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Spécialité :
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Abstract

This thesis presents the GARRLiC algorithm (Generalized Aerosol Retrieval from

Radiometer and Lidar Combined data) that simultaneously inverts co-incident lidar

and sun-photometer observations and derives a united set of aerosol parameters that

describe both columnar and vertical aerosol properties.

GARRLiC searches for the best fit of the multi-source measurements together with

a priori constraints on aerosol characteristics through the continuous space of all

possible solutions under statistically formulated criteria. It retrieves height indepen-

dent size distribution, complex refractive index and fraction of spherical particles

together with vertically resolved aerosol concentration, all differentiated between fine

and coarse aerosol modes.

The potential and limitations of the method are demonstrated by sensitivity tests.

The tests showed that the complete set of aerosol parameters for each aerosol com-

ponent can be robustly derived with acceptable accuracy in all considered situations.

Limited sensitivity to the properties of the fine mode and dependence of retrieval

accuracy on the aerosol optical thickness for both modes were found. It was shown

that sensitivity to fine mode refractive index could be improved by accounting for

polarization data provided by passive instruments. The effects of the presence of

lidar data and random noise on aerosol retrievals were studied.

The algorithm was also applied to the real lidar and radiometer observations obtained

over Minsk (Belarus) and Lille (France) AERONET sites.

Suggested approach could be easily modified to retrieve aerosol properties from all

possible combinations of existing passive and active remote sensing instruments.

Keywords: atmospheric aerosol; remote sensing; inverse problem; multi-instrument

observations; LIDAR; sun-photometer.
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Résumé

Ce travail présente l’algorithme GARRLiC (Generalized Aerosol Retrieval from Ra-

diometer and Lidar Combined data). Le but de cet algorithme est d’inverser simul-

tanément les mesures co-localisées d’un LiDAR et d’un photomètre solaire. Cet algo-

rithme original permet de déduire un ensemble très complet de paramètres descriptifs

de l’aérosol atmosphérique, paramètres à la fois intégrés sur la colonne atmosphérique

et résolus verticalement.

GARRLiC est basée sur la recherche du meilleur ajustement de données multi-sources

avec contraintes a priori. Il est basée sur la recherche de la meilleure solution selon

un ensemble de critères statistiques. Les paramètres déduits sont de 2 types. Cer-

tains sont des quantités intégrées sur la colonne atmosphériques tandis que d’autres

sont fonction de l’altitude comme la concentration en particules pour les deux modes

dimensionnels fin et grossier.

Une étude de sensibilité a montré que l’ensemble des paramètres peut être restitué

avec une bonne précision dans toutes les situations considérées. L’étude indique une

précision moins bonne pour le mode fin et qu’en général la précision est moindre

à faible épaisseur optique. Elle a également montré que la précision sur l’indice de

réfraction pouvait être accrue si l’on prenait en compte la mesure de polarisation issue

du photomètre solaire. L’impact de la prise en compte de mesure LiDAR et de bruit

sur les mesures a été étudié.

GARRLiC a été appliqué à des mesures réelles obtenues à Minsk (Biélorussie) et Lille

(France).

L’approche employée ici peut être facilement modifiée pour retrouver les propriétés

de l’aérosol à partir de multiples combinaisons d’instruments de télédétection passif

et actif.
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cratic runaround.

I sincerely appreciate the efforts of the reviewers Valery Shcherbakov and Iwona Stach-

lewska together with Ulla Wandinger who served on my thesis jury.

Of course, I would not have been able to take the first steps of this without the con-

tinual love and support of my parents, Yury and Natalia, and my grandmothers Ann

vi



and Dina.

I’m also thankful to AERONET for establishing and maintaining the sites used in

this work. I’m grateful to the French CNRS (Centre National de la Recherche Sci-

entifique) for the support of publication of my work. The research leading to these

results has received funding from the European Union Seventh Framework Program

(FP7/2007-2013) under the grant agreement №262254.

Author is also very thankful for the LATEX developers community whose unselfish

efforts made this thesis publication nice and easy.

vii



To my parents.

viii



Contents

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiii

1 Introduction 1

1.1 Context . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.3 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.4 Thesis layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2 Remote sensing of atmospheric aerosols 11

2.1 Aerosol properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.1.1 Physical properties of atmospheric aerosols . . . . . . . . . . . 12

2.1.2 Optical properties of atmospheric aerosols . . . . . . . . . . . 17

2.2 Aerosol remote sensing . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.2.1 Remote sensing of the atmospheric aerosols by

AERONET . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.2.2 Remote sensing of the atmospheric aerosols by active instruments 37

2.2.3 Remote sensing of the atmospheric aerosols by combination of

active and passive instruments . . . . . . . . . . . . . . . . . . 45

ix



3 GARRLiC algorithm description 51

3.1 Forward model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

3.1.1 Aerosol single scattering properties . . . . . . . . . . . . . . . 58

3.1.2 Vector radiative transfer . . . . . . . . . . . . . . . . . . . . . 65

3.1.3 Lidar equation . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.1.4 Vertical profiling of atmosphere optical properties . . . . . . . 72

3.2 Numerical inversion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

3.2.1 Observation fitting . . . . . . . . . . . . . . . . . . . . . . . . 81

3.2.2 A priori smoothness constraints . . . . . . . . . . . . . . . . . 91

4 GARRLiC Algorithm functionality and sensitivity tests 100

4.1 Description of aerosol and noise models used for sensitivity study . . 101

4.2 Sensitivity test results . . . . . . . . . . . . . . . . . . . . . . . . . . 105

4.3 Improvements introduced by joint inversion of lidar and AERONET 115

4.4 Improvements introduced by inclusion of almucantar measurement of

linear polarization degree . . . . . . . . . . . . . . . . . . . . . . . . 120

5 GARRLiC applications to real lidar/sun-photometer observations 133

6 Conclusion 158

Bibliography 163

A Article published in AMT 187

x



List of Tables

2.1 Aerosol optical properties retrieved worldwide . . . . . . . . . . . . . 22

2.2 Major satellite measurements available for the tropospheric aerosol

characterization. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.3 Major intensive field experiments relevant to aerosol research around

the globe conducted in the past two decades . . . . . . . . . . . . . . 26

2.5 Major ground-based remote sensing networks for the tropospheric

aerosol characterization and radiative forcing research . . . . . . . . . 28

2.6 Observation angles for sky radiance measurements in the almucantar

and principal plane geometries . . . . . . . . . . . . . . . . . . . . . . 34

2.7 Technical characteristics of the LIDARs installed at the Laboratory of

Scattering Media . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.1 Observations used in the GARRLiC algorithm . . . . . . . . . . . . . 54

3.2 Aerosol parameters retrieved by the GARRLiC algorithm . . . . . . . 56

3.3 Values of parameters of the standard atmosphere . . . . . . . . . . . 73

3.4 Values of coefficients used for molecular extinction and backscatter

coefficients calculations . . . . . . . . . . . . . . . . . . . . . . . . . . 73

3.5 Description of the vector of unknowns of the GARRLiC algorithm . . 81

3.6 Values of the Lagrange multipliers used in the GARRLiC retrievals . 98

xi



4.1 Parameters of log-normal size distributions used for size distribution

modelling for application in GARRLiC sensitivity tests . . . . . . . . 103

4.2 Relative errors of the retrieval of the spherical particles fraction . . . 120

5.1 Estimations of noise parameters of the used lidar system . . . . . . . 134

xii



List of Figures

1.1 Micro-photographs of aerosol particle samples . . . . . . . . . . . . . 2

1.2 Schematic diagram of various radiative mechanisms associated with

aerosol and cloud interaction effects . . . . . . . . . . . . . . . . . . . 3

1.3 Global average radiative forcing (RF) in 2005 . . . . . . . . . . . . . 4

2.1 SEM images of aerosol particles found in he atmosphere . . . . . . . . 12

2.2 Number, surface, and volume distributions for a typical aerosol model 14

2.3 A parallel light beam passing through a layer consisting of aerosol

particles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.4 The A-train constellation of spacecraft . . . . . . . . . . . . . . . . . 23

2.5 Global map of the AERONET network . . . . . . . . . . . . . . . . . 30

2.6 Principal plane and almucantar measurement geometries . . . . . . . 32

2.7 Mono-static scheme of the lidar measurement . . . . . . . . . . . . . 38

2.8 Map of the EARLINET lidar network . . . . . . . . . . . . . . . . . . 45

3.1 Principal scheme of the GARRLiC algorithm . . . . . . . . . . . . . . 52

3.2 General scheme of the Forward model of the GARRLiC algorithm . . 57

3.3 Comparison of desert dust phase function and degree of linear polar-

ization simulated with spheroids and spherical aerosol model . . . . . 61

3.4 Schematic representation of the contributions of the atmosphere radi-

ance as measured by different instruments . . . . . . . . . . . . . . . 66

xiii



3.5 General scheme of the measurements model using two-component ver-

tically distributed aerosol model . . . . . . . . . . . . . . . . . . . . . 75

3.6 Comparison of the data flow in LiRIC and GARRLiC algorithms . . 77

3.7 General scheme of numerical inversion . . . . . . . . . . . . . . . . . 99

4.1 Retrievals of size distributions of ”Dust” aerosol model under different

noise conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

4.2 Retrievals of size distributions of ”Smoke” aerosol model under differ-

ent noise conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

4.3 Retrievals of size distributions of ”Urban” aerosol model under different

noise conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

4.4 Retrievals of complex refractive index of ”Dust” aerosol model for dif-

ferent AOTs under noise free and noisy conditions . . . . . . . . . . . 109

4.5 Retrievals of complex refractive index of ”Smoke” aerosol model for

different AOTs under noise free and noisy conditions . . . . . . . . . 110

4.6 Retrievals of complex refractive index of ”Urban” aerosol model for

different AOTs under noise free and noisy conditions . . . . . . . . . 111

4.7 Retrievals of single-scattering albedo of ”Dust” aerosol model under

different noise conditions . . . . . . . . . . . . . . . . . . . . . . . . . 112

4.8 Retrievals of single-scattering albedo of ”Smoke” aerosol model under

different noise conditions . . . . . . . . . . . . . . . . . . . . . . . . . 112

4.9 Retrievals of single-scattering albedo of ”Urban” aerosol model under

different noise conditions . . . . . . . . . . . . . . . . . . . . . . . . . 113

4.10 Retrievals of vertical distribution of ”Dust” aerosol model under dif-

ferent noise conditions . . . . . . . . . . . . . . . . . . . . . . . . . . 114

4.11 Retrievals of vertical distribution of ”Smoke” aerosol model under dif-

ferent noise conditions . . . . . . . . . . . . . . . . . . . . . . . . . . 115

xiv



4.12 Retrievals of vertical distribution of ”Urban” aerosol model under dif-

ferent noise conditions . . . . . . . . . . . . . . . . . . . . . . . . . . 116

4.13 Dependencies of lidar ratios of fine and coarse modes on complex re-

fractive index and shape . . . . . . . . . . . . . . . . . . . . . . . . . 117

4.14 Retrieval errors of lidar ratios with and without accounting for lidar

data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

4.15 Retrieval of the aerosol size distribution with and without accounting

of lidar data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

4.16 Retrievals of size distribution for ”Dust” aerosol model using inten-

sity only almucantars and combined intensity and linear polarization

almucantars in combination with lidar data . . . . . . . . . . . . . . . 123

4.17 Retrievals of size distribution for ”Smoke” aerosol model using inten-

sity only almucantars and combined intensity and linear polarization

almucantars in combination with lidar data . . . . . . . . . . . . . . . 123

4.18 Retrievals of size distribution for ”Urban” aerosol model using inten-

sity only almucantars and combined intensity and linear polarization

almucantars in combination with lidar data . . . . . . . . . . . . . . . 124

4.19 Retrieval of the complex refractive index for ”Dust” aerosol model

using intensity only almucantars and combined intensity and linear

polarization almucantars in combination with lidar data . . . . . . . . 124

4.20 Retrieval of the complex refractive index for ”Smoke” aerosol model

using intensity only almucantars and combined intensity and linear

polarization almucantars in combination with lidar data . . . . . . . . 125

4.21 Retrieval of the complex refractive index for ”Urban” aerosol model

using intensity only almucantars and combined intensity and linear

polarization almucantars in combination with lidar data . . . . . . . . 125

xv



4.22 Retrieval of the vertical distribution for ”Dust” aerosol model using

intensity only almucantars and combined intensity and linear polariza-

tion almucantars in combination with lidar data . . . . . . . . . . . . 126

4.23 Retrieval of the vertical distribution for ”Smoke” aerosol model using

intensity only almucantars and combined intensity and linear polariza-

tion almucantars in combination with lidar data . . . . . . . . . . . . 127

4.24 Retrieval of the vertical distribution for ”Urban” aerosol model using

intensity only almucantars and combined intensity and linear polariza-

tion almucantars in combination with lidar data . . . . . . . . . . . . 128

4.25 Retrieval of the single-scattering albedo for ”Dust” aerosol model using

intensity only almucantars and combined intensity and linear polariza-

tion almucantars in combination with lidar data . . . . . . . . . . . . 129

4.26 Retrieval of the single-scattering albedo for ”Smoke” aerosol model

using intensity only almucantars and combined intensity and linear

polarization almucantars in combination with lidar data . . . . . . . . 129

4.27 Retrieval of the single-scattering albedo for ”Urban” aerosol model

using intensity only almucantars and combined intensity and linear

polarization almucantars in combination with lidar data . . . . . . . . 130

4.28 Retrieval of the lidar ratio for ”Dust” aerosol model using intensity

only almucantars and combined intensity and linear polarization al-

mucantars in combination with lidar data . . . . . . . . . . . . . . . . 130

4.29 Retrieval of the lidar ratio for ”Smoke” aerosol model using intensity

only almucantars and combined intensity and linear polarization almu-

cantars in combination with lidar data . . . . . . . . . . . . . . . . . 131

4.30 Retrieval of the lidar ratio for ”Urban” aerosol model using intensity

only almucantars and combined intensity and linear polarization almu-

cantars in combination with lidar data . . . . . . . . . . . . . . . . . 131

xvi



5.1 Air mass back trajectories for the Minsk measurement site on 13.08.2010134

5.2 Air mass back trajectories for the Minsk measurement site on 02.06.2008135

5.3 Air mass back trajectories for the Lille measurement site on 14.05.2010 136

5.4 Retrieved aerosol size distribution during measurements at Minsk

AERONET site on 02.06.2008 . . . . . . . . . . . . . . . . . . . . . . 137

5.5 Retrieved aerosol size distribution during measurements at Minsk

AERONET site on 13.08.2010 . . . . . . . . . . . . . . . . . . . . . . 137

5.6 Retrieved aerosol size distribution during measurements at Lille

AERONET site on 14.05.2010 . . . . . . . . . . . . . . . . . . . . . . 138

5.7 Retrieved aerosol complex refractive index during measurements at

Minsk AERONET site on 02.06.2008 . . . . . . . . . . . . . . . . . . 138

5.8 Retrieved aerosol complex refractive index during measurements at

Minsk AERONET site on 13.08.2010 . . . . . . . . . . . . . . . . . . 139

5.9 Retrieved aerosol complex refractive index during measurements at

Lille AERONET site on 14.05.2010 . . . . . . . . . . . . . . . . . . . 139

5.10 Retrieved aerosol vertical distribution during measurements at Minsk

AERONET site on 02.06.2008 . . . . . . . . . . . . . . . . . . . . . . 140

5.11 Retrieved aerosol vertical distribution during measurements at Minsk

AERONET site on 13.08.2010 . . . . . . . . . . . . . . . . . . . . . . 141

5.12 Retrieved aerosol vertical distribution during measurements at Lille

AERONET site on 14.05.2010 . . . . . . . . . . . . . . . . . . . . . . 141

5.13 Retrieved aerosol lidar ratios during measurements at Minsk AERONET

site on 02.06.2008 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

5.14 Retrieved aerosol lidar ratios during measurements at Minsk AERONET

site on 13.08.2010 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

5.15 Retrieved aerosol lidar ratios during measurements at Lille AERONET

site on 14.05.2010 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

xvii



5.16 Retrieved aerosol single scattering albedo during measurements at

Minsk AERONET site on 02.06.2008 . . . . . . . . . . . . . . . . . . 145

5.17 Retrieved aerosol single scattering albedo during measurements at

Minsk AERONET site on 13.08.2010 . . . . . . . . . . . . . . . . . . 145

5.18 Retrieved aerosol single scattering albedo during measurements at Lille

AERONET site on 14.05.2010 . . . . . . . . . . . . . . . . . . . . . . 146

5.19 Retrieved vertical profile of aerosol single-scattering albedo during

measurements at Minsk AERONET site on 02.06.2008 . . . . . . . . 147

5.20 Retrieved vertical profile of aerosol single-scattering albedo during

measurements at Minsk AERONET site on 13.08.2010 . . . . . . . . 148

5.21 Retrieved vertical profiles of aerosol single scattering albedo during

measurements at Lille AERONET site on 14.05.2010 . . . . . . . . . 149

5.22 Retrieved vertical profile of aerosol lidar ratio during measurements at

Minsk AERONET site on 02.06.2008 . . . . . . . . . . . . . . . . . . 149

5.23 Retrieved vertical profile of aerosol lidar ratio during measurements at

Minsk AERONET site on 13.08.2010 . . . . . . . . . . . . . . . . . . 150

5.24 Retrieved vertical profile of aerosol lidar ratio during measurements at

Lille AERONET site on 14.05.2010 . . . . . . . . . . . . . . . . . . . 150

5.25 Retrieved vertical profiles of aerosol extinction during measurements

at Minsk AERONET site on 02.06.2008 . . . . . . . . . . . . . . . . . 151

5.26 Retrieved vertical profiles of aerosol extinction during measurements

at Minsk AERONET site on 13.08.2010 . . . . . . . . . . . . . . . . . 151

5.27 Retrieved vertical profiles of aerosol extinction during measurements

at Lille AERONET site on 14.05.2010 . . . . . . . . . . . . . . . . . . 152

5.28 Comparison of vertical profiles retrieved by GARRLiC and LiRIC in-

versions for the measurements performed at Minsk AERONET site on

02.06.2008 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

xviii



5.29 Comparison of vertical profiles retrieved by GARRLiC and LiRIC in-

versions for the measurements performed at Minsk AERONET site on

13.08.2010 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

5.30 Comparison of vertical profiles retrieved by GARRLiC and LiRIC in-

versions for the measurements performed at Minsk AERONET site on

14.05.2010 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

5.31 Achieved lidar measurements fits for the observations performed at

Minsk AERONET site on 02.06.2008 . . . . . . . . . . . . . . . . . . 155

5.32 Achieved lidar measurements fits for the observations performed at

Minsk AERONET site on 13.08.2010 . . . . . . . . . . . . . . . . . . 156

5.33 Achieved lidar measurements fits for the observations performed at

Lille AERONET site on 14.05.2010 . . . . . . . . . . . . . . . . . . . 156

xix



Chapter 1

Introduction

The beginning is the most

important part of the work.

Plato

1.1 Context

Aerosol is defined as a suspension of solid particles or liquid droplets in a gas. Such

particles suspended in the Earth atmosphere originating from natural (maritime

winds, dust storms, volcanic eruptions, forest fires etc.) and anthropogenic (fossil

fuel combustion, agricultural and industrial activities etc.) sources are referred

as atmospheric aerosols. Figure 1.1 gives an incite on variability of the shape of

aerosol particles, showing images from scanning electron microscope of a) particles

from the Sahara desert, b) – particles from biomass burning fires in the Amazon

(low temperature emissions after the fire), c) – a large cluster aggregate of high

temperature emissions) and d) an example of air pollution particles from China.

Atmospheric aerosols are known to be important part of the complex physical-

chemical processes that impact Earth’s climate. Such impacts take their effects

both on global and regional scales (D’Almeida et al., 1991; Charlson et al., 1992;

1



Figure 1.1: Micro-photographs of aerosol particle samples, taken from http://alg.

umbc.edu/usaq/archives/001044.html.

Hobbs, 1993; Pilinis et al., 1995; on Climate Control , IPCC; Ramanathan et al.,

2001; Forster et al., 2007; Hansen et al., 2011).

The effects of aerosol on the climate could be subdivided into three distinct groups

including direct, indirect and semi-direct effects, shown in detail in Figure 1.2.

Direct aerosol effect is any direct interaction of atmospheric aerosol and radiation,

such as scattering and absorption. The magnitude of the radiation forcing of the

direct effects could be both positive and negative and depends on aerosol single-

scattering albedo and on the albedo of underlying surface (Haywood and Shine, 1995;

Haywood and Boucher, 2000).

The Indirect aerosol effect changes Earth’s radiative budget due to the modifica-

tion of clouds by atmospheric aerosols. The indirect effect could be subdivided in

two different groups: Twomey (Twomey, 1974, 1977b) and Albreicht (Albrecht,

1989) effects. In Twomey effect aerosol affects cloud formation providing additional

nuclei for droplet or ice crystals growth (Boucher, 1999; Lohmann et al., 2003;

Lohmann and Feichter, 2005; Lohmann and Hoose, 2009). Second effect changes

2
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Figure 1.2: Schematic diagram showing the various radiative mechanisms associated
with cloud effects that have been identified as significant in relation to aerosols; mod-
ified from Haywood and Boucher (2000).

clouds lifetime (Albrecht, 1989) and other cloud properties like liquid water content

(LWC) and cloud top height (Pincus and Baker, 1994). All indirect effects are

highly depending on aerosol quantity and cloud type (Feingold et al., 2003) and

their estimation usually relies on additional model assumptions (Ackerman et al.,

2000; Menon et al., 2002), as all the necessary information couldn’t be provided by

observations.

Semi-direct effect consists of modification the atmospheric temperature profile by

absorbing aerosols, therefore affecting the presence of clouds. The impact of ab-

sorbing aerosols depends on their altitude (Koch and Del Genio, 2010) and the local

meteorological conditions.

Anthropogenic particulate air pollution results in increased concentrations of fine

particles in the air which is usually associated with lung function declines, increases

in respiratory symptoms (Dockery et al., 1989; Pope et al., 1991; Pope and Dockery,

1992; Pope et al., 2002), lung cancer and cardiopulmonary mortality (Dockery et al.,

1993; Pope et al., 1995; Schwartz et al., 1996; Pope et al., 2002).

Despite of the achieved progress in aerosol observation, the limited accuracy in

3



the knowledge of aerosol properties remains one of the main uncertainties in cli-

mate assessments. Reports on global climate change (on Climate Control , IPCC;

Forster et al., 2007; Hansen et al., 2011) still indicate the level of scientific under-

standing of both direct and indirect aerosol effects on climate as ”medium-low”

and ”low” correspondingly. Specifically, the columnar aerosol properties such as

optical thickness, single-scattering albedo are important for direct aerosol forcing

estimations both on global and regional scale (Pilinis et al., 1995; Costa et al., 2004).

Such estimations could be improved by increasing both the accuracy of the basic

aerosol optical properties estimations and detalization of spatial coverage of the

aerosol observations.

On the other hand vertical structure of the aerosol is an important piece of informa-
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Topic 2 Causes of change

Radiative forcing components

Figure 2.4. Global average radiative forcing (RF) in 2005 (best estimates and 5 to 95% uncertainty ranges) with respect to 1750 for CO2, CH4, N2O and other
important agents and mechanisms, together with the typical geographical extent (spatial scale) of the forcing and the assessed level of scientific understand-
ing (LOSU). Aerosols from explosive volcanic eruptions contribute an additional episodic cooling term for a few years following an eruption. The range for
linear contrails does not include other possible effects of aviation on cloudiness. {WGI Figure SPM.2}

Most of the observed increase in global average tempera-
tures since the mid-20th century is very likely due to the
observed increase in anthropogenic GHG concentrations.8

This is an advance since the TAR’s conclusion that “most
of the observed warming over the last 50 years is likely to
have been due to the increase in GHG concentrations” (Fig-
ure 2.5). {WGI 9.4, SPM}

The observed widespread warming of the atmosphere and ocean,
together with ice mass loss, support the conclusion that it is ex-
tremely unlikely that global climate change of the past 50 years can
be explained without external forcing and very likely that it is not
due to known natural causes alone. During this period, the sum of
solar and volcanic forcings would likely have produced cooling,
not warming. Warming of the climate system has been detected in
changes in surface and atmospheric temperatures and in tempera-
tures of the upper several hundred metres of the ocean. The ob-
served pattern of tropospheric warming and stratospheric cooling

is very likely due to the combined influences of GHG increases and
stratospheric ozone depletion. It is likely that increases in GHG
concentrations alone would have caused more warming than ob-
served because volcanic and anthropogenic aerosols have offset
some warming that would otherwise have taken place. {WGI 2.9, 3.2,
3.4, 4.8, 5.2, 7.5, 9.4, 9.5, 9.7, TS.4.1, SPM}

It is likely that there has been significant anthropogenic
warming over the past 50 years averaged over each conti-
nent (except Antarctica) (Figure 2.5). {WGI 3.2, 9.4, SPM}

The observed patterns of warming, including greater warming
over land than over the ocean, and their changes over time, are
simulated only by models that include anthropogenic forcing. No
coupled global climate model that has used natural forcing only
has reproduced the continental mean warming trends in individual
continents (except Antarctica) over the second half of the 20th cen-
tury. {WGI 3.2, 9.4, TS.4.2, SPM}

8 Consideration of remaining uncertainty is based on current methodologies.

Figure 1.3: Global average radiative forcing (RF) in 2005 (best estimates and 5 to 95%
uncertainty ranges) with respect to all important agents and mechanisms, together
with the typical geographical extent (spatial scale) of the forcing and the assessed level
of scientific understanding (LOSU); according to IPCC2007 (Forster et al., 2007).
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tion needed for accounting of the indirect and semi-direct effects (McCormick et al.,

1993; Bréon, 2006) mentioned above. In these regards, the aerosol columnar prop-

erties together with vertical profiles of aerosol are clearly complimentary pieces of

information, both important for climatic studies.

The importance of obtaining simultaneous information about both columnar and

vertical aerosol properties is rather evident for scientific community, and in order

to estimate mentioned impacts large variety of methods for monitoring atmospheric

aerosols were developed. Among others remote sensing methods, that in a contrast

with the in-situ studies do not need a physical contact with the aerosol to acquire

information about its properties, proved to be fruitful and convenient. Two main

types of remote sensing could be distinguished:

• passive remote sensing

• active remote sensing

In general passive sensors detect natural radiation that is scattered or reflected

by the aerosol or surrounding areas. Reflected or scattered sunlight is the most

common source of radiation measured by passive sensors. Development of passive

remote sensors begun from film photography resulting in charge-coupled devices and

radiometers. On the other hand, active observation starts with energy emittance

in order to scan aerosol and areas whereupon a sensor then detects and measures

the radiation that is reflected or backscattered from the target. RADAR (RAdio

Detection And Ranging) and LIDAR (LIght Detection And Ranging) are examples of

active remote sensing techniques where the time delay between emission and return

is measured, allowing to establish the location and, in some cases, velocity of the

layer of aerosol particles.

Each of the approaches has its own particularities and provides different data on

aerosol optical and microphysical properties based on a set of assumptions. Passive
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observations, for example, have limited sensitivity to the variability of vertical

distribution of different aerosol layers, while they provide some indication of possible

aerosol mixtures. On the other hand, spectral lidar measurements are sensitive to

variations of aerosols particle sizes and shape and can trace rather clear qualitative

picture of aerosol vertical mixture.

1.2 Motivation

The expected improvements in the aerosol monitoring are associated with enhance-

ment of the observation completeness by means of employing variety of complimentary

observational techniques and with improvement in the accuracy of derived aerosol

information. Therefore, lately more and more aerosol monitoring sites are equipped

with several instruments (Takamura et al., 1994; Waquet et al., 2005; Müller et al.,

2004; Ansmann et al., 2010) and a number of extensive multi-instrumental aerosol

campaigns have been organized (Ramanathan et al., 2001; Müller et al., 2003;

McKendry et al., 2007; Papayannis et al., 2005; Holben et al., 2011). At present,

there is a variety of orbital platforms equipped with passive and active instruments

(Bréon et al., 2002; Stephens et al., 2002) and a substantial number of sites within

ground-based networks that conduct co-incident lidar and photometric measurements

provide a vast database of joint passive/active aerosol observations.

The availability of a variety of observations results not only in positive accumulation

of complementary data, but it also serves for improving the accuracy of obtained

data and deriving qualitatively new aerosol characteristics. Indeed, processing of

both passive and active remote measurements relies on a set of several assumptions.

The uncertainties in this assumption may have noticeable effect on the retrieval

result, especially in a case of polarimetric observations. Retrievals from active
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sounding, on the other hand, deal with relatively limited information from the

altitude profiles of the spectral backscattering and usually rely on some assumptions

about aerosol columnar properties. However, inconsistencies in these estimations

directly propagate into derived results and may strongly affect the lidar retrievals

(Sasano et al., 1985; Kovalev, 1995). The most reliable and, therefore, preferable

approach is to define these properties by developing enhanced lidar capabilities or by

means of transfer of missing information from another instruments (Ferrare et al.,

1998b; Gobbi et al., 2003). All these approaches using non-elastic observations result

in significant enhancement of the information contents in backscattering observations

what allows derivation of profiles of aerosol properties without a-priori constraints

on aerosol type or loading (Müller et al., 1999, 2005; Veselovskii et al., 2004).

In addition to such straightforward methods, several more sophisticated approaches

of combining two types of measurements were proposed recently for exploring ad-

ditional sensitivities in both lidar and photometric observations (Chaikovsky et al.,

2002a; Cuesta et al., 2008). Such methods are usually aimed not only at improving

accuracy of the retrieved aerosol characteristics, but rather retrieving qualitatively

new aerosol information.

Utilization of lidar data in a combination with co-incident radiometric data allows

some quantitative description of vertical distribution of aerosol layers, for example,

when background aerosol is mixed with layers of transported aerosols as those from

desert dust or biomass burning aerosols (Chaikovsky et al., 2004). Ground-based

radiometric data have practically no sensitivity to the variability of vertical distribu-

tion of different vertical layers, while they provide some indication of possible aerosol

mixtures. On the other hand, spectral lidar measurements sensitive to variations of

aerosols sizes and polarimetric lidar measurements sensitive to aerosol particle shape

can trace rather clear qualitative picture of aerosol vertical mixing.
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1.3 Objectives

The main objectives of this PhD work is to explore the possibilities of the advanced

aerosol remote sensing by means of combination of passive and active instruments and

contribute to the aerosol remote sensing efforts. As it seen from above, at present

the most advanced methods that involve active and passive remote sensing in aerosol

characterization (Chaikovsky et al., 2002a; Cuesta et al., 2008) are aimed at enhanced

processing of lidar data and do not include any feedback of aerosol columnar prop-

erties. But at the same time, lidar measurements provide some additional sensitivity

to columnar properties of aerosol compared to radiometric data that could be used.

The primary objective is to develop a new retrieval method that pursues a deep syn-

ergy of lidar and sun-photometer data in the retrievals. The approach proposed in

this work is aimed to take advantage from all sensitivities in lidar and radiometric

data to both vertical and columnar aerosol properties. In order to achieve that, the

retrieval should be designed as simultaneous fitting of both lidar and sun-photometer

data by a single set of aerosol parameters describing both vertical and columnar prop-

erties of aerosol. In such approach lidar data can affect retrieval of columnar as well

as vertical properties of aerosol.

To achieve this objective, a unified aerosol model suitable for description of both

columnar and vertical variability of aerosol optical properties should be developed. At

the same time this model should utilize the positive heritage of the aerosol modelling

achieved in the previous studies (Dubovik and King, 2000; Dubovik et al., 2006), be

simple (in terms of quantity of parameters used to describe the model and ease of

their interpretation) and yet applicable for use with large variety of available remote

sensing instruments.

Such approach should minimize the amount of a-priori estimations used in aerosol re-

trievals, and it is expected to provide more accurate information about both vertical

and columnar properties of aerosol.
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The last but not least objective of this work is to test the realization of the proposed

method in a variety of realistic application scenarios, including both synthetic and

real data.

1.4 Thesis layout

This PhD-thesis is structured into five logical parts, each describing a milestone in

proposed method development.

First chapter provides an insight on the overall situation in the field of study followed

by the objectives and structural outline of this work.

Second chapter is dedicated to the atmospheric aerosols and their properties, as well

as to the remote sensing techniques both passive and active, including their sensitiv-

ity analysis and discussion of approaches and perspectives of different measurements

combinations in the aerosol retrievals.

Third chapter contains detailed description of the proposed method, focusing on the

assumptions implied in aerosol forward modelling, and adjustments introduced in the

retrieval routines in comparison with the standard AERONET inversion.

Fourth chapter deals with the sensitivity study, dedicated to illustrate both the pos-

sibilities and limitations of the proposed method. In this chapter we provide an

insight of the aerosol properties of the ”Dust” (coarse mode predominant, absorbing,

non spherical), ”Smoke” (fine mode predominant, non-absorbing) and ”Urban” (fine,

absorbing) aerosol models selected from AERONET climatology for the sensitivity

study. It also contains the description of the testing approach as well as the discus-

sion of the retrieved results, including algorithm performance under different aerosol

loads and measurements combinations. This chapter also studies how the presence of

random noise in the measurements affects the retrievals.

Fifth chapter contains illustrations and discussion of the algorithm performance in a
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variety of typical real observational situations, as well as comparison of the retrieval

results with the alternative methods.

The last part of the PhD-thesis contains the conclusions and outlook of the whole

work. The article published on the base of results of this work (Lopatin et al., 2013)

is presented in Appendix A.
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Chapter 2

Remote sensing of atmospheric

aerosols

Copy from one, it’s plagiarism; copy

from two, it’s research.

Wilson Minzer

2.1 Aerosol properties

Aerosol particles in the atmosphere could be principally characterized by the two sets

of properties: physical and optical. The first set describes size, shape and composition

of the particles and widely used in in-situ aerosol observations, while the second

set is more used in remote sensing applications and describes the aerosol particles

from the point of their interaction with light. On the other hand from the point of

remote sensing it is more suitable to characterize optical properties of the atmospheric

aerosols. Both this descriptions are connected through the efforts of modelling of

optical properties of aerosol particles.
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2.1.1 Physical properties of atmospheric aerosols

The properties of the aerosols in the atmosphere depend directly on the source

and formation mechanism of the particles. By the source aerosols could be rather

anthropogenic or natural, whilst primary or secondary aerosols are distinguished by

the formation. Aerosol particles could be characterized by thee basic parameters,

describing their micro physical properties such as shape, size and composition.

The shape of aerosol particles is very variable and may be irregular, whereas droplet

aerosols are mostly spherical. Scanning electron microscopy (SEM) studies have

shown that solid aerosol particles could have different shapes, e.g., cubic (salts),

lattice (dust), agglomerates of spheres (soot) and spherical (see Figure 2.1). Particle

shape can affect its surface area, aerodynamic behaviour and optical properties.

Particle size is one of the most important parameters for characterizing the aerosol

Figure 2.1: Secondary electron images of different types of aerosol particles found in
he atmosphere obtained from a Scanning Electron Microscope a) iron-silicon, b) soot
c) organic d) iron e) calcium f) silicon-aluminium; adapted from Targino (2005).

behaviour. Description of the size of aerosol particles could be difficult because of the

complex shapes which some particles have. To address this problem an equivalent

diameter is often used, which is defined as the diameter of a sphere that has the
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same value of a particular physical property as that of the irregular particle (Hinds,

1999). A number of different types of equivalent diameters are currently in use, e.g.

equivalent volume diameter, equivalent optical diameter and equivalent aerodynamic

diameter (Hinds, 1999). The diameters of atmospheric aerosols span over four orders

of magnitude, from a few nano-meters to around 100 µm. Atmospheric aerosols are

normally classified into separate modes according to their size, formation process

and atmospheric age.

Based on the number, surface, and volume distributions of aerosol particles (see

Figure 2.2), four distinct groups of atmospheric particles can be defined. The smallest

particles with diameters not exceeding 0.01 µm (not shown in Figure 2.2) are known

as ultrafine particles. They are thought to be generated by gas-to-particle conversion

processes. Because of their very small size and mass, they are difficult to study

with the available measurement techniques. These particles have been observed in

bursts of very large numbers in the presence of either biogenic or anthropogenic

emissions under favourable 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. These particles are only observed as a

distinct mode at their source and have a very short lifetime, some times on the order

of minutes, due to their rapid coagulation or random impaction onto surfaces.

The Aitken mode particles, extending from 0.01 to 0.1 µm in diameter, are formed

from ambient-temperature gas-to-particle conversion as well as condensation of

hot vapours during combustion processes. These particles act as nuclei for the

condensation of low-vapour pressure gaseous species, causing them to grow into the

bigger mode. The lifetime of these particles is short, as they are lost principally by

coagulation with larger particles. The Aitken and accumulation mode particles are

collectively referred to as fine particles.

Particles with diameters between 0.1-1.0 µm are considered as the accumulation
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Figure 2.2: Number, surface, and volume distributions for the same log-normal aerosol
distribution of a typical aerosol model, a) Aitken mode, b) Accumulation mode and
c) Coarse mode. Each distribution is normalised so that the total area is 1; modified
from Seinfeld and Pandis (1998).
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mode, representing a region of particle growth mainly due to the condensation of

vapours onto existing particles and coagulation of the Aitken mode particles, causing

them to grow into this size range. They can also be introduced directly into the

atmosphere, mainly through the incomplete combustion of wood, oil, coal, gasoline

and other fuels. Because of the nature of their sources, particles in the accumulation

size range generally contain substantial amounts of organic material as well as soluble

inorganics such as ammonium, nitrate and sulphate. The accumulation mode is

named so because particle removal mechanisms are least efficient in this regime,

causing particles to accumulate in the atmosphere until they are ultimately lost

through different forms of precipitation (so called wet deposition).

The final type of particles are identified as the coarse mode and have diameters larger

than 1.0 µm. These particles are mainly produced by mechanical processes and in-

troduced directly into the atmosphere from both natural and anthropogenic sources.

The most significant source is the bursting of bubbles in the ocean, which creates

coarse particles of sea salt. The wind also picks up dust, soil and biological particles

and suspends them in the air. Anthropogenic coarse particles are introduced into the

atmosphere through the industrial and agricultural processes, and the abrasion of

machinery and on the surface of roads. Because of their relatively large size, coarse

particles settle out of the atmosphere in a reasonably short time by sedimentation,

except on windy days, where fallout is balanced by re-entrainment.

Both the nucleation and Aitken mode particles account for the majority of at-

mospheric particles by number, but due to their small sizes, they rarely account

for more than a few percent of the total mass. Hence the toxicological effects are

determined primarily by the number of particles, rather than their mass, these small

particles could ultimately prove to be of high importance. The accumulation mode

particles generally account for a significant fraction of the total aerosol mass and

have the greatest surface area. This makes these particles to be very important to
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gas phase deposition and atmospheric heterogeneous chemistry. Most of the aerosol

mass is found in the coarse mode, where large particles contribute significantly to

the optical properties of atmospheric aerosols. All these modes, in general, originate

separately, are transformed separately, are removed from the atmosphere by different

mechanisms, have different lifetimes, have different chemical composition and have

different optical properties. Therefore, the distinction of particles between nucleation,

Aitken, accumulation and coarse modes is a fundamental one in any discussion of

the physics, chemistry, or measurement of aerosols.

Knowledge of the chemical composition of atmospheric aerosol particles is necessary

for identifying their sources and accounting for their effect on various atmospheric

processes. According to IPCC 2001 (IPCC, 2001), aerosols are mostly composed

of variable amounts of water, crustal elements, carbonaceous material, sulphate,

ammonium, nitrate, sodium, chloride and traces of metals.

Crustal materials originate from soil dust and windblown minerals and are contained

mostly in the coarse particle fraction. Their composition varies greatly according to

local geology and surface conditions.

The carbonaceous fraction of the aerosols is presented by elemental and organic

carbon. Elemental carbon (black carbon, graphitic carbon or soot) is emitted

directly into the atmosphere, predominantly from combustion processes. Particles

containing organic carbon can be not only directly emitted into the atmosphere (e.g.,

from biomass burning and combustion), they can also be introduced by secondary

organic aerosol formation, which occurs when volatile organic compounds undergo

atmospheric oxidation reactions and form the products that have volatilities low

enough to form aerosol via nucleation or gas-to-particle partitioning (Hoffmann et al.,

1997; Kamens and Jaoui, 2001).

The sulphate component is derived predominantly from the atmospheric oxidation

of anthropogenic and natural sulphur-containing compounds, such as sulphur diox-
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ide and dimethyl sulphide respectively. Sulphate in aerosol particles is present as

sulphuric acid, ammonium sulphate, and intermediate compounds, depending on the

availability of gaseous ammonia to neutralize the sulphuric acid formed from SO2

(Adams et al., 1999). Nitrate is formed mainly from the oxidation of atmospheric

nitrogen dioxide (NO2).

The main source of chlorides is sea spray, even at distant locations from the coast.

Sea salt particles cover a wide size range (0.05 < d < 10 µm), and have a corre-

spondingly wide range of atmospheric lifetimes. This aerosol is dominant contributor

to both light scattering and cloud nuclei. It is very efficient cloud condensation

nuclei, making them an important part of aerosol indirect effects (Gong et al., 1998).

Chlorides also enter atmospheric particles as a result of ammonia neutralisation of

vapour of hydrochloric acid, which is emitted from such anthropogenic sources as

power stations and incinerators.

2.1.2 Optical properties of atmospheric aerosols

In the most general way light scattering on aerosol particles could be described as a

plane electro-magnetic wave scattered in the direction of the unit vector z:

E‖ = A‖e
i($t−kz−φ‖),

E⊥ = A⊥ei($t−kz−φ⊥),
(2.1)

where A... denotes the component electro-magnetic amplitude, φ... is the phase, t

indicates the time, k is the wave number (k = 2π
λ

, where λ is wavelength), $ is

the angular frequency and i =
√
−1. If the plane of scattering is defined to include

both the vectors pointing in the incident and scattering directions, E‖ is the electric

field parallel and E⊥ is the electric field perpendicular to this plane. Electromagnetic

radiation is often described as a four element vector. One of the possible formulations
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is the Stokes vector I (van de Hulst, 1957):

I =




I

Q

U

V




,

I =
〈
E‖E∗‖ + E⊥E∗⊥

〉
,

Q =
〈
E‖E∗‖ − E⊥E∗⊥

〉
,

U =
〈
E‖E∗⊥ + E⊥E∗‖

〉
,

V = −i
〈
E‖E∗⊥ − E⊥E∗‖

〉
,

(2.2)

where 〈. . .〉 indicates time averaging, and ∗ denotes the complex conjugation. The

Stokes vector element I is the intensity, which is equal to the rate of energy flow

across a unit area perpendicular to z (Wm−2). The magnitude and direction of lin-

early polarized intensity could be expressed with the vector elements Q and U , while

the V component describes the circular polarization. Such polarization formulation is

commonly used due to a convenient representation for numerical modelling of multi-

ple scattering problems, and because it provides a straightforward expression of easily

obtained observations. A parallel light beam passing through a layer of aerosol par-
2.2. Scattering and Absorption of Light by Aerosols 19

Incident beam

Scattered

Figure 2.2: A parallel light beam passing through a layer consisting of air
molecules and aerosol particles. The incident beam will be attenuated by scat-
tering and absorption by both the molecules and the aerosol particles. The
scattered light will be re-distributed over all directions.

is defined as the ratio between the particle scattering and particle extinction
coefficient:

ω0(λ) =
σsp(λ)

σep(λ)
(2.4)

where σep is the particle extinction coefficient. When ω0 = 1 all the extinction is
caused by scattering, and when ω0 = 0 all the extinction is caused by absorption.

The total column aerosol optical depth (AOD), is defined as the aerosol
extinction coefficient integrated over a vertical path from the ground to the top
of the atmosphere:

AOD(λ) =

∫ TOA

0

σep(λ, h) dh. (2.5)

The angular distribution of the scattered photons is characterized by the
phase function p(θ), where θ is the scattering angle, the angle between incidence
and the scattering direction. As p(θ) is normalized over all scattering directions,
it does not depend on the total aerosol concentration. Several parameters can
be derived from the phase function to express the distribution of the scattered
radiation. The asymmetry parameter g is often used in simplified radiative
transfer calculations, that are implemented in climate models. The asymmetry
parameter is the average cosine of the scattering angle:

g(λ) =
1

2

∫ π

0

cos(θ)p(λ, θ) sin(θ) dθ. (2.6)

Figure 2.3: A parallel light beam passing through a layer consisting of aerosol parti-
cles. The incident beam is attenuated by scattering and absorption. The scattered
light is re-distributed over all directions.
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ticles is attenuated by absorption and scattering (see Figure 2.3). The one of major

optical properties of the aerosol that is involved in the extinction of light is refractive

index. Its complex value is determined as:

m = n+ iκ, (2.3)

where n = Re(m) is the real part and κ = Im(m) is the imaginary part of the

complex refractive index. The real part n defines the speed of propagation of the

electromagnetic wave in the medium and defines the deflection of light by the particle.

The imaginary part κ is connected to the absorption properties of aerosols. The

complex refractive index could be incorporated in 2.1 by relating the wave number

to the refractive index through k = 2πm
λ0

, where λ0 is the wavelength in vacuum. This

will transform 2.1 into:

E‖ = e
−2πκz
λ0 A‖e

i

(
$t−−2πnz

λ0
−φ‖

)
,

E⊥ = e
−2πκz
λ0 A⊥e

i

(
$t−−2πnz

λ0
−φ⊥

)
.

(2.4)

Thus, considering equation 2.2, Eq. 2.4 forms into a variation of the Bouger-Lambert-

Beer law, with absorption coefficient σa = 4πκ
λ0

. Generally the attenuation from the

initial intensity is described by the extinction coefficient σe (λ) that is defined as the

fraction of intensity lost from a collimated beam per unit of layer thickness at the

given wavelength λ (units of m−1 or km−1. This coefficient can be considered as the

sum of the the absorption coefficient σa (λ) and scattering coefficient σs (λ):

σe (λ) = σa (λ) + σs (λ) . (2.5)

The relative contribution of absorption to the extinction by aerosol particles is usually

expressed by aerosol single-scattering albedo ω0, which is defined as the ratio between
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particle scattering and particle extinction coefficient:

ω0 (λ) =
σs
σe
. (2.6)

Another important optical property of atmospheric aerosols is the total column aerosol

optical depth (AOD), which is defined as integration of the aerosol extinction coeffi-

cient of the layers σe (λ, h) over a vertical path of a light beam from the ground to

the top of the atmosphere (TOA):

τ (λ) =

hTOA∫

0

σe (λ, h) dh. (2.7)

The angular distribution of the scattered electromagnetic wave in the far field, where

the distance between the scattering particle and the observation location is much

larger than wavelength, is characterized by the phase matrix P (Θ). The phase matrix

specifies the directionality of scattering, and transformation matrix from the incident

Stokes vector Ii to the scattered vector Is:

Is ∝ P (Θ) Ii, (2.8)

where Θ is the scattering angle. The element P11 (Θ) of the phase matrix is called

the scattering phase function and for non-polarized light satisfies the following nor-

malization condition:

1

2

π∫

0

sin (Θ)P11 (Θ) dΘ = 1. (2.9)

Generally, P (Θ) is a 4x4 element matrix. In certain conditions, it can be reduced to

six individual elements, rather than the full sixteen, thus transforming Equation 2.8
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Is

Qs

Us

Vs




∝




P11 (Θ) P12 (Θ) 0 0

P12 (Θ) P22 (Θ) 0 0

0 0 P33 (Θ) P34 (Θ)

0 0 −P34 (Θ) P44 (Θ)







Ii

Qi

Ui

Vi




, (2.10)

Such reduction could be made under one of the following conditions:

• a group of randomly oriented particles, each with a plane of symmetry (such as

spheres or spheroids),

• a group of randomly oriented particles with an equal number of mirror particles,

• a group of particles that are much smaller than the wavelength of radiation

so the theory of Rayleigh scattering can be used to determine the scattering

matrix.

The typical observed values for the optical properties of key types of atmospheric

atmospheric aerosols are summarized in the Table 2.1 (Dubovik et al., 2002a).

2.2 Aerosol remote sensing

All methods of atmospheric aerosol remote sensing could be divided into two groups:

(i) active and (ii) passive, both proved to be fruitful and convenient in atmospheric

aerosol characterization. Passive observations most commonly detect and measure

natural sun radiation that is transmitted and scattered by the aerosol in the atmo-

sphere or reflected from the underlying surface. Passive remote sensors for aerosol

observation include radiometers, photometers and polarimeters.

Active observations, on the other hand, emit energy in order to scan atmosphere

whereupon a sensor then detects and measures the radiation that is backscattered by
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Table 2.1: Summary of Aerosol optical properties retrieved worldwide from
AERONET network of ground-based radiometers; adapted from (Dubovik et al.,
2002a). All spectral parameters are given for wavelengths λ = 0.44, 0.67, 0/87 and
1.02 µm correspondingly if not indicated.

Site τmin 〈τ〉 τmax n κ (λ) ω0 (λ)

Urban - Industrial and mixed

GSFC, Greenbelt,
MD

0.1 0.24(0.44) 1.0 1.41 − 0.03τ
±0.01

0.003 ± 0.003 0.98/0.97/0.96/0.95
± 0.02

Mexico city 0.1 0.43(0.44) 1.8 1.47 ± 0.03 0.014 ± 0.07 0.90/0.88/0.85/0.83
± 0.02

Biomass burning

African savanna,
Zambia

0.1 0.38(0.44) 1.5 1.51 ± 0.01 0.021 ± 0.004 0.88/0.84/0.80/0.78
± 0.015

Desert dust and oceanic

Solar-Village,
Saudi Arabia

0.1 0.17(1.02) 1.5 1.56 ± 0.03 0.0029/0.0013
/0.001/0.001
± 0.001

0.92/0.96/0.97/0.97
± 0.02

Lanai, HI 0.01 0.04(1.02) 0.2 1.36 ± 0.01 0.0015 ± 0.001 0.98/0.97/0.97/0.97
± 0.03

the aerosol. LiDAR systems are widely used examples of active remote sensing, where

the time delay between emission and return of laser pulse is measured, providing

information about the aerosol altitude and location.

A number of developed and launched space instruments Bréon et al. (2002);

Winker et al. (2007) provide global monitoring of aerosol properties King et al.

(1999); Kokhanovsky et al. (2007). Satellite remote sensing is the only means of

characterizing the large spatial and temporal heterogeneities of aerosol distribu-

tions. Monitoring aerosols from space has been performed for over two decades

and is planned for the coming decade with enhanced capabilities King et al. (1999);

Forster et al. (2007); Mishchenko et al. (2007). Table 2.2 summarizes major satellite

measurements currently available for the tropospheric aerosol characterization and

radiative forcing research.

Over the past decade, satellite aerosol retrievals have become increasingly sophisti-

cated. Now, satellites measure the angular dependence of radiance and polarization
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Figure 2.4: The constellation of spacecraft that overfly the Equator at about 1:30
PM, the so-called A-Train consists of four satellites, with another two failed (Glory
and OCO), and one no longer in the constellation (PARASOL); adapted from http:

//www-calipso.larc.nasa.gov/about/atrain.php.

at multiple wavelengths from ultra violet (UV) through the infrared (IR) at 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, as well as more direct mea-

surements of polarization and phase function. In addition, cloud screening is much

more robust than before and on-board calibration is now widely available. Examples

of such new and enhanced sensors include among others the MODerate resolution

Imaging Spectro-radiometer (MODIS), the Multi-angle Imaging Spectro-Radiometer

(MISR) and Polarization and Directionality of the Earth’s Reflectance (POLDER).

Complementary to these passive sensors, active remote sensing from space is also

now possible and ongoing (see Table 2.2). Both the Geo-science Laser Altimeter

System (GLAS) and the Cloud and Aerosol Lidar with Orthogonal Polarization

(CALIOP Winker et al., 2010) are collecting essential information about aerosol

vertical distributions. Furthermore, the constellation of six afternoon-overpass space-

crafts (as illustrated in Figure 2.4), the so-called A-Train (Stephens et al., 2002)

makes it possible for the first time to conduct near simultaneous (within 15-minutes)

measurements of aerosols, clouds, and radiative fluxes in multiple dimensions with

sensors in complementary capabilities (Pelon et al., 2011).
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Over the past two decades, numerous focused field campaigns have examined

the physical, chemical, and optical properties and radiative forcing of aerosols in a

variety of aerosol regimes around the world, as listed in Table 2.3. These campaigns,

which have been designed with aerosol characterization as the main goal or as one

of the major themes in more interdisciplinary studies, were conducted mainly over

or downwind of known continental aerosol source regions, but in some instances in

low-aerosol regimes. During each of these comprehensive campaigns, aerosols were

studied in great detail, using combinations of in-situ and remote sensing observations

of physical and chemical properties from various platforms (e.g., aircraft, ships, satel-

lites, and ground-based stations). In spite of their relatively short duration, these

field studies have acquired comprehensive data sets of regional aerosol properties

that have been used to understand the properties and evolution of aerosols within

the atmosphere and to improve the climatology of aerosol micro-physical properties

used in Chemistry and Transport Models and satellite retrieval algorithms.

Observations by ground-based instruments generally provide more detailed and accu-

rate information about aerosol properties Nakajima et al. (1996); Dubovik and King

(2000) but cover only local area nearby the observation site. In order to obtain

such data at extended geographical scales, the ground-based observations are of-

ten collected within observational networks employing identical instrumentation

and standardized data processing procedures. At present, there are a number of

global and regional networks conducting both passive and active ground-based

observations. For example, global AERONET (Holben, 1998) and South-Eastern

SKYNET (Nakajima et al., 2007) networks of sun photometers, as well as, a

variety of lidar networks including regional EARLINET (Bösenberg, 2000), AD-

NET (Murayama and et al., 2000), MPL-Net (Welton and et al., 2002), ALiNe

(Antuña et al., 2006), Cis-Linet (Chaikovsky et al., 2006a) and a recent global lidar

network GALION (Bösenberg and Hoff, 2007; Wandinger et al., 2004) have been
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Table 2.2: Summary of major satellite measurements currently available for the tro-
pospheric aerosol characterization and radiative forcing research; adapted from Chin
(2009).

Category Properties Sensor/ 
Platform Parameters Spatial coverage Temporal 

coverage 

Column-
integrated 

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 

~ weekly 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, 
ADEOS1, EP 

absorbing aerosol index, 
single-scattering albedo, 
absorbing optical depth global land+ocean 

1979 -2001 

OMI/Aura 2005-present 

MISR/Terra single-scattering albedo  
(2-4 bins) 2000-present 

Vertically 
resolved 

Loading, 
size, and 

shape 

GLAS/ICESat extinction/backscatter global land+ocean,  
16-day repeating 
cycle, single-nadir 
measurement 

2003-present 
(~3months/ 
year) 

CALIOP/CALIPSO 
extinction/backscatter, 
color ratio, depolarization 
ratio 

2006-present 
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Table 2.3: List of major intensive field experiments that are relevant to aerosol re-
search in a variety of aerosol regimes around the globe conducted in the past two
decades; updated from Chin (2009).

Aerosol
regimes

Name Location Time period Major references

Anthro-
pogenic
aerosol
and
boreal
forest
from
North
America
and West
Europe

TARFOX North Atlantic July 1996 Russell et al. (1999)
NEAQS North Atlantic July-August 2002 Quinn and Bates (2003)
SCAR-A North America 1993 Remer et al. (1997)
CLAMS East Coast of U.S. July-August 2001 Smith et al. (2005)
INTEX-NA,
ICARTT

North America Summer 2004 Fehsenfeld et al. (2006)

DOE AIOP northern Oklahoma May 2003 Ferrare et al. (2006)
MILAGRO Mexico city, Mexico March 2006 Molina et al. (2008)
TexAQS/ Go-
MACCS

Texas and Gulf of
Mexico

August-September
2006

Jiang et al. (2008);
Lu et al. (2008)

ARCTAS North - central
Alaska to Green-
land (Arctic haze)

March-April 2008

http://www.espo.

nasa.gov/arctas/ARCTAS Northern Canada
(smoke)

June-July 2008

ACE-2 North Atlantic June-July 1997 Raes et al. (2000)
MINOS Mediterranean

region
July-August 2001 Lelieveld et al. (2002)

LACE98 Lindberg, Germany July-August 1998 Ansmann et al. (2002)
DRAGON Washington, DC

metropolitan
August 2011 Holben et al. (2011)

Aerosols99 Atlantic January-February
1999

Bates et al. (2001)

Brown
Haze in
South
Asia

INDOEX Indian subcontinent
and Indian Ocean

January-April 1998
and 1999

Ramanathan et al.
(2001)

ABC South and East
Asia

ongoing Ramanathan and Crutzen
(2003)

Anthro-
pogenic
aerosol
and
desert
dust
mixture
from East
Asia

EAST-AIRE China March-April 2005 Li et al. (2007)
INTEX-B north-eastern Pa-

cific
Singh et al. (2009)

ACE-Asia East Asia and
Northwest
Pacific

April 2001 Huebert et al. (2003);
Seinfeld et al. (2004)

TRACE-P March-April 2001 Jacob et al. (2003)
PEM-West A
& B

Western Pacific off
East Asia

September-October
1991 February-
March 1994

Hoell et al. (1996, 1997)

26

http://www.espo.nasa.gov/arctas/
http://www.espo.nasa.gov/arctas/


Table 2.3 continued

Aerosol
regimes

Name Location Time period Major references

Biomass
burning
smoke in
the
tropics

BASE-A Brazil 1989 Kaufman et al. (1992)
SCAR-B Brazil August-September

1995
Kaufman et al., 1998
Kaufman et al. (1998)

LBA-SMOCC Amazon basin September-
November 2002

Andreae et al. (2004)

SAFARI2000 South Africa and
South Atlantic

August - September
2000

King et al. (2003)

SAFARI92 September-October
1992

Lindesay et al. (1996)

TRACE-A South Atlantic September-October
1992

Fishman et al. (1996)

DABEX West Africa January-February
2006

Haywood et al. (2008)

Mineral
dusts
from
North
Africa
and
Arabian
Peninsula

SAMUM Southern Morocco May-June 2006 Heintzenberg (2009)
SAMUM-2 Cape verde January - February

2008
Ansmann et al. (2011)

SHADE West coast of North
Africa

September 2000 Tanré et al. (2003)

PRIDE Puerto Rico June-July 2000 Reid et al. (2003)
UAE2 Arabian Peninsula August-September

2004
Reid et al. (2008)

Remote
Oceanic
Aerosol

ACE-1 Southern Oceans December 1995 Bates et al. (1998);
Quinn et al. (1998)

established during two last decades. Obtaining accurate aerosol extinction profile

observations is pivotal to improving aerosol radiative forcing and atmospheric re-

sponse calculations.Aerosol data collected by these networks provide highly valuable

information for monitoring of aerosol that is widely used for validating satellite obser-

vations and constraining aerosol properties in climate simulation efforts (Kinne et al.,

2003, 2006; Textor et al., 2006; Koch et al., 2009).
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Table 2.5: Summary of major ground-based remote sensing networks for the tro-
pospheric aerosol characterization and radiative forcing research. All the reported
quantities are column-integrated or column-effective, except as indicated.

Network
Derived parameters

Coverage
Optical Physical

NASA AERONET http://

aeronet.gsfc.nasa.gov

Optical depth,
Single- scattering
albedo, Ångström
exponents,
asymmetry factor,
phase function

Volume size
distribution,
refractive indices,
non-spherical
fraction

∼ 200 sites over
global land and is-
lands (since 1993)

DOE ARM http://www.arm.

gov

6 sites and 1 mobile
facility in N. Amer-
ica, Europe, and
Asia (since 1989)

SKYNET http://atmos.cr.

chiba-u.ac.jp

∼ 20 sites in Asia
and Europe (since
1998)

NOAA SURFRAD
http://www.srrb.noaa.

gov/surfrad/

Optical depth N/A
7 sites in the U.S.
(since 1995)

AERONET- MAN
http://aeronet.gsfc.

nasa.gov/maritime_

aerosol_network.html

global ocean (peri-
odically since 2004)

NASA MPLNET http:

//mplnet.gsfc.nasa.gov

vertical profiles of
backscatter
/extinction
coefficient

N/A
∼ 30 sites in major
continents, (since
2000)

ALINE http://lalinet.

no-ip.org

8 stations in S.
America (since
2001)

AD-NET http://

www-lidar.nies.go.jp/

AD-Net/

20 stations in East
Asia (since 2001)

EARLINEThttp://http:
//www.earlinet.org

27 stations in Eu-
rope] (since 2000)
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2.2.1 Remote sensing of the atmospheric aerosols by

AERONET

Among all passive instruments taken into account the most remarkable results be-

long to the AErosol RObotic NETwork (AERONET). AERONET (Holben, 1998)

is a federation of regional and national networks deployed in the 90s by collabora-

tion of the National Aeronautics and Space Administration (NASA) with PHOTONS

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

tomatic stations for monitoring atmospheric aerosols. The aims of the AERONET

project were to facilitate the characterization of the aerosol properties and validation

of satellite measurements providing reliable monitoring of global aerosol optical and

microphysical properties.

An automatic sun and sky photometer Cimel Électronique 318 is equipped with 8 or

9 spectral channels covering the spectral range from 0.340 to 1.640 µm was chosen as

standard instrument for the AERONET. Neglecting specifics it could be considered as

a generic passive instrument with aerosol sensing capabilities. Although the algorithm

presented in this work could be adapted to almost any type of passive instruments

that exist, AERONET was chosen due to the vast amount of easily accessible obser-

vation data http://aeronet.gsfc.nasa.gov/ , and the state of the art inversion

algorithm with open and easy-to-use code (Dubovik and King, 2000; Dubovik et al.,

2011).

All instruments operating within AERONET perform direct sun measurements and

sky radiance observations in both the almucantar and principal plane configurations

at least within the spectral channels of 0.440, 0.670, 0.870, and 1.020 µm that are

used for aerosol characterization. The pre-programmed measurements sequence con-

sists of a series of direct sun and sky radiance measurements at fixed solar elevations

during sunrise and sunset (so called ”Langley sequence”). Direct sun measurements

are performed every 15 minutes and sky radiances are acquired every hour both for
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Figure 2.5: Global map of the sites of the AERONET network; according to http:

//aeronet.gsfc.nasa.gov.

almucantar and principal plane configurations when the solar zenith angles are below

60◦. Additional triplet observation of direct sun measurements are taken 30 seconds

afterwards per each wavelength. These measurements are used for operational cloud

screening (Smirnov et al., 2000).

All data collected by the AERONET sun photometers are automatically transferred

to NASA’s Goddard Space Flight Center (GSFC) where they are processed by the

same algorithm. Processing includes conversion of data collected from the differ-

ent sources in a unique format, saving it in a database and producing instrument

status reports that are available from the web page. There are several levels of

data quality: Level 1.0 indicates unscreened data, level 1.5 contains cloud-screened,

but not quality assured data, as final calibration may not be applied. Level 2 data

are reprocessed after calibration post-deployment (assuming linear change rate in

the calibration coefficients) and manually inspected to fulfil a set of criteria http:

//aeronet.gsfc.nasa.gov/new_web/PDF/AERONETcriteria_final1.pdf and con-

sidered to be quality assured data.

The data are accessible from the AERONET website what ensures the usage of latest

30

http://aeronet.gsfc. nasa.gov
http://aeronet.gsfc. nasa.gov
http://aeronet.gsfc.nasa.gov/new_web/PDF/AERONETcriteria_final1.pdf
http://aeronet.gsfc.nasa.gov/new_web/PDF/AERONETcriteria_final1.pdf


version of the data processing. It should be noted that for scientific research only

level 2.0 data are quality assured, this data level is only available after an operation

period when the instrument is re-calibrated, therefore theirs availability could take

several months.

AERONET measurements description

Measurements performed within the AERONET consist of two sequences of spectral

and angular measurements, that could be divided into two groups according to the

way aerosol products are retrieved from them: direct sun measurements and sky

radiance measurements. The direct sun measurements at each spectral channel I (λ)

allow the determination of the attenuation of sunlight passing through the atmosphere

containing aerosol particles, molecules, and absorbing gases, which is known as the

total optical depth of the atmosphere (τ) and is described by the Bouger-Lambert-

Beer Law, which expresses monochromatic direct solar flux density I (Wm−2µm−1)

on the Earths surface as follows:

I (λ) = I0 (λ) e−msτ , (2.11)

where I0 is the flux at the upper limit of the atmosphere, τ is the total optical thickness

and ms = 1/cos θs (while θs < 75◦) is the optical air mass (exact formulation can be

found in Kasten and Young, 1989).

Under cloud-free conditions, the total optical depth can be separated into the aerosol

scattering and absorption τa, the molecular scattering or Rayleigh scattering τm and

the gaseous absorption τg. Therefore, the aerosol optical depth (AOD or τa) can

be derived from the total optical depth if the molecular optical thickness (τm) and

the gaseous absorptions (τg) are known. Thus, considering that the atmospheric

components are not equally distributed in the atmospheric vertical profile, so their
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air mass are different, one could obtain:

I (λ, 0◦) = I0 (λ, 0◦) e−τama−τm
P
P0
mm−τgmg , (2.12)

where P0 = 101 kPa is the standard atmosphere pressure, and P is local pressure.

The channels that are used for the aerosol optical depth retrieval are chosen to

be with low or no absorption by atmospheric gases and therefore performed at

wavelengths of 0.340, 0.380, 0.440, 0.500, 0.670, 0.870 and 1.020 µm. The number of

wavelength available could vary with the instrument type, but all instruments within

the network utilize at least four standard spectral channels: 0.440, 0.670, 0.870 and

1.020 µm.

The multi-wavelength and multi-angle sky radiances measurements provide the bulk

of information about aerosol optical properties. Application of inversion algorithms

to these measurements allows the retrieval of optical and microphysical properties

of the aerosol particles, such as size distribution, single scattering albedo, refractive

index and phase function (Dubovik and King, 2000).

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

measurements: almucantar and principal plane. They are carried out for the same

aerosol channels as direct sun measurements. In the almucantar configuration (see

1.1. The AErosol RObotic NETwork (AERONET) 19

1.1.3 Sky radiance measurements

The acquisition of multi-wavelength and multi-angle sky radiances is the base for the retrieval

of optical and microphysical properties of the aerosol particles, such as size distribution, single

scattering albedo, refractive index and phase function. The retrieval of such properties is complex

and requires the application of inversion algorithms (see section 1.2). The accuracy and quality

control of the radiance measurements is basic for the quality of the inversion-retrieved properties.

This issue is the main topic of this PhD research, and will be developed along this report.

1.1.3.1 Measurement protocol

There are two geometries followed within AERONET to carry out the sky radiance measurements:

almucantar and principal plane. As mentioned, all instruments within the network utilize at least

the four standard spectral channels: 440, 670, 870 and 1020 nm. Apart from these, each version

of the photometers may measure with additional channels, such as 500 or 1640 nm (see table 1.1),

or polarized channels at 870 nm.

s

a

sR(    ,   )a

s

p

pR(    ,0)

Figure 1.1: Figures describing the two geometries used within AERONET network for the measurements of the sky radiances:
on the left, the almucantar is represented while the principal plane appears on the right.

In the almucantar configuration, figure 1.1 on the left, the sun-photometers keep the zenith

angle constant (equal to the solar zenith angle θs). The measurement sequence previously executes a

direct Sun measurement, and then the instrument covers the whole range of azimuth angle, starting

at 3◦ and finishing at 180◦. The movement is done first towards right (taking the sun as reference)

and then, after pointing the Sun again, is repeated towards the left. The observation angles are

the same for both branches and are contained in table 1.2 in the row addressed for almucantar

description. The sequence is repeated for each of the channels and the entire measurement takes

about 5 minutes, depending on the instrument version.

Assuming an homogeneous atmosphere, the measurements taken in both branches right and left

can be considered symmetrical and the final radiance values used in the AERONET inversion algo-

rithm for the almucantar are obtained making the average between them. This operation procedure

Figure 2.6: Figures describing the two geometries used within AERONET network
for the measurements of the sky radiances: on the left, the almucantar is represented
while the principal plane appears on the right; adapted from Torres (2012).
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figure 2.6 on the left) the sun-photometers keep the zenith angle equal to the solar

zenith angle θs. 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. At first the movement is done to the right from the

sun and then is repeated to the left. The observation angles are the same for both

branches and are listed in Table 2.6 in the row corresponding to the description

of almucantar. The sequence is repeated for each of the channels taking about 5

minutes for the entire measurement.

Under assumption of homogeneous atmosphere, the measurements taken in both

right and left branches should be symmetrical so the almucantar radiance values

are averaged between them when used in the AERONET inversion algorithm. This

operation procedure is performed only for almucantar measurements and allows

eliminating data contaminated by clouds: the measurements with differences in

radiances more than 20 % between right and left branches are disregarded (see

http://aeronet.gsfc.nasa.gov/new_web/Documents/AERONETcriteria_final1_

excerpt.pdf).

In the principal plane geometry (see Fig. 2.6 on the right) the azimuth angle

remains equal to the solar azimuth angle and after a direct sun measurement the

sky radiance measurements are performed for the different zenith angles depicted in

Table 2.6. It should be noted that the current AERONET database does not offer

any retrieval data from the principal plane measurements.

The relations between the scattering angle (Θ), the observation angles (θv, φv) and the

solar zenith and azimuth angles (θs, φs) are cos (Θ) = cos2 (θs)+sin2 (θs) cos (φv − φs)

in the case of almucantar geometry and cos (Θ) = cos (θv ∓ θs) for the principal plane

geometry (Nakajima et al., 1996), where the sign is minus when φv − φs = 0◦ and

plus for the case of φv − φs = 180◦.

Consequently, the scattering angle observed with the almucantar geometry is limited
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Table 2.6: 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 2 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). Note the double observation at 6◦, indicating the change from
Aureole to Sky channels.

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

by 0◦ ≤ Θ ≤ 2θs reaching its maximum when φs = 180◦. At the same time the

maximum scattering angle in the principal plane measurement is the value of the

maximum angle (θM) from the set of values of the principal plane (see Table 2.6),

which fulfils the condition θm < 90◦− θs. This condition describes the measurements

geometry that is not pointing to the ground. Such restrictions have important conse-

quences in the retrievals resulting in inability to make measurements of backscattered

radiation. It should be noted that usually the azimuth origin is taken in the sun

position and therefore φs = 0◦. This assumption also was made in Figure 2.6.

According to the standard AERONET measurement sequence the almucantar and

principal plane measurements are acquired each hour.

AERONET measurements calibration

The calibration of the AERONET instruments is carried according to a strict protocol,

which assures the data quality within the network. The instruments are calibrated

approximately each year before and after deployment in the field by comparison with
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master instruments. The master instruments meet high operating standards and are

calibrated at high altitude stations (Mauna Loa Observatory in Hawaii (USA) or Izaña

in Canary Islands (Spain)). AERONET has distributed calibration facilities includ-

ing the radiance sphere calibration for the sky channels and the inter-calibration for

the direct sun channels. Inter-calibration is performed at the following sites: GSFC,

Carpentras and Autilla.

In case of direct sun measurement the calibration coefficient for each spectral channel

is the extraterrestrial signal I0 (λ). As explained above, field instruments are cali-

brated by comparison with master instruments previously calibrated at high altitude

stations. The calibration uncertainty is about 0.5% for the master and 1 – 2% for

field instruments. The calibration accuracy is smaller for the shorter wavelengths due

to uncertainty in the calibration transfer (Holben et al., 2006).

The inter-calibration procedure is based on the simultaneous co-located measurements

of the master and instruments being calibrated under certain atmospheric conditions.

These restrictions are established to minimize the uncertainty of the inter-calibration

procedure: clear sky and aerosol optical depth (0.440 µm) stable at noon and below

0.3, the number of co-located measurements is big enough to ensure the stability of

the ratios between master and field instrument over a wide range of air masses. When

this conditions are fulfilled the field instrument can be calibrated by a ratio of raw

signals (Ifield (λ)) to the master raw signal Imaster (λ) for each channel:

I0
field (λ) = I0

master (λ)
Ifield (λ)

Imaster (λ)
. (2.13)

The calibration of the master instruments is carried out by the Langley plot method

(Shaw, 1983). This method is based on the Bouguer-Lambert-Beer law and derives

the extraterrestrial signal of the instrument from a set of direct sun observations
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carried out for a range of air masses (typically from 7 to 2):

ln I (λ) = ln I0 (λ)− τms. (2.14)

These measurements provide a straight line (ln I vs. ms), which defines extrater-

restrial signal (I0). The main requirement for this method is that the total optical

thickness of the atmosphere (τ) remains constant during performance of the mea-

surement set. That’s why high altitude stations, located at low latitudes, are very

suitable for the Langley calibrations, because low content of the aerosol and the water

vapour together with short duration of the sunrise and sunset assures the constant

total optical thickness during measurements.

AERONET calibrates its masters in the Mauna Loa Observatory, while PHOTONS

and RIMA masters are calibrated at Izaña Observatory.

The sky radiance observations are acquired with two different gains. Low gain is used

for close to the Sun, due to the higher radiance in the aureole region. For observation

angles (azimuth in the almucantar or zenith in the principal plane) bigger than 6◦, the

instrument uses the high gain channels. At 6◦ the observations are made with both

channels, allowing performing consistency checks. As standard instruments measure

aureole and sky radiances with different physical channels (collimator, optics, detec-

tor) they have independent calibration coefficients. The low/high gain ratio at 6◦ is

usually used to detect obstructions in one of the collimators or front windows.

The radiance calibration is made with integrating spheres operational at three cali-

bration facilities (GSFC, Lille and Valladolid). These spheres are in turn calibrated

every 3 month with a travelling master instrument, which is calibrated at GSFC Cal-

ibration Facility to a NIST standard.

During calibration procedure, the photometer acquires radiances in all high and low

gain channels being placed in front of the sphere port. The calibration coefficients are
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calculated as the ratio between the output radiance at the given wavelength and the

raw signal at each channel. The main precaution for this procedure is the stability

of the sphere output; therefore the ageing of the lamps must be controlled to avoid

miscalibration due to degradation.

2.2.2 Remote sensing of the atmospheric aerosols by active

instruments

LIDAR is a technology to obtain information about distant objects using active

optical systems based on the reflection and scattering of the light in the transparent

or semi transparent media. LIDAR works precisely as RADAR: a pointed beam from

the light source is reflected from the targets, returned to the source and registered by

a receiver. The response time is directly proportional to the distance to the target.

The main difference between RADAR and LIDAR is that radar uses radio waves

that effectively reflected from the large metallic targets, while LIDAR uses light that

is scattered by any media allowing both to measure the distance to the transparent

targets and analyse the intensity of the light scattered by them. Such features lead

to the wide use of LIDARs in the atmospheric aerosol studies. The beam that is

reflected from the aerosol layer is secondly scattered by the lower layers thus making

the retrieval of the aerosol parameters a challenging task.

LIDAR instrumental design

Although lidars have larger instrumental variety compared to the passive instruments

(with AERONET in particular) and their measurements inter-comparison is more

challenging (e.g. Böckmann et al., 2004) some similarities in LIDAR constructions

could be easily observed.

Each LIDAR consists at least of three elements: emitter, receiving optics and signal
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registration system. The majority of the LIDARs use lasers as emitters due to their

ability to form short light pulses with high power. The pause between two consequent

pulses should be bigger than maximum response time from the targets that could be

situated farther than operating range of the LIDAR. The selection of the wavelength

and pulse power depends on the lidar purpose and safety regulations. The most fre-

quently used wavelength for the aerosol LIDARs are 0.355, 0.532 and 1.064 µm which

correspond to the second and third harmonics of the Nd:YAG lasers (Wandinger,

2005a). The receiving optics in atmospheric LIDARs is usually made as telescopes,

!"#$%&#'
()#"'

*+!'

*,-,'
&-.",/#'

0,&#"'

1#$#%2%3/'
.4($&'

+$,5#"%3/')#6%,'

Figure 2.7: Mono-static scheme of the lidar measurement of the aerosol backscatter.

pointed at zenith or coupled with alt-azimuthal mount.

The signal registration system usually includes several photo receivers, analog-to-

digital converter (ADC) and a digital signal processing system (DSP), usually cou-

pled with a personal computer. Usually photomultiplier tubes (PMTs) or avalanche

photo-diodes (APDs) functioning in both analog and photon counting regimes are

used as photo-receivers. Usage of semiconductor receivers proved to be fruitful for

infra red light detection.

The performance attributes of the atmospheric LIDAR systems that were used in this
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study developed in laboratory of scattering media of Institute of Physics of National

Academy of Sciences of Belarus (IP NASB) are listed in Table 2.7.

Generally emitter and receiving optics are combined in so called ”mono-static

Table 2.7: Technical characteristics of the LIDARs installed at the Laboratory of
Scattering Media, Institute of Physics of National Academy of Sciences of Belarus

Stationary LMR

Emitter

Laser type YAG:Nd YAG:Nd
Wavelength, µm 0.355, 0.532 and 1.064 0.355, 0.532 and 1.064
Pulse energy, mJ 50 - 200 30 - 100
Beam divergence, mRad 0.5 0.5
Pulse frequency, Hz 10 10

Receiver

Telescope Cassegrain Cassegrain
Mirror diameter, mm 200 300
Elastic channels wavelengths, µm 0.355, 0.532 and 1.064 0.355, 0.532 and 1.064
Polarization measurements Depolarization at 0.532 µm Depolarization at 0.532 µm
Near field cut-off Distributed base Distributed base
Raman channels wavelengths, µm 0.387 0.387, 0.407 and 0.687
Registration regime Analog and photon counting Analog and photon counting

scheme” as shown in Figure 2.7. In this scheme emitter and receiver are installed

in proximity to each other. The idea of this method is to send the short light pulses

and register the back-scattered radiation in the sequential time moments during the

light propagation through the atmosphere. The propagation and scatter of such light

pulses is described by non-stationary radiative transfer equation. Such calculations

are very challenging and usually solved in the single-scattering assumption, which is

reasonable when the total optical thickness (τ) is lower than 1, and both emitter and

receiver have narrow view angles.

In this case scattered radiation received at the moment of time t after the sounding

pulse is returned from the atmospheric layer at the distance h = ct
2

and received
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power of the light flux P (t, λ) is described by lidar equation:

P (λ, h) =
Y (h)S

h2
E (λ) β (λ, h) exp


−2

h∫

o

σ (λ, h′) dh′


 , (2.15)

where σ (λ, h) = σa (λ, h) + σm (λ, h) is the spectral extinction coefficient and

β (λ, h) = βa (λ, h) + βm (λ, h) is the backscatter coefficient of the atmospheric layer

at altitude h, βa, βm, σa, σm are the coefficients of aerosol and molecular backscatter

and extinction correspondingly, E (λ) is the energy of the sounding pulse, Y (h) is

geometrical factor (overlap function) and S is the area of receiving optics.

Considering range (h2) and overlap (Y (h)) correction (for e.g. Wandinger and Ansmann,

2002), Equation 2.15 could be written in the following form:

P (λ, h) = C (λ) β (λ, h) exp


−2

h∫

0

σ (λ, h′) dh′


 , (2.16)

where C (λ) is so-called system parameter, which unites the specifics of the lidar

receiving system for the given spectral channel. It should be noted that above Equa-

tions 2.15, 2.16 are applicable only in the case when time of light interaction with the

media is small as well as duration of the sounding pulse, and both these periods are

smaller than time between two sequential scatter acts (single-scattering approxima-

tion).

As it seen Equation 2.16 depends on two profiles of extinction and backscatter and

on a system parameter. It is evident that the straightforward retrieval of the aerosol

properties βa (λ, h) , σa (λ, h) from Eq. 2.16 is impossible, and will require some ad-

ditional information about both lidar measurements and aerosols which could be

supplied in a form of constrains and a priori estimations.
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LIDAR measurements calibration

To deal with the aerosol characterization from Equation 2.16, Klett (1981, 1985)

suggested additional assumptions. First is so-called LIDAR calibration at a reference

altitude. Commonly, aerosol retrievals from LIDARs use the attenuated backscatter

normalized by attenuated backscatter at the reference altitude href . This reference

altitude is chosen under the assumption that amount of the aerosol over this altitude

is negligible, i.e. signal at the reference altitude could be written in the following

form:

P ∗ (λ, href ) = C (λ) βm (λ, href ) exp


−2

href∫

0

σ (λ, h) dh′


 . (2.17)

As P (href , λ) could be estimated from the measurements, such procedure allows

excluding unknown system parameter C (λ):

C (λ) =
P ∗ (λ, href )

βm (λ, href ) exp

(
−2

href∫
h0

σ (λ, h′) dh′
) , (2.18)

where molecular backscatter βm (λ) is usually known from the modelling, thus leading

to the following calibrated lidar equation, also known as attenuated backscatter:

L∗ (λ, h) =
P ∗ (λ, h)−B (λ)

P ∗ (λ, href )
βm (λ, h) exp


−2

href∫

h

σm (λ, h′) dh′


 , (2.19)

where B (λ) is background noise estimation, usually taken from altitude averaging

and extended time accumulation of the LIDAR signal far above its maximum altitude

range hmax. The second assumption, used by Klett, deals with the a priori estimation

of such optical property of the aerosol as extinction-to-backscattering ratio, lately

known as lidar ratio:

Sa (λ, h) =
σa (λ, h)

βa (λ, h)
. (2.20)
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Aerosol lidar ratio depends on the aerosol type and could be both provided in the

form of constant (Klett, 1981) or vertical profile (Klett, 1985). Commonly lidar ra-

tio is chosen using a-priori climatological data sets. For example, processing of lidar

observations from CALIPSO space-borne platform relies on the lidar ratio climatolog-

ical models derived by cluster analysis from entire database of AERONET retrievals

(Omar et al., 2005).

The described Klett method was one of the successful attempts to deal with the ill-

posed problem of lidar sounding. The other methods support the general idea of

the method proposed by Klett: they try to provide additional information for the

ill-posed problem of lidar sounding. However, as it was already outlined in the intro-

duction, such information cannot be extracted from lidar measurements without some

assumptions on aerosol properties. For example, lidar observation could be enhanced

by employing the following lidar techniques:

• implication of lidar measurements under a set of several different zenith angles

or so-called slope methods,

• conduction of multi-wavelength of high spectral resolution lidar measurements,

• registration of combined elastic-Raman signals,

• performance of polarimetric LIDAR observations.

Multi-angular measurements (slope methods). Method consists in measur-

ing of several slopes with different zenith angles, allowing discrimination of aerosol

extinction profile under assumption of horizontal homogeneity of the atmosphere

(Gutkowicz-Krusin, 1993; Pahlow et al., 2004; Sicard et al., 2002). Such assumption

couldn’t be used at low zenith angles, fast changing observation conditions or in the

presence of clouds.
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Multi-wavelength measurements. The idea of this method is to measure aerosol

backscatter at several sounding wavelengths (usually harmonics of the lasers used).

This provides additional information to resolve lidar equation under assumption

that parameters of aerosol backscatter and extinction at different wavelengths

(βa (λ) , σa (λ)) could be calculated on a base of some microphysical aerosol model.

For example, optical characteristics could be calculated through its microphysical

parameters, under assumption that aerosol particles are spherical:

σa (λ) =

rmax∫

rmin

πr2Kε (λ, r,m)
dV (r)

r
dr, (2.21)

βa (λ) =

rmax∫

rmin

πr2Kβ (λ, r,m)
dV (r)

r
dr, (2.22)

where Kσ and Kβ are the cross-sections of aerosol extinction and backscatter cor-

respondingly, dV (r)
r

is aerosol volume size distribution, m = n + iκ is the complex

refractive index of aerosol particles.

Therefore, measurements at several wavelengths allow resolving a system of Equa-

tions 2.21, 2.22 with some additional a priori constraints and assumptions taken into

account, such as particle shape, size distribution of the aerosol particles and their

complex refractive index. It is evident that the more wavelength are taken into

account the more aerosol properties could be retrieved from spectral lidar measure-

ments (Shipley et al., 1983; Liu et al., 2002; Hair et al., 2008; Burton et al., 2012;

Groß et al., 2013), allowing even estimations of aerosol microphysics (Müller et al.,

1999).

Raman LIDAR measurements. Combined elastic-Raman scatter LIDARs ad-

ditionally use registration of the Raman shifted radiation induced by the elastic

lidar sounding in atmospheric gases (Ansmann et al., 1992; Ferrare et al., 1998b,a;

Turner et al., 2002; Wandinger, 2005b; Müller et al., 2007). This allows discrimi-
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nation of aerosol extinction profile at Raman wavelengths and even estimations of

aerosol microphysical properties without a priori constraints on aerosol type or load-

ing (Müller et al., 1999, 2005; Veselovskii et al., 2004; Shcherbakov, 2007) if the ver-

tical profiles of atmospheric gases are known.

However, lidar systems with capabilities to register non-elastic (Raman shifted) sig-

nals are rather complex and often require special observational conditions as non-

elastic signal is very weak during daytime. And despite of the achieved progress in

non-elastic lidar technology (Baars et al., 2009; Althausen et al., 2009) the bulk of

monitoring of vertical aerosol variability is conducted by the conventional lidars.

Polarimetric measurements. Polarimetric LIDARs additionally register the

radiation cross-polarized to the polarization plane of the sounding beam. This allows

qualitative description of aerosol particle anisotropy. For example, Ansmann et al.

(2011) used measured depolarization profiles in order to derive vertical distribution of

spherical and non-spherical aerosol components with size distributions and complex

refractive indices fixed from modelling.

All these methods despite of limited applicability due to the applied assumptions have

influenced the approaches for LIDAR system construction, and most of the modern

LIDARs (ones participating in EARLINET project, see, e.g., Bösenberg and et al.

(2000)) have Raman-scattering channels together with several elastic channels as well

as possibility to perform polarimetric and multi-angular measurements. However, all

mentioned methods rely on additional a priori information about aerosol microstruc-

ture. Such information could be retrieved by multiple ways, including estimations

taken from additional measurements performed by passive instruments. Such esti-

mations are considered to be very reliable and a variety of perspective methods using

mentioned a-priori information were developed.
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Figure 2.8: Map of observation sites equipped with lidars participating in Eu-
ropean AeRosol LIdar NETwork; adapted from http://www.physics.ntua.gr/

~papayannis/publications_site.htm.

2.2.3 Remote sensing of the atmospheric aerosols by combi-

nation of active and passive instruments

As it was already mentioned, aerosol retrievals from lidar observations depend on the

auxiliary data about aerosol properties. This has resulted in creation of several ap-

proaches of lidar measurements that were pursuing the idea to fulfil the informational

gaps in the aerosol description. However, further development of the methods that

allow expansion of the informational contents of the lidar sounding is constrained by

technological boundaries. In these regards, the most logical approach to improve the

retrievals qualitatively was to widen the amount of instruments used in the aerosol

retrievals. It is clear that both active and passive measurements provide complemen-

tary pieces of information about atmospheric aerosols while both are relying on the
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set of assumptions about aerosol properties.

For example, retrievals of aerosol columnar properties from passive measurements use

an assumption of the vertical distribution of aerosol, and information about aerosol

type is usually used for constraining lidar ratio (Eq. 2.20) that defines dependence

between aerosol backscatter and extinction in lidar retrievals.

Described situation led to the development of a variety of multi-instrumental aerosol

retrievals that combined data from passive and active observations. Such methods

generally could be subdivided into two distinct groups by the way they use the con-

straints on aerosol properties provided by the passive observations: methods with

implicit and explicit constraining.

Implicit methods follow the approach of direct usage of the available coincident pas-

sive measurements. The straightforward constraining of the lidar retrievals by means

of using values of total aerosol optical thickness is a most common way of utilizing

co-incident sun-photometer observations for improving the processing of lidar obser-

vations.

General idea of explicit methods is to estimate the aerosol extinction and lidar ratio

from the optics or microphysics retrieved from passive measurements, with consequent

inversion of lidar equation in order to obtain vertical profiles of aerosol concentration.

Such methods exploit positive heritage of multi-wavelength and Klett (Klett, 1981,

1985) approaches. Generally, information about aerosol sizes and composition of

aerosol particles obtained from sun-photometers is used for defining number of dif-

ferent aerosol components and their detailed properties (size distributions, complex

refractive index and particle shape). Then lidar data are fitted using optical proper-

ties of these assumed aerosol components by searching for their vertical mixing that

provides the best match of lidar data.

These methods are based on the assumption that aerosol optical properties at arbi-

trary altitude could be represented as a combination of optical properties of several
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aerosol components, which are usually called aerosol modes:

βa (λ, h) =
k∑

i=1

βia (λ)

vi
ci (h) , (2.23)

where vi is the columnar volume concentration of the i-th mode, βia (λ) is the colum-

nar backscatter coefficient of the mode, ci (h) is the vertical profile of aerosol mode

concentration.

The main difference between the aerosol modes is particle sizes. Different methods

could use different number of aerosol modes. Usually the number of the modes is

chosen small (2 or 3). For example, studies by Chaikovsky et al. (2002a, 2004, 2006b,

2012) and Cuesta et al. (2008) used the measured spectral dependence of backscat-

ter and extinction to derive vertical distribution of several optically distinct aerosol

modes assuming that only concentrations of the each aerosol mode can change verti-

cally.

The number of the modes used in those studies varied from 2 or 3 in works of

Chaikovsky et al. (2006b, 2012) and up to 6 in retrievals by Cuesta et al. (2008).

The size distributions and complex refractive indices of each of the aerosol com-

ponents were fixed using the aerosol retrievals from AERONET sun-photometers.

In LiRIC (Lidar-Radiometer Inversion Code) Chaikovsky et al. (2006b, 2012) as-

sumed two mono-modal fine and coarse aerosol components with size distributions

obtained by dividing AERONET derived distribution into two using the minimum

in the range of sizes from 0.194 to 0.576 µm as a separation point. The complex

refractive indices for both modes were assumed to be the same and equal to the one

retrieved by AERONET. Cuesta et al. (2008) used a more complex procedure. First,

the AERONET size distribution was decomposed into log-normal mono-modal distri-

butions. Then both bi-modal size distributions of each mode and complex refractive

indices were defined using available ancillary data.
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Additional a priori constraints and estimations are also used in these retrievals, such

as smoothness constraints as well as estimations of complex refractive index for each

mode, in order to stabilize numerical inversions of the lidar equation.

One of the biggest disadvantages of explicit methods is their dependence on the

retrieval results of passive measurements, which in the case of ground-based measure-

ments are insensitive to backscatter, what could lead to high errors in estimation of

this parameter very crucial for lidar retrievals. Also such methods rely on some a priori

information on refractive index of the aerosol modes. For example, Chaikovsky et al.

(2002a, 2012) assumes both fine and coarse mode to have equal complex refractive

index, while Cuesta et al. (2008) fixes this parameter from the modelling. Mentioned

particularities could lead to high errors in estimation of aerosol optical properties,

propagating directly to the retrieved vertical concentration profiles, specifically in

the cases with mixture of aerosols with different microstructure.

In addition, radiation field observed by the sun-photometers, in particular its po-

larimetric properties, has some sensitivity to aerosol vertical distribution. Benefiting

from this sensitivity is practically unachievable without using independent informa-

tion about vertical variability of aerosol, which is impossible in the described ap-

proaches to combined passive-active multi-instrumental aerosol retrieval.

Despite of mentioned disadvantages, explicit methods have proven their ability to

provide qualitatively new results in the form of vertical profiles of aerosol mode con-

centrations. Regarding this, this work was aimed at combination of the best sides

of the implicit and explicit methods proposing a new approach for treating sun-

photometer and lidar data combination.

The general idea of the new method is to use directly all the information content of

the passive measurements, like in implicit methods, together with providing a possi-

bility of measurements cross-influence, providing a deep synergy between two types

of the measurements, thus allowing the retrieval of qualitatively new results, as in
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explicit methods.

It should be noted that this concept was realized by Sinyuk et al. (2008). They had

proposed a synergetic retrieval of both columnar and vertical aerosol properties by

inverting a combined data from coincident observation by CALIPSO satellite lidar

and AERONET sun-photometers. However, due to the limited spectral information

available from CALIPSO, the approach uses only one aerosol mode, assuming lidar

ratio of the aerosol to be constant in the whole atmosphere column.

The new approach should also rely on a unified aerosol model. That will allow re-

ducing the amount of assumptions about aerosol properties that are usually used for

the retrievals, therefore, leading to more accurate results.

This model is one of the first attempts to provide a full microphysical description of

the aerosol in the atmosphere that is suitable to characterize both columnar and ver-

tical variability of the aerosols. Usage of the unified model for each aerosol component

will provide different complex refractive index for each of the aerosol mode, as well

as accounting to the aerosol vertical distribution in passive observations modelling.

It is expected that this particularities will allow more accurate reproduction of both

lidar and sun-photometer observations.

It is also expected that spectral sensitivity of lidar observations will provide not only

the information about aerosol vertical mixture, but due to the synergy with passive

observations will allow better discrimination of columnar properties of the aerosol

components. For example, lidar capability to register backscatter light is expected

to improve the retrieval of such columnar properties of aerosol components as lidar

ratios and spherical/non-spherical particles fraction.

In conclusion, the new method will introduce the unified microphysical aerosol model

describing both columnar and vertical aerosol properties and capable of full descrip-

tion of the radiative field produced by aerosols. Compared with other advanced

methods of passive and active observations processing new method will provide both
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qualitative (i.e. vertical profiles and different complex refractive indexes for aerosol

modes) and quantitative (more accurate estimations of spherical/non-spherical par-

ticles fraction and lidar ratios) improvements.

Compared with the most advanced methods of lidar data processing, the combined

retrieval will provide two vertical profiles of fine and coarse mode similar to method

by Chaikovsky et al. (2002a) but with higher accuracy, because, the used lidar ra-

tios will be generated during the inversion procedure using also information in li-

dar measurements instead of relying solely on AERONET retrievals as in LiRIC

(Chaikovsky et al., 2002a, 2004, 2006b, 2012) method.
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Chapter 3

GARRLiC algorithm description

I do not fear computers.

I fear the lack of them.

Isaac Asimov

This chapter describes in detail the new Generalized Aerosol Retrieval from

Radiometer and Lidar Combined data (GARRLiC) that simultaneously inverts

coincident lidar and radiometer observations and derives a united set of aerosol

parameters.

Retrieval of optical and microphysical properties of atmospheric aerosols from ra-

diation measurements requires two distinct types of development efforts. First, a

capability of modelling atmospheric characteristics is demanded. That capability

is important for a creation of so-called ”forward model”, a retrieval algorithm that

could quantitatively simulate the the measured atmospheric radiation emitted by

the surface or atmospheric objects with given properties. The second necessary

component of the retrieval is called an ”inversion” procedure and allows recovering

unknown input parameters of the forward model from its known output by utilizing

an inverse transformation.

Method proposed in this work is based on the latest POLDER retrieval algorithm

51



(Dubovik et al., 2011), witch general structure is shown in Fig. 3.1. Although the al-

gorithm was developed for inverting PARASOL observations, some aspects of aerosol

parametrization and inversion implementation can be modified and adjusted for

application to other remote sensing observations, in the present case for AERONET

observations.

This flexible algorithm is divided into several independent modules with particular
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Figure 3.1: Principal scheme of the GARRLiC algorithm.

functions, whose interactions are minimized to straightforward exchange of limited

set of parameters. Flexibility of the modular construction of the used algorithm al-

lows utilization of several modules with very small changes. For example, ”Numerical

inversion” module that has almost no connection to observation physics implements

universal operations of statistically optimized inversion and could be used not only

in remote sensing applications.

The most changes were introduced into ”Forward model” as the most complex

module of the algorithm that directly deals with the observation specifics. However,

its unified structure was easily tuned to work with ground-based observations and

adjusted to account for bi-modal aerosols with retrievable vertical distributions,
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leaving several key modules intact. Detailed description of the intact modules could

be found in a publication by Dubovik et al. (2011), the following sections will focus

on the changes that were introduced and on the results such changes have provided.

3.1 Forward model

The aerosol retrieval algorithm is designed to invert the AERONET almucantar obser-

vations combined with elastic lidar observations acquired in window channels shown in

Table 3.1, that are: the scattered radiance in 4 window channels: 0.44, 0.675, 0.87 and

1.02 µm, and attenuated backscatter in 3 additional channels: 0.355, 0.532 and 1.064

µm. In each almucantar channel, observations are performed nearly simultaneously in

up to 35 viewing directions (Holben, 1998, Table 2.6). In each lidar channel observa-

tions are performed in' 600 altitude strobes, and it is assumed that the backscattered

light from the reference altitude (href ) is mostly provided by molecular scattering. In

order to account for possible presence of the aerosol at the reference altitude, and,

therefore, for its impact on calibration procedure (Matsumoto and Takeuchi, 1994;

Rocadenbosch et al., 2010), retrievable lidar calibration parameters A (λ) were intro-

duced.

Under assumption of plane-parallel multi-layered atmosphere, the following optical

properties are needed to model combined AERONET and elastic lidar observations

by means of vector radiative transfer and lidar equation: surface reflectance, optical

thickness, single scattering albedo and phase matrix for each layer. The optical prop-

erties of each atmospheric layer include the contributions of aerosol and molecular

scatter and atmospheric gases absorption:

τ = τa + τmol + τgas. (3.1)
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Table 3.1: Observations used in the GARRLiC algorithm. Note: the measurements of
degree of linear polarization marked with asterisk (*) were used for sensitivity studies
only.

AERONET measurements

I (Θi, λj) Scattered total radiances

P (Θj, λi) =

√
Q2(Θj ,λi)+U2(Θj ,λi)

I(Θj ,λi)
Degree of linear polarization*

Observation specifications

Angular
I (Θi, λj) , P (Θj, λi) Measured in up to 30 viewing directions

that may cover scattering angle Θ from 0◦

to 150◦

Spectral
I (Θi, λj) , P (Θj, λi) Measured in 4 window channels λj = 0.44,

0.67, 0.87 and 1.02 µm

LIDAR measurements

L (hi, λj) Vertical profile of backscattered radiances

Observation specifications

Angular
L (hi, λj) Measured in one viewing direction with

scattering angle Θ = 180◦

Altude
L (hi, λj) Measured in up to 1000 hi with resolution

of 15 m within altitude range hmin ≤ hi ≤
hmax

Spectral
L (hi, λj) Measured in 3 window channels λj =

0.355, 0.532 and 1.064 µm
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The properties of molecular scattering are well known and could be calculated with

sufficient accuracy. The absorption of atmospheric gases can be accounted for using

known models (e.g. SA (1976); ISA (1975); ICA (1993); Tomasi et al. (1998)) or

climatologies (for e.g. CIRA model: http://badc.nerc.ac.uk/view/badc.nerc.

ac.uk__ATOM__dataent_CIRA), as well as using available information from ancil-

lary observations. The reflection matrix of the land surface may also be estimated

from additional methods and instruments (Wanner et al., 1997; Deering and Leone,

1986; Roujeau et al., 1997). This distinguishes proposed algorithm from the original

one used for PARASOL retrievals (Dubovik et al., 2011), where parameters defying

surface reflectance were included into the set of retrieved parameters. Such deci-

sion was made following ideas introduced in the inversion procedures of AERONET

Dubovik and King (2000).

Thus, the most challenging part in modelling single scattering properties of the atmo-

sphere is the modelling of aerosol contribution. These properties depend on aerosol

microphysics: particle size, shape and composition (refractive index).

As far as photometric measurements accumulate optical properties of all of the at-

mospheric layers, their sensitivity to vertical distribution of these properties remains

negligible. Lidar measurements, in contrast, are highly sensitive to these parameters,

so simulation of the combined lidar-photometric measurements needed more accurate

vertical distribution of aerosol optical properties. This led to expansion of aerosol mi-

crophysical model with additional parameters describing aerosol vertical distribution

(see Table 3.2) compared to original ones used in AERONET or POLDER retrievals.

All other parameters like particle size and complex refractive indices were considered

to be altitude independent. Thus, in order to describe the differences of optical prop-

erties between atmospheric layers only one profile of concentration wasn’t sufficient.

Therefore, aerosol in each layer was considered as a mixture of two components, each

having a different set of microphysical properties, including size distribution, complex
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Table 3.2: Aerosol parameters retrieved by the GARRLiC algorithm.

Aerosol characteristics

dV (ri)
d ln r

(i = 1, ..., Nk
r ; k = 1, 2) values of volume size distribution in Ni size

bins ri of k-th aerosol component, µm3µm−2

ck (hi) (k = 1, 2) vertical distribution of aerosol concentration of k-th
aerosol component, normalized to 1

Csph Fraction of spherical particles of the coarse aerosol component

nk (λi) (i = 1, ..., 7; k = 1, 2) the real part of the refractive index for k-th
aerosol component at every λi of combined lidar-photometric mea-
surement

κk (λi) (i = 1, ..., 7; k = 1, 2) the imaginary part of the refractive index for
k-th aerosol component at every λi of combined lidar-photometric
measurement

Lidar calibration parameters

A (λi) (i = 1, ..., 3) Lidar calibration coefficient at each λi of the lidar mea-
surement

refractive index and vertical profile of aerosol distribution. All these characteristics

are driven by the parameters included in the vector of unknowns and trough inversion

could be retrieved from the observations.

It should be noted that the forward model for reproducing combined lidar-photometric

observations is adapting the atmospheric modelling strategies and computer routines

developed within previous POLDER and AERONET activities. At the same time,

several important modifications required for simulation of light propagation in the at-

mosphere during lidar sounding have been implemented in the mentioned algorithms.

Specifically, additional module that provides vertical profiles of the optical properties

necessary for lidar sounding simulations, as well as module that makes such simulation

were introduced. In the modified algorithm AERONET observations are modelled by

means of solving vector radiative transfer equation and elastic lidar observations are

simulated by lidar equation. Thus, the forward model of scattered radiances measured

by complex AERONET and lidar observations contains four main components:
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• aerosol single scattering,

• aerosol optical properties vertical profiling,

• lidar equation and

• vector radiative transfer equation.
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Figure 3.2: General scheme of the Forward model of the GARRLiC algorithm.

Figure 3.2 shows the data flow within the ”Forward model” block of the algorithm.

The following parts of this section will describe each of these components in detail.
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3.1.1 Aerosol single scattering properties

The modelling of aerosol columnar optical properties has been implemented following

the ideas employed in AERONET retrieval algorithm by Dubovik and King (2000)

and Dubovik et al. (2002b, 2006). This concept was developed to model the particles

as a mixture of spherical and non-spherical aerosol components.

The scattering from spherical particles can be predicted given the number concentra-

tion of those spheres in a volume, along with their size and complex refractive index

by Lorenz-Mie theory that was independently developed at the turn of the XXth

century by Ludvig Lorenz and Gustav Mie as a solution to Maxwell’s equations in

spherical polar coordinates. Derivation of the solution can be found in many sources,

such as Bohren and Huffman (1983) and Mishchenko et al. (2002).

Unlike spheres, accurate modelling of light scattering by non-spherical particles is one

of the major difficulties in remote sensing of tropospheric aerosols (Dubovik et al.,

2006). Specifically, the exact solutions describing the interaction of the electromag-

netic field with a single particle exist only for a few selected geometrical shapes

(Mishchenko et al., 2000, 2002). For example Mishchenko et al. (1997) used the sim-

plest non-spherical shapes, such as spheroids (ellipsoids of revolution) and showed

that a mixture of randomly oriented spheroids with different sizes and axis ratios

can reproduce the specific shape of the phase function for desert dust — one of the

most common types of non-spherical aerosols. At the same time, there is no phys-

ical reason to expect non-spherical aerosol particles to be perfect spheroids, and,

indeed, microphotographs of natural aerosols show a great variety of shapes, often

different from spheroids (see Figures 1.1 and 2.1). However, all existing numeri-

cal methods that could provide computations of scattering properties of the parti-

cles of more realistic geometrical shapes, such as the discrete dipole approximation

(e.g., Draine and Flatau, 1994) and the finite difference time domain technique (e.g.,

Yang et al., 2000) require excessive computer resources. This is why the spheroid
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approximation remains appealing from an operational perspective. Moreover, the

following considerations can be listed as further motivations for the utilization and

exploration of spheroid models (Dubovik et al., 2006):

• A spheroid is the simplest non-spherical shape that can generalize the spherical

shape (a sphere is a spheroid with an axis ratio ε = 1). Accordingly, conven-

tional spherical models of atmospheric aerosol can be easily generalized in terms

of a model of randomly oriented spheroids with only one extra characteristic —

the distribution of axis ratios (assuming, as the first-order approximation, that

shape is independent of size).

• The scattering of electromagnetic radiation by spheroids can be accurately sim-

ulated with the T-matrix method that provides an exact solution for light scat-

tering by randomly oriented spheroids with different sizes, axis ratios, and com-

plex refractive indices (Mishchenko et al., 1996; Mishchenko and Travis, 1998;

Mishchenko et al., 2000).

• The observations of scattering by non-spherical aerosol (desert dust in partic-

ular) show a considerable degree of averaging of contributions from individual

particles with different orientations, shapes, and compositions. Hence one can

expect and compositions. Hence one can expect (Mishchenko et al., 1997) that

specific shape details of a single particle may be insignificant after such an av-

eraging and that scattering by an ensemble of particles can be approximated by

that of a mixture of simplified particles (such as spheroids).

It also should be noted, that the developed spheroid model (Dubovik et al., 2002b,

2006) proved to be useful not only for AERONET but for other aerosol remote sens-

ing applications. First, the utilization of this model has significantly improved the

AERONET operational retrieval of aerosol with pronounced coarse mode fraction

(Reid et al., 2003; Eck et al., 2005; Dubovik et al., 2006). The same model has been
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shown to reproduce adequately the ground-based polarimetric observations of non-

spherical desert dust (Li et al., 2009). In addition, it was shown that the spheroid

model allows qualitative reproduction of the main characteristic features of lidar ob-

servations of non-spherical desert dust, like lidar ratio and high depolarization of

signal (Cattrall et al., 2005; Schuster et al., 2012). Furthermore, Veselovskii et al.

(2010) and Müller et al. (2012) have used the approach suggested by Dubovik et al.

(2006) and incorporated the spheroid model into the algorithm retrieving aerosol

properties from lidar observations.

The non-spherical coarse aerosol models derived from climatologies of AERONET

retrievals had been successfully incorporated into satellite retrievals (Levy et al.,

2007b,a; Govaerts et al., 2010; Wagner et al., 2010; Dubovik et al., 2011) and ac-

curate calculations of atmospheric broadband fluxes and aerosol radiative forcing

(Derimian et al., 2008; Garcia et al., 2008).

Figure 3.3 demonstrates the differences in phase function and linear polarization

degree calculated from spheroid and spherical models. It should be emphasized that

differences between spherical and spheroid models for scattering matrices (left panel

of Fig. 3.3) are situated at bigger angles, resulting in a significant deviations of the

aerosol backscatter. At the same time many lidar studies of desert dust (for e.g.

Welton et al., 2000; Liu et al., 2002; Müller et al., 2003, 2004) indicate that observed

lidar ratios (Sa(λ)) has higher values (i.e. lower backscatter) than suggested by dust

modelling based on Mie calculations for spherical particles. Right panel of Fig. 3.3

also demonstrates that it is impossible to get satisfying fit of degree of linear polar-

ization (DoLP) using only spherical model.

Thus, following the considerations listed above GARRLiC uses the ”spheroidal”

aerosol model to simulate the properties of atmospheric aerosols.

According to this model, aerosol particles of non-spherical component have size-

independent distribution of shapes and the modelling of the aerosol scattering matrix
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the sign of linear polarization: q = !Q/jQj. This algorithm
has been applied to AERONET observations. The retrieval
algorithm was set to fit the data to the level of AERONET
measurement accuracy, i.e., "0.01 absolute accuracy for
t(l) at air mass equal 2 [Eck et al., 1999]; "5% accuracy
for I(l;Q) [Holben et al., 1998]; and 0.01 absolute accuracy
for P(l;Q). Here and below, the atmospheric radiances and
their polarization are written using scattering angle Q, i.e.,
as I(l;Q) and P(l;Q).
[47] The standard polarized Cimel Sun/sky radiometers

[Holben et al., 1998] perform measurements of polarization
in the solar principle plane at a single channel 0.87 mm.
However, here we used the data from the newest model of
Cimel Sun/sky radiometer that measures polarization in the
solar principle plane in many spectral channels. This
instrument was deployed during the UAE2 (United Arab
Emirate United Aerosol Experiment, web site: http://
uae2.gsfc.nasa.gov/index.html) field campaign [Reid et
al., 2005] that took place during summer and fall of 2004
in UAE (United Arab Emirates), where several AERONET
radiometers were placed in locations where desert dust
is typically present. The results of a typical aerosol

retrieval during a desert dust event in the UAE are
shown in Figures 18–20. The retrieved size distribution
(Figure 18a) and the refractive index (n = "1.56) coincide
well with in situ measurements of Saharan dust aerosol
[Reid et al., 2003a, 2003b]. The retrieved aspect ratio
distribution dn(e0p)/dlne0 (Figure 18b) indicates the domi-
nation of particles with higher aspect ratios (e0 # "1.44).
In spite of noted earlier low sensitivity of light scattering to
the shape of the aspect ratio distribution for e0 # "1.44,
our retrieval shows (Figure 18b) generally good qualitative
agreement with the results of in situ characterization for
Saharan dust [Reid et al., 2003b]. Indeed, Reid et al.
[2003b] reported median aspect ratio of 1.9–2.2 and
cumulative probabilities (measured for different size
ranges) indicating that 90% of particles have aspect ratios
below 3. Figure 19 illustrates that the spheroid model
allows a good fit of both intensity and polarization obser-
vations. Assuming a spherical model for inverting the same
data does not allow simultaneous good fitting of both
radiances and polarization: spheroid model allowed 5%
root-mean-square fit for radiances and <0.01 for polariza-
tion, while spherical model resulted in 10% root-mean-

Figure 20. Desert dust phase function and degree of linear polarization simulated with spheroids (using
retrieved complex refractive index, size and aspect ratio distributions given in Figure 18) and spherical
aerosol model with the same size distribution and complex refractive index.
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Figure 3.3: Comparison of desert dust phase function and degree of linear polarization
simulated with spheroids and spherical aerosol model with the same size distribution
and complex refractive index, taken from Dubovik et al. (2006).

Pij (λ,Θ) and total aerosol optical thickness of extinction and scattering τext/scat (λ)

of non-spherical aerosol can be written as the following:

τscat (λ)Pij (λ,Θ) =
∑

p=1,...,Nr

∑

k=1,...,Nε

Kε
ij (λ, κ, n, rp, εk)

dN (εk)

d ln ε

dV (rp)

d ln r
, (3.2)

and

τext/scat (λ) =
∑

p=1,...,Nr

∑

k=1,...,Nε

Kε
ext/scat (λ, κ, n, rp, εk)

dN (εk)

d ln ε

dV (rp)

d ln r
, (3.3)
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where

Kε
... (λ, k, n, rp, εk) =

ln rp+∆ ln r∫

ln rp−∆ ln r

ln εk+∆ ln ε∫

ln εk−∆ ln ε

Cε
... (λ, κ, n, rp, εk)

v (r)
Ak (ε)Bp (r) d ln εd ln r,

(3.4)

and Cε
... (λ, k, n, r, ε) denotes the scattering and extinction cross-sections of spherical

particles and randomly oriented spheroids, λ - wavelength, n and κ - real and imag-

inary parts of the complex refractive index (m) , ε = a/b spheroid axis ratio (a -

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

rotational symmetry), r - radius of volume equivalent sphere, V (r) is the volume of

particle, dV (rp)/d ln r – the volume particle size distribution, Ak (ε) and Bp (r) are

the functions providing correspondingly the interpolation of shape and size distri-

butions between the selected points εk and ri. In studies by Dubovik et al. (2002b,

2006), the coefficients Ak (ε) were assumed as rectangular, and Bp (r) as trapezoidal

functions Dubovik and King (2000).

In the AERONET retrieval (Dubovik and King, 2000) volume size distribution was

represented by Nr = 22 bins of equidistant in logarithmic scale, covering the size

range from 0.05 to 15 µm. The size range was chosen on the base of the sensitivity

analysis, which showed that the aerosol particles of smaller and larger sizes produce

negligible contribution to AERONET radiometer observations (Dubovik and King,

2000).

This range of aerosol particle sizes is slightly wider than the one used in earlier

studies by Nakajima et al. (1996). Using the approximation given by Eqs. 3.2 –

3.4, Dubovik et al. (2006) developed a numerical tool for fast calculations of scat-

tering properties of spheroid mixture. The quadrature coefficients K... (λ, n, κ, rp)

for the extinction, as well as for absorption cross-sections and scattering matrices

have been calculated and stored into the look-up tables for a wide range of n, κ, ε

(1.3 ≤ n ≤ 1.7; 0.0005 ≤ κ ≤ 0.5; 0.3 ≤ ε ≤ 3.0 ) and for 41 narrow size bins covering
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the size-parameter range from ' 0.012 to ' 625.

In addition, the developed software was used to show (Dubovik et al., 2006) that

spheroids could closely reproduce single-scattering matrices of mineral dust measured

in the laboratory (Volten et al., 2001). It was shown that scattering matrices have

rather limited sensitivity to the minor details of axis ratio distribution dN (εk)/d ln ε.

Therefore, it was demonstrated that AERONET retrieval might rely on assumption

that shape distribution in the non-spherical fraction of any tropospheric aerosol is

the same. Based on this conclusion dN (εk)/d ln ε obtained by Dubovik et al. (2006)

from fitting Volten et al. (2001) measurements was employed as shape distribution

for non-spherical fraction:

dN (εk)

d ln ε
=





0, 0.7 < ε < 1.44

const, 1.44 ≤ ε ≤ 0.7
. (3.5)

Based on this assumption, the integration over ε in Eq. 3.4 can be done once and for

all and, modelling of aerosol optical properties τa (λ), ωa0 , P a
ij (λ,Θ) was implemented

in the retrieval in a following form:

τscat (λ)Pij (λ,Θ) =

∑
p=1,...,Nr

(
CsphK

sph
ij (λ, κ, n, rp) + (1− Csph)Knons

ij (λ, κ, n, rp)
)
,

(3.6)

and

τext/scat (λ) = τ sphext/scat (λ) + τnonsext/scat (λ) =

∑
p=1,...,Nr

(
CsphK

sph
ext/scat (λ, κ, n, rp) + (1− Csph)Knons

ext/scat (λ, κ, n, rp)
)
,

(3.7)

where

Ksph
... (λ, n, κ, rp) =

ln rp−∆ ln r∫

ln rp−∆ ln r

Csph
... (λ, κ, n, r)

v (r)
Bk (r)d ln r, (3.8)
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and

Knons
... (λ, n, κ, rp) =

ln rp−∆ ln r∫

ln rp−∆ ln r

Bp (r)
∫ Csph

... (λ, κ, n, r)

v (r)

dN (ε)

d ln ε
d ln εd ln r. (3.9)

Csph is the fraction of the spherical particles, and included in the set of retrieved

parameters. Note, that described look up tables K... (λ, n, κ, rp) allow very fast sim-

ulations of scattering by non-spherical aerosol particles.

The GARRLiC algorithm described here uses the same modelling strategy as de-

scribed above to represent columnar properties of aerosol.

However, due to differences in information content of AERONET and lidar measure-

ments bi-modal description of aerosol was used. This was implemented by introduc-

tion of two independent sets of aerosol parameters describing each aerosol component.

In order to conserve compatibility of the retrieval with the ones based on AERONET-

only observations the values of rp were chosen the same, covering the same particle

size range from 0.05 to 15 µm. Possibility to account for uni-modal or tri-modal dis-

tributions was provided by introduction of small (3 radius bins rp) overlap of fine and

coarse modes size distributions. Therefore, size distribution of the fine mode was rep-

resented by Nr = 10 bins equidistant in logarithmic scale within size range 0.05 – 0.58

µm, and coarse mode by 15 within the range of 0.33 to 15.0 µm. Correspondingly,

aerosol size distribution parameters, aerosol particle shape and complex refractive in-

dices are defined for each aerosol component (see Table 3.2) and used to calculate τa,

ωa0 and Pij (θ) for each aerosol mode. Such bi-modal assumption has a good statistical

background: in most of the observed cases size distribution of aerosols retrieved from

AERONET observations could be described as bi-modal (Holben et al., 2001).
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3.1.2 Vector radiative transfer

Photons can reach the instrument sensors either by single or multiple scattering in the

atmosphere, reflection on the surface, and by combinations of atmospheric scattering

and reflection on the surface (see Fig. 3.4). Single-scattering approximations can only

be addressed to lidar measurements and satellite observations from the upper layers

of the atmosphere. That is why to model the atmospheric radiation field observed by

the sun-photometer some efforts should be involved to account for multiple scattering

effects.

Simulation of AERONET almucantar measurements is implemented by the suc-

cessive order of scattering radiative transfer code (Lenoble et al., 2007) that was

used in PARASOL operational retrievals (Deuzé et al., 2001; Herman et al., 2005;

Tanré et al., 2011). The code provides full information about the atmospheric radia-

tion field including I and Q, U components of the Stoke’s vector under the assumption

of the plane parallel atmosphere. The developed version of successive order of scat-

tering radiative transfer code allows calculations of atmospheric radiances for several

Nk aerosol components. This allowed direct implementation of the code to the bi-

modal aerosol model. Each aerosol component is described by defined vertical profile

of spectral extinction σka (λ, h) and altitude independent phase matrix P k
ij (λ, θ) and

single-scattering albedo ωk0 (λ). In the present set up of the aerosol retrieval code

these optical properties are determined on the base of microphysical model of atmo-

spheric aerosol. Correspondingly, only parameters describing aerosol microphysics are

directly included in the set of retrieved parameters listed in Table 3.2. Specifically,

the vertically invariant driven by: the shape of the size distribution dV (ri)/d ln r

giving the aerosol particle volume in the total atmospheric column per unit of surface

area (in the unites of µm3/µm2 ); the real nk (λ) and imaginary κk (λ) parts of the

complex refractive index; and the fraction of the spherical particles Csph. In order to

account for vertical variability of aerosol extinction additional normalized functional
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Figure 3.4: Schematic representation of the contributions of the atmosphere radiance
as measured by different instruments.

characteristic ck (h) is used, which defines the vertical distribution of aerosol concen-

tration. The optical thickness of k-th aerosol component in each of i-th atmospheric

layer is defined as:

∆τi,k (λ) = τk (λ)

hi∫

hi+1

ck (h) dh. (3.10)

Correspondingly, optical properties (∆τi (λ) , ωi0 and P i
ij (Θ, λ)) of the i-th atmospheric

homogeneous layer are calculated using the following equations:

∆τi = ∆τ gasi + ∆τmoli +
∑

k=1,2

∆τaer,ki , (3.11)

ωi0 (λ) =

∆τmoli +
∑

k=1,2
∆τaer,ki ω0 (λ)

∆τ gasi + ∆τmoli +
∑

k=1,2
∆τaer,ki

, (3.12)

P i
ij (Θ, λ) =

∆τmolk Pij (Θ, λ) +
∑

k=1,2
∆τaer,ki ωk0 (λ)P aer,k

ij (Θ, λ)

∆τimol +
∑

k=1,2
∆τaer,ki ω0 (λ)

. (3.13)
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In the original PARASOL/POLDER retrieval (Dubovik et al., 2011) ck (h) was de-

fined a priori as Gaussian function normalized to unity that depended on the re-

trievable parameter that has a meaning of the medium altitude of the layer of the

k-th aerosol component (Dubovik et al., 2011). This assumption was made due

to the limited sensitivity of the passive radiometric and polarimetric observations

from space to aerosol vertical variability. On the other hand sensitivity studies by

Dubovik and King (2000) show practically no sensitivity to aerosol vertical profile

and, as a result, the operational AERONET retrievals are conducted under the as-

sumption of vertically homogeneous atmosphere.

However such assumptions can’t be used for combined lidar photometric retrievals

as lidar sensitivity to the vertical structure of the aerosol is much stronger than in

listed instruments. Instead of a priori estimation of vertical distribution of aerosol

fractions these parameters were included into the set of microphysical parameters

that are retrieved by the described algorithm (see Table 3.2), allowing vertical pro-

files of aerosol concentrations to have practically arbitrary shapes. In principle, such

accurate accounting for aerosol vertical variability in radiative transfer calculations

is not necessary for processing of passive observations, however, this may have some

positive effects once radiometric data are combined with lidar observations, as it was

done in the present study.

Ground-based lidar measurements don’t cover all atmosphere altitudes and usually

have upper and lower limits hmin and hmax correspondingly. Therefore, vertical pro-

file of aerosol distribution should be extrapolated in order to represent vertical dis-

tribution of aerosol in the whole atmosphere column, what is strongly important for

radiative transfer calculations. This extrapolation is made on the assumptions that

the aerosol amount on the altitudes higher than upper limit of lidar measurement is

negligible, and amount of the aerosol in the atmospheric layer close to the ground is
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the same, as on the lower altitude limit of lidar measurement:

ck (h) =




ck (hmin) , hBOA < h < hmin
Nh∑
i=1

ck (hi)D (hi), hmin < h < hmax

ck (hmax) exp (−αh) , hmax < h < hTOA,

(3.14)

where α is chosen according to the following equation:

exp (αhTOA) = o, (3.15)

where o denotes estimation of aerosol vertical distribution on the altitude of the top

of the atmosphere (hTOA), and chosen as a small value ( 10−6). In general, the third

part of the Equation 3.15 could be chosen as any monotonously decreasing function,

that returns a close to zero value on the top of atmosphere (TOA). Middle term in

Equation 3.15 represents the vertical distribution profile that is included in the set of

aerosol microphysical parameters. As used radiative transfer code operates with the

functional representation of ck (h) , trapezoidal interpolation D (hi) between neigh-

bor values of ck (h) was used to estimate aerosol concentration profile at any altitude

needed. Additional normalization to unity of the ck (h) was implemented as a part of

forward calculations.

Used lidar observations had an altitude range ' 0.5 km up to ' 10 km, with the

altitude resolution ∆h of 15 m, which provides information about aerosol backscat-

ter properties in Nh ' 600 altitude points hi. This provides information to retrieve

aerosol concentration profile at the same altitude points. Although it is possible for

the algorithm to operate with such tremendous set of the retrieved parameters, the

computational times would be an issue. So, to decrease amount of necessary compu-

tations, Nh was set to 60. In order to prevent loss of significant information provided

by lidar observations about vertical distribution of aerosol components logarithmical
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scale with equidistant ∆ lnh was used:

hi = hmin exp

(
ln (hmax/hmin) (i− 1)

Nh − 1

)
, (3.16)

where i and Nh are the indexes of the current and upper limit altitudes correspond-

ingly: hi = i∆h, hmax = Nh∆h. The lidar observations used in the combined retrieval

should be down-sampled to the same altitude resolution, in detail it will be described

in the following section. Consequently, the modified version of the radiative trans-

fer module used in the combined lidar photometric retrieval code is set to retrieve

two aerosol components. The algorithm derives single values of complex refractive

index and fraction of spherical particles for particles of all sizes for each aerosol com-

ponent. It should be noted that earlier sensitivity studies of AERONET retrievals

(Dubovik and King, 2000; Dubovik et al., 2006) indicated major limitations in dis-

criminating between refractive indices and shapes of aerosol particles of fine and coarse

modes. But it will be demonstrated that combination with lidar gives possibility of

retrieving two aerosol components with different complex refractive indices together

with their vertical distributions.

3.1.3 Lidar equation

To model the attenuated backscatter provided by lidar (Eq. 2.19) a lidar equation

( Eq. 2.16) could be used. However, L∗ (λ, h) depends on the estimation of the

measured signal at the reference point href . Selection of the reference point is gener-

ally a manual procedure that could influence the lidar retrievals (Kovalev and Oller,

1994; Matsumoto and Takeuchi, 1994). To lessen the errors caused by non-optimal

reference point selection, Chaikovsky et al. (2004) have used additional parameter
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R (λ, href ), transforming Eq. 2.17 into:

L (λ, href ) = C (λ)R (λ, href ) βm (λ, href ) exp (−2 (τa (λ, href ) + τm (λ, href ))) ,

(3.17)

where parameter R (λ, h) = βa(λ,h)+βm(λ,h)
βm(λ,h)

is known as backscatter ratio and describes

the uncertainty of the calibration procedure and allows accounting for the presence

of aerosol on the reference altitude (see, e.g., Russell et al., 1979).

With these regards, Equation 2.16 should be reformulated. Also it should follow

the same calibration procedure described by Equations 2.18 and 2.19 to adequately

represent the acquired lidar measurements L∗ (λ, h):

L (λ, h) = A (λ) (βa (λ, h) + βm (λ, h)) exp


2

href∫

h

σa (λ, h′) dh′


 , (3.18)

where A (λ) = 1/R (λ, href ) (see Table 3.2) is the lidar calibration parameter that is

included in the set of retrieved parameters, following the same approach as proposed

by Chaikovsky et al. (2004). The main difference is the application of the calibra-

tion parameter: in LiRIC R (λ, href ) is applied to the measurements of attenuated

backscatter 2.19, while in GARRLiC it is applied to the lidar equation (Eq. 3.18),

that is used for modelling these measurements. It should be outlined that the goal of

the introduction of this additional retrievable parameter is the reduction of uncertain-

ties of the lidar calibration procedure, and it remains the same for both algorithms.

As it was mentioned above, lidar measurements are made with constant altitude sam-

pling ∆h within altitude range [hmin;hmax] , which provides information about aerosol

backscatter properties in Nh ' 600 altitude points hi. In order to avoid excessively

high number of the retrieved parameters and to decrease the amount of computations

needed for the inversion Nh was limited to a smaller number (' 60). The quantity

of altitude samples is decreased using equidistant logarithmic scale (Eq. 3.16). It
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should be mentioned that described method itself could work with any vertical pro-

file sampling.

On the other hand, in most sounding conditions vertical variability of aerosol distri-

bution decreases with altitude. Therefore in the upper layers lidar signal is usually

oversampled. A power of the laser pulse during lidar sounding decreases as square of

the altitude providing lower signal levels from upper layers, which means that noise

increase with the altitude. In described situation down-sampling of lidar signal with

logarithmical scale over altitude provides sufficient noise suppression. In order to

preserve as much information content of the sounding signal as possible the decima-

tion of the signal were made using averaging over the points lower than re-sampling

altitude hi (hi−1 ≤ j∆h ≤ hi):

L (λ, hi) =
n2∑

j=n1

L∗ (λ, j∆h)

n1 − n2

+O (λ, n1, hi) +O (λ, n2, hi−1) , (3.19)

where i and j denote new and original sampling indexes correspondingly, n1 and

n2 are the closest integer numbers to hi
∆h

and hi−1

∆h
, n1 − n2 is the number of alti-

tude samples of original lidar signal situated between hi and hi−1, and O (λ, n, h) =

(L∗ (λ, (n+ 1) ∆h)− L∗ (λ, n∆h)) (hi − n∆h)/∆h is the linear interpolation of the li-

dar signal within the original altitude sample ∆h, that accounts for part of the signal

that is left behind in the case when hi 6= i∆h.

According to the Kotelnikov-Nyquist theorem (Nyquist, 1928; Kotelnikov, 1933) the

lower sampling rate at high altitudes decreases the amplitudes of high frequency os-

cillations, which usually are attributed to noise. The described decimation method

could be considered as expanding sliding window low pass filter, allowing efficient

noise suppression without loss of significant information about aerosol vertical struc-

ture.
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3.1.4 Vertical profiling of atmosphere optical properties

As it was shown in the section above, light back propagation in the atmosphere during

lidar sounding could be described by means of Equation 3.18 provided with vertical

profiles of backscatter and extinction for aerosol and molecular scattering at the given

wavelength λ.

Vertical profiles of molecular backscatter βm (λ, h) and extinction σm (λ, h) could be

estimated as follows:

σm(λ, h) = Cs(λ)
P (h)

T (h)
, (3.20)

βm(λ) =
1

Sm

σm(λ, h)

k(λ)
, (3.21)

where Sm = 8
3
π is the lidar ratio of Rayleigh scattering, P (h) and T (h) are the verti-

cal profiles of atmospheric pressure (in hPa) and temperature (◦K) correspondingly.

These profiles could be retrieved either from direct measurements, from clima-

tological models (for e.g. COSPAR international reference atmosphere (CIRA)

http://badc.nerc.ac.uk/view/badc.nerc.ac.uk__ATOM__dataent_CIRA or

(Tomasi et al., 1998)) or calculated according to the standard atmosphere model

(e.g., ISA, 1975; ICA, 1993; SA, 1976). Standard atmosphere model (SA) al-

lows calculating vertical profiles of temperature and pressure of atmosphere gazes.

Temperature profile is defined as follows:

T (h) = T ∗ + b (H(h)−H∗) , (3.22)

where H∗ denotes lower altitude of the atmosphere layer, H = rh
r+h

and r is the Earth

radius (6356767 m).

Pressure profile could be calculated on the basis of equations below:

pm (h) = 10lg p(h), (3.23)
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where

lg p (h) =




lg p∗ − g
bR

lg
(
T (h)
T ∗

)
, b 6= 0

lg p∗ − ag
RT (h)

(H (h)−H∗) , b = 0
, (3.24)

where a = 0.434294.

According to the standard atmosphere model, each atmosphere layer is described

by its own set of parameters b, H∗, T ∗ and p∗ which could be found in Table 3.3.

Coefficients Cs, k in Equation 3.21 are defined for specific wavelengths λ, and are

Table 3.3: Values of parameters of the standard atmosphere; according to (ISA, 1975).

H∗,m b,
◦K
m

T ∗,◦K p∗, Pa

0 -0.0065 288.15 101325
11019 0 216.65 22632.28133
20063 0.001 216.65 5474.992145
32162 0.0028 228.65 868.0055979
47350 0 270.65 110.9070857
51412 -0.0028 270.65 66.94257775
71802 -0.002 214.65 3.956316223
86152 0 186.65 0.363403538

listed in Table 3.4 (Freudenthaler, 2010).

Table 3.4: Values of coefficients used for molecular extinction and backscatter coeffi-
cients calculations for different wavelengths; according to Freudenthaler (2010).

Wavelength, µm Cs,
◦K

hPam kT

0.308 3.6552·10−5 1.04555
0.351 2.0959·10−5 1.04338
0.354814 2.0026·10−5 1.04324
0.355 1.9981·10−5 1.04323
0.400 1.2123·10−5 1.04191
0.5106 4.4272·10−6 1.04026
0.532 3.7425·10−6 1.04007
0.532221 3.7361·10−6 1.04007
0.710 1.1574·10−6 1.03919
0.800 7.1443·10−7 1.03897
1.064 2.2647·10−7 1.03863
1.064442 2.2609·10−7 1.03863
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To calculate the molecular optical thickness, calibration procedure that is applied

to lidar signal should be taken into account, resulting in the following equation:

τm (λ, h, href ) =




href∫
h
Smβm (λ, h) ∆h cosΘ0

cosΘi
, h < href

−
href∫
h
Smβm (λ, h) ∆h cosΘ0

cosΘi
, h > href

0, h = href .

(3.25)

Vertical profile of aerosol extinction coefficient could be retrieved by altitude differ-

entiation of the Eq. 3.10:

σa (λ, h) = τa (λ) c (h) , (3.26)

To determine the vertical profile of backscatter one can use the dependence between

extinction and backscattering also known as lidar ratio (see Eq. 2.20) which could be

calculated from the columnar aerosol optical properties:

Sa (λ) =
4π

ω0 (λ)P11 (λ, 180◦)
. (3.27)

In the proposed method columnar optical properties that define lidar ratio in Eq.

3.27 are estimated on the base of aerosol microphysical parameters (see Table 3.2)

following equations 3.3 – 3.9. Combining Eq. 3.27 with Eq. 3.26 one can get:

β (λ, h) =
1

4π
(τa (λ) c (h)ωo (λ)P11 (λ, 180◦)) . (3.28)

Therefore, Equations 3.21 – 3.28 provide all sufficient information needed to model

lidar sounding, starting from the set of microphysical aerosol parameters (see Fig.

3.2), consequently allowing the retrieval of the set of aerosol microphysical parame-

ters listed in Table 3.2. General scheme of aerosol vertical profiling is shown in Fig.

3.5. It is clearly seen from the Equations 3.26 – 3.28 that such vertical profiling of

aerosol optical properties could be used only in one wavelength lidar sounding. The
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Figure 3.5: General scheme of the measurements model using two-component verti-
cally distributed aerosol model.

vertical profile is defined by altitude independent optical properties and a spectrally

independent vertical concentration profile. That means that spectral dependence

of the backscatter in the case of multi-wavelength lidar sounding will be the same

at each atmosphere layer. Such estimation in fact will adequately describe multi-

wavelength lidar sounding only in case of aerosol that has vertically homogeneous

optical properties. Therefore such estimation doesn’t allow using the information of

vertical variability of spectral backscatter that is the most informative part of multi-

wavelength lidar observations.

However, as it was shown by Chaikovsky et al. (2002a) and Cuesta et al. (2008) it is

possible to describe mentioned variability by splitting aerosol into several Nk compo-

nents with altitude independent size distributions and different vertical concentration

profiles ck (h). Splitting size distribution into a set of modes allowed to characterize

different aerosol components with different altitude independent optical properties
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(Chaikovsky et al., 2006b; Cuesta et al., 2008):

σa (λ) =
Nk∑

k=1

ak (λ) ck (h), (3.29)

and

βa (λ) =
Nk∑

k=1

bk (λ) ck (h). (3.30)

In the original work Chaikovsky et al. (2002a) used lidar measurements and coincident

AERONET microphysical retrievals to estimate coefficients ak (λ) and bk (λ) (see Eqs.

3.29 – 3.30). Combining Equations 3.26 – 3.28 with 3.29 – 3.30 one can get:

σa (λ, h) =
Nk∑

k=1

τ ka (λ)ck (h) , (3.31)

and

βa (λ, h) =
1

4π

Nk∑

k=1

τ ka (λ) ck (h)ωo (λ)P11 (λ, 180◦) . (3.32)

It should be noted that described algorithm follows the same approaches of estimation

of vertical aerosol optical properties on the base of columnar optical properties and

aerosol vertical concentration profiles as in LiRIC (Chaikovsky et al., 2002a,b, 2012).

The main difference between GARRLiC on the one hand and LiRIC and approach of

Cuesta et al. (2008) on the other is how the columnar optical properties of each mode

are estimated. In previous approaches aerosol microphysical model was defined by

coincident AERONET retrieval. As long as standard AERONET algorithm operates

with uni-modal aerosol description, additional assumptions about aerosol refractive

index should be made to split aerosol into several modes and use this microphysical

properties to estimate optical parameters of each mode.

Listed assumptions could vary from rather simple, assuming refractive index to be

the same for fine and coarse mode (Chaikovsky et al., 2002a,b), to more complicated,

where particle size dependent refractive indexes for Nk = 6 modes are given by the
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climatology statistics Cuesta et al. (2008).

On the contrary, GARRLiC uses independent set of the aerosol microphysical parame-

ters for two (Nk = 2), fine and coarse, aerosol modes, allowing direct and simultaneous

retrieval of the refractive indexes of the aerosol components without any additional

assumptions.

The details of LiRIC and GARRLiC comparison concerning the use of measurements

and retrieval of results are generalized in Figure 3.6.

Therefore, Equations 3.31 – 3.32 allow vertical profiling of columnar optical prop-
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Figure 3.6: Comparison of the data flow in LiRIC and GARRLiC algorithms.

erties of the aerosol, providing sufficient information to simulate back propagation of

light in the atmosphere during lidar sounding.

The methodology described in this section allows modelling of optical properties of
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aerosol layers from the united set of microphysical parameters of fine and coarse

aerosol modes (see Table 3.2). This set contains columnar (size distribution, complex

refractive index and spherical particles fraction) and vertically variable (profile of

aerosol concentration) parameters for both modes. Aerosol components are modelled

as a mixture of randomly oriented spheres and spheroids with retrievable fraction of

spherical particles.

Supplied with estimations of gaseous absorption, molecular scatter and assumptions

of aerosol distribution in the lower (h < hmin) and upper (h > hmax) part of the

atmosphere it provides adequate modelling of coincident lidar/sun-photometer mea-

surements. Provided with the real measurements and combined with the numerical

inversion methods it will allow retrieving the described set of parameters from the

real coincident observations. The details of the numerical inversion module used in

the GARRLiC algorithm are given in the following section.

3.2 Numerical inversion

When the atmospheric characteristics are known, including optical and microphysical

properties of atmospheric aerosols, as well as their vertical distribution, ”Forward

model” (described in the Section 3.1) could calculate the radiation field that is

observed by both passive and active instruments. Such observations could be used to

infer the optical and microphysical properties of aerosol particles in the atmosphere

together with their vertical distribution. Often this is accomplished by simple

comparison of the measurements with the ”forward model” computations for a wide

range of aerosol parameters. This method is referred to as table look-up procedures

and obtains a solution by comparing measurements directly with theoretical calcu-

lations. Despite of being stable and fast-and-easy in implementation, the look-up

table solution is limited to a set of potentially admissible solutions that are included
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in the look-up table.

However, there are methods that are not limited to a predefined set of aerosol classes

and instead search for the set of aerosol parameters. These methods optimize the

error distribution of the retrieved parameters, providing the best fitting of the mea-

surements through the continuous space of all possible solutions under statistically

formulated criteria. These rigorous and more complex methods consist in ”inverting”

a set of measurements to infer the input properties of the given ”forward model” and

usually referred to as ”numerical inversion”.

Nonetheless, in practice, several different combinations of aerosol parameters often

produce nearly the same radiative field. Therefore, the general solution is funda-

mentally non-unique or becomes so in the presence of fundamentally unavoidable

measurement noise. Inversion problems with this particularity are known as ”ill-

posed”. An ill-posed inversion could provide a satisfactory result once additional

information is added to constrain the solution, while representing the measurement

field within the errors established for the measurement. Such information is referred

to as ”a priori assumptions”, and usually applied in the form of constrains of

smoothness of aerosol parameters.

In a contrast to the majority of existing aerosol retrieval algorithms, the one used in

this work is one of the first attempts to develop an aerosol retrieval using statistically

optimized multi-variable fitting of multi-instrumental data.

Detailed descriptions of inversion methods can be found in various textbooks

(Tikhonov and Arsenin, 1977; Twomey, 1977a; Tarantola, 1987; Press et al., 1992;

Rodgers, 2000; Doicu, 2010). However, the choice of the particular method for the

particular application is not discussed in this work.

The approach used here is focused on clarifying the connection between different

inversion methods established in atmospheric optics and unifying the key ideas of

these methods into a single inversion procedure. It follows the developments by
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Dubovik and King (2000) and Dubovik (2004); Dubovik et al. (2008, 2011).

The methodology has several original (compared to standard inverse methods) fea-

tures optimized for remote sensing applications. It addresses such important aspects

of inversion optimization as accounting for errors in the observations, inversion

of multi-source data with different levels of accuracy, accounting for a priori and

ancillary information, etc. (Dubovik, 2004; Dubovik et al., 2011). The concept uses

the principles of statistical estimation and suggests a generalized multi-term Least

Square (LSM) type formulation that complementarily unites advantages of a variety

of practical inversion approaches, such as Phillips-Tikhonov-Twomey constrained

inversion (Phillips, 1962; Tikhonov, 1963; Twomey, 1963), Kalman filter (Kalman,

1960), Newton-Gauss and Levenberg-Marquardt iterations, etc. This approach

provides significant transparency and flexibility in development of remote sensing

algorithms for deriving such continuous characteristics as vertical profiles, size distri-

butions, spectral dependencies of some parameters, etc. For example, compared to

the popular ”Optimal Estimation” equations (Rodgers, 2000), the multi-term Least

Square type formulation allows harmonious utilization of not only a priori estimate

term, but instead, or in addition, using a priori terms limiting derivatives of the

solution (Dubovik, 2004; Dubovik et al., 2008). This methodology has resulted from

the multi-year efforts on developing inversion algorithms for retrieving comprehensive

aerosol properties from AERONET ground-based observations.

The detailed description of the adopted inversion methodology could be found in

(Dubovik and King, 2000; Dubovik, 2004; Dubovik et al., 2008, 2011). The fol-

lowing paragraphs will concentrate on the changes made to introduce combined

lidar-photometric observations into the retrieval. There are two key aspects in the

algorithm organization: the general organization of observation fitting, including the

error estimation of different measurements and the a priori data representation.
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3.2.1 Observation fitting

The purpose of the proposed method is to retrieve through inversion the vector de-

scribing microphysical properties of the atmospheric aerosol:

a =




av

an

aκ

asph

ah

aA




, (3.33)

where av, an, aκ, asph, ah and aA denote the components of the vector of aerosol

properties a, corresponding to size distribution dV (ri)/d ln r, real and imaginary

part of refractive index n (λi), κ (λi), fraction of the spherical particles Csph, vertical

profiles of aerosol concentration c (hi) and lidar calibration coefficient A (λi).

It should be noted that all of the parameters listed above describing microphysical

Table 3.5: Description of the vector of unknowns (a) retrieved by the GARRLiC
algorithm.

Notation Definition Variability limits

av
{
akv
}
i

= ln
(
aV (ri)
d ln r

)
, i = 1, ..., Nk

r , k = 1, 2
0.000005 ≤ dV (ri)

d ln r
≤ 0.03

i = 1, Nk
r , (µm

3/µm2)

an
{
akn
}
i

= ln (n (λi)) , i = 1, ..., Nλ, k = 1, 2 1.33 ≤ n (λi) ≤ 1.6

aκ
{
akκ
}
i

= ln (k (λi)) , i = 1, ..., Nλ, k = 1, 2 0.0005 ≤ k (λi) ≤ 0.1

asph asph = ln (Csph) 0.001 ≤ Csph ≤ 1.0

ah
{
akh
}
i

= ln (ck (hi)) , i = 1, ..., Nh, k = 1, 2
hTOA∫
hBOA

ck (h)dh = 1

aA {aA}i = ln (A (λi)) , i = 1, ..., Nλlidar 0.1 ≤ A (λi) ≤ 3.0

state of the aerosol in the atmosphere, except for the lidar calibration parameters,
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consist of two subsets of parameters, each describing independent aerosol component,

corresponding to fine and coarse aerosol mode:

a... =




af...

ac...


 . (3.34)

Lidar calibration parameter A (λi) is defined for the number of lidar wavelengths

Nλlidar included in the combined observation.

As it was mentioned above inversion is considered as multi-term Least Squares

Method (LSM) that solves the following system of equations (Dubovik and King,

2000; Dubovik et al., 2011):





f∗ = f (a) + ∆f

0∗ = (∆a)∗ = Sa + ∆ (∆a)

a∗ = a + ∆a∗,

(3.35)

where f∗ is a vector of the combined measurements, ∆f is a vector of measurement

uncertainties and a is a vector of unknowns.

The second term in Eq. 3.35 represents the a priori smoothness assumptions used

to constrain the variability of size distribution, vertical concentration and spectral

dependencies of the real and imaginary parts of the refractive index. The matrix S

includes the coefficients for calculating m-th differences (numerical equivalent of the

derivatives) of dV (ri)/d ln r, c (hi), n (λi) and κ (λi); 0∗ is the vector of zeros and

∆ (∆a) is the vector of the uncertainties characterizing the deviations of the differ-

ences from the zeros.

The third part in Eq. 3.35 includes the vector of a priori estimates a∗ and ∆a∗ is the

vector of the uncertainties in a priori estimates. The errors ∆f , ∆ (∆a), and ∆a∗ are

assumed normally distributed.

According to the multi-term LSM concept, the solution for the Equation 3.35 corre-
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sponds to the minimum of the following quadratic form:

Ψ (ap) = Ψf (ap) + Ψ∆ (ap) + Ψa (ap) =

1
2

(
(∆fp)TW−1

f ∆fp + γ∆(ap)TΩap + γa(a
p − a∗)TW−1

a (ap − a∗)
)
.

(3.36)

The minimum could be obtained by iterative procedure:

ap+1 = ap − tp∆ap, (3.37)

where ap is the p-th the solution of so called normal system:

Ap∆ap = ∇Ψ (ap) , (3.38)

where Ap is the Fisher Matrix and the right side and represents the gradient ∇Ψ (ap):

∇Ψ (ap) = KT
p W−1

f ∆fp + γ∆Ωap + γaW
−1
a (ap − a∗) , (3.39)

Ap = KT
p W−1

f Kp + γ∆Ω + γaW
−1
a , (3.40)

where ∆fp = f (ap)− f∗ and Kp is the Jacobi matrix of the first derivatives ∂f(ap)
∂ai

.

It should be noted that Fisher Matrix Ap can be considered as so-called Hessian

matrix of second-order partial derivatives of the quadratic form Ψ (ap) (see for e.g.

Bevington, 1969; Tarantola, 1987). Correspondingly, Eq. 3.38 can be also written as

follows:

(∇∇Ψ (ap)) ∆ap = ∇Ψ (ap) , (3.41)

where ∇∇TΨ (ap) is the matrix with the elements
{
∇∇TΨ (ap)

}
ji

= ∂2Ψ(a)
∂aj∂ai

∣∣∣
a=ap

.

W are the weighting matrices, defined by Dubovik and King (2000) as follows:

W... =
C...

ε...
, (3.42)
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where ε2
... = {C...}11 are the first diagonal elements of the corresponding covariance

matrices C... and γ... are Lagrange multipliers, defined by Dubovik (2004):

γ... =
Nfε

2
f

N...ε2
...

, (3.43)

where N... are the sizes of corresponding vectors.

Equation 3.43 is written under an assumption that increasing the number of measure-

ments in the coordinated set of remote sensing observations inevitably will decrease

the accuracy of each single measurement in this observation set.

For example, if a sun-photometer takes one single observation, the expected variance

of measurement error is ε2
f,N . If the same sensor makes Nf space- and/or time-

coordinated observations the variance of the error in each single observation increases

by the factor Nf , i.e. ε2
f,N ∼ Nfε

2
f,1. This increase can be explained by the fact that

the consistency of the Nf coordinated observations should be assured by controlling

relations between the Nf observations. The control of each of those relationships

introduces a random error ε2
f,N , correspondingly the error variance of a single mea-

surement in dimensional observation increases in Nf times.

The coefficient tp in Eq. 3.37 is adjusted to provide the monotonic decrease of Ψ (ap),

i.e.

Ψ
(
ap+1

)
< Ψ (ap) . (3.44)

If all assumptions are correct, the minimum value of the above quadratic form can

be theoretically estimated as follows:

Ψ (a) ≈ (Nf +N∆ +Na∗ −Na) ε
2
f . (3.45)

Note that the minimum value of Ψ (ap) relates to ε2
f because the weighting matrices

were used instead of using directly the covariance matrices. Once the value of mea-
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surement error is known ε2
f , Eq. 3.45 can be used to verify the consistency of the

retrieval. Specifically, the inability to achieve the above minimum can indicate the

presence of unidentified biases or inadequacy in the assumptions made.

It should be noted that the control of ”measurement residual” Ψf (ap) (the first term

of quadratic form in Eq. 3.36) is a very useful tool for diagnostics of the retrieval

dynamics. Specifically, the final value of Ψf (ap) should be close to the level of the

expected measurement noise. Indeed, if the algorithm has found the right solution,

the value of the total residual Ψ (ap) should be rather small and determined mainly

by the random errors of observations. The contributions of the a priori residual terms

in Eq. 3.36 should not be significant, because generally the weights of a priori terms

Ψ∆ (ap) and Ψa (ap) are minor compared to the weight of the ”measurement resid-

ual” term Ψf (ap). However, at early iterations, when the solution approximation

is very far from the solution, Ψf (ap) is dominated by linearisation errors and has

the value much higher than the level of the expected measurement noise. Therefore,

since accuracy of a priori data is independent of the iteration, the weight of the a

priori term should be increased. Correspondingly, this additional enhancement of the

a priori data impact on the solution improves the convergence of non-linear fitting.

For example, in developed GARRLiC algorithm, following Dubovik and King (2000)

and Dubovik (2004), the strength of a priori constraints is adjusted dynamically as a

function of the measurement residual Ψf (ap):

ε2
f (ap) =

Ψf (ap)

Nf −Na

, (3.46)

where Ψf (ap) reflects the accuracy of the combined lidar/radiometer observation fit

at the p-th iteration and provides an indication of how the iterations converge to

the solution. For example, at the last iteration, when the solution estimate aplast is

expected to be in a small vicinity of the actual solution, the value of the residual
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Ψf (a) of the measurement fit can be estimated as:

Ψf (aplast) ≈ (Nf −Na) ε
2
f . (3.47)

Using ε2
f (ap) Eq. 3.46 adjusts the values of the Lagrange multipliers γ∆ and γa in

Eqs. 3.36 – 3.41 and enhances the contribution of a priori constraints at the earlier

iterations. As suggested by Dubovik (2004), this dynamic determination of a priori

constraints improves convergence of non-linear iterations analogously to Levenberg-

Marquardt formulations. At the same time, in contrast to the original Levenberg-

Marquardt method, the idea of enhancing constraints on the solutions at earlier it-

erations in the formulations by Dubovik (2004) is included harmoniously within the

framework of united statistical estimation approach. For example, if no smoothness

constraints are used (i.e. the smoothness terms in the right sides of Eqs. 3.35 –

3.41 are eliminated) and no a priori estimates a∗ are available, then one can assume

a∗ = ap and Eqs. 3.36 – 3.41 become equivalent to the Levenberg-Marquardt formu-

lations (see more details in (Dubovik, 2004)).

The vector of combined measurement could be considered as consistent of five com-

ponents, representing independent measurements with different level of accuracies:

f∗ =




fθ

fτ

fβ1

fβ2

fβ3




, (3.48)

where index θ denotes sun and sky radiances, τ stands for optical thickness, and β...

is for lidar measurements at different wavelengths.

As measurements of optical thickness and sun and sky radiances (Dubovik et al.,
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2000) are made with different accuracy, as well as lidar measurements at different

wavelengths, covariance matrices will have an array structure:

Cf =




Cθ 0 0 0 0

0 Cτ 0 0 0

0 0 Cβ1 0 0

0 0 0 Cβ2 0

0 0 0 0 Cβ3




. (3.49)

It should be noted that in many practical situations the observations are uncorre-

lated and provide equally accurate data, i.e. weighting matrices are equal to unity

matrices W... = I. Such weight matrix structure directly applicable to the passive

measurements both for sky-radiances and aerosol optical thickness performed at dif-

ferent wavelengths. However such estimations that were implied in the AERONET

and POLDER retrievals, are not applicable to lidar measurements, as their variances

depend both on the altitude and on the wavelength. Thus, the weight matrix of lidar

measurement will have a form of diagonal matrix that describes relative altitude de-

pendence of the variance for the given spectral channel. This will transform Equation

3.49 into:

Cf =




ε2
θIθ 0 0 0 0

0 ε2
τIτ 0 0 0

0 0 εβ1Hβ1 0 0

0 0 0 εβ2Hβ2 0

0 0 0 0 εβ2Hβ3




, (3.50)

where I... denote the unity matrix of corresponding size and Hβ... is the matrix that

describes vertical variability of the lidar measurements accuracy.

The variance of the errors in measurements of scattered radiance is expected at the

level of 3 % relative to the magnitude of observed radiance I, i.e. εθ = ∆ (ln I) ≈
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∆I
I

= 0.03, the variance of the errors in measurements of the optical thickness (direct

radiance) is expected at the absolute level of 0.005, i.e. ∆τ = 0.005. The same values

were used in AERONET retrievals by Dubovik and King (2000).

Estimation of the dispersion of lidar observations

Unlike photometric measurements the accuracy of the lidar observations is not equal

for different spectral channels and it also depends on the altitude. Such dependence

for the given spectral channel could be described with a normalized matrix of altitude

dependence Hβ... :

{Hβ...}ii = εβ...
Dβ... (hi)

Dmin
β...

. (3.51)

Such estimation of Hβ... was chosen to define the lagrange coefficients for the lidar

measurements in the uniform way with the selection of those for photometric mea-

surements (see Eq. 3.50) and, therefore, assigning ελj with a meaning of minimum

variation of the lidar measurement at the given wavelength λj. In this case provided

vertical profile of lidar measurement dispersion will describe relative to ελj altitude

dependence of the measurement variation.

The importance of estimation of noise impacts on backscatter retrievals was illus-

trated by several papers (on Klett method, for example by Rocadenbosch et al., 2010;

Comeron et al., 2004). For the given method, an estimation of the dispersion of the

lidar signal Dβ... was used. The method to estimate Dβ... was proposed in works

by Denisov et al. (2006) and Chaikovsky et al. (2012). According to this principle,

measured lidar signal could be defined as:

P ∗ = P + Pns + Ps + ∆P + PB, (3.52)

where P is the real magnitude of a signal, P ∗ is the measured signal, Pns is the non-

synchronous noise, Ps is the synchronous noise, ∆P is the non-linear deviation and
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PB is the background signal.

The non-synchronous component of the noise describes the noise that doesn’t depend

on the moment of sending of laser impulse: dark and fluctuation currents of a photo

receiver, random noise in receiving channel. All these components are supposed to

be non-correlated. Dispersion of non-synchronous component could be defined by:

(δPns)
2

P 2
=
g2 + q2 (P (λj, hi) +B (λj))

MAP 2 (λj, hi)
, (3.53)

where g is the total deviation of dark current and noise in receiving channel, q is the

index that characterizes fluctuation noise of the photo receiver and could be estimated

on dark measurements of photoreceiving module, M = n2 − n1 is the number of sig-

nal counts in the averaging interval over altitude, A is the accumulation of the signal

(number of profiles used for time-averaging). During accumulation of the received sig-

nal dispersions of non-synchronous signals are summed up, while synchronous noises

are summed up by amplitudes and, therefore, could not be suppressed by accumula-

tion.

The synchronous component of the noise describes signals induced in receiving chan-

nel by power supplying systems of the laser and internal noises in electrical circuits

of registration system. The dispersion of synchronous noise is defined by the charac-

teristics of receiving channel and depends on M:

(δPs)
2 =

u2

M
, (3.54)

where u is the coefficient that characterize the amplitude of synchronous noise.

The dispersion of the background signal is considered to be negligible as averaging

and accumulation of the background signal are usually sufficient. Fluctuations in

registered signal added by the background signal are accounted in Equation 3.53

dealing with estimations of non-synchronous noise.
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The deviation ∆P caused by the receiving module non-linearity could be determined

by the receiving channel characteristics:

∆2P (λj, hi)

(P (λj, hi)− P (λj, href ))2 = ν2(P (λj, hi)− P (λj, href ))2, (3.55)

where v = γ
Pmax

is the non-linearity parameter, γ is the relative error of signal trans-

mission caused by non-linearity of the receiving channel under maximum signal mag-

nitude Pmax and href is the reference altitude.

The parameters g, u, q and v are system dependent, and usually could be estimated

from the testing of the lidar registration system.

During the calibration of lidar signal (see Eq. 2.19) information about molecular

scattering βm (λj, hi), σm (λj, hi) is used, therefore, the impact of the dispersion of

these optical parameters estimations (Hughes et al., 1985) on a lidar signal should

be taken into account. The dispersion of estimation of optical properties of Rayleigh

scatter is determined by the used model (for e.g. ISA, 1975; SA, 1976).

Thus, combining all dispersion estimations one can get the corresponding diagonal

elements for the Dβ... (Chaikovsky et al., 2006b; Denisov et al., 2006):

Dβj (hi) = ν2 +
g2 + q2P ∗ (λj, hi)

AM(P ∗ (λj, hi)−B∗ (λj))
2 +

u2

(P ∗ (λj, hi)−B∗ (λj))
+ 4α2

1 + 4α2
2,

(3.56)

where P ∗ (λj, hi) is recorded during measurements, α1 =
√

δ2(τm(λj ,hi))

τ2m(λj ,hi)
is the relative

error of estimation of molecular optical thickness and α2 =
√

δ2(βm(λj ,hi))

β2
m(λj ,hi)

is the rela-

tive error of estimation of molecular backscattering.

The vertical profile of the lidar signal dispersion Dβj (hi) is provided by the complex

software developed for the lidar registration system used for observations following

Eq. 3.56 (Chaikovsky et al., 2006a; Denisov et al., 2006).

Parameters g, q, u, v are estimated from the testing of the lidar registration system,

parameters α1, α2 are known for the given model of molecular scattering. Correspond-
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ingly, the weight matrix Wf of the combined lidar/radiometer observation could be

defined as:

Wf =




Iθ 0 0 0 0

0 γτIτ 0 0 0

0 0 γβ1Hβ1 0 0

0 0 0 γβ2Hβ2 0

0 0 0 0 γβ3Hβ3




, (3.57)

where I... denote the unity matrices of corresponding dimension, Hβj denote diagonal

matrix of the corresponding dimension, and γ... is the ratio of the variances of scattered

radiances and variances of the corresponding measurement, including aerosol optical

thickness (γτ ) and lidar measurements (γβj) in different spectral channels (following

Eq. 3.43):

γ... =
N...ε

2
...

Nθε2
θ

. (3.58)

The minimum variance of the errors in measurements of backscattered radiance are

expected at the level of 20% for channels 0.355 µm, 15% and of 10% for 0.532,

1.064 µm relative to the magnitude of observed attenuated backscatter L, i.e.

εβ1 = ∆ (lnL) ≈ ∆L
L

= 0.2, εβ2 = 0.15 and εβ3 = 0.1. It should be noted that these

values define only minimum variation of the measurements, and the real values of the

variations at each altitude are fully depend on the diagonal elements of matrix Hβj .

3.2.2 A priori smoothness constraints

The a priori smoothness constraints are applied in the GARRLiC algorithm on sev-

eral different components of the vector a differently, same as in previous approaches

(Dubovik and King, 2000; Dubovik, 2004; Dubovik et al., 2011). For example, for

the vector of unknowns a, given by Eq. 3.33, the matrix S has the following array
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structure:

Sa =




Sv 0 0 0 0 0

0 Sn 0 0 0 0

0 0 Sκ 0 0 0

0 0 0 0 0 0

0 0 0 0 Sh 0

0 0 0 0 0 0







av

an

aκ

asph

ah

aA




. (3.59)

The correspondent matrices S... have different dimension and represent differences

of different order (3 for size distribution, 1 for n (λi) and 2 for κ (λi) and c (hi)).

The lines in Eq. 3.59 corresponding to asph and aA contain only zeros because no

smoothness constraints are applied on them.

In the proposed algorithm each microphysical parameter (including size distribution,

complex refractive index and vertical concentration distribution) describes two aerosol

components (fine and coarse mode, see also Eq. 3.34). It should be noted that despite

of technical possibility to retrieve different fractions of spherical particles (asph) for

each aerosol component, fraction of the fine mode was set to be the same as for

the coarse mode due to the low effect of the shape of small particles on intensity

measurements:

afsph = acsph. (3.60)
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Consideration of Equations 3.34 and 3.60 transforms Eq. 3.59 into:

Sa =




Sfv 0 0 0 0 0 0 0 0 0 0

0 Scv 0 0 0 0 0 0 0 0 0

0 0 Sfn 0 0 0 0 0 0 0 0

0 0 0 Scn 0 0 0 0 0 0 0

0 0 0 0 Sfκ 0 0 0 0 0 0

0 0 0 0 0 Scκ 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 Sfh 0 0

0 0 0 0 0 0 0 0 0 Sch 0

0 0 0 0 0 0 0 0 0 0 0







afv

acv

afn

acn

afκ

acκ

afsph

acsph

afh

ach

aA




. (3.61)

It should be noted that for making formulations more transparent only one coefficient

γ∆ was shown in the second term in Eq. 3.36. However, the actual algorithm uses 8

multipliers γ∆,i. The errors ∆ (∆a) are assumed independent for different components

of the vector (∆a)∗ and the smoothness matrix in Eq. 3.36 has the following array
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structure:

γ∆Ω =


γ∆,1Ω1 0 0 0 0 0 0 0 0 0 0

0 γ∆,2Ω2 0 0 0 0 0 0 0 0 0

0 0 γ∆,3Ω3 0 0 0 0 0 0 0 0

0 0 0 γ∆,4Ω4 0 0 0 0 0 0 0

0 0 0 0 γ∆,5Ω5 0 0 0 0 0 0

0 0 0 0 0 γ∆,6Ω6 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 γ∆,7Ω7 0 0

0 0 0 0 0 0 0 0 0 γ∆,8Ω8 0

0 0 0 0 0 0 0 0 0 0 0




,

(3.62)

where Ωi = STi W−1
i Si uses the derivative matrices Si (i = 1, . . . , 8) Sfv , Scv, Sfn, Scn,

Sfκ, Scκ, Sfh, Sch, Ssph. If it is assumed that the covariance matrices of errors ∆ (∆a)

have the structure C∆,i = ε2
∆,iI for each component of (∆a)∗, i.e. weighting matrices

are W∆,i = I, where I has the corresponding size. Correspondingly, the quadratic

form Ψ∆ (ap) in Equation 3.36 can be written as the following sum:

2Ψ∆ (ap) = γ∆(ap)TΩap =
∑

i=1,...,8

2Ψ∆,i (a
p) =

∑

i=1,...,8

γ∆,i(a
p
i )
TΩia

p
i , (3.63)

where γ∆,i = ε2
f

/
ε2

∆,i.

The utilization of the smoothness constraints for a single retrieved function y (xi) was

originated in the papers by Phillips (1962), Tikhonov (1963) and Twomey (1963).

Although application of the smoothness constraints is usually considered to be an

implicit constraint on derivatives, in these original papers and most of follow-on
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studies the solution â was constrained by minimizing m-th differences ∆m of the

components of vector â:

∆1 = âi+1 − âi, (m = 1)

∆2 = âi+2 − 2âi+1 + âi, (m = 2)

∆3 = âi+3 − 3âi+2 + 3âi+1 − âi, (m = 3).

(3.64)

The corresponding ”smoothness” matrix Ω = (Si)
T (Si) was defined using matrices

of m-th differences S(m) (i.e. ∆m = S(m)â ). For example smoothness matrix with

m=2 is:

S2 =




1 −2 1 0 ...

0 1 −2 1 0 ...

0 0 1 −2 1 0 ...

... ... ... ... ... ... ... ...

... ... ... 0 1 −2 1




. (3.65)

The present development follows the concept of Dubovik and King (2000) and

Dubovik (2004) that considers smoothness constraints explicitly as a priori estimates

of the derivatives of the retrieved characteristic y (xi). The values of m-th derivatives

gm of the function y (xi) characterize the degree of its non-linearity and, therefore,

can be used as a measure of y (xi) smoothness. For example, smooth functions

y (xi), such as, a constant, straight line, parabola, etc. can be identified by the m-th

derivatives as follows:

g1 (x) = dy (x)/dx = 0⇒ y1 (x) = C;

g2 (x) = d2y (x)/dx2 = 0⇒ y2 (x) = Bx+ C;

g3 (x) = d3y (x)/dx3 = 0⇒ y3 (x) = Ax2 +Bx+ C.

(3.66)
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These derivatives gm can be approximated by differences between values of the func-

tion y (xi) in Na discrete points xi as:

dy(xi′ )
dx
≈ ∆1y(xi)

∆1(xi)
= y(xi+∆1(xi))−y(xi)

∆1(xi)
,

d2y(xi′′ )
dx2

≈ ∆2y(xi)
∆2(xi)

=
∆1y(xi+1)/∆1(xi+1)−∆1y(xi)/∆1(xi)

(∆1(xi)−∆1(xi+1))/2
,

d3y(xi′′′ )
dx3

≈ ∆3y(xi)
∆3(xi)

=
∆2y(xi+1)/∆2(xi+1)−∆2y(xi)/∆2(xi)

(∆2(xi)−∆2(xi+1))/2
,

(3.67)

where

∆1 (xi) = xi+1 − xi;

∆2 (xi) = (∆1 (xi) + ∆1 (xi+1))/2;

∆3 (xi) = (∆2 (xi) + ∆1 (xi+1))/2;

xi′ = xi + ∆1 (xi)/2;

xi′′ = xi + (∆1 (xi) + ∆2 (xi))/2;

xi′′′ = xi + (∆1 (xi) + ∆2 (xi) + ∆3 (xi))/2.

(3.68)

The corresponding matrix of m-th derivatives Sg,(m) (i.e. gm = Sg,(m)â) can easily be

defined using Eq. 3.64. For example:

Sg,(m) =


2
∆1(∆1+∆2)

−2
(∆1∆2)

2
∆2(∆1+∆2)

0 ... ...

0 2
∆2(∆2+∆3)

−2
(∆2∆3)

2
∆3(∆1+∆3)

0 ...

0 0 2
∆3(∆3+∆4)

−2
(∆3∆4)

2
∆4(∆3+∆4)

0

... ... ... ... ... ...




(3.69)

where ∆i = ∆1 (xi) = xi+1 − xi. One can see that Sg,(m) has significantly more com-

plex structure than the conventional definition of smoothing matrix by Eq. 3.64. In

difference with Eq. 3.64, Eq. 3.67 allows for applying smoothness constraints in more

general situations when ∆1 (xi) 6= const. For example, in present algorithm there is a

number of complex refractive index is the function of λ and the algorithm deals with

their values defined for each spectral channel λi. Obviously the λi+1−λi 6= const and
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using standard definition of differences by Eq. 3.64 for smoothing spectral complex

refractive index is not completely correct. Applying the limitations on the derivatives

defined by Eq. 3.67 is more rigorous if no significant changes of derivatives of y (x)

are expected for different ordinates xi. Although using Eq. 3.67 leads to a loose of

transparency in definitions of matrices S(m), generating those matrices on algorith-

mic level is rather straightforward and defining of Lagrange parameters γ∆ is more

logical. Therefore, in present algorithm, the smoothness constraints are applied to

limit directly the numerical equivalents of m-th derivatives given by Eq. 3.64, by

a priori assumption that m-th derivatives are equal to zeros with some uncertainty

(g∗ = 0∗ = 0 + ∆g).

It should be noted that limitations of the derivatives of the vertical profiles appears

to be a rather useful and very logical approach to avoid unrealistic spiky vertical

variations in profiling that is also used in the LiRIC algorithm by Chaikovsky et al.

(2002a). Surprisingly, such apparently natural constraining is rarely used in profiling

techniques (with few exceptions: Dubovik et al., 1998; Oshchepkov et al., 2002). For

example, even the cornerstone methodological studies of atmosphere profiling (e.g.

Rodgers, 1976) propose limiting directly the values of profile using a priori estima-

tions. Such approach is generally rather restrictive and can lead to the notable biases

in the retrieval in the case when a priori assumed profiles are significantly differ-

ent from the real ones. For example, in the aerosol microphysical applications where

aerosol size distributions are retrieved from the measurements of spectral and angular

scattering such approach appears to be unfruitful. Indeed, the shape and magnitudes

of aerosol size distribution may strongly vary and direct restriction of its magnitude

by a priori values is too restrictive. As a result, although the use of a priori estimates

as a constrain in the retrieval of size distribution was proposed and tried by Twomey

(1963) much earlier than in atmospheric profiling (e.g. Rodgers, 1976) it was never

widely used. Instead, most of established aerosol retrieval algorithms (e.g. King et al.,
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1978; Nakajima et al., 1983, 1996; Dubovik et al., 1995; Dubovik and King, 2000, and

others) use the limitations of derivatives of aerosol size distribution. Such limitations

are obviously more universal and do not have apparent dependence on aerosol type,

loading and so on. The same property of derivatives constraining seems to be very

advantageous for constraining vertical profile retrievals (as it was done in the present

work).

The values of the Lagrange multipliers used in the retrievals are shown in Table 3.6.

Different values of Lagrange multiplier for different aerosol components were chosen

due to the found difference in algorithm sensitivity to different modes. More detailed

it will be discussed in the sensitivity study section. The significantly greater values of

multipliers for the complex refractive index were chosen to suppress indetermination

of the used model in the presence of two aerosol components with different refractive

indexes.

More detailed description of S matrices of m-differences and Lagrange multipliers

Table 3.6: Values of the Lagrange multipliers used in the GARRLiC retrievals, cor-
responding to the elements of vector of unknowns a.

Aerosol parameter Order of finite
differences

Values of γ∆

dV f (ri)
/
d ln r

(
i = 1, ..., Nrf

)
2 0.75

dV c (ri)/d ln r (i = 1, ..., Nrc) 2 0.1

nf (λi) (i = 1, ..., 7) 1 500

nc (λi) (i = 1, ..., 7) 1 500

κf (λi) (i = 1, ..., 7) 2 20

κc (λi) (i = 1, ..., 7) 2 20

cf (hi) (i = 1, ..., Nh) 2 0.007

cf (hi) (i = 1, ..., Nh) 2 0.007

could be found in Dubovik and King (2000); Dubovik et al. (2011).

98



The general structure of the numerical inversion data flow implemented for the re-

trieval of aerosol is summarized in Fig. 3.7.
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Figure 3.7: General scheme of numerical inversion of the GARRLiC algorithm.
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Chapter 4

GARRLiC Algorithm functionality

and sensitivity tests

Data without generalization is just

gossip.

Robert Pirsig

Series of sensitivity tests have been performed to verify the performance of the

developed algorithm and to provide the illustration of capabilities and limitations of

the algorithm to derive a set of aerosol parameters (see Tables 3.2, 3.5) from coincident

lidar and sun photometer observations (see Table 3.1).

The sensitivity tests had been designed to conform to realistic conditions of each of the

measurement. The analysis was carried out with simulated radiances using several

typical and optically distinct aerosol types. Specifically, three aerosols have been

considered with the intention of extending the sensitivity to a wide range of different

situations that could be encountered in most known aerosol observation sites that

have both lidars and sun-photometers. The aerosols considered were: desert dust,

non-absorbing urban, and absorbing biomass-burning aerosol.

The tests were carried out for two cases representing situations when desert dust is
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mixed with urban pollution or biomass-burning aerosols. Six different scenarios were

considered for the each mixture. Among them three scenarios were performed for

high aerosol loading with total AOT of τa(0.532) = 1 and the other three with very

low AOT of τa(0.532) = 0.05. These two situations where chosen from the following

considerations. At the high aerosol loading we expect that synergetic retrieval would

maximally benefit from information from radiometric observations, while at very low

AOT, the lidar data should provide maximum benefits. Indeed, the accuracy of

AERONET retrievals generally higher at high aerosol loading and significantly falls

at very low AOTs (Dubovik et al., 2000). In contrast, the lidar data remain reliable

even at low aerosol loadings. For both high and low aerosol loading cases, three

different cases of fine/coarse mode partition were modelled: τf/τc = 4, τf/τc = 1 and

τf/τc = 1
4
. Thus, resulting in six mixture scenarios: τf = 0.8, τc = 0.2, τf = τc = 0.5,

τf = 0.2, τc = 0.8 and τf = 0.04, τc = 0.01, τf = τc = 0.025, τf = 0.01, τc = 0.04

correspondingly.

For each of the six scenarios, two series of the tests were made: (i) tests to estimate

the sensitivity to random noise were made without any noise added and with and

random noise added to the simulated measurements, and (ii) tests to illustrate the

possible improvements introduced by using both radiometric and lidar measurements

in comparison with the standard AERONET inversion.

4.1 Description of aerosol and noise models used

for sensitivity study

Aerosol optical properties are gathered and discussed in numerous characterization

studies. From of all these studies, the article by Dubovik et al. (2002a) was chosen

to parametrize the aerosols used in the present study. The Table 2.1 is an extract

of the Table 1 of Dubovik et al. (2002a) where values of the optical properties are
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given for several key locations. In particular, this work contains information about

twelve examples of Urban-industrial, biomass burning, desert dust aerosol and oceanic

aerosols. From all these three examples have been selected for the simulations within

the thesis: Solar Village site (Saudi Arabia) for desert dust, Goddard Space Flight

Center site (Maryland, USA) for clean urban and Mongu site (Zambia) for biomass

burning.

Solar Village (24.90◦N : 46.40◦E, 790 msl) is a solar power plant situated approxi-

mately 50 km North-West of Riyadh, inside the Arabian desert; these conditions make

that the aerosol registered in this site represent optical properties of the so-called pure

desert dust, without signs of urban pollution.

The AERONET calibration center at NASAs Goddard Space Flight Center (GSFC)

in Greenbelt, Maryland (38.99◦N : 76.84◦W, 87 msl) is the one chosen for representing

the urban aerosol. The place is located 20 km North-East of Washington inside the

Boston-Washington megalopolis which is the second most heavily urbanized area in

the United States supporting 50 million people. Nevertheless, GSFC site was selected

in the analysis because it has the lowest absorption values of the urban aerosol (see

Table 1 in Dubovik et al., 2002a).

Mongu (15.25◦S : 23.15◦E, 1107.0 msl) is mainly sandy with a seasonal flood plain

that is burned to the west annually from July through November. It is the capital of

the western region in Zambia and it has an airport where, precisely, the AERONET

site is located. This site was chosen due to the larger absorption among other sites

observing biomass burning, in order to o enlarge the study range.

The aerosol size distributions are described by Dubovik et al. (2002a) as bi-modal

log-normal. For the dust aerosols there is a clear coarse mode predominance and the

fine mode volume concentration is larger than the coarse mode for GSFC and Mongu.

In this study two uni-modal size distributions were used to generate 25 size bins (10

for fine and 15 for coarse aerosol modes) instead of one bi-modal log-normal size dis-
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tribution. The values used to model size distributions of fine and coarse modes (see

Table 4.1) were taken from AERONET retrieval climatology corresponding to dom-

inating modes of desert dust and biomass-burning aerosols (Dubovik et al., 2002a).

Both distributions for fine and coarse modes were normalized to provide correspond-

ing AOTs used in the study (see Table 4.1). To make the size distributions directly

comparable with the actual AERONET observations the values of the generated bin

radii were chosen corresponding to the ones of the standard AERONET retrieval.

The values of complex refractive indexes at λ = 0.440, 0.670,0.870 and 1.020µm for

Table 4.1: Parameters of log-normal size distributions used for size distribution mod-
elling for application in GARRLiC sensitivity tests.

Mode rmin, µm rmax, µm rmean rstd τ(τtotal = 1) τ(τtotal = 0.05)

Fine 0.05 0.576 0.148 0.4 0.8, 0.5, 0.2 0.04, 0.025, 0.01

Coarse 0.355 15.0 2.32 0.6 0.2, 0.5, 0.8 0.01, 0.025, 0.04

”urban pollution”, ”biomass burning” and ”desert dust” aerosol models were adapted

from actual long-time observation statistics over the GSFC, Banizombou and Solar

Village AERONET sites correspondingly (Dubovik et al., 2002a).

The real part of the refractive index of dust shows good agreement with several models

which suggest a value of 1.53 (Koepke et al., 1997; Shettle and Fenn, 1979). More-

over, in-situ values present deviations up to ±0.05 which are attributed to differences

in the dust composition and in the measurements techniques (Patterson and Gillette,

1977; Sokolik and Toon, 1999), therefore, a chosen value of 1.56 can be considered

adequate. However, the imaginary part of the refractive index used is relatively

lower than 0.008, suggested in some models (Shettle and Fenn, 1979). This issue

is directly related to the discussion about desert dust absorption between in-situ

models and remote sensing observations. The imaginary part dependence on λ is a

distinctive feature of the desert dust; concretely, κ(λ) is 3-4 times higher at 0.440

µm than at the longer wavelengths, while it remains constant for the others aerosol
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types. This spectral dependence has been reported in many studies both about mod-

els (Sokolik and Toon, 1999)) and measurements (Kandler et al., 2007)).

The real part of the refractive index of urban aerosol is assumed to be constant, re-

gardless of the wavelength, and equal to 1.36. This value is within the range 1.33

– 1.45 which is the estimation of TARFOX experiment. On the other hand, this

experiment estimates the imaginary part to be between 0.001 and 0.008; so the value

of 0.003, retrieved by AERONET (see Table 2.1), also agrees with the in-situ aircraft

results.

The values of the refractive index of the biomass-burning aerosol do not depend on

the aerosol optical depth and the high value of the imaginary part calls the attention.

Due to the important absorption of this aerosol, the imaginary part (constant with

wavelength and equal to 0.021) is one order of magnitude higher than in the other

aerosol types. Finally, it can be observed that the value for the real part, 1.51 for all

wavelengths, is a bit smaller than for desert dust (1.56) but much higher than the for

the urban aerosols.

The values of complex refractive index for all aerosol types for spectral channels

λ = 0.355, 0.532, and 1.064µm corresponding to lidar measurements were obtained

by the linear extrapolation.

Two realistic scenarios with clear vertical separation of fine and coarse aerosol com-

ponents were used. The fine mode was assumed to represent the background aerosol

with specific vertical distribution, while coarse mode distribution had a thick layer

approximately at 3 km. Both modes had significant amount of aerosol in the layers

close to the ground to mimic the properties of the boundary layer. Both distributions

had monotonous decrease over the altitude.

The values of the complex refractive indexes as well as vertical distribution profiles

of the aerosol models could be found marked as ”TRUE” at Figures 4.1 – 4.6, and

4.10 – 4.12.
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Each aerosol mode was modelled as a mixture of spherical and spheroidal particles, as

described in the previous chapter (see Eqs. 3.2, 3.3), with the same size distributions

and with the percentage of spherical particles (Csph) in the mixture of 10%.

To model realistic measurement conditions the random normally distributed noise

was added to the generated measurements. The variance of noise in optical thickness

measurement were set as 0.005, and the variance of noise in scattered irradiance were

chosen as 3%, i.e. ∆I
I

= 0.03, the spectral and altitude dependent variances of lidar

measurements were defined as:

∆L (λ, h)

L (λ, h)
= ε (λ)n (h) , (4.1)

where for the ε = 0.2, 0.15 and 0.1 for λ = 0.355, 0.532 and 1.064 µm correspondingly,

and vertical dependence were set as the following function:

n (h) =




1, log (h) < 1

log (h) , log (h) ≥ 1.
(4.2)

It should be noted that such estimations of the lidar noise are higher than those that

were used for the retrievals from the real measurements, such values were chosen to

model the worst case scenario and to outline the retrieval error boundaries for a such

unlikely situation.

Using above described microphysical model the synthetic AERONET and lidar mea-

surements were simulated and then inverted. The results then were compared with

the ”assumed” properties.

4.2 Sensitivity test results

The discussion of the sensitivity study results will focus on the retrievals of the

aerosol properties that were not a part of the standard AERONET inversion. Specif-
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ically, we will pay particular attention on the retrieval of aerosol vertical profiles and

differentiation between the properties of fine and coarse aerosol modes, including

complex refractive indexes, size distributions and others. In addition, we would like

to note that the accuracy of aerosol size distribution retrieval is not discussed here.

The results of our sensitivity tests show generally very similar tendencies as observed

in earlier studies by Dubovik et al. (2000).

The results of the sensitivity tests are presented in Figures 4.1 - 4.12. These results

show that algorithm, in general, derives all aerosol parameters with good accuracy,

and clearly distinguishes both aerosol modes. The addition of the realistic random

noise did not dramatically affect the retrieval results, although once noise is added

the retrieval results depart further from the ”assumed” values.

Figures 4.1 - 4.12 depict the retrieval of the aerosol properties of the described aerosol

models for noise free and noisy conditions, each for six different optical thickness

of the corresponding aerosol component obtained for two types of aerosol mixtures

(”Urban” + ”Dust” and ”Smoke” + ”Dust”).

Retrievals of the size distribution are shown in Figs. 4.1 – 4.3. The algorithm
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Figure 4.1: Retrievals of size distributions of ”Dust” aerosol model under noisy and
noise free conditions.

shows lower sensitivity to the size distributions of the aerosol models containing
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Figure 4.2: Retrievals of size distributions of ”Smoke” aerosol model under noisy and
noise free conditions.
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Figure 4.3: Retrievals of size distributions of ”Urban” aerosol model under noisy and
noise free conditions.

fine particles (”Smoke” and ”Urban”), and uncertainties in the estimation of this

parameter are higher than for the coarse mode (”Dust” model) even in noise free

conditions. All retrievals show dependence of the retrieval accuracy on the aerosol

optical thickness of the corresponding aerosol component. The presence of the

random noise does not dramatically affect the retrievals, yet the dispersion is higher

in the presence of noise, especially for cases when the studied mode does not domi-

nate in the mixture and its optical thickness is low. The most dispersed points are
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situated at the maximums and the boundaries of the distributions both for noise

and noise free conditions. Such behaviour of the distributions on the particle size

boundaries was also demonstrated by Dubovik et al. (2000). The difference of the

size distribution values at the maximum point could be explained by uncertainty in

the estimations of the concentration of the selected aerosol component.

Figures 4.4 – 4.6 show the retrievals of the aerosol complex refractive indices of each

aerosol component under noisy and noise free conditions performed for 6 different

AOTs and obtained for the two aerosol mixtures listed above. As it seen in Figures

4.4 – 4.6 method shows higher accuracy of the retrieval of this columnar property in

the cases with higher aerosol loadings. Similar tendency is observed for the retrieval

of vertical profiles.

The another observed trend is that the accuracy of the retrievals of complex

refractive index for each aerosol mode strongly correlates with the contribution of

this mode to the signal. Specifically, two following tendencies are observed. First,

the higher the presence of the mode, the better retrieval accuracy of the refractive

index for this mode. Second, the retrieval error of the refractive index increases from

shorter wavelengths to longer ones for the fine mode, and for the coarse mode, the

tendency is opposite. Also retrievals of the properties of the coarse mode have better

accuracies, compared to the properties of the fine aerosol components in both noisy

and noise free conditions, yet the presence of random noise sufficiently scatters the

retrieval results, especially ones retrieved at low AOTs.

Figures 4.7 – 4.9 illustrate that similar tendencies are observed for the retrievals of

the single-scattering albedo.

This trend is especially evident in the situations with low total AOTs and

when one of the components dominates. As can be seen from Figs. 4.7 – 4.9,

in such situation retrieval errors of the properties of minor aerosol mode become

unacceptably high. This leads to incorrect separation of the total single-scattering
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Figure 4.4: Retrievals of complex refractive index of ”Dust” aerosol model for different
AOTs under (a) - noise free and (b) - noisy conditions.

albedo between these two aerosol components at shorter wavelengths. The retrievals

of total single-scattering albedo depend on the total optical thickness similarly as

observed by Dubovik et al. (2000). Thus, the scenario with high total AOT and

equal partition between the modes is the most favourable for overall retrieval.

Figures 4.10 – 4.12 show the retrievals of the vertical distributions. As demonstrated

by these figures the algorithm gives generally adequate vertical profiles for both

modes. At the same time, it tends to slightly overestimate the amount of the fine
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Figure 4.5: Retrievals of complex refractive index of ”Smoke” aerosol model for dif-
ferent AOTs under (a) - noise free and (b) - noisy conditions.

mode and to underestimate coarse mode content in the layers that contain the

mixture of aerosols of both types. However, the algorithm always provides adequate

total extinction estimations for the given layer.

This tendency remains even in noise free conditions. It probably can be explained

by insufficient information content for perfect separation of fine and coarse mode

contributions to the total backscatter signal in the mixed layers. The same as for

the aerosol properties that were shown above (Figs. 4.1 – 4.12), the presence of

110



0.0001

0.001

0.01

0.1

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1Im
ag

in
ar

y 
pa

rt 
of

 re
fra

ct
iv

e 
in

de
x

Wavelength,µm

1.35

1.4

1.45

1.5

1.55

1.6

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

!=0.8 !=0.5 !=0.2 !=0.04 !=0.025 !=0.01 TRUE

R
ea

l p
ar

t o
f r

ef
ra

ct
iv

e 
in

de
x

Wavelength, µm

(a) noise free conditions.

0.0001

0.001

0.01

0.1

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

TRUE !=0.8 !=0.5 !=0.2 !=0.04 !=0.025 !=0.01

Im
ag

in
ar

y 
pa

rt 
of

 re
fra

ct
iv

e 
in

de
x

Wavelength, µm

1.35

1.4

1.45

1.5

1.55

1.6

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

R
ea

l p
ar

t o
f r

ef
ra

ct
iv

e 
in

de
x

Wavelength, µm

(b) noisy conditions.

Figure 4.6: Retrievals of complex refractive index of ”Urban” aerosol model for dif-
ferent AOTs under (a) - noise free and (b) - noisy conditions.

the random noise amplifies the dispersion of the retrievals, especially those that

were obtained at low AOTs. Another issue is the underestimation of the aerosol

concentration at lower levels in the presence of noise. This could be directly ad-

dressed to overestimation of the total aerosol concentration that propagated from

the size distribution retrievals. As different studies demonstrate that most of the

aerosol content is situated close to the ground such particularity could be connected
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Figure 4.7: Retrievals of single-scattering albedo of ”Dust” aerosol model under noisy
and noise free conditions.
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Figure 4.8: Retrievals of single-scattering albedo of ”Smoke” aerosol model under
noisy and noise free conditions.

with the errors in estimations of aerosol vertical distribution between the minimum

sounding altitude of the LIDAR (hmin) and the altitude where the sun-photometer

was installed. This issue will be addressed in the follow-on studies.

Another tendency observed in the sensitivity study is a lower sensitivity of the

retrieval to the properties of the fine mode, especially to the complex refractive

index. These high errors in derived complex indices of refraction propagate to the

estimations of other optical properties of the fine mode. The trend remains even
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Figure 4.9: Retrievals of single-scattering albedo of ”Urban” aerosol model under
noisy and noise free conditions.

in situations with high aerosol loading and in noise free conditions. Figure 4.13

shows that fundamental reason for this feature is a selective sensitivity of the lidar

measurement to the optical properties of the particles of different size and shape.

Values of lidar ratios depicted in Fig. 4.13 were retrieved using size distributions

mentioned in Table 4.1 with corresponding optical thickness of τf = τc = 0.5. To

retrieve the lidar ratios of spherical and non-spherical particles parameter Csph was

set to 100% and 0% correspondingly. Both complex indices of refraction for fine and

coarse mode were considered spectrally constant. Values of the fixed part of complex

refractive index were set as κ (λ) = 0.05 for imaginary part and n (λ) = 1.55 for real

part for the cases with changing real and imaginary parts correspondingly. Such

values were chosen to make the studied dependencies more pronounced.

Specifically, Fig. 4.13 clearly indicates that lidar ratio of the aerosol fine mode is

less affected by the changes in refractive index compared to the coarse mode. This

could be explained by smaller sensitivity of light scattering to the particle shape

of the fine mode that is well illustrated by Fig. 4.13, showing stronger dependence

of the lidar ratio on complex refractive index for the spheroidal particles of coarse

mode compared to spherical particles. Therefore, since lidar measurements are
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Figure 4.10: Retrievals of vertical distribution of ”Dust” aerosol model under noisy
and noise free conditions.

sensitive mainly to lidar ratio, lidar measurements do not provide significantly new

information about refractive index of fine mode.

Also at shorter wavelengths the high molecular scattering reduces the aerosol

contribution to the lidar signal. This also leads to decrease of the sensitivity to the

fine mode aerosol properties since a significant part of information about fine fraction

relies namely on shorter wavelengths.

It should be noted that a number of studies (Mishchenko et al., 2000, 2004;

Dubovik et al., 2006) indicate high sensitivity of polarimetric passive measurements

to the refractive index of the fine mode. Therefore, usage of photometers with

polarimetric capabilities could potentially result in better retrieval of the aerosol

parameters of the fine mode. The study on influence of the presence of polarimetric

passive measurements on the retrieval accuracy of the fine mode parameters will be
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Figure 4.11: Retrievals of vertical distribution of ”Smoke” aerosol model under noisy
and noise free conditions.

given in the corresponding section 4.4.

4.3 Improvements introduced by joint inversion of

lidar and AERONET

A synergetic handling of co-incident sun-photometer and lidar data is obviously ben-

eficial for acquisition of improved vertical characterization of aerosol. The processing

of lidar data always relies on assumptions about some aerosol properties. Obtaining

this missing information from nearby photometer is evidently preferable to a simple

assumption of these properties from climatologies. Therefore, the positive influence

of the photometer data on the lidar retrieval was emphasized in a number of previous

studies (Chaikovsky et al., 2002a,b, 2006b; Cuesta et al., 2008). However, all previ-
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Figure 4.12: Retrievals of vertical distribution of ”Urban” aerosol model under noisy
and noise free conditions.

ous photometer-LIDAR synergy approaches used AERONET retrievals in the form

of a priori assumptions for improving lidar retrievals. GARRLiC is the first develop-

ment trying to explore possibility of improving AERONET retrieval by using extra

information of co-located lidar observations. The possibility to distinguish indices of

the refraction of fine and coarse particles is one of the most significant innovations

proposed by GARRLiC, since it was not achievable using only AERONET data as

shown in studies by Dubovik et al. (2000). The results of the sensitivity tests pre-

sented in previous section showed the achievable levels of retrieval accuracy of the

complex refractive index using both lidar and photometer data. At the same time, it

is clear that the lidar data provide additional information about aerosols properties

because of high sensitivity of lidar data to aerosol lidar ratio. Therefore, in order

to provide additional illustration of the positive effect from using lidar data on the

aerosol columnar properties, we analyse the changes in accuracy of the retrieval of
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Figure 4.13: Dependencies of lidar ratios of fine and coarse modes on complex refrac-
tive index and shape.

lidar ratios by adding lidar data to the AERONET observations. Also any improve-

ment in lidar ratio estimations brings straightforward enhancements in the retrieval

of vertical profiles of aerosol concentrations.

With a purpose to access and illustrate possible improvements in the retrieval of
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Figure 4.14: Retrieval errors of lidar ratios with and without accounting for lidar
data.

aerosol columnar properties, additional scenario was added to the sensitivity study:
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inversion, neglecting the measurements provided by lidar. Figure 4.14 shows the

comparisons of lidar ratio retrievals conducted for AERONET data only and from

a combination of AERONET and LIDAR. The results demonstrate that joint re-

trieval allows more accurate retrievals of the lidar ratio for both aerosol components

in such challenging cases when one of the modes dominates in optical thickness. In

such cases the retrieval without lidar measurements tends to estimate all properties

of both modes close to those of the dominating one, leading to dramatic errors in

the lidar ratio estimations. The errors of the retrieval of the dominating mode li-

dar ratio remain almost the same for both inversion strategies. These results lead

to a conclusion that supplementing photometer data with lidar observations helps

to improve the retrieval of aerosol properties of the minor mode in the aerosol mix-

ture. Consequently, the retrieval of the vertical concentration profile of the minor

mode is also should be more accurate compared to the retrievals by the approaches

of Chaikovsky et al. (2012) and Cuesta et al. (2008) which assume lidar ratios from

AERONET retrievals.

Figure 4.15 shows the comparison of the aerosol size distributions for the same cases

depicted in Fig. 4.14. It is clearly seen from the Figure 4.15 that addition of lidar

data hadn’t seriously affected the retrievals. Following the results found in Fig. 4.13

and the fact that the AERONET retrieval uses only one refractive index for both

aerosol components, the improvements of the lidar ratio retrievals (shown in Fig.

4.14) should be mostly provided by the noticeable difference in the refractive indices

of the aerosol modes retrieved by the GARRLiC algorithm.

Also, based on the observations made from Fig. 4.13 that lidar ratio is very sensitive

to the retrieval accuracy of the spherical particles fraction, we have evaluated the

possible improvements in the retrieval of this parameter by using joint inversion of

AERONET and lidar data.

Table 4.2 summarizes the relative errors of the retrieval of this parameter for three
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Figure 4.15: Retrieval of the aerosol size distribution with and without accounting of
lidar data.

cases of aerosol with different partition of aerosol modes. The results were obtained

for high aerosol load within three inversion scenarios: the joint inversion of photome-

ter and lidar data without any noise added; the joint inversion with random noise

added to the data and the inversion of photometer data only with random noise added

to the observations. Although without the information about polarization the sensi-

tivity to this parameter is quite low and depends on the aerosol optical thickness, the

fact that backscatter depends on this parameter (illustrated by Fig. 4.13) allows de-

creasing retrieval errors in the situations when coarse mode dominates in the optical

thickness. As it seen from the table, the absence of lidar data in the presence of the

random noise makes accurate GARRLiC retrieval of this parameter impossible even

in situation with significant amount of coarse mode, while in the presence of lidar

data sensitivity to this parameter remains for the same case of aerosol load. Decrease

of the retrieval error with growth of the coarse mode concentration is explained by the

higher sensitivity of the measurements to the shape parameters of bigger particles.

The analysis of test results allows making a conclusion that being supplied with

sufficient measurement information combined inversion could provide a deep synergy
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Table 4.2: Relative errors of the retrieval of the spherical particles fraction.

τc
τf

τf τc
AERONET AERONET AERONET
+lidar +lidar
no noise noise added noise added

0.25 0.8 0.2 0.99 1.00 0.98
1 0.5 0.5 0.28 0.99 0.99
4 0.2 0.8 0.02 0.89 0.03

of two different types of the aerosol remote sensing, resulting in more accurate and

qualitative retrievals compared to the single instrument inversions.

4.4 Improvements introduced by inclusion of al-

mucantar measurement of linear polarization

degree

Both passive and active instruments are capable of performing polarization mea-

surements. Instruments that observe the polarized radiance have several distinct

advantages over the instruments that only measure total radiance. Multi-wavelength

polarization measurements nearly double the input information of aerosol retrievals

thus providing a unique opportunity for improving current aerosol inversion prod-

ucts. A number of studies suggest that accurate polarized observations provide

additional information that can be used to distinguish aerosol optical properties

(Mishchenko et al., 2002, 1997; Li et al., 2006, 2009).

In particular Li et al. (2009) studies the ground-based measurements and demon-

strates that for the cases dominated by the fine mode aerosol inclusion to the

inversion of polarization observations provides improved retrievals of the real part

of the refractive index (n (λ)) and the volume of fine mode. In the cases of mixed

aerosol when both coarse and fine mode aerosols are presented, additionally to
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mentioned fine mode improvements, it provides significantly different estimations of

the spherical particles fraction (Csph) for the coarse mode.

Concerning space-borne instruments, polarization also makes it easier to differentiate

the effects of aerosols from other components of the radiative transfer system as

observed at the top of the atmosphere (Cairns et al., 2009). Compared to radiance

only observations, polarized observations are more capable of distinguishing aerosols

from reflecting surfaces underneath, such as the ocean, land or cloud layers. For this

reason, polarized observations have the potential to retrieve aerosol properties more

accurately than observations with radiance alone.

Passive ground-based systems usually supply information about degree of linear po-

larization (DoLP) in the principal plane (Holben, 1998; Torres, 2012) or almucantar

(Li et al., 2006) measurement configurations. Active systems provide information

about linear depolarization at different altitudes. Both systems are capable of

performing multi-wavelength DoLP observations.

Despite of the prevalence of lidar depolarization measurements and measurements

of linear polarization in the principal plane geometry, the latest trend in the passive

measurements advancement is the spectral measurements of the linear polarization

degree in the almucantar configuration (Li et al., 2006, 2009). This study will focus

on such type of additional polarization measurement, because as it was shown by

Torres (2012) principal plane configuration of the Cimel photometer that could be

used for this study isn’t faultless and accounting of vertical depolarization which is

provided by lidar requires a more sophisticated 3-component aerosol model, as it was

shown by Chaikovsky et al. (2012).

This study will enlighten the most illustrative situation with sufficient load of aerosol

(τtotal = 1) with domination of fine mode in particular (τf = 0.8, τc = 0.2). It also

will focus on the retrievals of the aerosol columnar properties because additional po-

larization information is expected to affect them the most, since no altitude-resolved
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polarization data from LIDAR were used. At the same time as vertical optical

properties are highly dependent on columnar estimations the improvements should

propagate directly to the profiles in the case if lidar measurements fits for both cases

will have comparative accuracy.

This study was performed exactly as described earlier in the Section 4.1. The main

difference was the inversion of almucantar measurements that contained not only

intensity of the scattered radiation but also a degree of its linear polarization (see

Table 4.1). DoLP measurements were simulated at the same wavelengths as intensity

measurements (0.440, 0.675, 0.870 and 1.020 µm).

The retrievals for this study were also made in the presence of random noise. To

make both intensity-only and combined intensity-polarization retrievals comparable

the same noise models as described in section 4.1 both for lidar (Eqs. 4.1 – 4.2) and

passive observations were used. Additionally polarization measurements were also

distorted with the 1% random noise.

Figures 4.16 - 4.30 show the comparison of retrievals of the microphysical aerosol

properties, single-scattering albedo and lidar ratios between inversions using intensity

only (red) and combined intensity/polarized (blue) data with the aerosol properties

that were used for measurements modelling.

The retrievals of the size distributions of fine mode still have lower accuracy than

for the coarse mode, however, as it seen from Figures 4.17 and 4.18 inclusion of

polarization measurements provides less biased estimations for the fine mode. Overall

behaviour of the retrieved distributions of the fine mode on the size boundaries and

on the maximum remains as described in the previous subsection, yet the magnitude

of the variation is lower.

According to studies of Mishchenko et al. (2000, 2004) and Dubovik et al. (2006) the

main benefit of inclusion of measurements of the linear polarization was expected in

the accuracy increase in the fine mode refractive index retrievals. As it is depicted
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Figure 4.16: Retrievals of size distribution for ”Dust” aerosol model using inten-
sity only almucantars and combined intensity and linear polarization almucantars in
combination with lidar data (τ = 0.2).
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Figure 4.17: Retrievals of size distribution for ”Smoke” aerosol model using inten-
sity only almucantars and combined intensity and linear polarization almucantars in
combination with lidar data (τ = 0.8).

in Figures 4.19 – 4.21, inclusion of polarization measurements significantly improved

the accuracy of the retrieval of this parameter. The effect of accounting for additional

measurements on the non-dominating coarse mode could be considered insufficient,

yet the retrieval is better on the longer wavelength. Such behaviour could be

explained by more accurate discrimination of the optical properties of the aerosol

modes, thus improving retrievals of the coarse mode microphysical parameters in the

123



0

0.1

0.2

0.3

0.4

0.01 0.1 1 10 100

I(!
R
,")+P(!

R
,")

I(!
R
,")

TRUE

S
iz

e 
di

st
rib

ut
io

n
Radius, µm

Figure 4.18: Retrievals of size distribution for ”Urban” aerosol model using inten-
sity only almucantars and combined intensity and linear polarization almucantars in
combination with lidar data (τ = 0.8).

spectral region that is affected the most by larger particles.

Figures 4.19 – 4.21 demonstrate the retrievals of imaginary part of refractive
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Figure 4.19: Retrievals of complex refractive index for ”Dust” aerosol model using in-
tensity only almucantars and combined intensity and linear polarization almucantars
in combination with lidar data (τ = 0.2).

indices for ”Dust”, ”Smoke” and ”Urban” aerosol models used in this study. Esti-

mations of this parameter for the fine mode both retrieved with intensity only and

combined intensity/polarized almucantars show good and comparable accuracies. At

the same time some improvement could be observed in the case with inclusion of
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Figure 4.20: Retrievals of complex refractive index for ”Smoke” aerosol model using
intensity only almucantars and combined intensity and linear polarization almucan-
tars in combination with lidar data (τ = 0.8).
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Figure 4.21: Retrievals of complex refractive index for ”Urban” aerosol model using
intensity only almucantars and combined intensity and linear polarization almucan-
tars in combination with lidar data (τ = 0.8).

polarization. The retrieval of the coarse mode is better in the case with polarization

measurements. As seen from first plot in Fig. 4.19, more accurate reproduction of

the spectral behaviour typical for the dust particles was achieved. More accurate

estimation of the coarse mode absorption explained as the influence through better

mode distinguishing due to a more accurate estimations of the dominating aerosol

modes, the same as for real part of coarse mode refractive index.

Figures 4.22 – 4.24 show that more accurate differentiation of the aerosol com-
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Figure 4.22: Retrievals of the vertical distribution for ”Dust” aerosol model using in-
tensity only almucantars and combined intensity and linear polarization almucantars
in combination with lidar data (τ = 0.2).

ponents in the layers containing mixture of both aerosol types could be achieved

through introduction of linear polarization measurements into the combined li-

dar/photometer retrieval by GARRLiC. Such particularity deals directly with the

higher quality of the fine mode refractive index estimation, which leads to a more

accurate optical properties estimations of aerosol components in the mixture. This

particularity affects both retrievals of fine and coarse modes vertical distributions,

which are shown in Figures 4.22 – 4.24 for described aerosol models. Also, the issue

of less accurate estimations of aerosol contents at lower altitudes addressed earlier is

resolved for both fine and coarse components due to the polarimetric measurements.

It should be noted that this improvement was achieved at the same levels of random

noise added to the intensity measurements.

As it was shown by Figures 4.19 – 4.21 inclusion into inversion of almucantars con-

taining measurements of degree of linear polarization positively affected the retrievals
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Figure 4.23: Retrievals of the vertical distribution for ”Smoke” aerosol model using in-
tensity only almucantars and combined intensity and linear polarization almucantars
in combination with lidar data (τ = 0.8).

of the fine mode refractive index. This should lead to a more accurate estimations

of the single-scattering albedo of the smaller particles, which in by-turn should

positively affect the retrieval of this parameter for the coarse mode which is well

demonstrated in Figs. 4.25 – 4.27, showing retrievals of the spectral single-scattering

albedo for the selected aerosol models.

It should be outlined that the total single-scattering albedo is retrieved with

sufficient accuracy in the whole spectral range for both intensity and combined

intensity/polarization retrievals.

The lidar ratio estimations for aerosol components should also be affected by the

higher accuracy of refractive index retrievals, as it was shown in Figure 4.13. It is

clearly seen in Figs. 4.28 – 4.30 that estimations of this parameter are more accurate

for the inversion that includes polarization data. This by turn should improve the

vertical profiles retrievals and lidar measurements fits, leading to an even deeper
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Figure 4.24: Retrievals of the vertical distribution for ”Urban” aerosol model using in-
tensity only almucantars and combined intensity and linear polarization almucantars
in combination with lidar data (τ = 0.8).

synergy between lidar and radiometric data.

Generally, addition of linear polarization measurements to almucantar measurements

performed by sun-photometer positively affected all retrieved parameters, providing

more accurate estimations both for fine and coarse modes, resolving most of the

issues found in previous study addressed to intensity only inversions of combined

lidar/sun-photometer measurements. As it was predicted, better refractive index

estimations of the fine mode aerosol models were achieved due to the additional sen-

sitivity of polarization measurements to this parameter. This improvement directly

propagated to the estimations of fine mode optical properties, therefore, lowering

the errors in estimations of other parameters of the fine mode, which, in by-turn,

lowered the estimation errors of the coarse mode, due to a better mode distinguishing.
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Figure 4.25: Retrieval of the single-scattering albedo for ”Dust” aerosol model using
intensity only almucantars and combined intensity and linear polarization almucan-
tars in combination with lidar data (τ = 0.2).
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Figure 4.26: Retrieval of the single-scattering albedo for ”Smoke” aerosol model using
intensity only almucantars and combined intensity and linear polarization almucan-
tars in combination with lidar data (τ = 0.8).

Summarizing this Chapter, the new GARRLiC algorithm was tested on synthetic

data in a variety of realistic cases. Both sensitivity to random noise, aerosol type

and loading and data integrity were tested. Method showed ability to distinguish

both microphysical and optical properties of fine and coarse aerosol components

in the presence of random noise, providing microphysical estimations including

vertical profiles of aerosol concentration suitable to model a full range of aerosol
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Figure 4.27: Retrieval of the single-scattering albedo for ”Urban” aerosol model using
intensity only almucantars and combined intensity and linear polarization almucan-
tars in combination with lidar data (τ = 0.8).
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Figure 4.28: Retrieval of the lidar ratio for ”Dust” aerosol model using intensity only
almucantars and combined intensity and linear polarization almucantars in combina-
tion with lidar data (τ = 0.2).

optical properties for each aerosol component. Dependence of the accuracy of

aerosol parameter estimations on AOT and on the presence of random noise was

demonstrated. The presence of random noise in the measurements affected more

drastically the inversions performed at low optical thickness, causing higher errors in

aerosol parameter estimations.

Lower sensitivity to the microphysical parameters of the fine particles unrelated
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Figure 4.29: Retrieval of the lidar ratio for ”Smoke” aerosol model using intensity
only almucantars and combined intensity and linear polarization almucantars in com-
bination with lidar data (τ = 0.8).
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Figure 4.30: Retrieval of the lidar ratio for ”Urban” aerosol model using intensity
only almucantars and combined intensity and linear polarization almucantars in com-
bination with lidar data (τ = 0.8).

to the presence of random noise was found. This issue was most noticeable in the

retrievals of the real part of the particle refractive index.

Improvements that are introduced into aerosol retrievals by inclusion of lidar mea-

surements and passive polarimetric measurements were demonstrated. Inclusion of

lidar measurements, despite of introducing vertical profiles of aerosol concentration,

also positively affected the accuracy of the lidar ratio retrievals of non-dominating
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modes. Accounting for polarization data most noticeably improved the retrievals of

the real part of refractive index of the fine aerosol mode, thus positively affecting

retrievals of other fine mode parameters and mode differentiation.

Therefore, the most perspective lidar/sun-photometer measurement combination

appears to include both spectral intensity and polarimetric sun-photometer measure-

ments, combined with spectral measurements of aerosol backscatter provided by lidar.
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Chapter 5

GARRLiC applications to real

lidar/sun-photometer observations

Real is what can be measured.

Max Planck

The algorithm has been applied to lidar/sun-photometer measurements collected

at observation sites of the Laboratory of Scattering Media (LOSM) at Institute

of Physics, Minsk, Belarus and the Laboratory of Atmospheric Optics (LOA) at

Lille University, Lille, France. Both Minsk (53.920◦N : 27.601◦E, 200 msl) and Lille

(50.612◦N : 3.141◦E, 60 msl) AERONET sites are situated in the similar conditions

— inside a developed megapolis with approximate population of 2 million people.

Both stations were equipped by standard AERONET sun-photometer and a multi-

wavelength lidar that provided measurements of attenuated backscatter at 0.355,

0.532 and 1.064 µm. Parameters that describe noise (see Eq. 3.56) in this lidar

system were estimated as shown in Table 5.1.

Three typical situations were chosen to illustrate the inversion results: (i) the

observation of dust outburst from Sahara desert transported over Minsk on 2.06.08,

(ii) observation of smoke plum transported from Russian forest fires over the East
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Table 5.1: Estimations of lidar system noise parameters.

Parameter v g q u α1 α2

Value 10−5 10−4 10−1 1 10−1 10−3

Figure 5.1: Air mass back trajectories for the Minsk measurement site on 13.08.2010.

Europe on 13.08.2010 and (iii) observation on 14.05.2010 made in Lille after an

Eyjafjallajökull volcano eruption. The total optical thickness for these cases were

τ440 = 0.36, τ440 = 0.46 and τ440 = 0.27 correspondingly.

Figures 5.1 – 5.3 show the atmosphere back trajectories provided for Minsk and Lille

AERONET sites, (http://croc.gsfc.nasa.gov/aeronet/; Schoeberl and Newman,

1995; Pickering et al., 2001) for these cases. The analysis of these back trajectories

illustrates that air masses from the mentioned regions should be present over the

observation sites during mentioned measurement periods. Particularly, Fig. 5.2

demonstrates the air masses enriched with dust particles that were transferred to the

Eastern Europe from the Northern Africa and the Mediterranean, Fig. 5.1 indicates
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Figure 5.2: Air mass back trajectories for the Minsk measurement site on 02.06.2008.

that air mass from the central Russia that should contain smoke particles was present

above Minsk and Fig. 5.3 shows that air masses above Lille came from Northern

Atlantic, were the volcano eruption had taken place several weeks ago.

The retrieved results are grouped as follows: Figures 5.4 – 5.18 present the retrieved

columnar aerosol parameters in comparison with standard AERONET retrievals for

the mentioned sites. Figures 5.10 – 5.12 and 5.22 – 5.27 present the retrieved vertical

profiles of microphysical and optical aerosol properties. Figures 5.28 – 5.30 and 5.31

– 5.33 are dedicated to the qualifications of the vertical retrievals. Figs. 5.28 –

5.30 are presenting the comparison of GARRLiC results with LiRIC retrievals made

for the same measurements and Figs. 5.31 – 5.33 present achieved fits of the lidar

measurements that were used for this study.

The retrieved size distributions (Figs. 5.4 – 5.6) are consistent with the ex-

pectations for the observed aerosol types: domination of fine mode for the smoke
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Figure 5.3: Air mass back trajectories for the Lille measurement site on 14.05.2010.

and of coarse mode for the desert dust and volcanic ash. All the size distributions

show good agreement with AERONET retrievals performed for the same site and at

the same time period. The difference in fine mode retrievals between two methods

in the dust observation case (see Fig. 5.4) could probably be explained by lower

sensitivity of the AERONET inversion to minor aerosol modes that was found out

in the sensitivity study described earlier in the Chapter 4. Observed size shift in the

favour of larger particles for the cases of dust and smoke outbursts (Figs. 5.4 and

5.5) could be explained by the influence of the lidar data on the retrieval.

The retrieved refractive indexes (Figs. 5.7 – 5.9) are clearly distinguished between

modes and are coherent with the values expected for these aerosol types: highly

absorbing fine mode for smoke (Fig. 5.8), the values of real part of the refractive

index for coarse mode (Fig. 5.7) are close to the observations of this parameter for

the dust (1.56) Dubovik et al. (2002a) and the values for the fine mode (Fig. 5.8)
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Figure 5.4: Retrieved aerosol size distribution during measurements at Minsk
AERONET site on 02.06.2008 (dust event).
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Figure 5.5: Retrieved aerosol size distribution during measurements at Minsk
AERONET site on 13.08.2010 (smoke event).

are close to climatology estimations of this parameter for the smoke Dubovik et al.

(2002a). Since, the AERONET retrieval does not discriminate the refractive index

of the modes, the AERONET derived values can not be compared directly to the

GARRLiC retrieval. Nonetheless, it is clear that there is logical agreement between

two retrievals since AERONET derived indices are generally in the middle between

values of fine and coarse modes obtained by GARRLiC.

The imaginary part of refractive index for the case dominated by smoke (Figure
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Figure 5.6: Retrieved aerosol size distribution during measurements at Lille
AERONET site on 14.05.2010 (ash event).
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Figure 5.7: Retrieved aerosol complex refractive index during measurements at Minsk
AERONET site on 02.06.2008 (dust event).

5.8) is in the range reported by observations of biomass burning (0.021 ± 0.004)

(Dubovik et al., 2002a). Two trends observed in the retrievals of imaginary part

of refractive indices should be outlined: high absorption of the fine particles in the

dust and volcanic ash cases and very low absorption of the coarse particles for the

smoke case (see right parts of Figs. 5.7 and 5.8). Such retrievals could be explained

by very low optical thickness of the minor modes (τf = 0.19 for the dust and ash

cases and τc = 0.04 for the smoke case correspondingly). As it was demonstrated

by the sensitivity study described in the Chapter 4, such low contributions of the
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Figure 5.8: Retrieved aerosol complex refractive index during measurements at Minsk
AERONET site on 13.08.2010 (smoke event).
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Figure 5.9: Retrieved aerosol complex refractive index during measurements at Lille
AERONET site on 14.05.2010 (ash event).

minor modes could lead to high estimation errors in their complex refractive index.

However, such behaviour is not the case for the measurements performed in Lille.

The optical thickness of the fine mode for this case is τf = 0.16 (with total optical

thickness of 0.27) and high absorption could be explained by the presence of the

background aerosols. As this site is situated within a big city it is logical to assume

the presence of high absorbing industrial aerosols in the background. It also could

be indicated by AERONET estimations, showing in overall high absorption of the

observed aerosol in Lille (see right panel in Fig. 5.9).
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The vertical distributions of fine and coarse modes (Figs. 5.10 – 5.12) clearly

discriminate the vertical structure of the aerosols of different types. All the retrievals

agree well with back-trajectory analysis: according to Fig. 5.1 the layer from the

region of forest fires was expected at the altitude across 2 km, the layer from Sahara

desert was expected around 4 km (figure 5.2) and the layer containing volcanic ash

particles was expected at the altitudes around 3 km. All the profiles reflect the fine

layer structure of the atmospheric aerosols, especially in the case with volcanic ash,

showing a very thin and yet strong layer of coarse particles at 3 km.The retrieved

profiles for smoke and volcanic ash cases indicate the presence of the background

aerosols in the boundary layers (below 2 km). The vertical distribution profiles

for the dust case also demonstrate sufficient amount of the coarse particle in this

layer, however, despite of clear layer separation, it is impossible to guess if this is a

background coarse aerosol or another layer of transported desert dust.
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Figure 5.10: Retrieved aerosol vertical distribution during measurements at Minsk
AERONET site on 02.06.2008 (dust event).
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Figure 5.11: Retrieved aerosol vertical distribution during measurements at Minsk
AERONET site on 13.08.2010 (smoke event).
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Figure 5.12: Retrieved aerosol vertical distribution during measurements at Lille
AERONET site on 14.05.2010 (ash event).
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Figure 5.13: Retrieved aerosol lidar ratios during measurements at Minsk AERONET
site on 02.06.2008 (dust event).
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Figure 5.14: Retrieved aerosol lidar ratios during measurements at Minsk AERONET
site on 13.08.2010 (smoke event).
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Figure 5.15: Retrieved aerosol lidar ratios during measurements at Lille AERONET
site on 14.05.2010 (ash event).

Retrievals of the columnar lidar ratios are shown in Figures 5.13 – 5.15 and

demonstrate notable differences between AERONET and GARRLiC values. The

main differences are located at short wavelengths. These disagreements are probably

caused by significant differences in sensitivities of both data sets, and by differences

in assumptions. Specifically, AERONET photometer does not include observation

in backscattering direction, and assumption of size independent refractive index may

also result in an additional error in the lidar ratio estimation. The fraction of spherical

particles retrieved for these two cases gave 40% of spherical particles for the smoke
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event and 25% and 43% for the dust and volcanic ash, compared to the 99% and

2% and 43% from the corresponding AERONET retrievals. The difference for the

dust and smoke cases can be explained by high sensitivity of the lidar measurements

to the backscatter from non-spherical particles (Dubovik et al., 2006, see also Fig.

4.13). Another particularity of these retrievals are low values of the estimations of

the lidar ratio for the coarse mode (Sa ≤ 30) while such values are usually reported

(Cattrall et al., 2005) only for maritime aerosols, whose presence could be justified

only for the AERONET cite in Lille. Low values could be explained by the differences

in the method of lidar ratio estimation. While lidar ratios of the aerosol types are

estimated by other groups (see for e.g. Groß et al., 2011; Tesche et al., 2009, 2011;

Toledano et al., 2011) including minor modes and background aerosols, GARRLiC

provides this estimation only for the selected mode, disregarding the remaining part

of the aerosol size distribution. In these regards vertical profiles of lidar ratio retrieved

on the base of GARRLiC columnar estimations should provide more realistic values

for the layers containing specified aerosol types (see Figs. 5.22 – 5.24).

Figures 5.16 – 5.18 illustrate the retrievals of columnar single-scattering albedo. To-

tal (i.e. mixture of fine and coarse) SSA shows good agreement with AERONET

retrievals. The total SSA is closer to the value of dominating aerosol mode for the re-

trievals of dust and smoke aerosols. This also could be explained by low contributions

of the minor modes to the total optical thickness and higher absorption estimations

of the dominating aerosol components.

The values of single-scattering albedo for fine mode in the smoke case and for the

coarse mode in the dust case are within the ranges of estimations of this parameters

(see Table 2.1, Figures 4.7 and 4.8) taken from climatological (Dubovik et al., 2002a)

and observed (Toledano et al., 2011) data. Both specific spectral dependencies of

smoke (lower values at longer wavelengths) and dust (bigger values at longer wave-

lengths) were reproduced by fine and coarse mode correspondingly in the mentioned
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Figure 5.16: Retrieved aerosol single scattering albedo during measurements at Minsk
AERONET site on 02.06.2008 (dust event).
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Figure 5.17: Retrieved aerosol single scattering albedo during measurements at Minsk
AERONET site on 13.08.2010 (smoke event).

cases.

Figures 5.19 – 5.27 demonstrate the vertical distributions of single-scattering albedo,

lidar ratios and extinction at the wavelengths of lidar measurements, calculated using

retrieved parameters. All distributions have noticeable vertical structure that agrees

with the retrieved vertical distributions of aerosol concentrations (Figs. 5.10 – 5.12).

The values of single scattering albedo at all single layers are in the ranges of typical

values for dust and smoke aerosols (e.g. Toledano et al., 2011) and close to the esti-
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Figure 5.18: Retrieved aerosol single scattering albedo during measurements at Lille
AERONET site on 14.05.2010 (ash event).

mations of this parameter for volcanic ash (e.g. Wagner et al., 2013). However, such

comparison is hard to make for the case of volcanic ash outburst, because the proper-

ties of volcanic aerosols are less studied due to the irregularities in their observation

(e.g. Ivanov et al., 1997, 2000).

The vertical profile of single-scattering albedo for the ash event demonstrates the

opposite spectral behaviour between layers close to 3 km, and ones situated around 2

km. This has taken an effect due to the domination of different aerosol types at these

altitudes (see Fig. 5.12). Lower altitudes are dominated by the fine mode which spec-

tral behaviour of SSA mimics the one of smoke, and the upper layers are dominated

by volcanic ash which shows spectral behaviour of single-scattering albedo similar to

dust.

The retrieved lidar ratios are in the ranges of values for dust and smoke aerosols

given by Dubovik et al. (2002a) and Cattrall et al. (2005) for the layers that are ex-

pected to contain corresponding aerosol type. This values, however, are lower than

the assumptions for dust particles given by Schuster et al. (2012), Groß et al. (2011)

or by Tesche et al. (2009, 2011). The lower lidar ratios in this case could have been

caused by the contamination of the pure dust layers during the long range aerosol
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Figure 5.19: Retrieved vertical profile of aerosol single-scattering albedo during mea-
surements at Minsk AERONET site on 02.06.2008 (dust event).

transport depicted in Figures 5.1 – 5.3. Strong spectral dependence of the smoke lidar

ratio observed in Fig. 5.23 illustrates the fact that infrared light has less pronounced

scattering on the smoke particles than light at the shorter wavelengths.

It should be noted, that the particular behaviour of profiles in Figs. 5.19 – 5.24 at

higher altitudes could be explained by a very small amount of the aerosol present in

the upper atmosphere layers and very weak signal returned from this altitude range.

Figures 5.25 – 5.27 show the retrieved vertical profiles of total extinction at 0.532

µm together with the profiles of fine and coarse mode. Figure 5.26 clearly indicates

the domination of the fine mode in the total extinction at all altitudes, while accord-

ing to the Fig. 5.27 coarse mode (volcanic ash) dominates only in the layer where

it is disposed. Meanwhile, Fig. 5.25 demonstrates a more sophisticated distribution

of contributions of fine and coarse mode to the total aerosol extinction. However,

all these figures are in logical agreement with the values of columnar extinction of
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Figure 5.20: Retrieved vertical profile of aerosol single-scattering albedo during mea-
surements at Minsk AERONET site on 13.08.2010 (smoke event).

aerosol components and vertical distribution of their concentration.
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Figure 5.21: Retrieved vertical profiles of aerosol single scattering albedo during
measurements at Lille AERONET site on 14.05.2010 (ash event).
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Figure 5.22: Retrieved vertical profile of aerosol lidar ratio during measurements at
Minsk AERONET site on 02.06.2008 (dust event).

149



0

2

4

6

8

10

30 40 50 60 70 80 90 100

Smoke event

0.355 µm
0.532 µm
1.064 µm

A
lti

tu
de

, k
m

Lidar ratio
Figure 5.23: Retrieved vertical profile of aerosol lidar ratio during measurements at
Minsk AERONET site on 13.08.2010 (smoke event).
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Figure 5.24: Retrieved vertical profile of aerosol lidar ratio during measurements at
Lille AERONET site on 14.05.2010 (ash event).

150



0

2

4

6

8

10

0 0.05 0.1 0.15 0.2

Dust event

Total
Fine mode
Coarse mode

A
lti

tu
de

, k
m

!
ext

(0.532 µm), km-1

Figure 5.25: Retrieved vertical profiles of aerosol extinction during measurements at
Minsk AERONET site 02.06.2008 (dust event).
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Figure 5.26: Retrieved vertical profiles of aerosol extinction during measurements at
Minsk AERONET site on 13.08.2010 (smoke event).
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Figure 5.27: Retrieved vertical profiles of aerosol extinction during measurements at
Lille AERONET site on 14.05.2010 (ash event).
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Figures 5.28 – 5.30 are aimed to demonstrate the consistency between the LiRIC

and GARRLiC retrievals in different cases, including cases where no differences are

expected. Both algorithms provide two distinct vertical concentration profiles for

different aerosol components and the comparison of profiles retrieved by GARRLiC

and LiRIC was made. The main difference is that GARRLiC modifies the retrieved

columnar properties of aerosol. In addition, GARRLiC uses bi-component aerosol

model that may have different complex refractive indices. This assumption affects

the estimations of lidar ratios for each mode and therefore the retrieved vertical

profiles. Therefore, the demonstration of LiRIC and GARRLiC codes consistency

has been performed using the case with small difference in complex refractive indices

of fine and coarse aerosol modes (smoke event, see Fig. 5.8), for the case with small

difference in columnar lidar ratio estimations (dust event, see Fig. 5.13) and for the

case with sufficient difference in columnar aerosol parameters of fine and coarse modes

(ash event, see Figs. 5.9 and 5.15).

Figures 5.28 – 5.30 show vertical distributions retrieved by the GARRLiC compared

with the results of LiRIC inversion (Chaikovsky et al., 2012) all normalized and made

for the same measurements set. Both retrieved profiles show good agreement for the

dust and smoke cases. The minor differences could be explained by smaller amount

of altitude layers in the GARRLiC retrieval and small disagreements in lidar ratios

estimations for both modes. Therefore, for the situations when the usage of the

same values of complex refractive index for both aerosol modes could be justified,

these two methods should provide similar results, demonstrating the succession of the

newer method. On the contrary, in less favourable situation AERONET estimates of

lidar ratio can show more significant deviations (Fig. 5.15), affecting the retrievals of

vertical concentration profiles more drastically (see. Fig. 5.30).
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Figure 5.28: Comparison of vertical profiles retrieved by GARRLiC and LiRIC inver-
sions for the measurements performed at Minsk AERONET site on 02.06.2008 (dust
event).
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Figure 5.29: Comparison of vertical profiles retrieved by GARRLiC and LiRIC inver-
sions for the measurements performed at Minsk AERONET site on 13.08.2010 (smoke
event).
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Figure 5.30: Comparison of vertical profiles retrieved by GARRLiC and LiRIC in-
versions for the measurements performed at Lille AERONET site on 14.05.2010 (ash
event).
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Figure 5.31: Achieved lidar measurements fits for the observations performed at Minsk
AERONET site on 02.06.2008 (dust event).

155



0

2

4

6

8

10

10-8 10-7 10-6 10-5 0.0001

Smoke event

0.355 µm
fit 
0.532 µm
fit 
1.064 µm
fit 
0.355 µm
measured 
0.532 µm
measured 
1.064 µm
measured 

A
lti

tu
de

, k
m

Lidar signal, log(P(h)h2)

Figure 5.32: Achieved lidar measurements fits for the observations performed at Minsk
AERONET site on 13.08.2010 (smoke event).

0

2

4

6

8

10

10-8 10-7 10-6 10-5 0.0001

Ash event
0.355 µm 
fit 

0.355 µm 
measured   

0.532 µm 
fit 

0.532 µm 
measured     

1.064 µm 
fit 

1.064 µm
measured      

A
lti

tu
de

, k
m

Lidar signal, log(P(h)h2)

Figure 5.33: Achieved lidar measurements fits for the observations performed at Lille
AERONET site on 14.05.2010 (ash event).
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In Figures 5.31 – 5.33 lidar measurements fits achieved during GARRLiC inver-

sions are presented. Since both measurements were made with different duration, the

noise at higher altitudes is much stronger in the case with smoke observations due to

the smaller accumulation of the lidar signal (see Fig. 5.32). The use of lidar mea-

surements down-sampling and applying of additional smoothness constrains allowed

us to diminish the influence of high noise and stabilize the retrievals in the presence

of random noise. The misfits at shorter wavelengths that could be observed at lower

altitudes in the part of Figure 5.31 referring to the dust observation are caused by

the overlap of the receiver and emitter of the lidar system.

Thus, the results of GARRLiC application to the real data and their comparisons

with AERONET and LiRIC retrieval results showed an encouraging agreement for

both columnar and vertical properties of aerosol. At the same time, the GARRLiC

retrieval differentiates between columnar optical properties of fine and coarse modes

of aerosol, relying on additional information contained in lidar observations.
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Chapter 6

Conclusion

The future always looks differently

than we can imagine it.

Stanislaw Lem

This thesis has discussed in detail a concept of enhanced remote sensing of atmo-

spheric aerosol by joint inversion of active and passive remote sensing observations.

The approach proposed in this work takes advantage from all sensitivities in lidar and

radiometric data to both vertical and columnar aerosol properties. The retrieval is

designed as simultaneous fitting of both lidar and radiometer data by a single set of

aerosol parameters describing both vertical and columnar properties of aerosol. The

new concept of the algorithm is aimed to achieve higher accuracy of the retrieval,

since in such an approach the solution usually relying only on passive measurement

of the radiometer is benefiting from information contained in coincident active obser-

vations by lidar and method uses a smaller number of assumptions about aerosol.

The chapter 3 provides detailed description of the full set of formulations necessary

for realizing a new GARRLiC algorithm developed for deriving detailed properties of

two atmospheric aerosol components from coincident lidar and photometric measure-

ments.

A unified aerosol model suitable for description of both columnar and vertical vari-
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ability of aerosol optical properties was developed. This model utilizes the positive

heritage of the aerosol modelling achieved in the previous studies. It is simple (in

terms of quantity of parameters used to describe the model and ease of their in-

terpretation) and applicable for use with large variety of available remote sensing

instruments.

The GARRLiC algorithm was developed using the heritage of the AERONET, PARA-

SOL and LiRIC algorithms. It is designed to invert the co-incident observations of

CIMEL sun/sky photometer that registers direct and scattered atmospheric radia-

tion at four wavelengths in up to 35 directions and multi-wavelength elastic lidar that

registers backscattered radiation at three wavelength in up to 1000 altitude layers.

In a contrast to the majority of existing aerosol retrieval algorithms, the one used in

this work is one of the first attempts to develop an aerosol retrieval using statistically

optimized multi-variable fitting of multi-instrumental data. The inversion is designed

as a search for the best fit of the multi-source measurements and a priori constraints

on aerosol characteristics through the continuous space of all possible solutions under

statistically formulated criteria and allows harmonious utilization not only of a priori

estimate term, but also a priori terms limiting derivatives of the solution. The algo-

rithm derives an extended set of parameters for both columnar and vertical aerosol

properties, including aerosol sizes, shape, spectral complex refractive index for both

fine and coarse aerosol modes, as well as vertical profiles of mode’s concentrations.

The generality of the approach to modelling of aerosol columnar and vertically re-

solved properties, combined with modular organization of the retrieval algorithm

provides comprehensible and accessible instrumentation for the development of ad-

vanced multi-instrumental aerosol retrievals. This approach is not only limited to

the ground-based instruments and could be used for retrievals from all possible com-

binations of existing remote sensing instruments including space-borne and airborne

instruments, radiometric and polarimetric multi-spectral and multi-angular observa-
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tions, both passive and active.

In the Chapter 4 the performance of the developed algorithm has been demonstrated

by application to synthetically generated coincident sun photometer and lidar obser-

vations. First, a series of sensitivity tests were conducted by applying the algorithm to

the synthetic sun photometer and lidar observations for the cases of aerosol mixtures

containing desert dust with urban pollution and biomass-burning aerosols. The sim-

ulations were designed to mimic observations of real aerosol. With this purpose, the

aerosol models derived from AERONET observations in Solar Village (Saudi Arabia),

Mongu (Zambia) and GSFC (Greenbelt, USA) were used to generate synthetic proxy

measurements, both photometric and lidar. The data were perturbed by random

noise before applying the retrieval algorithm. The results of the tests showed that

the complete set of aerosol parameters for each aerosol component can be robustly

derived with acceptable accuracy in all considered situations. Dependence of the ac-

curacy of aerosol parameter estimations on AOT and on the presence of the random

noise were demonstrated. The presence of random noise in the measurements has

more drastic effect on inversions performed at low optical thicknesses, causing higher

errors in aerosol parameter estimations. Lower sensitivity to the microphysical pa-

rameters of the fine particles unrelated to the presence of random noise was found.

It was most noticeable in the retrievals of the real part of refractive index.

Improvements that are introduced into aerosol retrievals by inclusion of lidar mea-

surements and passive polarimetric measurements in almucantar configuration were

demonstrated. Inclusion of lidar measurements despite of introducing vertical profiles

of aerosol concentration also positively affected accuracy of the lidar ratio retrievals

of the non-dominating modes. Accounting for polarization data most noticeably

improved the retrievals of complex refractive index of the fine aerosol mode, thus

positively affecting the retrievals of other fine mode parameters and providing more

distinct differentiation of the properties of aerosol components.
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Chapter 5 describes the GARRLiC algorithm application to coincident lidar and sun-

photometer observations performed at Minsk (Belarus) and Lille (France) AERONET

sites. The comparison of the derived aerosol properties with available observations

by AERONET ground-based sun/sky-radiometers indicated encouraging consistency

of microphysical parameters of aerosol components derived from joint inversion with

those obtained by AERONET retrieval. Analysis of the retrieval of vertical aerosol

properties by GARRLiC and LiRIC algorithm has shown good accordance for the sit-

uations when both aerosol components, fine and coarse, have close optical properties

(complex refractive index and lidar ratio in particular). For the cases with significant

difference in the optical properties of aerosol components GARRLiC provides more

accurate retrievals, extracting from the same set of the measurements additional in-

formation on refractive indices of aerosol modes.

More comprehensive studies for testing and tuning the developed algorithm includ-

ing accounting for polarization effects of sun photometer and lidar observations are

planned in future efforts. Such important aspects of algorithm implementation as

co-incident measurements requirements are to be addressed in the follow-on studies.

Outline

• Performing additional sensitivity study on lidar ratio retrievals.

• Application of the GARRLiC to more cases of real coincident lidar/sun-

photometer aerosol observations over different sites.

• Implementation of the retrieval procedure to the EARLINET observations.

• Expand the list of possible measurements used in the GARRLiC retrieval with

depolarization measurements by elastic lidars and inelastic measurements per-

formed by Raman lidars.
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• Apply algorithm concept to a space-borne remote sensing systems like PARA-

SOL and CALIPSO.
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Bösenberg, J. and et al.: EARLINET-A European Aerosol Research Lidar Network,
in: Advances in Laser Remote sensing, Selected papers 20th Int. Laser Radar
Conference (ILRC), pp. 155–158, Vichi, France, 2000.
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F., Sinyuk, A., and Lopatin, A.: Statistically optimized inversion algorithm for en-
hanced retrieval of aerosol properties from spectral multi-angle polarimetric satellite
observations, Atmospheric Measurement Techniques, pp. 975–1018, 2011.

Eck, T. F., Holben, B. N., Dubovik, O., Smirnov, A., Goloub, P., Chen, H. B.,
Chatenet, B., Gomes, L., Zhang, X.-Y., Tsay, S.-C., Ji, Q., Giles, D., and Slutsker,
I.: Columnar aerosol optical properties at AERONET sites in Central-eastern Asia
and aerosol transport to the tropical mid Pacific, Journal of Geophysical Research,
110, 975–1018, doi:10.1029/2004JD005274, 2005.

168



Fehsenfeld, F. C., Ancellet, G., Bates, T. S., Goldstein, A. H., Hardesty, R. M., Hon-
rath, R., Law, K. S., Lewis, A. C., Leaitch, R., McKeen, S., Meagher, J., Parrish,
D. D., Pszenny, A. A. P., Russell, P. B., Schlager, H., Seinfeld, J., Talbot, R.,
and Zbinden, R.: International Consortium for Atmospheric Research on Trans-
port and Transformation (ICARTT): North America to Europe—Overview of the
2004 summer field study, Journal of Geophysical Research: Atmospheres, 111, doi:
10.1029/2006JD007829, URL http://dx.doi.org/10.1029/2006JD007829, 2006.

Feingold, G., Eberhard, W., Veron, D., and Previdi, M.: First measurements of the
Twomey indirect effect using ground-based remote sensors, Geophysical Research
Letters, 30, 1287, 2003.

Ferrare, R., Feingold, G., Ghan, S., Ogren, J., Schmid, B., Schwartz, S. E., and
Sheridan, P.: Preface to special section: Atmospheric Radiation Measurement
Program May 2003 Intensive Operations Period examining aerosol properties and
radiative influences, Journal of Geophysical Research: Atmospheres, 111, doi:
10.1029/2005JD006908, URL http://dx.doi.org/10.1029/2005JD006908, 2006.

Ferrare, R. A., Melfi, S. H., Whiteman, D. N., Evans, K. D., Leifer, R., and Kauf-
man, Y. J.: Raman lidar measurements of aerosol extinction and backscattering
1. Methods and comparisons, Journal of Geophysical Research, 103, 19 663–19 672,
1998a.

Ferrare, R. A., Melfi, S. H., Whiteman, D. N.and Evans, K. D., Poellot, M., and Kauf-
man, Y. J.: Raman lidar measurements of aerosol extinction and back- scattering 2.
Derivation of aerosol real refractive index, single-scattering albedo, and humidifica-
tion factor using Raman lidar and aircraft size distribution measurements, Journal
of Geophysical Research, 103, 19 673–19 690, 1998b.

Fishman, J., Hoell, J., Bendura, R., McNeal, R., and Kirchhoff, V.: NASA GTE
TRACE A experiment (Septemner-October 2002): Overview, Journal of Geophys-
ical Research, 101, 23 865–23 880, 1996.

Forster, P., Ramaswany, V., Artaxo, P., Bernsten, T., Betts, R., Fahey, D. W., Hay-
wood, J., Lean, J., Lowe, D., Myhre, G., Nganga, J., Prinn, R., Raga, G., Schulz,
M., and Dorland, R. V.: Changes in atmospheric constituents and in radiative
forcing. Climate change 2007: the physical science basis. Contribution of working
group I to the fourth assessment report of Intergovernmental Panel on Climate
change, IPCC report, 2007.

Freudenthaler, V.: Rayleigh scattering coefficients and linear depolarization ratios at
several EARLINET lidar wavelengths, EARLINET, version 1.4d edn., 2010.

Garcia, O. E., Diaz, A. M., Exposito, F. J., Diaz, J. P., Dubovik, O., Dubuisson,
P., Roger, J.-C., Eck, T. F., Sinyuk, A., Derimian, Y., Dutton, E. G., Schafer,
J. S., Holben, B. N., and Garc a, C. A.: Validation of AERONET estimates of
atmospheric solar fluxes and aerosol radiative forcing by ground-based broadband

169

http://dx.doi.org/10.1029/2006JD007829
http://dx.doi.org/10.1029/2005JD006908


measurements, Journal of Geophysical Research, 113, doi:10.1029/2008JD010211,
2008.

Gobbi, G. P., Barnaba, F., van Dingenen, R., Putaud, J. P., Mircea, M., and Facchini,
M. C.: Lidar and in situ observations of continental and Saharan aerosol: Closure
analysis of particles optical and physical properties, Atmospheric Chemistry and
Physics Discussions, pp. 445–477, 2003.

Gong, S., Barrie, L., Blanchet, J.-P., and Spacek, L.: Modeling size-distributed sea
salt aerosols in the atmosphere: An application using Canadian climate models,
in: Air Pollution Modeling and Its Applications XII, edited by Gryning, S.-E. and
Chaumerliac, N., Plenum Press, New York, USA, 1998.

Govaerts, Y. M., Wagner, S., Lattanzio, A., and Watts, P.: Joint retrieval of sur-
face reflectance and aerosol optical depth from MSG/SEVIRI observations with
an optimal estimation approach: 1. Theory, Journal of Geophysical Research, 111,
doi:10.1029/2009JD011779, 2010.

Groß, S., Tesche, M., Freudenthaler, V., Toledano, C., Wiegner, M., Ansmann, A., Al-
thausen, D., and Seefeldner, M.: Characterization of Saharan dust, marine aerosols
and mixtures of biomass-burning aerosols and dust by means of multi-wavelength
depolarization and Raman lidar measurements during SAMUM 2, Tellus B, 63B,
doi:10.1111/j.1600-0889.2011.00556.x, 2011.

Groß, S., Esselborn, M., Abicht, F., Wirth, M., Fix, A., and Minikin, A.:
Airborne high spectral resolution lidar observation of pollution aerosol during
EUCAARI-LONGREX, Atmospheric Chemistry and Physics, 13, 2435–2444, doi:
10.5194/acp-13-2435-2013, URL http://www.atmos-chem-phys.net/13/2435/

2013/, 2013.

Gutkowicz-Krusin, D.: Multiangle lidar performance in the presence of horizontal in-
homogeneities in atmospheric extinction and scattering, Applied Optics, pp. 3266–
3272, 1993.

Hair, J., Hostetler, C., Cook, A., Harper, D., Ferrare, R., Mack, T., Welch, W.,
Izquierdo, L., and Hovis, F. E.: Airborne High Spectral Resolution Lidar for Pro-
filing Aerosol Optical Properties, Applied Optics, doi:10.1364/AO.47.006734, 2008.

Hansen, J., Sato, M., Kharecha, P., and von Schuckmann, K.: Earth’s energy im-
balance and implications, Atmospheric Chemistry and Physics, 11, 13 421–13 449,
2011.

Haywood, J. and Boucher, O.: Estimates of the direct and indirect radiative forcing
due to tropospheric aerosols: A review, Reviews of Geophysics, 38, doi:10.1029/
1999RG000078, 2000.

Haywood, J. M. and Shine, K. P.: The effect of anthropogenic sulfate and soot
aerosol on the clear sky planetary radiation budget, Geophysical Research Letters,
22, 603–606, 1995.

170

http://www.atmos-chem-phys.net/13/2435/2013/
http://www.atmos-chem-phys.net/13/2435/2013/


Haywood, J. M., Pelon, J., Formenti, P., Bharmal, N., Brooks, M., Capes, G.,
Chazette, P., Chou, C., Christopher, S., Coe, H., Cuesta, J., Derimian, Y.,
Desboeufs, K., Greed, G., Harrison, M., Heese, B., Highwood, E. J., John-
son, B., Mallet, M., Marticorena, B., Marsham, J., Milton, S., Myhre, G., Os-
borne, S. R., Parker, D. J., Rajot, J.-L., Schulz, M., Slingo, A., Tanré, D.,
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Lenoble, J., Herman, M., Deuzé, J.-L., Lafrance, B., Santer, R., and Tanré, D.: A
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trieval of aerosol optical and physical properties from ground-based spectral, multi-
angular, and polarized sun-photometer measurements, Remote Sensing of Environ-
ment, 101, 519–533, doi:http://dx.doi.org/10.1016/j.rse.2006.01.012, URL http:

//www.sciencedirect.com/science/article/pii/S003442570600037X, 2006.

Li, Z., Chen, H., Cribb, M., Dickerson, R., Holben, B., Li, C., Lu, D., Luo, Y., Mar-
ing, H., Shi, G., Tsay, S.-C., Wang, P., Wang, Y., Xia, X., Zheng, Y., Yuan,
T., and Zhao, F.: Preface to special section on East Asian Studies of Tropo-
spheric Aerosols: An International Regional Experiment (EAST-AIRE), Jour-
nal of Geophysical Research: Atmospheres, 112, doi:10.1029/2007JD008853, URL
http://dx.doi.org/10.1029/2007JD008853, 2007.

Li, Z., Goloub, P., Dubovik, O., Blarel, L., Zhang, W., Podvin, T., Sinyuk, A.,
Sorokin, M., Chen, H., Holben, B. N., Tanré, D., Canini, M., and Buis, J.-P.:
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1Laboratory of scattering media, NASB – B. I. Stepanov Institute of Physics, Minsk, Belarus
2Laboratoire d’Optique Atmosphérique, CNRS – UMR8518, Université de Lille 1, Villeneuve d’Ascq, France
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Abstract. This paper presents the GARRLiC algorithm
(Generalized Aerosol Retrieval from Radiometer and Lidar
Combined data) that simultaneously inverts coincident li-
dar and radiometer observations and derives a united set of
aerosol parameters. Such synergetic retrieval results in ad-
ditional enhancements in derived aerosol properties because
the back-scattering observations by lidar improve sensitivity
to the columnar properties of aerosol, while radiometric ob-
servations provide sufficient constraints on aerosol amount
and type that are generally missing in lidar signals.

GARRLiC is based on the AERONET algorithm, im-
proved to invert combined observations by radiometer and
multi-wavelength elastic lidar observations. The algorithm is
set to derive not only the vertical profile of total aerosol con-
centration but it also differentiates between the contributions
of fine and coarse modes of aerosol. The detailed microphys-
ical properties are assumed height independent and differ-
ent for each mode and derived as a part of the retrieval. The
GARRLiC inversion retrieves vertical distribution of both
fine and coarse aerosol concentrations as well as the size dis-
tribution and complex refractive index for each mode.

The potential and limitations of the method are demon-
strated by the series of sensitivity tests. The effects of pres-
ence of lidar data and random noise on aerosol retrievals are
studied. Limited sensitivity to the properties of the fine mode
as well as dependence of retrieval accuracy on the aerosol
optical thickness were found. The practical outcome of the
approach is illustrated by applications of the algorithm to the
real lidar and radiometer observations obtained over Minsk
AERONET site.

1 Introduction

Atmospheric aerosols are known to be important part of
the complex physical–chemical processes that impact Earth’s
climate. Such impacts take their effects both on global and
regional scales (e.g.D’Almeida et al., 1991; Charlson et al.,
1992; Hobbs, 1993; Pilinis et al., 1995; Ramanathan et al.,
2001; Forster et al., 2007; Hansen et al., 2011). Also, aerosol
pollution affects a population’s health (e.g.Jones, 1999;
Harrison and Yin, 2000) and ecological equilibrium (e.g.
Barker and Tingey, 1992).

In order to estimate these impacts, a large variety of meth-
ods for monitoring atmospheric aerosols were developed.
Among others, remote sensing methods, both active and pas-
sive, proved to be fruitful and convenient. A number of devel-
oped and launched space instruments (e.g.Bréon et al., 2002;
Winker et al., 2007) provide global monitoring of aerosol
properties (e.g.King et al., 1999; Kokhanovsky et al., 2007).
Observations by ground-based instruments generally provide
more detailed and accurate information about aerosol prop-
erties (e.g.Nakajima et al., 1996; Dubovik and King, 2000)
but cover only the local area near the observation site. In or-
der to obtain such data at extended geographical scales, the
ground-based observations are often collected within obser-
vational networks employing identical instrumentation and
standardized data processing procedures. At present, there is
a number of global and regional networks conducting both
passive and active ground-based observations. For exam-
ple, the global AERONET (Holben, 1998) and East Asian
SKYNET (Nakajima et al., 2007) networks of sun photome-
ters, as well as, a variety of lidar networks including regional
EARLINET (Bösenberg, 2000), ADNET (Murayama et al.,
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2001), MPL-Net (Welton et al., 2002), ALiNe (Antuña et al.,
2006), Cis-LiNet (Chaikovsky et al., 2006b) and a recent
global lidar network GALION (Bösenberg and Hoff, 2007)
have been established during the last two decades. Aerosol
data collected by these networks provide valuable aerosol
information that is widely used for validating satellite ob-
servations (e.g.Remer et al., 2002, 2005; Schuster et al.,
2012; Hasekamp et al., 2011; Yoon et al., 2011; Kahn et al.,
2010; Ahmad et al., 2010) and constraining aerosol prop-
erties in climate simulation efforts (e.g.Kinne et al., 2003,
2006; Textor et al., 2006; Koch et al., 2009).

Despite of the achieved progress in aerosol remote sensing
the limited accuracy in the knowledge of aerosol properties
remains one of the main uncertainties in climate assessments
(Forster et al., 2007; Hansen et al., 2011). The expected im-
provements in the ground-based aerosol monitoring are asso-
ciated with two kinds of efforts: (i) enhancement of the obser-
vation completeness by employing a variety of complimen-
tary observational techniques and (ii) improvement of the ac-
curacy of derived aerosol information. For example, the num-
ber of extensive multi-instrumental aerosol campaigns have
been organized (e.g.Russell et al., 1999; Raes et al., 2000;
Ramanathan et al., 2001; Müller et al., 2003; Papayannis
et al., 2005; McKendry et al., 2007; Huebert et al., 2003;
Ansmann et al., 2011a; Holben et al., 2011). In addition, the
number of permanent monitoring sites equipped with several
instruments is continuously increasing (e.g.Takamura et al.,
1994; Waquet et al., 2005; Müller et al., 2004; Ansmann
et al., 2010). In these regards, the columnar properties of
aerosol derived by the photometers and aerosol vertical pro-
files provided by the lidars are clearly complimentary pieces
of information about aerosol, both important for climatic
studies. Specifically, the columnar properties are important
for direct aerosol forcing estimations both on global and re-
gional scales (Pilinis et al., 1995; Costa et al., 2004). On
the other hand, the vertical structure of the aerosol is needed
for accounting of the indirect effects like influence on cloud
formation (McCormick et al., 1993; Bréon, 2006). The im-
portance of obtaining simultaneous information about both
columnar and vertical aerosol properties is rather evident for
the scientific community, and, a substantial number of sites
within ground-based networks conducting coincident lidar
and photometric measurements have been established.

In addition, the accumulation of a variety of complemen-
tary data is not the only positive effect. It also helps to im-
prove the accuracy of the obtained data and derive qual-
itatively new aerosol characteristics. Indeed, processing of
both passive and active remote measurements relies on a set
of several assumptions. For example, retrievals of aerosol
columnar properties from passive methods use an assump-
tion of the vertical distribution of aerosol. The uncertainties
in this assumption may have a notable effect on the retrieval
result, especially in the case of polarimetric observations. Re-
trievals from active sounding, on the other hand, deal with
relatively limited information from the altitude profiles of

the spectral backscattering and usually rely on assumptions
about aerosol columnar properties. For example, information
about aerosol type is usually used for constraining the lidar
ratio that defines relation between aerosol backscatter and
extinction. Combined with known boundary conditions, this
provides missing information and allows quantitative inter-
pretation of lidar signals and retrieval of vertical profiles of
aerosol backscatter and extinction (Klett, 1981, 1985). Com-
monly, the lidar ratio is chosen using a priori climatological
data sets. For example, processing of lidar observations from
the CALIPSO spaceborne platform relies on the climatologi-
cal models of lidar ratio derived by cluster analysis of the en-
tire database of AERONET retrievals obtained for∼ 10 yr of
observations (Omar et al., 2005). However, inconsistencies in
the chosen lidar ratio directly propagate into derived results
and may strongly affect the lidar retrievals (Sasano et al.,
1985; Kovalev, 1995). The most reliable and therefore prefer-
able approach is to define lidar ratio using coincident mea-
surement by developing enhanced lidar capabilities or by ob-
taining missing information from other instruments (Ferrare
et al., 1998a; Gobbi et al., 2003). For example, enhancement
of lidar observation can be achieved by employing lidar sys-
tems registering combined elastic-Raman signals (Ansmann
et al., 1992; Ferrare et al., 1998a,b; Turner et al., 2002;
Müller et al., 2007) or by conducting high spectral resolution
lidar observations (Shipley et al., 1983; Liu et al., 2002; Hair
et al., 2008; Burton et al., 2012; Groß et al., 2013). Usage of
approaches with non-elastic observations result in significant
enhancement of the information contents in backscattering
observations, which allows derivation of aerosol extinction
profiles and even estimations of aerosol microphysical prop-
erties without a priori constraints on aerosol type or load-
ing (Müller et al., 1999, 2005; Veselovskii et al., 2004). De-
spite of the achieved progress in non-elastic lidar technology
(Baars et al., 2009; Althausen et al., 2009) the bulk of moni-
toring of vertical aerosol variability is conducted by the con-
ventional lidars and the constraining of aerosol type is done
using coincident airborne measurements by nephelometers
(Hoff et al., 1996; Adam et al., 2004), spectrophotometers
(Marenco et al., 1997) or using ground-based measurements
by sun photometers (Waquet et al., 2005).

The straightforward constraining of the lidar retrievals us-
ing values of total aerosol optical thickness is a common way
of utilizing coincident sun-photometer measurements for the
improvement of lidar observations processing (Fernald et al.,
1972; Fernald, 1984). In addition, several more sophisti-
cated approaches of combining two types of measurements
were proposed recently for exploring additional sensitivi-
ties in both lidar and photometric observations. Such meth-
ods are usually aimed not only at improving accuracy of
the retrieved aerosol characteristics, but rather at retrieving
qualitatively new aerosol information. For example, the most
common lidar products include vertical profiles of extinction
or/and concentration of aerosols that are derived using a li-
dar ratio fixed under some assumptions about aerosol type,
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and coincident data from sun photometers could provide the
required information about aerosol type. However, aerosol
type may change vertically, for example, when background
aerosol is mixed with layers of transported aerosols as those
from desert dust or biomass burning aerosols. Ground-based
radiometric data have practically no sensitivity to vertical
variability of aerosol; they can only provide some indica-
tion of possible aerosol mixtures. On the other hand, spec-
tral (sensitive to variations of aerosol sizes) and polarimet-
ric (sensitive to particle shape) lidar measurements can trace
a rather clear qualitative picture of vertical variability of
aerosol properties. Utilization of such lidar data in a combi-
nation with coincident radiometric data allows some quanti-
tative description of vertical distribution of aerosol mixtures.

Generally, information about sizes and composition of
aerosol particles obtained from radiometers is used for defin-
ing a number of different aerosol components and their de-
tailed properties (size distributions, complex refractive index
and particle shape). Then lidar data are fitted using optical
properties of these assumed aerosol components by search-
ing for their vertical mixture that provides the best match of
lidar data. For example, studies byChaikovsky et al.(2002,
2004, 2006a, 2012) andCuesta et al.(2008) used the mea-
sured spectral dependence of backscatter and extinction to
derive vertical distribution of two optically distinct aerosol
modes assuming that only concentrations of the each aerosol
mode can change vertically. The size distributions and com-
plex refractive indices of each aerosol component were fixed
using the aerosol retrievals from AERONET radiometers.
In the LiRIC (Lidar/Radiometer Inversion Code) algorithm
Chaikovsky et al.(2012) assumed two mono-modal fine and
coarse aerosol components with the size distributions ob-
tained by dividing AERONET derived distribution into two
using the minimum in the range of sizes from 0.194 to
0.576 µm as a separation point. The complex refractive in-
dex for both modes was assumed the same and equal to the
one retrieved by the AERONET.Cuesta et al.(2008) used
more complex procedure. First, the AERONET size distri-
bution was decomposed into log-normal mono-modal distri-
butions. Then both bi-modal size distributions of each mode
and complex refractive indices were defined using available
ancillary data.Ansmann et al.(2011b) used measured de-
polarization profiles in order to derive vertical distribution
of spherical and non-spherical aerosol components with size
distributions and complex refractive indices fixed from mod-
elling. Also Sinyuk et al.(2008) have proposed retrieval of
both columnar and vertical aerosol properties by inverting a
combined data from coincident observations by CALIPSO
satellite lidar and AERONET radiometers.

The GARRLiC (Generalized Aerosol Retrieval from Ra-
diometer and Lidar Combined data) approach proposed in
this paper pursues even deeper synergy of lidar and radiome-
ter data in the retrievals. Indeed, the methods described above
are aimed at enhanced processing of lidar data and do not in-
clude any feedback on aerosol columnar properties. At the

same time, some additional sensitivity to columnar proper-
ties of aerosol compared to radiometric data is provided from
lidar measurements. For example, the radiometric observa-
tions from ground do not include observation in back scat-
tering direction. In addition, the radiation field observed by
the radiometers, in particular its polarimetric properties, has
some sensitivity to aerosol vertical distribution but usage of
this sensitivity is practically impossible without relying on
independent information about vertical variability of aerosol.
Therefore, the approach proposed here is aimed to take the
advantage from all sensitivities in lidar and radiometric data
to both vertical and columnar aerosol properties and to com-
bine the benefits of the most powerful approaches to com-
bined lidar/radiometer data treatment.

2 The GARRLiC algorithm concept

Both LiRIC and GARRLiC algorithms use positive heritage
of the AERONET retrieval. For example, several key ele-
ments of the statistically optimized inversion approach de-
signed for AERONET byDubovik and King(2000) were
adapted in LiRIC. In addition, LiRIC uses the identical to
AERONET model of aerosol microphysics. At the same
time, LiRIC takes its roots from earlier lidar retrievals adopt-
ing some elements of the AERONET retrieval. In this regard,
GARRLiC was created by direct modification of AERONET
and PARASOL algorithms adapting them for inclusion of
lidar data. The comparison of the mentioned algorithm in-
puts is given in Fig.1. The approach for treating lidar data
strongly relies on LiRIC heritage. Therefore, below we will
review the key aspects of all these algorithms that are used in
the GARRLiC design.

The AERONET operational retrieval is implemented suc-
cessfully for more than a decade by the algorithm described
by Dubovik and King(2000). It had been tested (Dubovik
et al., 2000), improved and upgraded over time. For ex-
ample, the following new modelling aspects have been in-
cluded: (i) accounting for particle non-sphericity in aerosol
scattering (Dubovik et al., 2002b, 2006), (ii) simulation of bi-
directional land and ocean surface properties (Sinyuk et al.,
2007), and (iii) both modelling of linear polarization and us-
ing the polarimetric measurements in the retrieval (Dubovik
et al., 2006; Li et al., 2009). Years of the algorithm’s ex-
ploitation has shown the possibility to provide new valuable
details of aerosol properties (e.g.Dubovik et al., 2002a; Eck
et al., 2005, 2012, etc.). The algorithm byDubovik and King
(2000) has been developed with the idea to achieve high flex-
ibility in using the various observations and deriving the ex-
tended set of aerosol parameters. Specifically, the algorithm
is based (seeDubovik and King, 2000; Dubovik, 2004) on
multi-term LSM (least square method) that allows flexible
and rigorous inversion of the various combinations of the in-
dependent multi-source measurements. As a result, the mod-
ifications of the algorithm have been used for inverting the
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Fig. 1.Comparison of LiRIC and GARRLiC algorithms.

various combined data. For example,Sinyuk et al.(2007)
used a modified algorithm for deriving both aerosol and sur-
face properties from coincident ground-based radiometer and
satellite observations.Gatebe et al.(2010) have implemented
a modification for inverting the combination of the ground-
based AERONET observations with the airborne observa-
tions by the photometer and up- and down-looking radiome-
ter and derived the detailed properties of aerosol both over
and under the airplane together with properties of surface re-
flectance. The latest modification of the algorithm has been
developed byDubovik et al.(2011) for retrieving both prop-
erties of aerosol and surface from observations of PARA-
SOL/POLDER. This version of the algorithm generalizes
and includes most of precedent modifications. Moreover, the
main part of the computer routine realizing the algorithm has
been significantly rewritten with the objective of the enhanc-
ing algorithm flexibility in order that it could be used in mul-
tiple applications with no or only minor modifications of the
main body of the algorithm routine. The algorithm has the
nearly independent modules “forward model” and “numeri-
cal inversion” (see Fig.2) in the respect that these modules
can be modified independently. Correspondingly, if a possi-
bility of simulating a new measured atmospheric character-
istic is included in the “forward model” this characteristic
can be inverted with no modifications of the “numerical in-
version” module in the source code. Only input parameters
of the inversion program need to be changed. As a result,

the algorithm byDubovik et al. (2011) can be used with
no modifications in multiple applications. For example, the
same program can be used for aerosol retrieval from satellite
(e.g. POLDER/PARASOL), ground-based (e.g. AERONET)
or aircraft observations. In the present development we used
this last version of the algorithm and modified it by adding
a possibility to invert lidar observations together with pas-
sive radiometric data. With that purpose modelling of lidar
observations was included in the “forward model” and the
“numerical inversion” module was adapted for inverting the
combined radiometer and lidar observations. The details of
these modifications are described in two following sections.

3 Modifications employed in the “forward model”

The previous versions of the retrieval code (Dubovik and
King, 2000; Dubovik et al., 2011) and its modifications
(Sinyuk et al., 2007; Gatebe et al., 2010) were developed for
inverting only passive observations by ground-based, satel-
lite and airborne radiometers. Therefore, for the needs of
the current study a possibility of modelling lidar observa-
tions was included into the “forward model” module. The
diagram in Fig.3 illustrates the concept of accounting for the
aerosol vertical variability in the “forward model” module of
the present algorithm. Although the concept has significant
similarities with LiRIC, it has several new aspects.
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Fig. 2.General structure of the inversion algorithm.

Fig. 3.General scheme of the measurements modelling using a two-component vertically distributed aerosol model.

Similarly to LiRIC, GARRLiC is designed to provide two
independent vertical profiles of the concentrations of fine
and coarse modes that are among the retrieved characteris-
tics. Aerosol is described as a bi-component mixture of fine
and coarse aerosol modes. The microphysical properties of
each mode (particle sizes, complex index of refraction and
shape) are height independent, while vertical profiles of con-
centrations vary with altitude. Such approach minimizes the
amount of a priori estimations used in the retrieval, and it is
expected to provide more detailed and accurate information
about both vertical and columnar aerosol properties. In a con-
trast to LiRIC, in the GARRLiC model the size intervals of
the modes may overlap and the size independent complex re-
fractive index may be different for each aerosol component.

3.1 Attenuated backscatter

The attenuated backscatterL(λ, h) measured by lidar was
modelled in single-scattering approximation using the lidar
equation:

L(λ, h) = A(λ)β(λ, h) exp

−2

h∫
0

σ(λ, h′)dh′

 , (1)

whereA(λ) is the lidar calibration parameter,σ(λ, h) is the
vertical profile of atmospheric extinction, andβ(λ, h) is the
vertical profile of the atmospheric backscattering that is mod-
elled using profiles of atmosphere single-scattering albedo
ω0(λ, h) and the phase functionP11(2, λ, h) at scattering
angle2 = 180◦ as follows:
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β(λ, h) =
1

4π
σ(λ, h)ω0(λ, h)P11

(
180◦ λ, h

)
. (2)

The extinction and backscattering of the atmosphere are
affected by gaseous absorption, molecular scattering and
aerosol scattering and absorption:

σ(λ, h) = σ abs
gas(λ, h) + σ scat

mol (λ, h) + σ ext
aer(λ, h), (3)

β(λ, h) = βmol(λ, h) + βaer(λ, h). (4)

The lidar measurements are made in window channels
(0.355, 0.532 and 1.064 µm) with very minor gaseous
absorption that is accounted using known climatologi-
cal data. The effects of molecular scattering are also ac-
counted by usage of climatological data. Specifically, the
phase functionP mol

11 (180◦ λ, h) of molecular scattering is
constant and well known. The variability of a molecu-
lar scattering profileσ scat

mol (λ, h) over an observation site
can be simulated with acceptable accuracy based on the
information about site’s geographical coordinates and el-
evation (Fleming et al., 1988, http://ccmc.gsfc.nasa.gov/
modelweb/atmos/cospar1.html). However, the aerosol prop-
ertiesσ ext

aer(λ, h) andβaer(λ, h) are highly variable and can-
not be modelled using climatologies. Therefore, in the “for-
ward model” these properties are driven by the parameters
included in the vector of unknowns that are retrieved during
inversion. The radiometric observations both from ground
and space are mostly sensitive to columnar properties of
aerosol; therefore the “forward model” in the previous ver-
sion of the algorithm was driven by the parameters describ-
ing these columnar properties. The aerosol was assumed as
a mixture of the several aerosol components. Each aerosol
component was represented by a sum of spherical and non-
spherical fractions. The spherical fraction was modelled as a
polydisperse mixture of the spheres. The non-spherical frac-
tion was modelled as mixture of randomly oriented polydis-
perse spheroids. The distributions of particle volumes and the
complex refractive indices were assumed the same in both
spherical and non-spherical aerosol fractions. The extinction,
absorption and scattering properties of the aerosol in the total
atmospheric column were modelled as

τext/abs(λ) =

∑
k=1,...,Nk

[ ∑
i=1,...,Ni

(
csphKsph

ext/abs(. . . , ri)

+
(
1 − csph

)
Kns

ext/abs(. . . , ri)
) dVk (ri)

dln r

]
, (5)

ω0(λ)Pii′(2, λ) =

∑
k=1,...,Nk

[ ∑
i=1,...,Ni

(
csphKsph

ii′
(. . . , ri)

+
(
1 − csph

)
Kns

ii′ (. . . , ri)
) dVk (ri)

dln r

]
, (6)

where Ksph
ext/abs(. . . , ri) and Kns

ii′
(. . . , ri) are the kernels of

extinction, absorption and scattering properties of spherical

and non-spherical aerosol fractions (Dubovik et al., 2011).
For reducing calculation time in the numerical integration
of spheroid optical properties over size and shape, these
kernels were arranged as the look-up tables simulated for
quadrature coefficients employed as discussed in details by
Dubovik et al.(2006). The calculations of kernels for non-
spherical fraction were done assuming non-spherical aerosol
as a mixture of randomly oriented polydisperse spheroids
with the distribution of the aspect ratios fixed to the one pro-
viding the best fit to the laboratory measurements of min-
eral dust (feldspar sample) phase matrices byVolten et al.
(2001). Such strategy of accounting for non-spherical shape
of desert dust aerosol is successfully used in the operational
AERONET retrieval.

It is noteworthy that the spheroid model developed by
Dubovik et al.(2002b, 2006) appeared to be rather useful
for other aerosol remote sensing applications. It was shown
that the spheroid model allows qualitative reproduction of the
main features of lidar observations of non-spherical desert
dust (Cattrall et al., 2005; Schuster et al., 2012). Further-
more,Veselovskii et al.(2010), Di Girolamo et al.(2012) and
Müller et al. (2013) have incorporated the spheroid model
into the algorithm retrieving aerosol properties from lidar ob-
servations, which were, probably, one of the first attempts to
interpret quantitatively the sensitivity of the lidar observa-
tions to particle non-sphericity. It should be noted that the
studies byMüller et al.(2010, 2012) outlined some potential
issues in the ability of the spheroidal model to reproduce ac-
curately some specific features of the obtained backscatter-
ing observations. More recent comparisons of detailed Ra-
man observations with LiRIC retrievals (based on spheroid
model) by Wagner et al.(2013) and with AERONET re-
trieved columnar aerosol properties byMüller et al.(2013)
provided notably more positive conclusions regarding the po-
tential of using spheroids for modelling aerosol backscatter-
ing properties. Though uncertainties in interpretation of the
lidar observations using spheroids exist, all above studies are
in consensus that using spheroids as models of aerosol par-
ticles instead of spheres provides significant improvements
in interpretation of desert dust observations. Moreover, at
present, a polydisperse mixture of spheroids is the only phys-
ical model used rigorously in operational aerosol retrievals
and, based on accumulated results and experience, there are
numerous efforts dedicated to improving the spheroid model
or identifying a more accurate alternative model.

It should be noted that Eqs. (5) and (6) are written
for aerosol composed byNk(k = 1, . . . , Nk) components,
where each component has different values of complex re-
fractive indexnk, kk and size distributiondVk(ri )

dln r
. Such pos-

sibility of modelling multi-component aerosol is included
in the previous version of the algorithm for both invert-
ing ground based (Dubovik and King, 2000) and satellite
(Dubovik et al., 2011) observations. In principle, such as-
sumption allows for accurate modelling of scattering by mix-
tures of aerosols of different types with distinctly different
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indices of the refraction. Such situations often appear in re-
ality, for example, when smoke is mixed with a transported
layer of desert dust. The differentiation and retrieval of both
the size distributions and the complex refractive indices for
each fraction of mixed aerosol from remote sensing is highly
demanded and recommended (Mishchenko et al., 2007).
However, due to the limited information content of radiomet-
ric observation, realizing such retrieval is a very challeng-
ing task. For example, sensitivity studies byDubovik et al.
(2000) demonstrated and studied such retrieval in a series
of numerical tests with synthetic AERONET data and found
that the retrieval of bi-component (Nk = 2) aerosol was non-
unique. Specifically, using different initial guesses the re-
trieval algorithm was finding several different bi-component
aerosol mixtures providing an equally good fit of the observa-
tions. As a result of this feature, the operational AERONET
algorithm uses the assumption of mono-component aerosol
with size independent complex refractive index. Nonethe-
less, in the present study we use a bi-component aerosol
model, where aerosol is composed by fine (k = 1) and coarse
(k = 2) aerosol components with different size distributions
and complex refractive indices. It is expected that a combina-
tion of the observations by ground-based radiometer with the
spectral lidar observations provide sufficient information for
satisfactory retrieval of bi-component aerosol mixture prop-
erties. Indeed, the spectral observations of lidar have sensi-
tivity to mixture of aerosol layers at different altitudes. This
sensitivity should help to differentiate the properties of a bi-
component mixture.

The vertical variability of the atmosphere is modelled us-
ing vertical profiles of the volume concentrationsck(h) of
the aerosol components under an assumption that such char-
acteristics as size distribution, complex refractive index and
particle shape of each aerosol component are vertically in-
dependent. Therefore, aerosol backscatteringβaer(λ, h) and
extinction propertiesσaer(λ, h) can be modelled as

βaer(λ, h) =
1

4π

∑
k=1,2

σ k
aer(λ, h)ωk

0(λ)P k
11

(
180◦, λ

)
(7)

and

σ k
aer(λ, h) = τk(λ)ck(h), (8)

where the vertical profiles of the volume concentrations
ck(h) of aerosol components are normalized to unity:
hTOA∫

0
ck(h)dh = 1.

Thus, this approach is convenient for both modelling
columnar aerosol properties by Eqs. (5) and (6) and vertical
lidar observations by Eq. (1).

In addition, vertical variability of aerosol may have some
effect on the outgoing atmospheric radiances measured from
space (Dubovik et al., 2011). This variability is accounted by
solving full radiative transfer equations in the plane parallel

approximation using vertically dependent optical character-
istics of the atmosphere:

1τi = 1τ
gas
i + 1τmol

i +

∑
k=1,2

1τ
aer,k
i , (9)

ω0(λ) =

1τmol
i +

∑
k=1,2

1τ
aer,k
i ω0(λ)

1τ
gas
i + 1τmol

i +
∑

k=1,2
1τ

aer,k
i

, (10)

P i
ii′(2, λ) =

1τmol
k Pii′(2, λ) +

∑
k=1,2

1τ
aer,k
i ωk

0(λ)P
aer,k
ii′

(2, λ)

1τmol
i +

∑
k=1,2

1τ
aer,k
i ω0(λ)

, (11)

where1τi , ωi
0(λ) andP i

ii′
(2, λ) represent optical proper-

ties of i-th homogeneous layer of the atmosphere. It should
be noted that in the AERONET retrieval algorithm (Dubovik
and King, 2000) the accountancy for aerosol vertical vari-
ability is also possible. However, the sensitivity studies
by Dubovik et al. (2000) show practically no sensitivity
to aerosol vertical profile and, as a result, the operational
AERONET retrievals are conducted under the assumption of
vertically homogeneous atmosphere. The PARASOL aerosol
retrieval byDubovik et al.(2011) accounts for vertical vari-
ability of aerosol (similarly as shown in Eq. (8), and is de-
signed to retrieve some information about aerosol vertical
distribution. However, the passive radiometric and polari-
metric observations from space have very moderate sensitiv-
ity to aerosol vertical variability. Therefore, vertical profiles
of aerosol concentrationsck(h) in the PARASOL algorithm
are approximated by the Gaussian distribution and only the
median height of aerosol layerha is retrieved. In contrast,
the profilesck(h) in the present study are not approximated
by any specific function and could have practically arbitrary
shapes. Such approach is necessary for adequate modelling
of lidar observations. In principle, such accurate accounting
for aerosol vertical variability in radiative transfer calcula-
tions is not necessary for processing of passive observations,
however, this may have some positive effects once radiomet-
ric data are combined with lidar observations, as it was done
in this study.

3.2 Adjustments of the “forward model” to model lidar
observations

Theoretically, the profilesck(h) should describe the variabil-
ity of aerosol at all altitudes from ground to space. How-
ever, the height range of lidar measurements has limitations.
Usually ground-based lidar measurements do not cover all
atmosphere altitudes and are conducted between the upper
hmax and the lowerhmin limits. Therefore, the vertical pro-
filesck(h) can be derived only between these limits and some
assumptions aboutck(h) for h >hmaxandh <hmin should be
made in order to describe the vertical distribution of aerosol
in the whole atmosphere column which is required for ra-
diative transfer calculations. Here, the aerosol overhmax was
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Table 1.Parameters retrieved by the algorithm.

Aerosol characteristics

dV k(ri )
d ln r

(i = 1, . . . ,Nk
i
; k = 1,2) values of volume size distribution in size bins ofk-th aerosol component

ck (hi) (k = 1, 2) vertical distribution of aerosol concentration ofk-th aerosol component, normalized to 1

Csph Faction of spherical particles of coarse aerosol component

nk (λi) (i = 1, . . . ,Nλ = 7; k = 1, 2) the real part of the refractive index fork-th aerosol component at everyλi

of combined lidar/photometric measurement

kk (λi) (i = 1, . . . ,Nλ = 7; k = 1, 2) the imaginary part of the refractive index fork-th aerosol component at everyλi

of combined lidar/photometric measurement

Lidar calibration parameters

A(λi) (i = 1, . . . , 3) Lidar calibration coefficient at eachλi of the lidar measurement

assumed exponentially, decreasing fromck(hmax) to a value
close to zero (10−30) on the top of the atmospherehTOA, and
underhmin it was assumed constant and equal to the lowest
estimated pointck(hmin) as the following:

c(h) = c (hmin) , h ≤ hmin

c(h) = c (hmax) exp(−αh), h > hmax, (12)

whereα is chosen from the condition thatck(hTOA) → 0.
The actual lidar observations used in the present study had

an altitude range from 0.5 up to 10 km, with the altitude reso-
lution 1h of 15 m, which provides information about aerosol
backscatter properties inNh ' 600 altitude pointshi . In order
to avoid an excessively high number of the retrieved parame-
ters in the algorithmNh was limited to a smaller number (60).
Since air density decreases exponentially and a similar scale
is expected for the variability of aerosol profiles, the logarith-
mically equidistant (1 ln h = Const)hi have been chosen for
describing profilesck(h) in the algorithm.

The lidar measurementsL(λ, h) were also scaled down
from Nh ' 600 to a smaller number. This decreases calcu-
lation time, and in addition, helps to decrease the effect of
high frequency noise. Since the power of the laser pulse re-
turned to a receiver decreases as square of the distance dur-
ing beam propagation in the atmosphere the level of noise
strongly increases with the altitude. Therefore, the decima-
tion of lidar signals in logarithmic scale over altitude pro-
vides practically useful noise suppression. Since lidar signal
is measured with constant vertical resolution (1h = Const),
the decimation in logarithmic scale results in a decrease of
sampling rate with the increase of altitude. According to the
Kotelnikov–Nyquist theorem (Nyquist, 1928; Kotelnikov,
1933) the lower sampling rate at high altitudes decreases the
amplitudes of high frequency oscillations, which usually are
attributed to noise. The described decimation method could
be considered as an expanding sliding window low pass fil-
ter, allowing efficient noise suppression without loss of sig-
nificant information about aerosol vertical structure.

3.3 The calibration of lidar signal

Commonly, retrievals use the attenuated backscatter (Eq.1)
normalized by attenuated backscatter at the reference alti-
tudehref. This reference altitude is chosen from the altitudes
higher thanhmax, assuming that amount of the aerosol over
that altitude is negligible, i.e.

L(λ, href) = βmol (λ, href) × exp−2

τaer(λ) +

href∫
h0

(
σgas(λ, h′) + σmol(λ, h′)

)
dh′


 . (13)

Correspondingly ifτaer(λ) is known the above attenuated
backscattering at the reference altitudehref can be easily cal-
culated. However, due to the high presence of noise at high
altitudes the selection of the reference point remains a man-
ual procedure that influences lidar retrievals (Kovalev and
Oller, 1994; Matsumoto and Takeuchi, 1994). To address this
problemChaikovsky et al.(2004) have introduced the “cal-
ibration coefficient”A(λ) in Eq. (1) and included this value
into the set of the retrieved parameters. If the error is small
A(λ) → 1. Here we follow the same concept and deriveA(λ)

together with the other unknowns (see the list of the retrieved
parameters in Table1).

4 “Numerical inversion” organization

The retrieval is organized as a multi-term LSM fitting simi-
larly to the previous developments (Dubovik and King, 2000;
Dubovik, 2004; Dubovik et al., 2011). This approach has
shown to be convenient for designing efficient inversions of
combined complex data sets (Sinyuk et al., 2007; Gatebe
et al., 2010). This approach considers an inversion as a sta-
tistically optimized simultaneous solution of a system of sev-
eral independent equations:

f ∗

k = fk (a) + 1k (k = 1, 2, . . . , Nk) , (14)
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wheref ∗

k are the data from different sources; i.e.f ∗

k are the
estimations of the characteristicsfk(a). Since these estima-
tions are originated from different sources their errors1k are
independent. Correspondingly, under the assumption of the
Gaussian distribution of errors1k the optimum solution is
provided by multi-term LSM corresponding to a minimum
of the quadratic form9(a) defined as

29(a) =

Nk∑
k=1

(
f ∗

k − fk(a)
)T C−1

k

(
f ∗

k − fk(a)
)

→ min, (15)

whereCk are covariance matrices of the errors1k. Accord-
ing to the suggestion of earlier studies (Dubovik and King,
2000, etc.) the above condition can be conveniently refor-
mulated using weighting matricesWk = 1

ε2
k

Ck (ε2
k is the first

diagonal element ofCk):

29(a) =

Nk∑
k=1

ε2
0

ε2
k

(
f ∗

k − fk(a)
)T W−1

k

(
f ∗

k − fk(a)
)

→ min, (16)

whereε2
0 is first diagonal element ofCk=1 – covariance ma-

trix of the data set corresponding tok = 1. Correspondingly,
the contribution of each term in Eq. (16) is scaled by the ra-

tios of error variances
ε2

0
ε2
k

. As outlined byDubovik and King

(2000) this coefficient can be considered as the Lagrange
multiplier used in the constrained inversion techniques. In
addition, in a case when noise properties are assumed cor-
rectly, the achieved minimum can be used for estimatingε2

0
as(
9(a)ε2

0

)
min

→ ε2
0. (17)

Additionally, in previous studies (Dubovik and King, 2000;
Dubovik, 2004; Dubovik et al., 2011) the data both obtained
from actual observations and from a priori knowledge are
considered equally in equation system (Eq.14). Such con-
sideration allows convenient interpretation of a priori con-
straints and development of flexible retrieval formalism with
use of multiple constraints. Specifically, for the convenience
of interpretation of the present algorithm, the quadratic form
(Eq.16) can be represented by two terms:

2
(
9(a)ε2

0

)
=

Nmeas∑
k=1

ε2
0

ε2
k

(
f ∗

k − fk(a)
)T W−1

k

(
f ∗

k − fk(a)
)

+

Nprior∑
p=1

ε2
0

ε2
p

(
s∗
p − sp(a)

)T

W−1
p

(
s∗
p − sp(a)

)
. (18)

Here, the first group unitesNmeassets of independent mea-
surements (with different level of accuracies) and the second
represents a priori constraints. It unitesNprior sets of known
a priori data sets (s∗

p) used as a priori values of characteristics
sp(a). The measurements group hasNmeas= 5 and includes
(k = 1) AERONET spectral and angular measurements of at-
mospheric sky-radiances, (k = 2) AERONET spectral mea-
surements of aerosol optical thickness and (k = 3, . . . , 5) lidar

spectral measurements of attenuated backscatter. Thus, com-
pared to the AERONET retrieval (Dubovik and King, 2000)
the measurement group in Eq. (18) includes additional terms
corresponding to the measurements of attenuated backscatter
at different wavelengths.

It should be noted that in many practical situations the
observations are uncorrelated and provide equally accurate
data, i.e. weighting matrices are equal to unity matrices
Wk = I . Such weight matrix structure directly applicable to
the passive measurements both for sky radiances and aerosol
optical thickness performed at different wavelengths. How-
ever such estimations that were implied in the AERONET
and POLDER retrievals are not applicable to lidar measure-
ments, as their variances depend both on the altitude and on
the wavelength. Thus the weight matrix of lidar measure-
ment will have a form of diagonal matrix that describes rela-
tive altitude dependence of the variance for the given spectral
channel:

Wλ... =
1

ε2
λ...

Cλ... (hmin) 0 0

0
. . . 0

0 0 Cλ... (hmax)

 , (19)

whereε2
λ...

is the minimum diagonal element of covariance
matrix Cλ... whose elements are defined similar with the
approach proposed for LiRIC (Chaikovsky et al., 2006a;
Denisov et al., 2006; Chaikovsky et al., 2012):

Cλj (hi) = v2
+

g2
+ q2P ∗

(
hi, λj

)
AM

(
P ∗ − B∗

(
λj

))2

+
u2(

P ∗ − B∗
(
λj

))2
+ 4α2

1 + 4α2
2, (20)

where P ∗(λj , hi) is recorded during lidar measurements,
B∗(λj ) is the background noise estimation,A is the num-
ber of lidar profiles used for the time averaging,M is the
number of the lidar signal counts in the altitude-averaging
interval,g is the total deviation of the dark current and noise
in receiving channel,q is the index that characterizes fluctu-
ation noise of the photo receiver and could be estimated on
dark measurements of the photo-receiving module,u is the
coefficient that characterizes the amplitude of synchronous
noise in receiving channel,v is the non-linearity parameter;
α1 andα2 are the relative errors of molecular optical thick-
ness and backscatter coefficient estimations. Parametersg,
q, u, andv are system dependent and estimated from test-
ing of the lidar registration system, and parametersα1 and
α2 are known for the used model of molecular atmosphere
(Fleming et al., 1988, http://ccmc.gsfc.nasa.gov/modelweb/
atmos/cospar1.html). The second group in Eq. (18) unites
Nprior sets of known a priori derivatives of the aerosol
characteristics. Specifically, we used the derivatives of re-
trieved size distributions dVf,c(r)/dlnr, the complex refrac-
tive indices spectral dependenciesnf,c(λ) andkf,c(λ), and
the vertical variability of profilescf,c(h). In order to avoid
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unrealistic oscillations of retrieved aerosol parameters, we
assume that a priori values ofsp are zeros, i.e.s∗

p = 0 and
Eq. (18) can be written as

2
(
9(a)ε2

0

)
=

Nmeas∑
k=1

ε2
0

ε2
k

(
f ∗

k − fk(a)
)T W−1

k

(
f ∗

k − fk(a)
)

+

Nprior∑
p=1

ε2
0

ε2
k

a ST
p Sp aT , (21)

here matrixSp represents coefficients for calculating finite
differences used to estimate the derivatives. The explicit form
of these matrices is given inDubovik (2004) andDubovik
et al. (2011). Thus, compared to the AERONET algorithm
the a priori constraint group uses limitations on the deriva-
tives of vertical profiles of aerosol concentrations. Addition-
ally, in the present algorithm we use the limitation on the
derivatives separately for dVf,c(r)/dlnr, nf,c(λ) andkf,c(λ)

for both fine and coarse modes. As a result, the algorithm
usedNprior = 8 complementary a priori constraints.

It should be noted that limitations of the derivatives of the
vertical profiles appears to be a rather useful and very logical
approach to avoid unrealistic spiky vertical variations in pro-
filing that is also used in the LiRIC algorithm byChaikovsky
et al.(2002). Surprisingly, such apparently natural constrain-
ing is rarely used in profiling techniques (with few excep-
tions: Dubovik et al., 1998; Oshchepkov et al., 2002). For
example, even the cornerstone methodological studies of at-
mosphere profiling (e.g.Rodgers, 1976) propose limiting di-
rectly the values of profile using a priori estimations. Such
approach is generally rather restrictive and can lead to the
notable biases in the retrieval in the case when a priori as-
sumed profiles are significantly different from the real ones.
For example, in the aerosol microphysical applications where
aerosol size distributions are retrieved from the measure-
ments of spectral and angular scattering such approach ap-
pears to be unfruitful. Indeed, the shape and magnitudes of
aerosol size distribution may strongly vary and direct restric-
tion of its magnitude by a priori values is too restrictive. As
a result, although the use of a priori estimates as a constrain
in the retrieval of size distribution was proposed and tried
by Twomey(1963) much earlier than in atmospheric profil-
ing (e.g.Rodgers, 1976) it was never widely used. Instead,
most of established aerosol retrieval algorithms (e.g.King
et al., 1978; Nakajima et al., 1983, 1996; Dubovik et al.,
1995; Dubovik and King, 2000, etc.) use the limitations of
derivatives of aerosol size distribution. Such limitations are
obviously more universal and do not have apparent depen-
dence on aerosol type, loading, etc. The same property of
derivatives constraining seems to be very advantageous for
constraining vertical profile retrievals (as it was done in the
present work).

The actual minimization of Eq. (21) in the present algo-
rithm is performed in exactly the same way as described by
Dubovik et al.(2011) for “single-pixel” retrieval scenario.

5 GARRLiC algorithm functionality and sensitivity
tests

Series of sensitivity tests have been performed to verify the
performance of the developed algorithm and to provide the
illustration of capabilities and limitations of the algorithm to
derive a set of aerosol parameters (see Table1) from coinci-
dent lidar and sun-photometer observations.

The sensitivity tests had been designed to conform with
realistic conditions of each of the measurements. The tests
were carried out for two cases representing situations when
desert dust is mixed with urban pollution and biomass
burning aerosols. Six different scenarios were considered
for the each mixture. Among them 3 scenarios were per-
formed for high aerosol loading with total AOT ofτ0.532

a = 1
and 3 with very low AOT ofτ0.532

a = 0.05 atλ = 0.532 µm.
These two situations where chosen from the following con-
siderations. At the high aerosol loading we expect that
synergetic retrieval would maximally benefit from infor-
mation from radiometric observations, while at very low
AOT, the lidar data should provide maximum benefits. In-
deed, the accuracy of AERONET retrievals is generally
higher at high aerosol loading and significantly falls at
very low AOT (Dubovik et al., 2000). In contrast, the li-
dar data remain reliable even at low aerosol loadings. For
both high and low aerosol loading cases, three different
cases of fine/coarse mode partition were modelled:τf /τc = 4,
τf /τc = 1 andτf /τc = 0.25. Thus, resulting in six mixture
scenarios:τf = 0.8, τc = 0.2, τf = τc = 0.5, τf = 0.2, τc = 0.8
andτf = 0.04,τc = 0.01,τf = τc = 0.025,τf = 0.01,τc = 0.04
correspondingly.

For each of the six scenarios, two series of the tests were
made: (i) tests to estimate the sensitivity to random noise
were made without any noise added and with random noise
added to the simulated measurements, and (ii) tests to il-
lustrate the possible improvements introduced by using both
radiometric and lidar measurements in comparison with the
standard AERONET inversion.

5.1 Description of aerosol and noise models used for
sensitivity study

Two log-normal size distributions were used to generate
25 size bins (10 for fine and 15 for coarse aerosol modes).
To make the size distributions directly comparable with ac-
tual AERONET observations the values of the generated bin
radii were chosen corresponding to the ones of the standard
AERONET retrieval. The values used to model size distribu-
tions of fine and coarse modes (see Table2) were taken from
the AERONET retrieval climatology corresponding to desert
dust and biomass-burning aerosols (Dubovik et al., 2002a).

The values of complex refractive indices atλ = 0.44,
0.67, 0.87 and 1.02 µm for “urban pollution”, “biomass
burning” and “desert dust” aerosol models were adapted
from actual long-time observation statistics over the GSFC
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Table 2.Parameters of log-normal distributions used for aerosol size distribution modelling.

Aerosol mode rmin, µm rmax, µm rmean, µm rstd τ, (τtotal = 1) τ, (τtotal = 0.05)

Fine 0.05 0.576 0.148 0.4 0.8, 0.5, 0.2 0.04, 0.025, 0.01
Coarse 0.355 15.0 2.32 0.6 0.2, 0.5, 0.8 0.01, 0.025, 0.04
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Fig. 4.Retrievals of size distributions of “Dust”, “Smoke” and “Urban” aerosol models under different AOT.

(Goddard Space Flight Center), Banizombou and Solar Vil-
lage AERONET sites correspondingly, where the listed
types of the aerosols usually dominate in aerosol load
(Dubovik et al., 2002a). The values for spectral channels
λ = 0.355, 0.532 and 1.064 µm corresponding to lidar mea-
surements were obtained by the extrapolation.

Each of the aerosol components was modelled as a mix-
ture of polydisperse spheres and spheroids following Eqs. (5)
and (6) with faction of spherical particles (Csph) of 10 %, the
faction of non-spherical particles was 90 % correspondingly.
The sameCsph for coarse and fine aerosol modes was cho-
sen due to the limited sensitivity of the measurements to the
shape of smaller particles.

Two scenarios with clear vertical separation of fine and
coarse aerosol components were used. The fine mode was
assumed to represent the background aerosol with specific
vertical distribution, while coarse mode distribution had a
thick layer approximately at 3 km. Both modes had a sig-
nificant amount of aerosol in the layers close to the ground
and monotonous decrease over the altitude. Such distribu-
tions were chosen to mimic the particularities of aerosol ver-
tical distribution usually found in the real lidar observations.

The values of the complex refractive indices, size distri-
butions as well as vertical distribution profiles of the aerosol
models could be found marked as “TRUE” in Figs.4–9.

To model realistic measurement conditions the random
normally distributed noise was added to the generated mea-
surements. The variance of noise in optical thickness mea-
surement was set as 0.005, and the variance of noise in scat-
tered irradiance was chosen as 3 %, i.e.1I

I
= 0.03; spectral

and altitude dependent variances of lidar measurements were
defined as
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Fig. 5. Retrievals of complex refractive index of the “Dust” aerosol
model under different AOT.

1L(λ, h)

L(λ, h)
= ε(λ)n(h), (22)

where ε(λ) = 0.2, 0.15 and 0.1 forλ = 0.355, 0.532 and
1.064 µm, correspondingly, and vertical dependence was set
as the following function:

n(h) = 1, log(h) < 1,

n(h) = log(h), log(h) ≥ 1. (23)

Using the above described microphysical model the synthetic
AERONET and lidar measurements were simulated and then
inverted. The results were compared with the “assumed”
properties.

5.2 Sensitivity test results

The discussion of the sensitivity study results will focus on
the retrievals of the aerosol properties that were not part of

www.atmos-meas-tech.net/6/2065/2013/ Atmos. Meas. Tech., 6, 2065–2088, 2013



2076 A. Lopatin et al.: GARRLiC – synergetic inversion of lidar and sun-photometer coincident observations

1.35

1.4

1.45

1.5

1.55

1.6

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

R
ea

l p
ar

t o
f r

ef
ra

cr
iv

e 
in

de
x

Wavelength, µm

0.0001

0.001

0.01

0.1

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

TRUE !=0.8 !=0.5 !=0.2 !=0.04 !=0.025 !=0.01

Im
ag

in
ar

y 
pa

rt 
of

 re
fra

ct
iv

e 
in

de
x

Wavelength, µm

Fig. 6.Retrievals of complex refractive index of the “Urban” aerosol
model under different AOT.

the standard AERONET inversion. Specifically, we will pay
particular attention to the retrieval of aerosol vertical pro-
files and differentiation between the properties of fine and
coarse aerosol mode parameters including complex refrac-
tive indices, size distributions, etc. The results of the sen-
sitivity tests are presented in Figs.4–9. These results show
that the algorithm derives all aerosol parameters with good
accuracy, and clearly distinguishes both aerosol modes. The
addition of the realistic random noise did not dramatically
affect the retrieval results, although once noise is added the
retrieval results depart further from the “assumed” values. In
addition, we would like to note that the accuracy of aerosol
size distribution retrieval is not discussed here. The results
of our sensitivity tests show generally very similar tenden-
cies as observed in earlier studies byDubovik et al.(2000).
However, Fig.4 shows the retrievals of size distributions of
aerosol components under different aerosol loads in the pres-
ence of random noise for a more descriptive presentation of
the sensitivity study.

Figures5–7 show the retrievals of aerosol complex refrac-
tive indices of each aerosol component under noisy condi-
tions performed for six different AOTs and obtained for two
aerosol mixtures listed above. As it is seen in Figs.5–7, the
method shows higher accuracy of columnar property retrieval
in the cases with higher aerosol loadings. A similar tendency
is observed for the retrieval of vertical profiles.

Another observed trend is that the accuracy of the re-
trievals of complex refractive index for each aerosol mode
strongly correlates with the contribution of this mode to the
signal. Specifically, the two following tendencies are ob-
served. First, the higher relative contribution of the aerosol
mode into the total optical thickness the better is the accu-
racy in the retrieval of the optical properties of this aerosol
mode. Second, the retrieval error of the refractive index in-
creases from shorter wavelengths to longer ones for the fine
mode. The tendency for the coarse mode is opposite. Such
behaviour could be explained by the fact that the efficiency
of scattering by small particles reaches the maximum values
when the size parameter is comparable with the wavelength,
thus scattering of small particles is more pronounced at the

0.0001

0.001

0.01

0.1

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

TRUE !=0.8 !=0.5 !=0.2 !=0.04 !=0.025 !=0.01

Im
ag

in
ar

y 
pa

rt 
of

 re
fra

ct
iv

e 
in

de
x

Wavelength, µm

1.35

1.4

1.45

1.5

1.55

1.6

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

R
ea

l p
ar

t o
f r

ef
ra

ct
iv

e 
in

de
x

Wavelength, µm

Fig. 7. Retrievals of complex refractive index of the “Smoke”
aerosol model under different AOT.

short wavelengths, and scattering of the big particles is more
pronounced at long ones.

Figure8 illustrates that a similar tendency is observed for
the retrievals of single-scattering albedo. This trend is espe-
cially evident in the situations with low total AOT and when
of one of the components dominates. As can be seen in Fig.8,
in such situation retrieval errors of the properties of minor
aerosol mode become unacceptably high. This leads to incor-
rect separation of the total single-scattering albedo between
these two aerosol components at shorter wavelengths. The
retrievals of total single-scattering albedo depend on the to-
tal optical thickness similarly as observed byDubovik et al.
(2000). The scenario with high total AOT and equal parti-
tion between the modes is the most favourable for overall
retrieval.

Figure9 shows the retrievals of vertical distributions. As
can be seen from these plots the algorithm gives generally
adequate vertical profiles for both modes. At the same time,
it tends to slightly overestimate the amount of the fine mode
and to underestimate coarse mode content in the layers that
contain the mixture of aerosols of both types. However, the
algorithm always provides adequate total extinction estima-
tions for the given layer.

This tendency remains even in noise free conditions, yet
having less drastic scales. It probably can be explained by
insufficient information content for the perfect separation of
fine and coarse mode contributions to the total lidar signal in
the mixed layers.

Another tendency observed in the sensitivity study is lower
sensitivity of the retrieval to the properties of the fine mode,
especially to the complex refractive index. These high errors
in derived complex indices of refraction propagate to the es-
timations of other optical properties of fine mode. The trend
is less pronounced in situations with high aerosol loading in
noise free conditions. Figure10 showing the dependence of
lidar ratios of fine and coarse modes on the complex refrac-
tive index for particles of different shape indicates that the
fundamental reason for this feature is a selective sensitiv-
ity of the lidar measurement to the optical properties of the
particles of different size and shape. Values of lidar ratios
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Fig. 8.Retrievals of the single-scattering albedo of aerosol components under different AOT.
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Fig. 9.Retrievals of the vertical distributions of aerosol components under different AOT.

depicted in Fig.10 were retrieved using size distributions
mentioned in Table2 with corresponding optical thickness
of τf = τc = 0.5. To retrieve the lidar ratios of spherical and
non-spherical particles parameterCsph was set to 100 and
0 % correspondingly. Values of the fixed parts of the com-
plex refractive index were set as 0.05 for the imaginary part
and 1.55 for the real part, for the cases with changing real
and imaginary parts correspondingly. Specifically, Fig.10in-
dicates that lidar ratio of the fine mode is less affected by
the changes in refractive index compared to the coarse mode.
This could be explained by smaller sensitivity of light scat-
tering to the particle shape of the fine mode that is well il-
lustrated in Fig.10, showing stronger dependence of the li-
dar ratio on complex refractive index for the spherical parti-
cles of coarse mode. Therefore, since lidar measurements are
sensitive mainly to the lidar ratio, lidar measurements do not
provide significantly new information about the refractive in-
dex of fine mode.

Also, at shorter wavelengths the high molecular scattering
reduces the aerosol contribution to the lidar signal. This also
leads to a decrease of the sensitivity to the fine mode aerosol
properties, as it was seen in Figs.5–8, since a significant

part of the information about fine fraction relies namely on
shorter wavelengths.

It should be noted that a number of studies (Mishchenko
et al., 2000, 2004; Dubovik et al., 2006) indicate high sensi-
tivity of polarimetric passive measurements to the refractive
index of the fine mode. Therefore, usage of radiometers with
polarimetric capabilities could potentially result in better re-
trievals of the aerosol parameters of the fine mode.

5.3 Improvements introduced by joint inversion of lidar
and AERONET

A synergetic handling of coincident radiometer and lidar data
is obviously beneficial for the acquisition of improved verti-
cal characterization of aerosol. The processing of lidar data
always relies on assumptions about some aerosol properties.
Obtaining this missing information from a nearby radiometer
is evidently preferable to a simple assumption of these prop-
erties from climatologies. Therefore, the positive influence
of the radiometer data on the lidar retrievals was emphasized
in a number of previous studies (Chaikovsky et al., 2006c;
Cuesta et al., 2008). However, all previous radiometer/lidar
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Fig. 10.Dependence of lidar ratio of fine and coarse modes on complex refractive index and particle shape.

synergy approaches used AERONET retrievals in the form
of a priori assumptions for improving lidar retrievals. GAR-
RLiC is the first development trying to explore the possibility
of improving AERONET retrieval by using extra informa-
tion of co-located lidar observations. The possibility to dis-
tinguish indices of the refraction of fine and coarse particles
is one of the most significant innovations proposed by GAR-
RLiC, since it was not achievable using only AERONET data
as shown in studies byDubovik et al.(2000). The results of
sensitivity tests presented in a previous section showed the
achievable levels of retrieval accuracy of the complex refrac-
tive index using both lidar and radiometer data. At the same
time, it is clear that the lidar data provide additional informa-
tion about aerosol properties because of high sensitivity of
lidar data to aerosol lidar ratio. Therefore, in order to provide
additional illustration of the positive effect from using lidar
data on aerosol columnar properties, we analyse the changes
in accuracy of the retrieval of lidar ratios by adding lidar data
to AERONET observations. Also, any improvement in lidar
ratio estimations brings straightforward enhancements in the
retrieval of vertical profiles of aerosol concentrations.

With a purpose to access and illustrate the possible im-
provements in the retrieval of aerosol columnar properties,
an additional scenario was added to the sensitivity study:
inversion neglecting the measurements provided by lidar.
Figure 11 shows the comparisons of errors of lidar ratio
retrievals conducted for the AERONET data only and for
a combination of AERONET and lidar. The lidar ratios
were derived from size distributions that could be found in
Fig. 4 for the “Urban”+ “Dust” aerosol mixture with cor-
responding optical thickness of 0.8/0.2 and 0.2/0.8. The re-
sults demonstrate that joint retrieval allows more accurate re-
trievals of lidar ratio for both aerosol components in such
challenging cases when one mode dominates in optical thick-
ness. In such cases retrieval without lidar measurements
tends to estimate all properties of both modes close to those
of dominating one, leading to dramatic errors in lidar ratio es-
timations. The errors of the retrieval of the dominating mode
lidar ratio remain almost the same for both inversion strate-
gies. These results lead us to conclude that supplementing
radiometer data by lidar observations helps to improve the
retrieval of aerosol properties of minor mode in the aerosol
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Fig. 11.Retrieval errors of lidar ratio with and without accountancy
for lidar data.

mixture. Consequently, the retrieval of the vertical profile of
the minor mode concentration also should be more accurate
compared to the retrievals by the approaches ofChaikovsky
et al. (2006c) and Cuesta et al.(2008) which assume lidar
ratios from the AERONET retrievals.

Also, based on the observations made in Fig.10, i.e. that
lidar ratio is very sensitive to the retrieval accuracy of spheri-
cal particles faction, we have evaluated the possible improve-
ments in the retrieval of this parameter by using joint inver-
sion of AERONET and lidar data.

Table3 summarizes the relative errors in retrieval of this
parameter for three cases of aerosol with different partition
of aerosol modes. The results were obtained for high aerosol
load within three inversion scenarios: the joint inversion of
radiometer and lidar data without any noise added; the joint
inversion with random noise added to the data and the inver-
sion of radiometer data only with random noise added to the
observations. Although without information about polariza-
tion the sensitivity to this parameter is quite low and depends
on aerosol optical thickness, the fact that backscatter depends
on this parameter (see Fig.10) allows decreasing retrieval er-
rors in the situations when coarse mode dominates in optical
thickness. As it is seen in Table3, the absence of lidar data in
the presence of the random noise makes accurate GARRLiC
retrieval of this parameter impossible even in a situation with
significant amount of coarse mode, while in the presence of
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Table 3.Relative errors of spherical particle faction retrieval.

τc
τf

τf τc

AERONET AERONET AERONET
+ lidar + lidar

no noise noise added noise added

0.25 0.8 0.2 0.99 1.00 0.98
1 0.5 0.5 0.28 0.99 0.99
4 0.2 0.8 0.02 0.89 0.03

Fig. 12.Air mass back trajectories for the Minsk measurement site
on 2 June 2008.

lidar data, sensitivity to this parameter remains for the same
case of aerosol load.

The decrease of the retrieval error with growth of the
coarse mode concentration is explained by higher sensitiv-
ity of the measurements to the shape parameters of bigger
particles.

The analysis of test results allows us to conclude that, be-
ing supplied with sufficient measurement information, the
combined inversion could provide deep synergy of two dif-
ferent types of aerosol remote sensing, resulting in more ac-
curate and qualitative retrievals compared to the single in-
strument inversions.

6 GARRLiC applications to real lidar/sun-photometer
observations

The algorithm has been applied to lidar/sun-photometer mea-
surements collected at the observation site of the Laboratory
of Scattering Media at the Institute of Physics, Minsk, Be-
larus. The station is equipped with the standard AERONET
sun photometer and several multi-wavelength lidars that
provided measurements of attenuated backscatter at 0.355,
0.532 and 1.064 µm.

Parameters that characterize noise (Eq.20) in these lidar
systems were estimated as shown in Table4.

Fig. 13.Air mass back trajectories for the Minsk measurement site
on 13 August 2010.
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Fig. 14.Retrieved aerosol size distributions.

Two typical situations were chosen to illustrate the inver-
sion results: (i) the observation of dust outburst from the Sa-
hara transported over Minsk on 2 June 2008 and (ii) obser-
vation on 13 August 2010 of smoke plum transported from
Russian forest fires over eastern Europe. The total optical
thicknesses for these cases wereτ440= 0.36 andτ440= 0.46
correspondingly. Figures12 and 13 show the atmosphere
back trajectories provided for Minsk AERONET site (http:
//croc.gsfc.nasa.gov/aeronet/, Schoeberl and Newman, 1995;
Pickering et al., 2001) for these cases. The analysis of these
back trajectories illustrates that air masses from mentioned
regions should be present over Minsk during measurement
periods.

Figures14 and 15 present the retrieved aerosol colum-
nar microphysical properties and Figs.17 and 18 show
the retrieved columnar optical parameters all in comparison
with standard AERONET retrievals for this site. Figures16
and 19–21 present the retrieved vertical profiles of micro-
physical and optical aerosol properties. Figure22 is dedi-
cated to qualifications of the vertical retrievals, presenting
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Table 4.Parameters of noise estimations for the lidar system.

Parameter v g q u α1 α2

Value 10−5 10−4 10−1 1 10−1 10−3
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Fig. 15.Retrieved aerosol complex refractive indices.

the comparison of GARRLiC results with LiRIC retrievals
made for the same measurements.

The retrieved size distributions (Fig.14) are consistent
with the expectations for observed aerosol types: domina-
tion of fine mode for smoke and of coarse mode for desert
dust. Both retrievals show good agreement with AERONET
retrievals. The difference in the fine mode retrievals between
the two methods in the dust observation case could probably
be explained by lower sensitivity of the AERONET inversion
to minor aerosol modes. Observed size shift in the favour of
larger particles for both cases could be explained by influ-
ence of the lidar data on the retrieval.

The retrieved refractive indices (Fig.15) are clearly dis-
tinguished between modes and are coherent with the val-
ues expected for these aerosol types: highly absorbing fine
mode for smoke, and the real part of the refractive index
for coarse mode close to the observations of this parame-
ter for dust (Dubovik et al., 2002a). Since, the AERONET
retrieval does not discriminate the refractive index of the
modes, the AERONET derived values cannot be compared
directly to the GARRLiC retrieval. Nonetheless, it is clear
that there is logical agreement between two retrievals since
the AERONET derived refractive indices are generally in the
middle between values of fine and coarse modes obtained
by GARRLiC. Two trends observed in the retrievals of the
imaginary part of refractive indexes should be outlined: high
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absorption of the fine particles in the dust case and very low
absorption of the coarse particles for the smoke case (see bot-
tom panels in Fig.15). Such retrievals could be explained by
very low optical thickness of the minor modes (τf = 0.19 for
the dust case andτc = 0.04 for the smoke case). As it was
demonstrated by the sensitivity study, such low contributions
of the minor modes could lead to high estimation errors in
their complex refractive index.

The vertical distributions of fine and coarse modes
(Fig. 16) clearly discriminate the vertical structure of the
aerosols of different types. Both retrievals agree well with
back-trajectory analysis: according to Figs.12and13, the at-
mospheric layer from the region of forest fires was expected
at the altitude of about 2 km, and the layer from the Sahara
was expected at around 4 km.

Retrievals of lidar ratios shown in Fig.17demonstrate no-
table differences between the AERONET and GARRLiC val-
ues. The main difference is located at shorter wavelengths.
These differences are probably caused by the significant dif-
ferences in the sensitivities of both data sets, and by the
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Fig. 18.Retrieved aerosol single-scattering albedo.

differences in assumptions. Specifically, the AERONET ra-
diometer does not include observations in backscattering di-
rection, and assumption of size independent refractive in-
dex may also result in an additional error in the lidar ratio
estimation.

The spherical particles faction retrieved for these two cases
gave 40 % of spherical particles for the smoke event and
25 % for the dust event, compared to the 99 and 2 % from
the AERONET retrievals. This difference can be explained
by high sensitivity of the lidar measurements to backscatter
from non-spherical particles (seeDubovik et al., 2006 and
Fig. 10).

Figure 18 illustrates the retrievals of columnar single-
scattering albedo (SSA). The total (i.e. mixture of fine and
coarse) SSA shows good agreement with AERONET re-
trievals, climatological (Dubovik et al., 2002a) and observed
(Toledano et al., 2011) values. Both spectral dependencies
of smoke and dust single-scattering albedos were retrieved.
The total single-scattering albedo is closer to the value of the
dominating aerosol mode for both retrievals. This also could
be explained by low contributions of the minor modes to the
total optical thickness and higher absorption estimations of
the dominating aerosol components.

Figures19–21 demonstrate the vertical distributions of
single-scattering albedos, lidar ratios and extinction calcu-
lated using retrieved parameters at the wavelengths of li-
dar measurements. All distributions have a noticeable ver-
tical structure that agrees with the retrieved vertical dis-
tributions of aerosol concentrations. The values of single-
scattering albedo (see Fig.19) at all single layers are in the
ranges of typical values for dust and smoke aerosols (e.g.
Toledano et al., 2011). The retrieved lidar ratios (Fig.20) are
in the ranges of values for dust and smoke aerosols given
by Dubovik et al.(2002a) andCattrall et al.(2005). These
values, however, are lower than the assumptions for dust par-
ticles given bySchuster et al.(2012), Groß et al.(2011) or
by Tesche et al.(2009, 2011). The lower lidar ratios in this
case could have been caused by contamination of the pure
dust layers during the long-range aerosol transport depicted
in Fig. 12. Strong spectral dependence of the smoke lidar
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ratio observed in Fig.20 illustrates the fact that IR (infrared)
light has less pronounced scattering on the smoke particles
than light at the shorter wavelengths.

It should be noted, that the particular behaviour of profiles
in Figs.19and20at higher altitudes could be explained by a
very small amount of the aerosol present in the upper atmo-
sphere layers and very weak signal returned from this altitude
range.

Figure22is aimed to demonstrate the consistency between
the LiRIC and GARRLiC retrievals in a case where no dif-
ferences are expected. Both algorithms provide two distinct
vertical concentration profiles for different aerosol compo-
nents and the comparison of profiles retrieved by GARRLiC
and LiRIC was made. The main difference is that GARRLiC
modifies the retrieved columnar properties of aerosol. In ad-
dition, GARRLiC uses a bi-component aerosol model that
may have different complex refractive indexes. This assump-
tion affects estimations of lidar ratios for each mode and
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Fig. 21.Retrieved vertical profiles of aerosol extinction.

therefore affects the retrieved vertical profiles. Therefore, the
demonstration of LiRIC and GARRLiC codes consistency
has been performed using the case with small difference in
complex refractive indices of fine and coarse aerosol modes
(see Fig.15).

Figure22 shows vertical distributions retrieved by GAR-
RLiC compared with the results of the LiRIC inversion
(Chaikovsky et al., 2012) made for the same measurement
set during a smoke event. Both retrieved profiles are in good
agreement. The minor differences could be explained by the
smaller amount of altitude layers in the GARRLiC retrieval
and differences in lidar ratio estimations for both modes.
Therefore, in situations when the usage of the same values of
complex refractive indices for both aerosol modes could be
justified, these two methods should provide similar results,
demonstrating the succession of the newer method. We have
observed that in less favourable situations the AERONET es-
timates of the lidar ratio for aerosol components can show
more significant deviations compared with the ones retrieved
by GARRLiC, thus affecting the retrievals of vertical con-
centration profiles more drastically.

Thus, the results of GARRLiC application to the real data
and their comparisons to the AERONET and LiRIC retrieval
results showed an encouraging agreement for both colum-
nar and vertical properties of aerosol. At the same time, the
GARRLiC retrieval differentiates between columnar optical
properties of fine and coarse modes of aerosol relying on ad-
ditional information contained in lidar observations.

7 Conclusions

This paper has discussed in detail a concept for a new GAR-
RLiC algorithm developed for deriving detailed properties of
two atmospheric aerosol components from coincident lidar
and photometric measurements. The algorithm is developed
using the heritage of the AERONET, PARASOL and LiRIC
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Fig. 22. Comparison of the retrieved vertical profiles with LiRIC
inversion for observations on 13 August 2010.

algorithms. The algorithm is designed to invert the coincident
observations of the CIMEL sun/sky photometer that regis-
ters direct and scattered atmospheric radiation at four wave-
lengths in up to 35 directions and multi-wavelength elas-
tic lidar that registers backscattered radiation at three wave-
lengths in up to 1000 altitude layers. The algorithm derives
an extended set of parameters for both columnar and verti-
cal aerosol properties, including aerosol sizes, shape, spec-
tral complex refractive index for both fine and coarse aerosol
modes, as well as vertical profiles of mode concentrations.

The concept of the algorithm is aimed to achieve a higher
accuracy in the retrieval, since in such an approach the so-
lution usually relying only on passive measurement of the
radiometer is benefiting from information contained in co-
incident active observations by lidar, and this method uses
a smaller number of assumptions about aerosol. This paper
provides a detailed description of the full set of formulations
necessary for realizing this concept.

The performance of the developed algorithm has been
demonstrated by application to both synthetically generated
and real coincident sun-photometer and lidar observations.
First, a series of sensitivity tests were conducted by apply-
ing the algorithm to the synthetic sun-photometer and li-
dar observations for the cases of aerosol mixtures contain-
ing desert dust with urban pollution and biomass burning
aerosols. The simulations were designed to mimic the ob-
servations of real aerosol. With this purpose, aerosol models
derived from the AERONET observations at Solar Village
(Saudi Arabia), African savanna (Zambia) and the GSFC
(Greenbelt, MD) were used to generate synthetic proxy mea-
surements, both photometric and both photometric and lidar.
The data were perturbed by random noise before applying
the retrieval algorithm. The results of the tests showed that
the complete set of aerosol parameters for each aerosol com-
ponent can be robustly derived with acceptable accuracy in
all considered situations. Lower estimation errors for lidar ra-
tios of the aerosol components compared to the AERONET
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retrievals were achieved. The better accuracy was observed
for the higher aerosol load.

In addition, the GARRLiC algorithm was applied to co-
incident lidar and sun-photometer observations performed
at Minsk (Belarus) AERONET site. The comparison of
the derived aerosol properties with available observations
by AERONET ground-based sun/sky-radiometers indicated
encouraging consistency of microphysical parameters of
aerosol components derived from joint inversion with those
obtained by the AERONET retrieval. More comprehensive
studies for testing and tuning the developed algorithm in-
cluding accountancy for polarization effects both for sun-
photometer and lidar observations are planned in future ef-
forts. Such important aspects of algorithm implementation as
coincident measurements requirements are to be addressed in
follow-up studies.

The described GARRLiC algorithm is not only limited to
ground observations or to the used instrument types. The pre-
sented concept could be adapted to a variety of aerosol re-
mote sensing instruments available, including ground-based
polarimetric measurements of both sun photometers and li-
dars, Raman scattering lidars and spaceborne systems like
PARASOL and CALIPSO, providing wider opportunities in
global comprehensive aerosol characterization.
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