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Abstract. During transport by advection, atmospheric non-
spherical particles, such as volcanic ash, desert dust or sea-
salt particles experience several chemical and physical pro-
cesses, leading to a complex vertical atmospheric layering at
remote sites where intrusion episodes occur. In this paper, a
new methodology is proposed to analyse this complex ver-
tical layering in the case of a two/three-component particle
external mixtures. This methodology relies on an analysis of
the spectral and polarization properties of the light backscat-
tered by atmospheric particles. It is based on combining a
sensitive and accurate UV-VIS polarization lidar experiment
with T-matrix numerical simulations and air mass back tra-
jectories. The Lyon UV-VIS polarization lidar is used to ef-
ficiently partition the particle mixture into its nonspherical
components, while the T-matrix method is used for simulat-
ing the backscattering and depolarization properties of non-
spherical volcanic ash, desert dust and sea-salt particles. It
is shown that the particle mixtures’ depolarization ratioδp
differs from the nonspherical particles’ depolarization ratio
δns due to the presence of spherical particles in the mixture.
Hence, after identifying a tracer for nonspherical particles,
particle backscattering coefficients specific to each nonspher-
ical component can be retrieved in a two-component external
mixture. For three-component mixtures, the spectral proper-
ties of light must in addition be exploited by using a dual-
wavelength polarization lidar. Hence, for the first time, in a
three-component external mixture, the nonsphericity of each
particle is taken into account in a so-called 2β + 2δ formal-
ism. Applications of this new methodology are then demon-
strated in two case studies carried out in Lyon, France, related

to the mixing of Eyjafjallaj̈okull volcanic ash with sulfate
particles (case of a two-component mixture) and to the mix-
ing of dust with sea-salt and water-soluble particles (case of
a three-component mixture). This new methodology, which
is able to provide separate vertical profiles of backscattering
coefficient for mixed atmospheric dust, sea-salt and water-
soluble particles, may be useful for accurate radiative forcing
assessments.

1 Introduction

Atmospheric particles play an important role in the Earth’s
radiative budget and climate (Ramaswamy et al., 2001).
Quantifying their effect is a challenging task, in part due to
the complexity of these atmospheric particles, which present
a wide range of sizes, shapes and chemical compositions
with interconnected distributions, as we recently published
in a comprehensive study (Dupart et al., 2012). Nonspher-
ical particles are particularly challenging because there is
no generic, exact light-scattering theory for such particles
(Mishchenko et al., 2000; Kahnert 2003). The particle non-
sphericity is known to have a major impact on both lidar
and satellite remote sensing retrievals (Mishchenko et al.,
1995; Winker et al., 2009, 2010; Vernier et al., 2011), and
remote sensing is a major source of global data on aerosol
particle distributions, needed in radiative and climate forc-
ing assessments. Hence, the lack of knowledge on volcanic
ash, desert dust and sea-salt particles induces large uncertain-
ties in the Earth’s climate. These particles may remain in the
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troposphere for several weeks (Robock, 2000; Overnevaidte
et al., 2009), which further reinforce their radiative impact.
During transport by advection from source regions to places
where intrusion episodes occur, the particle properties may
also change due to processes, such as sedimentation, mix-
ing with other particles (Zhang, 2008), hygroscopic growth
and possible chemical alteration (Riccobono et al., 2011;
Bourcier et al., 2011). After long-range transport, these par-
ticles are hence highly dispersed and aged, and may present
sizes or shapes different from those observed in the source
region. One of the typical consequences is a complex ver-
tical layering generally observed in the low troposphere at
far-range remote sites far from their source regions.

Lidar remote sensing is a powerful instrument to provide
vertical profiles of particles’ backscattering and extinction
properties in the atmosphere. As explained by Mishchenko
et al. (2002), atmospheric nonspherical particles can be de-
tected by their ability to depolarize laser light by using a
single laser wavelength (1λ polarization lidar experiment)
or several (for example, 2λ polarization lidar experiment),
as stated in Sugimoto et al. (2002), Sassen et al. (2007),
Gasteiger et al. (2011), Miffre et al. (2011), Di Girolamo et
al. (2012), and David et al. (2012). Typically, depolarization
measurements are often performed at visible (VIS) and in-
frared (IR) spectral ranges (Sugimoto et al., 2002; Winker et
al., 2009; Freudenthaler et al., 2009; Ansmann et al., 2011).
As shown by David et al. (2012), a precise design and opti-
mization of the lidar detector is needed to efficiently reduce
possible systematic biases and to achieve sensitive and accu-
rate particle UV polarization lidar measurements. Absolute
particle UV depolarization ratios as low as 6× 10−3, close to
the UV molecular depolarization, can hence be measured af-
ter precise polarization calibration (Alvarez et al., 2006) and
significant solar background reduction (David et al., 2012).
To complement these experimental studies, optical proper-
ties of nonspherical particles can be computed using sim-
ple (Nousiainen and Vermeulen, 2003; Dubovik et al., 2006;
Nousiainen et al., 2006; Wiegner et al., 2009; Veselovskii et
al., 2010) or more complex shapes (Nousiainen et al., 2012;
Lindqvist et al., 2011). In addition, optical properties can
be measured in a laboratory, such as those for volcanic ash
(Muñoz et al., 2004), desert dust (Volten et al., 2001) and
sea-salt particles (Sakaı̈ et al., 2010).

Depolarization of light by atmospheric nonspherical parti-
cles is of particular interest in the case of long-range trans-
port, where the dependence of the depolarization on the
wavelength has to be characterized (Wiegner et al., 2011) and
fewer studies have been performed. During long-range trans-
port, different multi-component mixtures of atmospheric par-
ticles may form the following:

– Two-component particle mixture: an example of this
mixture is given by the recent eruption of the Eyjaf-
jallajökull volcano, where volcanic ash particles mixed
with spherical sulfate particles.

– Three-component particle mixtures: such a mixture is
observed, for example, after Saharan dust outbreaks
when nonspherical sea-salt particles mix with desert
dust particles and water-soluble species. Another ex-
ample is given by the 2011 eruption of the Eritrean
Nabro volcano, where volcanic ash particles encoun-
tered desert dust particles in the troposphere while also
water-soluble particles were present.

In such situations, for radiative forcing assessments, the par-
ticle nonsphericity of sea-salt, desert dust and volcanic ash
particles should be taken into account. “Two-component par-
ticle mixtures” were first studied by Shimizu et al. (2004),
who separated dust from non-dust particles using a 1λ

polarization lidar system. This methodology was applied
by Tesche et al. (2009) to address the particle extinction
at Raman channels and further developed by Ansmann et
al. (2012), assuming coarse particles (with diameter above
1 µm) to depolarize laser light while fine particles were as-
sumed spherical (with diameter below 1 µm), a question-
able assumption since dust particles as small as 200 nm in
diameters were measured during the SAMUM field cam-
paign (Kaaden et al., 2009). Marenco and Hogan (2011)
also analysed two-component particle mixtures (note they
called their method three-component atmosphere approach
as they actually include air molecules as one component).
“Three-component particle mixtures” have been studied by
Nishizawa et al. (2011), who considered nonspherical dust
particles mixed with sea-salt and water-soluble particles with
a 1λ polarization lidar experiment to derive the particles
extinction. They assumed sea-salt particles to be spherical,
which may not be the case, as first shown by Murayama et
al. (1999). Hence, to our knowledge, 2λ polarization lidar
experiments have only been used to observe two-component
particle mixtures (Sugimoto and Lee, 2006; Tesche et al.,
2009).

In this Special Issue on the depolarization of light by atmo-
spheric particles, polarization lidar measurements have been
performed on polar stratospheric clouds (Córdoba-Jabonero
et al., 2013), and numerical simulations are proposed to
study the depolarization of light by ice cylinders (Nicolet
et al., 2012), while laboratory measurements have been per-
formed to study small ice crystals (Schnaiter et al., 2012)
and dust particles (Glen et al., 2013). Our contribution, dedi-
cated to the polarization (π ) and spectral (λ) properties of at-
mospheric nonspherical particles after long-range transport,
combines 2λ polarization lidar measurements with numerical
light-scattering simulations. The goal of this paper is to show
what is objectively retrievable when combining these two
methodologies, as opposed to comparing both approaches
separately, as is often presented in the literature. The numer-
ical simulations are used to specifically address nonspher-
ical particles in the two/three-component particle mixture.
For the first time, a three-component particle mixture, to be
chosen between volcanic ash, desert dust, sea-salt or water-

Atmos. Chem. Phys., 13, 6757–6776, 2013 www.atmos-chem-phys.net/13/6757/2013/



G. David et al.: Retrieving simulated volcanic, desert dust and sea-salt particle properties 6759

soluble particles, is partitioned by using a 2λ polarization
lidar (development of a 2β + 2δ algorithm) to take into ac-
count the particle nonsphericity within each component. We
present a new methodology to retrieve range-resolved verti-
cal profiles of atmospheric particles’ backscattering coeffi-
cient specific to each particle component, and demonstrate
its performance for two case studies. Our methodology does
not allow identifying particles types as a chemical analysis
would then be required. It however gives vertical profiles of
particle backscattering coefficient that are specific to each as-
sumed particle component, with an accuracy that depends on
the accuracy of the single-scattering properties we assigned
for the different particles components (ash, dust, sea salt).
The information on backscattering and polarization in itself
is valuable for use in radiative forcing and climate models.
The coupling of lidar with inelastic Raman scattering (Müller
et al., 2001) or with passive remote sensing (Dubovik et al.,
2006; Boyouk et al., 2010) has not been considered in this pa-
per. A precise chemical analysis has not been performed dur-
ing the experiments carried out, because it is well beyond the
scope of this contribution. Instead, we used 7-day air mass
back trajectories to identify the potential source of the non-
spherical particles present at the remote site. Otherwise, we
already published in Dupart et al. (2012) on the combined
use of our lidar depolarization experiment with laboratory
chemical studies.

The paper is organized as follows. The 2λ polarization li-
dar experiment is described in Sect. 2, where the retrieval of
polarization-resolved particle backscattering profiles is de-
scribed, with emphasis on error analysis. The backscattering
and depolarization properties of ash-, dust- and sea-salt-like
particles are computed in Sect. 3 through controlled single-
scattering numerical simulations on these nonspherical parti-
cles. Our new methodology is then presented in Sect. 4, with
separate treatments for the two and the three-component mix-
tures. Starting from the scattering matrix formalism (see Ap-
pendix A), we explore the impact of spherical (s) particles,
present after long-range transport (I. Veselovskii et al., 2010),
which contribute to the observed depolarization ratioδp of
the particle mixture. A tracer for nonspherical (ns) particles
is then identified for the two/three-component particle mix-
ture. In Sect. 4, we describe how to combine the 2λ polariza-
tion lidar measurements with the computed optical proper-
ties to retrieve ns-particle backscattering coefficient for each
component in two- and three-component particle mixtures.
Section 5 is dedicated to the application of this new method-
ology in two case studies: (i) the possible mixing of Eyjaf-
jallajökull volcanic ash particles with spherical sulfate parti-
cles over Lyon (France) as an example of a “two-component
particle mixture”, and (ii) the possible mixing of desert dust
with sea-salt and water-soluble particles as an example of a
“three-component particle mixture”, observed during a long-
range Saharan dust outbreak, which occurred over Lyon in
October 2011. For the first time, both sea-salt and dust parti-
cles are treated as nonspherical, which is justified due to the

observed low relative humidity and the accuracy of our 2λ

polarization measurement. We believe this new methodology
may be used for deriving particle distributions necessary for
precise radiative forcing assessments as well as for validat-
ing satellite retrievals. The paper ends with a conclusion and
outlooks.

2 UV-VIS polarization lidar remote sensing
experiment

2.1 Lyon lidar experimental set-up

Our dual-wavelength polarization lidar set-up has been ex-
tensively described in David et al. (2012), where the design,
the optimization and the performance of this home-built set-
up are detailed. The Lyon polarization lidar is composed of a
doubled and tripled Nd:YAG laser emitting 10 ns-laser pulses
at λ1 = 355 andλ2 = 532 nm wavelength with 10 mJ of en-
ergy and a high degree of linear polarization (10 000 : 1).
Backscattered radiation is collected with an f/3-Newtonian
telescope before entering a home-built polarization detec-
tor where it is (λ, π )-separated using dichroic mirrors and
polarizing beam-splitter cubes (PBC). As shown in Fig. 1,
each linear polarization channel has two PBC’s to ensure
an efficient partitioning between s- and ns-particle backscat-
tering, using state-of-the-art optical components in the UV
and VIS spectral ranges. To minimize any possible bias in
the polarization measurement, we have quantitatively veri-
fied the specifications of each optical component at our lab-
oratory on a dedicated test bench. Polarization cross-talks
are fully negligible with 10−7 accuracy, ensuring efficient
s- and ns-particle backscattering separation. Particle depo-
larization ratio measurements as low as 6× 10−3, compara-
ble to the molecular depolarization, have been achieved for
tropospheric aerosol remote sensing, which are very low val-
ues for atmospheric lidar observations (David et al., 2012).
Moreover, precise laboratory alignment ensures that the same
atmospheric volume is probed in the UV and the VIS spectral
ranges. Finally, interference filters are used to minimize sky
background contribution as well as molecular backscatter-
ing, which is strong in the UV spectral range. When exiting
the photomultiplier tubes (PMT), the induced photoelectrons
are sampled by a Licel TR-20 MHz, leading to 75 m vertical
range resolution after range averaging.

2.2 Particle depolarization ratio and backscattering
coefficient vertical profiles

To quantify the amount of ns-particles in the atmosphere,
a precise polarization calibration of the detector is neces-
sary, as detailed below. We applied the methodology pro-
posed by Alvarez et al. (2006), which consists of apply-
ing controlled amounts of polarization cross-talks directed
at studied altitudes. The detector gain electro-optics calibra-
tion constant is hence known with better than 2 % uncertainty
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Fig. 1. Left: 3-D view of a Lyonλ polarization channel: each po-
larization channel is composed of two polarization beamsplitter
cubes (PBC), one interference filter (IF) and a collecting system
(lens + photomultiplier tube PMT). Right: Photograph of the UV
cross-polarized lidar polarization channel composed of two PBC.
The subscripts // and⊥ are defined with respect to the laser inci-
dent polarization, respectively corresponding to the co- and cross-
polarized polarization lidar channels.

(David et al., 2012), allowing accurate measurement of the
depolarization ratioδ at wavelengthλ, from the measured li-
dar signals. A definition of the depolarization ratio can be
found in Cairo et al. (1999) or in Appendix A. Not only
atmospheric particles contribute toδ but also atmospheric
molecules (Cairo et al., 1999), which are efficient scatter-
ers in the UV spectral range. Molecular anisotropy is re-
sponsible for the appearance of Raman rotational sidebands,
leading to a molecular depolarization ratioδm = 3.7× 10−3,
determined by applying optical molecular scattering theory
for our interference filter bandwidth. Asδ is not additive, it
is linked to the (size-averaged) particle depolarization ratio
δp and molecular depolarization ratioδm through the con-
trastR// = 1 +βp,// / βm,// of molecular-to-particle backscat-
tering, called the parallel backscattering ratio, as proposed by
Winker and Osborn (1992):

δ(λ) =

(
1−

1

R//

)
δp(λ)+

δm

R//

. (1)

Hence, a particle-free purely molecular atmosphere corre-
sponds toR// = 1. We have computedR// by applying the
Klett algorithm (1985) to the parallel lidar channel to cor-
rect for the particle extinction, using a lidarSp ratio, derived
from numerical simulations to be detailed in Sect. 3 (for a
definition of the lidarSp ratio, see Appendix A). In this pa-
per, we focus on particle mixtures in the free troposphere for
altitudes abovez = 1.2 km above mean sea level. At lower
altitudes, the particle load is dominated by local aerosols: a
complex mixture of soot, aggregated and local pollutants is
present, as discussed by Miffre et al. (2010). The Klett inver-
sion must then account for the effects of moisture, and a more
complexSp computation is needed (David et al., 2012). The
accuracy of the parallel backscattering ratio is derived from
the Klett algorithm using the maximum and minimum val-
ues ofSp. Then, using reanalysis model from the European
Centre for Medium-range Weather Forecasts (ECMWF), we
derived theβm,// vertical profile to retrieve the co-polarized
particle backscattering coefficient as a function ofz altitude:

βp,//(λ) = (R// − 1) × βm,//. (2)

The cross-polarized particle backscattering coefficient
βp, ⊥(λ), which is specific to nonspherical particles, is then
derived fromR//andδ by using Eq. (1) and theδp definition
(δp = βp, ⊥ / βp,//):

βp,⊥(λ) = (R//δ − δm) × βm,//. (3)

Finally, usingR// and δ, the particle depolarization ratio
δp is determined from Eq. (1) as follows:δp(λ) = (R//δ −

δm) / (R//−1) and, at an altitudez, error bars onδp are calcu-
lated by using this equation. The uncertainty inδp originates
from theR// uncertainty, determined by theSp uncertainty,
and from theδ-ratio uncertainty, derived from the measured
calibrated polarization lidar signals. To reduce statistical er-
rors, each vertical profile is an average from 4000 laser shots,
corresponding to integration time of over 7 min.

3 Simulations of optical properties of nonspherical
particles

Numerical light-scattering simulations are exploited to sepa-
rate the specific contribution of ns-particles. Certain assump-
tions are needed to achieve this, as detailed below. The im-
pacts of these assumptions on the separation are considered
in Sect. 5.2. To compute the optical properties (scattering
matrix and cross sections) for volcanic ash and desert dust
particles, we have applied the T-matrix code by Mishchenko
et al. (1998), using their respective refractive index, given in
Table 2. For sea salt, we have used the T-matrix algorithm by
Kahnert (2013). In both of these codes, the Maxwell equa-
tions are solved analytically and exactly, with an analytical
orientation averaging in order to obtain the optical proper-
ties. The model shapes they can be applied to, however, are
quite limited. The optical properties are computed separately
for each particle type and wavelength, from which the size-
averaged backscattering cross sections< (dσ / d�)ns>, de-
polarization ratiosδns and lidar ratiosSns are then derived.

3.1 Particle microphysical properties

The nonsphericity of volcanic ash, desert dust and sea-salt
particles is clearly visible in the electron microscope im-
ages presented in Table 1. Volcanic ash and desert dust parti-
cles have highly irregular shapes. Sea-salt particles exhibit a
cube-like shape below the 40 % relative humidity crystalliza-
tion point of sodium chloride (Randriamiarisoa et al., 2006).
As shown by Wise et al. (2005), for relative humidity (RH)
below this crystallization point, salt particles exhibit crystal
faces, corresponding to effloresced particles, and the particle
shapes remain unchanged as long as the 75 % deliquescence
point is not reached. Above the deliquescence point, salt par-
ticles become spherical solution droplets (Wise et al., 2005)
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Table 1. Electron microscope images of volcanic ash, desert dust,
sea-salt (ss) and water-soluble (ws) particles (an ammonium sulfate
particle is observed) taken at ILM. In this paper, ws-particles are
assumed spherical (s-particles). For volcanic ash, in the absence of
measurement at the ILM, the image has been provided by O. Muñoz
from the Mount Spurr volcanic eruption.

Particle type Label Literature references Electron microscope image

Winker and Osborn (1992)

 44 

Table 1 1 

 Electron microscope images of desert dust particles, sea-salt (ss) particles and water-soluble 2 

(ws) particles (an ammonium sulphate particle is observed) taken at ILM. In this paper, ws-3 

particles are assumed spherical (s-particles). For volcanic ash, in the absence of measurement 4 

at the ILM, the image has been provided by O. Muñoz from Mount Spurr volcanic eruption.  5 

 6 
Particle 

type 
Label Literature references Electron microscope 

image 
    
 
 
Volcanic 
ash 
 

 
 

(ash) 

Winker and Osborn (1992), 
Mather et al. (2003), 
Muñoz et al. (2004), 
Sassen et al. (2007), 
Schumann et al. (2011), 
Lindqvist et al., (2011), 
Eyjafjalljökull ACP SI (Hasager et al., 
2012) 
Miffre et al. (2012a,b) 

 
    
 
Desert dust 
 

 
(dust) 

Shimizu et al., (2004) 
Mallet et al. (2004) 
Kaaden et al. (2009) 
Nousiainen (2009) 
Veselovskii et al. (2010) 
Ansmann et al. (2011) 
Nishizawa et al. (2011) 
Di Girolamo et al. (2012) 
  

    
 
Sea-salt 

 
(ss) 

Shettle et al., (1979) 
O’Dowd et al. (1997) 
Murayama et al. (1999) 
Wise et al. (2005) 
Zhang (2008) 
Sakaï et al. (2010) 

 
    

Mather et al. (2003)
Volcanic ash (ash) Mũnoz et al. (2004)

Sassen et al. (2007)
Schumann et al. (2011)
Lindqvist et al. (2011)
Eyjafjalljökull ACP SI, Hasager et al. (2012)
Miffre et al. (2012a, b)

Desert dust (dust) Shimizu et al. (2004)

 44 

Table 1 1 

 Electron microscope images of desert dust particles, sea-salt (ss) particles and water-soluble 2 

(ws) particles (an ammonium sulphate particle is observed) taken at ILM. In this paper, ws-3 

particles are assumed spherical (s-particles). For volcanic ash, in the absence of measurement 4 

at the ILM, the image has been provided by O. Muñoz from Mount Spurr volcanic eruption.  5 
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Particle 

type 
Label Literature references Electron microscope 

image 
    
 
 
Volcanic 
ash 
 

 
 

(ash) 

Winker and Osborn (1992), 
Mather et al. (2003), 
Muñoz et al. (2004), 
Sassen et al. (2007), 
Schumann et al. (2011), 
Lindqvist et al., (2011), 
Eyjafjalljökull ACP SI (Hasager et al., 
2012) 
Miffre et al. (2012a,b) 

 
    
 
Desert dust 
 

 
(dust) 

Shimizu et al., (2004) 
Mallet et al. (2004) 
Kaaden et al. (2009) 
Nousiainen (2009) 
Veselovskii et al. (2010) 
Ansmann et al. (2011) 
Nishizawa et al. (2011) 
Di Girolamo et al. (2012) 
  

    
 
Sea-salt 

 
(ss) 

Shettle et al., (1979) 
O’Dowd et al. (1997) 
Murayama et al. (1999) 
Wise et al. (2005) 
Zhang (2008) 
Sakaï et al. (2010) 

 
    

Mallet et al. (2004)
Kaaden et al. (2009)
Nousiainen (2009)
Veselovskii et al. (2010)
Ansmann et al. (2011)
Nishizawa et al. (2011)
Di Girolamo et al. (2012)

Sea salt (ss) Shettle et al. (1979)

 44 

Table 1 1 

 Electron microscope images of desert dust particles, sea-salt (ss) particles and water-soluble 2 

(ws) particles (an ammonium sulphate particle is observed) taken at ILM. In this paper, ws-3 

particles are assumed spherical (s-particles). For volcanic ash, in the absence of measurement 4 

at the ILM, the image has been provided by O. Muñoz from Mount Spurr volcanic eruption.  5 

 6 
Particle 

type 
Label Literature references Electron microscope 

image 
    
 
 
Volcanic 
ash 
 

 
 

(ash) 

Winker and Osborn (1992), 
Mather et al. (2003), 
Muñoz et al. (2004), 
Sassen et al. (2007), 
Schumann et al. (2011), 
Lindqvist et al., (2011), 
Eyjafjalljökull ACP SI (Hasager et al., 
2012) 
Miffre et al. (2012a,b) 

 
    
 
Desert dust 
 

 
(dust) 

Shimizu et al., (2004) 
Mallet et al. (2004) 
Kaaden et al. (2009) 
Nousiainen (2009) 
Veselovskii et al. (2010) 
Ansmann et al. (2011) 
Nishizawa et al. (2011) 
Di Girolamo et al. (2012) 
  

    
 
Sea-salt 

 
(ss) 

Shettle et al., (1979) 
O’Dowd et al. (1997) 
Murayama et al. (1999) 
Wise et al. (2005) 
Zhang (2008) 
Sakaï et al. (2010) 

 
    

O’Dowd et al. (1997)
Murayama et al. (1999)
Wise et al. (2005)
Zhang (2008)
Sakäı et al. (2010)

Water soluble (ws) O’Dowd et al. (1997)

 45 

 
Water-
soluble 
 

 
(ws) 

O’Dowd et al. (1997)  
Hess et al., (1998) 
Nishizawa et al. (2011) 
Di Girolamo et al. (2012) 
 

 
 

 

 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

Hess et al. (1998)
Nishizawa et al. (2011)
Di Girolamo et al. (2012)

and may be treated as spherical by applying the well-known
Lorentz–Mie theory. The efflorescence of ammonium nitrate
particles is kinetically inhibited (Cziczo and Abbatt, 2000),
while ammonium sulfate particles may effloresce (Onasch
et al., 1999), as discussed in detail in Sect. 5.2. However,
as published by Wise et al. (2005) and Sakai et al. (2010),
ammonium sulfate crystals have a rounded shape and nearly
spherical shapes. By shape, we refer to the overall shape of
the particles, different from the particles’ morphology, which
would include internal structures and porosity effects (Nou-
siainen et al., 2012). The internal structure of a spherical par-
ticle, which is a source of depolarization that also affects the
backscattering cross section, may be a complicating factor.
Considering that point in more detail would require further
numerical simulations, and such a morphological study is
beyond the scope of this paper. Here we limit to RH val-
ues below the crystallization point, where the sea-salt cubic
shape approximation is appropriate. Water-soluble (ws) par-
ticles are defined according to the classification of Hess et
al. (1998) and include sulfate and nitrate particles as well as
other organic water-soluble substances. An almost spherical

ammonium sulfate particle is shown in Table 1. Due to par-
ticle hygroscopicity, these water-soluble particles tend to be
spherical and will be treated as such. For each particle com-
ponent, some literature references are also given in Table 1
on lidar remote sensing studies as well as numerical simu-
lations and laboratory experiments on their light-scattering
properties. When different particle types are present, they
are assumed externally mixed (Mishchenko, 2009). For ex-
ample, volcanic ash particles are assumed externally mixed
with sulfate particles, produced by SO2 oxidation (Schumann
et al., 2011). Internal mixtures, such as pollutant-coated dust
or internal mixture of sulfate and organic carbon, are here not
considered, because they cannot be accurately treated with
the light-scattering method adopted here (see Sect. 3.2), and
are thus beyond the scope of the present study. From now
on, nonspherical particles (spherical) will be abbreviated as
ns-particles (s-particles), the ns-subscript referring to either
volcanic ash, desert dust or sea-salt particles. (There are also
other types of nonspherical particles in the air such as bi-
ological nonspherical particles, but such nonspherical parti-
cles are out of the scope of this paper.

3.2 Numerical simulations methodology

The optical properties of volcanic ash, desert dust or sea-
salt particles encountered in the atmosphere are difficult to
simulate with numerical models due to the strong complex-
ity of these highly irregularly shaped ns-particles. As un-
derlined in Nousiainen (2009) and Nousiainen et al. (2012),
a completely realistic modelling should account for the ns-
particles’ shape and inhomogeneity, as well as birefringence.
Despite the complexity, it is now well established (Dubovik,
2006; Veselovskii, 2010; Nousiainen, 2012) that the optical
properties of size–shape distributions of such particles can be
well mimicked by size–shape distributions of homogeneous
spheroids, at least when particles are not much bigger than
the wavelength. The shapes of spheroids are expressed by the
so-called aspect ratioε =b / a, wherea andb are the major
(minor) and minor (major) axis lengths for oblate (prolate)
spheroids, respectively. The orientation and shape averag-
ing, which smooth out the scattering matrix elements, prob-
ably plays a role in the ability of the homogeneous spheroid
model to mimic optical properties encountered in the atmo-
sphere (Nousiainen et al., 2012), For example, Nousiainen
and Vermeulen (2003), Nousiainen et al. (2006), Dubovik et
al. (2006) as well as Veselovskii et al. (2010) and Merikallio
et al. (2011) have demonstrated that size–shape distribu-
tions of randomly oriented spheroids can reproduce the phase
function of some real dust particles. Other approaches, such
as the DDA method (Draine and Flatau, 1994), are also fea-
sible and promising, but here not considered in this study.

We carried out numerical computations based on the T-
matrix method to simulate the single-scattering properties of
volcanic ash, desert dust and sea-salt-like particles for differ-
ent particle sizes at the wavelengths of interest. Of particular
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Table 2. Input parameters used in the numerical T-matrix simulation on ns-particles (ash, dust, sea salt): m-complex refractive index at the
lidar wavelengths (UV,λ1 = 355 nm; VIS,λ2 = 532 nm), size parameter range, modelled shape, aspect ratios values and literature reference
for them refractive index. The discrete set ofx values isx = 0.01, 0.02, 0.1, 0.25, 0.5, 1; step of 1 forx = 1 to 10, step of 2 forx = 10 to 30,
35, 40, then 45, 50. Forε values, the step is 0.2.

Ns-particle Label Refractive indexm Size parameterx Shape Aspect ratioε

Volcanic ash (ash) 1.54−0.0054i (UV, VIS); Mũnoz et al. (2004) 0.01 to 50 Spheroid 1.2,. . . , 2.6
Desert dust (dust) 1.57−0.007i (UV, VIS); Kandler et al. (2011) 0.01 to 50 Spheroid 1.2,. . . , 2.6
Sea salt (ss) 1.51−0.0004i (UV) 0 to 20 Cubic 1.2,. . . , 2.6

1.50−0.00001i (VIS); Shettle et al. (1979)

interest were the scattering matrix [F]ns and the scattering
and extinction cross sections Csca,ns and Cext,ns, respectively,
from which the lidar observables can be derived. To mimic
volcanic ash and mineral dust, we used spheroids as a proxy
to represent atmospheric ns-particles, assuming that oblate
(ε ≥ 1) and prolate (ε < 1) spheroids are present in equal
numbers (equiprobable shape distribution). Sea-salt particles
were assumed to be cubes, as detailed below. However, as
described in Merikallio et al. (2011) for dust particles, at-
mospheric samples measured in laboratory measurements
(Volten et al., 2001; Mũnoz et al., 2004) are more realis-
tically mimicked by a power-lawn = 3 shape distribution.
This favours extreme aspect ratio at the expense of nearly
spherical spheroids, but in this way, polarization effects are
better taken into account. The size parameters were chosen
to be representative of atmospheric ns-particles after long-
range transport. As detailed in Schumann et al. (2011), sed-
imentation effects may modify the ns-particles’ size distri-
bution. Moreover, in the case of a sea salt and dust particle
mixture, sea-salt adhering may cause the gravitational set-
tling of dust particles to be significantly accelerated (Zhang,
2008). Thus, for a given travel distance, a cut-off radius of
a few micrometres seems reasonable according to the liter-
ature. Accordingly, we chosex values varying from 0.01 to
50 after long-range transport and ran the T-matrix code for
volcanic ash-like and desert dust-like particles, using them

refractive indices given in Table 2, for eightε bins, varying
from 1.2 up to 2.6. As described in Sect. 3.1, sea-salt parti-
cles often exhibit a cube-like shape. Hence, to compute the
optical properties of sea-salt particles, we applied an exten-
sion of the T-matrix code developed by Kahnert (2013). This
code, which exploits the group theory to efficiently compute
different targets with discrete symmetries, is well suited to
compute the optical properties of particles having discrete
symmetries such as polyhedral prisms or cubes. Table 2 sum-
marizes the input parameters used in the simulations for each
particle component: ash, dust and sea-salt particles.

3.3 Backscattering and depolarization of light by a
single ns-particle

Using T-matrix numerical code, we have computedF11,ns,
F22,ns, Csca,ns and Cext,ns as a function of the particle ra-

dius r for ash, dust, sea-salt and water-soluble particles at
the λ1 = 355 nm andλ2 = 532 nm lidar wavelengths at the
lidar backscattering angle. Using Eqs. (A3) and (A5) of Ap-
pendix A, we display in Fig. 2 the particle backscattering
cross sections (dσ / d�)p,// and (dσ / d�)p, ⊥ and the ns-
particle depolarization ratioδns as a function of the parti-
cles radiusr. For clarity, the backscattering cross sections are
plotted per unit volume to emphasize the role of the smallest
particles, as first done in Veselovskii et al. (2010). The ob-
tained curves agree with the literature on spheroid particles
(Veselovskii et al., 2010; Mishchenko et al., 2009). In par-
ticular, the backscattering cross sections are not monotonic
with the particle radiusr. Due to the homothetic scale in
r / λ, wavelength-sized particles exhibit larger backscattering
cross sections in the UV spectral range atλ1 = 355 nm than
in the VIS spectral range atλ2 = 532 nm. Hence, our sensitiv-
ity to the fine-particle mode (particles having a radius in the
range of 100 nm) is increased in the UV as soon as the molec-
ular backscattering has been separately addressed, as done
in Sect. 2.2. As expected, s-particles do not depolarize laser
light at the lidar backscattering angle. The ns-particles’ depo-
larization ratio reaches its maximum value aroundr = 0.3 µm
in the UV (0.5 µm in the VIS). Above this maximum, the
dependence ofδns with r exhibits weak secondary maxima,
but is otherwise almost constant when increasing the par-
ticles radius. Belowr = 0.5 µm, δns rapidly increases with
r and depolarization ratios as high as 50 % are reached so
that ns-particles in the fine mode may also depolarize laser
light. Such high depolarization ratios may be experimentally
observed with a lidar. Even, nano-sized ns-particles depo-
larize laser light, as we recently demonstrated in Dupart et
al. (2012). However,δns cannot be used as a measure of par-
ticle size since it also depends onm andε (Mishchenko and
Hovenier, 1995).

3.4 Backscattering and depolarization of light by an
ensemble of ns-particles

In lidar applications, the optical properties are integrated
over the particle sizes and shapes. Ideally, the ns-particle
size distribution (PSD) should be accurately known because
this information cannot be sufficiently precisely addressed
from lidar measurements. In the absence of complementary
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Fig. 2.Ns-particle backscattering cross section (dσ / d�)ns,// and (dσ / d�)ns,⊥ per particle volume and ns-particle depolarization ratioδns
as a function of the particle radiusr in the UV (black,λ1 = 355 nm) and in the VIS (red,λ2 = 532 nm) for each ns-particle type (ash, dust and
sea salt (ss)).

Fig. 3.Selected ns-particle size distributions (PSD) as introduced in
numerical calculations for volcanic ash (Muñoz et al., 2004), desert
dust (Mallet et al., 2004) and sea-salt particles (ss, O’Dowd et al.,
1997).

measurements, we have used ns-PSD reported in the litera-
ture for atmospheric ns-particles after long-range transport as
a proxy, with the criteria of ensuring ns-particle specificity,
since our numerical simulations are built for that purpose.
As an example, for volcanic ash, we used the PSD reported
by Muñoz et al. (2004) in the Amsterdam light-scattering
database since it is ash particle specific, while being repre-
sentative of long-range transport, as discussed in detail in
Miffre et al. (2012b). For dust particles, we chose the PSD
of Mallet et al. (2004), who isolated the dust contribution by
performing measurements after long-range transport close to

Lyon (France). We hence ensure dust particle specificity af-
ter long-range transport. To apply the methodology proposed
in Sect. 4, other literature references are of course possi-
ble, provided that the given PSD is representative of long-
range transport and is dust particle specific. In the terminol-
ogy of Glen and Brooks (2013), we hence address the white
quartz particle type, whose PSD is close to that of Mallet et
al. (2004). The chosen ns-PSD for the ns-particle types con-
sidered are displayed in Fig. 3.

By integrating (dσ / d�)ns,//, (dσ / d�)ns,⊥ over the PSD,
we plotted co- and cross-polarized size-averaged ns-particle
cross sections< (dσ / d�)ns, ⊥ > and< (dσ / d�)ns, ⊥ > as
a function of the wavelength in Fig. 4. For volcanic
ash and desert dust particles, with this choice of PSD,
< (dσ / d�)ns,⊥ > is higher in the UV spectral range than in
the VIS-spectral range, while the opposite behaviour is ob-
served for sea-salt particles. The wavelength dependence of
δns is also displayed. The observed dependence agrees with
the literature as for desert dust (Veselovskii et al., 2010).
However, the ash particle depolarization ratioδash is differ-
ent from those found in the literature (Muñoz et al., 2004;
Lindqvist et al., 2011). Both approaches, however, agree
within their respective error bars. The discrepancy may orig-
inate from surface roughness, which is more important for
larger particles and is not accounted for in our spheroid
model: indeed, in contrast to simulations based on spheroids,
laboratory measurements show a tendency of increasingδns
with effective radius (Nousiainen, 2009). The depolarization
ratios predicted with spheroids for large volcanic ash parti-
cles may thus be underestimated. It follows that spheroids
may have difficulties in predicting large particle depolar-
ization ratios correctly. A DDA approach (Lindqvist et al.,
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Fig. 4. Ns-particle backscattering coefficients, particle depolarization ratiosδns and lidar ratiosSns as a function of theλ wavelength, for
each ns-particles type: volcanic ash, desert dust and sea salt (ss). The plotted error bars correspond to the size and shape sensitivity study
performed in Sect. 3.4. For ss-particles, two curves are represented, one for each refractive index given in Table 2.

Table 3. Results of the T-matrix simulations: depolarization ratiosδns averaged over the corresponding PSD, cross-polarizedÅngstr̈om
exponentsÅns,⊥ (λ1 = 355 nm,λ2 = 532 nm) and lidar ratiosSns, for each ns-particle component: volcanic ash, desert dust and sea salt (ss)
atλ1 = 355 nm (UV), atλ2 = 532 nm (VIS).

Ns-particles Label δns(UV) [%] δns(VIS) [%] Åns, ⊥(λ1 = UV, λ2 = VIS) Sns(UV) [sr] Sns(VIS) [sr]

Volcanic ash (ash) 26.7 27.2 0.015 53.6 56.3
Desert dust (dust) 18.1± 3.1 13.8± 1.6 1.326± 0.086 56.7± 8.7 53.2± 8.6
Sea salt (ss) 15.9± 0.1 16.2± 0.1 −0.478± 0.034 18.8± 0.2 20.1± 0. 2

2011) might be a fruitful complementary approach, but ex-
tensive DDA simulations are clearly beyond the scope of
this paper. Hence, for volcanic ash, we used the laboratory
measurementδash= 40.5 % value of Mũnoz et al. (2004), de-
duced from the Amsterdam light-scattering database, leaving
more appropriateδashnumerical simulations for a forthcom-
ing paper. Whatever the chosenδash value, the behaviour of
βns with altitude is still retraced, as shown in Sect. 4.2 (see
Eq. (8) in particular) and as discussed in detail in Sect. 5.2.
Finally, using theSp definition recalled in Appendix A, we
computed the lidar ratiosSns presented in Fig. 4 as a func-
tion of wavelength. The obtainedSns values agree with the
literature, derived from Raman lidar measurements. For ex-
ample, atλ1 = 355 nm,Sash equals (60± 5) sr measured by
Ansmann et al. (2012), while for dust particles, Veselovskii et
al. (2010) numerically computedSdust= 68 sr. Sea-salt parti-
cles exhibitSns values around 20 sr consistent with Ansmann

et al. (2011). The Fig. 4 error bars are the results of a sensi-
tivity study aimed at addressing the issue of size and shape
variability. The size sensitivity has been tested by varying the
particles radius by± 10 %, while for the shape sensitivity, the
n = 3 shape distribution was replaced with then = 0 equiprob-
able shape distribution (n = 1 andn = 2 led to similar results
to the originaln = 3 shape distribution). To provide the Fig. 4
error bars that combine this size and shape sensitivity, the
Table 3 numerical outputs have been computed by using the
n = 0 shape distribution and this for all particles radii. Other
refinements on shape and chemical modelling are of course
feasible, but would require additional computations which
are beyond the scope of this paper. Note also that our sen-
sitivity study has been performed for dust and sea-salt parti-
cles only since, as explained above, the T-matrix numerical
model has difficulties in correctly simulating the depolariza-
tion of volcanic ash. For volcanic ash particles, the interested
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reader may refer to Miffre et al. (2012b), where a detailed er-
ror analysis has been performed on the chosen particles size
distribution difficulties in correctly simulating the depolar-
ization of volcanic ash.

In the literature, the spectral dependence of< (dσ / d�)ns
> is given in the form of the so-calleḋAngstr̈om expo-
nentÅns which gives an indication on the particles size, as
first shown by Sasano and Browell (1989). Note that the
Ȧngstr̈om exponent considered here differs from the tradi-
tional definition, which specifies the wavelength dependence
of the aerosol optical depth; both definitions indicate parti-
cle size. Hence, for our set of two wavelengths (λ1, λ2), we
may introduce a cross-polarized ns-particleȦngstr̈om expo-
nentÅns,⊥(λ1, λ2) to be used in Sect. 4.2 presenting our new
methodology:

(
λ2

λ1

)−Åns,⊥

= 〈

(
dσ

d�

)
ns,⊥

(λ2)〉 / 〈

(
dσ

d�

)
ns,⊥

(λ1)〉. (4)

Using this equation, we calculated the cross-polarized
Ȧngstr̈om exponentÅns,⊥ (λ1, λ2) for volcanic ash, desert
dust and sea-salt-like particles corresponding to the chosen
ns-PSD.

3.5 Summary of the numerical simulations on
ns-particles

Table 3 summarizes the results of our light-scattering sim-
ulations to be used in Sects. 4 and 5. For each ns-particle
type considered, the depolarization ratioδns averaged over
the corresponding PSD is given at the two lidar wave-
lengths, together with the cross-polarizedȦngstr̈om expo-
nentÅns,⊥(λ1 = 355 nm,λ2 = 532 nm) and the lidar ratiosSns
needed for the Klett inversion. The sign ofÅns,⊥ (UV, VIS)
underlines our chosen PSD: dust (sea-salt) particle backscat-
ter more light in the UV (VIS) spectral range than in the VIS
(UV) spectral range.

4 Methodology

In this section, we describe our new methodology for lidar
retrievals of atmospheric ns-particle backscattering in “two”
or “three-component particle external mixtures”. It is based
on combining a 2λ polarization lidar with numerical simu-
lations that specifically account for each ns-particle compo-
nent in the particle mixing. The different particle components
should be assumed and be externally mixed, so that the lidar
measurements, when separated for each particle component
and combined with the single light-scattering properties cor-
responding to these components, provide backscattering co-
efficients specific to each ns-component.

4.1 Depolarization of light by a two-component particle
mixture

After long-range transport, ns-particles, such as those pre-
sented in Table 1, experience chemical reactions, including
potential humidification during advection (Overnevaidte et
al., 2009; Schumann et al., 2011). At locations where intru-
sion episodes occur, the external particle mixtures are there-
fore often composed of both s- and ns-particles. We here
show how to specifically address ns-particles’ backscattering
in such a particle mixture by using a 1λ polarization lidar. In
this subsection, to ease the reading, theλ wavelength depen-
dence is omitted.

Let us consider an external mixture of particles composed
of both s- and ns-particles with a total depolarization ratio
δp. The depolarization ratio of its ns-particles is denotedδns.
Since theδp ratio is not additive, there is no reason forδp
to equalδns. The distinction betweenδp andδns is best un-
derstood in the frame of the scattering matrix formalism, re-
called in Appendix A. Using the additive scattering matrix
Fp = Csca,p × Fp/(4π), the mixture of particles has a scatter-
ing matrixFp = Fs+ Fns, which is the sum of its s- and ns-
components. By developing this equation for theF11,p and
F22,p matrix elements, noting thatF11,s = F22,s, theδp ratio
of the particle mixture can be related to the depolarization
ratio δns of its ns-particles as follows (Miffre et al., 2011):

1

δp
=

1

δns
+

F11,s+ F22,s

F11,ns− F22,ns

(
Csca,s

Csca,ns

)
Ns

Nns
. (5)

Hence, when s-particles are present, such as after long-range
transport, theδp ratio of a {s, ns} particle mixture is lower
than the depolarization ratio of its ns-particles (δp ≤ δns). Ac-
cordingly, the same conclusion can be drawn in the frame
of the lidar formalism by combining Eqs. (A4a) of the Ap-
pendix A with the above Eq. (5):

1

δp
=

1

δns
+

βs,//

βns,⊥
. (6)

In the literature,δp is often compared toδns (Gasteiger et al.,
2011) and the maximum value ofδp is sometimes used as a
δns measurement (Shimizu et al., 2004). Moreover, the dif-
ference betweenδp andδns is not clearly stated to originate
from the presence of s-particles, and the observed discrepan-
cies betweenδp andδns are sometimes attributed to imper-
fections originating from numerical simulations or/and ex-
perimental observations (Wiegner et al., 2009). Hence, iden-
tification of ns-particles fromδp (Groß et al., 2011) is not ap-
propriate for long-range transport studies. Equation (5), or its
lidar-equivalent Eq. (6), shows thatδp equalsδns only when
there are no s-particles present (Ns = 0). Since we focus on
long-range transport situations, s-particles are expected to be
present in the particle mixtures and lowerδp below δns. As
a consequence, the backscattering properties of ns-particles
in {s, ns} particle mixtures cannot be easily derived from the
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lidar-measuredδp value, because the latter is not a tracer spe-
cific to ns-particles only. A tracer for ns-particles can be de-
rived from the lidar formalism by applying the superposi-
tion principle to particle backscattering coefficientβp, i.e.
βp =βs+ βns, assuming no interaction between s- and ns-
particles (i.e. no polarization cross-talks between polariza-
tion channels, as developed in Sect. 2.1). On eachπ = {//, ⊥}

polarization axis, we get

βp,// = βs,// + βns,//, (7a)

βp,⊥ = βns,⊥. (7b)

Hence, only the cross-polarized particle backscattering coef-
ficientβp, ⊥ is a reliable tracer specific to ns-particles. Using
Eq. (7b), the ns-particle backscattering coefficientβns can be
expressed as a function ofδns:

βns = βns,⊥

(
1+

1

δns

)
. (8)

For accurate determination ofβns, detailedβns,⊥ lidar mea-
surements are necessary together with computed values of
δns. To emphasize the contribution of s-particles to theδp ra-
tio, Eqs. (5) or (6) can be rewritten by introducing the fraction
Xns=βns / βp of ns-to-particle backscattering coefficients. By
combining Eqs. (7) and (8), while noting thatβs =βs,// and
βs = βp – βns, we get

1

δp
=

1

δns
+

1− Xns

Xns

(
1+

1

δns

)
. (9)

Thus, the difference betweenδp andδns can be used to deter-
mine the fraction Xns of ns-particles in the two-component
particle mixture:

Xns =
1+

1
δ ns

1+
1
δ p

≈ δp

(
1+

1

δns

)
(10)

as long asδp � 1, so thatδp is a tracer for Xns, while δns can
be determined by following the procedure detailed in Sect. 3.
Equation (10), derived from the scattering matrix, agrees
with Tesche et al. (2009). Sinceδp is sometimes assumed
to equalδns, we plotted in Fig. 5 the systematic bias between
δp andδns as a function of Xns for each ns-component (vol-
canic ash, desert dust, sea-salt particles). The relative error
is larger whenδns is larger, but the three curves look almost
independent ofδns. For a given Xns value, the largerδns is,
the larger the bias betweenδp andδns is. Moreover, to lower
the Xns uncertainty, the lowerδns is, the more accurate the
determination ofδp must be.

When the particle mixture (p) ={s, ns} enters the low tro-
posphere, it often mixes with local aerosols such as ammo-
nium sulfate, nitrate or carbonaceous soot aggregates present

Fig. 5. Systematic bias onδns when assumingδp equals toδns for
δns= 10 % as for sea-salt particles (light gray),δns= 20 %, as for
desert dust particles (dark gray),δns= 30 %, as for volcanic ash
(black). This graph allows to measure the need for distinguishing
δp from δns.

in the urban canopy (Miffre et al., 2010). To account for
possible background depolarization, the particle mixture is
preferably partitioned between ns- (ash, dust, sea salt) parti-
cles on the one hand, and quasi spherical particles (i.e. parti-
cles that are neither ash nor dust nor sea-salt particles) on the
other hand. In this practical case, to separately retrieve the
ns- and quasi-spherical particle backscattering coefficients,
we offer the following set of four equations:

βp,// = βns,// + βquasi−s,//, (11a)

βp, ⊥ = βns,⊥ + βsqasi−s,⊥, (11b)

δns = βns,⊥ /βns,//, (11c)

δquasi−s = βnon−ns,⊥ /βquasi−s,//. (11d)

Four backscattering coefficients are hence to be determined,
namelyβp,π with (p) ={ns, non-ns} andπ = {//, ⊥} . This is
feasible by combiningβp,// and βp, ⊥ lidar measurements
with computedδns values, whileδquasi−s can be assumed
to be equal to 1 % (Sakai et al., 2010). An application of
this methodology is given in Sect. 5.1 (case study 1), where
the mixing of volcanic ash with spherical sulfate particles is
studied to retrieve vertical profiles ofβash, βsulf and Xash=

βash/ βp.
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4.2 Depolarization of light by a three-component
particle mixture

The mixing of ns-particles with s-particles that occurs after
long-range transport may concern two different ns-particles.
To retrieve such three-component mixtures, we extend the
treatment introduced in Sect. 4.1 by one additional lidar
wavelength.

In the three-component mixture, we label particles by nu-
merical indices; that is, (p) ={ns1, ns2, n12} , where ns1
and ns2 refer to the two ns-particle populations (see Ta-
ble 1), while n12-particles belong to neither ns1- nor ns2-
particles. After long-range transport, the n12-population is
composed of s-particles or water-soluble particles, and lo-
cal aerosols such as sulfate or nitrate particles may also
contribute to n12. In this paper, n12-particles are assumed
spherical, so that water-soluble particles are simply re-
garded as s-particles. For an external mixture of ns1-, ns2-
and n12-particles, following the same methodology as in
Sect. 4.1, n12-particles contribute to theδp ratio of the three-
component mixture andδp is below max (δns1,δns2), where
δns1 (δns2) is the ns1-particles’ depolarization ratio (ns2). To
determine the backscattering coefficients of ns-particles in
the three-component mixture (p) ={ns1, ns2, n12}, six un-
known quantities have to be determined, corresponding to the
three components (ns1, ns2, n12) assigned to the two detector
polarization axesπ = {//, ⊥}. When dealing with a 2λ polar-
ization lidar experiment (2β+2δ lidar configuration), each of
these backscattering coefficients has to be determined at the
two lidar wavelengthsλ = {λ1, λ2} . Hence, twelve unknown
backscattering coefficients have to be determined, hereafter
notedβp,π (λ).

As shown in Sect. 2, our 2λ polarization lidar experiments
provide vertical profiles of co- and cross-polarized particle
backscattering coefficientβp,//(λ) and βp, ⊥ (λ) at wave-
lengthλ. By applying the superposition principle to the three-
component mixture, for the (λ, π) spectral and polarization
property, theβp,//(λ) andβp, ⊥ (λ) coefficients provide a set
of four equations:

βp,//(λ) = βns1,//(λ) + βns2,//(λ) + βn12,//(λ), (12a, b)

βp,⊥(λ) = βns1,⊥(λ) + βns2,⊥(λ) + βn12,⊥(λ). (12c, d)

For the sake of clarity, we note that Eq. (12a, c) refer toλ1
wavelength, while Eq. (12b, d) refer to wavelengthλ2. Six
more equations are then provided by numerical simulations
by computing the ns-particle depolarization ratio at the two
lidar wavelengthsλ = {λ1, λ2} :

δns1(λ) = βns1,⊥(λ)/βns1,//(λ), (12e, f)

δns2(λ) = βns2,⊥(λ)/βns2,//(λ), (12g, h)

δn12(λ) = βn12,⊥(λ)/βn12,//(λ). (12i, j)

The last two equations are obtained by addressing the spec-
tral behaviour of the backscattering coefficientβns. By using
Eq. (A4a) of Appendix A, we may write

βns1,⊥ (λ2)

βns1,⊥ (λ1)
= 〈

(
dσ

d�

)
ns1,⊥

(λ1)〉, (12k)

βns2,⊥ (λ2)

βns2,⊥ (λ1)
= 〈

(
dσ

d�

)
ns2,⊥

(λ1)〉, (12l)

where the average is performed over the ns-particle size
distribution (PSD). Using Eq. (4), we may express the ra-
tio of cross-polarized backscattering cross sections in terms
of the corresponding cross-polarized ns-particleȦngstr̈om
exponentsÅns,⊥ (λ1, λ2) introduced in Sect. 3. Note that
Eqs. (12k) and (12l) hold provided that, in the lidar exper-
iment, the same atmospheric volume is probed at both wave-
lengths, as done in Sect. 2. Hence, when dealing with a 2λ

polarization lidar experiment, the twelve unknown backscat-
tering coefficientsβp,π (λ) can be determined from the sys-
tem of twelve equations (12). As a conclusion, vertical pro-
files ofβp,π (λ) can be retrieved for each particle component
(p) ={ns1, ns2, n12} at wavelengthλ1 andλ2:

βns1(λ) = βns1,// (λ) + βns1,⊥ (λ), (13a, b)

βns2(λ) = βns2,// (λ) + βns2,⊥ (λ) (13c, d)

βn12(λ) = βn12,// (λ) + βn12,⊥ (λ) . (13e, f)

Hence, four lidar-retrieved backscattering coefficients
[βp,// (λ),βp,⊥ (λ) with λ = {λ1, λ2}], addressed in Sect. 2,
are used in combination with eight numerically retrieved
quantities[δns1(λ), δns2(λ), δn12(λ), Åns1,⊥(λ1, λ2), Åns2,⊥
(λ1, λ2)], addressed in Sect. 3, to determine the twelve ns-
particle backscattering coefficientsβp,π (λ), with (p) ={ns1,
ns2, n12} andπ = {//, ⊥} . Thus, the complete set of outputs
proposed in Table 3 for ns-particles (depolarization ratio,
cross-polarizedȦngstr̈om exponents and lidar ratios for the
Klett algorithm) is used.

5 Application to volcanic ash, desert dust and sea-salt
particle mixing

In this section, the composition of the particles’ external
mixture is analysed experimentally after long-range trans-
port through 2λ-polarization-resolved backscattering mea-
surements performed at Lyon, France. Taking advantage of
the sensitivity and accuracy achieved in the UV-VIS polariza-
tion lidar experiment and the numerical simulations carried
out, the backscattering coefficients specific to volcanic ash,
desert dust and sea-salt particles are retrieved by applying
the methodology developed in Sect. 4 in two studied cases:
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– Case 1 is an example of depolarization of light by a
two-component particle mixture after long-range trans-
port. During the 2010 Eyjafjallajökull volcanic erup-
tion, large quantities of volcanic ash was injected into
the troposphere, leading to a safety-related 6-day air-
port closure. After more than 2500 km of transport by
advection, the volcanic ash particles entering Lyon’s at-
mosphere might have mixed with spherical particles,
most likely to be hydrated sulfates, produced by SO2
oxidation (Mather et al., 2003), giving rise to a two-
component external mixture.

– Case 2 is an example of depolarization of light by
a three-component particle mixture after long-range
transport. On 18 October 2011, a Saharan dust outbreak
occurred at Lyon, with particles entering the Lyon tro-
posphere after several thousand kilometres of transport
by advection above the Atlantic Ocean, during which
they mixed with sea-salt particles and in the troposphere
over Lyon with local aerosols. This{desert dust, sea-
salt, water-soluble} particle mixture is an example of a
three-component external mixture.

5.1 Case study 1: mixing of Eyjafjallajökull volcanic
ash with sulfate particles

As shown by FLEXPART ash particle numerical dispersion
model and 7-day air mass back trajectories (see Fig. 6), vol-
canic ash particles released from the Eyjafjallajökull vol-
cano passed above Lyon on 19 April 2010 around 19:00 UTC
above 3 km altitude above mean sea level. Using the method-
ology introduced in Sect. 4.2, we display in Fig. 7 verti-
cal profiles of atmospheric particle UV backscattering co-
efficients βp,//, βp, ⊥ and particle depolarization ratioδp
on 19 April 2010 at 19:00 UTC, using S = 54± 5 sr for the
Klett algorithm, in agreement with Table 3 and Ansmann
et al. (2012). As a consequence of Eq. (7a, b), the co- and
cross-polarized backscattering coefficients plotted in Fig. 7
are different. The presence of s-particles lowers the observed
δp values, which are always belowδashwithin our error bars.
It follows that, contrary to what is generally presented in the
literature, the maximum observedδp value cannot be taken
as a proxy forδns.

Contrary to theδp profile, only ash particles contribute to
theβp, ⊥ vertical profile, as discussed in Sect. 4.1. Thus, the
vertical dispersion of the volcanic ash cloud in the low tro-
posphere of Lyon can be retraced by theβp, ⊥ vertical pro-
file: within our error bars, the achieved sensitivity allows dis-
tinguishing several successive volcanic ash layers at about
1.5, 2.5, 3.5 and 4.7 km altitudes. This result is best seen
on the observedβash vertical profile, using Eq. (11) with
δash= 40.5 % (Mũnoz et al., 2004) andδnon−ash = 1 % (Sakäı
et al., 2010). As shown by the comparison of theβp, ⊥ and
δp vertical profiles, depolarization does not necessarily cor-
relate with the backscattered power. The observed 3.5 km

altitude difference between theβp, ⊥ and theδp maxima is
due to the presence of spherical sulfate particles, produced
by SO2 oxidation after long-range transport. The similarity
between the Xashprofile and theδp profile shows thatδp can
be considered in our case as a tracer for Xash in agreement
with Eq. (10). In the literature,δp is sometimes considered
as a tracer for ash particles, which is true when backscatter-
ing is strongly dominated by ash, close to the source region
(Gasteiger et al., 2011). Here, our long-range transport situ-
ation implies that s-particles are present in significant num-
bers, so thatβp, ⊥ is a tracer for the volcanic ash particles.
From the ash and sulfate backscattering coefficients, number
and mass concentrations can be retrieved, and the values ob-
tained (Miffre et al., 2012a, b) agree with those measured by
Schumann et al. (2011). Use of the PSD of Schumann et al.
(2011) instead of that from Mũnoz et al. (2004) led to only
3 % lower ash number concentration, which shows the ro-
bustness of our methodology. In addition, case study 1 of a
two-component particle mixture can be applied to dust and
spherical particles, as published in Miffre et al. (2011).

5.2 Case study 2: mixing of desert dust, sea-salt and
water-soluble particles

This second case study is related to the possible mixing of
desert dust particles with sea-salt and water-soluble particles
after long-range transport. Such a particle mixture occurred
at Lyon for example on 18 October 2011 due to favourable
meteorological conditions after more than 2500 km advec-
tion from the dust source region. As a stand-alone lidar ex-
periment provides no chemical analysis, 7-day air mass back
trajectories have been used to identify the possible origin of
the air masses at our remote site. As shown in Fig. 8, in the
morning of 18 October 2011, the air masses passing above
the lidar station about 1.5 km altitude (a layer) were originat-
ing from a sea-salt source region and around 3 km (b layer)
from a desert dust source region. In the evening, theb anda
layers were inverted, with air masses originating from a dust
source region in thea layer (from a sea-salt region in theb
layer). Hence, a possible mixing of sea-salt and desert dust
particles occurred during daytime in the low troposphere.
The a andb layers are delimited by temperature inversion
layers that can be seen in the vertical profiles of potential
temperature, also present in Fig. 8, showing that the tropo-
sphere was stably stratified. Over our 260–290 K temperature
range, the efflorescence relative humidity of ammonium sul-
fate particles is temperature independent and equal to 32 %
(Onasch et al., 1999). In agreement with Sect. 3.1, the cubic
shape model is applicable for sea-salt particles for altitudes
above 2 km since ammonium sulfate particles, when they ef-
floresce, exhibit a rounded shape (Wise et al., 2005; Sakaı̈ et
al., 2010). Thus, at these altitudes, the cubic shape model was
applicable for sea-salt particles, in agreement with Sect. 3.1.
Note that the presence of sea-salt particles is possible at such
altitudes, as demonstrated by Ikegami et al. (1994).

Atmos. Chem. Phys., 13, 6757–6776, 2013 www.atmos-chem-phys.net/13/6757/2013/



G. David et al.: Retrieving simulated volcanic, desert dust and sea-salt particle properties 6769

Fig. 6. Evidence of the presence of volcanic ash over Lyon on 19 April at 19:00 UTC. Left: NILU FLEXPART ash particle numerical
dispersion model for 19 April 2010 at 19:00 UTC. Right: NILU FLEXTRA 7-day air mass back trajectories on 19 April at 18:00 UTC (2 km,
triangles; 3 km, circles; 5 km altitude, squares) and at 12:00 UTC (3 km, diamonds).

Fig. 7.Vertical profiles of backscattering coefficientsβp,//, βp, ⊥, depolarization ratioδp, retrievedβashandβsulf coefficients and ash particle
backscattering fraction Xash=βash/ βp in the mixed{ash, sulfate} particle cloud on 19 April 2010 at 19:00 UTC at Lyon. The experiment is
performed in the UV (λ = 355 nm).

Using the Sect. 4.2 methodology, we derived time–
altitude maps of co- and cross-polarized backscattering co-
efficients and particle depolarization ratioδp as displayed
in Fig. 9. To correct for the particle extinction, we chose
S(UV) = 50± 5 sr and S(VIS) = 60± 5 sr, in agreement with
the literature (Murayama et al., 1999). These values are be-
tween the computed values for dust and sea salt to be seen in
Table 3. Each time–altitude map has adjusted colour scales to
emphasize the temporal behaviour of two main atmospheric
layers having different thicknesses, located around thea

and theb layers. This layering is clearly visible in the UV
and VIS cross-polarized backscattering time–altitude maps,
which are ns-particle specific, as shown by Eq. (7b). The par-

ticle depolarization ratio maps exhibit maximumδp values
equal to 11 % atλ1 = 355 nm and 9 % atλ2 = 532 nm, well
below theδns values computed for sea-salt or dust particles
(see Table 3), due to the presence of spherical water-soluble
particles. We have run our 2β +2δ algorithm to solve the set
of 12 equations (12) and separately retrieve the backscatter-
ing coefficients of desert dust, sea-salt (ss) and water-soluble
(ws) particles as a function of altitude. Figure 10 displays
the retrieved vertical profiles ofβdust, βss andβws, together
with the correspondingβp,//, βp, ⊥ and δp vertical profiles
and the fraction of each component (dust, ss, ws) in the
mixed particles plume on 18 October at 16:15 UTC. At that
time, as shown in Fig. 8, for altitudes above 2 km, the Lyon
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Fig. 8. Upper panel: relative humidity (RH) and potential tem-
perature (θ ) vertical profiles on 18 October 2011 at Lyon (Mét́eo
France). Lower panel: FLEXTRA 7-day air mass back trajectories
showing the history of air masses arriving in the Lyon atmosphere
on 18 October 2011.

troposphere is stable, as depicted by the potential tempera-
ture, while the relative humidity is below the 40 % RH sea-
salt crystallization point, allowing sea-salt particles to depo-
larize. The nonsphericity of both dust and sea-salt particles
must hence be taken into account.

This methodology is complex, but it is a necessity for par-
ticle mixture observations after long-range transport where
the approximationδp = δns no longer holds. Because of its
novelty, it is yet to be validated in the atmosphere by inde-
pendent co-located measurements. Such a validation work is
now under progress. We here discuss the possible influence
of computed numerical values ofδns and Åns,⊥ (UV, VIS)
for dust and ss-particles (see Table 3 for the used numeri-
cal values) on the retrieval results. To test the robustness of
our new methodology, we used somewhat arbitrary test val-
ues forδss andÅns, ⊥ (UV, VIS). As shown by Eq. (8), the
effect of a differentδns value is to shift the correspondingβns
profile. Therefore, the behaviour ofβns with altitude is still
retraced for allδns values considered. Quantitatively, when
using δss= 33 % instead of 10 %,βss decreases by a factor
of almost 3 (11/4 exactly), which in turn may increase the
observedβws value, depending on the correspondingβdust
value observed. Note that that an assumption ofδss= 0 re-
sults in a singularity in Eq. (8). Consequently, very close
to δss= 0, we noticed that the retrievedβss andβws values
were very different from those observed in Fig. 10, under-
lining the importance of taking into account the ss-particle
nonsphericity when RH values allow ss-particles to be non-
spherical. The computed cross-polarizedȦngstr̈om exponent
Åns, ⊥ (UV, VIS) may also be questioned. In agreement with
Sect. 3, Fig. 10 shows that dust particles contribute more
to particle backscattering at the UV spectral range than in
the VIS, while sea-salt particle backscattering is stronger in
the VIS spectral range. The̊Adust, ⊥ (UV, VIS) and Åss, ⊥

(UV, VIS) values can be considered as convergence criteria
in our algorithm since, for very different values ofÅdust, ⊥

(UV, VIS) andÅss, ⊥ (UV, VIS), negative particle backscat-
tering coefficients were retrieved. Hence, to obtain accurate
retrievals of dust, sea-salt and ws-particle backscattering co-
efficients, care should be taken on the choice of PSD when
applying our new methodology. To be quantitative, we have
run our 2β + 2δ algorithm by including the Table 3 error bars
on the cross-polarizeḋAngstr̈om exponent and the UV-VIS
ns-particle depolarization ratios. The corresponding errors
on the retrieved particle backscattering coefficients are quite
low, which shows the robustness of our new methodology.
For dust particles, the model variability induces a 4 % uncer-
tainty on the retrieved cross-polarized backscattering coeffi-
cient (20 % on the parallel coefficient). Salt particles exhibit
an error bar in the range of 10 % for both polarization axes.
These error bars are almost independent of the laser wave-
length. Moreover, by using UV-VIS laser light, we have in-
creased our sensitivity to particles in the fine-particle mode.
Hence, precise polarization measurement allows minimizing
the contribution of possible frozen hydrometeors which may
be present in the troposphere.

Figure 10 shows vertical profiles of dust, sea-salt and ws-
particles revealing a complex vertical layering of the Lyon
troposphere. In contrast to what is observed in the two-
component methodology, due to the presence of ws-particles,
theβdust vertical profile is not complementary of theβss ver-
tical profile. We here analyse the obtained vertical profiles in
the a and theb layers. Up to 3.0 km altitude, where a tem-
perature inversion is observed, in thea layer, dust (sea-salt)
particles contribute to nearly 40 % (10 %) to the total par-
ticle backscattering coefficient. The vertical profile of ws-
particles is much more complicated to describe, except when
Xss is constant, such as between 2.7 and 3.0 km altitude, in
which case Xdustand Xws are in opposite phases with respect
to altitude. Despite its complex behaviour, theβws vertical
profile closely follows theβp,// vertical profile, into which
s-particles mainly contribute. Above 3.0 km altitude, in the
b layer, the fractions of dust, ss and ws-particles in the total
particle backscattering vary with altitude, revealing a very
complex vertical layering. A very interesting point is to be
seen around the extrema observed at a 3.5 km altitude where,
in the UV, theβdust and theβss vertical profiles are in op-
posite phases with respect to altitude. As recently shown in
Dupart et al. (2012), this behaviour can be related to new
particle formation events. This observation clearly indicates
that the proposed methodology is able to reveal very complex
particle microphysical behaviour.

6 Conclusions and outlook

In this paper, we have proposed and applied a new methodol-
ogy to evaluate the partitioning of two- or three-component
particle external mixtures of volcanic ash, desert dust, sea-
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Fig. 9. Time–altitude maps ofβp,//, βp, ⊥ andδp in the UV (λ1 = 355 nm, left three panels) and in the VIS (λ2 = 532 nm, right three panels)
on 18 October 2011 at Lyon. The grey band corresponds to clouds which prevented retrieving theβp,//, βp, ⊥, δp coefficients. Dashed lines
correspond to Fig. 10, case study at 16:15 UTC.

salt and water-soluble particles. Such a partitioning is partic-
ularly interesting after long-range transport, where the mix-
ing of these particles is often observed. Our new methodol-
ogy uses both spectral (λ) and polarization (π ) properties of
the light backscattered by atmospheric ns-particles. It con-
sists in combining dual-wavelength polarization lidar mea-
surements with light-scattering numerical simulations and
air mass back trajectories. The 2λ polarization lidar exper-
iment (Sect. 2) is used to efficiently partition the particle
mixture into its nonspherical components, while the single-
scattering numerical simulations (Sect. 3) are used to com-
pute the backscattering and depolarization properties of each
nonspherical component (volcanic ash, desert dust and sea-
salt particles). The originality of this work precisely con-
sists in combining instruments (polarization lidar measure-
ments and light-scattering numerical simulations), which are
often used separately in the literature, where the measured
depolarizationδp of the particle mixture is often compared
to the computed depolarizationδns of its ns-particles. We
have shown in Sect. 4 that, after long-range transport,δp
differs from δns, as a consequence of the presence of s-

particles, which contribute toδp. Therefore, care should be
taken when using the maximum value ofδp as a proxy
for δns. We hence identified a tracer for nonspherical parti-
cles in two/three-component particle mixtures. By combin-
ing sensitive and accurate UV-VIS polarization lidar exper-
iment with light-scattering simulations, we have shown in
Sect. 4 how to retrieve range-resolved vertical profiles of
ns-particle backscattering coefficients specific to each par-
ticle component present in the two/three-component parti-
cle mixture (development of a 2β + 2δ algorithm). More-
over, in Sect. 5, we discussed the inherent assumptions and
demonstrated the performance of this new methodology in
two case studies: mixing of volcanic ash with sulfate parti-
cles (“two-component particle mixture”), external mixing of
desert dust with sea-salt and water-soluble particles (“three-
component particle mixture”). To our knowledge, for the first
time, a three-component external mixture has hence been
partitioned into its ns-particles components by taking into ac-
count the nonsphericity of each ns-particles component (i.e.,
both sea-salt and desert dust particle nonsphericity). The as-
sumption of sea-salt particle nonsphericity appeared prudent
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Fig. 10. Vertical profiles ofβp,//, βp, ⊥, δp, βdust (triangles),βss (squares) andβws (spheres) and fraction of ns-particles (dust, ss) and
ws-particles (ws, spherical) in the three-component mixture on 18 October 2011 at 16:15 UTC at Lyon (France), addressed in the UV
(λ1 = 355 nm, black) at and in the VIS (λ2 = 532 nm, red). To ease the reading, error bars are not plotted on this graph.

after carefully looking at the RH vertical profiles during the
analysed Saharan dust outbreak. The achieved sensitivity and
accuracy on our UV-VIS polarization lidar experiment al-
lowed revealing the complex vertical layering of the Lyon
troposphere by exhibiting the separate contributions of dust,
sea-salt and water-soluble particles in the particle mixture.
The robustness of the proposed methodology has also been
studied by running the 2β + 2δ algorithm with out-of-range
values for the dust and sea-salt particle depolarization ratio.
It should be noted that, to apply our new methodology, care
should be taken with the ns-particle size distribution assumed
in the numerical computations, which must be ns-particle
specific and representative of these ns-particles after long-
range transport. Moreover, our retrieval lidar methodology
(2β + 2δ algorithm) is very general in the sense that it can
be applied by using parameter values that could be derived
by other means than the here-used T-matrix numerical sim-
ulations. A further validation of this methodology is clearly
needed and will be published in a following paper. Moreover,
our new methodology could be further improved. To quote
only a few possible steps, for the numerical simulations, an
extension to some more complex and realistic shapes using
DDA approximation (Nousiainen et al., 2012) or/and includ-
ing porosity effects (Lindqvist et al., 2012) would be desir-
able. For the polarization lidar experiment, as underlined by
Nicolet et al. (2012), use of circular depolarization might also
provide new insights. To conclude, we showed that the com-

bined use of UV-VIS polarization lidar remote sensing ex-
periments with numerical simulations on ns-particles and air
mass back trajectories makes possible a range-resolved and
robust analysis of atmospheric aerosols with particle mix-
tures of up to three components.

Appendix A

Theoretical considerations on light scattering by
atmospheric particles

In this appendix, we present the polarization lidar observ-
ables suitable for range-resolved experimental observations
of ns-particles in the atmosphere in terms of the scattering
matrix formalism.

A1 Scattering matrix formalism

Scattering of light by an ensemble of particles of arbitrary
size, shape and chemical composition can be described by the
scattering matrix formalism, which relates the Stokes vectors
[I , Q, U , V ]T of the incident (inc) and scattered (sca) light
waves with respect to the laser-scattering plane through the
non-additive F-phase matrix (M. I. Mishchenko et al., 2002):

Isca
Qsca
Usca
V sca

 =
Csca,p

4πd2


F11,p F12,p F13,p F14,p
F21,p F22,p F23,p F24,p
F31,p F32,p F33,p F34,p
F41,p F42,p F43,p F44,p




I inc
Qinc
U inc
V inc

 , (A1)
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where the subscript p refers to the particle,d is the distance
between the particle and the observer andCsca,p is the scat-
tering cross section of the particle p, which depends on the
wavelengthλ of the radiation and on the particle radiusr.
For an ns-particle,r is defined here as the volume equiv-
alent radius, i.e. the radius of an s-particle with the same
volume as the considered ns-particle. For numerical simu-
lations (see Sect. 3), it is useful to introduce the size param-
eterx = 2πr / λ, which is dimensionless. TheFij -matrix el-
ements and the scattering cross sections are functions of the
particles’ size, shape and chemical composition, and depend
on the scattering angle, on the size parameterx and on the
complex refractive indexm, through which absorption may
occur. The F matrix and the T matrix used in Sect. 3 are, in
a way, related as both relate properties of incident and scat-
tered waves, but they are quite different in practice because
the F matrix relates the waves described by the Stokes param-
eters, whereas the T matrix relates waves expressed as spher-
ical function expansions. In this paper, the T matrix is just
used internally in our new methodology (see Sect. 3.2) and
we only consider the quantities in the lidar backscattering
direction. Moreover, particles are assumed to be randomly
oriented (see Nicolet et al., 2012 for a study of depolariza-
tion of light by horizontally oriented ice crystals). Following
Mishchenko et al. (1995b), the backscattering matrix is diag-
onal and depends only onF11,p andF22,p. At distances that
are large compared to the particles’ size, and for a perfectly
linearly polarized incident light, i.e. as for polarization lidar
experiments, the backscattered light wave is then given by

I sca,// + I sca,⊥
I sca,// − I sca,⊥

0
0

 (A2)

=
Csca,p

4πd2


F11,p 0 0 0

0 F22,p 0 0
0 0 −F22,p 0
0 0 0 F11,p − 2F22,p




1
1
0
0


, whereπ = {//, ⊥} polarization components are, respectively,
called the co- and cross-polarized polarization components
with respect to the incident laser linear polarization.

A2 Polarization lidar formalism

In the polarization lidar formalism, the backscattered in-
tensitiesI sca,// and I sca,⊥ are measured separately with
a polarization-sensitive detector. These intensities can be
used to define co- and cross-polarized particle backscatter-
ing cross sections, which depend onr, m andλ:(

dσ

d�

)
p,//

(r,m,λ) = d2 I sca,//

I inc
=

Csca,p

4π

(
F11,p + F22,p

2

)
, (A3a)

(
dσ

d�

)
p,⊥

(r,m,λ) = d2 I sca,⊥

I inc
=

Csca,p

4π

(
F11,p − F22,p

2

)
, (A3b)

by using Eq. (A2). Usually, a lidar measures size-averaged
particle backscattering cross sections, which define the
so-called volume particle backscattering coefficients (in
Mm−1 sr−1):

βp,π (λ)=

∫
PSD

(
dσ

d�

)
p,π

np(r)dr = Np×〈

(
dσ

d�

)
〉pπ , (A4a)

βp(λ) = βp,//(λ) + βp,⊥(λ) =

∫
PSD

Csca,p

4π
F11,pnp(r)dr = Np × 〈

(
dσ

d�

)
p
〉, (A4b)

where the integration is performed over the particle size
distribution (PSD) defined by the particle number density
np(r) =dNp / dr for a particle number concentrationNp (in
part m−3). In contrast to ns-particles, s-particles, for which
F11,s = F22,s, exhibit a nullβp, ⊥ coefficient. For the sake of
clarity, we emphasize that the subscripts{//, ⊥} of βp are
relative to the polarization detector and defined with respect
to the incident linear polarization and do not apply to atmo-
spheric parameters (Gimmestad, 2008). The volume particle
backscattering coefficient is additive and depends on the size,
shape,λ andm of the particles in the volume. Backscatter-
ing thus occurs from both the s- and ns-particles. Contrary
to backscattering, extinction is not sensitive to polarization
effects for randomly oriented particles. Here, the extinction
will be characterized by the particles’ lidar ratioSp = αp
(λ) / βp (λ), whereαp (λ) is the integral of the extinction co-
efficient of the particle Cext,p over the PSD. Moreover, the
relative amount of powerI sca, ⊥ / I sca,// in the co- and cross-
polarized polarization components is an often-used quantity
in the lidar community, known as the particles’ linear depo-
larization ratioδp. By combining Eqs. (A1) and (A2), for a
particle with a radiusr, δp is defined as follows (Cairo et al.,
1999):

δp (r,λ) =
I sca,⊥

I sca,//
=

I sca− Qsca

I sca+ Qsca
=

F11,p − F22,p

F11,p + F22,p
. (A5)

Like F11,p and F22,p, the δp ratio depends on the shape,
r, m andλ, and is non-additive. Equation (A5) shows that
s-particles do not depolarize laser light, contrary to ns-
particles, for which the polarization state of the incident
light is modified. This non-zero linear polarization change
is called depolarization (Harris-Hobbs and Cooper, 1987;
Baumgardner et al., 2012). These shape-dependent features
arise in polarization-resolved backscattering from the inter-
ference of different parts of an anisotropic particle, although
absorption may somewhat dampen this interference. Nu-
merical simulations show that the magnitude ofδp is not a
clear indicator of the particles’ overall shape or morphology
(Nousiainen et al., 2012). However, as also demonstrated in
this paper, it is a clear indicator for deviation from particle
isotropy, and can be used to partition a mixture of particles
into its s- and ns-components, provided that sensitive and ac-
curate polarization lidar measurements are performed (see
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Sect. 2). In polarization lidar experiments, the particles’ de-
polarization ratio is integrated over the PSD, and hereafter
notedδp(λ). By using Eq. (A4a),δp is equal to the ratioβp, ⊥

/βp,//, as is well known in the lidar community.
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