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Abstract: The optical properties of thickly coated soot particles are sensitive to the chemical
composition, thus to the refractive index of the coating material. For 58 differently sized
coated soot aggregates the extinction-to-backscatter ratio (lidar ratio) and the depolarisation
ratio are computed at a wavelength of 355 nm, 532 nm and 1064 nm for two different coating
materials: a toluene-based coating and a sulphate coating. Additionally the Angstrém exponents
between 355 nm and 532 nm as well as between 532 nm and 1064 nm are calculated. The
extinction-to-backscatter ratio is found to allow a distinction between the coating materials at all
three wavelengths, and the depolarisation ratio allows for a distinction at 355 and 532 nm.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Aerosol particles consisting of soot or light-absorbing carbon are, after carbon dioxide, among
the most important individual warming agents in the Earth’s climate system. Soot aerosol impact
the climate by absorption of radiation, reducing the albedo of snow and ice in high latitude and
high altitude regions, and they play a role in cloud formation processes [1-3]. Furthermore, soot
containing particles have an adverse impact on air quality and human health [3,4].

Monitoring sources, transport paths and sinks of soot aerosol relies on the use of remote
sensing techniques. With the help of such measurements it is possible to both constrain and
improve aerosol transport models and air quality forecasts. The interpretation of data obtained
with the help of remote sensing techniques requires a thorough understanding of the optical
properties of aerosol particles.

Remote sensing applications use properties such as the linear depolarisation ratio ¢; and the
extinction-to-backscatter ratio (or lidar ratio) S,,. Aerosol classification schemes used by the
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) mission [5, 6]
and by Atmospheric Lidar (ATLID) instrument on board of the planned Earth Clouds, Aerosol
and Radiation Explorer (EarthCARE) satellite [7] rely on ¢; and S,,. The depolarisation ratio
is sensitive to the particle morphology [8, 9] and even to particle inhomogeneities [10]. The
extinction-to-backscatter ratio depends on the particle shape as well [11, 12].

Soot particles consist of strongly absorbing carbonaceous material, hence the term light-
absorbing carbon. Due to ageing processes in the atmosphere soot particles are frequently coated
with weakly or non-absorbing material, which condenses onto the aggregates (e.g. [13, 14]).
In-situ measurements indicate that soot aerosol particles get rapidly coated, and that thickly
coated soot particles are predominant [14-17].

The optical properties of such coated soot particles have been investigated using various optical
models. Modelling differential optical properties, such as the depolarisation ratio, is often more
complicated and requires more sophisticated models then the modelling of integrated optical


https://doi.org/10.1364/OA_License_v1

properties, such as the optical cross sections [18]. Morphologically complex optical models of
coated soot particles have been employed to investigate the linear backscattering depolarisation
ratio [19-23]. The extinction-to-backscatter ratio of coated soot aerosol particles was modelled
in [23]. There are further studies concerning the extinction-to-backscatter ratio of mineral dust
aerosol particles such as [11, 12,24]. The studies regarding the extinction-to-backscatter ratio of
dust consider spheres, spheroids, and mixtures thereof.

With the help of four different models high values of the linear depolarisation ratio of soot
containing aerosol were studied in [19]. One of the models consisted of a soot aggregate with
each individual soot monomer of the aggregate embedded into a shell of coating material, the
closed cell model. Another model consisted of a soot aggregate embedded in a spherical coating
shell. The third model combined two spherical coating shells with smaller aggregates than in the
previous model to a single model particle. The last model is a coated spheroid model.

An optical database for soot containing aerosol was presented in [22]. That database is based
on eleven different models, of which three represent bare aggregates, two represent semi-external
mixtures with soot monomers and a soot aggregate, respectively, attached to a sphere of coating
material, another model represents soot aggregates partially embedded into a spherical coating
shell, and the remaining models represent soot aggregates encapsulated in coating material. The
models in [19], with the exception of the coated spheroid model, are among the five models for
soot fully encapsulated in coating material described in [22]. The other two model particles are a
core-shell model in which all soot is compacted into a sphere which is embedded in a spherical
shell and a number of small individual spheres embedded into a spherical coating shell.

In [20] the closed cell model was compared with a coated aggregate model. The depolarisation
ratios obtained with the two models are in good agreement for high soot volume fractions
(or thin coatings) and deviate stronger for lower soot volume fractions. The coated aggregate
model in [20] posed the risk of overestimating the depolarisation ratio. In [21] the coated
aggregate model was further refined by taking the compaction of the aggregate with increasing
coating thickness into account, and, most importantly, by introducing a tunable transition from
film-coating following the aggregate shape to a spherical shell coating. It was demonstrated that
this model is capable of covering a large range of depolarisation ratios by only tuning a single
parameter; a faster transition to spherical shell coating yields lower values of the depolarisation
ratio. This model will be employed in our study.

An artificial surface potential (analogous to microscopic surface potentials) mimicking the
behaviour of water-soluble coating material is defined in [23]. The coating material is applied
iteratively by applying the coating point by point from the highest to the lowest potential until a
prescribed volume ratio of coating material to aggregate material is reached. With this particle
model the linear depolarisation ratio and the extinction-to-backscatter ratio for various particle
sizes and different coating thicknesses were calculated. Similar to the coated aggregate particles
in [20], the model particles in [23] pose the risk of overestimating the depolarisation ratio.

As shown in [21] the linear backscattering depolarisation ratio of heavily coated soot particles
is strongly sensitive to the complex refractive index of the coating material. Therefore we
hypothesised that the coating material of an ensemble of thickly coated soot particles can
be distinguished with the help of lidar-measurable quantities, such as the depolarisation ratio
and the extinction-to-backscatter ratio. Here, we test this hypothesis by modelling optical
properties of thickly coated soot particles, using the particle model described in [21]. With these
model particles calculations for two types of coating material are performed at three different
wavelengths, 355, 532, and 1064 nm.



2. Methods
2.1. Particle model
2.1.1. Bare Aggregates

Bare soot particles can be described as fractal aggregates consisting of N small spherical
monomers of radius amen following a scaling relation [25]:
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Amon

R, \P7
N = ko

The fractal dimension Dy describes how densely the aggregate is packed. Linearly aligned
monomers would correspond to Dy = 1 and a sphere would correspond to Dy = 3. kg is called
fractal prefactor and affects how densely monomers along a branch are packed [26]. The radius
of gyration Ry is defined as:

@

Here 7; is the position vector of the ith monomer and 7, is the position vector of the aggregate’s
center of mass.

Fractal aggregates were created using a cluster-cluster algorithm [27], which combines
individual monomers and smaller aggregates to an aggregate with N monomers with predefined
values for Dy and ko. At each step of this process the aggregates follow the fractal scaling relation
in Eq. (1). The resulting aggregates consist of monomers in point-contact. To describe overlap
between neighbouring monomers we used the overlap factor C,y as defined in [28] which is given
as:
dp — d;j

dp

The diameter of the monomer is given as d,, = 2amon and d;; denotes the distance between two
neighbouring monomers. If C,, = 0 the two neighbouring monomers are in point-contact and
if Coy = 1 the monomers are completely overlapping. The previously created aggregates with
monomers in point-contact are turned into aggregates with overlapping monomers by multiplying
the coordinates of the monomers’ respective centre with (1 — Coy) [29].

The number of monomers was increased from N = 26 to N = 1508 with equidistant steps of
AN = 26. For each size five different stochastic realisations of aggregates with the prescribed
fractal parameters have been generated.

The morphological properties used here were taken from field measurements [15,17] and are
shown in Table 1. Note that the overlap parameter (6) used in [17] is defined as in [30], while
here the overlap factor C,, as defined in [28] was used. ¢ can be easily converted into C,y by
1-671 = Cy.

Cov =

3

2.1.2. Coated particles

The coating material was added using the algorithm described in [21]. The algorithm is strongly
connected to the use of the discrete dipole approximation (see section 2.2), i.e., the coating is
added to the aggregate dipole by dipole. The coating follows the shape of the aggregate, but
is constrained to lie within a sphere with a predefined critical diameter D.. We chose to place
the centre of the critical sphere in the aggregate’s centre of mass (but different choices would
be possible). Once the critical sphere is completely filled with coating material, the particle
continues to grow radially, until a prescribed soot volume fraction is reached. (As in [20,21], the
soot volume fraction is defined as the fraction of dipoles assigned to soot and the total number
of dipoles in the coated aggregate.) The resulting model particles make a gradual transition



Table 1: Morphological properties for the aggregates. Monomer radius, fractal prefactor and
overlap factor are taken from [17], while the fractal dimension and the soot volume fraction are
taken from [15].

property value

monomer radius dmen 28 nm

soot volume fraction fiof 7%

fractal dimension Dy 2.2
fractal prefactor kg 1.625
overlap factor Cyy 0.33

from film-coating to spherical encapsulation as more and more coating material is being added.
The transition to spherical coating can be controlled by the free parameter D.. The larger
D, the “’slower” the transition to spherical coating, i.e., the more coating material needs to be
added before the coating is completely spherical. The idea behind this model is to tune the
linear backscattering depolarisation ratio. Spherically coated particles depolarise weakly, while
particles with nonspherical coatings depolarise more strongly.

The critical diameter D, of the sphere is expressed by the maximum dimension of the aggregate,
Dinax, multiplied by a dimensionless factor f,. < 1,i.e., D, = f.Dmnax. Based on the choice of D,
in [21] and the relative difference in the onset of spherical growth for sulphate and organic coating
as reported in [31] the critical diameter was set to D¢ org = 0.6Dyax and Desos = 0.8 Dyyax.
Differences in the shape of the coating between these two choices of D. only become apparent
at intermediate and high soot volume fractions (i.e., intermediate and low amount of coating
material). For the relatively low soot volume fraction considered here, the coating is spherical,
both for toluene and for sulphate. Thus the difference between D o1 and D¢ so4 do not cause
any difference in the overall particle shape between both coating materials.

For the organic coating we assume the refractive indices reported for toluene-based secondary
organic material from laboratory measurements in [32]. The refractive indices for sulphate were
taken from the values used in the software package Optical Properties of Aerosols and Clouds
(OPAC, version 3.2) [33]. The refractive indices for the soot aggregates were obtained with
the help of the expressions reported in [34], which were derived by fitting measurements of
soot aggregates (These measurements were limited to a wavelength range of 0.4 < A1 < 30 um;
however the error introduced by extrapolating the expressions in [34] to 355 nm is relatively
small [21].) The refractive indices for the different materials and wavelengths are listed in Table
2. While toluene-based coating is (mildly) absorbing at 4 = 355nm and A = 532 nm, sulphate is
purely scattering, as can be seen from the imaginary part of the refractive index. At 1 = 1064 nm
sulphate is very weakly absorbing while the toluene-based coating becomes purely scattering.

Table 2: Spectral dependence of the complex refractive indices used for the different materials

355nm 532 nm 1064 nm

toluene  1.5824+i0.0247  1.5518+i0.0008  1.5279+i1078 [35]
sulphate  1.45+i1078 1.43+i1078 1.42+i1.53-107%  [33]
soot 1.6628+i0.7152  1.7316+i0.6 1.8189+i0.5905  [34]



Fig. 1: Example of a coated soot aggregate consisting of N=286 overlapping monomers as used
in the calculations. The aggregate is shown in grey and the coating shell in yellow.

Figure 1 shows an example of a coated soot model particle as used in the calculations. The
aggregate, consisting of 286 overlapping monomers with fractal parameters as given in Table 1,
is shown in grey, and the coating is represented by the yellow color.

2.2. Optical calculations

The optical calculations are performed for the wavelengths of 4 = 355nm, 4 = 532 nm and
A = 1064 nm. These are the third, second and the first harmonics of neodymium-doped yttrium
aluminium garnet (Nd:YAG) laser, which is commonly used in both Raman lidar [36] and high
spectral resolution lidar [37] instruments (see also [38,39]).

The single scattering calculations were performed with the discrete dipole approximation
(DDA) code ADDA (version 1.2) [40]. In the DDA method the scatterer is divided into small
fully polarisable volume elements (dipoles) in order to solve the volume integral equation of the
scattering problem. This leads to a set of linear equations, which can be solved using numerical
standard methods. An account of the DDA method can be found in [41,42]. By dividing the
scatterer into small dipoles the DDA method can treat arbitrarily shaped particles. The dipole
spacing d was chosen so that |m| kd = 0.33 for 355 nm, with |m| being the absolute value of
the refractive index of soot and k is the wavenumber of light. For 532 nm and 1064 nm the
same dipole spacing was used, which resulted in |m| kd = 0.22 and |m| kd = 0.12, respectively.
ADDA performs numerical orientation averaging of the target using discrete orientations [40].
For each scatterer 1024 orientations were used.

To determine the particle size ADDA requires the volume-equivalent radius as input. For bare
aggregates with monomers in point-contact the number of monomers N and the monomer radius



amon are related to the volume equivalent radius by

1
T've,bare,pc = AmonN 3 “

However, overlapping monomers reduces the actual volume of each monomer and thereby the
whole aggregate, thus the volume equivalent radius is adjusted by

1
I've,bare,ov = rve,bare,pc(l - Kov)3 (5)

The adjustment term is derived from geometrical considerations and expressed by

2

Cov
Ko = 7(3 - Cov) (6)

The volume equivalent radius of a coated aggregate can then by calculated by

Fve,bare, ov
I've,coat = 1 ) @)
3
vol

where f,o; denotes the soot volume fraction in the particle. Combining Eqs. (4)—(7) yields:

2 3
Fve,coat = Amon (i (1 - &(3 - Cov))) (8)
fVol 2

ADDA gives the complete Mueller scattering matrix and the extinction and absorption cross
sections and efficiencies for the scattering particles. With the help of the scattering matrix and
the optical cross sections it is possible to compute other quantities of interest such as the linear
backscattering depolarisation ratio and the extinction-to-backscatter ratio.

The linear backscatttering depolarisation ratio ratio can be calculated by [8]:

_ Fn-Fn

0 =
Fii + Fp»

(€]

¥=180°

F11 and F»; denote the (1,1) and the (2,2) elements, respectively, of the Stokes scattering matrix.
The expression is evaluated at the scattering angle ¢ = 180°.

The lidar extinction coefficient can be calculated from the extinction cross section Cey and the
particle number density per size interval n(r) by [43]

o= /rmux Cext(r)n(r)dr, (10)

Tmin

where ryin and rmax denote, respectively, the smallest and the largest particle radius in the aerosol
ensemble.

The lidar backscatter coefficient can be calculated from the scattering cross section C,, the
(1,1) element of the Stokes scattering matrix Fj1, and n(r) by [43]

Fia(r, 180°
B= Csca(’j%”
T

Tmin

(r)dr (11

In this study the smallest aggregate consists of N = 26 monomers and the largest aggregate
consists of N = 1508 monomers, by inserting these values and f,,,; into Eq. (8) rmin = 191 nm
and rpax = 739 nm were calculated.



In this study the particle number density per size interval n(r) is assumed to follow a log-normal
distribution described by the mean u and the standard deviation o of the logarithmic variable:

n(r) = No exp (— (nr = ’u)z) (12)

orVN2n 202

The total number density of particles is Np.
The extinction-to-backscatter ratio, which, in the context of lidar remote sensing, is frequently
referred to as the lidar ratio, can be calculated for a distinct particle size as [43]

Cext(r)
Coca(r)F11(r)

For an ensemble of different particle sizes the extinction-to-backscatter ratio S, can be calculated
from the extinction coefficient (Eq. (10)) and the backscatter coefficient (Eq. (11)) [43]:

Sp(r) = 4n (13)

¥=180°

Sp = — (14)

Both ¢; and S, are independent of the total number density of particles N.
Spectral changes of extinction, backscattering, and extinction-to-backscatter ratio between two
wavelengths 4; and A, (with 4; < A1) can be quantified using the Angstrém-exponent [39]:

5 _ In(xi/x2)
ST In (/)

For x either the extinction coefficient @ (Eq. (10)), the backscattering coefficient 8 (Eq. (11)) or
the extinction-to-backscatter ratio S, (Eq. (13)) can be inserted. The Angstr'dm exponents are
related by: & 1,0, = 8g,0,,0, + 5105, .1, [44]. While the calculation of @ and S requires the total
particle number density Ny, the Angstrom exponent is independent of Np.

In some studies (e.g. [45—49]) the spectral behaviour was quantified using the color ratio CR,
which is defined as CR = x;/x; with x being either the extinction-to-backscatter ratio S, or the
backscatter coeflicient 8 at 41 and A, respectively (with 1; < A3). As the color ratio can be
easily converted into the corresponding Angstrom exponent it will not be specifically covered in
this study.

So far only few measurements of the depolarisation ratio of soot particles at A = 1064 nm
have been reported [38,39, 50] and even fewer measurements of the extinction-to-backscatter
ratio [39]. As using the depolarisation ratio at = 1064 nm improves the retrieval of aerosol
microphysics [51] the calculation for this wavelength was included in our study.

5)

3. Results

Figure 2 shows the linear depolarisation ratio (top row) and extinction-to-backscatter ratio (bottom
row) for the different particle sizes at 355 nm (left column), 532 nm (middle column) and 1064
nm (right column). The colored line indicates the arithmetic mean over five different stochastic
realisations of the aggregates and the shading in lighter colors indicates ranges of values caused
by these different stochastic realisations. The arithmetic mean is indicated by a bar over the
symbol, e.g. §;. Note the different ranges of depolarisation ratio indicated by the y-axes in the
top row and the non-linearity of the volume-equivalent radius indicated by the x-axis at the top
of each sub-figure.

For both coating materials there is a change in both number and magnitude of the resonances
of the depolarisation ratio. With increasing wavelength both the number and the magnitude of
the resonances in the range between N = 26 and N = 1508 decreases. The depolarisation ratios
at 355 nm cover a range from 0-30%, at 532 nm from 0-8.5% and from 0-5% at 1064 nm.
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Fig. 2: Linear depolarisation ratio (a—c) and extinction-to-backscatter ratio (d—f) for sulphate
coating (red/light red) and toluene-based coating (blue/light blue) for 355 nm (a, d), 532 nm
(b,e) and 1064 nm (c,f). The arithmetic mean over five different stochastic realisations of the
aggregates is shown in red and blue, respectively. The shading indicate the range due to different
stochastic realisations of the aggregate structure.

In [23] similar resonances for the extinction-to-backscatter ratio are reported, whereas the
reported resonances in the depolarisation ratio are of smaller magnitude.

There are noticeable differences in magnitude of both depolarisation ratio and extinction-to-
backscatter ratio for the different coating materials at 355 nm and 532 nm, while at 1064 nm the
differences in magnitude are less pronounced. This indicates that linear depolarisation ratio and
extinction-to-backscatter ratio with more pronounced differences may provide the possibility to
distinguish between coating materials at 355 nm and 532 nm.

The extinction-to-backscatter ratio at 532 nm (see Fig. 2e), shows higher values for the non-
absorbing sulphate coating than for the mildly absorbing toluene-based coating. Higher values of
the extinction-to-backscatter ratio can be caused by higher absorption or lower backscattering
(e.g. [24]). To understand why the extinction-to-backscatter ratio at 4 = 0.532 nm for sulphate
coating is higher than for toluene, despite having a lower imaginary part of the refractive index,
the optical cross sections at this wavelength are examined more closely.

Figure 3 shows backscattering (Cpak, top), extinction (Ce, centre) and absorption cross
section (Cypg, bottom) at 4 = 532 nm of the coated aggregates for sulphate coating (red) and
toluene-based coating (blue). For each individual size (expressed in number of monomers) the
aggregates differ only in the refractive index of the coating material. Note the non-linearity of
the volume-equivalent radius given at the top of the figure.

As can be seen in the top panel of Fig. 3 with exceptions at N ~ 100 (rye ~ 300 nm), N ~ 200
(rve ~ 380nm), N ~ 1000 (rye ~ 640nm) and 1300 < N < 1400 (700nm < r,, < 720nm)
the backscattering cross section for aggregates with toluene-based coating is larger than that of
sulphate coated aggregates. These four size intervals coincide with the intervals at which the
extinction-to-backscatter ratio of aggregates with toluene-based coating exceeds the extinction-
to-backscatter ratio of sulphate-coated aggregates, as can be seen in Fig. 2.
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Fig. 3: Backscattering (Cpak, top), extinction (Ceyy, centre) and absorption cross section (Cypg,
bottom) of the coated aggregates for sulphate coating (red) and toluene-based coating (blue) in
pum? (for Coy and Cypg) and pum?sr™! (for Cpai) at A = 532nm. Solid lines indicate the mean
over the five different stochastic realisations and the shading the maximum uncertainty due to
the different realisations of the stochastic geometries (The differences for the extinction and
absorption cross section are too small to be distinguished from the mean).

The bottom panel shows the absorption cross section. Corresponding to the higher value of
the imaginary part of the refractive index the absorption cross section for the aggregates coated
with toluene-based material is higher than that of the sulphate-coated aggregates.

Comparing the extinction, absorption and backscattering cross section at 4 = 532 nm (Fig. 3)
to the extinction-to-backscatter ratio at A = 532 nm (Fig. 2) shows that the difference in extinction-
to-backscatter ratio for the two coating materials can be attributed to higher backscattering cross
sections of the aggregates coated with toluene-based material despite the higher absorption cross
sections.

Comparing the extinction-to-backscatter ratios at 355 nm, 532 nm, and 1064 nm with each
other (see Fig. 2d—f), shows that the extinction-to-backscatter ratio’s minimum values are larger
at 1064 nm than at 355 nm and 532 nm, as well as there more comparatively small values for
Sp,355 and S, 537 than for S, 1064. Analogous to Fig. 3 Fig. 4 shows backscattering (Cpak, top),
extinction (Cex¢, centre) and absorption cross section (Cypg, bottom) at 355 nm (left column) and
at 1064 nm (right column). Note the different value ranges of the y-axes.

A comparison between the backscattering (Cpak ), extinction (Cex) and absorption cross sections
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Fig. 4: As Fig. 3, but for 355 nm (a,c,e) and 1064 nm (b,d,f).

(Cyps) for each wavelength (Figs. 3 and 4) shows, that the backscattering cross sections at 355 nm
and 532 nm cover ranges between 0-0.6um?sr™! and 0-0.5um?sr™! respectively. However, the
backscattering cross sections at 1064 nm cover a smaller range, 0-0.12um?sr™!. The low values
of Cpak at 355 nm for aggregates with toluene-based coating and more than N ~ 700 monomers
coincide with the large values of S, 3ss.

So far the spectral differences were considered for a set of differently sized individual particles.
Particles measured in the field with remote sensing instruments always follow a size distribution.
In agreement with the field measurements reported in [17] the soot particles were assumed to
follow a log-normal distribution. As a reference we choose a mean of m = 498 and a standard
deviation of s = 995 monomers per aggregate (see reported values for sample Al in [17]). To
give an estimate of uncertainty due to changes in the particle size distribution, we (i) vary the
mean between values from 300 to 700 monomers per aggregate while keeping the standard
deviation fixed at s = 995; and (ii) vary the standard deviation between 300 and 1350 monomers
per aggregate while keeping the mean fixed at m = 498. The ensemble-mean of the resulting
values of the extinction-to-backscatter ratio and the depolarisation ratio for each wavelength are
reported in Table 3. The given uncertainty estimates are based on the largest deviation from the
reference case for each quantity and wavelength.

To gauge the computational results, Tables 5 and 6 list results from lidar field observations.
The range of mean values and the range of extreme values derived from these two tables are
summarised in Table 3 in the second to last and the last row, respectively. By extreme values
we mean the maximum and the minimum of all mean values + one standard deviation. The
comparison of computational results with the field observations is discussed in Sect. 4

The differences in the complex refractive index (reflecting the differences in chemical
composition) of the coating material are listed in Table 2. As stated above, at 355 nm and 532
nm the toluene-based coating is mildly absorbing and the sulphate coating is purely scattering,
while at 1064 nm the sulphate coating is weakly absorbing whereas the toluene-based coating is
purely scattering. The differences in extinction-to-backscatter ratio at 355 nm are likely to be
explained by this difference in the imaginary part of the complex refractive index.



Table 3: calculated linear depolarisation ratio and extinction-to-backscatter-ratio for the two
coating materials, and range of reported mean values from lidar field measurements, as well as
range of reported extreme values (see Tables 5 and 6 for a more detailed overview of reported
values and the corresponding references).

coating 61,355(%) 61,532(%) 61,1064(%)  Sp 355(s7) Sp.s532 (s1) Sp. 1064 (ST)
sulphate 3.39+0.57 2.84+0.29 0.86+0.16 19.66+4.45 57.35+8.49 130.49 + 9.61
toluene 1.68+0.34 1.13+0.15 0.82+0.10 35.69+2.77 20.12+4.95 106.12 + 12.37
reported medium 1.0-28.0 2.3-20.0 09-5.0 21-114 26 — 100 82-92
reported min/max 0.8 — 28 2.0-23 0.1-5 13 -147 26 - 130 60-119

Table 4 lists the extinction, backscattering and extinction-to-backscatter Angstrom exponents
between 355 and 532nm, and between 532 and 1064 nm. For 1; < A the denominator of the
Angstrom exponent (Eq. (15)) is always positive. Thus a positive value of the Angstrém exponent
indicates that the quantity (either @, 8 or S) decreases from A; to A,. Negative values indicate an
increase, and no spectral change give values of zero.

Additionally to these Angstrém exponents, which can be measured with lidar instruments,
the absorption Angstrom exponent (AAE) was calculated by inserting Cyy, into Eq. (15). The
AAE can be usually measured using sun photometers and radiometers [52-54]. For sulphate
coating the AAE between 355 and 532 nm was calculated to be AAEzs5 532 = 0.29 +0.04 and
the AAE between 532 and 1064 nm was AAEs3, 1064 = 0.51 £ 0.06. For toluene-based coating
the AAE between the two wavelength pairs 355 and 532 nm, and 532 and 1064 nm was found
to be AAE3s5,530 = 0.98 + 0.08 and AAEs3; 1064 = 0.52 + 0.06. Commonly the AAE obtained
from field measurements is reported for different wavelength pairs (see [52-54] and references
therein.) For this reason we refrain from a comparison of our calculated values of the AAE with
the values reported from field measurements.

Table 7 lists Angstrdm exponents based on lidar field measurements. Entries marked with *
indicate values not directly reported, but calculated from reported values of «, 4, and/or S,,. The
range of mean and extreme values based on Table 7 are summarised in the last two rows of Table
4.

Table 4: calculated Angstrdm exponents of extinction, backscattering and extinction-to-
backscatter-ratio between 355 and 532 nm and 532 and 1064 nm, and range of reported
mean values from lidar field measurements, as well as range of reported extreme values (see
Table 7 for a more detailed overview of reported values and the corresponding references).

coating 44,355,532 44,532,1064 g 355,532 g 532, 1064 5,355,532 as,532,1064
sulphate -0.35+0.21 0.30+0.17 2.31+0.26 1.49 +0.12 -2.66+0.42 -1.19+0.29
toluene -0.35+0.03 -0.04+0.23 -1.78+0.55 2.37+0.23 1.43+0.54 —-2.41 +0.41
reported mean -03-22 0.6 -0.85 -0.58 -3.09 -0.65-1.80 -3.58-1.16 -0.48 —-0.29
reported min/max  -0.7 -2.9 03-1.15 -0.82 -3.44 -0.96 -2 -3.7-2.52 -1.22-0.24

4. Discussion

The uncertainty estimates for §; in [21] showed that for thickly coated soot particles the optical
properties are very sensitive to a variation in the refractive index of the coating material. Our



aim is to assess the possibility of exploiting this sensitivity to distinguish between coating
materials using lidar-measureable quantities. The lidar observables in question are ¢;, S, and the
Angstrém exponents &, g, and &s. The computations suggest that the potential of extracting
information on the coating material varies greatly among these observables. In order to extract
such information from any given observable, it is required that the estimated uncertainty range
is smaller than the sensitivity to the composition of the coating material. For instance, the
ensemble-averaged values of §; and S, for sulphate and toluene-based coating are distinctly
separated, with the exception of d; at 1064 nm (see Table 3).

Spectral changes of extinction, backscattering and extinction-to-backscatter ratio can be
quantified by the Angstrm exponent (see Eq. (15)). The numerical value of the Angstrém
exponent depends indirectly on the particle size distribution. A decrease in 4,355,532 and g 355,532
indicates a size distribution increasingly dominated by larger particles, i.e. the median diameter
increases [44,55]. Thus the aerosol Angstrom exponent is sensitive to the choice of particle
size distribution. The calculated values of &, 355 532 for toluene-based coating and of g 355,532
for sulphate coated soot aerosol show small relative uncertainties below 10%. In view of the
strong size-dependence of the Angstrom exponent these small relative uncertainties are somewhat
surprising. Relative uncertainties of below 10% are also observed for 83 532 1064. For larger
wavelengths included in the wavelength pair the value of the Angstrom exponent does not show a
clear dependence on the size distribution [55].

The extinction Angstrm exponent computed for the two coating materials strongly overlap.
The mean values of 4, for sulphate and toluene-based coating between 355 nm and 532 nm
are indistinguishable. Additionally, the ranges of the 532 nm and 1064 nm wavelength pair
partially overlap. For the 355 nm and 532 nm as well as the 532 nm and 1064 nm wavelength pair
the ranges of 4z and &g for the two coating materials do not overlap (see Table 4). The strong
overlap between the ranges of 8,4, 355,532 for sulphate and toluene-based coating confirms previous
findings. &, is considered less sensitive to changes in the refractive index than 4g, especially for
changes in the imaginary part of the refractive index [56].

The spectral behaviour of the backscattering coefficient and the extinction-to-backscatter ratio
between 355 nm and 532 nm shows major differences between the two coating materials: Between
355 nm and 532 nm the backscattering coefficient of the sulphate coated aggregates decreased,
as is reflected by the positive value of the corresponding Angstrom exponent (88,355,532(8504) =
2.31+0.26). In case of toluene-based coating the backscattering coefficient increases between 355
nm and 532 nm (8g 355 532 (toluene) = —1.78 +0.55). The extinction-to-backscatter ratio increases
for sulphate coating from 355 nm to 532 nm (ds,355,532(S04) = —2.66 + 0.42) and decreases
in case of toluene-based coating (&s,355,532(toluene) = 1.43 + 0.54). Thus, the differences in
spectral behaviour of 5 and S, between 355 nm and 532 nm, which are quantified by g 355,532
and &g 355,532, could provide a reliable measure to distinguish coating materials.

The ranges of ;1064 and &, for sulphate and toluene-based coating overlap, which means that
measuring Jy,1064 and &, adds limited value for distinguishing coating materials. However, the
coating material-dependent differences in all other quantities are sufficiently large, so the ranges
do not overlap and may allow for a distinction of coating material.

The overlap of the ranges of 91064, however, does not invalidate the finding reported in [51],
which analysed the benefit of ¢ 1064-measurements for microphysical retrievals. According
to [51], additional measurements of ;1064 help in constraining the effective particle size and
the mass concentration. Similarly, the limited value of &, for distinguishing between coating
materials does not question the benefit of these measurements for retrieving other microphysical
properties.

Field observations of ¢;, S, and Angstrom exponents of soot-containing aerosol are listed
in Tables 5, 6, and 7, respectively. The ranges of mean, maximum, and minimum values are
summarised in Table 3 and 4. The computational results for sulphate fall within the range of field



observations, with the exception of S, 1064. For toluene several of the Angstrom exponents
are out of range. This may indicate that coating materials with the spectral behaviour of pure
toluene are not frequently found in the field. We also see that most computational results for J;
lie at the lower end of the field observations. This can be explained by the choice of the free
parameter in the model, D., which has been set to D, = 0.6Dp,x and D, = 0.8 Dy,«. For the
assumed soot volume fraction of f,,,; = 0.07 this yields aggregates embedded in a spherical
coating shell (see Fig. 1). This results in small depolarisation ratios. By choosing a larger critical
diameter, we would obtain a realisation of our model that would give rise to higher values of the
linear depolarisation ratio in the backscattering direction, as discussed in [21]. A homogeneous
spheroidal particle model of mineral dust was found to give larger values of S, at 532 nm than a
spherical particle model [12]. This indicates that a choice of a larger value of D, might increase
the values of §,,, too.

Field observations can serve as an approximate gauge for computational results. However, it
is important to emphasise that such comparisons need to to be taken with a grain of salt. Our
computations were based on specific assumptions on the size distribution, soot volume fraction,
morphology, and composition of the coating. Such detailed a priori information is often lacking
when interpreting field measurements. Further, it can prove difficult to determine whether or
not aerosol plumes in the field consist purely of soot-containing aerosol or if other types, such
as dust, have been mixed into the plume. For this reason, Tables 3 and 4 only provide a rough
indication, but certainly not a robust comparison of model results with measurements. A more
detailed comparison or even tuning of the model would have to rely on laboratory measurements
that provide a comprehensive characterisation of the microphysical, compositional, and optical
properties of the particles.

With exception of the field measurements of the depolarisation ratio reported in [38], all
field measurements listed in Tables 5—7 were obtained with Raman lidar instruments using
the respective Raman retrieval technique [57, 58]. Profiles of the depolarisation ratio are
commonly obtained using the retrieval method discussed in [59]. The depolarisation ratios
reported in [38] were obtained using a High Spectral Resolution Lidar using the retrievals
discussed in [38,60]. The typical relative measurement uncertainties for extinction coefficients
and backscatter coefficients during night-time measurements derived with the corresponding
Raman retrieval technique is ~ 10% and ~ 20% for day-time measurements. The typical relative
uncertainty of the retrieved linear depolarisation ratio is ~ 3% during night-time and ~ 10%
during day-time [61]. The relative uncertainty of the linear depolarisation ratio presented in [38],
which was retrieved with an HSRL instrument, ranges between 2.6% (at 1064 nm) and 5.0% (at
532 nm). In addition to the uncertainty associated with the retrieval process, the uncertainties
given in Tables 5-7 contain standard deviations of values within the analysed aerosol layer.

The aerosol types as well as the age given in Tables 5—7 were taken from the respective
reference. The types smoke and biomass burning aerosol were assumed to refer to (coated)
soot particles. The determination of the aerosol type relies of the combination of satellite
data (both images and derived aerosol types) (e.g., [46,47,62—64]), comparisons with previous
measurements (e.g., [46]), and numerical calculations of backward trajectories and dispersion
(e.g., [46,62,64,65]). The age of the smoke and biomass burning aerosol is inferred from
backward trajectories, however, the age as indicated in Tables 5—7 is not necessarily consistent
between the different studies. For example aerosol plumes, which are 2—3 days old are classified
as moderately fresh in [48], while they referred to as aged in [66].

No clear spectral behaviour of S, between 355 nm and 532 nm can be inferred from the
reported field measurements listed in Table 5, which is reflected by the range of &g 355,532. An
increase of S, between 355 nm and 532 nm as reported in [39,46,50,61,62,66,68,70,71] is
qualitatively consistent with the results for sulphate-coated particles (see Table 3). The decrease
for the same wavelength range as reported in [48,62,66,67,69] is qualitatively consistent with the



Table 5: Spectral values of the extinction-to-backscatter ratio reported from lidar field measure-
ments. Type refers to the classification in the cited reference. Biomass burning aerosol (BBA)
and (aged) smoke are assumed to refer to (coated) soot particles.

type location Sp.355(s7) Sp.532 (st)  Sp 1064 (sr)  reference
smoke Manaus, Brazil 62+12 64 + 15 - [64]
smoke Praia, Cape Verde 87 +17 79 +17 - [67]
smoke Manaus, Brazil 40-50 60-70 - [68]
BBA Praia, Cape Verde 87 +8 67 +5 - [62]
BBA Praia, Cape Verde 64 +7 86+ 8 - [62]
BBA Elandsfontein, South Africa 92 + 10 75+ 14 - [69]
smoke Gwangju, Korea 56+7 63+7 - [70]
aged smoke Leipzig, Germany 46+ 6 67 +4 82 +22 [39]
aged smoke Leipzig, Germany 40+ 16 66 + 12 92 +27 [39]
aged smoke Granada, Spain 23+ 10 47+ 11 - [46]
aged smoke Leipzig, Germany 25+4 51+9 - [46]
aged smoke Warsaw, Poland 34+6 58+10 - [46]
smoke Tokio, Japan ~ 40 ~ 65 - [71]
aged smoke Leipzig, Germany 21 - 67 26 — 87 - [65]
aged smoke Warsaw, Poland 60 20 100 = 30 - [61]
aged smoke Lille, France 31-45 54 - 58 - [50]
aged smoke Palaiseau, France 36+6 58+7 - [50]
BBA Granada, Spain 60 — 65 60 — 65 - [72]
BBA Evora, Portugal 56+6 56+6 - [63]
fresh BBA Magurele, Romania 73.0+11.6 45.7+64 - [66]
medium fresh BBA Magurele, Romania 42.9+6.8 434 +6.1 - [66]
aged BBA Magurele, Romania 41.1+6.6 559+7.8 - [66]
aged BBA Magurele, Romania 48.4+7.7 54+7.5 - [66]
aged BBA Magurele, Romania 31.7+5.0 52.1+7.3 - [66]
aged BBA Magurele, Romania 35.0+5.6 53.9+7.5 - [66]
fresh BBA Evora, Portugal 51+17 54 +28 - [47]
aged BBA Evora, Portugal 58+ 17 56 +25 - [47]
moderately fresh BBA ~ Warsaw, Poland 76 £7 62+4 - [48]
fresh BBA Warsaw, Poland 81+6 60+6 - [48]
moderately aged BBA ~ Warsaw, Poland 71+ 10 57+8 - [48]
fresh BBA Warsaw, Poland 114 £33 78 £25 - [48]
moderately fresh BBA ~ Warsaw, Poland 80+7 66+9 - [48]
moderately aged BBA Warsaw, Poland 69 +9 61+7 - [48]

results for aggregates with toluene-based coating. The spectral behaviour of the simulated ¢; for
both coating types, i.e. decreasing with increasing wavelength, is, too, consistent with reported
measurements, as can be inferred from Table 6. While the spectral behaviour of S, reported
in [48] is qualitatively consistent with the simulation results for aggregates toluene-based coating



coating, the reported increase of ¢; from 355 nm to 532 nm is not consistent with the simulation
results for aggregates with either sulphate or toluene-based coating.

Table 6: Spectral values of the linear depolarisation ratio reported from field measurements.
Type refers to the classification in the cited reference. Biomass burning aerosol (BBA) and (aged)
smoke are assumed to refer to (coated) soot particles.

type location 01355 (To) 61,5320 (%) 61064 (%)  reference
aged smoke Leipzig, Germany 224+15 184+0.6 43+0.7 [39]
aged smoke Leipzig, Germany 2.1+4.0 29+15 09+0.8 [39]
aged smoke Lille, France 23-28 18-20 4-5 [50]
smoke Denver, USA 203+3.6 93=x1.5 1.8+0.2 [38]
smoke US east coast, USA - 6.8+1.0 1.9+0.5 [38]
BBA Praia, Cape Verde 17+2 16 £1 - [62]
BBA Praia, Cape Verde 232 19+4 - [62]
aged smoke Warsaw, Poland 5+2 4+1 - [61]
moderately fresh BBA ~ Warsaw, Poland 1.6+0.2 35+03 - [48]
fresh BBA Warsaw, Poland 25+04 5.0+0.3 - [48]
moderately aged BBA ~ Warsaw, Poland 1.0+0.2 23+03 - [48]
fresh BBA Warsaw, Poland 1.6 £0.3 3.8+0.5 - [48]
moderately fresh BBA ~ Warsaw, Poland 1.1+£0.1 2.8+0.1 - [48]
moderately aged BBA ~ Warsaw, Poland 1.0+0.1 23+03 - [48]

5. Summary and conclusions

The depolarisation ratio of thickly coated soot aggregates is known to be sensitive to the refractive
index of the coating material [21]. The aim of this study was to investigate whether or not
this sensitivity can be exploited for distinguishing among coating materials with the help of
lidar-measureable quantities, such as linear depolarisation ratio, extinction-to-backscatter ratio
and Angstrm exponents.

The computational results suggest that both the linear depolarisation ratio and the extinction-
to-backscatter ratio differ for the two different coating materials (sulphate and toluene-based
organic coating) for thickly coated soot aggregates. The only exception is d; at a wavelength of
1064 nm. In the model particles, the two different coating materials were not assumed to induce
any morphological differences. Thus, the only cause for the differences in optical properties are
differences in the refractive index, when comparing the results at the same wavelengths.

The spectral dependence of the optical properties may contain additional information on the
coating material. The computational results indicate that 4g 355 532 and s 355 532 obtained for
sulphate and toluene are clearly separated, and even have opposite signs. These may provide
robust measures for distinguishing toluene-based coating from inorganic coating materials.

The refractive indices of different inorganic coating materials, such as nitrates, are very similar
to that of sulphate [15]. On the other hand, the refractive index of organic coating material
depends on precursor material and reaction conditions (i.e. 0zone concentration or nitrate oxide
concentration) [32,35]. The optical contrast between organic and inorganic coating is therefore
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expected to vary. The discrepancies in Angstrém exponents we found between toluene-based
computations and measurements may indicate that the coating materials observed in the field have
spectral dielectric properties that differ from those of pure toluene. It remains an open question
for future studies to what extent and how other organic coating materials can be distinguished
from inorganic coatings.

The calculated values of §; are predominantly in the lower range of reported field measurements.
This may indicate that the free parameter in our model, the critical diameter D, of the coating,
should be increased, which would result in higher values of §;. However, the field observations
only provide us with a fairly broad gauge, but not with a reliable method to constrain the model.
A more detailed tuning of the model will have to rely on suitable laboratory observations of
coated black carbon aerosols with as complete a characterisation as possible of the physical
properties and composition.

Assuming a particle size distribution with a fixed soot volume fraction, i.e. a fixed amount of
coating per particle is a necessary simplification. Future studies could address the impact of a
coating thickness distribution combined with a particle size distribution. Varying the coating
thickness increases the effect of the different surface tensions of the coating materials. The impact
of surface tension differences are reflected by changes in critical diameter D.. This, in turn, will
impact the particle shape, hence the extinction-to-backscatter ratio and depolarisation ratio.
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