJF. Higher dust concentration during MAM and JJA is primarily caused by the 

strong northwesterly winds known as “shamal winds” and drier conditions. The JJA peak is 

caused by several major sources of dust that have maximum dust activity during JJA, 

including desert areas in Syria and Iraq where a strong northwesterly Shamal Wind is blowing 

(Choobari et al., 2014), and the third strongest source of dust, Arabian Peninsula, in the world 

(Goudie and Middleton, 2006). It is pointed that this area is also partly affected by dust 

originated from the Sahara (Goudie and Middleton, 2006) where a peak of dust activity 

during JJA has long been identified (e.g., Engelstaedter et al., 2006). Dust concentration 

during SON is substantially less, and the minimum dust concentration is observed during DJF 

in association with lower dust emission from both external and internal sources of dust.  

It is noted that coarse dust concentration over Arabian Peninsula is lower during JJA in 

2007 than that in 2006 and 2008 (see Figure 4.9). The lower dust activity during JJA in 2007 

can be attributed to the water coverage in the Hamoun lakes and the growth vegetation in the 

basin (Rashki et al., 2013b; Sharifikia, 2013). The average value of coarse dust concentration 

during JJA in 2007 is 54.44 mm3/mm2, incomparison to 65.89 mm3/mm2 and 63.77 mm3/mm2, 

in 2006 and 2008, respectively (more details in Table 4.7). In addition, the retrieval also 

reveals that the spatial-averaged coarse dust concentration near the Arabian Sea during JJA in 

2008 is much higher than that during JJA in 2006 and 2007, because of the enhanced dust 

activity and several dust storms originated from the Sistan region in June 2008. Figure 4.10 
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shows coarse dust concentration over Arabian Peninsula and Arabian Sea is much higher 

from April to July as the dust storms are more frequent during this period and decrease in 

frequency in August and September. Previous studies (Choobari et al., 2013; Rashki et al., 

2013b) emphasized that the local and regional topography and meteorological dynamics, 

rather than synoptic and large-scale phenomena, controlled the dust activity over Sistan, 

which is a reason for the observed monthly variability. During the period of April to July, the 

areas of high concentration of coarse dust shift from Arabian Peninsula to Arabian Sea. In 

June and July, the dust air masses move southwards and reach the northern part of Arabian 

Sea. The results of the dust concentration retrievals appear to illustrate the dust-transport 

mechanisms and pathways that are under influence of synoptic and atmospheric dynamic 

processes (Washington and Todd, 2005; Todd et al., 2008; Kaskaoutis et al., 2012a, b). 

Note that the dust columnar volume concentration (mm3/m2), which is directly retrieved by 

the algorithm, was converted to columnar mass concentration (mg/m2) using the density value 

of 2.5 g/cm3 (Formenti et al., 2014a, b). 
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Figure 4.9: Seasonal variations of coarse dust columnar volume concentration (mm3/m2) over Africa 

and Arabian Peninsula during the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the volume-weighted conversion model. 
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Figure 4.10: Monthly variations of coarse dust columnar mass concentration (mg/m2) over Africa and 

Arabian Peninsula averaged over the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the volume-weighted conversion model. 
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Table 4.7: Seasonal columnar volume concentration (mm3/m2) statistics for coarse dust over Africa 

and Arabian Peninsula during the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the volume-weighted conversion model. The 

percentages (5%, 25%, 50%, 75% and 95%) of the values are determined by ordering the values of the 

variable from lowest to highest, which indicate in detail the distribution of the variable. 

Year Season Average Std 5% 25% 50% 75% 95% 

2006 

DJF 49.57 68.71 0.27 4.26 28.23 70.35 170.91 

MAM 68.88 84.15 1.26 6.92 35.01 104.68 230.47 

JJA 65.89 85.12 1.01 5.19 25.23 102.70 239.47 

SON 43.53 55.08 0.51 5.14 30.12 64.19 126.58 

2007 

DJF 50.76 65.59 0.63 6.11 31.62 72.59 165.39 

MAM 72.15 83.22 2.08 8.86 40.46 111.73 235.29 

JJA 54.44 75.16 0.52 5.05 21.84 81.68 193.20 

SON 42.74 54.78 0.62 5.16 27.24 62.78 127.72 

2008 

DJF 53.47 68.01 0.47 5.58 35.78 76.30 171.18 

MAM 70.95 80.20 1.99 8.73 42.53 109.94 222.94 

JJA 63.77 79.04 1.15 5.62 25.65 102.14 218.54 

SON 50.18 59.04 0.52 5.67 29.72 78.65 153.88 

Table 4.8: Monthly columnar mass concentration (mg/m2) statistics for coarse dust over Africa and 

Arabian Peninsula averaged over the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the volume-weighted conversion model. The 

percentages (5%, 25%, 50%, 75% and 95%) of the values are determined by ordering the values of the 

variable from lowest to highest, which indicate in detail the distribution of the variable. 

Month Average Std 5% 25% 50% 75% 95% 

Dec 92.93 156.21 0.67 9.67 50.32 117.72 312.54 

Jan 114.72 174.68 0.73 10.61 60.85 149.04 415.17 

Feb 157.88 210.42 0.67 11.59 91.48 232.16 523.45 

Mar 176.84 230.22 2.14 16.46 96.12 250.53 617.26 

Apr 192.84 249.69 2.52 16.65 95.58 290.00 659.79 

May 167.27 213.24 2.80 17.49 76.26 260.29 555.13 

Jun 171.44 234.10 1.77 13.69 71.61 256.97 610.52 

Jul 154.74 221.40 1.62 12.49 56.46 222.73 579.64 

Aug 140.05 212.87 1.18 10.34 48.99 192.01 541.11 

Sep 149.06 200.64 0.93 11.77 71.65 226.73 493.77 

Oct 119.45 162.53 1.28 13.63 72.78 167.85 381.14 

Nov 87.82 134.36 0.95 11.42 49.05 117.74 286.26 
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4.1.5 Iron oxide 

Iron content of airborne mineral dust has particular importance because the African dust is 

the major source of iron in the North Atlantic Ocean (Sarthou et al., 2003). The deposition of 

iron may induce an influence on the rate of nitrogen fixation by microorganisms, and then on 

the global carbon cycle (Mills et al., 2004; Moore et al., 2002). The atmospheric dust consists 

of different minerals, whose proportions depend on the soil mineralogy of the source region 

and surface wind speed, which can determine size resolved mineralogical composition of 

airborne dust (Marticorena and Bergametti, 1995; Caquineau et al., 1997; Alfaro et al., 1998; 

Moreno et al., 2006). The soil mineralogy is different between the Saharan and Sahelian 

source region (Pye, 1987; Claquin et al., 1999; Caquineau et al., 2002). The Saharan soil 

consists mainly of Calcisols or Arenosols, whereas the Sahel is dominated by weathered 

Plinthosols (e.g., iron oxides, kaolinite, quartz) (Pye, 1987; Claquin et al., 1999; Caquineau et 

al., 2002; Nickovic et al., 2012; Journet et al., 2014). Therefore, a distinction in the 

composition of dust transported in Sahara and Sahel can be expected. At the same time, when 

the Sahel region experiences the humid Monsoon flow from South-West, attributed to the 

northern displacement of ITCZ, the columnar dust over the Sahel is characterized by the 

superimposition of local emission and remote transport of dust emitted in the Sahara. The iron 

content of airborne dust, therefore, can have more complex spatial distribution than maps of 

soil mineralogy. 

Figure 4.11 shows the retrieved iron oxide spatial distribution and seasonal variability. The 

concentration has a seasonal cycle that is similar to dust concentration. The iron oxide 

concentration over African continent reaches the peak during the MAM season, has lower 

values during JJA and DJF, and the lowest value during SON (Table 4.9). The average 

concentration of iron oxide in March (the peak of 2.69 mg/mm2) is about twice as that in 

December (1.39 mg/mm2), as shown in Table 4.10. The comparisons of Figures 4.9, 4.10 and 

Figures 4.11, 4.12 show that despite dust and iron concentrations reach peaks in the same 

season (MAM), the dust enrichment by iron is depending on the area. The retrieval reveals 

high iron concentration over Arabian Sea during JJA, which may be attributed to the dust 

originated from Saudi Arabia, known for presence of an important iron content (Krueger et al., 

2004). The retrievals for MAM and JJA (Figures 4.11 and 4.12) also show high iron oxide 

concentration over western Africa, in particular around Niger and Mauritania, and near the 

west coast. This is in line with a study by Formenti et al. (2008) that demonstrates the higher 

iron oxide content in Sahelian dust originated locally from Niger and Mauritania in the Sahel 

belt, while the lower ones are in the Chad basin. Also, Lazaro et al., (2008) reported that the 

iron oxide content of dust transported to the Canary Islands, near the west coast, has the 
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tendency of higher values for source areas between 0°N – 20°N. It can also be noted that a 

“hot spot” of iron oxide concentration is observed over Tunisia in February 2006 (can be seen 

in Figures 4.11 and 4.12). 

Note that the iron oxide columnar volume concentration (mm3/m2), which is directly 

retrieved by the algorithm, was converted to columnar mass concentration (mg/m2) using the 

density value of 4.8 g/cm3 (4.28 g/cm3 for goethite and 5.25 g/cm3 for hematite, Formenti et 

al., 2014a, b). 
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Figure 4.11: Seasonal variations of iron oxide columnar volume concentration (mm3/m2) over Africa 

and Arabian Peninsula during the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the volume-weighted conversion model. 
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Figure 4.12: Monthly variations of iron oxide columnar mass concentration (mg/m2) over Africa and 

Arabian Peninsula averaged over the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the volume-weighted conversion model. 
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Table 4.9: Seasonal columnar volume concentration (mm3/m2) statistics for iron oxide over Africa and 

Arabian Peninsula during the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the volume-weighted conversion model. The 

percentages (5%, 25%, 50%, 75% and 95%) of the values are determined by ordering the values of the 

variable from lowest to highest, which indicate in detail the distribution of the variable. 

Year Season Average Std 5% 25% 50% 75% 95% 

2006 

DJF 0.50 1.21 0.00 0.01 0.15 0.57 1.96 

MAM 0.55 0.90 0.00 0.05 0.27 0.73 1.95 

JJA 0.53 0.96 0.00 0.03 0.24 0.68 2.01 

SON 0.39 0.89 0.00 0.02 0.16 0.47 1.38 

2007 

DJF 0.42 1.03 0.00 0.02 0.15 0.49 1.60 

MAM 0.55 0.82 0.00 0.04 0.25 0.76 2.03 

JJA 0.54 1.23 0.00 0.02 0.16 0.61 2.15 

SON 0.36 0.95 0.00 0.01 0.12 0.42 1.26 

2008 

DJF 0.39 1.03 0.00 0.02 0.14 0.45 1.44 

MAM 0.48 0.78 0.00 0.04 0.23 0.64 1.74 

JJA 0.48 0.84 0.00 0.02 0.19 0.62 1.90 

SON 0.40 0.80 0.00 0.03 0.18 0.50 1.40 

Table 4.10: Monthly columnar mass concentration (mg/m2) statistics for iron oxide over Africa and 

Arabian Peninsula averaged over the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the volume-weighted conversion model. The 

percentages (5%, 25%, 50%, 75% and 95%) of the values are determined by ordering the values of the 

variable from lowest to highest, which indicate in detail the distribution of the variable. 

Month Average Std 5% 25% 50% 75% 95% 

Dec 1.39 4.87 0.01 0.04 0.28 1.32 5.54 

Jan 1.76 4.70 0.01 0.05 0.39 1.83 7.34 

Feb 2.30 5.12 0.01 0.07 0.64 2.69 9.29 

Mar 2.69 4.73 0.01 0.14 0.90 3.41 10.98 

Apr 2.54 4.60 0.01 0.14 0.90 3.20 10.12 

May 2.26 3.92 0.01 0.13 0.85 2.84 9.06 

Jun 2.60 5.39 0.01 0.09 0.78 3.07 10.77 

Jul 2.20 4.48 0.01 0.07 0.56 2.49 9.85 

Aug 2.17 4.76 0.01 0.06 0.52 2.42 9.51 

Sep 2.01 4.53 0.01 0.07 0.52 2.34 8.31 

Oct 1.68 3.77 0.01 0.07 0.51 1.88 6.86 

Nov 1.61 4.16 0.01 0.04 0.36 1.66 6.85 
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4.1.6 Aerosol water content 

The aerosol water content is retrieved for both fine and coarse size fractions. Figure 4.13 

shows the variations of aerosol water content volume concentration in fine and coarse modes 

and total over Africa and Arabian Peninsula for years 2006 to 2008. It shows that the inter-

annual variability of aerosol water content is quite stable. Figure 4.13 also shows that the 

coarse fraction water concentration is notably smaller over land than over ocean; the fine 

fraction, however, has nearly same variability over land and over ocean. Indeed, the “water” 

in the conversion model approximates composition of aerosol that includes inorganic species 

such as ammonium nitrate, ammonium sulfate and sea salts. Therefore, the high aerosol water 

content retrieved over ocean corresponds also to coarse marine sea salt aerosols. Over land, 

however, it can be rather attributed to anthropogenic aerosol containing ammonium nitrate or 

ammonium sulfate, which are typical for fine fraction. In addition, anthropogenic aerosols are 

expected to be more hygroscopic. The coarse mode aerosols over land are usually constituted 

of mineral dust, which is generally hydrophobic. Over ocean, however, the elevated coarse 

mode aerosol water content is logically corresponds to coarse particles of the sea salt aerosol. 

Figures 4.14 shows monthly variability of total aerosol water content mass concentration. 

Elevated aerosol water content is generally corresponding to warm months or to periods and 

regions affected by biomass burning aerosols. 

It has to be mentioned here that some discontinuity between over land and over ocean 

retrievals can be observed around the Arabian Peninsula and Western Africa. This 

discontinuity can be suspected as an algorithmic artifact, however, worth noting that some 

mountains separate land and sea around the Arabian Peninsula, especially Red Sea, which can 

be a natural barrier between continental and marine aerosols. In addition, statistics of the 

pixels available for the retrievals form POLDER/PARASOL (see Figure 5.1) shows that the 

number of pixels over land is significantly higher than over ocean, which is rather due to 

cloud contamination. This discontinuity in the pixel statistics can also affect the mean values 

of the retrieved concentrations. 

Note that the water columnar volume concentration (mm3/m2), which is directly retrieved 

by the algorithm, was converted to columnar mass concentration (mg/m2) using the density 

value of 1.0 g/cm3. 
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Figure 4.13: Interannual variations of water columnar volume concentration (mm3/m2) (fine mode, 

coarse mode and total) over Africa and Arabian Peninsula during the period 2006 – 2008 as retrieved 

by GRASP algorithm from POLDER/PARASOL satellite observations using the volume-weighted 

conversion model. 
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Figure 4.14: Monthly variations of total water columnar mass concentration (mg/m2) over Africa and 

Arabian Peninsula averaged over the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the volume-weighted conversion model. 
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4.2 Maxwell-Garnett conversion model retrieval 

The volume-weighted conversion model is a straightforward and transparent conversion 

approach that enabled studying the sensitivity limits of POLDER/PARASOL measurements 

to the aerosol composition. After finding an optimum configuration of aerosol species 

elements and their refractive indices, the algorithm was upgraded with the Maxwell-Garnett 

conversion model to obtain more species of aerosol composition. Aerosol composition 

retrievals with the Maxwell-Garnett conversion model utilizes the host determined by 

properties and proportions of ammonium nitrate and water, and relative humidity is also 

retrieved as part of this conversion model. The composition retrievals with Maxwell-Garnett 

conversion modes showed a good agreement with volume-weighted model for the temporal 

and spatial variations of all assumed aerosol compositions over Africa and Arabian Peninsula. 

For example, the retrieved black and brown carbon concentrations of volume-weighted and 

Maxwell-Garnett conversion model obtain high values over northern Africa during DJF and 

over southern Africa during JJA and SON. The retrieved dust and iron oxide concentrations 

of volume-weighted and Maxwell-Garnett conversion model are also similar, they reach 

peaks during MAM, lower values during JJA and DJF, and lowest during SON. In addition, 

both the volume-weighted and Maxwell-Garnett conversion models show a “hot spot” of 

coarse dust concentration over Bodélé depression throughout the year. However, some 

differences between the retrieved elements by the volume-weighted and the Maxwell-Garnett 

conversion model are also observed. For example, over the Bodélé region during MAM, 

artificially derived brown carbon concentrations in the case of Maxwell-Garnett conversion 

model is much less than that derived in the case of volume-weighted conversion model 

(Figures 4.3, 4.4 and 4.17, 4.18); the aerosol absorbing property in this case should be 

associated with iron oxides in fine size fraction. The iron oxide concentration retrieved by 

Maxwell-Garnett conversion model reaches the peak in April (Table 4.20). While the iron 

oxide concentration retrieved by the volume-weighted conversion model reaches the peak in 

March (Table 4.10). The details are discussed in the following. 

4.2.1 Black carbon 

Figures 4.15 and 4.16 show the retrieved temporal and spatial variations of black carbon 

columnar volume concentration over Africa and Arabian Peninsula. The Maxwell-Garnett 

model retrievals presents consistent with the volume weighted mixture model seasonal peaks 

of black carbon concentration during DJF and SON, as well as a lower magnitude and the 

area of coverage during MAM, reaching the smallest value in May (Tables 4.11 and 4.12). In 

addition, the Maxwell-Garnett model shows high black carbon concentration over northern 
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Africa during DJF and over southern Africa during JJA and SON, similar to the volume-

weighted retrievals.  

Comparisons of retrieved black carbon concentration between volume-weighted (Figures 

4.1, 4.2; Tables 4.1, 4.2) and Maxwell-Garnett conversion models (Figures 4.15, 4.16; Tables 

4.11, 4.12) show that the black carbon concentration retrieved by volume-weighted 

conversion model is slightly higher than that retrieved by Maxwell-Garnett conversion model, 

especially over southern Africa during DJF, where the available number of pixels of satellite 

observations is very small due to often clouds over this region. It is noted that the Maxwell-

Garnett conversion model provides more spatially homogeneous retrievals than that obtained 

from the volume-weighted conversion model. It is because each of the assumed aerosol 

elements is independent for fine and coarse modes in the volume-weighted conversion model. 

While in the Maxwell-Garnett conversion model, the assumed ammonium nitrate and water in 

fine and coarse modes are connected by relative humidity.  
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Figure 4.15: Seasonal variations of BC columnar volume concentration (mm3/m2) over Africa and 

Arabian Peninsula during the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the Maxwell-Garnett conversion model. 
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Figure 4.16: Monthly variations of BC columnar mass concentration (mg/m2) over Africa and Arabian 

Peninsula averaged over the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the Maxwell-Garnett conversion model. 
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Table 4.11: Seasonal columnar volume concentration (mm3/m2) statistics for BC over Africa and 

Arabian Peninsula during the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the Maxwell-Garnett conversion model. The 

percentages (5%, 25%, 50%, 75% and 95%) of the values are determined by ordering the values of the 

variable from lowest to highest, which indicate the distribution of the variable. 

Year Season Average Std 5% 25% 50% 75% 95% 

2006 

DJF 0.53 0.73 0.01 0.09 0.26 0.67 1.98 

MAM 0.25 0.43 0.02 0.06 0.14 0.29 0.80 

JJA 0.44 0.78 0.02 0.07 0.16 0.39 2.06 

SON 0.57 0.87 0.03 0.12 0.27 0.66 2.07 

2007 

DJF 0.70 1.11 0.03 0.12 0.28 0.72 3.14 

MAM 0.26 0.44 0.02 0.06 0.14 0.30 0.86 

JJA 0.55 0.97 0.02 0.07 0.18 0.50 2.53 

SON 0.60 0.92 0.04 0.15 0.30 0.66 2.16 

2008 

DJF 0.58 0.83 0.02 0.11 0.27 0.67 2.42 

MAM 0.22 0.42 0.02 0.05 0.12 0.24 0.70 

JJA 0.44 0.75 0.02 0.07 0.17 0.43 1.91 

SON 0.64 0.90 0.04 0.14 0.29 0.76 2.48 

Table 4.12: Monthly columnar mass concentration (mg/m2) statistics for BC over Africa and Arabian 

Peninsula during the period 2006 – 2008 as retrieved by GRASP algorithm from POLDER/PARASOL 

satellite observations using the Maxwell-Garnett conversion model. The percentages (5%, 25%, 50%, 

75% and 95%) of the values are determined by ordering the values of the variable from lowest to 

highest, which indicate the distribution of the variable. 

Month Average Std 5% 25% 50% 75% 95% 

Dec 1.09 1.69 0.05 0.19 0.46 1.20 4.59 

Jan 1.28 2.10 0.04 0.17 0.49 1.34 5.71 

Feb 0.90 1.36 0.03 0.14 0.39 1.08 3.52 

Mar 0.54 1.29 0.02 0.08 0.23 0.54 1.90 

Apr 0.38 0.64 0.02 0.09 0.20 0.44 1.23 

May 0.34 0.64 0.02 0.07 0.17 0.38 1.14 

Jun 0.53 1.08 0.02 0.08 0.20 0.50 2.22 

Jul 0.83 1.70 0.03 0.11 0.26 0.69 3.84 

Aug 1.16 2.18 0.03 0.14 0.38 1.01 5.37 

Sep 1.29 2.18 0.05 0.21 0.51 1.39 5.22 

Oct 0.77 1.12 0.05 0.19 0.41 0.91 2.72 

Nov 0.68 1.08 0.04 0.17 0.36 0.76 2.27 
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4.2.2 Brown carbon 

Figures 4.17 and 4.18 show the retrieved temporal and spatial variations of brown carbon 

columnar concentration over Africa and Arabian Peninsula by Maxwell-Garnett conversion 

model. The patterns are similar to the corresponding retrievals with volume-weighted 

conversion model. For example, brown carbon concentration reaches the peak during DJF. 

Brown carbon concentration during MAM is less in quantity and area than in other three 

seasons, particularly in May with the lowest value of 4.04 mg/m2 (Table 4.13, 4.14). The 

Maxwell-Garnett retrievals also show the differences in spatial distributions of black carbon 

and brown carbon concentrations (see Figures 4.15, 4.16 and 4.17, 4.18). 

Comparisons of retrieved brown carbon concentration between volume-weighted (Figures 

4.3, 4.4; Tables 4.3, 4.4) and Maxwell-Garnett conversion models (Figures 4.17, 4.18; Tables 

4.11, 4.12) show that the brown carbon concentration retrieved by volume-weighted model is 

a bit smaller than that retrieved by Maxwell-Garnett model. However, it is noted that, over the 

Bodélé region, brown carbon concentrations obtained from Maxwell-Garnett model is much 

less than that obtained from volume-weighted model, especially during MAM (Figures 4.3, 

4.4 and 4.17, 4.18). The volume-weighted conversion model attributes the aerosol absorbing 

property associated with iron oxides in fine size fraction to brown carbon, while in case of the 

Maxwell-Garnett conversion model this artifact appears only during DJF, but not during 

MAM. 
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Figure 4.17: Seasonal variations of BrC columnar volume concentration (mm3/m2) over Africa and 

Arabian Peninsula during the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the Maxwell-Garnett conversion model. 
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Figure 4.18: Monthly variations of BrC columnar mass concentration (mg/m2) over Africa and 

Arabian Peninsula averaged over the period 2006 – 2008 as retrieved by GRASP algorithn from 

POLDER/PARASOL satellite observations using the Maxwell-Garnett conversion model. 
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Table 4.13: Seasonal columnar volume concentration (mm3/m2) statistics for BrC over Africa and 

Arabian Peninsula during the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the Maxwell-Garnett conversion model. The 

percentages (5%, 25%, 50%, 75% and 95%) of the values are determined by ordering the values of the 

variable from lowest to highest, which indicate the distribution of the variable. 

Year Season Average Std 5% 25% 50% 75% 95% 

2006 

DJF 6.36 7.47 0.18 1.02 3.71 8.65 22.97 

MAM 4.19 5.37 0.20 0.75 2.32 5.74 14.31 

JJA 6.22 7.57 0.25 1.11 3.13 8.26 23.42 

SON 6.62 7.23 0.34 1.42 4.02 9.22 21.94 

2007 

DJF 6.91 8.31 0.25 1.30 3.92 8.84 25.80 

MAM 4.12 4.89 0.22 0.78 2.15 5.71 14.64 

JJA 6.35 8.14 0.22 1.04 2.97 8.26 24.14 

SON 5.76 6.17 0.36 1.22 3.34 8.42 18.62 

2008 

DJF 6.38 7.69 0.24 1.20 3.63 8.08 24.28 

MAM 3.51 4.33 0.21 0.69 1.84 4.63 12.75 

JJA 5.79 7.02 0.28 1.05 2.87 7.63 21.67 

SON 5.74 5.93 0.39 1.43 3.61 8.01 18.51 

Table 4.14: Monthly columnar mass concentration (mg/m2) statistics for BrC over Africa and Arabian 

Peninsula during the period 2006 – 2008 as retrieved by GRASP algorithm from POLDER/PARASOL 

satellite observations using the Maxwell-Garnett conversion model. The percentages (5%, 25%, 50%, 

75% and 95%) of the values are determined by ordering the values of the variable from lowest to 

highest, which indicate the distribution of the variable. 

Month Average Std 5% 25% 50% 75% 95% 

Dec 7.13 9.33 0.24 1.12 3.72 9.23 27.20 

Jan 8.26 10.65 0.24 1.20 4.21 10.33 32.82 

Feb 7.35 8.83 0.22 1.18 4.16 10.16 26.06 

Mar 5.31 7.28 0.17 0.74 2.32 7.29 19.64 

Apr 4.32 5.78 0.21 0.76 2.12 5.63 15.85 

May 4.04 5.87 0.19 0.64 1.79 5.00 15.65 

Jun 5.83 8.43 0.21 0.82 2.33 7.30 23.49 

Jul 7.13 9.94 0.25 0.95 2.65 8.96 29.47 

Aug 8.27 10.51 0.28 1.23 3.89 11.02 31.79 

Sep 8.11 9.57 0.38 1.46 4.41 11.13 28.94 

Oct 6.00 6.72 0.34 1.31 3.48 8.41 19.76 

Nov 5.36 6.47 0.23 1.02 2.87 7.38 18.64 
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4.2.3 Organic carbon/fine dust 

Temporal and spatial variations of organic carbon/fine dust over Africa and Arabian 

Peninsula are presented in Figures 4.19 and 4.21. The Ångström Exponent presented in 

Figures 4.20 and 4.22 helps to separate between organic carbon and fine dust cases, for 

instance, in pure dust regions (northern Africa and Arabian Peninsula with small Ångström 

Exponent) or pure biomass burning areas (mostly in southern Africa with higher Ångström 

Exponent). The same, as discussed in 4.1.3 for volume-weighted retrievals, classification of 

organic carbon and fine dust using Ångström Exponent can be used for retrievals with 

Maxwell-Garnett model. For example, the particles concentrated in northern Africa are 

classified as fine dust, especially near the Bodélé depression, because Ångström Exponent in 

this region is less than 1.0 (Figures 4.20 and 4.22). The particles are classified as a mixture of 

organic carbon and fine dust near the west coast of Africa from Gabon south to northern 

Namibia, where the Ångström Exponent changes between 1.0 and 1.2. At the same time, over 

southern Africa, where Ångström Exponent is usually larger than 1.2, the particles are 

regarded as organic carbon with high concentration.   

Comparisons of retrieved organic carbon and fine dust between volume-weighted (Figures 

4.5, 4.6; Tables 4.5, 4.6) and Maxwell-Garnett conversion models (Figures 4.19, 4.21; Tables 

4.15, 4.16) show that the organic carbon and fine dust concentration retrieved by volume-

weighted model is a bit higher than that retrieved by Maxwell-Garnett model. Specifically, 

the organic carbon and fine dust concentration retrieved by the Maxwell-Garnett conversion 

model reaches the peaks in August and September (30.8 mg/mm2 and 30.4 mg/mm2, 

respectively) and the lowest in November (13.8 mg/mm2). While the organic carbon and fine 

dust concentration retrieved by the volume-weighted conversion model have the peaks of 38.3 

mg/mm2 and 38.5 mg/mm2, in the same months, respectively, and the lowest also in 

November is 17.5 mg/mm2. 
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Figure 4.19: Seasonal variations of OC/fine dust columnar volume concentration (mm3/m2) over 

Africa and Arabian Peninsula during the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the Maxwell-Garnett conversion model. 
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Figure 4.20: Seasonal variations of Ångström Exponent (0.670/0.865 µm) over Africa and Arabian 

Peninsula during the period 2006 – 2008 as retrieved by GRASP algorithm from POLDER/PARASOL 

satellite observations using the Maxwell-Garnett conversion model. 
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Figure 4.21: Monthly variations of OC/fine dust columnar mass concentration (mg/m2) over Africa 

and West Africa averaged over the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the Maxwell-Garnett conversion model. 
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Figure 4.22: Monthly variations of Ångström Exponent (0.670/0.865 µm) over Africa and Arabian 

Peninsula averaged over the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the Maxwell-Garnett conversion model. 
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Table 4.15: Seasonal columnar volume concentration (mm3/m2) statistics for OC/fine dust over Africa 

and Arabian Peninsula during the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the Maxwell-Garnett conversion model. The 

percentages (5%, 25%, 50%, 75% and 95%) of the values are determined by ordering the values of the 

variable from lowest to highest, which indicate the distribution of the variable. 

Year Season Average Std 5% 25% 50% 75% 95% 

2006 

DJF 7.43 12.79 0.16 0.86 3.34 9.16 27.77 

MAM 9.52 13.26 0.31 1.52 5.28 13.63 29.76 

JJA 12.89 15.67 0.48 2.48 7.93 18.31 38.32 

SON 9.69 14.48 0.27 1.75 5.68 11.61 33.93 

2007 

DJF 10.13 16.28 0.30 1.78 4.72 10.80 41.93 

MAM 11.02 13.63 0.52 2.32 6.76 15.68 33.56 

JJA 12.01 15.67 0.31 2.21 7.06 16.15 38.87 

SON 11.23 16.68 0.39 2.37 6.64 13.07 39.01 

2008 

DJF 9.67 16.02 0.18 1.20 4.13 10.52 40.40 

MAM 9.40 12.30 0.41 1.84 5.86 13.62 27.27 

JJA 12.10 14.94 0.55 2.66 7.66 15.95 37.75 

SON 13.02 17.77 0.31 2.63 7.78 15.84 46.35 

Table 4.16: Monthly columnar mass concentration (mg/m2) statistics for OC/fine dust over Africa and 

Arabian Peninsula during the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the Maxwell-Garnett conversion model. The 

percentages (5%, 25%, 50%, 75% and 95%) of the values are determined by ordering the values of the 

variable from lowest to highest, which indicate the distribution of the variable. 

Month Average Std 5% 25% 50% 75% 95% 

Dec 16.88 29.77 0.39 2.51 7.77 18.59 66.57 

Jan 20.06 35.98 0.36 2.33 8.08 21.53 84.20 

Feb 21.52 36.49 0.36 2.41 9.16 25.70 83.60 

Mar 24.48 35.54 0.60 3.28 12.31 33.75 83.83 

Apr 24.38 34.15 0.68 3.49 12.92 35.10 78.96 

May 20.88 28.86 0.74 3.67 12.00 29.65 66.27 

Jun 24.35 32.56 0.75 3.89 13.08 36.45 77.64 

Jul 28.22 37.60 0.90 5.02 16.05 39.26 89.92 

Aug 30.82 44.31 0.90 5.29 17.07 40.86 99.63 

Sep 30.41 40.55 0.91 5.67 18.09 39.85 100.01 

Oct 20.60 28.40 0.50 3.99 13.02 27.68 64.47 

Nov 13.78 23.93 0.31 2.24 7.43 17.48 45.88 
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Figure 4.23 shows the mass ratio of BC/(BrC+OC) only over land because low 

concentrations over ocean make the ratio uncertain. The ratio of BC/(BrC+OC) generated 

from biomass burning is different for the fires occurring in northern and southern Africa. The 

ratio is higher for the fires in northern Africa (up to 0.35 in December and January), while it 

is lower for the fires in southern Africa. Because organic particles dominate in the smoke 

from both flaming and smoldering fires, while BC particles are present with higher 

percentage from flaming fires than that from smoldering fires (Kaufman et al., 2002b; Pósfai 

et al., 2003). In addition, studies by Roessler et al. (1981) demonstrate that the degree of 

agglomeration and volatile contents of soot particles is determined by the fuel/air ratio. The 

particles produced at high fuel/air ratios are very agglomerated and contain primarily 

elemental carbon, whereas particles are less agglomerated and consist of considerable volatile 

organic material at low fuel/air ratios. Field campaign measurements in southern Africa also 

show that the average ratio of BC to OC for samples collected in the smoke plumes is lower 

than that of samples collected in the regional hazes (Kirchstetter et al., 2003), which indicates 

that the biomass burning in such areas produces less BC, but more OC.	
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Figure 4.23: Monthly variations of the mass ratio of BC/(BrC+OC) over Africa and Arabian Peninsula 

retrieved by GRASP algorithm from POLDER/PARASOL satellite observations using the Maxwell-

Garnett conversion model.	

4.2.4 Coarse dust 

The coarse dust retrievals using Maxwell-Garnett conversion model are also similar to the 

retrievals using volume-weighted conversion model. The coarse dust concentration over 

Africa and Arabian Peninsula have a pronounced seasonal cycle reaching the peak during 

MAM, lower values during JJA and DJF, and the lowest during SON (Figures 4.24, 4.25 and 

Tables 4.17, 4.18). The Maxwell-Garnett retrievals also show a “hot spot” of coarse dust 

concentration over Bodélé depression throughout the year, as well as high coarse dust 

concentration over the Arabian Peninsula from April to July. 
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Comparisons of retrieved coarse dust concentration between volume-weighted (Figures 4.9, 

4.10; Tables 4.7, 4.8) and Maxwell-Garnett conversion models (Figures 4.24, 4.25; Tables 

4.17, 4.18) show that the coarse dust concentration retrieved by volume-weighted model is 

practically identical with the retrieved by Maxwell-Garnett model. Namely, the coarse dust 

concentration retrieved with Maxwell-Garnett reaches a peak of 181 mg/mm2 in April and a 

lowest value of 82 mg/mm2 in November. While the coarse dust concentration retrieved by 

the volume-weighted conversion model reaches a peak of 193 mg/mm2 in April and the 

lowest value of 88 mg/mm2 in November. 

	
Figure 4.24: Seasonal variations of coarse dust columnar volume concentration (mm3/m2) over Africa 

and Arabian Peninsula during the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the Maxwell-Garnett conversion model. 
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Figure 4.25: Monthly variations of coarse dust columnar mass concentration (mg/m2) over Africa and 

Arabian Peninsula averaged over the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the Maxwell-Garnett conversion model. 

 

 

 

 

 

 

 



	 114	

Table 4.17: Seasonal columnar volume concentration (mm3/m2) statistics for coarse dust over Africa 

and Arabian Peninsula during the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the Maxwell-Garnett conversion model. The 

percentages (5%, 25%, 50%, 75% and 95%) of the values are determined by ordering the values of the 

variable from lowest to highest, which indicate the distribution of the variable. 

Year Season Average Std 5.0% 25% 50% 75% 95% 

2006 

DJF 45.03 65.61 1.75 7.59 26.11 59.44 148.34 

MAM 66.12 82.78 3.89 10.32 32.70 98.61 211.13 

JJA 62.95 81.66 3.12 8.83 24.66 93.08 226.22 

SON 40.77 52.25 2.34 9.25 28.35 56.42 112.58 

2007 

DJF 44.84 60.60 2.49 9.18 27.15 60.79 137.27 

MAM 66.32 74.51 5.04 12.09 36.70 101.43 209.62 

JJA 52.98 72.32 1.83 8.43 22.17 75.71 184.75 

SON 39.50 50.77 2.79 8.79 25.47 55.45 110.94 

2008 

DJF 46.96 62.03 2.44 8.20 30.84 64.41 143.88 

MAM 65.10 71.86 5.06 12.04 38.63 100.23 193.69 

JJA 61.02 76.13 3.65 9.41 25.75 91.50 209.11 

SON 46.35 55.05 2.55 9.07 28.10 69.26 136.14 

Table 4.18: Monthly columnar mass concentration (mg/m2) statistics for coarse dust over Africa and 

during the period 2006 – 2008 as retrieved by GRASP algorithm from POLDER/PARASOL satellite 

observations using the Maxwell-Garnett conversion model. The percentages (5%, 25%, 50%, 75% and 

95%) of the values are determined by ordering the values of the variable from lowest to highest, which 

indicate the distribution of the variable. 

Month Average Std 5% 25% 50% 75% 95% 

Dec 85.27 145.78 2.34 17.07 48.79 103.15 265.23 

Jan 102.70 161.75 2.93 18.25 56.87 127.11 347.44 

Feb 141.66 191.28 2.63 18.99 81.88 200.33 460.74 

Mar 158.53 201.32 4.89 24.23 86.88 221.86 531.96 

Apr 181.39 229.25 6.57 24.47 87.50 271.38 604.46 

May 164.29 209.68 8.03 26.62 75.88 246.34 538.65 

Jun 167.32 223.45 5.92 23.32 71.33 245.33 580.98 

Jul 150.87 213.43 4.02 19.93 58.22 208.90 567.50 

Aug 133.29 201.48 2.51 17.72 49.57 173.29 518.06 

Sep 139.34 182.23 2.68 20.25 69.92 206.62 453.87 

Oct 109.90 150.29 4.23 22.52 67.87 147.01 334.41 

Nov 82.08 128.00 3.63 20.06 48.46 103.59 244.66 
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4.2.5 Iron oxide 

Figures 4.26 and 4.27 show spatial distribution and temporal variability of iron oxide 

retrieved by the Maxwell-Garnett conversion model. As for all other elements, for iron oxide 

there is also a close similarity in temporal and spatial patterns retrieved by Maxwell-Garnett 

and volume-weighted conversion model. Iron oxide concentration reaches a peak during 

MAM, lower values during JJA and DJF, and the lowest during SON (Figure 4.26 and Table 

4.19). However, comparison of the concentrations values show (volume-weighted in Figures 

4.11, 4.12, and Tables 4.9, 4.10 and Maxwell-Garnett in Figures 4.26, 4.27 and Tables 4.19, 

4.20) that the maximal iron oxide concentration retrieved with volume-weighted model is less 

than that retrieved with Maxwell-Garnett. Specifically, the iron oxide concentration retrieved 

with Maxwell-Garnett conversion model reaches a peak in April with the value of 4.9 

mg/mm2 and the lowest in December with the value of 1.6 mg/mm2 (Table 4.20). While the 

iron oxide concentration retrieved with volume-weighted conversion model reaches a peak in 

March with the value of 2.7 mg/mm2 and the lowest in December with the value of 1.4 

mg/mm2 (Table 4.10). 
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Figure 4.26: Seasonal variations of iron oxide columnar volume concentration (mm3/m2) over Africa 

and Arabian Peninsula during the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the Maxwell-Garnett conversion model. 
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Figure 4.27: Monthly variations of iron oxide columnar mass concentration (mg/m2) over Africa and 

Arabian Peninsula averaged over the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the Maxwell-Garnett conversion model. 

 

 

 

 

 

 

 



	 118	

Table 4.19: Seasonal columnar volume concentration (mm3/m2) statistics for iron oxide over Africa 

and Arabian Peninsula during the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the Maxwell-Garnett conversion model. The 

percentages (5%, 25%, 50%, 75% and 95%) of the values are determined by ordering the values of the 

variable from lowest to highest, which indicate the distribution of the variable. 

Year Season Average Std 5% 25% 50% 75% 95% 

2006 

DJF 0.57 0.99 0.02 0.08 0.23 0.65 2.11 

MAM 0.99 1.70 0.05 0.15 0.41 1.27 3.41 

JJA 0.84 1.29 0.03 0.11 0.32 0.97 3.56 

SON 0.47 0.63 0.03 0.11 0.24 0.59 1.62 

2007 

DJF 0.50 0.72 0.03 0.10 0.24 0.62 1.79 

MAM 0.95 1.18 0.05 0.15 0.43 1.35 3.40 

JJA 0.74 1.16 0.02 0.10 0.28 0.86 3.04 

SON 0.41 0.58 0.04 0.11 0.22 0.49 1.41 

2008 

DJF 0.48 0.68 0.03 0.09 0.25 0.60 1.64 

MAM 0.87 1.02 0.05 0.15 0.48 1.27 2.84 

JJA 0.81 1.19 0.03 0.12 0.31 0.95 3.41 

SON 0.55 0.72 0.03 0.12 0.28 0.69 1.93 

Table 4.20: Monthly columnar mass concentration (mg/m2) statistics for iron oxide over Africa and 

Arabian Peninsula during the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the Maxwell-Garnett conversion model. The 

percentages (5%, 25%, 50%, 75% and 95%) of the values are determined by ordering the values of the 

variable from lowest to highest, which indicate the distribution of the variable. 

Month Average Std 5% 25% 50% 75% 95% 

Dec 1.57 3.01 0.05 0.28 0.67 1.67 5.64 

Jan 2.07 3.76 0.07 0.33 0.81 2.23 8.07 

Feb 3.15 5.51 0.07 0.39 1.26 3.85 11.65 

Mar 4.34 6.94 0.11 0.55 1.76 5.47 16.53 

Apr 4.92 7.68 0.14 0.57 1.97 6.58 18.34 

May 4.52 7.24 0.14 0.60 1.82 5.63 17.50 

Jun 4.32 6.95 0.12 0.55 1.58 4.88 18.33 

Jul 3.81 6.62 0.09 0.40 1.21 3.96 17.31 

Aug 3.49 6.39 0.07 0.34 1.05 3.39 16.25 

Sep 3.22 5.12 0.08 0.42 1.18 3.79 13.26 

Oct 2.31 3.60 0.11 0.47 1.08 2.59 8.77 

Nov 1.71 3.02 0.09 0.34 0.77 1.80 6.37 
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Figure 4.28 shows the ratio of iron oxides to coarse mode dust over Africa and Arabian 

Peninsula retrieved by GRASP using Maxwell-Garnett conversion model. The ratio of iron 

oxides to dust depends on the soil mineralogy of the source region. The mass ratio is up to 

about 5% over the dust region, which is consistent with literature. In addition, it has to be 

mentioned here that there are some limitations. The ratio of iron oxides to coarse mode dust is 

high over southern Africa. Because iron oxide is the only strongly absorbing component 

considered in the coarse mode of the used here composition conversion model. Therefore, any 

other large size strongly absorbing aerosol will be interpreted as iron oxide. This will be the 

case if, for example, black or BrC, will appear in the coarse mode. At the same time, some 

studies, e.g., Luo et al. (2008), consider that iron can exist in combustion aerosol (industry, 

biofuels and even biomass burning) and may even account for 50% of the global iron 

deposition budget. Guieu et al. (2005), for example, show based on experimental iron 

solubility measurement, that biomass burning may produce an important input of iron to the 

Mediterranean Sea and differ from the Saharan dust input. Thus, a certain amount of iron over 

the biomass burning regions can be real. 
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Figure 4.28: Monthly variations of the mass ratio of iron oxide/dust over Africa and Arabian Peninsula 

averaged as retrieved by GRASP algorithm from POLDER/PARASOL satellite observations using the 

Maxwell-Garnett conversion model.	

4.2.6 Aerosol water content and ammonium nitrate 

The volume concentrations of aerosol water content retrieved using the Maxwell-Garnett 

conversion model (Figures 4.29 and 4.30) generally present the same tendencies as the 

retrievals with the volume-weighted conversion model (discussed in 4.1.6). However, it can 

be noted that the aerosol water content concentrations retrieved by Maxwell-Garnett 

conversion model are somewhat smaller than that retrieved by the volume-weighted 

conversion model (Figures 4.13 and 4.14). This is due to presence of ammonium nitrate in 
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Maxwell-Garnett conversion model as an addition to water content element that represents the 

inorganic species including ammonium sulfate and sea salt.  

	

Figure 4.29: Interannual variations of water columnar volume concentration (mm3/m2) (fine mode, 

coarse mode and total) over Africa and Arabian Peninsula during the period 2006 – 2008 as retrieved 

by GRASP algorithm from POLDER/PARASOL satellite observations using the Maxwell-Garnett 

conversion model. 
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Figure 4.30: Monthly variations of total water columnar mass concentration (mg/m2) over Africa and 

Arabian Peninsula averaged over the period 2006 – 2008 as retrieved by GRASP algorithm from 

POLDER/PARASOL satellite observations using the Maxwell-Garnett conversion model. 
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Figures 4.30 and 4.31 present the variations of ammonium nitrate volume concentration in 

fine and coarse modes, and total over Africa and Arabian Peninsula. It can be seen that the 

coarse mode ammonium nitrate volume concentration is rather larger over ocean than that 

over land, which can be predominately attributed to higher sea salt and relative humidity over 

ocean. 

Comparisons of ammonium nitrate (Figure 4.31) with black carbon (Figure 4.16) and 

organic carbon (Figure 4.21) show that the distributions of these three compositions have 

similar spatial variations. The retrievals have good agreement with the study of Pósfai et al. 

(2003) that reports inorganic particles (e.g., ammonium sulfate) mixtures with organic and 

soot particles originated from biomass burning. The smoke particles seem to provide a 

favorable surface for the nucleation of sulfate, and coagulation can also bring soot and sulfate 

together. In addition, higher ammonium nitrate concentration is retrieved over southern Africa 

(Figure 4.32), especially in August and September. This is in line, for example, with (Piketh 

et al., 1999a) that reported a significant contribution of inorganic particles (such as, sulfur) 

derived from the burning of fossil fuels to the total aerosol loading over South Africa.  

The nitrate formation on dust particles can result from the interaction with HNO3 (Putaud 

et al., 2004; Koçak et al., 2007). An enrichment of sulfate and nitrate on dust particles can 

also occurs in marine environment and is associated with high humidity. The formation of 

thin water films on the surface or partial deliquescence (i.e., deliquescence of the soluble 

fraction contained in agglomerates) makes dust particles become wetted. More efficient 

transformation of sulfur dioxide to sulfate and nitrogen oxides to nitrate is attributed to the 

presence of liquid water. The nitrate formation on dust particles occurs even when the relative 

humidity is low (Putaud et al., 2004). Formation of sulfate and nitrate is also affected by the 

mineral composition. Previous studies (Ro et al., 2005; Sullivan et al., 2007; Matsuki et al., 

2010; Fairlie et al., 2010) have indicated that nitrate formation is favoured on calcium 

carbonate particles compared to aluminium sililicate, whereas the opposite behavior is 

observed for sulfate formation (Krueger et al., 2003; Laskin et al., 2005; Shi et al., 2008). In 

the present retrievals in Figures 4.31 and 4.32 it can be seen that some ammonium nitrate 

concentration appear in regions associated with dust. This indeed can be due to a lack of 

sensitivity and limitation of the algorithm. At the same time, as the above mentioned studies 

report, association of nitrate with dust is possible. A further validation and understanding of 

these retrievals thus will be needed. 

Note that the ammonium nitrate columnar volume concentration (mm3/m2), which is 

directly retrieved by the algorithm, was converted to columnar mass concentration (mg/m2) 

using the density value of 1.73 g/cm3 (Tang, 1996) 
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Figure 4.31: Interannual variations of ammonium nitrate columnar volume concentration (mm3/m2) 

(fine mode, coarse mode and total) over Africa and Arabian Peninsula during the period 2006 – 2008 

as retrieved by GRASP algorithm from POLDER/PARASOL satellite observations using the 

Maxwell-Garnett conversion model.  
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Figure 4.32: Monthly variations of total ammonium nitrate columnar mass concentration (mg/m2) over 

Africa and Arabian Peninsula averaged over the period 2006 – 2008 as retrieved by GRASP algorithm 

from POLDER/PARASOL satellite observations using the Maxwell-Garnett conversion model. 
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4.3 Validation 

4.3.1 Validation of aerosol optical property 

The ground-based network of Sun/sky photometers – AERONET, which provides column-

integrated aerosol optical properties at 8 wavelengths from 0.340 to 1.020 µm, plays a pivotal 

role for satellite validation. The AERONET data are especially useful as they provide 

comprehensive measurements of aerosol properties including AOT, Ångström Exponent and 

single-scattering albedo (Holben et al., 2001; Dubovik et al., 2002a). Data from AERONET 

measurements have been used for satellite and model validation (Kinne et al., 2001; Torres et 

al., 2002; Zhao et al., 2002). Figure 4.33 shows an inter-comparison of aerosol optical 

properties retrieved from POLDER/PARASOL observations using the composition 

conversion model with AERONET retrievals products at 6 sites in Africa during the period of 

2006 to 2008. Because of a limited sensitivity to absorption when aerosol loading is low, 

single-scattering albedo is retrieved with sufficiently high accuracy only when the AOT at 

0.440 µm is equal or higher than 0.4 and solar zenith angle is 50 degree or higher (Dubovik et 

al., 2000, 2002a). Therefore, the retrieved values of single-scattering albedo are much less 

available than the direct to Sun measurements and limited by the conditions of relatively high 

aerosol loading. Nevertheless, the comparisons shown in Figure 4.33 revealed the similarities 

and differences in three key parameters, such as AOT, Ångström Exponent and single-

scattering albedo between AERONET and GRASP with composition module retrieval. Note 

that the data on Ångström Exponent and single-scattering albedo for all sites are presented in 

the same panels to increase the number of points and dynamic range. The results obtained 

from POLDER observations demonstrate good agreement with the AERONET data (e.g., R 

of ~ 0.95 for AOT and Ångström Exponent). Moreover, inversions of GRASP composition 

approaches (Maxwell-Garnett and volume-weighted) have even better agreement with 

AERONET data than the inversions with the classical approach, when complex refractive 

index is retrieved directly. This may be attributed to a better constraint of the retrievals by 

predefined spectral dependence of refractive index attributed to each of the aerosol 

composition. The composition approach also reduces the number of retrieved parameters, that 

is, instead of real and imaginary part of refractive index for each wavelength, fractions of 

elements are retrieved. For example, in the classical approach, there are 12 parameters for real 

and imaginary refractive index, while in the composition approach there are only 6 or 7 

parameters for aerosol composition fraction in fine and coarse modes. 

The inter-comparison, however, should be interpreted with caution because the AERONET 

data are from a point measurements and cannot always be representative of a satellite pixel 
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that is usually in a spatial scale of several kilometers resolution. Another and main limitation 

of this inter-comparison is that the retrieved aerosol composition is not validated directly, but 

only indirectly – by means of agreement between in the derived optical characteristics. 

Nonetheless, the comprehensive AERONET dataset provides a wide range of constraints to 

check the satellite inversion.  
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Figure 4.33: The inter-comparison of aerosol property parameters retrieved from 

POLDER/PARASOL during the period of 2006 to 2008 at 6 AERONET sites with the corresponding 

values provided by AERONET measurements. “Classic” denotes the previous approach of GRASP 

without aerosol composition retrieval, “MG” denotes the approach of Maxwell-Garnett conversion 

model, and “VW” denotes the approach of volume-weighted conversion model.  
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4.3.2 Comparison of composition retrieval with situ measurement  

Validation of the inverted aerosol composition by in situ measurements should be most 

valid. However, this validation is not evident because in situ data are measured near the 

ground, while the retrievals obtained from satellite represent the total atmospheric column 

values. In addition, in situ data are for point measurements, thus may not always be 

representative of the satellite pixel that is usually in a large spatial scale and may not coincide 

temporally. Nevertheless, an effort was done on revision and extracting of appropriate field 

campaigns in situ data from literature. Figure 4.34 shows an inter-comparison of the retrieved 

BC concentration with measurements from field campaigns. DABEX is the Dust And 

Biomass EXperiment campaign dedicated to investigate the radiative effects and transport of 

dust and biomass aerosols emitted from the Sahara/Sahel regions of Africa (Hand et al., 2010). 

The BC was measured by a Single Wavelength Particle Soot Absorption Photometer 

assuming a mass absorption efficiency of 12 m2/g on the day of 17, 19, 28 January and 7 

February 2006. It coincides with the PARASOL measurements on the day of 19 and 28 

January 2006. The BC mass concentration was measured by the AE30 Aethalometer with a 

Magee Scientific Model during AMMA (African Monsoon Multi-disciplinary Analysis) SOP-

0 (the Special Observing Period conducted during January – February 2006) (Deboudt et al., 

2010). In order to compare the retrieved values with the in situ measurements, an assumption 

of 3 km was done on the height of the aerosol layer (Labonne et al., 2007). The retrieved 

aerosol volume concentration was converted into surface mass concentration using this height 

of the aerosol layer and the BC density of 1.8 g/cm3 (Park et al., 2004; Bond and Bergstrom, 

2006). Note that the same aerosol layer height was systematically used for the inter-

comparison purposes, thus an uncertainty in this assumption can affect the absolute values in 

the inter-comparison, but not the slope of the regression line. Because the in situ 

measurements are conducted during short periods and considering possible cloud coverage, 

the available data that can be matched with temporal and spatial scale are scarce. The limited 

available data shows, however, that the satellite retrieved and the in situ BC concentration 

values are in a reasonably good agreement.  
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Figure 4.34: The comparison of BC mass concentration retrieved from POLDER/PARASOL with the 

corresponding values measured in two field campaigns: DABEX (Hand et al., 2010) and during 

AMMA SOP-0 (Deboudt et al., 2010). Red color denotes the mass concentration retrieved from the 

Maxwell-Garnett conversion model and blue color denotes the mass concentration retrieved from the 

volume-weighted conversion model.  

Figure 4.35 shows an inter-comparison of retrieved BC concentration with one observed 

by aircraft from HIAPER (High-Performance Instrumented Airborne Platform for 

Environment Research) Pole-to-Pole Observations (HIPPO) deployments over the remote 

Pacific from 85°N to 67°S in 2009 – 2011. Five deployments were conducted over the 2009 – 

2011 period and BC concentration was measured by a single-particle soot photometer (SP2) 

instrument (Schwarz, et al., 2010; Schwarz et al., 2013). The HIAPER HIPPO aircraft 

program (Wofsy et al., 2011) involved near continuous vertical profiling by the HIAPER 

aircraft from the surface to 8 km (with occasional forays to 14 km altitude) over the Pacific 

from 85°N to 67°S. In the Arctic, BC concentration tends to increase with altitude in spring 

and autumn, but peaks near the surface in winter when transport from midlatitudes takes place 

at low altitudes. Tropical concentrations are generally highest near the surface because of 

scavenging by deep convection. Because of obvious variations of BC concentration at 

different altitude levels, the average values of BC concentration are calculated by the aircraft 

measurements for three different altitude groups: H=500, 1000, and 5000 m.  

 The correlations shown in Figure 4.35 indicate that the retrieved BC concentration 

(Maxwell-Garnett and volume-weighted conversion model) has a reasonable agreement with 
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campaign measured BC concentration, which are the averaged values calculated from the 

available data under the height of 500 and 1000 m, respectively. However, there is no 

correlation for the case of H=5000 m; the retrieved values are much higher than the measured, 

which can be explained by very low values at high altitudes. No assumption on the aerosol 

layer height was done for conversion of the column satellite data in this case. Therefor, 

disagreement between the data sets, in case of 5000 m altitude, is rather effect of aerosol 

vertical distribution. In addition, the measurements of BC during the HIPPO campaign over 

ocean have very low values. Indeed, the AOT is low over the Pacific from 85°N to 67°S, 

which can also cause more uncertainty in the retrievals from POLDER/PARASOL satellite 

observations.   

 

Figure 4.35: The comparison of BC mass concentration retrieved from POLDER/PARASOL with the 

corresponding values measured in HIPPO campaigns (Schwarz et al., 2011). Figures in the left column 

in red color denote the BC mass concentration retrieved using the Maxwell-Garnett conversion model 
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and figures in the right column in blue color denote the BC mass concentration retrieved using the 

volume-weighted conversion model. H=500, 1000 and 5000 m indicate that the averaged values of 

HIPPO BC mass concentration are calculated using the available measurements under different 

altitude levels. 

4.4 Comparison of composition retrieval with 

GEOS-5/GOCART simulation 

The Georgia Institute of Technology-Goddard Global Ozone Chemistry Aerosol Radiation 

and Transport (GOCART) model can simulate major tropospheric aerosol types, including 

sulfate, dust, OC, BC and sea salt aerosols. The model uses the assimilated meteorological 

fields generated from the Goddard Earth Observing System Data Assimilation System (GEOS 

DAS), which are model-assimilated global analyses constrained by meteorological 

observations. For aerosol simulation the GEOS-5/GOCART model consists of the modules 

such as emission, which includes sulfur, dust, BC, OC and sea salt emissions, and chemistry, 

which uses prescribed OH, H2O2 and NO3 fields for gaseous sulfur oxidations. The GEOS-

5/GOCART model reproduces the seasonal variations at most of the AERONET sites, 

especially the sites where biomass burning or dust aerosol dominate, even though the 

magnitudes do not always match the observations (Chin et al., 2002). The aerosol 

composition inversion product, presented in this thesis work, can be used to constrain the 

model simulations on large spatial scale. 

Figure 4.36 shows the comparisons of BC and dust mass concentrations retrieved from 

POLDER satellite observation with those simulated by GEOS-5/GOCART model. The data 

used for the comparison covers African continent and Arabian Peninsula. Over these regions, 

the average BC mass concentration obtained from satellite composition inversion is of 0.80 

mg/m2 for the volume-weighted approach and 0.62 mg/m2 for the Maxwell-Garnett approach. 

The averaged value simulated by GEOS-5/GOCART model, however, is only 0.46 mg/m2. 

The model, therefore, tends to underestimate BC concentration by 25 – 40% over Africa and 

Arabian Peninsula, which is in line with a previously assessed underestimation of aerosol 

optical thickness of biomass burning aerosols by 30 – 40% for pollution and dust regions 

(Chin et al., 2009a). Chin et al. (2009a) considered usage of higher emission factors of 

carbonaceous aerosols than the commonly suggested values (e.g., Andreae and Merlet, 2001). 

Lower biomass burning aerosol optical thickness estimated by GEOS-5/GOCART model 

reveals the possibility that the dry mass burned estimates may be too low, as other studies 

have also suggested (e.g., Bian et al., 2007).  
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The average coarse dust mass concentration obtained from satellite composition inversion 

is of 208.91 mg/m2 for volume-weighted approach and 189.70 mg/m2 for Maxwell-Garnett 

approach. It is lower than that simulated by GEOS-5/GOCART model (322.73 mg/m2). Thus, 

the model may tend to overestimate coarse dust concentration by 55 – 70% over Africa and 

Arabian Peninsula. The comparisons demonstrated that the values of modeled BC 

concentration are lower in pollution and biomass burning regions (southern Africa) but the 

values of modeled coarse dust concentration are higher in dust-dominated places (northern 

Africa and Arabian Peninsula) (e.g., Jones and Christoper, 2007; Ginoux et al., 2001).  

It is worth noting that the obtained results are also in agreement with results obtained by 

another PhD study undertaken in LOA (Chen at al., in preparation), which estimated global 

emission sources of BC and dust based on inverse modeling procedure (Dubovik et al., 2008). 

The GEOS-Chem based inverse modeling algorithm is used in this study to retrieve desert 

dust, BC and OC aerosol emission sources simultaneously from GRASP aerosol product from 

POLDER/PARASOL. The retrieved emission sources indicated a reduction of ~30% for 

annual dust emission, while an increment of ~2 times for total BC and OC emissions in 

comparison to “prior model” emissions. Despite the GRASP aerosol product from 

POLDER/PARASOL is used in both cases, these two methods are completely independent, 

which solidify the derived tendencies on underestimation of BC and overestimation of dust 

emissions by global chemistry transport models. 
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Figure 4.36: The comparison of BC and coarse dust mass concentration retrieved from 

POLDER/PARASOL with the corresponding values simulated by GEOS-5/GOCART model over 

Africa in 2008. “VW” denotes the approach of volume-weighted conversion model, and “MG” 

denotes the approach of Maxwell-Garnett conversion model.  
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Chapter 5    

5. GRASP applications to POLDER 

observations over the globe  

“When one must, one can.” 

------ Charlotte Whitton 

The current chapter presents in detail seasonal variations of the retrieved aerosol composition 

over the globe. The retrievals employ POLDER/PARASOL observations in 2008 and 

conducted using the Maxwell-Garnett conversion model. One year of data was used because 

of time consumption of the calculations. Nevertheless, even one year of aerosol composition 

data for the entire globe can improve our understanding of the aerosol species variability and 

accuracy of modeling. While analyzing mean values from the satellite data on large spatial 

scale it can be important to know the frequency of the data occurrence. Figure 5.1 shows 

number of pixels, in 0.1° × 0.1° resolution, observed by POLDER/PARASOL in 2008. Over 

land observations present much larger number of pixels than over ocean, apparently due to 

clouds presence that is more abundant over oceans. Also over land, the different regions can 

have different pixel statistics. For example, the number of observations over northern Africa 

and West Asia is more than that over Asia, especially over China. Interpretation of the mean 

values can be significantly affected by these statistics, therefore, it is important to keep in 

mind the frequency of the observation occurrence for the following analysis. 
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Figure 5.1: Number of pixels in 0.1 × 0.1 degree resolution observed by POLDER/PARASOL 

satellite over the globe in 2008. 

5.1 Maxwell-Garnett conversion model 

Figure 5.2 shows seasonal variations of aerosol optical thickness at 0.440 µm in 2008 

derived from POLDER/PARASOL observations using the Maxwell-Garnett conversion 

model. Aerosol optical thickness exhibits a pronounced variability over the globe, reaching 

high values over Africa and Asia, especially during DJF and JJA. Elevated aerosol optical 

thickness over Africa are attributed to seasonal dust storms and biomass burning, while higher 

aerosol optical thickness over Asia, especially in the Asian megacities (e.g., Kanpur, India 

and Beijing, China), are attributed to industrial fossil fuel combustion due to economic 

activities and population density (e.g., Lawrence and Lelieveld, 2010). The aerosol 

composition over these high aerosol burden regions is expected to be quite different and 

dependent on seasons. Table 5.1 shows seasonal variability of the global mean concentrations 

of the retrieved aerosol compositions. A more detailed discussion of spatial patterns during 

every season and for each element is presented in following. 
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Figure 5.2: Seasonal variations of AOT at 0.440 µm in 2008 as retrieved by GRASP algorithm from 

POLODER/PARASOL satellite observations using the Maxwell-Garnett conversion model.  
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Table 5.1: Seasonal variations of aerosol composition for columnar volume concentration (mm3/m2) 

over the globe in 2008 as retrieved by GRASP algorithm from POLDER/PARASOL satellite 

observations using the Maxwell-Garnett conversion model. “AN” like denotes inorganic salts 

including ammonium nitrate, ammonium sulfate, and sea salts. “Water” denotes aerosol water content. 

Season BC BrC Fine dust 
OC 

Coarse 
dust 

Iron 
oxide 

“AN” 
like Water  

DJF 0.47 5.71 5.29 28.37 0.36 11.92 8.50 

MAM 0.34 6.13 7.80 35.20 0.50 13.49 10.03 

JJA 0.35 6.28 6.89 33.71 0.48 14.27 11.84 

SON 0.38 5.62 5.93 29.27 0.38 12.42 10.08 

5.1.1 Black carbon  

As can be seen in Figure 5.3, BC concentration exhibits a pronounced seasonal cycle with 

high variability over the globe; it reaches a global average peak of 0.47 mm3/mm2 during DJF, 

lower values during SON and JJA, and a minimum of 0.34 mm3/mm2 during MAM (see 

Table 5.1). The maximum BC concentration averaged over the globe during DJF is 

constituted from contributions by biomass burning in Sahel region, and by anthropogenic 

pollution in India and China. The fires occurring in the Sahel region generate higher 

percentage of BC than those in southern Africa during SON and JJA, as was discussed in 

Chapter 4. In addition, anthropogenic activity in India and China generates more BC during 

DJF, which is consistent with the previous studies. For example, Li et al. (2015) found that 

BC mass concentration averaged over the 12 years is higher (21.6 mg/ mm2) during DJF than 

that during the other seasons. The study is based on retrieval of aerosol composition from 

AERONET measurements in Beijing and Kanpur sites during the period 2002 – 2013. It is 

noted that when the AOT is very low, such as over ocean, the accuracy of retrievals is 

expected to be low. 
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Figure 5.3: Seasonal variations of BC columnar volume concentration (mm3/m2) in 2008 as retrieved 

by GRASP algorithm from POLDER/PARASOL satellite observations using the Maxwell-Garnett 

conversion model. 
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5.1.2 Brown carbon  

Figure 5.4 shows seasonal variations of BrC concentration over the globe in 2008. BrC 

concentration reaches a global average peak of 6.28 mm3/mm2 during JJA and the lowest 

value of 5.62 mm3/mm2 during SON (see Table 5.1), which is primary association with 

temporal variations of biomass burning over Africa and contribution of Asian anthropogenic 

activity. The comparison of BrC concentration (Figure 5.2) with BC concentration (Figure 

5.3) reveals that despite both are emitted from biomass combustion, the high concentrations 

of brown and black carbon are not always collocated. Previous studies (Haywood et al., 2003; 

Abel et al., 2003; Reid et al., 1998) showed that the fresh biomass burning aerosols had 

higher BC content than aged aerosol. There are some rapid changes occurring in the relative 

concentration of particle types with the aging of smoke. For example, BC particles become 

gradually more aggregated with organic and sulfate particles during the aging of smoke 

(Pósfai et al., 2003). Therefore, BC in the area near the biomass burning emissions is 

retrieved with higher concentration, whereas BrC is generally enriched in downwind region of 

biomass burning, in particular near the coast where the relative humidity is high. 
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Figure 5.4: Seasonal variations of BrC columnar volume concentration (mm3/m2) in 2008 as retrieved 

by GRASP algorithm from POLDER/PARASOL satellite observations using the Maxwell-Garnett 

conversion model. 
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5.1.3 Organic carbon/fine dust 

Figure 5.5 and Figure 5.6 shows seasonal variations of OC/fine dust concentration and 

Ångström Exponent over the globe in 2008, respectively. As discussed previously, due to 

similarity between refractive indexes of OC and non-absorbing dust (without iron oxide 

component), an additional information about aerosol size is needed for a proper interpretation 

of the retrieved component. Fine dust is predominately concentrated over northern Africa, 

Middle East, Central Asia and northwest China, where Ångström Exponent retrieved is very 

small. Especially, fine dust concentration is observed with the largest values over Bodélé 

depression during DJF, Taklimakan in China during MAM and Arabian Peninsula during JJA. 

OC is mainly enriched in the regions where the biomass burning takes place with high 

frequency, as well as larger Ångström Exponent retrieved, such as southern Africa, South 

America, India and China. High OC is also observed in China, especially in southern China 

(Sichuan Basin and the Pearl River Delta region), and urban South Asia (Zhang et al., 2008b; 

Decesari et al., 2010; Stone et al., 2010; Zhang et al., 2012). Secondary OC (SOC) also 

contributes to total concentrations of OC (Zhang et al., 2005; Miyazaki et al., 2006; Sullivan 

et al., 2006; Weber et al., 2007; Zhang et al., 2008b). The SOC can consist 55% of annually 

averaged total urban OC aerosols. The urban origin of OC in China is enhanced around May 

to June and October (Zhang et al., 2012), which may be an explanation of the retrieved high 

OC concentration during JJA in southern China (Figure 5.5). It is noted that OC concentrated 

in northern China during DJF is caused by the abundant combustion of fossil fuels in the 

heating period. Additionally, it can be noted that higher OC concentration is retrieved over 

South America during SON (Figure 5.5), which also corresponds to high Ångström Exponent 

(Figure 5.6). Indeed, this season is known as biomass burning that starts in July and peaks 

generally in August and September (e.g., Duncan et al., 2003).  
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Figure 5.5: Seasonal variations of OC/fine dust columnar volume concentration (mm3/m2) in 2008 as 

retrieved by GRASP algorithm from POLDER/PARASOL satellite observations using the Maxwell-

Garnett conversion model. 
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Figure 5.6: Seasonal variations of Ångström Exponent (0.670/0.865 µm) in 2008 as retrieved by 

GRASP algorithm from POLDER/PARASOL satellite observations using the Maxwell-Garnett 

conversion model. 
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5.1.4 Coarse dust  

Seasonal variations of coarse dust concentration over the globe in 2008 are shown in 

Figure 5.7. Global coarse dust concentration during MAM and JJA (35.20 mm3/mm2 and 

33.71 mm3/mm2, respectively) is much higher than that during DJF and SON (29.27 

mm3/mm2 and 28.37 mm3/mm2, respectively). During MAM and JJA the global dust belt is 

extending from the west coast of North Africa, through the Middle East, into Central Asia, it 

covers Sahara, the Arabian Peninsula, Caspian Sea and Aral Sea regions in Central Asia, and 

Gobi and the Taklimakan in China (shown in Figure 5.7). All these desert areas show high 

dust activity during this period. In addition, elevated coarse dust concentration is also 

observed in Australia (area of Lake Eyre and The Great Artesian Basin) during DJF and SON. 

Coarse mode dust is also detected over Mexico during MAM and over arid regions in south of 

the USA during JJA. The coarse dust component also appears over the regions in Africa that 

are identified as biomass burning with high concentrations of BC and BrC in fine mode. Since 

dust is the only balk material assumed for the coarse mode aerosol, besides strongly absorbing 

iron oxide and non-absorbing water, the slightly absorbing coarse mode aerosols in these 

biomass burning regions are interpreted as dust. Therefore, the coarse dust component 

retrieved for biomass burning regions is response of the algorithm to presence of slightly 

absorbing coarse mode aerosol, which spectral absorption is different from iron oxide. 
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Figure 5.7: Seasonal variations of coarse dust columnar volume concentration (mm3/m2) in 2008 as 

retrieved by GRASP algorithm from POLDER/PARASOL satellite observations using the Maxwell-

Garnett conversion model. 
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5.1.5 Iron oxide 

Figure 5.8 shows seasonal variations of iron oxide concentration over the globe in 2008. 

As it was discussed for the African continent in Chapter 4, the iron oxide concentrations have 

similar patterns and seasonal variations as the coarse dust component. The high iron oxide 

concentrations are observed during MAM and JJA (global average values of 0.50 mm3/mm2 

and 0.48 mm3/mm2, respectively), while lower concentration during DJF and SON (global 

average values of 0.36 mm3/mm2 and 0.38 mm3/mm2, respectively). As it was also discussed 

in Chapter 4, the maximums of iron oxide and coarse dust concentrations are not collocated 

because the elemental and mineralogical composition of mineral dust varies depending on the 

source region of emission. Retrievals on the global scale also present the regions of iron oxide 

transport over ocean. As can be expected, there are high iron oxide concentrations over east 

Atlantic that gradually decrease during the dust transport towards Americas. High iron oxide 

concentrations are also derived over the Arabian Peninsula and the Arabian Sea. It should be 

mentioned here that a discontinuity in the retrieved concentrations can be noted between over 

land and over water in the regions of the Red Sea and Arabian Sea. Given that such 

discontinuity does not appear in all coastal regions, the reason is most probably not in the 

algorithm failure. The reason for the discontinuity can be rather related to statistics of the 

number of pixels available from the observations, which vary significantly between over land 

and over ocean (see Figure 5.1). This statistics can affect the mean values calculations. In 

addition, attention should be drawn to the land topography in the considered regions, i.e. 

mountains that separate between land and sea. Finally, high iron oxide concentrations are also 

retrieved over Asia, especially during MAM, which is attributed to higher iron oxide content 

in the dust emitted from the Taklimakan desert located in northwest China. 
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Figure 5.8: Seasonal variations of iron oxide columnar volume concentration (mm3/m2) in 2008 as 

retrieved by GRASP algorithm from POLDER/PARASOL satellite observations using the Maxwell-

Garnett conversion model. 
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5.1.6 Aerosol water content and ammonium nitrate 

Aerosol water content is strongly dependent upon aerosol composition and relative 

humidity, and it may constitute a significant fraction of the aerosol (Pilinis and Seinfeld, 

1989). Aerosol water content should be well correlated with the concentration of hygroscopic 

composition (e.g., ammonium nitrate, ammonium sulfate and sea salt) and less correlated with 

hydrophobic composition at a given relative humidity. Figures 5.9 and 5.10 show the seasonal 

variations of aerosol water volume concentration in fine mode and total (fine and coarse) over 

the globe in 2008. More details of aerosol water content over Africa are discussed in Chapter 

4. Figures 5.9 and 5.10 also show that water volume concentration for the aerosols over China 

and India are observed with high values, especially during DJF and SON, because more 

hygroscopic species (ammonium nitrate and ammonium sulfate) exist in the industrial 

aerosols (see Figures 5.11 and 5.12).  

Figures 5.11 and 5.12 show the seasonal variations of ammonium nitrate volume 

concentration in fine mode and total over the globe in 2008. Ammonium nitrate volume 

concentration for the aerosols over China and India are observed with large values, especially 

in fine mode during DJF and SON (see Figure 5.11), which is attributed to the industrial 

aerosols of megacities with high population density and pollution level (e.g., ammonium 

nitrate and ammonium sulfate). The distributions of BC, OC and ammonium nitrate have 

similar spatial variations (Figures 5.3, 5.5, and 5.11), which is attributed to the mixing of 

inorganic particles (e.g., ammonium sulfate) with organic and soot particles originated from 

biomass burning. The carbonaceous particles may provide a favorable surface for the 

nucleation of sulfate, and coagulation can also bring soot and sulfate together.  

It has to be mentioned here that some discontinuity between over land and over ocean 

retrievals can be observed around the Arabian Peninsula and Western Africa. Comparisons of 

Figures 5.9, 5.11 with Figures 5.10, 5.12 indicate that this discontinuity is in coarse mode 

retrievals. This discontinuity can be suspected as an algorithmic artifact, however, worth 

noting that some mountains separate land and sea around the Arabian Peninsula, especially 

Red Sea, which can be a natural barrier between continental and marine aerosols. In addition, 

statistics of the pixels available for the retrievals from POLDER/PARASOL (see Figure 5.1) 

shows that the number of pixels over land is significantly higher than over ocean, which is 

rather due to cloud contamination. This discontinuity in the pixel statistics can also affect the 

mean values of the retrieved concentrations. 
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Figure 5.9: Seasonal variations of aerosol water columnar volume concentration (mm3/m2) in fine 

mode in 2008 as retrieved by GRASP algorithm from POLDER/PARASOL satellite observations 

using the Maxwell-Garnett conversion model. 
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Figure 5.10: Seasonal variations of aerosol water columnar volume concentration (mm3/m2) in total 

(fine and coarse modes) in 2008 as retrieved by GRASP algorithm from POLDER/PARASOL satellite 

observations using the Maxwell-Garnett conversion model. 
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Figure 5.11: Seasonal variations of ammonium nitrate columnar volume concentration (mm3/m2) in 

fine mode in 2008 as retrieved by GRASP algorithm from POLDER/PARASOL satellite observations 

using the Maxwell-Garnett conversion model. 
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Figure 5.12: Seasonal variations of ammonium nitrate columnar volume concentration (mm3/m2) in 

total (fine and coarse modes) in 2008 as retrieved by GRASP algorithm from POLDER/PARASOL 

satellite observations using the Maxwell-Garnett conversion model. 
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5.2 Comparison of composition retrieval with 

GEOS-5/GOCART simulation 

In addition to the comparison between results of GRASP retrievals and of GEOS-

5/GOCART simulation over Africa and Arabian Peninsula presented in section 4.4, the data 

comparison on the global scale is presented in this section. Figure 5.13 shows correlations for 

BC and dust mass concentrations for all data over the globe in 2008. The global average BC 

mass concentration retrieved from satellite observation by the Maxwell-Garnett conversion 

model in GRASP (0.59 mg/m2) is slightly less than the value simulated by GEOS-

5/GOCART model (0.65 mg/m2). However, in contrast to almost twice higher BC 

concentration retrieved by GRASP over Africa (discussed in Chapter 4), the retried BC 

concentrations over Asia are lower. Therefore, the GEOS-5/GOCART model performance 

has different tendencies in the BC concentration estimation for Africa and Asia. In respect to 

the global average coarse dust mass concentration, the retrieved by GRASP value (125.5 

mg/m2) is lower than that simulated by GEOS-5/GOCART (174.7 mg/m2). The model 

therefore, tends to provide higher coarse dust concentration not only for the Africa region, but 

also for Asia (e.g., Taklimakan in China). 
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Figure 5.13: The comparisons of BC and coarse dust mass concentration retrieved from 

POLDER/PARASOL with the corresponding values simulated by GEOS-5/GOCART model over the 

globe in 2008.  “MG” denotes the approach of Maxwell-Garnett conversion model in GRASP.  
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Chapter 6     

6. GRASP applications to real Sun 

photometer measurements  

“When you believe something can be done, really believe, your mind will find the ways to do 

it.” 

------ David J. Schwartz 

In this chapter, the GRASP aerosol composition approach is applied to the retrievals of 

ground-based AERONET photometric observations. GRASP is a highly versatile algorithm, 

which is developed for characterizing atmospheric properties gathered from wide variety of 

remote sensing observations including satellite, ground-based and airborne measurements of 

atmospheric radiation and their combinations. The Sun/sky photometric measurements 

present sensitivity to aerosol complex refractive index and were already used for the aerosol 

composition retrievals (based on the post complex refractive index retrieval approach) 

(Schuster et al., 2005, 2009, 2016; Li et al., 2013, 2015; Wang et al., 2013), as was discussed 

in the introduction part. Therefore, application of GRASP with composition module approach 

to AERONET photometric measurements should not present a fundamental difficulty. In fact, 

modifications required in the code consisted only in deactivation of the surface properties 

retrievals.  

6.1 Study area 

Three AERONET sites in Africa that represent dust, biomass burning and mixed aerosol 

types were selected for a test study. It should be mentioned that application of GRASP to 

AERONET requires preparation of the input data files that are not automatized for the 

moment of this thesis work. Preparation of the input files is semi manual and thus is very time 

consuming, this is why only three sites and limited in time data series were selected for the 
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presented test study. Figure 6.1 shows location of the selected AERONET sites. First is the 

AERONET site of Banizoumbou (13.5° N, 2.7° E), which is a remote site located about 60 

km east from the capital of Niamey, Niger. It is mainly affected by dust particles, in particular 

during MAM. The biomass burning season in West Africa occurs primarily from November 

through March. Therefore, aerosols are regarded as a dust case at Banizoumbou site in April. 

Second is the AERONET site of Skukuza (25.0° S, 31.6° E), which is a subtropical rural site 

located in the Kruger National Park in South Africa. Kumar et al. (2013) observed that the 

AOT at Skukuza site is mainly influenced by biomass burning with a minor contribution of 

sea salt, desert dust and urban-industrial aerosols. Therefore, aerosols are regarded as a 

biomass burning case at Skukuza site in September during the biomass burning season in the 

southern Africa. Third is the Ilorin site (8.3° N, 4.3° E), located in the sub-Sahel region of 

Nigeria in the northern Africa. This site is heavily influenced by both dust and biomass 

burning aerosols. A mixing of North African savanna biomass burning aerosols with desert 

dust from the Sahara and Sahel regions is expected to influence Ilorin, especially in January. 

The Ilorin site is therefore regarded as dust and biomass burning mixture case. 

	
Figure 6.1: Map showing the three principal AERONET sites analyzed, Banizoumbou, Skukuza and 

Ilorin.  
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6.2 Maxwell-Garnett conversion model retrieval  

The approach of Maxwell-Garnett conversion model is used for demonstrating application 

of GRASP/Composition to AERONET Sun/sky photometric measurements.   

6.2.1 Dust case 

The retrieved volume concentrations (Figure 6.2) of aerosol composition at Banizoumbou 

site in April 2007 demonstrate the algorithm performance in the case of desert dust. The 

retrieved volume concentration of coarse dust and iron oxide presents a mean value of 1535.7 

mm3/m2 and 22.9 mm3/m2, respectively, which corresponds to about 1.5% of iron oxide in 

coarse mode dust. The retrieved OC/dust component of the fine mode is regarded as fine dust 

because the Ångström Exponent is small (0.18). The retrieved concentrations of BC and BrC 

are low, however, not negligible in some days. It can be due to appearance of some 

anthropogenic component, but also due to substitution of fine mode iron oxide by BC or BrC. 

It can happen due to absence of iron oxide in modeling of the fine mode aerosol composition. 

Therefore, if iron oxide presents in fine mode, it can be substituted by some concentrations of 

BC or BrC. Since fine mode of pure dust is expected to be small, significance of this artificial 

BC or BrC concentrations should not be very important. The water and ammonium nitrate 

mainly present in coarse mode, however, their concentrations are much lower than that of dust. 

The relative contributions of water and ammonium nitrate to the coarse mode aerosol 

constitute on average 33% and 16%, respectively, while it is 50% for dust (see Figure 6.3).  
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Figure 6.2: Volume concentration of aerosol composition at Banizoumbou AERONET site in April 

2007 – represents a dust aerosol case. The retrievals are conducted using the Maxwell-Garnett 

conversion model. 

	
Figure 6.3: Volume fraction of aerosol composition at Banizoumbou AERONET site in April 2007 – 

represents a dust aerosol case. The retrievals are conducted using the Maxwell-Garnett conversion 

model. 

6.2.2 Biomass burning case 

Figure 6.4 and Figure 6.5 shows the volume concentration and fraction of aerosol 

composition at the Skukuza site in September 2007, which is regarded as biomass burning 
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aerosol case. It should be noted that the AOT in the case of Skukuza is considerably lower 

than in the case of Banizoumbou (see Figure 6.8). The volume concentrations, therefore, 

cannot be compared between two sites, but rather relative contributions of elements. The 

retrieved BC concentrations are relatively high and constitute on average 6% of fine mode 

aerosol concentration. The BrC concentrations, however, are low, and constitute only about 

1%. It is noted that BC concentration is not very high with mean value of 8.4 mm3/m2 as the 

aerosol volume concentration is low (shown in Figure 6.8, AOT at 0.440 µm is around 0.5). 

The mean concentration of BrC is 0.8 mm3/m2. The composition of particles generated from 

different fires primarily depends on the nature of fuel (Turn et al., 1997). Biomass burning in 

the southern Africa generates more OC and less BrC, which is discussed in detail in Chapter 4. 

OC/dust retrieved in fine mode should be attributed to OC (Ångström Exponent of 1.5, is high 

in this case) and its mean fraction is 42%. Coarse dust and iron oxide concentrations are small 

with a mean value of 240.5 mm3/m2 and 0.4 mm3/m2, correspondingly, which is much less 

than that at Banizoumbou site (1535.7 mm3/m2 and 22.9 mm3/m2, correspondingly). In 

addition, water and ammonium nitrate are found nearly the same between the fine and coarse 

modes.  

	
Figure 6.4: Volume concentration of aerosol composition at Skukuza AERONET site in September 

2007 – represents a biomass burning aerosol case. The retrievals are conducted using the Maxwell-

Garnett conversion model. 
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Figure 6.5: Volume fraction of aerosol composition at Skukuza AERONET site in September 2007 – 

represents a biomass burning aerosol case. The retrievals are conducted using the Maxwell-Garnett 

conversion model. 

6.2.3 Mixing case 

Figure 6.6 and 6.7 shows the volume concentration and fraction of aerosol composition at 

the Ilorin site in January 2007, which is regarded as a mixing of dust and biomass burning 

aerosol case. Since the Sahel biomass burning reaches its peak during DJF (Herman et al., 

1997) associated with agricultural activities, dust transported from Sahara and emitted from 

the Bodélé depression may mix with the biomass burning particles. From inter-comparison 

between three presented sites it can be seen that the maximums of BrC volume concentration 

and fraction (the mean values of 127.9 mm3/m2 and 17%, respectively) are observed at the 

Ilorin site. As presented in chapter 4, higher BrC concentrations are also found over this area 

in the retrievals from POLDER/PARASOL observations. The mean value of BC 

concentration and fraction is 13.5 mm3/m2 and 2%, respectively. The OC/dust retrieved in 

fine mode should be attributed to a mixture of carbonaceous particles and dust particles 

(Ångström Exponent is about 0.5). Coarse dust and iron oxide concentration is retrieved with 

a mean value of 1412.4 mm3/m2 and 5.7 mm3/m2, respectively, which presents quite similar to 

Banizoumbou dust concentration, but significantly lower contribution of iron oxide. Water 

and ammonium nitrate fractions in fine mode (63% and 9%, respectively) are higher than that 

in coarse mode (42% and 5%, respectively), whereas the volume concentrations are higher in 

coarse mode because the volume concentrations of the entire coarse mode are more important. 
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Figure 6.6: Volume concentration of aerosol composition at Ilorin AERONET site in January 2007 – 

represents a mixing of dust and biomass burning aerosol case. The retrievals are conducted using the 

Maxwell-Garnett conversion model. 

	
Figure 6.7: Volume fraction of aerosol composition at Ilorin AERONET site in January 2007 – 

represents a mixing of dust and biomass burning aerosol case. The retrievals are conducted using the 

Maxwell-Garnett conversion model. 
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6.3 Validation 

6.3.1 Validation of aerosol optical property 

Figure 6.8 presents the AOT and Ångström Exponent measured by AERONET versus 

those recalculated in GRASP retrieval procedure that implements aerosol composition model; 

the single-scattering albedo is that derived from conventional AERONET retrievals versus 

derived from GRASP/Composition retrievals. Figure6.8 shows that the aerosol properties are 

reproduced very well by GRASP/Composition approach not only for aerosol optical thickness 

and its spectral behavior, but also single-scattering albedo. The mean differences in AOT is 

about 0.01, which is on the level of AERONET calibration uncertainty, the difference in SSA 

is also well within the expected retrieval uncertainty of 0.03 (Dubovik at al., 2002). The 

correlation coefficient is nearly 1.0 for AOT and Ångström Exponent at Banizoumbou, 

Skukuza and Ilorin sites, respectively representing dust, biomass burning and mixing aerosol 

cases. 
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Figure 6.8: The comparison of aerosol optical properties derived from Sun/sky photometer 

measurements by GRASP using the Maxwell-Garnett conversion model with the corresponding values 

provided by AERONET conventional algorithm.  
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Chapter 7     

7. Conclusion 

“Life’s like a movie, write your own ending.” 

------ Jim Henson 

The information about composition of atmospheric aerosols has a great importance for 

various aspects of monitoring and understanding of climate and environment dynamics. Such 

information can be obtained using in situ sampling measurements or simulation by chemical 

transport models. However, in situ samplings have limited spatial and temporal coverage, 

while model estimations have large uncertainties. This thesis has discussed in detail a new 

approach of atmospheric aerosol composition retrieval from remote sensing observations. The 

methodology was developed and implemented in GRASP algorithm that is designed to invert 

the remote sensing observations from space-borne and ground-based instruments. The main 

goals were (ⅰ) to identify an adequate conversion model for linking refractive index to 

aerosol composition, which could cover entire range of aerosol complex refractive index and, 

simultaneously, should provide unique correspondence between each spectral realization of 

refractive index and aerosol composition; (ⅱ) to monitor and investigate the temporal and 

spatial variations of aerosol composition retrieved from remote sensing observations with 

wide spatial coverage and in different seasons; (ⅲ) to provide a useful data for the modelers 

constraining their model simulations globally or over regions where otherwise no data on 

aerosol composition is available, and to improve the accuracy and capability of aerosol model 

simulation. 

In contrast to the majority of existing aerosol retrieval algorithms fitting the intermediate 

retrieval of the refractive index, the one developed in this work is fitting directly the remote 

sensing data (radiance and polarization) by a set of aerosol composition fraction for both fine 

and coarse aerosol modes, as well as by aerosol parameters such as sizes and shape; the 

spectral complex refractive index is then calculated from the retrieved aerosol composition 
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fractions. The approach is not only limited to the space-borne and ground-based instruments, 

but can be used for retrievals from all possible existing remote sensing instruments, both 

passive and active.  

Chapter 3 shows the detailed descriptions of the full set of formulations necessary for 

realizing a aerosol composition approach developed for deriving detailed aerosol properties 

from remote sensing measurements, as well as a series of sensitivity tests conducted for the 

aerosol composition conversion model. The synthetic data were designed to mimic 

observations of real aerosol including composition information. Results of the tests showed 

that utilization of both the volume-weighted and Maxwell-Garnett conversion models allows 

the retrieval to distinguish amongst the assumed aerosol compositions with acceptable 

accuracy in all considered situations.  

The performance of the developed algorithm has been demonstrated by application to 

POLDER/PARASOL observations in the chapter 4 and chapter 5. The obtained patterns of 

aerosol composition distribution agree with known physical expectations. BC, BrC and OC 

exhibit a pronounced seasonal cycle with high variability and their trends are similar to each 

other, which is mainly attributed to temporal variations of biomass burning in Africa and 

South America, but also to anthropogenic pollution in Asia (in particular India and China). 

BC and OC were found mainly be enriched in the areas near biomass burning emissions, 

whereas BrC is generally found concentrated in downwind regions of biomass burning. 

Indeed, generally organic particles are not aggregated in young smoke, but occur during aging 

that can form carbonaceous compound whose optical properties are similar to BrC.  It is also 

noted that the fires occurring in northern Africa during DJF generate larger ratio of BC to OC 

than that in southern Africa during SON and JJA.  

Dust and iron oxide concentration show a similar seasonal cycle with high variability, 

reaching a peak during MAM and a minimum during SON. Higher dust and iron oxide 

concentration are observed during MAM and JJA. The dust emissions during this period 

originate from the global dust belt extending from the west coast of North Africa, through the 

Middle East to Central Asia. It covers Sahara, Arabian Peninsula, Caspian Sea and Aral Sea 

regions in Central Asia, and Gobi and Taklimakan in China. Dust was also detected in the 

USA and Mexico during MAM and JJA. The maximums of iron oxide concentration are not 

co-located with those of dust; it is because the elemental and mineralogical composition of 

mineral dust can vary depending on the source region of emission.  

The aerosol water content is retrieved for both fine and coarse size fractions in the volume-

weighted conversion model and ammonium nitrate is also retrieved for both fine and coarse 

size fractions in the Maxwell-Garnett conversion model. Water content and ammonium nitrate 
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concentration for the aerosols over China and India are observed with large values, especially 

in fine mode during DJF and SON (see Figure 5.11), which is attributed to the industrial 

aerosols of megacities with high population density and pollution level (e.g., ammonium 

nitrate and ammonium sulfate). In addition, the coarse fraction water concentration is notably 

smaller over land than over ocean; the fine fraction, however, has nearly same variability over 

land and over ocean. The coarse mode aerosols over land are usually constituted of mineral 

dust, which is generally hydrophobic. Over ocean, however, the elevated coarse mode aerosol 

water content is logically corresponds to coarse particles of the sea salt aerosol.  

An inter-comparison of aerosol optical properties derived from GRASP/Composition and 

from standard AERONET products demonstrated a very good agreement, whatever volume-

weighted or Maxwell-Garnett conversion model was used. The comparison of BC retrieved 

by GRASP/Composition with corresponding values simulated by GEOS-5/GOCART 

chemical transport model has shown that the values of the modeled BC concentration are 

lower for biomass burning regions in Africa, but higher for anthropogenic pollution regions in 

Asia. However, the values of modeled by GEOS-5/GOCART coarse dust concentration are 

higher than the retrieved by GRASP/Composition in dust-dominated regions. 

In the chapter 6, the Maxwell-Garnett conversion model in GRASP was applied to ground-

based AERONET Sun/sky photometric measurements. Results demonstrate that the proposed 

approach can distinguish the aerosol compositions; the test ware conducted for sites 

dominated by dust, biomass burning, and mixture of dust and biomass burning aerosol. The 

GRASP/Composition retrievals of AOT, Ångström Exponent and single-scattering albedo 

presented a good agreement with the AERONET standard product. 

As for limitations of the presented algorithm as applied to POLDER/PARASOL, a lack of 

sensitivity for distinguishing between iron oxide and absorbing carbonaceous species (BC and 

BrC) can be indicated. It is same for distinguishing between OC and dust. Thus, iron oxide is 

assumed to be in coarse mode, and BC and BrC in fine mode. The assumption can lead to 

some misinterpretation of presence of carbonaceous aerosol in pure dust regions, and vice 

versa, presence of iron oxide in pure biomass burning events. In addition, the discontinuity 

appearing only for coarse mode water content and ammonium nitrate between over land and 

over ocean retrievals observed around the Arabian Peninsula and Western Africa can be 

observed. Worth noting also that some mountains separate land and sea around the Arabian 

Peninsula, especially Red Sea, which can be a natural barrier between continental and marine 

aerosols. In addition, statistics of the pixels available for the retrievals from 

POLDER/PARASOL (see Figure 5.1) shows that the number of pixels over land is 

significantly higher than over ocean, which is rather due to cloud contamination. This 
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discontinuity in the pixel statistics can also affect the mean values of the retrieved 

concentrations.   

The main perspective of this work is in constraining the chemical transport models, as 

discussed already. In addition, the product directly provides the aerosol classification and can 

be used for improvement of the particulate matter (PM) evaluation from remote sensing by 

means of better identification of the aerosol particles density for conversion of optical 

properties to mass concentration. Therefore, it is believed that the results of this work will 

significantly contribute to evaluation of aerosol climate forcings and environmental effects. 
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