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Abstract. From 23 January to 13 February 2020, 20 manned research flights were conducted over the tropical
Atlantic, off the coast of Barbados (13◦30′ N, 58◦30′W), to characterize the trade-wind clouds generated by
shallow convection. These flights were conducted as part of the international EUREC4A (Elucidating the role of
cloud–circulation coupling in climate) field campaign. One of the objectives of these flights was to characterize
the trade-wind cumuli at their base for a range of meteorological conditions, convective mesoscale organizations
and times of the day, with the help of sidewards-staring remote sensing instruments (lidar and radar). This
paper presents the datasets associated with horizontal lidar measurements. The lidar sampled clouds from a
lateral window of the aircraft over a range of about 8 km, with a horizontal resolution of 15 m, over a rectangle
pattern of 20 km by 130 km. The measurements made possible the characterization of the size distribution of
clouds near their base and the presence of dust-like aerosols within and above the marine boundary layer. This
paper presents the measurements and the different levels of data processing, ranging from the raw Level 1 data
(https://doi.org/10.25326/57; Chazette et al., 2020c) to the Level 2 and Level 3 processed data that include a
horizontal cloud mask (https://doi.org/10.25326/58; Chazette et al., 2020b) and aerosol extinction coefficients
(https://doi.org/10.25326/59; Chazette et al., 2020a). An intermediate level, companion to Level 1 data (Level
1.5), is also available for calibrated and geolocalized data (https://doi.org/10.25326/57; Chazette et al., 2020c).

1 Introduction

Subtropical regions play a major role in the radiation balance
of the Earth due to their dry free troposphere and their abil-
ity to emit a large amount of heat to space (Pierrehumbert,
1995). Within the marine boundary layer, these regions are
associated with low-level clouds that also contribute to cool
the Earth through the reflection of sunlight. In the trade-wind
regimes, the prevailing clouds are shallow cumuli (Norris,
1998). They are so ubiquitous that their response to changes
in the environment has the potential to greatly influence the
global radiation budget. In climate models, the differing re-

sponses of these clouds to global warming has been identi-
fied as one of the leading causes of uncertainty in climate
sensitivity (Bony and Dufresne, 2005; Brient et al., 2016;
Medeiros et al., 2015; Vial et al., 2017). The models that
predict a significant decrease in shallow cumuli with warm-
ing predict a higher climate sensitivity than the models that
predict weak or no change. To assess the credibility of cli-
mate projections, it is thus necessary to understand how these
clouds interact with their environment.

This was one of the main motivations of the EUREC4A
(Elucidating the role of clouds-circulation coupling in cli-
mate) field campaign which took place in January–February
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2020 over the western tropical Atlantic, west of Barbados
(Stevens et al., 2020). This experiment was originally de-
signed to test our understanding of low-cloud feedbacks
(Bony et al., 2017), especially the physical processes that
control the cloud fraction around cloud base, where climate
models predict the largest changes in cloudiness with warm-
ing. In addition, clouds in the trade-wind regimes exhibit
prominent forms of convective organization (Stevens et al.
2020), and the mesoscale cloud patterns depend on envi-
ronmental conditions and influence the reflection of sun-
light (Bony et al., 2020). The question thus arises as to
whether changes in the mesoscale organization of clouds
might play a role in low-cloud feedbacks (Nuijens and
Siebesma, 2019). Answering this question constitutes an-
other key objective of the EUREC4A campaign. To address
these issues, EUREC4A aimed at characterizing the field
of trade cumuli, in particular the horizontal cloud coverage
around cloud base, the spatial arrangement and the size dis-
tribution of clouds, through complementary platforms and in-
struments, including airborne lidars.

Indeed, from a remote sensing point of view, shallow cu-
muli count among the most challenging clouds. They are
small, broken and sometimes very optically thin, so their de-
tection by radiometry can be difficult. In contrast, lidars have
the potential to detect them much better (Liou and Schot-
land, 1971; Spinhirne et al., 1982). Space-borne lidars asso-
ciated with missions such as LITE (Lidar In-space Technol-
ogy Experiment, Winker et al., 1996), GLASS (Geoscience
Laser Altimeter System; Palm et al., 2005; Spinhirne et
al., 2005), CALIPSO (Cloud-Aerosol LIdar with Orthogo-
nal Polarization; Winker et al., 2003) or more recently CATS
(Cloud-Aerosol Transport System, Yorks et al., 2016) have
even revolutionized our knowledge of the global distribution
of clouds (Berthier et al., 2008). However, cloud observa-
tions from ground-based, airborne or satellite lidar technol-
ogy were made at the nadir or zenith. Due to the overlap of
cloud layers, this can make the observation of the cloud frac-
tion around cloud base difficult. Moreover, the laser beam is
so thin that it can only sample a tiny fractional area of the
cloud field, especially in regions where the cloud fraction
rarely exceeds 10 %. To increase the areal sampling of the
cloud field and observe the cloud distribution at cloud base,
EUREC4A introduced a new sampling approach, consisting
in using an aircraft carrying a sidewards-staring lidar. This
strategy was realized by implementing the Airborne Lidar
for Atmospheric Studies (ALiAS) (Chazette et al., 2012b)
with a horizontal line of sight in the ATR-42 of SAFIRE (the
Service des Avions Français Instrumentés pour la Recherche
en Environnment), using a modified lateral window on the
aircraft. A horizontally looking cloud radar was also imple-
mented on the same aircraft to complement the lidar obser-
vations and benefit from the lidar–radar synergy for the de-
tection of clouds.

Horizontal lidar measurements have a great potential not
only for the observation of clouds, but also for the char-

acterization of aerosols. During the AMMA (African Mon-
soon Multidisciplinary Analysis; Redelsperger et al., 2006)
campaign, Chazette et al. (2007) mounted a lidar on an ul-
tralight aircraft and showed that if the atmosphere is hor-
izontally homogeneous along the line of sight, horizontal
shooting directly gives access to the extinction coefficient
of aerosols without any hypothesis on their nature (Chazette
et al., 2007). The same approach was used during the Dust
and Biomass EXperiment (DABEX) with a combination be-
tween lidar measurements from an ultralight aircraft and in
situ measurements from the UK FAAM aircraft (Johnson et
al., 2008). Therefore, during EUREC4A the horizontal lidar
measurements made from the ATR-42 were also used to char-
acterize the marine boundary layer and long-range transport
of aerosols within the free troposphere.

The goal of this paper is to present the flight strategy, mea-
surements, data processing, and cloud and aerosol products
derived from the horizontal lidar measurements made during
the EUREC4A campaign. Section 2 presents the ALiAS lidar
characteristics and Sect. 3 the implementation of the lidar in
the ATR-42 aircraft. The flight plan and its decomposition
into different phases are presented in Sect. 4. Section 5 de-
scribes the different levels of data processing and the cloud
and aerosol products that constitute the final dataset. The
conclusion is presented in Sect. 6 as well as how to access
the data.

2 Lidar characteristics

The ALiAS lidar was flown on board the ATR-42 (Fig. 1) of
SAFIRE off the east coast of Barbados. Developed at LSCE
(Laboratoire des Sciences du Climat et de l’Environnement)
following a precursor instrument (Chazette et al., 2007),
ALiAS is based on a frequency-tripled Nd:YAG laser
(ULTRA-100) manufactured by Lumibird Quantel emitting
at the wavelength of 355 nm. It satisfies eye safety require-
ments (EN60825-1) at the output window considering the
characteristics given in Table 1 (emitted wavelength, pulse
energy, repetition rate, beam diameter and pulse duration).
The UV pulse energy is 30 mJ and the pulse repetition rate
is 20 Hz. The acquisition system is based on a PXI-5124
(PCI eXtensions for Instrumentation) fast digitizer working
at 200 MHz and 12 bits, without going through a pulse (pho-
ton) counter, leading to an initial resolution along the line of
sight equal to 0.75 m. Using co- and cross-polarized channels
relative to the linear polarization of the emitted radiation,
ALiAS was designed to monitor the cloud, aerosol and hy-
drometeor distributions and dispersions in the low and mid-
dle troposphere from aircrafts. It was successfully used on
board the Falcon 20 of SAFIRE to monitor and study the ash
plume following the eruption of the Eyjafjallajökull volcano
(Chazette et al., 2012b). The main characteristics of ALiAS
are given in Table 1.
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Figure 1. ALiAS on board ATR-42 during the EUREC4A cam-
paign.

3 Implementation in the aircraft

ALiAS was installed in the aft of the ATR-42 aircraft in an
orientation that enabled a direct near-horizontal line of sight.
Its orientation was measured the entire time by an inclinome-
ter. The only possible solution for such an implementation,
in compliance with aviation regulation, i.e. without complex
modifications to the structure or aerodynamics of the aircraft,
was to adapt an optical window with a custom frame inside
an existing passenger window (Fig. 2). UV fused silica was
chosen to ensure correct transmission of several useful lidar
wavelengths (355, 532, 830, 1550, 2000 nm) at affordable
cost. The frame being 244 mm× 164 mm, a 20 mm thick-
ness was sufficient to ensure both a safety factor of ∼ 6 for
mechanical resistance to air pressure difference and a wave
front error below λ/20 at 355 nm (Spark and Cottis, 1973).
The window flatness was specified to λ/4 at 633 nm, with an
optical coating of 315 nm of MgF2 to reduce theoretical re-
flection losses to around 4 %. The ∼ 15◦ inclination of the
window due to the curvature of the plane fuselage avoids
harmful effects of the reflected beam inside the lidar, as long
as the receiving aperture is above the emitting aperture, but
extra beam tubing was found to be necessary to limit the im-
pact of diffuse echoes on the sensitive lidar detectors.

A specific study and certification were performed by
SAFIRE itself to install the window at the back of the ATR-
42 aircraft, on the starboard side. The optical head of ALiAS
was already in a fibreglass container adapted to aircraft oper-
ation. As shown in Fig. 1, a standard aircraft-certified rack
structure was fitted with a carrying structure for this con-
tainer, and the elements of the lidar electronics were installed
below, making the lidar system an easily mounted and self-
contained unit. It was operated in flight from a passenger sit-

ting in front of an in-flight checkpoint, allowing real-time
validation of the cloud base altitude sampling.

4 Flight strategy

The flight strategy was defined well before the intensive cam-
paign and presented in Bony et al. (2017). It has been adapted
to take into account the ATR-42 autonomy and the coor-
dination with the other platforms involved in EUREC4A.
The goal being to achieve a statistical sampling of the cloud
fields, each flight repeated more or less the same flight plan,
twice a day, independent of weather conditions.

On a given day of operation, the ATR-42 generally per-
formed two flights, with each flight having a duration of
∼ 4 h. The take-off time of the ATR-42 was tightly coordi-
nated with that of the High Altitude and Long-Range Re-
search Aircraft (HALO) operated by DLR (Deutsches Zen-
trum für Luft- und Raumfahrt). The endurance of HALO
(∼ 9 h) allowed the two ATR-42 flights to be conducted
within the timeframe of a single HALO flight, taking into
account the time for refuelling at Grantley Adams Interna-
tional Airport (GAIA) in between ATR-42 flights. Most of
the ATR-42 flying time was spent off the east coast of Bar-
bados within the so-called HALO circle, along which HALO
released dropsondes and observed the atmosphere at nadir
with a radar, a lidar and multiple radiometers (Stevens et al.,
2019).

The flight strategy is illustrated in Fig. 3 for the flight on
26 January 2020. It was built along five major phases (see
Table 2), which contributed to the multi-aircraft and statis-
tical sampling strategy implemented during the field cam-
paign. Note that during straight-line flights, the typical speed
of the aircraft was ∼ 100 ms−1. Each phase was designed
to address particular scientific requirements of the lidar and
other remote sensing and in situ instruments composing the
ATR-42 payload (radar, aerosol and cloud microphysics, wa-
ter vapour stable isotopes using cavity ring-down spectrom-
etry, turbulence).

1. On the way to the HALO circle, the ferry time was ded-
icated to perform an aircraft sounding up to 2.5–4.5 km
above mean sea level (a.m.s.l.) to describe the vertical
thermodynamical and dynamical structure of the lower
atmosphere and obtain a first guess of the location of
cloud and aerosol layers. Such an aircraft sounding was
aimed at retrieving aerosol extinction coefficient and
volume depolarization ratio profiles from the lidar mea-
surements (see Sect. 5.3.2) and assess whether the up-
per part of the sounding was conducted in aerosol-free
and/or cloud-free conditions. It is worth noting that sev-
eral episodes of dust transport from West Africa were
evident from the lidar data during the campaign.

2. Upon arriving in the HALO circle, the ATR-42 started
performing two or three north–south-oriented rectan-
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Table 1. Characteristics of ALiAS on board the ATR-42 during the EUREC4A airborne campaign.

Wavelength 355 nm
Pulse repetition rate 20 Hz
Pulse duration 8 ns
Beam diameter 25 mm
Divergence < 0.2 mrad
Reception diameter 150 mm
Filter bandwidth 0.2 nm
Field of view 3 mrad
Detector Photomultiplier
Detection mode Analogue
Digitalization 12 bits
Native line-of-sight resolution 0.75 m
Dimensions of the optical head 45 cm (height), 28 cm (width), 18 cm (deep)
Weight of the optical head ∼ 15 kg
Weight of the electronics ∼ 20 kg
Power supply 220 V AC
Consumption < 500 W

Figure 2. Location of the ALiAS lidar in the ATR-42 (a). The lidar is placed horizontally (b) and the laser beam is guided to the MgF2
window (c) to avoid laser reflections. Window (c) has replaced a passenger window (d) in the back of the aircraft.

gles (roughly orthogonal to the trade winds), approx-
imately 130 km long and 20 km wide. Each rectangle
was flown in 45–50 min. The northwestern and south-
westernmost corners of the rectangle were positioned
10 Nm (1 Nm= 1.852 km) to the west of the HALO cir-
cle. In the event that the ATR-42 circuit only included
two rectangles, they were always performed around the
cloud base height (CBH). When the circuit included
three rectangles, on some occasions, the ATR-42 per-
formed the first rectangle near the altitude of the ferry,
mainly to sample stratiform clouds near the inversion
level or the air just above. In such cases, the sideways-
pointing lidar ALIAS allowed the characterization of
the variability of aerosol-related extinction within the
HALO circle in cloud-free conditions, or was used to
obtain a cloud mask and further statistics on the prop-
erties of stratiform clouds, whenever they were present
at the altitude of the flight. The second and third rect-

angles were always performed at CBH, to collect statis-
tics on the spatial distribution of marine boundary layer
clouds, measure the cloud base cloud fraction and pro-
vide a cloud mask. Figure 3 shows an example of a flight
plan during which the three rectangles were performed
at CBH on 26 January. On one occasion (on 9 Febru-
ary) the ATR-42 circuit comprised four rectangles per-
formed at CBH (see Table 2),

3. After the rectangles, the ATR-42 performed two long L-
shaped legs (of 20–25 min each) below CBH, one near
the top and one near the middle of the subcloud layer.
The first part of the L-shaped leg consisted of a∼ 70 km
long east–west-oriented run (approximately parallel to
the mean trade winds), and the second part of the L,
also ∼ 70 km long, was oriented perpendicularly to the
first part. The return trip along the L-shaped legs was
generally performed at the same altitude (see Fig. 3).

Earth Syst. Sci. Data, 12, 2919–2936, 2020 https://doi.org/10.5194/essd-12-2919-2020
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Figure 3. Flight strategy of ATR-42 loading ALiAS for flight no. 04
on 26 January 2020. The five phases of the flight are highlighted.

These legs were essentially designed to characterize the
turbulent structure of the marine boundary layer. In our
case, they also allowed the characterization of the ex-
tinction and polarizing capability of aerosols present in
the marine boundary layer,

4. At the end of the return trip along the second L-shaped
run, the ATR-42 generally performed an ultra-low pass
at 60 m above sea level for ∼ 10 min in order to mea-
sure turbulent heat fluxes and marine aerosols within the
lower part of the planetary boundary layer.

5. The ATR-42 cruised back towards Barbados around
3 km a.m.s.l. (see Fig. 3). Meanwhile, the aircraft
soundings allowed a second retrieval of aerosol extinc-
tion coefficient and volume depolarization ratio profiles
which were used to assess how the geometrical and op-
tical properties of aerosol layers evolved in the course
of the flight.

The flight strategy was sometimes slightly adjusted based
on the meteorological situation, e.g. depending on the pres-
ence of a stratiform cloud layer near the trade inversion
level. The details on the ATR-42 flight blocks (rectangles,
L-shaped legs, surface legs) are given in Table 2. It should be
noted that prior to the beginning of Phase 2, a best-guess esti-
mate of the CBH, assessed from multiple sources of informa-

Figure 4. Lidar data processing diagram starting from raw data (1)
and calibrated data (Level 1.5) to products (Level 2 and Level 3).
The grey cells summarize the actions to be implemented for the
data processing. The green colour refers to data level in the pre-
processing phase. Level 2 and Level 3 are subdivided into cloud
(blue) or aerosol (orange) products.

tion (radiosoundings launched from BCO (Barbados Cloud
Observatory) and research vessels, dropsondes released from
other aircraft), was provided to the ATR-42 scientists via
the on-board chat capability. The flight altitude was then ad-
justed using real-time lidar echoes, cloud droplet counts from
cloud microphysics probes, and visual observations by the
pilots and the lidar operator through lateral windows.

5 Data type

The data are presented from their raw form to the analytical
products. They are classified into Level 1 to Level 3 as de-
fined in Table 3. Up to Level 2 (included), lidar profiles are
processed on an individual basis. The statistics performed on
Level 2 data are gathered in the Level 3 data. Statistics are
computed for all flights for the aerosol Level 3 products and
for Phase 2 of the flights for the cloud products. The step
from Level 1 data to the final products of Level 2 and Level 3
is schematized in Fig. 4. This section presents the steps taken
to derive data products. The data recording format is detailed
in Sect. 6. It should be noted that for Level 1 to Level 2, the
location and attitude of the aircraft are also reported for each
horizontal lidar profile.
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Table 2. Main flight blocks (rectangles, L-shaped legs, surface legs) for the ATR42 flights as well as flight dates.

Type of flight blocks ATR42 flight number (FXX) and date (DD.M)

Four rectangles at CBH F16 (09.2)

Three rectangles at CBH F04 (26.1), F05 (28.1), F06 (30.1), F07 (31.1), F08 (31.1), F10 (02.2), F12
(05.2), F14 (07.2), F15 (09.2), F18 (11.2)

Two rectangles at CBH F03 (26.1), F09 (02.2), F11 (05.2), F13 (07.2), F17 (11.2), F20 (13.2)

One rectangle at stratiform cloud level F11 (05.2), F13 (07.2), F17 (11.2), F19 (13.2)

Two L-shaped legs below CBH F03 (26.1), F04 (26.1), F05 (28.1), F06 (30.1), F07 (31.1), F08 (31.1), F19
(13.2), F10 (02.2), F11 (05.2), F12 (05.2), F14 (07.2), F15 (09.2), F17 (11.2),
F18 (11.2), F19 (13.2)

Surface flux leg F03 (26.1), F04 (26.1), F06 (30.1), F10 (02.2), F11 (05.2), F12 (05.2), F13
(07.2), F14 (07.2), F15 (09.2), F16 (09.2), F18 (11.2), F19 (13.2), F20 (13.2)

5.1 Level 1

5.1.1 Description

Level 1 data are raw data expressed in volts. They are the
result of time sampling at a frequency of 200 MHz. The raw
sampling of the lidar profiles is 0.75 m along the line of sight,
and an average over 50 shots is performed during the acquisi-
tion, corresponding to about one recording every 5 s (2.5 s av-
eraging time and 2.5 s recording time). The first 2000 points
are recorded before the laser emission is triggered. This off-
set makes it possible to record for each profile the contribu-
tion of the background sky radiance (BR) to the lidar signal
(scattering of solar radiation in the atmosphere). This contri-
bution must then be corrected during pre-processing.

The lidar signal S, for each polarization channel, of Level
1 data is expressed in the measurement configuration adopted
for EUREC4A as

S (x,z)=
C

x2 ·F (x) · (βm (z)+βa (z)+βc (x,z))

· exp
[
−

2
cos(θ (z))

· (τm (x)+ τa (x)+ τc (x,z))
]

+BR(z). (1)

In this expression, the signal S depends on both the hori-
zontal distance to the aircraft x and the flight altitude z. The
system constant C is a function of various components of
the lidar system such as the emitted energy and the quan-
tum efficiency of the detectors (e.g. Shang and Chazette,
2015). The overlap factor F characterizes the overlap be-
tween the transmission and receiving fields of view and must
be determined to exploit near-field data. As the laser beam
propagates through the atmosphere, it is backscattered by air
molecules (subscript m in the following), aerosols (subscript
a) and/or clouds (subscript c) towards the receiving system.
This interaction is characterized by the volume backscatter-
ing coefficient βk (k =m, a or c). The laser radiation is also
attenuated by the atmospheric medium via the same actors,

and this attenuation is quantified by the optical thickness τ ,
which is defined as a function of the extinction coefficient αk
by the relation

τk (x,z)=

x∫
0

αk(x′) · dx′. (2)

Equation (1) assumes that the optical properties of molecules
and aerosols remain constant along the line of sight. A devia-
tion from this assumption can be easily verified on Level 1.5
data, as will be shown. In the presence of clouds, the hetero-
geneity is too strong for this hypothesis to be true.

As the laser beam emitted from the aircraft may not be
completely horizontal, a viewing angle θ (with respect to the
true horizon) must be taken into account. In addition to Level
1 data, the aircraft attitude parameters (pitch, roll, heading)
that allow the assessment of θ are recorded, as well as the
geo-positioning of the measurements (longitude, latitude and
altitude).

5.1.2 Baseline check

Baseline distortion can significantly increase the rates of non-
detection and/or false detection of cloud structures. Hence, in
Level 1 data, potential drifts of the lidar signal baseline are
checked for each flight, in order not to introduce any bias
during data processing, mainly in the far field (i.e. beyond
4–5 km). This is done by comparing the BR from the pre-
trigger with that computed in the far field, where the laser
backscatter contribution becomes negligible, beyond 8 km in
our case. As an example, Fig. 5 shows the scatter plots of the
BR computed on all the lidar profiles for the two channels of
ALiAS on 26 January 2020. There is a little more spread on
the parallel channel because it is more energetic than the per-
pendicular channel and the contribution of the laser can still
exist beyond a horizontal distance of 8 km. Nevertheless, it is
noticeable that for both channels the scatterplot data points
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Table 3. Data level with their type and main derived products.

Data level Data type Main products

1 Raw geolocalized data Raw profiles recorded by the acquisition system
1.5 Range corrected lidar data Background radiance (BR)

Overlap function (F)
Apparent backscatter coefficient (ABC) calibrated linear volume depolarization ratio
(VDR)

2 Inverted data Cloud mask associated with each profile
Aerosol extinction coefficient (AEC)

3 Statistical data Probability density functions of cloud width (PDF)
Mean vertical profile of AEC

are aligned along a straight line with a slope of 1, so there
is no noticeable deviation from the baseline over the whole
useful distance range (between 0 and 8 km).

5.2 Level 1.5

5.2.1 Description

To build Level 1.5 data, the raw sampling along the line of
sight has been degraded in order to ensure the independence
of each point on the horizontal lidar profile. The final resolu-
tion is then 15 m. The ALiAS-derived Level 1.5 data are then
profiles corrected from both geometric factor and solid angle
of detection. They are also corrected for molecular transmis-
sion via the molecular optical thickness τm to produce the
apparent backscatter coefficient (ABC, also referred to as at-
tenuated backscatter coefficient) which is expressed as

ABC(x,z)= (S (x,z)−BR(z)) ·
x2

F (x)

· exp
[

2
cos(θ (z))

· τm(x)
]

︸ ︷︷ ︸
molecular transmission

. (3)

An example of the ABC for the flight on 28 January 2020
is given in Fig. 6. The ABC decreases away from the plane
because of attenuation by aerosols and clouds (passing from
orange to green in Fig. 6a). In parallel with the ABC profiles,
the volume depolarization ratio (VDR) is calculated from the
two polarized lidar channels according to a procedure ex-
plained in Chazette et al. (2012a, b). The relationships are re-
called below. They take into account the transmissions of the
parallel polarization of the two Brewster plates used: T ‖0 for
channel 0 (T ‖0 ≈ 0.45) and T ‖1 for channel 1 (T ‖1 ≈ 0.40). The
signals on the two lidar channels contain a contribution of the
complementary polarization. The VDR is then expressed as
a function of the ratio of the gains Rc of the two channels.

VDR(xz)≈
T
//

1 ·
(
S⊥ (x,z)−BR⊥

)
Rc ·

(
S‖ (x,z)−BR‖

)
−

(
1− T ‖0

)
·

(
1− T ‖1

)
(4)

with

Rc ≈

(
S⊥(x,z)−BR⊥

)
· T
‖

1(
S‖(x,z)−BR‖

)[(
1− T ‖0

)
·

(
1− T ‖1

)
+VDRm

] (5)

The molecular volume depolarization ratio VDRm is equal
to 0.3945 % at 355 nm (Collis and Russel, 1976). The term(

1− T ‖0
)
·

(
1− T ‖1

)
measures how the lidar system is af-

fected by imperfect separation of polarizations. The laser
residual cross-polarization of 0.002 can be neglected for
ALiAS. The calibration of the depolarization consists in es-
timating Rc from measurements in a molecular atmosphere,
above any aerosol layer. The flight of 25 January around Bar-
bados was dedicated to this calibration with an excursion of
the aircraft above 4.5 km a.m.s.l. The calibration obtained is
shown in Fig. 7a. The variability ofRc is less than 2 %, which
leads to an absolute error on the VDR of the order of 0.2 %.
It is verified a posteriori that there is little aerosol at the cal-
ibration altitude, as shown (Fig. 7b) by the vertical profile
of the aerosol extinction coefficient for the flight considered
(see Sect. 5.3).

5.2.2 Overlap factor

The overlap factor corresponds to the overlap between the
laser beam and the field of view of the telescope. It is equal
to 1 when the two fields completely overlap and leads to a
geometric attenuation of the lidar when the overlap is partial.
It can be computed from horizontal shots as previously per-
formed for ALiAS during flights with an ultralight aircraft
(Chazette et al., 2018). This calculation requires an homo-
geneous atmosphere along the line of sight of the lidar over
a distance of about 1.5 km from the aircraft. To ensure this
homogeneity, we performed the calibration at high altitude
during the flight of 25 January 2020, above 4.5 km a.m.s.l.,
where the scattering is essentially molecular. The overlap
factor of the two ALiAS channels is given in Fig. 8. It is sim-
ilar for both channels beyond 300 m distance from the emis-
sion. Compared to the theoretical overlap factor due to purely
geometric effects, it shows a slight bump which is related to a
non-zero angle of incidence on the interference filters of the

https://doi.org/10.5194/essd-12-2919-2020 Earth Syst. Sci. Data, 12, 2919–2936, 2020



2926 P. Chazette et al.: Horizontal lidar measurements

Figure 5. Verification of the linear behaviour of the relationship between the background sky radiance (FC) computed for the pre-trigger
(FCpt) and far field (beyond 8 km in horizontal distance, FCff) for (a) the parallel and (b) the perpendicular channels. The example presented
is from flight F03 on 26 January 2020.

lidar, for rays coming from the far field. This small deviation
is nevertheless corrected for Level 2 and Level 3 processing.

5.3 Level 2 and Level 3

Level 2 data are products provided for each individual li-
dar profile, for both cloud detection and calculation of the
aerosol extinction coefficient (AEC) along the horizontal line
of sight. Level 3 data result from statistics on Level 2 data.

5.3.1 Cloud products

Description of Level 2 cloud products

Cloud detection is applied to the lidar data acquired during
Phase 2 of the flights (rectangles). It is the basis of the Level
2 cloud dataset. For each lidar ABC profile, it uses a thresh-
old approach as already considered for lidar measurements
at nadir (Chazette et al., 2001; Shang and Chazette, 2014).
The threshold is proportional to the standard deviation of the
noise of the cloud-free signal during Phase 2 of a given flight.
Although the coefficient of proportionalityCe is constant, the
threshold varies with the distance from the aircraft owing to
the decrease in the signal-to-noise ratio (due to the increase in
the clear-sky noise) away from the aircraft. As for the aerosol
products, a lidar profile is considered to be cloud-free if the
logarithm of the ABC can be considered linear with a rela-
tive error of less than 10 % (see Sect. 5.3.2). The threshold is
then calculated at a constant altitude (around the cloud base
height, where molecular and particle scattering can be con-
sidered constant) and when the angle of the lidar line of sight
with the horizontal does not exceed 3◦ (the mean value is 1◦

and the standard deviation is 0.5◦). Lidar profiles acquired
during ATR-42 turns are therefore excluded from the cloud
Level 2 data. Figure 9a shows the evolution of the cloud-free

lidar signal averaged over Phase 2 and the associated stan-
dard deviation along the horizontal line of sight for flight F05
on 28 January 2020. The standard deviation increases very
rapidly with distance, just as the ABC decreases. The cloud
detection was tested for different values of the coefficient Ce
ranging from 1 to 8. The cloud mask turned out to be fairly
insensitive to the value of Ce as long as Ce ranges from 2 and
4. To construct the Level 2 data, we choose Ce= 2.5.

Figure 9b shows that the cloud density decreases with the
distance from the aircraft, especially beyond 3–4 km. This
results from two different effects: as the distance from the
aircraft increases, (1) the threshold for cloud detection in-
creases (mostly because the magnitude of the noise increases;
see Fig. 9a), and (2) the probability for the laser beam to
be attenuated increases if multiple clouds are present along
the laser line of sight. In general, one can be confident in
the detection of semi-transparent cloud layers over the first
3–4 km. Beyond that, cloud detection is still possible, espe-
cially when there are no significant scattering layers (such
as a dense aerosol plume) between the laser source and the
cloud, but with a higher uncertainty on the detection of the
cloud edges and thus the cloud depth. The presence of dense
clouds that cannot be traversed by the laser beam will lead
to an underestimate of the cloud cover and a negative bias
on the average cloud depth. At cloud base, such clouds were
only present on a few days during the campaign (e.g. F07,
F12, F17, F18 and F19).

Two additional parameters are considered for the cloud de-
tection that can potentially be adjusted. First, we consider
that two cloudy points separated by clear sky correspond to
two distinct clouds only if they are separated by a distance
of at least D (in other terms, two cloudy points separated
by clear sky but less than D apart will be considered to be
part of the same cloud). Recognizing that trade-wind cumuli
can be very small and close to each other (e.g. Zhao and Di
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Figure 6. Example of the apparent backscatter coefficient (ABC) for the flight F05 on 28 January 2020, for the first rectangle of Phase 2.
The lidar data in (a) are presented as a nearly horizontal map of ABC (with each data point being geo-localized in space as a function of
latitude, longitude and altitude) which is used to identify the clouds within the rectangle ABCD described by the ATR-42. Panel (b) shows
the same data as a function of longitude and distance from the aircraft. The clouds are colour-coded in white in (a) and brown in (b).

Girolamo, 2007), we chose D = 30 m. Second, to avoid in-
terpreting as a cloud a peak of the signal that would arise
from noise, we impose that a cloud corresponds to a segment
of adjacent cloudy points (along the line of sight) longer than
a certain threshold referred to as Lmin. The width Lmin is
more difficult to estimate. We use Lmin = 45 m to eliminate
isolated peaks (one to two points only) of the lidar profiles
that result from noise and strongly influence the statistics of
cloud detection beyond 3–4 km. The two parameters D and
Lmin are tuneable, and the points of the cloud mask affected
by these parameters are flagged in a quality indicator.

Level 2 products also include the distance d0 beyond
which the lidar signal (ABC) can be considered undistin-
guishable from noise (10 consecutive points within noise af-
ter the last cloud point detected). This distance is located in

a non-cloudy part of the horizontal lidar profile. It is worth
noting that the ABC of clouds is more than an order of mag-
nitude greater than that of clear air and that the lidar signal
can be in the noise at d0 while still showing the presence of
a cloud at a greater distance.

Figure 11 shows an example of the detection of cloud
structures on one of the lidar profiles of flight F11 (2020-02-
05 10:13:29). Two clouds are detected at a distance of about
0.9 and 3.8 km from the ATR-42. They correspond to seg-
ments composed of at least three successive points for which
the ABC exceeds the threshold value. On the other hand,
despite their ABC larger than the threshold, the segments
shorter than Lmin or the “isolated peaks” are not consid-
ered to be cloudy points. The distance d0 is reported around
4.2 km.
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Figure 7. (a) Calibration coefficient Rc of the volume depolariza-
tion ratio (VDR) derived from flight altitude above 4.5 km on 25
January 2020 (flight F04). (b) Vertical profile of the average aerosol
extinction coefficient (AEC) with its root-mean-square variability
(RMS) for the flight range on 25 January 2020. It corresponds to
the Level 3 aerosol product. The aerosol optical thickness (AOT) is
also reported.

Description of Level 3 cloud products

Level 3 cloud products consist of probability distribution
functions (PDFs) of cloud chords along the laser line of slight
computed during Phase 2 of the flight. It is worth noting
that owing to the integration and acquisition time of the li-
dar measurement (5 s) and the aircraft speed (100 ms−1), we
are unable to derive a cloud mask along the direction of air-
craft motion (the minimum distance we can resolve along
this direction is 500 m, which is roughly the upper bound of
the cloud chords measured along the line of sight of the li-
dar). The cloud mask distributed in the Level 2 and Level 3
datasets thus corresponds to the cloud detection done along
the line of sight of the lidar only. If clouds were homo-
geneously distributed within the field of view of the lidar,
and perfectly detected by the lidar, similar PDFs would be

Figure 8. Overlap factor of ALiAS on board ATR-42 during
EUREC4A.

inferred whatever the distance from the aircraft. Figure 11
shows the cloud width histogram derived at cloud base dur-
ing flight F05 on 28 January 2020. The distribution obtained
for the whole field of view of the lidar (clouds detected for
horizontal distances between 0.1 and 8 km) is compared to
the distribution obtained for clouds detected between 3 and
8 km from the aircraft. The good match of the two PDFs
shows that, from a statistical point of view, the cloud detec-
tion is not biased with the distance from the aircraft, at least
for cumulus cloud fields composed of optically thin clouds
(also referred to as “sugar” patterns; Stevens et al., 2020). In
the case of flight F05, the mean cloud width is about 130 m
with a standard deviation of 80 m.

The cloud detection quality indicator/flag

Level 2 cloud product also includes a binary quality indicator
(or flag) coded with “1” and “0” over 6 bits, denoted Qflag.
This indicator is defined in Table 4. It takes into account for
each range gate along the lidar line of sight (i) the detec-
tion or not of a cloud (bit 1); (ii) the aggregation or not of
nearby cloud structures separated by less than D = 30 m (bit
2); (iii) the detection of narrow cloud structures (cloud width
along the line of sight <Lmin = 45 m), which can be consid-
ered signal noise and which are not considered as clouds (bit
3); (iv) the vertical positioning with respect to the horizontal
(1z) of the cloud point, which depends on the angle between
the line of slight and the horizontal (bits 4 and 5); and (v) vi-
sual information on the level of soiling on the external face
of the aircraft window crossed by the laser beam. In order
to simplify its re-reading by users, the indicator is converted
into real numbers in Level 2 files. Before being used, it must
be converted back to binary. For example, the real number 52
corresponds to the binary number “110100”.
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Figure 9. (a) Average apparent backscatter coefficient (ABC) per 500 m distance range for all cloud-free profiles of Phase 2 for the flight F05
on 28 January 2020. The standard deviation (STD) is also reported. (b) Binary cloud detection matrix derived from ALiAS measurements
along the horizontal line of slight for the flight F05 on 28 January 2020, for the first rectangle of Phase 2. The cloud mask is based on a cloud
detection that uses Ce = 2.5, D = 30 m and Lmin= 45 m. It is part of Level 2 cloud products.

Table 4. Cloud detection quality indicator (Qflag) defined on 6 bits.

Qflag B1 B2 B3 B4 B5 B6

No cloud detection 0 0 0 0 0 0/1
Cloud detection 1 0/1 0 0/1 0/1 0/1
No agglomeration 1 0 0 0/1 0/1 0/1
Agglomeration 1 1 0 0/1 0/1 0/1
False detection 0 0 1 0/1 0/1 0/1
1z < 100 m 1 0/1 0 0 0 0/1
100<1z < 200 1 0/1 0 0 1 0/1
200<1z < 300 1 0/1 0 1 0 0/1
300<1z 1 0/1 0 1 1 0/1
Clear window 1 0/1 0 0/1 0/1 0
Clogged window 1 0/1 0 0/1 0/1 1

5.3.2 Aerosol products

The AECs are the second Level 2 and 3 products derived
from the horizontal line of sight of the ALiAS lidar. The Bar-
bados area is a region where a very wide variety of aerosols
can be found. The main ones are marine aerosols to which
can be added terrigenous aerosols and even biomass burning
aerosols. It has been known for decades that these terrige-
nous aerosols mainly originate from West Africa and that
their concentration over Barbados is marked by a strong sea-
sonality (Prospero, 1968) with a maximum during the boreal
summer. Dust aerosols are carried across the North Atlantic
by trade winds (Trapp et al., 2010) and their concentration
depends on the meteorological conditions over both Africa
and the tropical North Atlantic Ocean. Main studies on desert
dust aerosols have been conducted on the basis of dust events
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Figure 10. Illustration of the cloud detection procedure on the apparent backscatter coefficient (ABC) during flight F11 on 5 February 2020
(10:13:29). Two clouds are detected that correspond to successive points for which the ABC exceeds the ABC threshold (in red). An isolated
peak is not considered to be a cloudy point. The distance d0 at which the ABC can be considered to be embedded in the noise is reported.
The blue dotted line is the cloud-free ABC for Phase 2 of flight F11. The standard deviation of the cloud-free ABC is also reported (blue
vertical bars). At each distance, the threshold for cloud detection is defined as Ce times the threshold value.

Figure 11. Number of clouds detected along the horizontal line of
sight of the lidar that correspond to different cloud widths during
Phase 2 of flight F05 on 28 January 2020 (Level 3 cloud product).
Also reported (right-hand-side vertical axis) is the probability dis-
tribution function of cloud widths for the clouds detected at hori-
zontal distances from the aircraft ranging from 0.1 to 8 km (black
solid line) and from 3 to 8 km (red solid line). The picture illustrates
the type of cloud field sampled during this flight.

in Barbados whose sources were located more than 5000 km
away over the western Sahara (e.g. Haarig et al., 2017; Trapp
et al., 2010). Although this type of event occurs rarely in win-
ter, during several flights, we observed strong AEC values as-

sociated with a significant depolarization signature. Terrige-
nous aerosols were actually observed for about half of the
ATR flights during EUREC4A (Table 5).

The process for determining the AEC from horizontal lidar
measurements was first described in Chazette et al. (2007).
The horizontal configuration allows the direct measurement
of the AEC, by measuring the exponential attenuation of the
signal, provided the atmosphere is sufficiently homogeneous
over a few kilometres, i.e. in clear-sky air (αn (z)= 0). Un-
der the conditions of the field experiment, in order to limit
the effect of both the signal noise and the overlap factor, the
calculation of the AEC is performed by linear regression on
Ln(ABC(x,z)) in the range from 0.2 to 1 km away from the
aircraft. The slope of the regression line is equal to −2αa (z)
and is given by (Chazette, 2020)

αa (z)=−
1
2
∂Ln(ABC(x,z))

∂x
. (6)

Only AECs associated with a relative regression error of
less than 10 % are retained. This avoids cloud-contaminated
profiles in the regression range. The determination of the
AEC is direct, without any hypothesis on the nature of the
aerosol. In order to limit the effect related to a deviation from
the horizontal, profiles with angles to the horizontal greater
than 10◦ are removed. It should be noted that an angular de-
viation of 15◦ induces an error of 0.01 km−1 on the AEC.
The mean VDR (VDR(z)= 1/0.8

∫ 1
0.2VDR(x,z) · dx) is also

calculated over the same distance range as the AEC and is
part of the aerosol Level 2 data.
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Figure 12. Aerosol optical properties derived from ALiAS mea-
surements along the horizontal line of slight on 31 January 2020
(flight F07): (a) aerosol extinction coefficient (AEC) and (b) volume
depolarization ratio (VDR) which correspond to Level 2 aerosol
products.

Level 3 aerosol data consist of average AEC and VDR pro-
files calculated over each entire flight. Standard deviations on
the AEC and VDR are associated with them. It was chosen
to discretize the atmosphere with altitude steps of 100 m for
these mean profiles.

Figure 12 shows the evolution of the AEC and VDR
over the entire flight F07 on 31 January 2020 (Level 2
products). The aerosol loading is significant during Phase
2 of the flight, where cloud detection is performed. AECs
of ∼ 0.3 km−1 and even higher are observed. These values
should be compared to the background values which are well
below 0.1 km−1. VDRs are also high, above 2 %, which is
the signature of terrigenous particles in the atmosphere (e.g.
Flamant et al., 2018).

6 Available data

6.1 Overview of available data

The ALiAS system has been successfully operated during the
20 flights of the EUREC4A field campaign from 23 January
to 13 February 2020. The related dataset is summarized in
Table 5. Flights where the lidar sampled a significant number
of clouds (1000) are highlighted in bold font. The mean value
of the AEC and its standard deviation informs on the amount
of aerosols encountered during Phase 2 of each flight (Fig. 3).
Note that Phase 2 was not carried out during the test flight on
23 January 2020.

6.2 Files format

For each flight, data are available within the database as
NetCDF files (version 4) for the four levels of processing de-
scribed in Sect. 5. The Level 1 NetCDF file contains raw data
recorded during the whole duration of the flight. It contains
all the scalar and time-dependent parameters needed to prop-
erly process the signal recorded by each lidar channel. The
Level 1.5 NetCDF file contains pre-processed lidar profiles
of ABC and VDR along the lidar line of sight, as a func-
tion of time. Also provided are the distance from the aircraft
(time dependent) and flight attitude, localization, and altitude
useful for data geo-localization.

Level 2 and Level 3 are concatenated into one single
NetCDF file, separately for cloud and aerosol products. The
aerosol Level 2 and 3 NetCDF file contains cloud-free AEC
individual values with the corresponding altitude, time and
geo-localization parameters and the mean vertical profile of
AEC within the altitude range of the flight, respectively. The
cloud Level 2 and 3 NetCDF file contains the ABC used
in the detection algorithm of clouds, a binary cloud detec-
tion array (cloud mask) and a quality flag array. All-three
are given as a function of the distance from the aircraft and
are restricted to the rectangle flight patterns of Phase 2 and
profiles with roll–pitch angles close to 0◦. The Level 2 and
3 NetCDF file also includes the probability density functions
(PDFs) of the cloud widths encountered during Phase 2 of the
flight. PDFs are computed along the horizontal lines of sight
for distances ranging between 0.1 and 8 km, and between 3
and 8 km, to check for the consistency of measurements in
the near and far fields.

7 Data availability

The entire dataset is published open access on the AERIS
database (https://en.aeris-data.fr/, last access: 12 Novem-
ber 2020). The digital object identifier (DOI) for Level
1 and Level 1.5 data is https://doi.org/10.25326/57
(Chazette et al., 2020c). For Level 2 and 3 data, it is
https://doi.org/10.25326/58 for the cloud products (Chazette
et al., 2020b) and https://doi.org/10.25326/59 for the aerosol
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Table 5. General flight characteristics of ATR-42 when operating ALiAS. The mean, standard deviation and maximum value of the aerosol
extinction coefficient (AEC) and the volume depolarization ratio (VDR) for each Phase 2 (Fig. 3) of each flight are reported. The flights
in bold font are those associated with the detection of many clouds. The italic font is used for values of the VDR. The comment “Strong
presence of dusts” corresponds to VDR> 2 % and the comment “Presence of dusts” corresponds to 1 %<VDR< 2 %. Flights with a reduced
detection range due to window clogging by dusts and/or sea salt aerosols are indicated by “X”.

Flight Date Start and end time Altitude range AEC±SD (km−1) Comment
(dd/mm) (UTC, HHMM) (km) max(AEC)

VDR± SD (%)
max(VDR)
during Phase 2

F01 23/01 1900–2100 0.06–3.5 Test flight Test flight

F02 25/01 1330–1745 0.3–4.8 0.03± 0.03
0.24
0.3± 0.1
1.1

–

F03 26/01 1200–1600 0.06–4.5 No aerosol data Modified field of view

F04 26/01 1700–2100 0.06–2.6 0.02± 0.02
0.1
0.8± 0.1
0.9

–

F05 28/01 1615–2050 0.4–3.2 0.06± 0.04
0.3
0.5± 0.1
2.9

Presence of dust

F06 30/01 2030–0045 0.3–3.2 0.09± 0.10
0.5
1.4± 0.5
3.2

Presence of dust

F07 31/01 1500–1845 0.3–3.25 0.14± 0.06
0.6
2.1± 0.2
2.7

Strong presence of dust

F08 31/01 1945–2400 0.3–3.25 0.20± 0.08
0.7
2.2± 0.3
3.2

Strong presence of dust X

F09 02/02 1145–1545 0.3–3.25 0.14± 0.06
0.5
3.0± 0.6
4.6

Strong presence of dust

F10 02/02 1645–2100 0.06–3.25 0.16± 0.04
0.4
2.7± 0.4
3.7

Strong presence of dust

F11 05/02 0845–1300 0.06–3.25 0.13± 0.08
0.87
1.4± 0.1
2.1

Presence of dust
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Table 5. Continued.

Flight Date Start and end time Altitude range AEC±SD (km−1) Comment
(dd/mm) (UTC, HHMM) (km) max(AEC)

VDR± SD (%)
max(VDR)
during Phase 2

F12 05/02 1345–1815 0.06–3.25 0.13± 0.07
0.53
1.4± 0.2
1.8

Presence of dust

F13 07/02 1130–1545 0.06–3.25 0.06± 0.04
0.36
0.4± 0.3
2.1

–

F14 07/02 1700–2145 0.06–3.25 0.04± 0.04
0.27
0.3± 0.2
0.7

–

F15 09/02 0445-0900 0.06-4.4 0.18± 0.10
0.53
0.6± 0.1
0.9

X

F16 09/02 1400–1815 0.06–4.5 0.18± 0.07
0.55
0.9± 0.2
1.5

X

F17 11/02 0600–1030 0.25–4.5 0.15± 0.16
1.2
0.7± 0.1
1.1

–

F18 11/02 1130–1600 0.06–4 0.19± 0.13
0.92
1.0± 0.2
1.4

Presence of dust X

F19 13/02 0730–1145 0.06–3.25 0.09± 0.08
0.39
0.6± 0.3
2.3

–

F20 13/02 1300–1730 0.06–2.5 0.05± 0.04
0.37
0.6± 0.4
2.1

–

products (Chazette et al., 2020a). The typical sizes of the
different NetCDF files are (i) ∼ 195–420 Mb for Level 1
data, (ii) ∼ 11–29 Mb for Level 1.5 data, (iii) ∼ 4–18 Mb for
Level 2&3 cloud products and (iv) ∼ 60–190 Kb for Level
2&3 aerosol products.

8 Summary

An airborne sidewards-staring lidar was implemented on
board the ATR-42 for the EUREC4A field campaign. Twenty
flights were conducted from 23 January to 13 February 2020
over the west Atlantic Ocean tropical region, off the coast of
Barbados. The horizontal line of sight of the lidar allowed
us to characterize horizontal fields of shallow cumuli with a
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much better sampling than would have been the case with
nadir or zenith measurements. This new dataset will make
it possible to analyse the macroscopic properties of shal-
low cumuli near cloud base for a range of meteorological
conditions and mesoscale organizations. It will also offer a
baseline measurement to assess the value of future space-
borne missions as the forthcoming Earth Clouds, Aerosols
and Radiation Explorer mission (EarthCARE; Illingworth et
al., 2015) and to evaluate the realism of the new-generation
climate models. Aerosol optical parameters were also de-
rived; biomass burning and dust aerosol plumes were present
during the field campaign. The data have been classified ac-
cording to the level of numerical processing applied: (i) Level
1 data are the raw horizontal lidar profiles, (ii) Level 1.5
data are the calibrated lidar profiles corrected from system
characteristics, (iii) Level 2 data are the geophysical pa-
rameters directly derived from the individual profiles and
(iv) Level 3 data are the synthesis of these parameters. Level
2 and Level 3 data have been combined in the same NetCDF
files. All these data are available on the AERIS database
(https://en.aeris-data.fr/, last access: 12 November 2020).
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