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Abstract: The remote sensing of airborne dust particles still faces barriers due to
uncertainties in their optical properties, for which the calculations in the full UV-SWIR
spectral range are challenging, mainly due to the dust particle irregular shapes and large
sizes. Especially the backscatter properties are associated with high uncertainties,
limiting the potential of lidar applications for desert dust. Our work investigates
calculations of the Particle Linear Depolarization Ratio (PLDR) for Saharan dust
particles with realistic irregular shapes, large sizes, and refractive indices (RIs). The
PLDR at 1064 nm is 30-40%, calculated with high certainty, and in good agreement
with lidar field observations. The PLDR at 355 and 532 nm are provided as well,
however associated with high uncertainties. Using realistic microphysical properties,
this work sets the baselines for dust in lidar applications allowing, e.g., investigations
of the mixing state of dust in the atmosphere.

1. Introduction

The accurate modelling of the dust optical
properties is an open scientific question,
particularly for the backscatter, mainly due to
the irregular shapes and large sizes of the
particles. Scattering calculations considering
realistic irregular shapes are computationally
costly, and as of yet, are provided for (cross-
section-equivalent) size parameters up to 30,
only from the MOPSMAP scattering database
[1], for the realistic irregular shapes presented
in Gasteiger et al. [2] (Fig. 1), using the ADDA
code [3]. For lidar applications, MOPSMAP
does not fully cover the size range of airborne
dust particles, even for the larger (at least for the
majority of lidar systems) wavelength of 1064
nm.
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Figure 1. Realistic irregular shapes used for
scattering calculations herein (Source:
Gasteiger et al., [2])

Scattering calculations covering the full range
of dust sizes and RIs are provided in the
literature for simpler non-spherical shapes:
spheroids [4], ellipsoids [5], super-ellipsoids
[6], and irregular hexahedrals [7]. Even though
these models are quite valuable for calculations
across the full wavelength spectrum (e.g. for
dust radiative forcing studies [8]), their
limitations in reproducing the full suite of dust
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backscattering ~ properties  limits  their
applicability for dust lidar studies.

Towards constructing a scattering database for
realistic dust particles, to be used for lidar
applications, we have extended the
ADDA/MOPSMAP calculations to size
parameters up to 68, for four dust refractive
indices ((1.48-1.6) + i(0-0.002)). These
“ADDA/NOA calculations” cover the size
range of airborne dust particles for backscatter
at 1064 nm (Fig. 2e), enabling us to calculate
accurately the PLDR at 1064 nm (Sect. 2).

For calculations at shorter wavelengths of 355
and 532 nm, and size parameters >70, ADDA
calculations are challenging even for high-
performance computing (HPC) systems, due to
the large number of dipoles and orientations
needed, and the very slow convergence of the
iterative solver. Thus, in order to formulate a
complete (back)scattering database for dust for
wavelengths of 355, 532 and 1064 nm, we
further investigate the applicability of the much
faster Physical Optics (PO) approximation [9]
for dust particles with faceted shapes (Sect. 3).

2. Calculation of PLDR at 1064 nm

Figure 2a shows the PLDR for single particles,
for shapes A, B, C and D (Fig. 1), in random
orientation, from ADDA/NOA calculations
(size parameter up to 68). Shapes E and F are
excluded from our analysis, since in-situ
observations have shown that particles with flat
surfaces are rare (<1%) in Saharan dust
samples, and their flat surfaces are much
smaller, resembling surface roughness. A more
detailed view is provided for shape A in Fig. 2b-
d, for the PLDR (Egn. 1), and the P;; and P,,
elements of the (normalized) backscatter
matrix. The ADDA/MOPSMAP calculations
(size parameter up to 30) are also shown.

PLDR = 10021~ P22 @)
P11+ Py,
Climatological dust size distributions for the
Saharan Air Layer (SAL) [10] are also shown in
Fig. 2e, with their size range to be well-covered
by the ADDA/NOA calculations.
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Figure 2. a) PLDR for single particles with
shapes A-D (Fig. 1). b) c¢) and d) show the
single-particle calculations specifically for
shape A: the PLDR, P;, and P,,, respectively.
Black lines denote the ADDA/NOA
calculations, and green lines the
ADDA/MOPSMAP calculations. €)
Climatological minimum/mean/maximum dust

size distributions (dN/dR) measured in-situ in
the SAL, during the AER-D campaign [10].
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Figure 3. a) Real and b) imaginary part of the
RI of dust particles, based on various studies in
the literature.

More specifically, for the PLDR calculations at
1064 nm we have used RI=(1.48-1.6) + i(0-
0.002), covering the minimum/mean imaginary
part of Rl at 1064 nm, as reported from various
studies in the literature (Fig. 3b). We have also
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used RI=1.52+i(0-0.0043) provided by the
ADDA/MOPSMAP database, in order to take
into account the climatological mean for the
real part of the Rl and the minimum/maximum
imaginary part of the RI at 1064 nm (Fig. 3).
Both provide  similar  results,  with
ADDA/MOPSMAP to be associated though
with higher uncertainty, due to its limited size
range.

For calculations considering dust particle
ensembles, we generated different shape
combinations (Fig. 4b), based on the
percentages provided by in-situ measurements
in SAL during the ASKOS campaign [11] (Fig.
4a).
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Figure 4. a) In-situ measurements in SAL of
the aspect ratio of dust particles during the
ASKOS campaign [11], corresponding to the
shapes A-D, as shown in the plot. b) Different
(number) mixing ratios for particles with
shapes A-D, used for our calculations.

Taking all the above into account, regarding the
climatological ranges for the realistic size, Rl
and shape of airborne dust in SAL, we
calculated the PLDR at 1064 nm for dust
particles at 30-40% (Fig. 7), with the values
presenting small differences between the
climatological mean/min/max size
distributions.

3. Extend calculations for PLDR at
355 and 532 nm (larger particle
sizes)

In order to investigate the PLDR at 355 and 532
nm, we extend the scattering calculations to
larger sizes, utilizing the PO approximation
This is work in progress, entailing up to now
only the faceted shape F (Fig. 1), since PO is
applicable only for faceted particles [9] (the
next step is to apply PO to shapes A-D, after
reproducing them with small facets). Figure 5
shows first results: in case of no absorption
(RI1=1.6+i0) the PLDR is constant for the larger
particles at size parameters 60-300; for
absorbing particles (even for small absorption
with R1=1.6+i0.002) the PLDR drops after size
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parameter 60, and becomes zero at size
parameter of 200.
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Figure 5. PLDR comparison for ADDA/NOA
(black) and PO (red), for shape F (Fig. 1), for
R1=1.6+i0 (top) and RI=1.6+i0.002 (bottom).
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Figure 6. Example of extending
ADDA/MOPSMAP scattering calculations at
355 nm.

These results are preliminary, but they show
that the PLDR of single particles with large
size remains constant (at ~40%) or drops at
0%. Based on this finding, we extend the
ADDA/MOPSMAP scattering data so as the
PLDR for size parameter>30 is either constant
(equal to its value at size parameter 30) or 0%.
To do so, we consider that P;4 is constant for
size parameter>30 and we derive the
corresponding P,, from Eqgn. 1, as shown in
Fig. 6 for the calculations at 355 nm. Then we
perform the calculations considering the size
distributions and shape as shown in Fig. 6 for
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the calculations at 355 nm. Then we perform the
calculations considering the size distributions
and shape mixtures discussed in Sect. 2, using
the climatological RIs for 355 nm
(R1=1.52+i(0.0043-0.0344)) and for 532 nm
(RI=1.52+i(0.00215-0.0086)) (Fig. 3). The
results for the PLDR at 355 and 532 nm are
shown in Fig. 7.

Using this methodology, we do not derive the
exact values of the PLDR at 355 and 532 nm,
but a range of “acceptable” values, based on
the clear tendencies provided by PO for the
PLDR of particles with large sizes (Fig. 5).
Although the range of values, especially for the
PLDR at 355 nm, is quite large for practical
lidar applications, these results are still
informative: it is interesting to note that
observations assigned to “dust” in the literature
[12] (black frames in Fig. 7) are not possible
based on our calculations, since they would
imply that the single-particle PLDR for large
sizes would be negative.
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Figure 7. Saharan dust PLDR at 355 (blue) and
532 nm (green), based on extended
ADDA/MOPSMAP scattering calculations.
The PLDR at 1064 nm (red) is calculated
based on the ADDA/NOA scattering
calculations (not extended, with high
accuracy). The black frames show the
corresponding values for Saharan dust from
the literature [12] for 355 and 532nm, and for
1064 nm from ASKOS campaign [11] with the
PollyXT Raman-polarization lidar [13] and
with the NASA Langley HALO HSRL, along
with observations in Athens, Greece, with the
WALL-E lidar [14].

4. Insights regarding the dust
mixing state

Figure 7 shows lidar observations reported in
the literature that, compared to our calculations,
provide also smaller values for the PLDR at
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355, 532 nm [12], and for 1064 nm [13]. The
low-PLDR values may be reproduced if we take
into account possible mixing of airborne
Saharan dust with other aerosol types, as
pollution or even marine particles. Since the
PLDR at 1064 nm is derived herein with a high
certainty, it may be a valuable tool for
studying the mixing state of Saharan dust in
the atmosphere, as has also been suggested in
previous studies [15].
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