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Objectives

This short-course discusses both fundamentals and applications of light-scattering for lidar
and remote-sensing. It gives an introduction to the field of light-scattering by particles,
including soot and smoke aerosols.
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1. Introduction

Ex
¢ ER —_ ) . .
?ﬁi‘ﬁa‘cﬁ'\%"f M OP | |CA 19/10/2025 Romain Ceolato Aerosol light-scattering for lidar 3

THE FRENCH AEROSPACE LAB




Introduction

e Elastic backscatter lidar is an active optical remote-sensing technique for
range-resolved monitoring of aerosols, providing quantitative information about
aerosol-particle properties. This is crucial for environmental science, air quality
monitoring, climate change assessment, and space-based studies of planetary
atmospheres [1, 2, 3, 4, 5].

¢ Lidar relies on light-scattering, and for elastic lidar, the wavelength remains
unchanged during scattering.

¢ Early systems from the 1930s used incoherent flash lamps to sense atmospheric
constituents [6, 7, 8]. The advent of lasers in the 1960s significantly enhanced the
resolution of atmospheric aerosol profiles [9, 10, 11].

® The principle is simple : laser pulses travel through the atmosphere, and a sensor

near the laser detects the backscattered light from particles or gas molecules [12, 13].
Thus, lidar provides range-resolved measurements of aerosol distribution.
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Introduction

® Techniques employing light scattering, such as lidar, can characterize micron-scale
and smaller particulate matter in a contact-free manner, making it useful for aerosols
where collecting particle samples is impractical or impossible.

¢ By measuring how incident light disperses in angle upon scattering from a particle, a
variety of particle-relevant characteristics can be estimated, provided that a suitable
model is available to connect the pattern to these characteristics.

¢ One such model is Mie theory, developed in 1908, which is the analytical solution to

the Maxwell equations for scattering by a homogeneous spherical particle of radius R
and complex-valued refractive index m illuminated by a plane electromagnetic wave.
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Introduction (cont.)

* Mie theory involves expanding the incident plane wave and the sphere’s internal and
scattered waves as infinite series of vector spherical harmonics, linked by the
boundary conditions at the sphere surface.

¢ Mie theory is popular for calculating the radiative properties of aerosol particles,
including backscattering and extinction cross-sections, and is applied to derive the
Optical Properties of Aerosols and Clouds (OPAC) data set, widely used in the
remote-sensing community.

* However, Mie theory is invalid for non-liquid drop aerosol particles, such as mineral
dust, soot, volcanic ash, and ice, as their morphology is poorly represented as
spheres. Applying Mie theory in such cases can induce significant inaccuracies in the
interpretation of lidar measurements.
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Advanced Light-Scattering Techniques

* Recent work focuses on investigating the light-scattering properties of non-spherical
aerosol particles.

e |f such particles are homogeneous in composition and axially symmetric in shape, the
T-matrix method becomes applicable.

¢ This solution to the Maxwell equations is attributed to Waterman [14] and is reviewed
by Mishchenko [15, 16].

¢ The incident and scattered waves are related via the transition matrix, or simply
"T-matrix," which depends only on the properties of a particle and the choice of
coordinate system, but not on the incident wave.

e The T-matrix method is used in a variety of situations of interest to atmospheric
aerosols, including fractal-like soot aggregates [17, 18] and is usually efficient for
computing the radiative properties of ensembles of randomly oriented particles.
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Advanced Light-Scattering Techniques

* For more irregularly-shaped particles, i.e., those without symmetry, and particles with
inhomogeneous composition, more flexible solutions are required.

® One such solution is the Discrete Dipole Approximation (DDA).

e The DDA, which is based on the volume integral equation solution to the Maxwell
equations, is attributed to Purcell et al. [19] and reviewed by Draine [20] and Yurkin et
al. [21].

e The DDA represents the volume of an arbitrary shaped particle by a finite array of
point electric dipoles each with their own polarizability placed on a cubic lattice.

® The array of dipoles respond to an incident wave, interact with each other, and
collectively radiate to constitute the particle’s scattered wave.

* Due to the ability to model scattering from any particle shape and handle particle
inhomogeneity, the DDA offers perhaps the greatest flexibility for a solution to the
Maxwell equations, although at the cost of potentially time-consuming computation

127 27 X1
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Advanced Light-Scattering Techniques

e Accurate models of aerosol properties (particle-size distributions, refractive index,
particle shape) are essential for inferring quantitative information from lidar signals.

* Important quantities : aerosol backscatter and extinction cross sections (€2 and
C®) determined by particle properties.

e Wood et al. [24] studied the backscattering coefficient as a function of wavelength to
identify the chemical composition of atmospheric aerosols.

¢ Determining particle size distribution from aerosol backscattering and extinction
coefficients demonstrated using multiple wavelengths [25, 26].

e Extensive work on retrieving particle size distribution [27, 28, 29, 30, 31, 32, 33, 34]
and refractive index [35, 36, 37].
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Polarization Sensitive Techniques

¢ Polarization sensitive techniques improve aerosol and cloud characterization,
particularly regarding particle shape [38, 39].

* Polarimetric elastic lidar distinguishes spherical from irregularly shaped particles via
depolarization measurements [40, 41].

¢ Applied to clouds, it can distinguish ice clouds from water clouds [42].

¢ |dentifies and discriminates different types of aerosols : volcanic ash [43], dust [44],
black carbon [45], contrails [46], biological warfare agents [47].

¢ Single wavelength measurements (e.g., linear depolarization ratio of dust [40]) and

multiple wavelengths show ability to distinguish different types of aerosols
[48, 49, 37, 50, 51, 52, 45].
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Problem Statement : Lidar Inversion

e Evaluating aerosol extinction and backscattering properties is challenging in elastic
backscatter lidar applications.

® The elastic lidar equation must be inverted to infer aerosol properties, but lidar
inversion is an ill-posed problem.

e Several atmospheric conditions can lead to the same lidar return signal, requiring
additional information for accurate inversion.

e Additional information can come from prior knowledge, light-scattering simulations, or
other instruments (e.g., sunphotometers, particle counters).
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2. Elastic Lidar Theory
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Elastic Lidar Theory

* Pulses emitted from a lidar interact with atmosphere constituents, namely aerosol
particles and gas molecules.

¢ The interactions include the absorption and scattering of the laser light in the volume
probed by the pulses with no change in the wavelength, which contrasts with inelastic
methods like Raman lidar.

* The lidar return-signals consist of a series of pulses scattered back to the lidar and
are received over a range determined by the transmitter—receiver geometry, see
Fig. 4.

* As described below, the signal originates from two-way attenuated backscattering by
the atmospheric constituents.

* We refer here to several specialized monographs available on the general theory of
lidar [12, 13, 53].
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General Backscatter Lidar Arrangement
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A pulsed laser beam is emitted
from the lidar transmitter, illumi-
nating a column of the atmos-
phere. When a pulse reaches
an aerosol particle at range r,
it scatters in all directions. The
lidar return signal is the portion
of light backscattered to the re-
ceiver’s area A, defining the re-
ceived solid angle AQ = Ar—2.
The exact backscattering direc-
tion is —g"°.

E )
REPl’{‘BCLA%uEE ONERA OPTICA

THE FRENCH AEROSPACE LAB

19/10/2025 Romain Ceolato Aerosol light-scattering for lidar 14



Elastic Lidar Equation under SSA

The elastic lidar equation under the single-scattering approximation (SSA) assumes
that the incident wave is scattered only once, ignoring multiple-scattering events.
SSA is never exactly satisfied but often involves little error in practical applications.

Example : Mishchenko’s superposition T-matrix method shows negligible error for
particle collections with specific conditions [16] :

® Average particle-to-particle separation (d) with k(d) > 30

® Particle packing-density less than 1%

Such conditions are often present in lidar applications.
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Elastic Lidar Equation under SSA (cont.)

Under the single-scattering approximation, the lidar equation can be derived from the
Radiative Transfer Equation (RTE) for an ensemble of particles [54] :

a- Vi(r,d) = —no () (K (@) - X(r. @)+ no (v /d ) Ina).

extinction term

scattering term

r = rt : distance vector; § : propagation unit vector

no (r) : local particle number density at r (units : inverse volume)

I(r, §) : specific intensity, 4 x 1 column vector (units : radiance [Wm—2sr~1])
K (g) : the 4 x 4 Stokes extinction matrix with units of area
Z(d,§) : the 4 x 4 Stokes phase matrix with units of area per solid angle.

v Vv Vv Vv V
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Elastic Lidar Equation under SSA (cont.)

e The first term, or the extinction term, on the right-hand side of Eq. (1) describes the
change of specific intensity caused by extinction

* The second term, or the scattering term, describes the contribution of light illuminating
a small volume element from all directions §’ and scattered in the direction §.

¢ |n deriving the lidar equation below, we neglect thermal emission from the
atmospheric constituents and assume that the only light reaching the lidar receiver is
that backscattered by the scattering medium.

e Background radiance from the atmosphere is neglected in the following for the sake of
simplicity.
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Step 1 : Attenuated Forward Specific Intensity

e First, let us calculate the attenuated forward specific intensity using the extinction
term in the RTE.

¢ The attenuated specific intensity along the path between the transmitter, which is
located at the origin r = @ in Fig. 4, and the scattering medium, located at r, is thus,

d- VI(r,4) = —no (r) (K(a)) - I(r, 4). (2)

® The Stokes extinction matrix can be simplified as a diagonal matrix with elements
equal to the average extinction cross-section per particle (C®!) under the assumption
of a macroscopically isotropic and symmetric scattering medium.

(K (@) = (C*I, (3)

Where I represents the 4 x 4 identity matrix.
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Step 1 : Attenuated Forward Specific Intensity (cont.)

* Equation (2) can be integrated over the forward path, i.e. from the transmitter at O to
the scattering medium at r, to give the attenuated forward specific intensity I'°" as,

TO(r, §) = T™ exp (- / no (1) <CeXt(r’))dr’) , (4)

0

e Where I" is the specific intensity of the emitted laser pulses and the notation
(C*(r)) denotes the possibility that the average extinction per particle may be range
dependent.
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Step 2 : Scattered Specific Intensity

* Second, we calculate the scattered specific intensity using the scattering term. The
attenuated forward specific intensity I is scattered by the scattering medium in the
backscattering direction —g"°.

¢ Invoking the SSA, only a single scattering event is considered and the second term of
the RTE, Eq. (1), is simplified to :
a-Vina) =no() [ 0a (z(d.a)) (@) (5)
azfﬁinc

® The integration in Eq. (5) is over differential solid angle in the backward direction, and
so, we get I”", which is the 4 x 1 Stokes vector,

q- VT(I‘, a) = no (r) <Z (_ﬁinc’ ainc)> . Ifor(_qinC). (6)
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Step 2 : Scattered Specific Intensity

e If the number density of particles remains constant within the volume probed by the
laser with pulse duration 7, then n, (r) = no, and the specific scattered intensity I5¢@
can be found from Eq. (6) as,

_ cT/4
Isca( r, qlnc = n <Z ( |nc’ é\llnc)> . / dr - Ifor(r' fl) (7)

—cT/4

* The integration in Eq. (7) is carried out over the volume of the laser pulse at range r
giving :

l no <Z( qlnc AII’]C)> Ifor qinc:)_ (8)

'fsca(r, 7ain0) _
2
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Step 3 : Backscattered Specific Intensity

e |astly, we calculate the backscattered specific intensity using the extinction term of
the RTE.

* The attenuated specific intensity along the path between the scattering medium and
the receiver, which again is located at the origin r = O in Fig. 4, is thus,

’ibaC(r' _qinC) — ’fsca(r’ _ainC) exp <—”o /<Cext (r’)) dr’) , (9)

0
e Or after using Eq. (4), Eq. (8), and Eq. (9) we get

’ibaC(r’ _qinC) _ %7' Mo <Z (_ainc, ainc)> ] IinC(r, ainC)eXp (_2 No /<Cext () dr') _ (10)

0
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Attenuated Backscattering Stokes Matrix

Let us now define the attenuated backscattering Stokes matrix U(r) as,

U(r) = no (Z (@™, —§")) exp (2 Mo / (€™ (r)) dr’) (11)
0
and thus, the backward specific intensity can be written as,
o(r, —4") = - U(r) - T(r,§™). (12)
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Backscattered Power Calculation

e The backscattered power P°2°, defined as a 4 x 1 column vector with units of power
[W] for each component, is calculated from IP2 in Eq. (12) for a given range r and for
a solid angle AQ = Ar—2 subtended by the receiver area A with respect to the
direction —g"° as,

Pbac( AmC) AAQ"baC( é\linc:)’ (13)

¢ Simplifying further, we get :

Pbac(l’, _qinC) — A2C7TU(I’) .'flnC(r' ainC) r—2. (14)
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Elastic Lidar Equation

Equation 14 is the elastic lidar equation derived from the RTE under the single-scattering
and full-overlap approximations. This equation is often found in the following scalar form
[12, 13] where O(r) is the overlap function, which represents the coupling efficiency
between the lidar emitter and receiver :

P(r) = Ko O(r) U(r) r2. (15)

where K, is the radiometric lidar constant with units of power times cubic meter times solid
angle [W m? sr], which depends either on the transmitted laser pulse-intensity I,
pulse-power P,, or pulse-energy energy &, as

CT CcT C
Ko = lo 7A2 = POTA = EOEA. (16)
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Elastic Lidar Equation

In this scalar form, only the first element of the Stokes phase matrix is considered, i.e.,

bac . .
d<gQ >(r) — <le (qmc, _aInC; r)> (17)

Thus, Eq. (11) can be simplified as a scalar function, referred to here as the attenuated

backscatter function U(r) :
U(r) = B(r) exp (—2/a(r')dr') : (18)

0

where a(r) and B(r) are, respectively, the range-dependent scalar volume extinction and
backscattering coefficients defined as,

ext d(c=)
a(r) = mo(C™(r)) and B(r) = no— =L (r). (19)
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Lidar Ratio (LR)

¢ The under-determined nature of the lidar problem, i.e., the retrieval of two unknown
parameters from only one lidar measurement, appears in Eq. (15) via Egs. (18)-(65)
where o and g are the unknowns. The inversion of this ill-posed problem requires an
intrinsic relationship between backscattering and extinction cross-sections, namely
the lidar extinction-to-backscatter ratio or simply the Lidar Ratio LR(r). A common
practice is to assume that these two cross-sections are related as [55, 56, 57]
—1

alr bac
LR() = 519 = (e | %55 0] (20)

® The LR strongly depends on the particle properties and can be established from
extensive lidar campaigns [58, 59] or from light-scattering models accounting for
irregularly shaped-particles [60, 17, 61, 18].
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3. Extinction of aerosols
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Extinction - Definitions

Extinction refers to the attenuation of light by particles due to absorption and scattering,
quantified by the extinction cross section C®* [62, 63]. For a nonmagnetic spherical
particle of radius R and complex refractive index m = n + i in vacuum, illuminated by a
linearly polarized plane wave, the electric and magnetic fields are :

E"°(r) = EN® exp(ikrf - A1), B™(r) = LA x EM(r). (21)
w
E"® is the amplitude and polarization of the incident electric field and A™° is the
propagation direction. All field quantities are time-harmonic with the factor exp(—iwt),
where w = kc and c is the speed of light. This time factor will be suppressed for brevity.
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Extinction - Definitions

® | et the surface and inte_rior volume of
the particle be S and V'™, respectively.

e The particle is centered at the origin and
enclosed by an imaginary spherical
surface S" of radius Re, and normal
fien, See Fig. 1.

* The volume bounded by S°", excluding
Vit will be called the external volume
Vext_

t

< Ren—

Figure — Arrangement used to derive the
extinction cross section for a spherical particle.
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Extinction - Definitions

The total wave that exists when the particle is present is then artificially decomposed into
the superposition of the original incident wave and a modification, called the scattered
wave, i.e.,

E(r) = E™(r) + E¥%(r), B(r) = B™(r) + BA(r). (22)

Ex
F",E;%%A‘,ls‘gf M OPTICA 19/10/2025 Romain Ceolato Aerosol light-scattering for lidar 31

THE FRENCH AEROSPACE LAB




Extinction - Definitions

Sensors in light scattering measurements respond only to the component of the
time-average of the electromagnetic energy flow S that is directed into their sensitive part.

If the sensor resides in the forward direction looking at the oncoming incident and
scattered waves, S is determined by the total wave.
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Extinction - Definitions

This energy flow is given by the Poynting vector [62, 64] :
1
(S(r)e = gRe{E(r) x [B(]™ } = (S"°(1)e + (S°%(r)) e + (S*(1))e, (23)

where (...); denotes time-averaging. In Eq. (23), u, is the permeability of free space,
[...]* represents complex conjugation, (S°), involves only the incident fields, (S5°2),

involves only the scattered fields, and (S®), involves the product of the incident and

scattered fields i.e.,

(8%, = 2‘1% {Einc(r) x [BSA(r)]" + ES%(r) x [Binc(r)]*}. (24)
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Extinction - Definitions

The extinction cross section C®! is obtained by integrating the part of Eq. (24) that flows
into SN, )
= 7{ (S%4(r)); - £dS, (25)

Sel'l
where I'"® = (1/2)+/€,/1|E°|? is the intensity of the incident wave and ¢, is the

permittivity of free space. Similarly, the scattering and absorption cross sections 5% and
C3s are given by the integration of (S5°2), and (S), over S°", respectively as shown in [64].

EX
R NBLLE M OPTICA 19/10/2025 Romain Ceolato Aerosol light-scattering for lidar 34

THE FRENCH AEROSPACE LAB




Extinction - Definitions

Poynting’s theorem shows that extinction expresses the conservation of energy in any

elastic scattering situation as
Cext — Cabs + csea (26)

The cross sections, C2S and €52, in Eq. (26) stem from energy flows that represent losses
to the energy contained S®". Absorption converts energy to other forms (thermal etc.) thus
acting as a sink, and scattering carries energy away through S®", again acting as a sink.
Extinction is often, but not always, associated with an attenuation of the incident beam
along its propagation direction [65]. One will see below how interference between the
incident and scattered waves is an integral part of the redistribution of energy in the
extinction process.
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Extinction - Definitions

Notice that Eq. (25) yields C®t in terms of the scattered fields on S®", and is valid at any
distance from the particle. However, it is more common to expand S®" to infinity and use
the optical theorem to find C®! in a simple manner as [64]

ot — k|ég°|2 im{ E5%2(a") - [E5°]"} (27)

where E$®@ is the scattering amplitude, defined by

ESea(r) — Maca(?), kr — oo, (28)
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Extinction - Definitions

From Mie theory [66, 63], C®! for a spherical particle can be written as an infinite series of
Mie coefficients a,, and b, [63] as :

2 (oo}
coXt = /TZ (2n + 1)Re {a, + bn}. (29)

n=0
The extinction efficiency factor Q% is defined from the geometrical cross-section C9° as

Cext

Cgeo” (30)

Qext _
The meaning of Q®! is the amount of power removed from the region bounded by S®", due
to scattering and absorption, relative to the amount of power contained in the portion of
the incident wave geometrically intercepted by the particle [63].
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Volume Extinction Coefficient

In lidar analysis, the extinction cross section C®! or efficiency @® should always be
integrated over the aerosol size distribution n(R) to calculate the range-dependent volume
extinction coefficient o2®" defined as
Rmax
a(r) = [ nlr R)C™(r, R)AR 31)
Rmin
Here, we assume the SSA and that the aerosol is adequately represented as an isotropic

scattering medium formed by an ensemble of particles of size R spanning a minimum and
maximum particle-size Rnin and Rmax, respectively.
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Measurements of Extinction

Distinct methods alllow the measurement of the extinction cross-sections of aerosols

Each method has its advantages and disadvantages, which will be explained. These
methods are typically used in laboratory settings although some work has extended them
to the field. Laboratory measurements of specific classes of particles, such as smoke soot
and mineral dust, can be helpful in lidar contexts as they can provide estimates for the
extinction component of the lidar ratio (LR).

In the following, two methods will be detailed :
© Small-Angle Light-Scattering (SALS)
® Digital Holography (DH)
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Measurements of Extinction - Small-Angle Light-Scattering

e Over decades, many elastic light-scattering devices have been developed to measure
light-scattering patterns from individual aerosol particles [67, 68, 69, 70, 71, 72].

e Scattering close to the forward direction, i.e., small angle scattering, is especially
useful for particle sizing. Such measurements are challenging because in many
situations the majority of light incident on a particle is unscattered and will thus
dominate the weak scattered light at a detector viewing small scattering angles.

¢ One approach to separate intense unscattered light from near-forward scattered light
involves a lens that removes much of the unscattered light by use of a spatial filter in
the Fourier plane of the lens [73, 74, 75, 76].
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Measurements of Extinction - Small-Angle Light-Scattering

e | et us explore a simple experiment developed in [77] to measure the two-dimensional
small angle light scattering (2D-SALS) pattern around the forward direction for single
particles fixed to a glass stage.

® This experiment is based on the spatial-filtering concept in [75], but with the refractive
optical elements replaced by curved mirrors. The term 2D here refers to the two
scattering angles 6 and ¢.

¢ |ndividual particles are deposited on an anti-reflection coated window (S). The
right-most inset shows a particle on S, the z-axis, and the scattering angle 6.
Unscattered light is shown with solid lines while scattered light is in dashed lines.
Scattered and unscattered light are separated by the off-axis parabolic (OAP) mirror,
which features a 3 mm diameter through-hole. Scattered light is then relayed by a
second OAP to the IR-CCD sensor. The left-most inset shows a typical 2D-SALS
pattern in false color.
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Measurements of Extinction - Small-Angle Light-Scattering

Arrangement to measure 2D-SALS patterns from single microparticles with white light
emited by a supercontinuum laser [77].

< = OAP
3mm ND BE 1mm sca_ttered
® da [ dia. gnt -
CW laser y v - s BT
A=1550 nm X \- I-/ L) I_l \\\\\\\\\ J
i ) particle /7 “amm dia.
20 scatfering patiern S{ unscanered through hole
L ™ light in OAP
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S: particle stage l;l
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Measurements of Extinction - Small-Angle Light-Scattering
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Measurements of Extinction - Small-Angle Light-Scattering

e Measured 2D-SALS patterns and scattering curves for a 50 um diameter polyethylene
microsphere and a single volcanic ash particle from the Popocatépetl volcano [77].

® The measured 2D-SALS pattern is shown in (a) in false color in log scale.

* The azimuthal average of this pattern, i.e., the scattering curve Ig, is plotted as a
function of g in log-log scale in (b) as the blue curve.

® The blue shaded region in (b) shows the azimuthal variation of the 2D pattern.

* Also in (b) is a comparison to Mie theory, I§2, plotted in red dash for a sphere with
D = 2R =50.66 uym and m = 1.43 + 0.0245/.

® Plots (c) and (d) show the same for the volcanic ash particle, except a comparison to
a theoretical curve is not possible in (d) as the particle properties are unknown.

* The notation I /I3 refers to the curves being normalized to the maximum of the
measured scattered intensity.
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Measurements of Extinction - Digital Holography

¢ Digital holography (DH) is a powerful method to characterize coarse aerosol particles,
providing size and shape information without inversion, e.g., see [78, 76].

e The method can also measure a particle’s extinction cross section C®* [79, 80].

e DIH uses a 2D sensor (CCD or CMOS) to view an expanded, collimated laser beam.

Principle of operation :
e First, a reference measurement I'®(x, y) is taken without particles.
e Then, a particle is introduced, and the sensor captures the hologram I"°°(x, y),
where the incident and scattered waves interfere.

e The contrast hologram I"(x, y) = I'®(x, y) — I"°°(x, y) is then processed using the
Fresnel-Kirchhoff diffraction integral to generate a silhouette-like image of the particle.

Ex
,",E;‘,g%;‘,ls‘gf M OPTICA 19/10/2025 Romain Ceolato Aerosol light-scattering for lidar as

THE FRENCH AEROSPACE LAB




Measurements of Extinction - Digital Holography

Extinction is described as a loss of radiant energy flow in a beam due to a particle
absorbing and scattering the light. It is as if the particle casts a shadow along the beam
axis. The only way to remove a wave, or a portion of a wave, from a region of space is for
an interference process to redistribute the undisturbed wave [81].

Extinction can also be viewed as an interference process between the incident and
scattered waves. As shown in [80], C®* is measured as the difference of the net response
of a two-dimensional sensor looking into the incident wave when a particle is not present
and when it is present in the wave [79, 65, 82].

Ex
,",E;‘,g%;‘,ls‘gf M OPTICA 19/10/2025 Romain Ceolato Aerosol light-scattering for lidar a6

THE FRENCH AEROSPACE LAB




Measurements of Extinction - Digital Holography

Let us define

1 ; . 1 R
Igen(e) = m /<Sln0>t . Zda and Isen(G) = m /<S>t . Zda. (32)
82 52
where I5°" and I*®" are the normalized total sensor-response without and with the particle.
The response is the power received by the sensor due to the energy flow (S™°), or (S);

integrated across S,, subtending a solid angle 0Ogen.
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Measurements of Extinction - Digital Holography

The difference between these measurements is

F(6) =I"(6) — I°°"(6)

1
— ﬁ [/<Ssca>t . fida —wsca 4 /(Sext>t .fida —I—WeXt] (33)
81 51
—_——— —_———
I I

To understand the meaning of Eq. (33), realize that if 6 < 1, S, is small and S; is almost a
closed surface. Then, I is nearly equal to W*¢@ which is canceled by the second term in
Eq. (33). We also see that I, is nearly equal to —W*®! as explained in [65], which is
canceled by the last term in Eqg. (33). In all then, when 6 is small, we find that f ~ 0.

EX
R NBLLE M OPTICA 19/10/2025 Romain Ceolato Aerosol light-scattering for lidar a8




Measuring Extinction with Digital Holography

@) n ) ¥ sphere (b)
S Eine
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Figure — Measuring extinction with digital holography. In (a) are sketches of the surfaces S; and S, in
addition to the associated 6 and 6s.n needed to derive Egs. (32)-(??). Note that S is a surface
covering a variable portion of the sensor.
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Measuring Extinction with Digital Holography
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Figure — Estimation of extinction cross sections from digital hologram measurements. Shown here
are the f(6) curves of Eqg. (33) obtained by integrating measured contrast holograms I°" for a 50 um
diameter glass sphere, in (a), and a ragweed-pollen cluster in (b) [80]. Hologram-derived images of
these particles are shown inset by applying the Fresnel-Kirchhoff diffraction integral to 1°°".
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4. Backscattering of aerosols
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Backscattering - Definitions

The primary observable is the differential backscattering cross-section dCP2° /dS2. This
quantity is simply Eq. (??) evaluated in the exact backward direction A2 = —ai"®_je.,

2
(ﬁbaC) _r |<ssca(rﬁbaC)>t . ﬁbac| _ (34)

= Tre

dCbac dcsea
dQ ~ dQ

This quantity is commonly used in lidar and has the units of area per unit of solid angle,
[m?2/Q)]. For spherical particles specifically, Mie theory gives the differential backscattering
cross-section in terms of the amplitude scattering matrix S or as an infinite series of the
Mie coefficients a, and b, as [63]
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Backscattering - Definitions

dcb> 1
o el =55 Z "(2n+1)(a, — by). (35)

The backscattering cross-section C2¢ is defined in [83] as an equivalent surface with units
of area [m?]. It can be seen as the scattering cross-section of an hypothetical particle that
scatters the incident wave isotropically as

dcbe  4n

CP = 47 qo = el

(36)

where 47 denotes steradian, i.e., all directions. An especially important quantity derived
from Eq. (36) is the backscattering efficiency QP2° defined in analogy to Eq. (30) as

bac
Qbac _ C

(37)

Caeo-
ONERA
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Volume Backscattering Coefficient

Finally, we note that the quantities in Eq. (34) and Egs. (36)-(37) should always be
integrated over the particle size distribution when dealing with atmospheric aerosols to
properly calculate the volume backscattering coefficient g2¢', which is then given by

Rmax bac
B (r) = / n(r, R)dSQ (r, R)dR, (38)
Rmin

where n(R) is the particle size distribution of an isotropic scattering medium formed by an
ensemble of particles of radius R.
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Measurements of Backscattering

° Numerous studies have reported light-scattering measurements for various aerosols,
but most do not consider exact backward scattering due to weak signals and
instrumentation limits [67, 68, 69, 70, 71, 72, 73, 74].

* Available data may be extrapolated. Methods like microwave analog and optical
tweezers have achieved limited backward scattering measurements
[84, 85, 86, 87, 88] to isolate single aerosol particles where light-scattering
measurements have been achieved.

¢ Only a limited number of publications have reported backscattering measurements by

single particles in the exact backward direction. Notable works include Sassen [89],
Szymanski et al. [90], Sakai et al. [91], and Miffre et al. [92, 93].
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Measurements of Backscattering

e Whereas the extinction cross-section is governed by diffraction and depends on the
particle size and shape, the backscattering cross-section is more sensitive to the
morphology and surface roughness. Fu et al. [94] and Pan et al. [95] measure the
backscattering patterns of single optically-trapped particles and examine different
particle sizes, shape, and surface roughness.

¢ Two-dimensional backscattering patterns show concentric rings for spherical
particles, while irregular shapes exhibit less symmetry. Backscattering is highly
sensitive to particle morphology and surface structure.

* New methods and apparatus are needed to improve lidar ratio determinations and
validate models.
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Measurements of Backscattering - Backscattering Small-Angle L

Few methods have been developed to measure accurately the backscattering
cross-sections of aerosols in laboratory.

In the following, a novel method named Backscattering Small-Angle Light-Scattering
(B-SALS) is presented.
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4. Lidar inverse methods
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Lidar inversion

® Various methods and techniques for lidar-signal inversion are based on Bernoulli’s
differential equation form of the lidar equation [96, 97, 98, 99, 55, 56, 100, 101].

The slope method retrieves the extinction coefficient of homogeneous atmospheres
by assuming constant backscattering and extinction coefficients [97, 99].

Advanced methods, such as boundary point methods, apply to inhomogeneous
atmospheres :
® Fernald et al. [55] present a forward inverse-method for backscatter profiles.
® Klett et al. [56] propose a more stable backward method for a one-component atmospheric
model.
® Fernald et al. [57] and Sasano et al. [100] improve the method with a two-component
atmospheric model.

These methods are often referred to as the Klett-Fernald-Sasano method.
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Lidar inversion - Challenges

¢ |nversion methods for elastic lidar require accurate lidar extinction-to-backscatter ratio
[57, 56].

¢ This ratio depends on aerosol particle properties and is crucial for aerosol
classification.

® Incorrect assumptions of this ratio can lead to significant errors in lidar retrievals
[100, 102].

¢ Advanced techniques like High Spectral Resolution Lidar and Raman Lidar measure
extinction and backscatter profiles directly [103, 104, 105, 106, 107].

® These techniques are sensitive to background noise and are better suited for clean
atmospheres or space applications.

¢ Ongoing research and numerous lidar campaigns aim to improve the assessment of
the extinction-to-backscatter ratio.
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Lidar inversion - Slope method

The basis lies in finding an operator that linearizes the lidar equation (Kunz and Leeuw).
The logarithm of the range corrected lidar signal gives

IN(RCS(r)) = In(K,) + In(O(r)) + In(B(r)) — 2/ a(r')dr (39)
0
where RCS(r) is the range-corrected signal defined as :
RCS(r) = P(r)r? (40)
or using the logarithm of the attenuated backscatter coefficient :
In(U(r)) = In(B(r)) — 2/ a(r')dr (41)
0
From Eq.43, the extinction coefficient can be retrieved from the gradient as,
alr) = —1%(In(U{r)) n w (42)
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Lidar inversion - Slope method

In case of homogeneously distributed aerosol profiles, the latter term is zero.

__1d(in(u(r)

a(r) = 5 (43)

In this case, the extinction can be easily retrieved from the slope of the range corrected
signal or from the attenuated backscatter.
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Lidar inversion - Methods with boundary conditions

The basis lies in using a part of the atmosphere with known backscatter properties,
typically a clean aerosol-free upper atmosphere (Fernald-Klett). From the logarithm of the
range corrected lidar signal :

In(RCS(r)) = In(K,) + In(O(r)) + In(B(r)) — 2/r a(r)dr’ (44)
0
Here, the RCS can be replaced by the attenuated backscatter function as,
In(U(r)) = In(B(r)) — 2/ra(r')dr’ (45)
0

Thus, .
In(U(r)) — In(U(0)) = In@ — 2/ a(r')dr’ (46)

Bo rg
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Lidar inversion - Methods with boundary conditions

By differentiating with respect to the range r yields,

i - LB

G M) = 5557~ 2a(0) (47)
Using a relation between extinction and backscattering :
LR = a(r)/B(r) (48)
it becomes,
L) = 52 2Ll (49)
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Lidar inversion - Methods with boundary conditions

This nonlinear differential equation has the form of a Bernoulli differential equation.
For a one-component atmosphere, the forward solution of this differential equation,
introduced by Fernald, is

U(r
B(r) = Ba(r) + Bra(r) = ) . (50)
Sl 2/ LR(r")U(r') dr’
0 o
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Lidar inversion - Methods with boundary conditions

However, this solution is unstable and shows singularities regarding an imprecise
determination of By. A more stable backward solution was later introduced by Klett using a
reference range r* in the far-range as,

B(r) = Baer(r) + Bmoi(r) (51)
/ LR(r

It is assumed that the atmospheric composition at the reference range r* is purely
molecular.
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Lidar inversion - Methods with boundary conditions

The reference height must be chosen very care-fully because it has a large impact on the
results of the backscatter retrievals. It should be a reference zone where the

backscattering is known, i.e. a pure molecular or nearly aerosol-free zone where
molecular scattering is dominant .

Usually, the reference height is chosen in the upper free troposphere. This process is often
referred to as "Rayleigh fitting".
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Lidar inversion - Methods with boundary conditions

For a two-components atmosphere (i.e. with aerosol and molecules), where the molecular
lidar ratio LR is considered as known, this form is obtained by splitting the exponential
term into two parts so that only the total backscattering coefficient appears :

U(r) = B(r) exp [—2 [ R dr'} exp [—2 [ s~ LRa) ) dr']  (52)

where Bmol is commonly predicted from Rayleigh theory using air density profiles. Thus,
Eq. (57) can be further simplified via

V(r) = exp{ 2 [ LRasb(1) ] (53)

with units of inverse distance time inverse solid angle.
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Lidar inversion - Methods with boundary conditions

Let us define V(r) as a modified attenuated backscattering function, as

V() = U9 2 [ (L~ LRaeina . (54)

o

Now, the total backscatter coefficients is given as :

ﬁ(r) = 5aer( ) + 5mol (55)
+ 2 / LRaer d
and the aerosol backscatter coefficient :
V(r
Baor(r) = Y ~ Bmol(r) (56)
Vi) 4 o / LRaer(r')V(r') dr’
Jr
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Lidar inversion - Methods without boundary conditions

The lidar equation is converted to a form with a single unknown using LRer.

With LRy, regarded as known, this form is obtained by splitting the exponential term into
two parts so that only the total backscattering coefficient appears :

U(r) = B(r) exp [—z / ’LRaerﬁ(r')dr'} exp [—2 / (LRmot — LRas)Brar(F) 4| . (57)

where Bno is commonly predicted from Rayleigh theory using air density profiles.
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Lidar inversion - Methods without boundary conditions

Thus, Eq. (57) can be further simplified via

V(r) = exp{ 2 [ LRasb() ] (58)

with units of inverse distance time inverse solid angle. In Eq. (58), V(r) is a modified
attenuated backscattering function, which is related to Eq. (57) as

V() = U 9 2 [ (L~ LRaa im0 (59)
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Lidar inversion - Methods without boundary conditions

Equation (58) now contains a single unknown, g, which yields an analytical solution [108]

as .
V(r
B(r) = Baer(r) + Bmol(r) = 0 (60)
1 —2LRaer / V(r')dr
0
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Lidar inversion - Methods without boundary conditions

Equation. (60), however, requires fine-scale evaluation of the exponential term in Eq. (59),
which can become a source of growing numerical errors. The resolution adopted here is to
simultaneously evaluate this term along with Eq. (58).

Following Ceolato [108], two admittance quantities, T(r) and W(r), are introduced

T(r) = = exp [ / LRaerB(r' ] (61)
Wi = V() _ ' N g
(r) - U(r) - eXp 72 (LRaer - LRm0|)Bmo|(r )dr . (62)
0
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Lidar inversion - Methods without boundary conditions

It can be seens as solutions to the system of coupled 1st-order partial differential

equations
arW(”) = _2(|—Rmol - I—Raer)ﬁmol(r)w(r)v
6,T(r) = _2LRaerU(r)W(r), (63)
T(0) = W(0) = 1.
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Lidar inversion - Methods without boundary conditions

The system in Eq. (63) is solved and Ba is given by

U(r)W(r)

5aer(”) = T(r)

- Bmol(r)- (64)

Next, Baer(r) is used to calculate no(r, Rg) and mo(r, Rg), respectively, as :

Rmax

Baolr) = [ mulr, R)ICEEE(r, Ry) dRs (©5)
Rumin

where nq(r, R;) is the particle number concentration per unit volume for an isotropic

scattering medium formed by an ensemble of randomly oriented BC aggregates with

radius of gyration Ry.
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Lidar inversion - Methods without boundary conditions

dos@(r, Rg)

ackze(r Ry = 21
6=

(66)
and has units of surface time inverse solid angle. For a given mass specific backscattering
efficiency o2, the mass concentration of BC particulate matter is :

mo(r, R) = Paerlr) (67)

o.bac

with units of mass time inverse volume mg?/m?3. Note that o°2° is defined from the mass
specific extinction coefficient ! and the lidar ratio for BC as :

0.ext

" LRaer

o.bac

(68)

‘ONERA | angle and inverse mass [m?/(sr-

- T " _ g mgq)].
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5. Application : black carbon aerosols
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Black carbon aerosols

¢ Black carbon (BC) aerosols, produced from incomplete combustion and consisting of
ultra-fine soot monomers, significantly impact climate and health.

e BC aerosols are of particular interest due to their strong absorption of solar radiation,
which can lead to warming of the atmosphere and surface, and their ability to act as
cloud condensation nuclei, which can affect cloud formation and precipitation [109].

e Advanced remote-sensing techniques like elastic backscatter lidar (EBL) are needed
for accurate characterization near emission sources [110, 111, 112, 113, 114, 115].
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Short-range elastic backscatter lidar

e Up to now, elastic lidar remains seldom-used to investigate atmospheric aerosols at
short-range with a spatial-resolution less than one meter. A recent need for such
capability has been identified : to characterize aerosols close to their emission
sources by decreasing the minimal measurement height [116, 117, 118].

e Such backscatter lidar profiles are useful for environment and air quality monitoring in
order to improve the modeling accuracy of aerosol dispersion during events such as
industrial plume emission [110, 114] or aerosol events in the atmospheric boundary
layer [119, 111, 120, 112].

¢ Also, short-range micro-lidars are showing new possibilities for investigating
light-scattering properties of aerosols, including extinction and backscattering, with
high-spatial-resolution [121, 122, 113, 115].
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Short-range elastic backscatter lidar - Principle

Colibri lidar is a forward-looking instrument based on the PSR-EBL technique. It employs
a high repetition rate laser with picosecond pulses, which permits backscatter
measurements with a millisecond time and centimeter range-resolution using the
time-of-flight principle for distance determination.

This is in contrast to conventional lidar systems intended for atmospheric studies.
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Short-range elastic backscatter lidar - Principle

forward scattered

“light

Figure — Principle of operation of the Picosecond Short-Range Elastic Backscatter Lidar (PSR-EBL)
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Black Carbon Particles

BC particles are clusters of carbonaceous monomers with high graphite-like sp?-bonded C atoms.

— graphite reference
— soot

IS
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EELS intensity

N
S}

> . . .
260 280 300 320 340
Energy (eV)

— LU
10 20 30 40
radius (nm)

Figure — BC particles from a Jet-A1 pool-fire. (a) STEM/HAADF image of a BC aggregate. (b) Size
distribution of the monomers (red bars) with lognormal fit. (c) HRTEM image of a monomer with an
onion-like structure. (d) C-K edge EEL spectra of a monomer (blue) and graphite (red) as reference.
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Rayleigh-Debye-Gans for Fractal Aggregates theory

Several accurate electromagnetic scattering methods simulate BC aggregates’ radiative
properties, but they are computationally intensive. The Rayleigh-Debye-Gans for Fractal
Aggregates (RDG-FA) theory offers an accurate, analytical approximation for
light-scattering, including lidar-relevant quantities, simplifying lidar inversion.

The RDG-FA theory, derived from Maxwell’s equations, approximates light-scattering by
BC aggregates. Despite assumptions like negligible monomer-monomer multiple
scattering and uniform electromagnetic fields within monomers, it aligns well with
experimental data due to interference cancellations.
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Rayleigh-Debye-Gans for Fractal Aggregates theory

Provided that the lidar beam is vertically polarized and the received scattered light is also
vertically polarized, the differential scattering cross-section dCgc"" of a BC aggregate is
proportional to the squared number of monomers Ny, the scattering cross-section of an
individual monomer dCv®*V, and a function f, called structure factor, that accounts for the
fractal structure of the aggregate. The structure factor depends on Ry, the scattering angle
6, and the aggregate’s fractal dimension Dy, thus

deseaw _ Nr% dC,Snca’W f(Rg, 0, Df)_ (69)
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Rayleigh-Debye-Gans for Fractal Aggregates theory

We note that different expressions for f are reported in the literature [?, ?]. Each
formulation involves the scattering wave vector (8, \) = (47 /X)sin(6/2). Here, we use
that formulated by Dobbins and Megaridis[123] due to its simplicity and because it is
known to be accurate at A = 532 nm even when internal monomer-monomer
multiple-scattering within the aggregate is considered :

exp [(qu)T if (qRg)* < %Df
f(Rg, 0, Df) = D (70)

D 17 .
[ 30 ] if (ng)2>;Df

2¢(qRy)?

where it is understood that ¢ is a function of 8 and A. For aerosols made of large clusters,
only the power-law regime can be considered (second part of Eq. 70).
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Rayleigh-Debye-Gans for Fractal Aggregates theory

Based on these expressions, the simplest analytical expression for the backscattering
cross-section can then be found as :

16m* RS,

S F(m)fPeGy (71)

dctae — N2

where F(m) = |(m* — 1)/(m? + 2)|2, fba¢ = f(Ry, 6 = m, Dy) and C, is a correction factor
depending on the width of the aggregate-size distribution.
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Rayleigh-Debye-Gans for Fractal Aggregates theory

An analytical expression of the lidar ratio can also be found as :

dcbac A3 E(m) 8n g
_ _ o & 72
ERoe = 4ot = 22 R 5% F(m) | 3 foae (72)

which has units of solid angle and where E(m) = Im {(m* —1)/(m®* +2)} and g is a
correction factor also provided by Dobbins and Megaridis[123] as :

_ Dy
4 (2nRg\?| °
1+3Df( L )] | (73)

g:
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Results

(i) The first-level products are the attenuated backscatter profiles U(r, t) of Eq. (??),
which are the range corrected lidar signals resulting from the application of a
radiometric calibration[108]. The lidar signals are pre-processed to increase the
signal-to-noise ratio. Here, this pre-processing consists of a dark current correction
(DC), a background correction (BG), and a low pass filtering method that preserves
the range resolution of the original signal.

(i) The second-level products are backscatter profiles B(r, t) obtained from a forward
lidar-inversion method applied directly to the U(r, t) signals. The inversion uses a
light-scattering model that accounts for the fractal morphology of BC aerosols and is
an essential element in determining accurate backscatter profiles from PSR-EBL
technique. Here, the lidar ratio is calculated using the Rayleigh-Debye-Gans for
Fractal Aggregates (RDG-FA) theory and the microphysical parameters provided by
the STEM/HAADF analysis.
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Results

(iii) Lastly, third-level products are the BC aerosols number and mass concentration range
and time-dependent profiles ny(r, t) and me(r, t). These are calculated using,
respectively, the differential backscattering cross-section dC83¢ and mass-specific
backscattering efficiency o for BC fractal aggregates via RDG-FA theory.
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Results

(a) number concentration 1, (r, t) (b) mass concentration 1, (r, t)
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Results

® Range and time-resolved number ny(r, t) and mass my(r, t) concentration profiles
from the PSR-EBL technique of BC aerosols emitted by a small-scale Jet A-1
pool-fire.

¢ To highlight the resolution obtained, the inset images show a magnified view of the
plume occurring violet between 20-30 s.

* The profiles are obtained using the RDG-FA theory and the microphysical parameters
provided by the STEM/HAADF analysis.

® The profiles show the evolution of the BC aerosols in the plume, with the number and
mass concentrations peaking at the center of the plume and decreasing towards the
edges.

* The profiles also show the high spatial resolution of the PSR-EBL technique, which
can resolve the plume structure with a resolution of 10 cm.
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