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Abstract

This study presents the averaged lidar-relevant radiative properties of
numerically generated soot fractal aggregate ensembles. The radiative prop-
erties of these aggregates have been computed using the Superposition T-
Matrix Method, with emphasis put on those that are most relevant to lidar
application; the backscattering and extinction cross-sections, the Lidar Ratio
and the Linear Depolarization Ratio. These lidar-relevant radiative proper-
ties have been computed over a broad spectrum, going from the ultraviolet
to the near infrared, in order to address lidar instrument need for a pri-
ori knowledge in signal inversion procedures and measurement analysis. By
averaging the computed radiative properties according to each set of mor-
phological parameters, we obtain statistically representative results and we
study the impacts of morphological changes on these lidar-relevant radia-
tive properties. Our results show a strong impact of the primary particle
radius on all considered radiative properties, while the number of primary
particles induce significant variations on the cross-sections only. The fractal
dimension, although being an essential morphological parameter, has a weak
influences on the lidar-relevant radiative properties.

Keywords: Soot Fractal Aggregates, lidar, Aerosol radiative properties,
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1. Introduction

Soot particles are fine matter aerosols emitted from both natural and an-
thropogenic combustion processes, such as biomass burning or aeronautical
engines. Freshly emitted soot particles are composed of clustered spherical
primary particles, called monomers, which are formed during the incomplete
combustion of organic materials. The structures resulting from the aggrega-
tion of primary particles are complex, and are often referred to as fractal-like
shape [1, 2]. The molecular composition as well as the sub-micronic size of
these particles are problematic for human health, being cause of lung and
artery diseases or cancers [3]. Moreover these particles can act as cloud con-
densation nuclei leading to the formation of condensation trails along plane
tracks at high altitude [4]. Soot particles are also characterised by their
high imaginary part of the optical index, therefore having a strong ability to
absorb light in a wide spectrum.

These properties influence global climate by increasing the radiative forc-
ing with both direct and indirect effects [5, 6]. Both impacts on air quality
and climate of soot particles are related to their morphology [3, 7]. Indeed,
these Soot Fractal Aggregates (SFA) present various sizes and shapes ac-
cording to the process of combustion that has led to their formation [8]. The
characterisation of the morphological properties of emitted SFAs is there-
fore needed to evaluate and study the effect of these particles on climate
and health. Several instrumental techniques are used to study these aggre-
gates. Er situ techniques such as electron microscopy can be used in order
to precisely characterise the morphology of soot emitted from flames [9], but
this method requires sampling procedures which can produce morphologi-
cal changes and also requires extensive use in order to obtain statistically
representative results. In situ techniques have the advantage of being non-
intrusive, eliminating the possible bias induced by sampling. For example,
X-ray Photoelectron Spectroscopy and Near Edge X-Ray Absorption Fine
Structure have been used in order to study the composition and oxidation
properties of airborne soot [10]. Another method is the Laser Induced Incan-
descence technique, which can be used to retrieve the soot volume fraction or
the soot mass concentration profiles [11], or to determine the primary parti-
cle size [12]. Angular light scattering measurements are also able to measure
the size distribution of SFAs [13].

To our knowledge, one limitation of these in situ instrumental techniques
is their current inapplicability to study soot particles in atmospheric envi-
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ronment while keeping their non-intrusive aspect. To study soot particles in
atmospheric conditions, remote sensing techniques are especially of interest.
Light Detection And Ranging (lidar) instruments rely on the collection and
detection of the light backscattered by the particles and molecules inside the
volume of an emitted laser pulse in order to study this interacting medium.
The detection of this backscattered light and the analysis of the associated
signal can provide information on the particles, such as their concentration,
size distribution or morphological properties [14, 15]. These systems have
already proven their ability to characterise and qualify different types of
aerosols [16, 17] from remote area.

Because of the underdetermination of the problem associated with lidar
measurements, the processing of the signals provided by these instruments
relies on a priori knowledge of the radiative properties of the medium under
study. This has led to the measurement and modelling of different types of
airborne particle radiative properties with procedures that are in need of con-
tinuous improvement. The backscattering and extinction cross-sections, the
Linear Depolarization Ratio (LDR) as well as the Lidar Ratio (LR) are espe-
cially useful to process and analyse lidar measurements. The backscattering
and extinction cross-sections are directly involved in the inversion methods
allowing to retrieve an aerosol concentration, while the LDR is often used
as a discriminating parameter in order to characterise the airborne particle
type. The Lidar Ratio is also a crucial parameter in the inversion algorithms
of lidar signals [18].

The main objectives of this study are to quantify these radiative prop-
erties for statistically representative ensembles of SFAs and to study the
effects induced by morphological changes. In this sense, we are interested in
the light-matter interaction processes, in the framework of lidar application.
After introducing this framework, we describe the models used to numerically
generate SFAs and to calculate their radiative properties. Following the frac-
tal model, SFAs are generated with a variety of morphological parameters.
Statistically representative ensembles of SFAs are generated in order to eval-
uate the standard deviation of our results. Using the Multi-Sphere T-Matrix
code [19], we chose to compute these lidar-relevant radiative properties from
300 to 1100 nm, allowing to address a wide range of lidar instruments. After
presenting our results, we discuss the impacts of the morphological parame-
ters on these properties.
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2. Lidar framework

Polarization-resolved lidar are instruments able to measure simultane-
ously several states of polarization of the received backscattered light. The
most common type of polarization-resolved lidar instruments can record the
co-polarized (]|) and cross-polarized (L) components of the backscattered
light relative to the emitted beam polarization plane. The elastic lidar equa-
tion under the single-scattering approximation provides the range-resolved
backscattered power P(r) at a given range r from the receiver as:

B, A) = K 1(r, )O(r, \)U) 1(r, A) (1)

where the ||, L subscripts refers to the state of polarization of the received
light relative to the emitted pulse, K (r,\) is the lidar instrument function
and O(r, ) is the range-dependent overlap function. U(r, A) is the attenuated
backscattering function defined as :

Uj(r,A) = B),.(r,\) exp (—2 /OT a(r', )\)dr’) (2)

where (r, \) and a(r,\) are the backscattering and extinction coefficients,
also referred to as lidar products, respectively defined as:

Blalr,A) =Y Bl \)

1=m,p

AT”aﬂf
Bl Lp(r,A) = / Np (@, 7)Chac,|, 1 (@, A)da
0

a(r,\) = Z a;(r,\)

i=m,p

Amaz
a,(r,\) = /0 ny(a, r)Cest(a, N)da

The subscripts m and p refer respectively to the molecular and particular
contributions, a is a characteristic length of the particles ranging from 0
to Ayues, and n, is the particle size distribution. The quantities Chpeer and
Cest are the wavelength and size dependent backscattering and extinction
cross-sections respectively, and are specific to the type, size, morphology and
complex optical index of the particles.

(4)
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In the case of SFAs being present in the scattering volume, Equations
(3) and (4) are hardly applicable. Indeed, SFAs are non-spherical and highly
irregularly shaped particles, so that the definition of a characteristic length a
is a complex endeavour [20]. In the simplest case, if we consider a scattering
volume containing exclusively a monodisperse distribution of SFAs, meaning
that all particles have exactly the same morphology, the integral formulation
of the particular backscattering and extinction coefficients in Equations (3)
and (4) can be reformulated as :

3fu(r)
/6||,J_,mono(,ru )‘> = mcback,H,J_ (Tm7 Nmu )\) (5>
3fu(r)
= N,
amono<ra >\) 47TNm7‘§n Ce:pt(rmu ms )‘) <6>

where f, is the soot volume fraction and r,, and N,, are the monomer ra-
dius and number of monomers per aggregate respectively. The soot volume
fraction f, is defined as :

4
f, = Nngmr; (7)

where N is the number density of aggregates.

The cross-sections in Equations (5) and (6) might nevertheless also de-
pend on other parameters, such as the fractal dimension which will be defined
in Section 3.1 or any other ad hoc parameter describing the morphology of
SFAs. The dependence of the cross-sections on these parameters will be im-
plecitely assumed in the rest of this section in order to lighten the notations

The ratio of the cross-polarized and co-polarized signals gives the volume
depolarization ratio :

N Ky(r, ) By(r, A) (8)

Equations (3) to (6) link the retrievable lidar products to the radiative
properties of individual particles. In order to process these lidar products,
a priori knowledge on the particle radiative properties is necessary, as, in
the general case, neither the size distribution (volume fraction in case of
monodisperse SFAs) or morphology are known.



109 Considering randomly oriented particles, the scattering properties in the
o backward direction of these particles are expressed using the random orien-
w tation scattering matrix [21, 22]. In the backward direction, this matrix is
2 diagonal :

FH (7'(', )\) 0 0 0
. . 0 FQQ (7?', )\) 0 0
F(O=m\= 0 0 Fys (7. 0) 0 9)
0 0 0 Fy (7, \)

13 This matrix provides the description of the backscattered light from the
s corresponding particles. Using this matrix, radiative properties convenient
us  to lidar application are constructed, namely the unpolarized backscattering
s cross-section Chger, the Lidar Ratio (LR) and the Linear Depolarization Ratio
u7  (LDR) §. Hereafter, we use the generic term lidar cross-sections to refer to
us the backscattering and extinction cross-sections, while the LR and LDR are
ne named as lidar parameters, being ratios of cross-sections.

120 Considering a scattering medium with negligible molecular contribution
(B, m << B),Lp and an, << o), these lidar-relevant radiative properties
122 are expressed as :

)\2
Chack(A) = 4_7r2F11 (m,A) = Cback,H()\) + Chack, 1 (M) (10)
123 B Cext()\)
LR(\) = Ty (11)

124

_ Cback,L(/\) _ iy (7T, )\) — Iy (777 /\)
Chrack,|(A)  Fi1 (7, A) + Fap (7, A)

125 The expressions of these lidar-relevant radiative properties in Equations
s (10), (11) and (12) are directly useful in the exploitation of the lidar products
127 according to Equations (3) and (4).

128 The Lidar Ratio (LR) is a lidar parameter which quantifies the ratio
120 of the extinguished light relatively to the backscattered light. It is a con-
130 venient parameter to express the potential backscattered signal obtained
1 by a lidar instrument, and is often used in lidar signal inversion methods
12 such as the Klett-Fernald’s algorithm [18]. The Linear Depolarization Ra-
133 tio (LDR) is often used in lidar applications as a discriminating parameter

5(\)

X 0y (12)

1

N
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in order to classify the particles inside the measurement volume. This li-
dar parameter strongly depends on the morphology of the scatterer. Indeed,
spherical particles scattering matrix elements are simplified by the relation-
ship Fi1(m) = Fao(m). According to Equation (12), this relationship directly
results in a null LDR for spherical particle. Hence, the LDR provides in-
formation on the non-sphericity of a particle. In lidar application, it can
be compared to the volume LDR (d,) to qualitatively specify which type of
particles is present in the scattering volume.

3. Methodology

3.1. Generation of soot fractal aggregates ensembles

Soot aggregates are highly irregularly-shaped particles which are com-
posed of clustered spherical primary particles, also called monomers. These
particles are to be distinguished from black carbon particles, which refers to
any particle with a high light absorption capacity and a high carbon con-
tent [23]. In this article, we focus on freshly emitted soot aggregates. These
particles can be described using the fractal concept Forrest and Witten Jr
[1] which provides a convenient formulation of their morphologies. In this
model, the number of monomers is linked to the overall size of the aggregate

with the power-law :
R\
Ny = kg (—g> (13)

T'm

where N, is the number of monomers, r,, is the monomer radius, R, is the
radius of gyration, k¢ is the fractal prefactor and Dy is the fractal dimension.
The radius of gyration R, is a quantity that represents the overall radius of
an aggregate and is defined as :

(14)

where z; is the distance from the i** monomer center to the center of mass of
the aggregate. The fractal prefactor k; is thought to be related to the local
packing of the monomers [24, 25]. The fractal dimension Dy is a parame-
ter the value of which lies between 1 and 3 and which provides information
on the overall morphology of an aggregate. Indeed, as the fractal dimen-
sion decreases, the corresponding aggregate presents a more and more linear
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structure, while a compact aggregate is described by a fractal dimension
approaching 3.

Various values of the monomer radius have been reported in the literature,
ranging from 10 — 25 nm [26, 27| up to 40 — 50 nm mean radius in large
pool fires [28, 29]. The reported values of the fractal dimension and fractal
prefactor are also variable, the former being usually comprised between D; =
1.6 and Dy = 2.0 [30], but they are predominantly found to be close to
Dy ~ 1.8 with a fractal prefactor of ky ~ 1.3 [31].

The fractal aggregates used in this study have been generated using
the tunable Cluster-Cluster aggregation algorithm developed by Mackowski
(32, 33]. This algorithm allows the generation of the monomer positions for
an aggregate while fixing the values of the fractal parameters k; and Dy,
as well as the number of monomers N,,. Twenty-seven ensembles of one
hundred SFAs have been generated using this algorithm, with the fractal
prefactor always set to ky = 1.3 and the number of monomers to N, = 45,
125 or 450. The fractal dimension has been set to either Dy = 1.6, 1.8 or
2.0 and the monomer radius to r,, = 10 nm, 20 nm or 40 nm. Examples of
generated aggregates are shown in Figure 1. Using Equation (14), we calcu-
lated the radius of gyration of each aggregate. When averaging these radii
over ensembles of same morphological parameters, we found less than 0.3%
deviation from the mean value of the radius of gyration. The average results
are represented by the markers on Figure 1.
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Figure 1: Number of monomers against the radius of gyration normalized by the monomer
radius for ensembles of fractal dimension D; = 1.6, 1.8, and 2.0. Each marker represents
one of the generated aggregate ensembles and the dashed lines are the fitted curves using
equation 13. The fitting parameters are Dy = 1.5975 + 0.0002 and ky = 1.3127 £ 0.0009
(blue curve, cross), Dy = 1.7968 & 0.0002 and ky = 1.3141 £ 0.0010 (red curve, circles),
Dy = 1.9965 &+ 0.0002 and ky = 1.3142 £ 0.0008 (green curve, triangles). Examples of
the aggregate morphologies are represented nearby the corresponding markers. In these
representations, the monomer radius is set to the same arbitrary value, and the aggregates
have been orientated so that the longest vector linking any couple of monomer centers is
placed in the plane of the figure.

The fractal parameters Dy and k; of each ensemble have been retrieved by
fitting the number of monomers against the radius of gyration normalized by
the monomer radius using Equation (13). The relative discrepancy between
initial and retrieved values of the fractal parameters are less than 1.5%, hence
being in very good agreement as shown in Figure 1. Hereafter, the initial
values are used in order to lighten the notations.

Although the aggregates of each ensemble can be characterised by the
same morphological parameters, each aggregate still presents its own disposi-
tion of the monomers in space. These different morphologies within the same
ensemble can result in variations of the radiative properties. Indeed, previous
studies have highlighted the importance of using ensemble averaging as well
as orientation averaging [34]. In our study we compute random-orientation
radiative properties, and then we average these properties over the one hun-
dred aggregates of each ensemble. Results (not presented in this paper)

9
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show that as we increase the number of aggregates in the ensembles from
one to around fifty, there can be strong variations of the standard deviation
at certain wavelengths. By adding more aggregates into the ensembles, these
variations attenuate. We chose to use ensembles of one hundred aggregates
as a compromise between representativity of the aggregate morphologies and
their associated radiative property standard deviation, and the computation
time and resources.

3.2. Refractive index of soot particles

The computation of the radiative properties also requires the material
complex optical index. Variable values of the real and imaginary parts of
the refractive index of soot particles have been reported in the literature,
under different conditions of emission, soot temperature, fuel, wavelength and
determination method [35, 36, 37]. As our intent is to provide representative
values of the lidar-relevant radiative properties on a large spectrum (300 nm<
A < 1100 nm, with a wavelength step AX = 20 nm), we used the wavelength-
dependent dispersion law from Chang and Charalampopoulos [38], as shown
in Figure 2.

1.90
— m()

\ -==- K(})

,_
(o)
w
S S S
[*)} ~ ~
(2] (=) (2]

Real part of the refractive index
o
)
o

Imaginary part of the refractive index

300 400 500 600 700 800 900 1000 1100
Wavelength (nm)

Figure 2: Refractive index m(A) = n(X\) + ix(\) used in this study [38].

3.3. Modelling of the lidar-relevant radiative properties
Different methods can be used to model the radiative properties of SFAs.
The well known Lorenz-Mie theory can be used to calculate the radiative

10
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properties of spheres [39], but this method has shown poor accuracy when
applied to SFAs because of the use of non-representative equivalent spheres
20, 40]. The Rayleigh-Debye-Gans for Fractal Aggregates (RDG-FA) theory
is another method which is specifically designed to compute the radiative
properties of fractal aggregates [41]. This approximation provides good an-
gle integrated results, e.g. the extinction cross-sections. However, the angle
dependent results obtained using RDG-FA such as the scattering matrix ele-
ments can be inaccurate, especially for high primary particle size parameter
[42]. The Discrete Dipole Approximation method has also been used on
realistic aggregate morphologies [43, 44, 45]. This method provides quan-
tification of the scattered field from a particle of any shape illuminated by
any incoming field. The limitation of this method comes from its computa-
tionally intensive character, especially if orientation averaged and ensemble
averaged results are sought. The Superposition T-Matrix (STM) method is
commonly used for the computation of SFA radiative properties [46, 47]. This
method also shows limitations, as the scatterer must be composed of strictly
non-overlapping spheres, preventing the computation of complex morpho-
logical properties such as sphere overlapping, necking or complex coating
phenomenon. This applicability criterion is met by the fractal aggregate
model described in Section 3.1.

The STM method consists in expressing the scattered field by the overall
aggregate as the superposition of the partial fields contributed by each indi-
vidual sphere, taking into account the internal multiple scattering between
spheres. As a detailed description of this method and of the mathematics
involved is available in the papers from Mackowski and Mishchenko [48], we
only provide a short description of the principles of this method hereafter.
The external incoming field and outcoming field of each sphere are expanded
into Vector Spherical Wave Functions centered about the sphere origins, and
the associated expansion coefficients are calculated. The transition matrix
(T-Matrix) transforms the outcoming field centered about one sphere origin
into the incoming field of another sphere. This allows the computation of
the internal multiple scattering among monomers, i.e. the way the scattered
field from one sphere impacts the others. The sets of equations involved are
iteratively solved until a specified convergence criterion is met regarding the
radiative properties of each sphere, and the sphere-centered T-matrices are
then transformed into a single cluster-centered T-matrix. This T-matrix al-
lows the computation of the coefficients of the far-field scattered transverse
spherical wave, which in turn leads to the computation of the amplitude

11
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scattering matrix. By applying the linearized form of the two sets of rota-
tion functions to (i) first the T-Matrix to compute the scattering coefficients;
(ii) second the amplitude scattering matrix to compute the orientation aver-
aged amplitude scattering matrix, simplification of the random orientation
scattering matrix calculation is achieved. The random orientation extinction
cross-section is also calculated from the cluster-centered T-Matrix. In our

study, we used the Multi-Sphere T-Matrix (MSTM) code [19].

4. Numerical results

Using the MSTM code, each individual SFA’s lidar-relevant radiative
properties have been calculated. Afterwards, the SFA’s radiative proper-
ties have been averaged over their corresponding morphological ensemble
with the same number of monomers N,,, monomer radius r,, and fractal
dimension Dy.

12
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(b) Backscattering cross-sections.

Figure 3: Extinction (a) and backscattering (b) cross-sections of SFA ensembles. The
three panels are ordered according to the SFA ensemble monomer radius, i.e. 10nm,
20nm, and 40nm monomer radius from left to right. The blue, red and green curves
are associated with aggregates composed of 45, 125, and 450 monomers respectively. The
coloured stripes represent the standard deviations to the mean values of the cross-sections.
The solid, dashed, and dotted lines represent different values of the fractal dimension, i.e.
Dy =1.6, Dy = 1.8, and Dy = 2.0 respectively. The fractal prefactor of all aggregates is
set to k¢ = 1.3.
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According to Figure 3a, the extinction cross-sections present a consistent
spectral and morphological dependence across all ensembles. The extinction
cross-sections are decreasing with wavelength, and increasing with monomer
radius. Higher number of monomers also results in higher cross-sections.
Fractal dimension variations produce a negligible effect on the extinction
cross-section, with the exception of the largest aggregate ensembles (i.e.
Tm = 40 nm, N,, = 450). In these cases, higher fractal dimensions result
in lower extinction cross-sections in the UV part of the spectrum. The stan-
dard deviations of the extinction cross-sections across all wavelength and
ensembles are below 0.1%.

As shown in Figure 3b, the backscattering cross-sections are also decreas-
ing with wavelength, with a standard deviation of about 10% over the whole
spectrum for each ensemble of aggregates. A difference up to more than
one order of magnitude between the backscattering cross-sections in the UV
and in the NIR can be observed. This decrease with wavelength is more
important for smaller aggregates, i.e. as the monomers are few and small.
Comparing the Figures 3a and 3b, it is apparent that the backscattering
cross-sections are decreasing more rapidly with wavelength than the extinc-
tion cross-sections.

For the same other morphological parameters, doubling the monomer
radius leads to a backscattering cross-section increase by a factor ranging
from 10 in the UV part of the spectrum up to 50 in the NIR part. The
backscattering cross-section decrease with wavelength is greater for smaller
monomer radius. Hence, the monomer radius of the aggregates also influences
the wavelength dependence of the radiative properties.

Increasing tenfold the number of monomers induces a 6 to 12 times in-
crease of the backscattering cross-section when the monomer radius is equal
to either r,, = 20 nm or r,, = 40 nm. For monomer radius r,, = 10 nm,
this factor ranges from 7 to 29. This difference for smaller monomers is
most certainly due to the different spectral dependence of the backscatter-
ing cross-sections. Indeed, the wavelength dependence of the backscattering
cross-sections is also influenced by the number of monomers, with lower num-
ber of monomers inducing a steeper decrease. The 10 nm radius ensembles
in particular present the strongest variation.

The impact of the fractal dimension on the backscattering cross-section
is interdependent on the monomer radius and number. Indeed, for small
monomer radius as represented on the left panel of Figure 3b, the compact
aggregates with higher fractal dimension present higher backscattering cross-

14
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sections. In this panel, SFAs with few monomers, i.e. N,, = 45, present
a noticeable separation of the curves for different fractal dimensions (blue
curves) from the UV part to the NIR, while curves associated with higher
numbers of monomers are separated at higher wavelengths. For r,,, = 20 nm,
linear SFAs present higher backscattering cross-sections in the UV part of the
spectrum, and conversely in the NIR part. SFA ensembles of r,, = 40 nm
monomer radius present increasingly ordered backscattering cross-sections
with decreasing fractal dimension.

Some features of the different curves seem to be shifted at larger wave-
lengths when increasing the overall size of the aggregates. For example, on
the left panel of Figure 3b, the separation of the curves of different fractal
dimensions occurs at larger wavelengths with higher monomer radius and/or
number. The considered complex optical index varying only slightly in this
spectrum, this indicates that a parameter similar to the usual size parameter
x = 2mwa/\ could be driving the wavelength dependence of these radiative
properties. However, the length scale involved still needs to be defined, and
this study is out of the scope of this article.

4.2. Lidar Ratio

As the LR is the ratio between the extinction cross-section and the
backscattering cross-section, both morphological and spectral dependence of
the LR are closely related to those of the lidar cross-sections. Indeed, Figure
4 shows an increasing LR with larger wavelengths, which is consistent with
the wavelength dependence of the lidar cross-sections.
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Figure 4: LR of SFA ensembles. The three sets of coloured curves are ordered according to
the SFA ensemble monomer radius, ¢.e. 10nm, 20 nm, and 40 nm monomer radius for the
blue, red and green curves respectively. The full, dashed and dotted lines are associated
with aggregates composed of 45, 125, and 450 monomers respectively on Figure (a), and
with Dy = 1.6, 1.8, and 2.0 on Figure (b). The error bars are plotted every four points
and represent the standard deviations to the mean values of LRs. On Figure (a), the
fractal dimension in set to Dy = 1.8, and on Figure (b) the number of monomers is set to
Ny, = 125. The fractal prefactor of all aggregates is set to ky = 1.3.

Similarly, larger monomer radius reduces the LR, which is consistent with
the increasing backscattering cross-section presented in Figure 3b. LR values
with different monomer radius show close values in the UV part of the spec-
trum, and diverge in the near infrared. Aggregates with smaller monomer ra-
dius present a more important increase of the LR. This relationship is also in
accordance with the spectral dependence of the backscattering cross-section
in Figure 3b.

Higher number of monomers also induces higher LR, with the noticeable
exception of the ensemble of smallest aggregates (i.e. r, = 10 nm, N,, =
45). This ensemble wavelength dependence is most probably due to the
steeper decrease of the backscattering cross-section of this ensemble as shown
in Figure 3b (left panel; blue dashed line). The variation of the LR with
SFA’s number of monomers is still small, the associated standard deviations
overlapping on many if not all parts of the spectrum.

Impacts of the fractal dimension are harder to evaluate, as several dis-
tinctive trends occur as a function of both wavelength and monomer radius.
Indeed, Figure 4b shows that for small aggregates (blue curves), a more
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4.83. Linear Depolarization Ratio

D;=18 N =125

— Np=45 — D=16

0.081: ---- Np=125 - D;=18
v " 0.08 ‘

o Np =450 RN e Df=2.0
\
\

0.06

e
o
=

.. 'm =40 nm 'm =40 nm

Linear Depolarization Ratio
o
(=]
-

Linear Depolarization Ratio

I'm =20 nm

o
o
2

—===3 0.0 |
0 400 500 600 700 800 900 1000 1100 : 3 0 400 500 600 700 800 900 1000 1100
Wavelength (nm) Wavelength (nm)

0.08

(a) LDR variation with monomer radius (b) LDR variation with monomer radius
and number and fractal dimension

Figure 5: LDRs of SFA ensembles. The blue, red and green colours are used to differentiate
SFA ensembles of 10 nm, 20 nm, and 40 nm monomer radius respectively. The solid, dashed
and dotted lines represent SFA ensembles of varying number of monomers and fractal
dimension, i.e. N, = 45, N,, = 125 and N,,, = 450, respectively for Figure (a) in which
case the fractal dimension is set to Dy = 1.8, and Dy = 1.6, Dy = 1.8, and Dy = 2.0
respectively for Figure (b) with the number of monomers set to N,,, = 125. The fractal
prefactor of all aggregates is set to ky = 1.3.

Figure 5 shows a decrease of the LDR and its associated standard de-
viation with increasing wavelength. LDR variation with monomer radius is
similar to the backscattering cross-section dependence on 7,,, with the LDR
increasing for larger monomer radius. For example, the LDR increases about
tenfold when the monomer radius passes from r,, = 10 nm (Figure 5a; blue
curves) to r,, = 40 nm (Figure ba; green curves) at 300 nm wavelength. The
10 nm monomer radius LDRs are progressively reaching a near-zero thresh-
old as the wavelength increases. 20 and 40 nm monomer radius ensemble
LDRs are also approaching this value at larger wavelengths.

17



364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

LDR also increases with increasing number of monomers, although with
a far less noticeable effect than monomer radius as shown in Figure 5a. A
modification of the fractal dimension also induces small variations of the
LDR, as presented in Figure 5b, lower fractal dimension inducing higher LDR
values. This fractal dimension impact is amplified at larger monomer radius
and smaller wavelength. At constant monomer radius, the LDR standard
deviations overlap over the whole spectrum, for either different numbers of
monomers or fractal dimensions.

5. Discussion

The monomer radius r,, appears to be the morphological parameter that
influences the most the considered lidar-relevant radiative properties, as they
all show large variations according to r,,,. The monomer number has a strong
impact on the lidar cross-sections (Cpeer, and Ceyy), and a weak impact on
lidar parameters (LR and LDR). The fractal dimension, although being an
essential parameter of the fractal model, only induces low variations on the
lidar-relevant radiative properties. In specific cases, as for the LR of small
monomer radius aggregates presented on the blue curves of Figure 4b, it
can present a significant impact. In order to stay faithful to realistic SFA
morphologies, the variation range of the fractal dimension has been kept low.
Hence, our results don’t exclude the possibility that very high or very low
fractal dimensions, i.e. Dy ~ 3 or Dy ~ 1, might have larger impacts on
these radiative properties.

The relatively strong dependence of the lidar cross-sections on the monomer
radius and number seems to be related to the overall size of the aggre-
gate, with larger geometrical cross-sections and volume of matter resulting
in higher radiative cross-sections. In order to study this effect, we normal-
ize the lidar cross-sections by (4/3)7N,,r3 . the volume occupied by a single
aggregate, as in Equations (5) and (6). This effectively transforms these
normalized cross-sections into the backscattering and extinction coefficients
per soot volume fraction as shown in Equations (5) and (6). Results are
presented in Figure 6.
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Figure 6: Volume normalized cross-sections of SFA ensembles. The three sets of coloured
curves are ordered according to the SFA ensemble monomer radius, i.e. 10nm, 20 nm,
and 40 nm monomer radius for the blue, red and green curves respectively. The full,
dashed and dotted lines are associated with aggregates composed of 45, 125, and 450
monomers respectively. The error bars are plotted every four points and represent the
standard deviations to the mean values of the volume normalized cross-sections. The
fractal dimension is set to Dy = 1.8 and the fractal prefactor of all aggregates is set to
ky=1.3.

According to Figure 6, the monomer number dependence of both lidar
cross-sections is reduced by the normalization, but the monomer radius in-
fluence is still observable, especially in the backscattering cross-sections. In-
deed, in the VIS to NIR part of the spectrum, increasing twofold the monomer
radius produces a slight increase of the volume normalized extinction cross-
section by 5 to 20% , while the volume normalized backscattering cross-
section is multiplied by a factor going from 1.5 up to 6. This indicates that
the link between backscattering and morphology in this spectrum can not
be fully described by the volume of matter of an aggregate. On the other
hand, the volume normalized extinction cross-section curves are much closer
together, indicating that extinction is more of a volume driven process. This
is also in agreement with the close extinction cross-sections values obtained
using volume equivalent spheres [20]. Taking Equations (5) and (6), this
implies that an increase of the soot volume fraction due to aggregates with
larger monomers would not produce the same effect on the extinction and
backscattering coefficients as an increase due to higher number of monomers.
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The spectral dependence of the LDR is consistent with the fact that as
the wavelength increases, the illuminating wave is less sensitive to the non-
sphericity of the SFA. Indeed, as previously mentioned, spherical particles
do not depolarize the scattered light in the backward direction. As the wave-
length increases, the relative size of the aggregates compared to wavelength
is smaller, and light is less sensitive to the shape irregularities. This is further
supported by the low LDR of the r,,, = 10 nm SFA ensembles. The increasing
LDR for lower fractal dimension, i.e. more linear SFAs, is consistent with
the non-sphericity of an aggregate inducing more depolarization in the back-
ward direction. The depolarization of soot fractal aggregate is a byproduct of
the multiple scattering among primary particles [49], and is sensitive to the
internal fine structure of the aggregates. By increasing the monomer radius,
or equivalently reducing the wavelength, the LDR is increasingly sensitive to
the fractal dimension. Still, these effects do not seems significant enough to
estimate the fractal dimension using LDR measurements.

Even averaged over one hundred aggregates, the backscattering cross-
section, LR and LDR standard deviations of ensembles of same morpho-
logical parameters are important. The LDR and the LR being dependent
on the backscattering cross section, these statistical deviations indicate that
the backscattering cross section is sensitive to the fine structure of the ag-
gregates. As the fractal parameters are nearly constant in each ensemble,
it can be assumed that this morphological description is not sufficient in
order to precisely describe an aggregate morphology and the resulting lidar-
relevant radiative properties. Moreover, SFAs emitted from real combustion
processes have been found to present observable differences from the fractal
model used in this study. Indeed, the monomers can present overlapping,
necking effect, or lognormal size distribution [50]. During their ageing, these
particles can also be subject to morphology and composition changes, such
as those induced by necking or coating phenomena [24, 51]. While these mor-
phological properties can influence the radiative properties of soot aggregates
[46, 52, 53], their impacts have not been investigated in this study, and SFAs
are considered as composed of monodisperse spheres in point contact. The
retrieval of soot morphological parameters through lidar measurements is a
complex process, as the number of unknowns is potentially greater than the
number of measurable quantities. Prior sensitivity studies would be required
in order to describe in which magnitude a retrieval of soot morphological
properties is possible, taking into account instrumental noise, polydispersion
of any of the morphological parameters inside the measurement volume, and
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range dependent quantities. Still, our results show promising outlooks for li-
dar microphysical inversion, specifically for the retrieval of monomer radius.
Knowledge of this morphological parameter could provide a first assessment
of the LR values, likely allowing the use of an inverse algorithm in order to
retrieve both backscattering and extinction coefficient profiles.

While the values of the computed lidar cross-sections and LDR are in
good agreement with other modelled values found in the literature [46, 54],
the LR values presented here are much higher than those usually used in lidar
inversion methods [55]. Several factors can explain this discrepancy. As the
interacting particles are part of a volume formed by the laser pulse divergence
and length, soot can be mixed with other aerosols during lidar measurements,
as in smoke. A second influencing factor could be the ageing status of the
soot particles, as the atmospheric processing of these aerosols change their
radiative properties. Considering the fractal model and the complex optical
index dispersion law used in this study, our results are more relevant to
freshly emitted SFAs, i.e. uncoated soot aerosols not yet influenced by ageing
processes. Lidar measurements of freshly emitted soot particles would be of
particular interest in order to compare our modelling results to experimental
data, as, to our knowledge, there exist no such measurements in the literature.

6. Conclusion

This study aims at quantifying the radiative properties of Soot Fractal
Aggregates that are most useful to process lidar measurements. Statistically
representative ensembles of SFAs have been generated and results have been
averaged over samples of one hundred aggregates of identical morphological
parameters. In each ensemble, the morphology of any individual aggregate
is still unique. This results in important standard deviations of the lidar-
relevant radiative properties and supports the need for statistically represen-
tative ensembles. It also suggests that the fractal model is not self-sufficient
in order to describe the morphology of fractal aggregates, and that other mor-
phological parameters might be needed. Our objectives was also to quantify
realistic wavelength dependence of the aggregate radiative properties. This
was achieved by computing them over a wide spectrum and by considering a
realistic wavelength dependent refractive index, although other values exist
in the literature.

The main conclusions of this study are :

21



484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

- The monomer radius r,, strongly influences all of the studied lidar-
relevant radiative properties.

- The number of monomers per aggregate N,, has also a strong effect on
the lidar cross-sections, but has a limited impact on the lidar parame-
ters such as the Lidar Ratio and the linear depolarization ratio.

- The aggregate fractal dimension D; has a weak impact on all lidar-
relevant radiative properties.

These results are quite significant for lidar application, as the processing
of the elastic lidar products (i.e. backscattering coefficients 3, extinction
coefficients & and volume depolarization ratio ¢,) might provide means to
evaluate the monomer radius.
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