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FIG. 1. The averaged optical properties of different types of tropospheric aerosol retrieved from the worldwide AERONET network of ground-based radiometers. Urban–industrial, biomass
burning, and desert dust aerosols are shown for text(440) 5 0.7. Oceanic aerosol is shown for text(440) 5 0.15 since oceanic background aerosol loading does not often exceed 0.15. Also,
v0(l) and the refractive index n shown for Bahrain was obtained only for the cases when a # 0.6 [for higher a, v0(l) and refractive index n were very variable due to a significant presence
of urban–industrial aerosol]. However, we show the particle size distribution representing all observations in Bahrain (complete range of a). Ångström parameter a is estimated using optical
thickness at two wavelengths: 440 and 870 nm.
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FIG. 1. The averaged optical properties of different types of tropospheric aerosol retrieved from the worldwide AERONET network of ground-based radiometers. Urban–industrial, biomass
burning, and desert dust aerosols are shown for text(440) 5 0.7. Oceanic aerosol is shown for text(440) 5 0.15 since oceanic background aerosol loading does not often exceed 0.15. Also,
v0(l) and the refractive index n shown for Bahrain was obtained only for the cases when a # 0.6 [for higher a, v0(l) and refractive index n were very variable due to a significant presence
of urban–industrial aerosol]. However, we show the particle size distribution representing all observations in Bahrain (complete range of a). Ångström parameter a is estimated using optical
thickness at two wavelengths: 440 and 870 nm.
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thickness at two wavelengths: 440 and 870 nm.
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FIG. 1. The averaged optical properties of different types of tropospheric aerosol retrieved from the worldwide AERONET network of ground-based radiometers. Urban–industrial, biomass
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thickness at two wavelengths: 440 and 870 nm.
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Chap 5 – Les aérosols atmosphériques 
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5 

(Image: C. Leck) 

Lien entre composition et taille des aérosols 
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2003; Veihelmann et al., 2004] to ones simulated with the
T-matrix technique, the use of precomputed kernels allows
the inclusion of larger particles and multiple repetition of
the spheroid calculations (with different aerosol parameters)
without significant computational time expense. Therefore
fitting the measurement results can be accomplished not
only by using forward simulations (as in the studies by
Nousiainen and Vermeulen [2003] and Veihelmann et al.
[2004]), but also efficiently by employing an inversion
approach (e.g., an inversion was employed with similar
purpose in the studies by Kahnert [2004], Min et al. [2005],
and Nousiainen et al. [2006]).
[24] Indeed, laboratory measurements [Volten et al., 2001,

2005; Muñoz et al., 2001, 2004; Hovenier et al., 2003]
provide unique experimental information about polarization
properties of several samples of nonspherical aerosol. The
design and implementation of these measurements have
involved extensive theoretical and experimental efforts.
Therefore an elaborate consideration of all sources of
uncertainties can be beneficial in the analysis and use of
such observations.
[25] Specifically, in order to understand if spheroids can

reproduce the measurements within given uncertainty limits,
one needs to know and be able to analyze all uncertainties in
both the measurements and the assumed aerosol parameters
(size distribution, refractive index, and shape distribution).
The inversion that accounts for differences in accuracy levels
of both the measurements and the a priori assumptions is an
adequate tool to address all those uncertainties in the
comparisons of measurements with complex modeling (see
theoretical considerations by Dubovik [2004]).
[26] Thus we have developed an inversion algorithm that

retrieves aerosol properties via fitting the measured scatter-

ing matrices using spheroid kernels. As shown in the
diagram of inversion logistics (Figure 5), the algorithm
assumes aerosol particles as spheroids and retrieves
dV(rk)/dlnr, n, k and dn(ep)/dlne. The technical details of
the inversion implementation are similar to those used in the
aerosol retrieval algorithm by Dubovik and King [2000].
The main concept employed in the algorithm reduces the
inversion to using a multiterm Least Squares Method (LSM)
for solving the combined system of equations (for details of
the inversion methodology see also Dubovik [2004]). Here
the inversion of the scattering matrix (Figure 5) solves the
following system of equations:

f* ¼ f að Þ þ Df

0* ¼ G aþ Dg

a* ¼ aþ Da

;

8

>

>

>

>

<

>

>

>

>

:

ð25Þ

where the first equation corresponds to the scattering matrix
measurements. The second equation represents a priori
smoothness constraints on retrieved characteristics that are
applied for eliminating of unrealistic strongly oscillating
dependencies in the retrieved characteristic. Specifically,
assuming zeros (0* – zero vector) for derivatives of
retrieved aerosol characteristics allows elimination of the
strongly oscillating solutions with high derivatives (see
detailed discussion by Dubovik and King [2000] and
Dubovik [2004]). The matrix G is composed of coefficients
allowing the numerical estimates of derivatives of function
y(x) using discrete values ai = y(xi). Such constraints are
used for smoothing distributions of dV(rk)/dlnr and dn(ep)/
dlne, and for smoothing spectral dependencies of the real

Figure 4. (left) %P12(Q, l, ep), the degree of linear polarization of desert dust simulated for the
spheroid model with 11 single axis ratios ep. (right) P12(Q, l), the degree of linear polarization of desert
dust simulated as a mixture of spheroids with different ep (blue line). %P12(Q, l) is obtained by
integrations of P11(Q, l, ep) with the axis ratio distribution dn(ep)/dlne. Also shown is P11(Q, l), the
degree of linear polarization of desert dust simulated under the assumption of spherical particles (red
line). All P12(Q, l) were simulated with the size distribution and complex refractive index of the Saudi
Arabia desert dust model [Dubovik et al., 2002a].
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•  Forme	
  (Aérosols)	
  

For effectiveness and flexibility of applying these kernels, a
user-friendly software package has been designed. This
software allows quick simulation of text, tscat and Pii0(Q)
from known n, k, dV(rk)/dlnr, and dn(ep)/dlne. Figures 3
and 4 illustrate using this spheroid approximation for
modeling the phase function and degree of linear polariza-
tion of nonspherical dust.
[21] Several tests were conducted in order to estimate the

accuracy of text, tscat and Pii0(Q) provided by the software.
The tests for typical tropospheric aerosols [Dubovik et al.,
2002a] have shown that for text and tscat the error is below
1% and for Pii0(Q) in the range of Q ! 175! the error is
below "1–3%. For the large scattering angles Q > 175! the
accuracy of simulated Pii0(Q) decreases, which is due to
accuracy limitations of the Yang and Liou [1996] method.
To estimate the possible impact of these limitations, we
compared the software output with the following general
relationships for Pii0(Q) in the exact backscattering direction
[Mishchenko and Hovenier, 1995; Hovenier and van der
Mee, 2000]:

P22 180#ð Þ ¼ 'P33 180#ð Þ;

P12 180#ð Þ ¼ P34 180#ð Þ ¼ 0;

P44 180#ð Þ ¼ P11 180#ð Þ ' 2 P22 180#ð Þ:

ð24Þ

The comparisons showed that the first two relationships are
satisfied with an accuracy better than 1–3% of P11(180!).
The last relation was satisfied with significantly lower
accuracy for large spheroids with small and high axis ratios
(e < 0.7 or e > 1.45). Specifically, for simulations using the
size distribution and refractive index observed for Saudi
Arabian dust [Dubovik et al., 2002a] this relation was
satisfied with an accuracy of only 10–15% at shorter visible

wavelengths ("0.44 mm). Also, it should be noted that the
limits of the ranges given by equation (23) are subject to
future reevaluation and expansion (for complex refractive
index in particular).
[22] When designing the kernels, we used the scale

invariance rule [Mishchenko et al., 2002, 2006]. According
to this rule, text, tscat and Pii0(Q) for randomly oriented
spheroids are functions of size parameter x; that is, these
characteristics are identical for all couplets (size, wave-
length) corresponding to the same size parameter x = 2pr/l.
Accordingly, by using a single look-up table the simulations
can be performed for any l and rk within the range of x
given by equation (23). Several options were included in the
package for improving the speed of producing text, tscat and
Pii0(Q) from the kernels. For example, it is possible to create
subset of kernels for user specified sets of angles and rk.
Also, the user can fix the axis ratio distribution dn(ep)/dlne
and use only n, k, dV(rk)/dlnr. As a result, this kernel based
package allows very fast (<1 s) simulations of text, tscat and
Pii0(Q) (see sections 3 and 4). The kernels and software
package with a detailed description of its functions is
publicly available from the lead author upon request.

3. Inverting Measured Scattering Matrices
3.1. General Concept of Scattering Matrix Inversion

[23] Using spheroid kernel look-up tables can be benefi-
cial for a number of applications involving the modeling of
light scattering by nonspherical particles. Additionally,
significant flexibility can be added to studies aimed at
validation of the spheroid approximation against measure-
ments or for comparison to more sophisticated calculations
involving more diverse models of particle shape. For
example, in contrast to previous studies that compared
measured scattering matrices [Nousiainen and Vermeulen,

Figure 3. (left) P11(Q, l,ep), the phase functions of desert dust simulated for the spheroid model with 11
single axis ratios ep. (right) P11(Q, l), the phase function of desert dust simulated as a mixture of
spheroids with different ep (blue line). P11(Q, l) is obtained by integrations of P11(Q, l,ep) with axis ratio
distribution dn(ep)/dlne. Also shown is P11(Q, l), the phase function of desert dust simulated under
assumption of spherical particles (red line). All phase functions were simulated with the size distribution
and complex refractive index of the Saudi Arabia desert dust model [Dubovik et al., 2002a].
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Polarisa/on	
  et	
  orienta/on	
  

(Prigent	
  et	
  al.,	
  2001,	
  2005)	
  

Distribution des températures de brillance et de leur différence 
de polarisation à 36, 89 et 157 GHz de l’instrument MADRAS 

au dessus des océans (Defer et al., 2014).!

-­‐	
  Importance	
  de	
  la	
  polarisa/on	
  dans	
  les	
  calculs	
  de	
  la	
  diffusion	
  et	
  du	
  transfert	
  
radia/f	
  (microphysique,	
  surface)	
  pour	
  un	
  meilleur	
  réalisme	
  
-­‐	
  Orienta/on	
  des	
  hydrométéores	
  peut	
  expliquer	
  une	
  polarisa/on	
  plus	
  ou	
  moins	
  
importante	
  



Exemple	
  Cristaux	
  de	
  glace	
  
tropicaux	
  	
  	
  

	
  

A.	
  Heymsfield	
  (NCAR)	
  
CPI	
  (SPEC)	
  Images	
  

Paramètres	
  importants	
  dans	
  la	
  diffusion	
  

•  Forme	
  (Cristaux)	
  

Exemple	
  Cristaux	
  
de	
  glace	
  de	
  la/tude	
  
moyenne	
  	
  	
  

	
  

Tra=oria,	
  Lille	
  2015	
  



Paramètres	
  importants	
  dans	
  la	
  diffusion	
  

Méthodes:	
  	
  
•  DDA	
  pour	
  les	
  pe/ts	
  cristaux	
  (Purcell	
  and	
  Pennypacker,	
  1973)	
  	
  
•  IGOM	
  pour	
  les	
  plus	
  gros	
  (Yang	
  and	
  Liou,	
  1997)	
  	
  

!

!

! !

! !

•  Forme	
  (Cristaux)	
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Paramètres	
  importants	
  dans	
  la	
  diffusion	
  

•  Forme	
  (Cristaux)	
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Introduc/on	
  d’une	
  distribu/on	
  en	
  
taille	
  couplée	
  à	
  une	
  distribu/on	
  en	
  
forme	
  

New general habit mix 

•  9 total habits, now includes small and large aggregate of 

plates and hollow 3D bullet rosePes 

•  Percentage of habits changes linearly as the size changes 

•  Can contain smooth, moderately rough, or severely rough ice 

Baran	
  and	
  Labonnote	
  (2007)	
  
Baum	
  et	
  al.	
  (2014)	
  



Paramètres	
  importants	
  dans	
  la	
  diffusion	
  

•  Hétérogénéités	
  (Cristaux)	
  

Rugosité	
  de	
  surface	
  

Surface roughness 

were observed for 

single crystals and 

polycrystalline ice 

by using an 

electronic 

microscope. 

Images adapted 

from Cross, 1968 

 

The image of a rimed 

column ice crystal 

(adapted from Ono, 

1969). The surface 

roughness of this ice 

crystal is evident. 

Roughened ice crystal surface   Inclusions	
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@	
  340	
  GHz,	
  -­‐10°C	
   Fonc/on	
  de	
  phase	
  @	
  150	
  GHz,	
  -­‐10°C	
  

Paramètres	
  importants	
  dans	
  la	
  diffusion	
  

Exemple	
  :	
  Base	
  de	
  données	
  
Guosheng	
  Liu	
  (2006)	
  via	
  DDA	
  (15	
  
à	
  340	
  GHz,	
  0°	
  à	
  -­‐40°C,	
  50-­‐12500	
  
µm,	
  11	
  espèces)	
  



La	
  diffusion	
  mul/ple	
  

Calcul	
  du	
  terme	
  de	
  diffusion	
  

•  	
  Décomposi/on	
  de	
  la	
  matrice	
  de	
  phase	
  en	
  fonc/ons	
  sphériques	
  généralisées	
  
•  Nombre	
  de	
  terme	
  de	
  la	
  décomposi/on	
  augmente	
  avec	
  la	
  taille	
  

	
   	
   	
  à	
  temps	
  de	
  calcul	
  prohibiIf	
  

•  	
  Méthodes	
  de	
  troncature	
  pour	
  réduire	
  le	
  nombre	
  de	
  terme	
  du	
  développement	
  
	
  	
  	
  	
  	
  	
  	
  (Po=er,	
  Delta-­‐M	
  et	
  Delta-­‐fit)	
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La	
  diffusion	
  mul/ple	
  

•  	
  U/lisa/on	
  de	
  la	
  correc/on	
  d’intensité	
  (Nakajima	
  et	
  Tanaka,	
  1988)	
  pour	
  
augmenter	
  la	
  précision	
  et	
  réduire	
  un	
  peu	
  plus	
  les	
  temps	
  de	
  calcul	
  

Tra=oria,	
  Lille	
  2015	
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Simuler	
  l’atmosphère…	
  

•  Défini/on	
  des	
  condi/ons	
  de	
  surface	
  (émissivité)	
  

•  Connaissance	
  de	
  l’absorp/on	
  du	
  background	
  à	
  la	
  longueur	
  d’onde/
fréquence	
  étudiée	
  

•  Descrip/on	
  des	
  propriétés	
  op/ques	
  de	
  chaque	
  aérosol/hydrométéore	
  
en	
  fonc/on	
  de	
  son	
  type,	
  de	
  sa	
  composi/on,	
  de	
  sa	
  forme	
  	
  

•  Connaissance	
  de	
  la	
  distribu/on	
  en	
  taille	
  des	
  aérosols/hydrométéores	
  	
  

•  Connaissance	
  de	
  la	
  distribu/on	
  spa/ale	
  des	
  aérosols/hydrométéores	
  

•  U/lisa/on	
  d’un	
  code	
  de	
  transfert	
  approprié	
  selon	
  l’applica/on	
  
envisagée	
  

•  Prise	
  en	
  compte	
  des	
  paramètres	
  d’observa/on	
  (e.g.	
  angle	
  
d’observa/on,	
  fréquence/longueur	
  d’onde	
  +	
  largeur	
  de	
  bande,	
  
polarisa/on,	
  antenne)	
  pour	
  vérifica/on	
  et	
  valida/on	
  



Exemple	
  d’u/lisa/on	
  de	
  la	
  diffusion	
  dans	
  la	
  
télédétec/on	
  –	
  Applica/on	
  à	
  l’instrument	
  POLDER	
  

Descrip/on	
  de	
  l’instrument	
  

Canal	
  (nm)	
   Polariseurs	
   ObjecIfs	
  

443	
   non	
   Nuages	
  et	
  bilan	
  
radia/f	
  

490	
   oui	
   Aérosols/nuages	
  

565	
   non	
   Aérosols/nuages	
  

670	
   oui	
   Aérosols/nuages	
  

763	
   non	
   Nuages	
  et	
  al/métrie	
  

765	
   non	
   Nuages	
  et	
  al/métrie	
  

865	
   oui	
   Aérosols/nuages	
  

910	
   non	
   Vapeur	
  d’eau	
  

1020	
   non	
   végéta/on	
  Tra=oria,	
  Lille	
  2015	
  



Exemple	
  d’u/lisa/on	
  de	
  la	
  diffusion	
  dans	
  la	
  
télédétec/on	
  –	
  Applica/on	
  à	
  l’instrument	
  POLDER	
  

NUAGES	
  
•  Phase	
  thermodynamique	
  
•  Opacité	
  (Epaisseur	
  op/que)	
  
•  Microphysique	
  des	
  nuages	
  liquides	
  
•  Pression	
  de	
  sommet	
  des	
  nuages	
  
•  Extension	
  géométrique	
  

Tra=oria,	
  Lille	
  2015	
  



Exemple	
  d’u/lisa/on	
  de	
  la	
  diffusion	
  dans	
  la	
  
télédétec/on	
  –	
  Applica/on	
  à	
  l’instrument	
  POLDER	
  

•  Phase	
  des	
  nuages	
  

Goloub	
  et	
  al.	
  (2000);	
  Riedi	
  et	
  al.	
  (2001)	
  
Tra=oria,	
  Lille	
  2015	
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AEROSOLS	
  

•  Opacité	
  (épaisseur	
  op/que)	
  
•  Frac/on	
  de	
  par/cules	
  non-­‐sphériques	
  
•  Indice	
  de	
  réfrac/on	
  (par/e	
  réelle)	
  au-­‐dessus	
  des	
  océans	
  
•  Al/tude	
  
•  Propriétés	
  des	
  aérosols	
  au-­‐dessus	
  des	
  nuages	
  

Exemple	
  d’u/lisa/on	
  de	
  la	
  diffusion	
  dans	
  la	
  
télédétec/on	
  –	
  Applica/on	
  à	
  l’instrument	
  POLDER	
  

NUAGES	
  
•  Phase	
  thermodynamique	
  
•  Opacité	
  (Epaisseur	
  op/que)	
  
•  Microphysique	
  des	
  nuages	
  liquides	
  
•  Pression	
  de	
  sommet	
  des	
  nuages	
  
•  Extension	
  géométrique	
  



Exemple	
  d’u/lisa/on	
  de	
  la	
  diffusion	
  dans	
  la	
  
télédétec/on	
  –	
  Applica/on	
  à	
  l’instrument	
  POLDER	
  

•  Frac/on	
  de	
  par/cules	
  non-­‐sphériques	
  

Herman	
  et	
  al.	
  (2005)	
  Tra=oria,	
  Lille	
  2015	
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Exemple	
  d’u/lisa/on	
  de	
  la	
  diffusion	
  dans	
  la	
  
télédétec/on	
  –	
  Convec/on	
  et	
  précipita/on	
  

Simulation des températures de brillance et de la 
différence de polarisation à 37 et 85 GHz pour de la 

glace pure et de la neige humide (mélange air-
glace-eau) à partir de la relation de Maxwell-Garnett 

pour le mélange (air-glace) et eau. Différents 
rapports de mélange sont considérés pour un IWP 

constant de 0.4 kg/m2. !

-­‐	
  Interpréta/on	
  des	
  observa/ons	
  micro-­‐ondes	
  à	
  l’aide	
  des	
  autres	
  observa/ons	
  
de	
  TRMM	
  et	
  de	
  calculs	
  radia/fs	
  pour	
  la	
  caractérisa/on	
  des	
  régions	
  convec/ves	
  
et	
  stra/formes	
  (e.g.	
  Galligani	
  et	
  al.,	
  JGR,	
  2013)	
  



Les	
  différents	
  codes	
  et	
  leurs	
  limita/ons	
  	
  	
  
Compromis	
  rapidité/précision	
  

	
  
	
  
	
  
Visible	
  /	
  IR	
  

type	
   polarisa/on	
   Limita/ons	
   Visible	
  et	
  IR	
  

Adding-­‐doubling	
   Rec./
Op.	
  

oui	
   Plan	
  parallèle	
   oui	
  

RTTOV	
   Op.	
   non	
   Plan	
  parallèle	
  
Param.	
  diffusion	
  

oui	
  

OS	
   Rec./
Op.	
  

oui	
   Plan	
  parallèle	
   oui	
  

OD	
  	
   DISORT	
   Rec./
Op.	
  

non	
   Plan	
  parallèle	
   oui	
  

oui	
   Pseudo	
  -­‐	
  
sphérique	
  

oui	
  
VLIDORT	
  

Monte-­‐
Carlo	
   	
  	
  

MCrad1D	
   Rec.	
   oui	
   Plan	
  parallèle	
   visible	
  

SMART-­‐G	
   Atmos.	
  Sphérique	
  

3DMCPOL	
   Atmosphère	
  3D	
   oui	
  

Microondes	
   RTTOV-­‐SCAT	
   Op.	
   non	
   Plan	
  parallèle	
  

CRTM	
   Op.	
  

ARTS	
   Rec.	
  


