Geosci. Instrum. Method. Data Syst., 12, 171-185, 2023
https://doi.org/10.5194/gi-12-171-2023

© Author(s) 2023. This work is distributed under

the Creative Commons Attribution 4.0 License.

Geoscientific
Instrumentation
Methods and
Data Systems

Collaborative development of the Lidar Processing Pipeline (LPP)
for retrievals of atmospheric aerosols and clouds

Juan Vicente Pallotta’, Silvinia Alves de Carvalho?, Fabio Juliano da Silva Lopes®, Alexandre Cacheffo®,

Eduardo Landulfo®, and Henrique Melo Jorge Barbosa’

ICentro de Investigaciones en Laseres y Aplicaciones, UNIDEF (CITEDEF-CONICET), Buenos Aires, Argentina
ZDepartment of Exact Sciences, Volta Redonda School of Industrial Metallurgical Engineering, Fluminense Federal
University, Av. dos Trabalhadores 420, 27255-125, Volta Redonda, RJ, Brazil

3Centro de Lasers e Aplicagdes (CELAP), Instituto de Pesquisas Energéticas e Nucleares (IPEN),

Av. Prof. Lineu Prestes 2242, 05508-000, Sao Paulo, SP, Brazi

Institute of Exact and Natural Sciences of Pontal (ICENP), Federal University of Uberlandia (UFU),
Campus Pontal. Rua Vinte, 1600, Bloco C, 38304-402, Ituiutaba, MG, Brazil
Department of Physics, University of Maryland Baltimore County, Baltimore, MD 21250, USA

Correspondence: Juan Vicente Pallotta (juanpallotta@ gmail.com)

Received: 24 October 2022 — Discussion started: 19 December 2022
Revised: 7 June 2023 — Accepted: 18 July 2023 — Published: 25 August 2023

Abstract. Atmospheric lidars can simultaneously measure
clouds and aerosols with high temporal and spatial resolu-
tion and hence help understand cloud-aerosol interactions,
which are the source of major uncertainties in future cli-
mate projections. However, atmospheric lidars are typically
custom-built, with significant differences between them. In
this sense, lidar networks play a crucial role as they coor-
dinate the efforts of different groups, provide guidelines for
quality-assured routine measurements and opportunities for
side-by-side instrument comparisons, and enforce algorithm
validation, all aiming to homogenize the physical retrievals
from heterogeneous instruments in a network. Here we pro-
vide a high-level overview of the Lidar Processing Pipeline
(LPP), an ongoing, collaborative, and open-source coordi-
nated effort in Latin America. The LPP is a collection of
tools with the ultimate goal of handling all the steps of a typ-
ical analysis of lidar measurements. The modular and con-
figurable framework is generic enough to be applicable to
any lidar instrument. The first publicly released version of
the LPP produces data files at levels O (raw and metadata),
1 (averaging and layer mask), and 2 (aerosol optical proper-
ties). We assess the performance of the LPP through quan-
titative and qualitative analyses of simulated and measured
elastic lidar signals. For noiseless synthetic 532 nm elastic
signals with a constant lidar ratio (LR), the root mean square

error (RMSE) in aerosol extinction within the boundary layer
is about 0.1 %. In contrast, retrievals of aerosol backscatter
from noisy elastic signals with a variable LR have an RMSE
of 11 %, mostly due to assuming a constant LR in the in-
version. The application of the LPP for measurements in Sdo
Paulo, further constrained by co-located AERONET data, re-
trieved a lidar ratio of 69.9 & 5.2 sr at 532 nm, in agreement
with reported values for urban aerosols. Over the Amazon,
analysis of a 6 km thick multi-layer cirrus found a cloud op-
tical depth of about 0.46, also in agreement with previous
studies. From this exercise, we identify the need for new fea-
tures and discuss a roadmap to guide future development, ac-
commodating the needs of our community.

1 Introduction

Aerosols, clouds, and their interactions are the source of
the largest uncertainties in current climate change estimates
(IPCC, 2013, 2023). More frequent and higher-quality mea-
surements of aerosol, clouds, and the physical processes gov-
erning their link with climate are needed to reduce these un-
certainties (Mather, 2021; National Academies of Sciences,
Engineering, and Medicine, 2018), and lidars are a power-
ful instrument to accomplish this task (Reagan et al., 1989).

Published by Copernicus Publications on behalf of the European Geosciences Union.



172

This instrument can provide information on the optical and
microphysical properties of aerosol particles and hydrome-
teors; the concentration of trace gases; and more recently
the 3D structure of the vegetation and urban canopies, al-
lowing ecologists to estimate biomass content accurately and
engineers to develop self-driving cars and drones (Wang and
Menenti, 2021).

Atmospheric lidars in particular measure the atmosphere’s
constituents from the troposphere to the mesosphere. How-
ever, they are developed by individual groups for particular
applications; hence their hardware characteristics differ in es-
sential aspects, such as receiving optics, emitted and detected
wavelengths, polarization capability, and signal-to-noise ra-
tio, to name a few. Even in the realm of single-wavelength
elastic lidars, typical differences between custom-built li-
dar systems are large enough to require a careful, ded-
icated analysis of their return signals (Wandinger et al.,
2016). In this sense, lidar networks play a crucial role as
they coordinate the efforts of different groups, providing
the guidelines for quality-assured routine measurements on
a regional scale (Antufia-Marrero et al., 2017). Moreover,
the coordinated effort is of utmost importance to homoge-
nize the physical retrievals from the highly non-uniform in-
struments in lidar networks, which typically involves com-
paring the retrievals based on the algorithms of different
groups (Pappalardo et al., 2004) and the instruments them-
selves (Wandinger et al., 2016). This homogenization is only
possible by developing a unified processing pipeline that
accounts for the hardware heterogeneity in the pool of in-
struments, as has recently been accomplished in the context
of the European Aerosol Research Lidar Network (EAR-
LINET) (D’Amico et al., 2015) and the Asian Dust and
Aerosol Lidar Observation Network (AdNet) (Sugimoto and
Uno, 2009). In contrast, homogeneous networks have the ad-
vantage of uniform calibration and data processing proce-
dures, like those performed by the NASA Micro Pulse Li-
dar NETwork (MPLNET) (Welton et al., 2001), the Italian
Automated LIdar-CEilometer network (ALICEnet) (Dionisi
et al., 2018), or the Raman and Polarization Lidar Network
(PollyNET) (Baars et al., 2016).

The Latin America Lidar Network (LALINET) (Landulfo
et al., 2016) is a Latin American coordinated heterogeneous
lidar network to obtain extensive and intensive aerosol opti-
cal properties profiled in the atmosphere. This federated lidar
network aims to establish a consistent and statistically sound
database to enhance the understanding of aerosol distribu-
tion over Latin America and its direct and indirect influence
on climate. There are currently 19 stations in 6 countries,
most of which are equipped with tropospheric aerosol lidars
measuring one or more elastic return signals; only a few sys-
tems can measure inelastic return signals, typically for Nj
and H>O Raman scattering. Table 1 shows the wide distri-
bution of emitted wavelengths and detection modes. Other
significant differences are found in the laser repetition rate
(ranging from 10 to 30 Hz), beam expander factor (1 to 5x),
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Table 1. Number of stations in LALINET for each combination of
emitted wavelength and detection mode (status as of 2023). More
details about the network can be found in Landulfo et al. (2020).

Emitted wavelength

Detection 355nm  532nm 1064 nm
Total elastic 5 6 12
Cross-elastic 10 10 1
Parallel elastic 10 10 1
High-spectral-resolution lidar - 3 -
N> Raman 7 4 -
H,>O Raman 6 - -

mirror diameter (20 to 50 cm), telescope focal length (1 to
4m), and width of the interference filters (0.25 to 1 nm). Fi-
nally, only a few stations have co-located or nearby measure-
ments of the aerosol optical depth and the thermodynamic
profile. More details about the network can be found in Lan-
dulfo et al. (2020).

In recent years, the LALINET network has worked to-
wards establishing routine quality-assurance tests and in-
tercomparing the retrieval algorithms used by the differ-
ent groups (Guerrero-Rascado et al., 2016; Barbosa et al.,
2014a). Here, our first goal is to present a high-level
overview of the Lidar Processing Pipeline (LPP), an ongoing
and unfunded coordinated effort to homogenize the retrievals
from different lidar instruments in Latin America. Our sec-
ond goal is to introduce the tools developed to handle all the
steps of a typical lidar analysis. We want to emphasize the
modular framework that is generic enough to be applicable
to any lidar instrument or network and, at the same time,
also highlight the open-source character of the LPP devel-
opment (see “Code availability”). Our third goal is to show
how the LPP performs through quantitative and qualitative
analyses of synthetic and measured lidar signals. We discuss
case studies based on synthetic and measured signals and an-
alyze aerosol backscatter retrievals for elastic lidar signals
and layer masking (clouds or aerosol), which are the focus of
this first public release of the LPP.

The rest of this paper is organized as follows. Section 2
presents the overall concept of the LPP, the algorithms, and
the structure of the different levels of output files. Sample
results from the application of the LPP to actual lidar data
from two LALINET stations are presented in Sect. 3. Current
limitations, future perspectives, and conclusions are given in
Sect. 4.

2 Processing pipeline

The Lidar Processing Pipeline is being developed in a part-
nership between the lidar groups of the Latin American Li-
dar Network. The LPP reads a series of raw data files in the
standard Licel format (Licel GmbH, 2023) and produces a
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Figure 1. Flow diagram showing the structure of LPP version 1.1.2.
Each module receives as input the data file produced as output in
the previous module. A single configuration file is used for all the
modules.

NetCDF file containing its data level products 0, 1, and 2.
The processing pipeline has three main modules responsi-
ble for data processing at each level, all written in C/C++,
which can run on Linux, Mac, or Windows. These modules
are independent, and the whole pipeline can be automated
with a script, or each module can be run directly in a termi-
nal.

The modules are driven by a single configuration file, and
the input data for each module are the output file produced
in the previous stage, as can be seen schematically in Fig. 1.
Moreover, the output file of a given level (e.g., 2) contains
all the content of the previous level (e.g., 1) in addition to the
new information generated in that level of data processing. In
other words, all the information used to process the data to a
given level is available in the corresponding file, thus allow-
ing its reprocessing if needed. Figure 2 shows the content of
a level 2 data file. The following sections explain the concept
of each data level.

2.1 Data level 0 (L0)

The main goal of the level O data processing is to convert
all the data files containing the lidar profiles into the stan-
dard LPP format used for all data levels. At this stage, there
is no smoothing, averaging, or processing of any kind. The
level 0 module simply dumps all information from a series
of raw lidar files into a single output file. This includes all
the information from the header of the raw files that describe
the measurements, the instrument, and the site, such as file-
name; site name; start and stop time of the measurement; al-
titude, latitude, and longitude of the site; zenith and azimuth
angles of the lidar signals (in the case of scanning lidars);
accumulated laser pulses; laser repetition rate; and the num-
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ber of channels acquired. These parameters are described
in the Licel transient-recorder user manual (Licel GmbH,
2023). For each channel, the following information is saved:
channel ID, polarization state, type (elastic/Raman), number
of height bins, photomultiplier voltage, and wavelength. For
analog channels, the number of bits and range of the analog-
to-digital converter (ADC) are recorded, while for photon-
counting channels, the discriminator level is recorded (Licel
GmbH, 2023). For each channel, the raw ADC counts are
saved as two-dimensional arrays indexed in height and time.
Therefore, level 0 data consist of ADC counts for both ana-
log and photon-counting channels; i.e., the raw values are not
converted to millivolts (analog) or megahertz (photon count-
ing). Figure 2 gives an overview of the file structure.

2.2 Datalevel 1 (L1)

The main goal of level 1 data processing is to apply the nec-
essary corrections to the lidar profiles and compute a layer
mask, which usually requires accumulating multiple profiles
to increase the signal-to-noise ratio. The level 1 module re-
ceives a single level 0 data file as input, which contains all
the raw signals and associated metadata, and produces a sin-
gle level 1 file as output (see Fig. 2).

In the current version, the following corrections are im-
plemented based on Guerrero-Rascado et al. (2016) and
Freudenthaler et al. (2018). The first is the trigger delay cor-
rection. This accounts for the possible delay between the
emission of the laser pulse and the start of the data acqui-
sition, resulting in a vertical displacement of the measured
signals, which affects both analog and photon-counting chan-
nels. The trigger delay can be measured by the so-called
zero-bin (for the analog channels) and bin-shift (for the
photon-counting channels) tests. Each channel has a differ-
ent time delay, given in terms of an integer number of range
bins and set in the configuration file. The correction consists
of discarding these first few bins so that all channels start in
sync with the laser pulse. The total length is also cropped so
that all channels have the same length.

Second is the dark-current correction, which accounts for
the signal distortions due to the acquisition system. Typi-
cal examples are transient peaks from firing the laser flash-
lamp and time-dependent electronic noise in analog chan-
nels, which are measured in the absence of light entering the
telescope. If a dark-current test has been performed, a file
with this information can be provided, and the dark current
for each channel will be subtracted from the corresponding
measurements.

Third is the background correction, which accounts for
sky radiation entering the telescope, which is unrelated to
the lidar signal. This is due to scattered sunlight or moon-
light, which produce a constant noise in the return signal but
would also include electronic noise if the dark-current cor-
rection were not applied. The background noise can be found
by averaging the signal in a high altitude range, defined in
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Figure 2. Schematic structure of the output files. Product data levels 1 and 2 are stored in subgroups named LX Data, while data level O data
are stored in the file root tree. Dimensions and variables are explained in detail in the LPP’s documentation on the GitHub repository (see

“Open Science Development” section).

the configuration file, where the lidar signal is completely
extinguished. Alternatively, it can be found by performing a
so-called Rayleigh fit. In this case, it corresponds to the con-
stant term in a linear least squares fit between the lidar signal
and the molecular signal, as in Grigorov and Kolarov (2013)
and Barbosa et al. (2014b).

Besides the corrections and time averaging, L1 data also
include the temperature and pressure profiles provided by the
user. The input thermodynamic profile can be obtained from
any source, such as radiosondes, weather forecasts, or reanal-
ysis. Alternatively, the LPP includes and could use thermo-
dynamic profiles from the US standard atmosphere (National
Geophysical Data Center, 1992).

Finally, the L1 data processing creates a layer mask to in-
dicate the presence of aerosol and cloud layers. The method
is based on the ideas proposed by Vaughan et al. (2004),
where the return signal is compared to the expected molec-
ular signal. The threshold for detecting a layer is calculated
dynamically, based on signal noise. Hence it can be applied
to the wide range of instruments in the LALINET network.
The time-averaged resolution for this product can be differ-
ent than the one used in data level 2. The layer mask shows if
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there is a layer present (cloud or plume) by reporting a value
of 1 and 0 otherwise. An example of the cloud layer mask is
given in the “Results and discussion” section.

2.3 Datalevel 2 (L2)

The main goal of level 2 data processing is obtaining the
profiles of aerosol optical properties, namely backscatter
(m~!sr!) and extinction coefficients (m~!). Additional
time and vertical averaging might be applied to L2 data;
hence it might be different from that of L1 data. The level 2
module receives a single level 1 data file as input, which in-
cludes the thermodynamic profile and corrected lidar signals,
and produces a single level 2 file as output.

In this first release of the LPP, the optical properties are
obtained from the analog elastic channels using the Fernald
method (Fernald, 1984). The value of the lidar ratio (LR),
assumed to be constant, is set by the user in the configura-
tion file. When multiple LR values are given, the inversion
is performed for each value, producing a set of optical prop-
erties. An example of the multi-LR retrieval is given in the
“Results and discussion” section. The reference height, z,
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is not determined automatically and must be set by the user
in the configuration file. The reference signal, P(zp), which
we assume contains no aerosol contribution, can be calcu-
lated either by averaging the signal or by taking the value
of the molecular fit at the reference height. In both cases,
this is evaluated in an altitude range defined by the user. The
aerosol optical depth (AOD) is calculated assuming the ex-
tinction to be constant below a specific range (defined in the
configuration file), where the incomplete overlap precludes
its calculation.

3 Validation

Analyses of synthetic and measured lidar signals are carried
out to demonstrate the usage of the LPP and to provide quan-
titative and qualitative validation of our initial results. These
analyses are based on elastic signals, which are the focus of
this first public release of the LPP. For a quantitative eval-
uation, we obtain the backscatter and extinction coefficients
in the presence of aerosols or clouds and compare our results
with the input used for the simulations, AERONET retrievals
of aerosol optical depth (Holben et al., 1998), or LR val-
ues reported in the literature. For a qualitative evaluation, we
obtain the cloud layer mask and compare it with the range-
corrected lidar signal (RCLS) by visual inspection. The sub-
sections below give the details of the four cases considered
for validation.

3.1 Synthetic elastic lidar signals

We use two sets of synthetic lidar signals. The first is a simple
case of an ideal lidar signal without noise and constant LR
with altitude, provided by colleagues from TROPOS, in Ger-
many (Holger Baars, personal communication, 2014). The
aerosol profile has a constant extinction coefficient of 1100,
800, and 460 Mm ™! at 355, 532, and 1064 nm, respectively,
from the surface to the top of the boundary layer at 1.5 km.
Above that height, it decreases every 250 m, reaching almost
zero at 2.5 km. The residual aerosol in the free troposphere
has an extinction of 0.014, 0.01, and 0.0058 Mm~! at 355,
532, and 1064 nm, respectively. The LR is fixed at 28, 39,
and 77 sr at these wavelengths.

The second set of simulations corresponds to a more re-
alistic case where the signals have noise, and the LR varies
with altitude. These are the synthetic signals described and
analyzed by Pappalardo et al. (2004) in the context of EAR-
LINET’s intercomparison of aecrosol Raman lidar algorithms.
This same dataset, which includes elastic signals at 355, 532,
and 1064 nm and inelastic Raman signals at 387 and 607 nm,
was used later to test the accuracy of the single calculus chain
(SCC) optical products (Mattis et al., 2016). Three layers are
clearly identified in this simulated atmosphere, denoted as a
planetary boundary layer (PBL, from O to 1500 m), the free
troposphere (FT, from 1500 to 3000 m), and a lofted layer
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Figure 3. (a) Synthetic range-corrected signals (arbitrary units) and
(b) aerosol extinction coefficients (Mm™!) retrieved with the LPP
(bullets) and used as input for the simulation (black lines) are shown
for 355, 532, and 1064 nm.

(LL, 3000 to 7000 m). The dataset has 30 profiles with a
2 min resolution, corresponding to 2400 laser shots per pro-
file (20 Hz laser), and a total acquisition time of 30 min. Spa-
tial resolution is 15 m. For our analysis, we consider the av-
erage 355 and 532 nm elastic signals only.

Both sets of synthetic signals include the effect of incom-
plete overlap in the near field to mimic a real measurement.
We ignore this range for the inversions with the LPP and an-
alyze the profile only where the overlap is complete. Both
simulations also include information on the thermodynamic
profile, which we use for calculating the molecular signal.
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Table 2. Mean, maximum, minimum, and root mean square deviations in the retrievals of the extinction coefficient (Mm_l) at 355, 532,
and 1064 nm. Values in the PBL (250 to 2500 m) are expressed as relative deviations (%), while values in the free troposphere (FT, above

2500 m) are given in inverse megameters.

355nm

PBL Mean —0.045 %
Max —0.036 %

Min —0.071%

RMS 0.046 %

FT Mean 0.263Mm™!
Max 0.345Mm~!

Min  —0.094Mm™!

RMS 0.271 Mm™!

532nm 1064 nm
—0.089 % —0.901 %
—0.020 % —0.298 %
—0.194 % —1.623 %
0.106 % 1.001 %
0.092Mm~!  —0.003Mm™!
0.119Mm~! 0.005Mm™!
0305Mm~! —1.623Mm™!
0.098 Mm ™! 0.094 Mm™!

3.2 Case studies

To further validate the LPP and demonstrate its applica-
tion to real data, we analyze elastic return signals from the
LALINET lidar stations in Sdo Paulo and Manaus, both in
Brazil. With over 21.5 million inhabitants, Sdo Paulo is the
largest metropolitan region in the Americas. One of the pri-
mary sources of air pollution there is vehicular emissions,
and the city has struggled with high levels of traffic con-
gestion for many years (Andrade et al., 2017). During the
winter (June to September), this can be exacerbated by tem-
perature inversions, which inhibit mixing between the plan-
etary boundary layer and the free atmosphere above. This
well-stratified atmosphere shows high aerosol particle num-
ber concentrations within the boundary layer and a mostly
clean atmosphere above it. While the air quality can vary de-
pending on a number of factors, including weather patterns
and traffic, we evaluate measurements from the Sdo Paulo
lidar station on a typical winter day, 14 September 2020.

The lidar deployed at Sdo Paulo (23°56'S, 46°74'W;
740 ma.s.l.) is a multiwavelength Raman lidar operated by
the Environmental Laser Applications research group at the
Lasers and Applications Center (CLA), Nuclear and Energy
Research Institute (IPEN) (Landulfo et al., 2020). It is a
monostatic coaxial system, vertically pointed to the zenith
and using a commercial Nd:YAG laser by Quantel, Brilliant
B model, at a repetition rate of 10 Hz. The output energy per
pulse is 850 mJ for 1064 nm, 400 mJ for 532 nm, and 230 mJ
for 355 nm. A 300 mm diameter telescope with a 1.5 m focal
distance and 1 mrad field of view (FOV) is used as a collec-
tion system, reaching a full overlap at 300 m above ground
level. The detection box collects six different wavelengths:
355 and 532 nm elastic signals with the corresponding shifted
Raman signals from nitrogen, 387 and 530 nm, respectively,
as well as the water vapor line at 408 nm and the elastic signal
from 1064 nm. The electronic acquisition system is a Licel
transient recorder model TR-20-160.

Geosci. Instrum. Method. Data Syst., 12, 171-185, 2023

The second set of measurements is taken from the Man-
aus lidar station in the Amazon rainforest. The site is located
about 20 km upwind from the city; hence it is not affected
by the significant urban emissions (Nascimento et al., 2022).
Therefore, the atmosphere is mostly pristine throughout the
year, with the exception being the dry season (June to Octo-
ber), when long-range transport of biomass burning affects
the whole basin (Artaxo et al., 2013), and aerosols can be
found up to 5 to 6 km (Baars et al., 2012). There is a marked
diurnal cycle of convection, even during the dry season, with
a peak in the late afternoon (Tanaka et al., 2014). Cirrus pro-
duced from the outflow of deep convective clouds are om-
nipresent, with a frequency of occurrence much higher than
other tropical regions (Gouveia et al., 2017b). Here, we an-
alyze a case of multi-layered cirrus clouds measured during
the dry season, on 15 August 2011.

The lidar deployed in Manaus (2.89°S, 59.97°W;
100ma.s.l.) is a UV Raman lidar operated by the Univer-
sity of Sao Paulo (Barbosa et al., 2014b). It is a biaxial sys-
tem pointed 5° from the zenith and uses a commercial Quan-
tel CFR-400 Nd:YAG laser at 355 nm with 95 mJ per pulse
and a 10Hz repetition rate. The receiving telescope has a
400 mm primary mirror, a focal length of 4000 mm, and a
field of view of about 1 mrad, reaching a complete overlap at
1.5 km. The detection box measures three wavelengths: elas-
tic 355 nm and the corresponding Raman signals from nitro-
gen at 387 nm and water vapor at 408 nm. Data acquisition
uses a Licel transient recorder model TR-20-160 with a raw
resolution of 7.5 m.

4 Results and discussion

To validate the LPP’s first results, we performed the inver-
sion of two sets of synthetic lidar signals and two sets of
measurements from lidar systems in LALINET: a station in
Sdo Paulo, the largest metropolitan area in South America,
and a station in Manaus, in the central Amazon rainforest.

https://doi.org/10.5194/gi-12-171-2023
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Figure 4. (a) Synthetic range-corrected signals (arbitrary units) and
(b) aerosol lidar ratio (sr) used as input for the simulation are shown
for 355 and 532 nm. The retrievals shown in Fig. 5 assumed constant
lidar ratios of 51 and 62 sr, respectively.

The simulations and the case studies exploit and highlight
the features of the LPP’s first release.

4.1 Noiseless synthetic signals with constant LR

The RCLSs from the first simulation are shown in Fig. 3a for
the three wavelengths. RCLSs are suitable for plotting since
they remove the inverse-squared range dependence in the raw
lidar signal, making it better for visualizations. The lack of
noise in these signals makes finding the right reference value
easier, reducing systematic errors related to this input param-
eter. Moreover, no vertical smoothing or time averaging was
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Table 3. Mean, root mean square, and relative errors in the retrievals
of the backscatter coefficient at 355 and 532 nm in the PBL (280
to 1500 m), free troposphere (FT, 1500 to 3000 m), and lofted layer
(LL, 3000 to 7000 m). Values are reported in absolute (Mm_1 Sr— 1)
and relative (%) terms.

355nm \ 532nm

Mm~! sr! % ‘ Mm~ ! sr! %

PBL Mean 0.12 4.5 —-0.013 —-0.63
RMS 0.37 13. 0.19 11.

FT Mean 0.048 15. 0.030 15.
RMS 0.18 30. 0.10 29.

LL Mean 0.0026 —0.83 —0.0083 -33
RMS 0.25 41. 0.10 22.

necessary. The inversions were performed using a reference
altitude of 10 km and the true lidar ratio. Figure 3b shows the
retrieved aerosol extinction coefficient and the input used for
the simulation, showing excellent visual agreement.

To quantify the small differences that might exist between
the retrieval and the simulated profile, we computed the de-
viation as a function of altitude, and Table 2 reports the
mean, maximum, minimum, and root mean square devia-
tions in the boundary layer and in the free troposphere. There
is a small negative bias within the boundary layer, where
the relative deviations are always negative. The mean val-
ues are —0.045 %, —0.089 %, and —0.901 % for 355, 532,
and 1064 nm, respectively. Overall, the errors are greater for
1064 nm. In the free troposphere, where the aerosol loading
is almost zero, there is a small positive bias. The mean de-
viations are 0.26, 0.092, and 0.003 Mm™! for 355, 532, and
1064 nm, respectively.

These errors are smaller than those reported by Bockmann
et al. (2004) in a similar validation exercise in the context of
EARLINET. Their case 2 considered an aerosol layer extend-
ing up to 4 km altitude, with constant LR, and the synthetic
signals did not include noise. For stage 3 of their intercom-
parison, all 18 groups used the same LR and reference value
at the calibration height. The mean relative error within the
aerosol layer was 1.87 %, 1.48 %, and 1.38 % for 355, 532,
and 1064 nm, respectively. While their synthetic profile was
not the same as that used here, this initial comparison gives
confidence that the LPP works well and can reproduce the
simulations without biases if all input parameters are known.

4.2 Realistic synthetic signals with variable LR

The average signals from the set of realistic simulations,
which includes signal noise and a variable LR, are shown in
Fig. 4. As this release of the LPP considers a constant LR for
the inversion of the elastic signals, we computed the mean
of the LR profile below 7 km, where the simulated aerosols
are. The values were 51 sr for 355 nm and 62 sr for 532 nm,
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Figure 5. The left panels show a comparison of the aerosol backscatter coefficient (Mm_1 sr_l) retrieved at (a) 355 nm and (b) 532 nm with
those used as input for the simulation (black lines). The right panels show the respective relative errors (%) where there are aerosols.

which were the same as the constant values used by Mattis
etal. (2016) to test the accuracy of SCC optical products. The
reference height was set to 9 km for both wavelengths, with
the molecular range between 7.5 and 10.5 km. Signals were
vertically smoothed by applying a five-point moving average,
corresponding to an effective resolution of 75 m.

Figure 5a and b show the retrieved aerosol backscatter co-
efficients at both wavelengths. There is very good agreement
overall, despite our assumption of a constant LR. Accord-
ing to EARLINET requirements, relative errors in the opti-
cal retrievals at 355 and 532 nm should be below 20 % or
0.5Mm~!sr~! (Mattis et al., 2016). The relatively higher

Geosci. Instrum. Method. Data Syst., 12, 171-185, 2023

values obtained with the LPP occur for relatively lower val-
ues of the backscatter coefficient, which indicates that this is
related to the signal noise and hence could be minimized with
stronger vertical smoothing. There are also large errors at the
altitudes where the input LR makes a sudden change, which
can only be resolved by implementing the range-dependent
LR solution for the elastic signal (Klett, 1985) or by imple-
menting the Raman solution (Ansmann et al., 1992).

The mean errors for the three aerosol layers and the two
wavelengths are shown in Table 3. The layer-mean relative
errors are smaller than EARLINET’s limits, with the largest
values (about 15 %) found in the free troposphere, where the
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Figure 6. (a) RCLSs and (b) cloud layer mask for the Sdo Paulo lidar station on 14 September 2020.

true LR profiles deviate the most from our assumed constant
values. Root mean square relative errors are larger, reaching
up to 41 % in the LL for 355 nm; however, these depend on
the applied vertical smoothing as discussed above. Overall,
the errors reported in Table 3 are similar to those found for
EARLINET’s SCC (Mattis et al., 2016). This shows that the
LPP’s retrievals do not have significant biases and can appro-
priately reproduce the realistic synthetic profiles.

4.3 Case study: Sao Paulo

The day chosen for this case study was 14 September 2020,
a Monday near the end of the dry season. It was cloud-
less for most of the day, with some high clouds starting at
19:00 UTC (local time is UTC—3). We analyzed the elastic
return signals at 532 nm, with no time averaging (raw level
1 resolution was 1 min). Figure 6 shows the color maps of
the RCLS and its cloud layer mask. Aerosols are trapped
in the boundary layer below 2.5km. The diurnally forced
convective boundary layer starts near the surface around
12:00 UTC (09:00LT) and grows until it is fully developed
around 18:00 UTC (15:00LT). It takes over the nocturnal
residual layer from the previous day, which can be seen in
green colors during the first hours of the day.

Here we focus on the cloudless profiles between 12:00
and 18:00 UTC, when AERONET’s level 2.0 AOD data were
available for comparison. The inversion of the elastic signals
was performed by the LPP level 2 module for 10 min time-
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averaged profiles, assuming constant LR values ranging from
30 to 100 sr, with steps of 5 sr (15 values). Hence, LPP level 2
data files have the time series of extinction, backscatter pro-
files, and the AODs for each tentative LR. AOD is calculated
by integrating each of the extinction profiles, assuming them
to be constant below 300 m to avoid the incomplete over-
lap region for this particular lidar station. Figure 7 shows
the aerosol backscatter obtained from the multi-LR inversion
at 12:53 UTC. Figure 8a shows the time series of AOD val-
ues for the same LR values that can be compared with the
AERONET retrievals shown in black.

Using 15 LRs allows us to search for which LR value pro-
duces the closest AOD value measured by AERONET. Here,
this is done a posteriori, during the analysis of the multi-LR
inversion. The time series of the optimal LR values is shown
in Fig. 6b. Most of the values are between 60 and 80 sr, with a
mean of 69.9 sr and a standard deviation of 5.2 sr, well within
the range of values expected for urban aerosols (Ansmann
and Miiller, 2005). This initial evaluation shows that the LPP
is performing well for real lidar data and demonstrates how
the multi-LR retrieval can be used to constrain the optical
properties obtained from elastic-only measurements.

4.4 Case study: Manaus
For this second case study, we focus on measurements of cir-

rus clouds performed on 15 August 2011. Previous studies
in the Amazon region showed that their frequency of occur-
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Figure 7. Aerosol backscattering coefficient obtained for the Sao
Paulo lidar station on 14 September 2020 from 12:53 to 13:03 UTC
using a set of predefined lidar ratios. The extinction coefficient is
assumed constant below 300 m.
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Figure 8. (a) AOD at 532 nm measured by AERONET (black) and
obtained by the multi-LR lidar product using a set of predefined
lidar ratios (colors) for the Sao Paulo lidar station on 14 September
2020 from 12:00 to 18:00 UTC. (b) Optimal LR values derived from
each inversion.

rence is higher than in other tropical regions and that they can
have an important radiative effect (Gouveia et al., 2017a).
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Figure 9 shows a color map of the RCLSs and the corre-
sponding cloud layer mask from the level 1 data, where a thin
multi-layered cirrus between 10 and 16km is clearly seen.
The acquisition time of each lidar profile was 1 min, and no
time average was used for this layer mask retrieval, which
clearly captured the whole cirrus cloud.

For the retrieval of the optical properties, we used a li-
dar ratio of 23.3 sr following the measurements reported by
Gouveia et al. (2017b). Figure 10 shows the particle extinc-
tion profile at 02:15 UTC (5 min average). While there seem
to be three layers of cirrus clouds, the structure is quite com-
plex, and none of the layers are isolated. The corresponding
cloud optical depth is 0.46, which is large enough for multi-
ple scattering to be important, but this has not been accounted
for. Nonetheless, the extinction values and the cloud optical
depth (COD) are reasonable and in the typical range of previ-
ous works (Gouveia et al., 2014, 2017b), and they show what
can be obtained with the current version of the LPP.

4.5 Future roadmap

With the first release of the LPP and its use by the differ-
ent groups in LALINET, we have identified the necessary
improvements and built a roadmap to guide future devel-
opment. An initial consideration is that the LPP-processed
data files must be FAIR (findable, accessible, interoperable,
and reusable) (Wilkinson et al., 2016) to be compatible with
open science. In this sense, more information about the site,
hardware, operation, files processed, and even the version of
the LPP used needs to be added as metadata in the output
files. Moreover, the benefit of the LPP’s highly modular con-
cept is the possibility of different groups modifying and test-
ing different modules without interfering with the rest of the
pipeline. To facilitate the customization of the pipeline to ful-
fill different needs and to allow more groups to contribute to
the LPP’s development, future releases will include Python
versions of all modules.

In terms of improvements in the physical retrievals, we
have identified three priorities. The first is to implement the
Klett (1985) solution in the lidar equation with a range-
dependent LR. This would be useful, for instance, for the
Sao Paulo station, where the sea breeze frequently brings ma-
rine aerosols above the urban-polluted boundary layer (Ro-
drigues et al., 2013; Ribeiro et al., 2018). The second is to ob-
tain the uncertainties in the extinction and backscatter coef-
ficients by propagating the signal errors using a Monte Carlo
approach (Press, 2007), following the work of Alvarez et al.
(2006) and Mattis et al. (2016). Finally, we plan on imple-
menting the Raman solution (Ansmann et al., 1992), but this
might require an intercomparison effort of the existing algo-
rithms in LALINET, as was done in EARLINET (Pappalardo
et al., 2004). Moreover, in LALINET, the stations recording
Raman return signals have photon-counting channels, which
might be affected by dead-time effects (Johnson et al., 1966).
Hence, we need to implement the known dead-time correc-
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2011.

2011-08-15T02:15:57

16 - — 23.3sr

14 A e —

12

10

Range [km]
oo

50 100 150 200 250 300 350 400
Extinction [Mm™!]

o

=50

Figure 10. Extinction coefficient obtained using a constant lidar ra-
tio of 23.3 sr for the cirrus clouds over the Manaus lidar station from
02:15 to 02:20 UTC on 15 August 2011. The extinction coefficient
was assumed constant below 750 m.

https://doi.org/10.5194/gi-12-171-2023

tions for paralyzable and non-paralyzable systems (White-
man et al., 1992; Knoll, 2010), which would also allow for
“gluing” of the analog and photon-counting channels to ex-
tend the instrument dynamic range (Whiteman et al., 2006;
Newsom et al., 2009).

Regarding the automation of the pipeline, a few updates
are planned. For instance, we noticed that only a few lidar
stations in Latin America have a nearby radio-sounding site,
and they are launched once or twice per day. To facilitate the
processing of level 1 and level 2 data, an automatic “ther-
modynamic profile downloader” will be developed to ob-
tain a co-located thermodynamic profile from a nearby radio
sounding, a forecast model, or a reanalysis. The MPLNET
data processing, for example, automatically retrieves meteo-
rological profiles from the Goddard Earth Observing System,
version 5 (GEOS-5) atmospheric general circulation model
for all molecular calculations (Lewis et al., 2016). We also
plan to implement a method of rescaling the standard at-
mosphere profiles based on co-located ground-based temper-
ature and pressure measurements, which could also be re-
trieved automatically from meteorological databases.

Moreover, a well-known problem with the inversion of
elastic lidar data is the need to assume an a priori lidar ratio.
The typical solution is to choose a lidar ratio that brings the
estimated AOD value closer to the reference value measured
by AERONET, which can now be measured during the day-
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time and nighttime (Perrone et al., 2022). This analysis can
be made a posteriori, as shown in Fig. 8. Implementing an
optimization routine would allow the LPP to automatically
identify the best LR for each profile, as has been done in pre-
vious studies (Cérdoba-Jabonero et al., 2011; Roman et al.,
2018), and help reduce systematic errors in the retrieved pro-
files (Welton and Campbell, 2002). The user could provide
the reference AOD value, or it could be obtained by an “AOD
data downloader” tool as part of the LPP framework.

5 Conclusions

Lidar networks are drivers of scientific advancement as they
coordinate the efforts of different groups, allowing for uni-
form quality-assurance procedures, as well as instrument
comparison and algorithm validation. The development of
the LPP is a joint effort leveraging the expertise and person-
nel of different Latin American lidar groups that are part of
the Latin American Lidar Network. The goal of the LPP is to
provide a set of open-source tools for each step of the typi-
cal lidar data analysis routine. Here, we provide a high-level
overview of the first working version, which is now released
for the scientific community on our GitHub repository.

The performance of the LPP was evaluated through an
analysis of synthetic and measured elastic lidar signals. For
noiseless synthetic signals with a constant LR, the mean rel-
ative error in the aerosol extinction within the boundary layer
was quite small, ranging from —0.005 % to —0.9 %, depend-
ing on the wavelength. For noisy synthetic signals with a
variable LR, the mean relative error in aerosol backscatter
was larger, ranging from —0.63 % to 4.5 %, mostly due to
assuming a constant LR in the inversion. For the case studies
for urban aerosols in Sao Paulo and cirrus clouds in the Ama-
zon, we found LR and COD values, respectively, in agree-
ment with previous results. These analyses showed the capa-
bilities of the current release but also highlighted the need for
new features. Hence, we have built a roadmap to guide future
development, which includes (1) improvements in the physi-
cal retrievals (e.g., range-dependent LR inversion of the elas-
tic signal or uncertainty propagation using Monte Carlo) and
(2) automation of the pipeline (e.g., optimizing the elastic LR
by constraining the column AOD or thermodynamic profile
downloader tools). Future releases will bring these and other
new features, accommodating the needs of our community.

Although the scientific community is moving towards
open science, developing open-source code is still a hurdle,
and the atmospheric lidar community has not yet fully em-
braced the idea. Consolidated networks have long developed
their own algorithms and pipelines, which unfortunately re-
main mostly inaccessible to the community, hampering faster
scientific advancement. We hope open-source efforts, such
as the one presented here, become the rule rather than the
exception in the near future.
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Code availability. We are developing LPP following an open-
science approach based on cooperative work and use new digi-
tal technologies to pool knowledge and allow others to collabo-
rate and contribute. It is distributed under an MIT license that en-
ables the reuse, redistribution, and reproduction of all methods.
The Lidar Processing Pipeline Version 1.1.2 reported here can be
obtained from the Zenodo repository with the persistent identifier
https://doi.org/10.5281/zenodo.7982889 (Pallotta et al., 2023). Up-
to-date LPP versions can be obtained from the GitHub repository
(https://github.com/juanpallotta/LPP). Besides the three main LPP
modules, this repository also includes sample configuration files,
shell scripts for automating the operation, sample lidar data files,
and detailed instructions on using the LPP.
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