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Abstract. Dust orientation is an ongoing investigation in recent years. Its potential proof will be a paradigm shift for dust remote
sensing, invalidating the currently used simplifications of randomly-oriented particles. Vertically-resolved measurements of
dust orientation can be acquired with a polarization lidar designed to target the off-diagonal elements of the backscatter matrix
which are non-zero only when the particles are oriented. Building on previous studies, we constructed a lidar system emitting
linearly- and elliptically-polarized light at 1064 nm and detecting the linear and circular polarization of the backscattered light.
Its measurements provide direct flags of dust orientation, as well as more detailed information of the particle microphysics.
The system also employs the capability to acquire measurements at varying viewing angles. Moreover, in order to achieve good
signal-to-noise-ratio in short measurement times the system is equipped with two laser sources emitting in interleaved fashion,
and two telescopes for detecting the backscattered light from both lasers. Herein we provide a description of the optical and
mechanical parts of this new lidar system, the scientific and technical objectives of its design, and the calibration methodologies

tailored for the measurements of oriented dust particles. We also provide the first measurements of the system.

1 Introduction

Dust particles have non-spherical irregular shapes and they have been reported to present preferential orientation (Ulanowski
et al., 2007). If present, particle orientation will play a role in the radiation reaching the surface of the Earth and the top of the
atmosphere, as well as in the interpretation of the remote sensing observations used for dust monitoring from space, that cannot
be described using the long-established assumption of randomly-oriented particles. The phenomenon of dust orientation has
been extensively studied for space dust (e.g., Whitney and Wolff, 2002), whereas the investigation for the Earth’s atmosphere
is a relatively new field of research. Specifically, the only signature of dust orientation in the Earth’s atmosphere comes from

astronomical polarimetry measurements of dichroic extinction during a dust event at the Canary islands (Ulanowski et al.,
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2007) and a dust event at the Antikythera island in Greece (Daskalopoulou et al., 2021). However these measurements refer to
column-integrated values, not being capable for vertically-resolved retrievals.

Lidars (light detection and ranging) are capable of providing vertically-resolved measurements of dust orientation in the
atmosphere. Previous studies have demonstrated the feasibility of using circularly- or linearly-polarized lidar measurements
to detect the orientation of ice crystals in clouds (Kaul et al., 2004; Hayman et al., 2012; Balin et al., 2013; Volkov et al.,
2015; Kokhanenko et al., 2020) and it has been theoretically shown that these techniques can be extended to oriented dust
particles (Geier and Arienti, 2014). Specifically, Geier and Arienti (2014) demonstrated that although the linearly-polarized
measurements provided by most of the lidar systems are sufficient for discerning ice crystal orientation, this is not the case
for smaller particles as dust, for which we expect much lower differences than the order(s) of magnitude reported for oriented
particles in clouds. What they suggested is to use light that is linearly-polarized along a plane at an angle # 0, or circularly-
polarized light, and detect the backscattered light at different polarization planes. With this approach they showed that the
off-diagonal elements of the backscatter phase matrix could be retrieved, providing information on the orientation of the
particles.

In this work we propose a different approach for the polarization lidar we designed and constructed, aiming for direct mea-
surements of dust orientation, without having to retrieve the individual off-diagonal elements of the backscatter phase matrix,
and also aiming at sufficient information on dust microphysical properties. The new lidar, nicknamed WALL-E, employs two
lasers, with the first emitting linearly-polarized light along a plane at 45° with respect to the horizon, and the second emitting
elliptically-polarized light, with the angle of the polarization ellipse at 5.6° with respect to the horizon. The two laser sources
emit interleavingly and their backscattered light is collected also interleavingly, for both, by two telescopes. At the detection
side, after the first telescope, the linear polarization of the backscattered light is measured, whereas after the second telescope
the circular polarization of the backscattered light is measured. The operating wavelength is at 1064 nm for better probing the
dust coarse mode. The system is capable of measuring at more than one zenith and azimuth viewing angles so as to provide
more information on the dust orientation and microphysical properties, depending on the angle of the particle orientation. In
order to derive the orientation properties of the particles with respect to the horizon, we define the polarization of the emitted
and detected light with respect to the horizon. To achieve highly-accurate polarization measurements with high signal-to-noise
ratio (SNR), the lidar system uses high-power lasers, large aperture telescopes and small receiver field-of-view. For the de-
sign and calibration of the system we followed the high quality standards of the European Aerosol Research Lidar Network
(EARLINET) (Freudenthaler, 2016).

In Section 2 we present a general description of the instrument, including mainly the optical and the mechanical parts of the
system. In Section 3 we describe the methodology we followed for the system design, based on specific scientific and technical
objectives. In Sections 4 and 5 we present the various calibration procedures. In Section 6 we provide a methodology for
comparing the measurements with the ones from commonly-used polarization lidars, using the volume linear depolarization
ratio. In Section 7 we present the first measurements of the system, acquired during a dust case in Athens, Greece. In Section

8 we provide an overview of this work and we discuss its future perspectives. The detailed calculations for the methodologies
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presented herein are provided in the Appendices A, B and C, as well as in the Supplement. Moreover, a table containing all

acronyms and symbols is also provided in the Supplement.

2 Overview of the lidar components

The lidar system is equipped with two emission units, and two detection units. The lasers in the emission units emit interleaved
light pulses, and their backscattered light is measured interleavingly for each laser at the detectors of the detection units. Each
of the detection units is comprised of a telescope, polarizing optics and two detectors. The system uses this "two-laser/two-
telescope/four-detector” setup to record eight separate signals.

The lidar has been developed by Raymetrics S.A. and it is housed in a compact enclosure that permits the system to perform
measurements in the field, under a wide range of ambient conditions. As shown in Fig. 1, it is comprised by the upper "head"
part, containing the lasers, the telescopes and the detection units of the system, the bottom "electronics compartment", contain-
ing the power supplies of the lasers, the Transient Recorders (TRs), the Master Trigger Control Unit and the Lidar Peripheral
Controlling unit (LPC), and the "positioner" which holds the head and facilitates its movement along different zenith and az-
imuth angles. The electronics compartment and the head are connected with two umbilical tubes that contain the cooling lines

of the lasers and the power and communication cables.

Figure 1. The lidar system, with the "head" part at the top (1), the "electronics compartment" at the bottom (2), and the "positioner" of the
head (3).
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2.1 The head

The head of the system contains the lasers, the telescopes, and the rest of the detection units. The lasers and telescopes are
placed in a diamond-shaped layout (Fig. 2, right), that ensures equal distances of both lasers from both telescopes, for the
proper alignment of the laser beams with the field-of-view of both telescopes.

We use Nd:Yag lasers (CFR400 from Lumibird S.A.), emitting at 1064 nm, with energy per pulse of ~ 250 mJ (Table 1).
We expand the laser beams by 5 times with beam expanders of Galilean type. Each laser and beam expander are mounted on a
metallic plate which ensures their alignment and proper expanding of the outgoing expanded laser beam. In front of the lasers
we place appropriate optical elements in order to change the polarization state of the emitted light, as described in Section
3. Specifically, in front of the "laser A" we place a Half Wave Plate (W P) to change the plane of its linear polarization to
the plane at 45° with respect to the horizon, and in front of the "laser B" we place a Quarter Wave Plate (QW P) followed
by a HW P, to change its linear polarization to elliptical polarization, with the angle of the polarization ellipse at 5.6° with
respect to the horizon, and degree of linear polarization of 0.866. The QW P and the HW Ps are mounted on stepping-index
rotational mounts (with accuracy of 0.1?), which enable us to accurately rotate them to the desired positions and produce the
desired polarization states, as described in Section 4.

The telescopes are of Dall-Kirkham type, with an aperture of 200 mm and focal length of 1000 mm (F#5). The full overlap

of the laser beams to the telescope field-of-views is achieved above 400-600 m.

Figure 2. The lidar head. Left: Cover of the lidar head, showing the windows in front of the two lasers and the two telescopes. Middle:
Photorealistic image of the internal parts of the head, showing the lasers and their beam expanders, the telescopes and the rest of the

detection units. Right: Front view of the head, showing the diamond-shaped layout of the lasers (LA and LB) and telescopes (TA and TB).
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Table 1. Laser A and B parameters

laser A laser B

Nominal wavelength (nm) 1064 1064

Energy (mJ) 256.1 256.9

Near Field Beam Diameter (mm) 6.25 6.14

Pulse Width - FWHM (nsec) 7.29 7.46
Divergence at 86.5 % (mrad) 1.11 0.73
Pulse Rate (Hz) 20 20

The detection units after the telescopes (Fig. 3) contain the optical elements (e.g. HW P, QW P, Polarizing Beam Splitter
cube P BS) that alter the Stokes vector of the collected backscattered light, so as to measure its polarization state effectively, as
discussed in detail in Section 3. The signals are recorded by two cooled Avalanche PhotoDiodes (APDs) at each detection unit,
which contain remote-controlled power supplies and cooling units. Each detection unit contains also a shutter for performing
dark measurements, a camera for the alignment of the lasers with the telescopes, and an interference filter for reducing the

background light in the measurements.
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Figure 3. The detection unit after telescope A, containing the optical elements that are used for the detection of the polarization state of the
backscattered light, with the signals recorded at the two APDs (1). It also contains a PB.S cube (2), followed by cleaning polarizing sheet
filters (3), a shutter for dark measurements (4), a camera for the alignment (5), a turning mirror for redirecting the light to the camera (6), an
interference filter for the reduction of the background light (7), and a mechanical rotator (8) for accurately rotating a HW P for the system

calibration (Section 4). The detection unit after telescope B is the same, with a QW P placed before the PBS.

The lidar head is protected from rain and dust with covers and with special glass windows in front of the lasers and the
telescopes (Fig. 2, left). The covers can be easily removed to allow access to the internal parts of the head. Moreover, thermo-
electric coolers are installed inside the head in order to stabilize the internal temperature, and to provide tolerance to ambient

temperatures up to 45 °C.
2.2 The positioner

The positioner enables the lidar head to move along different zenith and azimuth angles. Due to constrains from the umbilical
tubes, the head can be moved along —10° to +90° from the zenith, and at —150° to +150° around the vertical. The positioner
consists of two side arms and a base (Fig. 4) which can be manually rotated. For changing the zenith angle, the one of the side

arms is driving and the other is free. A break on the free arm reduces the backlash.
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Figure 4. The fork-type positioner of the lidar head.

2.3 The electronics compartment

100 The electronics compartment (Fig. 5) contains the power supplies of the two lasers, the LPC, the LICEL rack containing the
TRs for digitizing and recording the signals from the APDs, and the Master Trigger Control Unit that synchronizes the emission

of the two lasers and the acquisition of the backscattered signals. Moreover, it contains a UPS and a precipitation sensor.

Figure 5. The enclosure with 1) the LPC unit, 2) the LICEL rack with the TRs and the Master Trigger Control, 3) the UPS, 4) the power

supplies of the lasers, and 5) the precipitation sensor.

The synchronization of this complicated lidar system with two lasers emitting interleavingly and with their backscattered
signals recorded interleavingly, requires a sophisticated triggering system. We use a master trigger control unit, produced

105 by Licel GmbH (Fig. 6) that utilizes two trigger generators for the synchronization of the emission of the lasers and of the
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acquisition of the signals. As shown in Fig. 6b, the first trigger generator produces a pulse that starts the flash lamp. The laser
builds up its maximum energy for 160 usec, and then a second pulse turns on the active Q-switch, which allows the release of
the laser beam pulse. In the meantime, a third pulse triggers the acquisition of the backscattered light from laser A. Pre-trigger
measurements are acquired until the emission of the laser A beam pulse. The same sequence is performed from the second
trigger generator for laser B, starting 10 ms later, in order to avoid the recording of overlapping photons from the backscattered
light of laser A. The duty cycle of lasers A and B is ~ 12 ms and the time between each cycle is 50 ms (fixed due to the

repetition rate of the lasers of 20 Hz), with 38 ms idle time.
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Figure 6. a) The LICEL rack with the TRs and the Master Trigger Control Unit. b) The pulses from the Master Trigger Control Unit that

synchronize the emission of the two lasers and the acquisition of the backscattered signals. The lengths of the pulses are in ps.

The lidar system is controlled from the LPC unit. This is an "enhanced" embedded computer with specific I/Os that fits
the lidar requirements, providing several ethernet interfaces that makes the controlling (local or remote) of the lidar easy and
safe. Temperature and humidity conditions inside the enclosure and the head can be recorder with the LPC. Additionally, the

precipitation sensor (Fig. 5) provides information about precipitation conditions. Moreover, several hardware interlocks are
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connected to the LPC and shut down the lasers in case of emergency. The LPC also controls the mechanical rotators of the

optical elements used for calibration purposes (Section 4).

3 Emission and detection design based on the measurement strategy

The core of the new lidar system is its emission and detection design, based on our measurement strategy for monitoring the
oriented dust in the atmosphere. Our approach is different from the measurement strategy of previous works, which either focus
on the retrieval of the individual elements of the backscatter matrix of the oriented particles utilizing moving elements in the
system (e.g., Kaul et al., 2004), or use complicated designs that are difficult to be calibrated effectively (e.g., Geier and Arienti,
2014). We choose to avoid both, in order to achieve robust measurements along with their effective calibration. Moreover, most
of the previous works utilize visible light measurements whereas we use near infrared light measurements at 1064 nm, to better
probe the larger dust particles (a more detailed discussion is provided in Tsekeri et al. (2021)).

Figure 7 shows the simplest design of a "two lasers/two telescopes/four detectors" lidar system that is able to detect the
elliptically-polarized backscattered light from oriented particles in the atmosphere without using any moving parts. The linear
polarization of the backscattered signal is detected using a linear-polarization-analyzer (a PBYS) in the detection unit after
telescope A, and the circular polarization of the backscattered signal is detected using a circular-polarization-analyzer (a QW P
followed by a PBYS) in the detection unit after telescope B. The calibration methodology is based on the solutions introduced
by Freudenthaler (2016) for EARLINET lidar systems, as well as on new methodologies tailored for the detection of oriented
particles, presented in Section 4.

Instead of retrieving the individual off-diagonal elements of the backscatter matrix F' (Eq. 1), we aim for measurements
that are combinations of only the off-diagonal elements of the backscatter matrix that will be nonzero only in case of oriented
particles. This way we acquire direct measurements of dust orientation, in the form of flags of "yes" or "no" particle orientation.
This first-level information of the oriented dust in the atmosphere is straightforward to achieve, since it does not require any
inversion procedure. Moreover, it is important to have, considering that the phenomenon of dust orientation has not been
extensively observed in the Earth’s atmosphere, even at this elementary level. To achieve this, laser A should emit linearly-

polarized light at 45°, as discussed in detail below.

Fyy Fio Fiz3 Py 1 fi2 fiz fua
Fis Fy Iy Fyy fi2 fa2 faz foa
F= =Iy (D
—F3 —Fy3  F33  Fyy —fiz3 —fa3  faz  fau
Fiy Iy —Fzy Fy fia  foaa —far faa

Fyj
Where, fi; = o
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Along with the measurements of "orientation flags", we aim for measurements that provide additional information for the
particle orientation properties, as the particle orientation angle and the percentage of oriented particles in the atmosphere, as
well as information on dust microphysics, i.e. an estimation of the particle size and refractive index. These are parameters that
are necessary to have in order to explain the phenomenon of dust orientation in more detail. The methodology for defining the
optimum measurements includes simulated atmospheric scenarios and machine learning tools, and is presented in Tsekeri et
al. (2021). Briefly, the backscattered light is simulated for different orientation angles and mixtures of random and oriented
particles, as well as irregular shapes and realistic sizes for dust particles. In order to derive signals that provide additional
information for the dust orientation and microphysics, the light of laser B should be elliptically-polarized so as the backscattered

signals contain more elements of the backscatter matrix.

10
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Half Wave Plate
Quarter Wave Plate
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Field Stop
Collimating Lens
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IFF Interference Filter

Turning Mirror

Camera (alignment)

PBS Polarizing Beam
Splitter Cube

Cleaning Polarizing Sheet Filter
Neutral Density Filter
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Emission Unit Laser B

Eye Piece

R Reflected
Motorized Rotator

Manual Indexed Rotator
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Manual Rotator

Detection Unit Telescope A
Detection Unit Telescope B

Figure 7. Sketch of the system design: two lasers shooting alternatively (L4 and Lpg), with the backscattered signals correspondingly
alternatively collected by two telescopes (T4 and TB) and then redirected at two detectors for each telescope (D_S;, S =T,R as of
"Transmitted" and "Reflected" channels, j = A, B). The polarization of the light emitted from each laser is changed appropriately, using the
HW Pr, 4 for laser A and the QW Py, followed by the HW P, for laser B. The laser beam of each laser is expanded with a beam expander
(BEX). After the first telescope the light goes through PB.St 4 and after the second telescope the light goes through QW Prpg and PBSt.
The HW Pr 4 at telescope A is used to correct the rotation of the PBSt 4 (Section 4.1). The HW Prp at telescope B is used to check the
position of the QW Prp with respect to the PBStp (Section S4 in Supplement)). The shutter at each telescope is used for performing dark

measurements. The camera at each telescope is used for the alignment of the laser beams with the field-of-view of the telescope.

This Section provides the methodology we followed to define the properties of the optical elements in the emission and the
detection units of the lidar system, so as to fulfil the technical and scientific objectives of our measurement strategy. Considering

the layout in Fig. 7 the only "free" parameters that we need to define are the polarization state of the light from the emission

11
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units of laser A and B, and the position of the QW Prp in the detection unit after telescope B (the HW Pr 4 and HW Ppp are
used for calibration purposes (see Section 4 and Section S4 in the Supplement)).

The measured signal 1", ¢ for laser i = LA, LB, at the detection unit after telescope k = T'A, T'B, at the detector S =T,
R ("Transmitted" and "Reflected" channel after the P B.Sj, respectively), is shown in Eq. 2-4.

I s = Ei ins xeMi[(F + G)i; + 4] +yn, , o 2
Mra=Mgs raMo_ 14 3)
Mrp =Ms rsMow_rsMo_rB “4)

InEq.2, E; j = ArO; 1 T(0,7)"2E,;, where Ay, is the area of the telescope k, O;  is the overlap function of the laser beam
receiver field-of-view with range 0-1 (for laser ¢ and telescope k), T'(0,r) is the transmission of the atmosphere between the
lidar at range r = 0 and a specific range in the atmosphere, and E,; is the pulse energy of laser i. g f is the amplification of
the signals at S = T or R detector of the detection unit after telescope k. e = [1,0,0,0]7 is used to select the first component of
the Stokes vector, which corresponds to the signal intensity measured at the APDs. M, is the Mueller matrix of the detection
unit after telescope A (Eq. 3) and B (Eq. 4): M . is the Mueller matrix of the PB.S}, followed by cleaning polarizing sheet
filters, Mo , is the Mueller matrix of the receiver optics (i.e. telescope k, collimating lenses, bandpass filter), and Mgow 75
is the Mueller matrix of the QW Prp. F and G are the backscatter Stokes phase matrices of the dust particles and of the gas
molecules, respectively, at a certain range in the atmosphere. For the explicit definition of the Muller matrices in Eq. 2, 3 and
4, see Section S1 in the Supplement. %; is the Stokes vector of the light from the emission unit of laser 4, and 44 is the Stokes

vector of the background skylight. yx;,

+ s 18 the electronic background of the S =T or R detector at the detection unit after

telescope k, for detecting the backscattered signal of laser .

After subtracting the background skylight signal offset, and considering noise-free measurements, the signals I; 74 g and

I; T s, are provided in Eq. 5 and 6, respectively.

Ii ra s =FE; rans raeMgs raMo r4(F + G)i; )

I 7B s = E; rens reeMs rsMow _r8Mo r5(F + G)i; (6)

12
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Performing the Mueller matrix calculations, I; 74 s and I; g g can be written as a function of the Stokes parameters of
the light from the emission units of the lasers 4; = [I;,Q;, U;, V;]T, the fast-axis-angle ¢7p of the QW P with the reference
180 plane, and the backscatter Stokes phase matrix elements (all highlighted in Eq. 7 and 8). In Eq. 7 and 8 we consider ideal

receiver optics (i.e. telescope, collimating lenses, bandpass filter), with no diattenuation, retardation and misalignment effects.

I.
LTS =I;+ (Ds 7ali + Qi) f12 + Ui fis + Vifia+ Ds 174Q; fa2+
Ei rans_raTs raTo raFia 7

+ Dgs 74U; fas + Ds 74Vifaa + Iigi1 + Ds 14Qi922

I tB_s

=I;+ (D bornli + Qi -D IL,+U;
E; 7ns rBTs 7BT0 7B F11 * STE 2 +Qi)f1z + (= Ds r5cagrns2orali+ Ui frot

+ (=Ds_rB52¢rpLi + Vi) fra+ Ds 1864, Qi f22+
+ Ds 1B(—C2¢rp 52475 Qi + C%¢TB U;)f2s+Ds 75(—52¢r5Qi + C§¢TB Vi) faat+
+Ds 1BC2¢r5 5265 Ui f33 + Ds_18(52¢r5Ui + C2¢r5 52675 Vi) f3a — Ds_1B52¢r5 Vifaat+

+1I;g11 + DS_TBng_',TB Qi922 + D5 1BC2¢r5 52475 Ui933 — Ds_TBS2¢15 Vigaa
®)

Where, g;; = %, C2prp = COS(20TB), S2prs = Sin(2¢7R), Ts i is the unpolarized transmittance (S = T') or reflectance
185 (S = R) of the PBSy, and Dg  is the diattenuation parameter of the transmitted or reflected channels of the P B.S), followed

by the cleaning polarizing sheet filters (D1 , =1 and Dp_;, = —1, respectively, see Section S1 in Supplement).

As can be deduced by Eq. 7 and 8, in order to use laser A to achieve measurements that contain only the off-diagonal
elements of the backscatter matrix, the following conditions must be met: Q4 =0 for Iy 74 s, Voa=0for Ipa 75 s,
and ¢rp = 45°. Thus, the Stokes vector of the light from the emission unit of laser A should be 45°-linearly polarized,

190 dpa = [1,0,1,0]T. This is achieved using the HW P, 4 in front of laser A (Fig. 7), as discussed in Section 4.2. Moreover, the
fast-axis-angle of the QW P should be at ¢ = 45°.

For calibration reasons, we use the ratios of the measurements of the reflected and transmitted channels after the P B S}, (Eq.
9 and 10). The calibrated backscatter signal ratios of laser A provide a direct flag of particle orientation (Fr4 74 and Fr 4 75

in Eq. 12 and 13, respectively), when their values are # 1.

IpaTar 1— fi2+ f13 — fas + 911

195 == =npg ©)
Inarar 1+ fiz+ fi3 + f23 + 911
Ipa T R 1+ fi13+ f1a — faa + 911 (10)

=nrB
Ita BT 14+ fiz— fia+ faa + 91

13
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_nrrTrTB
nr_reTr.TB

Due to the HW Prp in the detection unit after telescope B (used for checking for systematic errors in measurements, as

The calibration factors 774 = MR ralrTA ang nrB

AT are derived as shown in Section 5.

discussed in Section S4 in the Supplement)), Eq. 10 changes to Eq. 11.

Ita T R — s 14+ fis— fia+ faa+9n1
Itare.T 14 fi3+ f1a — faa + 911

1)

The orientation flags Fr 4 74 and F 4_7p are provided in Eq. 12 and 13.

1 I
FLA_TAziw (12)
nralparar

1 I
Frarpg= _~ ILATBER (13)
nr Ira B T

Having achieved the orientation flags with laser A, we use laser B to increase the information content of the measurements in
terms of dust orientation properties (e.g. angle and percentage of oriented particles in the atmosphere) and of dust microphysi-
cal properties (e.g. size and refractive index). For this reason, the light from the emission unit of laser B is elliptically-polarized
with the angle of the polarization ellipse at 5.6° and Stokes vector ir.g = [1,0.85,0.17,0.5]T. The derivation of the optimum
polarization state of ¢y, is provided in detail in Tsekeri et al. (2021), using an extended simulated dataset for various atmo-
spheric scenes with oriented dust particles. In their work, the backscattered light is simulated for different orientation angles
and mixtures of random and oriented particles, as well as irregular shapes and realistic sizes for dust particles. The elliptical
polarization of 1,5 is set with the QW P and the HW Py, g in front of laser B (Fig. 7), as discussed in Section 4.3. The

corresponding signal ratios are shown in Eq. 14 and 15.

I 1+ 015f12 + 017f13 + 0.5f14 - O85f22 - 017f23 — 0.5f24 + gi1 — 085922

LBTAR _ - (14)
Iiprar 14 1.85f12 + 0.17f15 + 0.5 F14 + 0.85 f22 + 0.17 faz + 0.5 f24 + g11 -+ 0.85g22
Iipopp L +085 124007 15+ 15f1a +085f2a — 017fsa +0.5faa + 911 + 0501 )

nre
Irp BT 1+0.85f12 +0.17f13 —0.5f14 — 0.85f24 +0.17f34 — 0.5f44 + 911 — 0.5g44

Due to the use of the HW Prp in the detection unit after telescope B (Section S4 in the Supplement), Eq. 15 changes to Eq.
16.
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I 7B R 1+0.85f12+0.17f13 —0.5f14 —0.85f24 +0.17f34 — 0.5f44 + g11 — 0.5944
T =NrB
Iup.rpT 140.85f12 4+ 0.17f13 + L5 f14 + 0.85f24 — 0.17 faq + 0.5 Faa + g11 + 0.5gu4

(16)

4 Definition of the polarization of the emitted and detected light with respect to the horizon

The polarization of the light emitted and detected by the system should be defined with respect to the horizon, so as the retrieved
properties of the oriented particles are defined with respect to the horizon. This is done by first leveling the head of the lidar
along the horizon using a spirit level, which then enables us to use the frame of the lidar head as the reference coordinate
system. The "frame coordinate system" (Fig. 8a) is a right-handed coordinate system, with z p-axis parallel to the horizon and
the zp-axis pointing in propagation direction of the emitted light from lasers A and B, considering that both lasers are parallel.

The optical elements are considered to be perfectly aligned with eachother in the detection units after telescopes A and B
(because their holders are manufactured and assembled in a mechanical workshop with high accuracy), but the detection units
are possibly rotated around the optical axis with respect to the frame coordinate system by angles wr 4 and wr g, respectively
(Fig. 8b and c). The Stokes vectors of the light collected at telescope A and B are consequently described including a multi-
plication with the rotation matrices Rra (—wr4) and Rrp(—wrp), respectively (see Eq. S.5.1.7 in Freudenthaler (2016)),
which affects the measurements of the polarized components after P B.St 4, but not after PB.St g, as shown in Appendix A.
The rotation of the detection unit after telescope A is corrected using the HW Pr 4, as shown in Section 4.1.

The "DUr 4 coordinate system" and the "DUr g coordinate system" in Fig. 8b and c are the right-handed coordinate systems
of the detection units after telescopes A and B, respectively. The xpy,., and ypy,., axis coincide with the incidence plane of
PBSr4,and the x py,., and ypr,., axis coincide with the incidence plane of PB St .

Equations A1-A6 in Appendix A show the formulation of Eq. 7 and 8 for I; ; g with respect to the frame coordinate system,
taking into account all the optical elements of the system, along with the rotation of the detection units after telescopes A and

B. The analytic derivations of Eq. A1-A6 are provided in Section S2 of the Supplement.

15
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Figure 8. a) The "frame coordinate system" (black) is the reference coordinate system with x p-axis parallel to the horizon. b) The "DUr 4
coordinate system" (light blue) is the coordinate system of the detection unit after telescope A, which is rotated with respect to the frame
coordinate system by an angle wr 4. The effect of this rotation on the signals is corrected using HW Pr , placed at 074 = — <4 (red) with
respect to the x p-axis. ¢) The "DUrp coordinate system" (orange) is the coordinate system of the detection unit after telescope B, which
is rotated with respect to the frame coordinate system by an angle w7 . The rotation does not affect the measured signals. The QW Prg
before PBStp, is placed at ¢ = 45° with respect to the zpuy, -axis. d) The light emitted directly from laser A is linearly-polarized
with unknown angle of polarization 4. As shown in Eq. 17, using the HW P, 4 with fast-axis-angle 0,4 = 22.5° + %4, we produce the
light emitted from the emission unit of laser A with angle of polarization 291, 4 = 45°. e) The light emitted directly from laser B is linearly-

polarized with unknown angle of polarization a, 5. As shown in Eq. 18, using the QW Pr, g with with fast-axis-angle ¢ = arp — 307,

and the HW Ppp with fast-axis-angle 0.5 = “52 — 12.2°, we produce the elliptically-polarized light emitted from the emission unit of

laser B with angle of polarization 5.6° and degree of linear polarization 0.866.

The Stokes vector of the light from the emission unit of laser A and B is provided by 274 (Eq. 17) and <15 (Eq. 18),
respectively. The light emitted directly from laser A (4;s, 1,4) and laser B (45, 1) is considered to be 100% linearly-polarized,
with angle of polarization ellipse with respect to the frame coordinate system a4 and az, g, respectively, i.e. 415, a(apa) =

T

T
240 [1 Coap4 S20,. 0| inEq.17,and 4js rp(are) = |1 con,p S201s 0} in Eq. 18. The angles a4 and oy, are
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unknown a-priori. The polarization of the light from the whole emission unit is defined according to the position of the optical
elements in front of the lasers with respect to the frame coordinate system, i.e. the fast-axis-angle 61, 4 of the HW Py, 4 in front
of laser A, and the fast-axis-angle ¢, g of QW Pr, g followed by the HW Pr, g with fast-axis-angle 6, g in front of laser B (Fig.
8d and e; Eq. 17 and 18).

In order to simplify Eq. 17 and 18 we use the angles ¥4 =04 — &4 and v p = ¢ — o p. From Eq. 17 and 18 we

2

deduce: Uy 4 =22.5% and 07 4 = 22.5° — “LA (Fig. 8d), o = —30°, ¢rp = arp —30° and 0 p = “L2 —12.2° (Fig. 8e).

1 1 1
. . C(46,,4—20x Ca9 0
ira=Mpw_ra(0pa)tisr_Lalapa) = “ora=2era)l = (17)
S(40La—2ara) 54914 1
0 0 0
1 1 1
) . Coprp—arp)C(40L -2 C2pr5C(40L 5 —2 0.85
ir5=Mpuw_r5(015)Mow L5(015)is rplaps)= | orrTore)Weem20me) | e 0L =200m) |
C2(prp—arp)S(40L5—2¢1B) C20155(40L,5—261B) 0.17
—S2(¢re—arLs) —S2pLp 0.5
(18)

4.1 Correction of the signal I; 7o g, due to the rotation of the detection unit after telescope A

Equations Al and A3 in Appendix A show that the rotation of the detection unit after telescope A changes the signals 1,4 74 s
(Eq.9)and I, 74 s (Eq. 14), respectively. In order to correct for this effect, we have to set the fast-axis-angle of the HW Pr 4
at 74 = — =54 with respect to the z py,. , -axis (Fig. 8b), so that (49, , +2w,4) = 1 and 549, , 420,,) = 0in Eq. Al and A3.

Since the value of 614 with respect to the x py,. , -axis is unknown a priori, we assume that it deviates from the desired value

by an unknown angle e 4, thus 74 = ’“’2“ +e74. We derive e7 4 by using the measurements from laser A, after placing a

linear polarizer in front of the window of laser A at 45° from x p-axis (Fig. 9), and rotating the HW Pr 4 in order to perform
a methodology similar to the "A90° calibration" of Freudenthaler (2016), as in Fig. 10 and described in detail in Appendix B.

The methodology is applicable only when there are only randomly-oriented particles in the atmosphere.

17
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Figure 9. Linear polarizer in front of the window of laser A, placed at 45° from x p-axis.
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Use HWP,, to correct the rotation of the detection unit after telescope A, with respect to the horizon

Place a LP at 45" | [W

| Rotate HWP,,
M | by 0°and 45°
/| and find the deviation &,

Rotate HWP by -,
| and set HWP
®
at 0“=_$

= =
@2 “2
H faa} H f=a}
=2 [==]
| |

. ‘ O —2rainy)

to correct for the
rotation of the
detection unit

Figure 10. Methodology for correcting the measurements I1,; 74 s due to the rotation of the detection unit after telescope A.

4.2 Definition of the polarization of the light from the emission unit of laser A with respect to the horizon

In order to set the linear polarization of the light from the emission unit of laser A at 45°-degrees with respect to the horizon,
260 as discussed in Section 3, we have to set ¥/ 4 = 22.5° with respect to x p-axis (Eq. 17; Fig. 8d). Since the value of ¥/ 4 is
unknown a priori, we assume that it is equal to an unknown angle €1, 4. We derive €1, 4 by performing the "A90° calibration"
of Freudenthaler (2016) by rotating the HW Py, 4 in front of laser A, as shown in Fig. 11 and discussed in detail in Appendix
C. Then, we rotate the HW P, 4 by 22.5° —ep 4 and set 94 = 22.5°. (¥pa =04 — O‘LTA (Eq. 17), thus in order to change
¥1,4 by angle z, it is sufficient to rotate the HW Pr, 4 and change its fast-axis angle 61, 4 by angle x.)
265 Our methodology considers that the atmosphere consists of only randomly-oriented particles and that we have corrected the

effect of the rotation of the detection unit after telescope A on signals I1; 74 s (Section 4.1).
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Use HWP,, to define the polarization of laser A with respect to the horizon
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Figure 11. Methodology for defining the polarization of the light from the emission unit of laser A, with respect to the horizon.

4.3 Definition of the polarization of the light from the emission unit of laser B with respect to the horizon

The desired elliptical polarization of the light from the emission unit of laser B with respect to the horizon is shown in Eq. 19,
with angle of the polarization ellipse ae,, = 5.6° and degree of linear polarization be,, = 0.866. bey, = 2., 5, thus in order
270 to set it to the desired value, we rotate the QW Ppp and change ¢ p appropriately (¢ = ¢ — arp (Eq. 18), thus for
changing ¢ g by angle x, it is sufficient to rotate the QW P, 5 and change its fast-axis angle ¢, 5 by angle x.). After we have
set bem, We set ey, = 2015 — ¢ 1B to the desired value, by rotating the HW P p in front of laser B. The angles a1, ¢r1B,

¢rp and 0, p are shown in Fig. 8e.
Our methodology is described in Fig. 12. We consider randomly-oriented particles in the atmosphere and we use the mea-
275 surements of laser B at the detection unit after telescope A. The detection unit is aligned with the frame coordinate system
(Section 4.1). First, we consider that the polarization of the light from the emission unit of laser B with respect to the frame
coordinate system is unknown, with unknown angle of the polarization ellipse o and degree of linear polarization b. In order

to set them to cveyy, ben, Wwe perform the following steps:
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1. We derive o and b by turning the HW Pr, g by appropriate angles, using a similar methodology to the "A90° calibration"
of Freudenthaler (2016), as shown in Fig. 12, and in detail in Appendix D.

2. We change @15 = %g(b) by turning the QW Pr,p by w Then, ©1.B new = % and the degree of

linear polarization is set to the desired value b, .

3. The turning of QW Pr g in (2), changes the angle of the polarization ellipse to an unknown value of «,.,,. We calculate

Qperw Using the methodology in (1).

4. After deriving ou,eq, We set the angle of the polarization ellipse to the desired value aeyy,, by turning HW Prp by

Qem —Anew

1 1 1
c c _ bemC2a.,, 0.85
irg = 2¢B%(40L 8261 B) _ 2 _ (19)
C201 55408 —261B) bems?aem 0.17
_$2SDLB 1-— bemz 0.5
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Use HWP, , and QWP ,to define the polarization of laser B with respect to the horizon
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Figure 12. Methodology for defining the polarization of the emitted light from laser B with respect to the horizon.
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5 The derivation of the calibration factors nT 4 and nTp

The calibration factors 177 4 and nrp are derived considering randomly-oriented particles in the atmosphere. We calculate 1 4
using the ratio of the signals from laser A at the detection unit after telescope A, considering that the effect of its rotation on

the signals is corrected (Section 4.1). The 1 4 is calculated as shown in Eq. 20 (using Eq. A2 in Appendix A).

ILA_TA_R(GTA:— “La) Nr.1ATR TA [fu + 911} ILA_TA_R(GTA:— “TA

(20)

TA =
Toa ma 7(0r =222 nr_raTr_ralfin+ g11) Tra ra mora=—21a)

We derive the calibration factor 7 using the ratio of the signals from laser A at the detection unit after telescope B, as

shown in Eq. 21 (using Eq. A5 in Appendix A).

Inater  MR1BTR 7B [f11+911] _IraTe R
= TE= T
Itarer nroreTrrs|fu+gu] Ipare T

ey

6 The derivation of the volume linear depolarization ratio

The volume linear depolarization ratio (VLDR) is a useful optical parameter for comparing the measurements of the new
polarization lidar with measurements from the commonly-used polarization lidars, which emit linearly-polarized light and
measure the corresponding cross- and parallel-polarized components of the backscattered light. The VLDR is calculated using

the atmospheric polarization parameter a as shown in Eq. 22.

_1—a

T 1+a 22)

We derive VLDR considering an atmosphere containing only randomly-oriented particles. Moreover, we consider that the
effect of the rotation of the detection unit after telescope A with respect to the frame coordinate system is corrected (Section

4.1) and that the calibration factor nr 4 is calculated using measurements of laser A, as shown in Section 5.

We turn HW Pr4 by 22.5°, s0 as O 4 = —‘”%A + 22.5°. Then, the measurements from laser A at the detection unit after

telescope A are provided from Eq. 23, and the VLDR is calculated as shown in Eq. 24, using Eq. 22.

ILA_TA_S_(GTA =—2TA4 122.5)

5|
—-|1-aD } (23)
Eparans.raTs raTo raFii(fii+911) 2 sS4
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ILA,TA,R,(GTAszTTAﬁz.s) 14+a nra 1 ILAfTA?T?(GTAzf YTA 122.5)
:nTAl—a ~S =0=

nra ILAfTAfR?(OTA:— ©TA 1922.5)

(24)

ILAfTAfo(GTA:— “TA 4+22.5)

Due to the rotation of HW Pr 4, the VLDR measurements cannot be acquired simultaneously with F, 4 74 (Eq. 12) and

I TA R
Inp TaT

(Eq. 14), but they are acquired simultaneously with F 4 75 (Eq. 13) and Z?% (Eq. 16).

7 First measurements

We present measurements from Athens, Greece, on November 16, 2020, showing a dust layer. Figure 13 shows the 15—min
averaged signals Ir 4 74 7 at 16:22—18:19 UTC (Fig. 13a), with the corresponding orientation flags Fr4 74 (Eq. 12)
shown in Fig. 13c. The orientation flag Fr 4 75 (Eq. 13) was not measured, due to the removal of one of the APDs of the
detection unit after telescope B on that day. The 15—min averaged signals I g 74 7 at 16 : 22 — 18 : 19 UTC are shown in
Fig. 13b. The instrument points vertically. The minimum height of 600 m of the signals in the plots is the full-overlap height,
derived by the telecover test (Freudenthaler et al., 2018).

The dust layer is at 1 — 2.5 km, as shown in the VLDR profile in Fig. 13d. The orientation flag shows no indication of
particle orientation for this case. The VLDR values are 0.1 for the dust layer and 0.003 at aerosol-free heights of 5 — 6 km
(not shown here), in accordance to the value of 0.0035 provided in literature for molecular atmospheres (Freudenthaler et al.,
2018).

Iiatar Iipar Frarta VLDR
4.0
33 — 16:22-16:26 — 18:27-18:41
— 17:29-17:42
- 30 — 18:05-18:19
4
=
b
L
Jas
0.0 0.0 0.0 0.0
1 2 3 4 0 1 2 3 4 0.8 0.9 1.0 1.1 1.2 0.0 0.1 0.2 0.3
le7 le7
Range-corrected Range-corrected . .
a) 2 b) & c) Orientation flag d) VLDR

signal (A.U.) signal (A.U.)

Figure 13. Lidar measurements at 1064 nm during a dust case at Athens, Greece, on 16 November 2020. The legend shows the time range in
UTC for the 15—min averaged signals: a) Ira 74 7,b) Irs 1A 7 and ¢) Fra_7a.d) The VLDR measurements at 18 : 27 — 18 : 41 UTC.

The heights are above the surface level.
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8 Overview and future perspectives

The new polarization lidar nicknamed WALL-E is designed to monitor possible dust particle orientation in the Earth’s atmo-
sphere. This work describes in detail the conceptual design, its mechanical and optical parts, the calibration procedures, and
finally the first measurements of the system.

The design extends the boundaries of lidar polarimetry, considering the various states of polarization emitted and detected
by the system, their interleaved emission and acquisition, which enables the detection of eight signals with two lasers/two tele-
scopes/four detectors. Moreover, an important part of the design is the development of new methodologies for the calibration
of the measurements and their alignment with the horizon, so as to define a reference system for the particle orientation.

The mechanical developments include the compact design of the system, its mobility, its ability to perform measurements
at the field under a wide range of ambient conditions, and its ability to perform measurements at various zenith and azimuth
viewing angles.

Finally, the first measurements are shown for a dust plume on November 16 2020 in Athens, Greece. The overlap height
is at 600 m and the VLDR measurements reproduce the molecular VLDR in aerosol-free heights, as this is provided in the
literature.

The future perspectives of this work, on the technical level, include the modification of the design to provide measurements
at further ranges, so as to study particle orientation for desert dust at higher altitudes as well as ice crystals in cirrus clouds.
With respect to the analysis of the measurements, we plan to develop a retrieval algorithm that will utilize the measurements
from the linearly-polarized and elliptically-polarized emitted light and it will provide not only flags of particle orientation, but
also the particle orientation angle, the percentage of oriented particles in the atmosphere and estimations of particle size and
refractive index.

The novel two-laser/two-telescope configuration utilized here, has been also implemented on the recently developed EVE
lidar system (Paschou et al., 2021). The system was developed to provide ground reference measurements for the validation,
assessment and improvement of the L2A products of the Aeolus mission of the European Space Agency (ESA), by deploying
the traditional polarization lidar system with linearly polarized emission at 355 nm on the one hand, and the operation of
Aeolus that relies on the circularly polarized emission at 355 nm on the other.

The detection and monitoring of dust particle orientation in the Earth’s atmosphere will unlock our ability for realistic
simulations of the desert dust radiative impact, and optimize parameterizations for the natural aerosol component in Earth
System Models, in front of today’s challenges posed by climate change. The applications of the new polarization lidar do not

limit on this work but are anticipated to open new horizons for atmospheric remote sensing.
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Appendix A: Formulas of lidar signals I; i, s

Equations A1-A6 show the formulation of Eq. 7 for the signals I; j g, taking into account all the optical elements of the
system, along with the rotation of the detection units after telescopes A and B, with respect to the frame coordinate system

(Fig. 8). The analytic derivations of Eq. A1-A6 are provided in Section S2 of the Supplement.

Al IpaTas

Itaras=FEpraransraeMg raMpw 1aMo raRralF(x) +Glipa =

ItaTa s

= c s
Erazansrals raTo maFn fi1+ 911+ cagp 4 f12 + 549, 4 f13+

+ D TAC(407 4 +20p ) [J12 + Cavp 4 (foz + g22) + Sa0, 4 f23]+ (Al)

+ D5 TAS (407 at+2wra) | — J13 — Ca0pa f23 4 529,4 (f33 + g33)]

After correcting I, 4 74 g for the rotation of the detection unit after telescope A, by setting the fast-axis-angle of HW Pry4

at 04 = — L4 (Section 4.1), Eq. Al is written as Eq. A2.

T 1A S (0pa=—224

. = fi1+ 911+ cawpafiz+sa9 0 f13+ Ds ralfiz 4 cao, o (fo2 + 922) + Sa9, 4 f23]
Era rans maTs raTo raFi

(A2)

A2 IrBrTA S

It 1A s=FErLp rans. raeMs raMpw 7aMo raAR7A[F(2) + Glirs =

It 1A S

= D _
Erg 7ans taTls 7aTo TaFi fut [ STACUOra+20ra) T s Ca0Ls %LB)]flz—'_

+ [CQ<PLB S(40rLp—2¢1B) DS,TAS(49TA+2wTA)j| f13

=820, 5 /14 T DS TAC407 4 12074)C2015C(40L 5 —2615) 22T

+ DSﬁTACQQOLB [C(4OTA +2wra)5(40L5—2¢LE) — (407 4+2wrA)C(40L B —2¢LB)} fos+
— D5 TAC407 A+2w74)52015 24 + D5_TAS(407 44207 4)C2015 5 (40, 5 —261 ) [33T
— D5 TAS407 4 +20r4)52015 [31+

+ 911+ DS_TAC(40TA +2wra) 20 C(40L 5 *2¢LB)922+

+ D5 TAS4054+2wr4)C201 554015 —2615)933
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(A3)

After correcting I, g 74 g for the rotation of the detection unit after telescope A, by setting the fast-axis-angle of HW Pry4

365 atfrs = —=LA (Section 4.1), Eq. A3 is written as Eq. A4.

ILB_TA_S_(HTA =—YTA)

Ere 1ans 7aTs 7aTo TaFi1 =fu+ [DS—TA + CZWBC(‘WLB*%LB)] Ji2+ €201 5840, 5 —2015) 13 = S201 f1a+

+Ds TAC20; 5C40, p—2615) 22 T Ds_TAC2; 5546, 5—2615) f23 — Ds_TaS2p, 5 foat

+g11+ DS_TAC2SOLB6(49LB_2¢LB)922
(A4)

A3 IraTB.s

Ita e s =Era rens. reeMs reMow rsMuaw 1Mo reRrpe[F(x) + Glipa =

IraTB S

Fraronarsls 2000 roFn = fi1 +cay, 0 fro+ a9, 4 f13+ Ds mBf1a+ Ds 7BC19, o foa — Ds 7BS19, 4 f34 + 911

370 (AS)

A4 IrprTB S

Itg 8.5 = Er rens rseMs reMow r8Muw 1Mo _reRrp[F(x)+ Glirg =

1B TB. S

Erg rens t8Ts r8To TBF11 =f11+ C2015C0, 5 —2615) f12 + C2p1nS (10, p—2015) 13+ [Ds 1B = 820,5] frat

+Ds 1BC2p; 5 C46, 5 —2¢15) f24 — DS_TBC2p, 5S40, 5—2615) /3¢ — Ds_TB52p, p faa+

+911 — Ds_ TBS2¢p; 5944
(A6)
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375 Appendix B: Derivation of e 4 for correcting I1,o_ta s and ILg Ta_s, for the rotation of the detection unit after

telescope A.

After placing a linear polarizer in front of the window of laser A at 45° from x p-axis (Fig. 9), we acquire the measurements

Ipa 14 _s_ase (Eq. S28 in the Supplement). Considering 074 = =%+ +er4 we derive ILAiTA7574507(9TA:_ STA {opy) @S

shown in Eq. B1.

Tra 1A 5 450 (07 a=—“TA 4ern)

= D w :| 1 =
Erarans 7aTs 7aTo 7aFi1 [fn + 911+ Dsras@oratawra) (f33 + 933) | (14 549..)

[fll 911+ DS TAS@(— 234 1 ep )+ 20p4) (f33 +933)} (L+s49,) =

2

380

N RN~ N~

[fu + 911+ Ds 7484e7,(f33 +933)} (I+549,,) = BD

Ia 14 s a0 (Ora=—=ZA tera) 1
= ——— — 2 T4 ==—|1—aDg 7484 }1—&-879
Erarans 74Ts 7aTo raFi1(fi1 +911) 2 aStera | ( 914)

: . tat) : _ Jootges _ _ f3z+gss
a is the atmospheric polarization parameter with a = Fite ™ " Tatan

We derive e7 4 in a similar way as the "A90° calibration" (Section 11 in Freudenthaler (2016)), by rotating the HW Pr4
by an additional angle of 0° and 45° with respect to the x py,. , -axis (Fig. 10). The respective calculations are provided in Eq.
B2-B9:

I o (0mye T 1
w A_TA Ora=— + asye 1+s 14 as4e
385 7 (GTA _ _%A +5TA) _ IL _TA_R_45°_(01a b4 +era) = nra (1 4 TA)( 419LA) _ TAﬁ (B2)
LA_TA_T 45°(0pa=—"54 +era) (1 —asges ) (1+520,,) 1—asser,
I ° =45— 74 1+as c 1+s
n* (9TA — 4+45° — wrA +5TA> _ _LATARA5 _(Ora=45—"5%+era) _ nra ( 4(45+ TA))( 49,4) _
2 ILA,TA,T,450(0TA:457 YTA Lery) (1 — AS4(454eq 4 )) (1+849,,)
(B3)
1—asscr,
=np4——TA
i 14+ asse,,
*(Ora=—952 +era) — 0" (Ora = +45° — “ZA + ¢ 2
Y(era,a) = " (Ora K r4) =" (0ra 2 ra) AS4eq 4 (B4)

3

* (QTA = _W%A +ETA) +7’]* (GTA = +45° — UJTTA +€TA) o 1+a28‘215TA
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Following the tangent half-angle substitution (Section S.12.1 in Freudenthaler (2016)) we derive €74 and a by successive

approximation, as shown in Eq. B5-B9.

1 1 in(Y
eTA = —arcsin | —tan arcsin (Y (er4,0)) (B5)
4 a 2
ye 1 tan (arcsin (Y(€TA,(1))> (B6)
Sdera 2
As a first approximation of e 4 we calculate e 4, with Eq. B7.
1 in(Y
ETA, = Zarcsin [tan (arcsm( 2(6TA’Q)) )} <eErTA (B7)
After adjusting the HW Pr 4 by —e7,, which results in 074 = —*“Z4 +-e74 —e7a,, we derive Y (er4 —e724,,a) (Eq. BS).
Then, €14 is calculated by Eq. B9.
2CLS4(E,ETA )
Y(e—era,0) = —F5—"— (B8)
! 1—|—a254(5_ETAl)
Y(era—era,,a) o 54(€TA—ETAZ)(1 + SiETAaz) _ SA(era—era) _ E€TA—ETA, 1— ET A,
Y(era,a) Sgep (14 Si(ETA—ETAL)CLQ) Sdeqa ETA ETA
(B9)
}/(&‘TA7 a)
= ETA R ETA
"7 Y(era,a) —Y(era —era,a)
Figure B1 shows the test performed for zeroing €74 and setting 074 = =5+ (step 3 in Fig. 10), by the successive steps

described above. Specifically, with zero rotation of the HW Pr 4, e 4, = 4.69°, with —4.69° rotation of the HW Pr4,e714, =
—0.22¢, and finally with —4.69° + 0.22° = —4.47¢ rotation of the HW Pr 4, €74, = 0°.
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Figure B1. The test performed for zeroing e 4 and setting of 074 = 2TA , for the correction of ILa_Ta_s and Ig Ta_s, for the rotation

of the detection unit after telescope A.

Appendix C: Derivation of €, 4 for defining the polarization of ¢ 4 with respect to the horizon

For the derivation of the 1,4 we use the signals I, 4 74 s (Eq. A2), after they are corrected for the effect of the rotation of
the detection unit after telescope A, by setting 6774 = —=%4 (Section 4.1). Moreover, we consider that the atmosphere consists
of randomly-oriented particles, thus the off-diagonal elements in Eq. A2 are zero. Then, the signals I} 4 14 g(p, ,=— @A Are

provided in Eq. C1.

Tra 14 s(0ra=—22ay=Era rans raTs raTo raln [fn + 911+ Ds racag, o (faz + 922)] = )

=FEra rans.taTs vaTo_raFui(fi1+g11)[1+aDs racss, ]

fa2+g22

Where, ¥, 4 = €1, 4 and a is the atmospheric polarization parameter, a = o

We rotate the HW Pr, 4 by +22.5° and —22.5° with respect to the x p-axis and we derive €1, 4 by performing the "A90°
calibration" of Freudenthaler (2016), as shown in Eq. C2-C8.

TLA TAROra=—2TA) (9, 4=205+epa) L —0Cs2254e,,)

N (Vpa=42254¢epa) =

T
ILA_TA_T(HTAzf CTAY (9p4=22.5+€L4) 1+ QAC4(22.5+€r,4)
(C2)
1—acotaer ) _ 14+ as4e, ,

nra
1+ ac9otder ) 1—asse; ,

=17NrA
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1 __wraA __ 1—ac_
n* (Ipa=—225%+epa)= ILA‘TA‘R(QTA 57)-(9ra=—225+era) _ T (Z90+dera) _
LATA_T(0ra=—2ZA) (9 4=—22.54cr4) +AC(—90+4ep,4)
(C3)
—y 1—asse, ,

T A
1+asse; ,

- n* (?9LA =+22.50—|—€LA) -n* (19[“4 = —22.5O+€LA) o 2(1$4ELA
Y(eLA,a)— " - = 3.2 (C4)
n (’19LA=+22.50—|—6LA)+'I7 (19LA=—22.50+€LA) 14+a Siesa

Following the tangent half-angle substitution (Section S.12.1 in Freudenthaler (2016)) we derive €1, 4, as shown in Eq.
C5-C8.

arcsin (Y (epa,a)) )] (C5)

1 . lt
€A = —arcsin | —tan
LA 4 a 2

As a first approximation of €7, 4 we calculate 1,4, with Eq. C6.

1 in (Y
ELA, = zarcsin [tan (arcsm( ;ELA’G)))] <era (C6)

After adjusting the HW P, 4 by —e14,, Which results in ¥, 4 = e,4 —e1.4, With respect to the x p-axis, we derive Y (e 4 —

era,,a) (Eq. C7). Then, €14 is calculated by Eq. C8.

2as4(5LA_5LAl)

Y(epa—epa,,a) = 53 (CD
1+a 84(5LA—5LAZ)
Y(epa—epa,a) 84(5LA*5LA1)(1 + S?LELAGQ) _ S4(era—era) _ELA—ELA, 1— ELA, N
Y(&LA,(I) 848LA(1+S‘21(€LA*€LAZ)GJ2) Sdera ELA ELA
(C8)

Y(epa,a)
Y(era,a) =Y (epa—cerpa,,a

Figure C1 shows the test performed for zeroing €1, 4 and setting 91,4 = 22.5° (step 2 in Fig. 11), by the successive steps

described above. Specifically, with zero rotation of the HW P 4, €1, 4, = 4.03°, with —4.03° rotation of the HW P 4,14, =
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0.56°, with —4.03° — 0.56° = —4.59° rotation of the HW Pr 4, €14, = 0.13°, and finally with —4.59° —0.13° = —4.72°

rotation of the HW Pr, 4, €14, = 0°.

- 10
2]
2
=
2
= 0 m|
e
<
— -5 -.
(=¥
=
jas

-10 w

—6 —-4 —2 0 2 4 6

Figure C1. The test performed for zeroing €14, for defining the polarization of 27,4 with respect to the horizon, by setting the angle of

polarization at 2974 = 45°.

Appendix D: Derivation of the angle of the polarization ellipse o and of the degree of linear polarization b, for

defining the polarization of < 5 with respect to the horizon.
D1 Derivation of the angle of the polarization ellipse o

The signals I, 74 s (Eq. A4) are provided by Eq. D1, considering an atmosphere with randomly-oriented particles (all off-
diagonal elements of the backscatter matrix are zero), and that the detection unit after telescope A is aligned with the system

frame (Section 4.1). Note that in Eq. D1 "a" is the atmospheric polarization parameter, whereas "a" is the the angle of the

polarization ellipse of the light from the emission unit of laser B.

I1p 14 S(0ra=— 224 +
-TAS(Ora ) =1+ DS_TACQSDLBC(49LB—2¢LB)% =1+abDs Tac2q (DD

Erg rans.1mals raTo maFi1(fi1+g11)
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In order to derive the angle o we rotate the HW Prp by +22.5° and —22.5° with respect to the x p-axis, SO as a1 450 =
a+45° and a_450 = o — 45°, respectively (since a = 20,5 — ¢, 5, Eq. 19). We then perform a methodology similar to the

"A90° calibration" of Freudenthaler (2016) to derive «, as shown in Eq. D2-DS8.

ILB 7A ROpA=—“TAa) 450 1 —abc(aq 1+ absso,
n* (a+450 :a+45") _ 7 _TA_R(0Ta LA ) _aqas :77TA1 . (20+90) _ . 2 (D2)
LB_TA_T(0ra=—TA)_a 450 4 abc(20.490) 1 — absag
ILB TA_R(Ora=—2TA) o o 1-— abC(Qa_go) 1-— ab32a
n* (_g50 = o — 45°) = ——— "= I = A ——— = rAT—— (D3)
( ) ILB_TA_T(GTA:_WTTA)_Q7450 1+ abC(ga,go) 14 absa,
* — 450 _ * _ o = _450 2 b
Y(a.a.b) = N (Qga50 = a+45°) — n*(a_g50 = ) absay (D4)

N* (50 = a0+ 45°) +n* (0 _450 = o — 45°) 1y a?b?s?,

Following the tangent half-angle substitution (Section S.12.1 in Freudenthaler (2016)) we derive o by successive approxi-

mation, as shown in Eq. D5-D9.

o= 1arcsin [ltan (arcsm (¥(ea,0)) )} (D5)
2 ab 2

As a first approximation of a we calculate a;; with Eq. D6.

a = %arcsin {tan (arcsin (Y(a,0)) >} (D6)

2

After adjusting the HW Pr g by —%, which results in a6 = @ — oy (Eq. 19), we derive Y (o — oy, a,b) (Eq. D7). Then, «
is calculated by Eq. D8.

N (+45° + o — o) —* (—45° + o — ) 2absa(a—ay)
Y - b = e —
(@ =anab) = s a—a) Fn (—45° +a—a) [+ a®?sy, ) (D7)
Y(a—ap,a,b)  Saa—ay)(1+0a?0?s3,)  a—o o
Y b = 1 2p2 g2 ~ =l-—=
(a,a,b) s2a(l+a sz(afal)) a «
(D8)
Y (a,a,b)
E X (&%)

Y(a,a,b) =Y (a— ay,a,b)
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D2 Derivation of the degree of linear polarization b

As shown in Fig. 12, after calculating « in Section D1, we rotate the HW Ppp by —3 and by 22.5° — 5, so as oy = 0° and

g = 45° with respect to the x p-axis, respectively (Eq. 19).

Then, b is derived from Eq. D9-D11 (using Eq. D1), considering that we have already derived the atmospheric polarization

parameter a using the measurements of laser A at the detection unit after telescope A, as shown in Section 6.

Irp 14 R(0ra=—=%4) « 1 —abcy 1—ab
(e = 0°) = _1A_ = o)1 L—abco _ 1—ab o
= L ratrae=za) e " Ttabey " *1+ab (D9)
Ing 1A ROpA=—224) o 1— abe
(g = HB?) = I BT e = (D10)
LB_TA_T(0ra=—"Z4) _as + abcyg

y_ L (a2 = +45%) — n*(a1 = 0°) (D11)
an*(ag = 4+45°) + n* (o = 0°)
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