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Introduction

One of the most pressing and widely discussed topics today is climate change. This
topic transcends geographical boundaries, impacting ecosystems, economies and
societies around the world and requiring increasingly interdisciplinary research,
involving different fields with a clear focus on atmospheric science, oceanography,
geophysics, ecology. In the face of escalating environmental challenges, a deep
understanding of the planet’s climatic processes and the underlying mechanisms
driving these transformations has never been more necessary. A comprehensive
monitoring of the atmosphere is essential to increase our comprehension of the
Earth system. A systematic and accurate collection of atmospheric data with a
global coverage allows to study processes and to improve models and tools used in
forecasting, allowing to anticipate and promptly respond to extreme events with
more precision and timeliness.

Over the past decade, the Lidar technique has become more and more competitive
thanks to the advancement in many technological fields, including the development
of high-power stable laser, with short pulse duration and narrow linewidth; the in-
creased sensitivity and speed of photodetectors; the advancement in optical filters’
manifacturing; as well as the miniaturization of components and the reduction of
production costs.

Unlike traditional passive methods, Lidars directly provide vertically resolved pro-
files, bypassing the complexity of inversion algorithms. The high temporal and
spatial resolution allows to retrieve vertical gradients in water vapor mixing ra-
tio and temperature profile and is crucial to determine the vertical distribution
of aerosols, clouds and other atmospheric constituents. Moreover, the acquisition
of measurements requires short time interval, making near real-time monitoring
possible.

The need to fill gaps that are still present in our observational capabilities - espe-
cially in the low troposphere - together with new possibilities brought by improved
instrument and technologies, converge to the idea of exploiting the space-borne Ra-
man Lidar technique. The availability of high vertically resolved thermodynamic
and /or optical profiles would bring an entirely new globally-sampled information,
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also in under-observed parts of the planet and atmosphere. The contribution of
these new data would have strong benefits in several research areas, such as ra-
diative transfer models, land-atmosphere feedbacks, mesoscale circulations, data
assimilation etc.

In this context, it’s important to have a tool capable to assess the performance
of a space-borne Raman lidar, to define its experimental parameters, as well as
to estimate the impact of retrieved products, in order to have a useful support
for the development phase and feasibility studies. For this purpose, an end-to-end
simulator has been developed.

The simulator allows to simulate the lidar signals, taking into account all the
experimental and environmental conditions and then to analyze them in order to
retrieve thermodynamic and optical parameters, together with their statistical and
systematic uncertainties. The purpose of this thesis is to describe the procedures
on which the simulator is based, providing a detailed description of the strategies
used and the theoretical background.

Specifically, the first chapter describes the structure of lidar systems, with a

brief overview on the main components. A section is also dedicated to two ground
based Raman lidar - Concerning and Marco - designed and developed during the
second year of the PhD course. The development of these systems was useful to
better understand all the mechanisms that had to be simulated and also to have a
reference to test the theoretical model included in the simulator. Moreover, many
of the technological solutions used for the systems are a starting point for the
development of the space-borne prototype.
Concerning and Marco were also used in the field campaign WalLiNeAs, during
which they operated in a network of lidars located in the south of France starting
from October 2022. The aim was to provide near real-time water vapor profile
to be assimilated in a NWP model, in order to improve the capability to predict
extreme precipitation events. Concerning operated continuously until January
2023, providing very accurate measurements during both day and night and in
all weather conditions. Marco is based on a micro-pulse lidar, so it is less per-
forming than Concerning, but with more than a year of continuous operations has
demonstrated the capability to provide useful products with an ultra compact and
economic design.

The second chapter is focused on the end-to-end simulator. The model is di-
vided into two separate modules: the forward module estimates the lidar signals
in terms of detected photons, by simulating the propagation of the laser beam in
the atmosphere, its interaction with the atmospheric constituents (molecules and
particles) and the behavior of all the devices included in the receiving system. The
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structure of the simulator allows to consider both space-borne and ground-based
lidar systems and to specify all the experimental parameters, so that sensitivity
studies can be easily conducted.

Specifically, it is possible to simulate the elastic signal, i.e., the amount of radia-
tion elastically backscattered by atmospheric constituents at the same wavelength
of the incident radiation, the Raman Ny and H,O roto-vibrational signals and
pure-rotational Ny — O, signals. Simulated signals include a background term that
depends on the solar radiation received together with the backscattered signal.
An improved theoretical model is proposed to better evaluate this contribution
with sun zenith angles near 90°, values with which traditional models, based on
parallel-plane approximation, fail. The improved algorithm is particularly suited
to evaluate the performance of space-borne lidar on dawn-dusk orbits. To simulate
the statistical fluctuation of the number of photons typical of the shot-noise, the
signals are perturbed using the Poisson statistics.

Finally, a section is dedicated to simulation in presence of clouds. Clouds con-
tribute attenuating the signal, but also increasing the background due to cloud
reflectivity. Moreover, in case of discontinuous clouds, the simulation consider the
capability of the lidar to exploit shots between clouds, using weights linked to
cloud distribution and the combination of possible paths.

The second part of the chapter is dedicated to the retrieval module, used to ana-
lyze the lidar signals in order to retrieve vertically resolved profiles of water vapor
mixing ratio, temperature, backscatter and extinction coefficient, using consoli-
dated techniques, a description of which is provided. The end-to-end structure
allows to estimate both the statistical and systematic uncertainties, by comparing
the retrieved profiles with the data used as input.

The third chapter shows the results used in two ongoing space lidar projects - At-
las and Caligola - obtained through the simulator. Atlas is a space-borne Raman
lidar able to measure atmospheric temperature and water vapor mixing ratio with
high temporal and spatial resolution. The mission concept was proposed in the
frame of "Earth Explorer-11 Mission Ideas" and was also submitted in an improved
version to the call "Earth Explorer-12". The simulator was used in this context
to verify the performance of the lidar in different conditions, e.g., changing some
experimental parameters, in different illumination conditions, using different data
as input. The simulation were performed considering both atmospheric models
and data extracted from the NASA’s GEOS-5 dataset in order to evaluate the
performance along multiple orbits around the Earth.

On the other hand, Caligola is a three-wavelength Raman lidar with mission
founded by the Italian Space Agency (ASI), with objectives that includes both
atmospheric and oceanic observations. The project involves the collaboration of
several organization: the scientific studies are lead by the University of Basilicata



INTRODUCTION iv

together with ISMAR-CNR, technological feasibility studies are on-going at the
Leonardo S.p.A and lately NASA has showed a strong interest in the mission and
has initiated a pre-formulation study at Langley with the possibility to be main-
tained within the Earth Systematic Mission Program Office at NASA Goddard
Space Flight Center. Within this project, a strong cooperation with Leonardo re-
quired several simulations to define the experimental setup of Caligola, including
the selection of channels, sensitivity studies for the choice of the field-of-view, con-
siderations about the expected performance depending on the local passage time
etc.

The end-to-end simulator is therefore a powerful instrument that can be used in
different contexts and for different purposes, from conceptual design to verification
and validation. It has certainly been a useful tool for missions and projects that,
if achieved, would make a contribution to research and knowledge.



Chapter 1

The Lidar system

1.1 Configuration of a lidar system

A lidar (LIght Detection And Ranging) is an instrument used for remote monitor-
ing, which exploit the interaction of radiation with the atmospheric components
to derive thermodynamic, optical and compositional properties of the atmosphere
1.

In its simplest configuration, a Lidar consists of a laser source and a receiver
(Figure . As the laser pulses propagate through the atmosphere, part of their
energy is backscattered, elastically or inelastically, to the instrument by particles
and molecules. The backscattered radiation is collected by a telescope, detected
by sensors and sampled in a vertically resolved signal. Since each different species
produces a specific frequency shift, the Raman lidar technique exploits the spec-
trally resolved pure-rotational and roto-vibrational Raman scattering phenomena,
to measure a wide range of compositional properties. The receiver, in fact, includes
a number of spectrally separated channels, each one tuned on a specific wavelength
maximizing the backscattering from the examined atmospheric species.

A brief description of the lidar system’s components of a Lidar is here provided.

1.1.1 Laser source

The laser sources used in lidar application are usually selected in order to have
high power. Solid-state laser such as Nd:YAG, have single pulse energy of 0.1-1 J
with pulse duration of 10-30 ns, with an emitted fundamental wavelength of 1064
nm, which can be doubled (532 nm) or tripled (354.7 nm). The amount of energy
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Figure 1: Schematic configuration of a Lidar system

elastically or anelastically scattered by atmospheric molecules is inversely propor-
tional to the fourth power of the wavelength, therefore the scattering is stronger
at visible and ultraviolet wavelength than in the infrared [2]. For measurement of
atmospheric temperature, it is also required a good stability in frequency. In fact,
the retrieval of atmospheric temperature is based on the capability to select spe-
cific rotational lines, this capability being dependent on the spectral stability of on
the stimulating wavelength. A drift in the emitted frequency causes a shift of the
rotational lines and a variation in intensity of the collected signals which produces
a systematic error. High frequency stability are obtained with laser equipped with
"injection-seeding", a device allowing to obtain a high monochromatic laser emis-
sion, based on on the selection of a single longitudinal mode. This choice allows
to obtain a laser line of width (FWHM) smaller than 0.05 pm, together with a
frequency stability of the order of 1 pm.

A laser beam is characterized by an intrinsic divergence due to diffraction which is
proportional to the wavelength and inversely to the beam diameter. Keeping the
beam divergence small is important in order to consider small field-of-view and re-
duce the collected environmental background (primarily associated with solar and
lunar illumination). For this purpose, the laser beam can be expanded through a
beam-expander.

Beam expanders are devices made of two lenses with positive or negative focal



CHAPTER 1. THE LIDAR SYSTEM 3

lengths (Keplerian or Galileian configuration respectively), able to increase the di-
ameter of a collimated input beam to a larger collimated output beam. They are
therefore characterized by the magnifying power, that is the ratio between input
and output divergence or, analogously, between output and input beam diameter.
The expanded laser beam is than deflected towards the zenith through a mirror
with high reflectivity and good damage threshold, to withstand the laser power
density.

1.1.2 Photon collection and detection

The telescope has the role to collect the lidar signals, therefore high imaging ca-
pabilities are not strictly required and an optical quality of the telescope primary
mirror corresponding to a surface wave-front error of the order of A RMS is suffi-
cient. Receiver telescopes have usually diameters of 0.5-1 m and f-number, i.e., the
ratio between focal length and aperture diameter, between f/3 and f/10. Different
telescope configurations can be used: among others, Cassegrainian, Newtonian or
Dobsonian type. It is possible to consider a coaxial setup, with the laser beam on
the telescope optical axis, or biaxial setup, with laser beam off the optical axis and
possibly tilted against it. The field-of-view is determined by the field-stop in the
focal point of the telescope and is usually slightly larger than the beam divergence,
in order to reduce the collected background but without losing the stability of the
laser beam within the FOV [3].

The collected signal is then divided through the various channels using dichroic
beamsplitters, optical devices that reflect specific wavelengths and transmit a
different wavelength range. Beam splitters can be polarizing or non-polarizing,
depending if they split the light into reflected S-polarized and transmitted P-
polarized beams or if they maintain the original polarization state.

Spectral selection can be obtained using interferential filters, which transmit the
wavelength within a specific bandwith, and suppress the wavelength outside the
filter pass-band spectral region.

The photon detection is usually based on photodiodes or photomultipliers, devices
that convert incident photons into electrical signals. High quantum efficiency and
low noise are required.

1.1.3 Data Acquisition

The signal are then recorded as a function of time: the data acquisition starts when
the laser pulse enters the atmosphere, using a trigger signal that senses a fraction
of the outgoing pulse, and ends after a time interval corresponding to the range
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resolution. For example a 50 ns acquisition corresponds to a vertical resolution of
7.5 m. The electric signal can be sampled using both photon-counting or analog
detection. In photon-counting, individual photons are counted, so this technique
is optimized for low level light intensities, i.e., to detect the signal at high altitude,
but at higher levels this approach results in non linear signal responses. To increase
the dynamic range, it is possible to use the analog detection, in which the signal
is amplified and digitized by a 16-Bit 40/80 MHz analog-to-digital converter [4].
The acquired signals are therefore stored on a computer and analyzed applying
consolidated techniques. The algorithm used to retrieve physical properties from
lidar signals are explained in section [2.6]

1.2 Experimental development

The research activities included, in addition to a main part of theoretical research,
also a part dedicated to experimental development, which led to the design and
realization of two new and innovative ground-based Raman lidars.

The lidar CONCERNING (COmpact RamaN lidar for atmospheric CO2 and
thERmodyNamic profilING) was developed thanks to italian funding FISR (Fondo
Integrativo Speciale per la Ricerca) and is a compact Raman lidar capable, at
present, to realize measurements of water vapor mixing ratio, temperature, backscat-
ter and extinction profiles with high temporal and spatial resolution. Experimental
measurements of COy are currently ongoing and will be subject of study for the
following months.

The second lidar is MARCO (Micropulse Atmospheric Optical Radar for Climate
Observations, in honor of Prof. Marco Cacciani), the first micro-pulse lidar able to
provide water vapor mixing ratio, backscatter and extinction coefficients profiles
and, in the next future, also temperature.

Both lidars have very compact configuration and limited dimensions that make
them easily transportable. Moreover, they are completely autonomous, operable
and monitored from remote and capable to provide real time measurements of
a variety of geophysical parameters. A brief description of the two systems, to-
gether with few examples of their measurements is provided in the following. The
specifications of the two systems are listed in Table [1}

1.2.1 Concerning

Concerning is a Raman lidar that can operate at three wavelengths (354.7, 532.15
and 1064.1 nm) and potentially equipped with twelve channels, eight of these cur-
rently fully operational: the elastic signal at 354.7 nm, together with parallel and
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cross polarization, the roto-vibrational Ny and C'Os; Raman signals and the ro-
tational Raman Ny — O signals at low and high quantum number J. Other four
channels are dedicated to the total and parallel elastic signal at 532 nm, the total
signal at 1064 nm and the roto-vibrational N, signal at 607.4 nm and are used
when the system is operated at the three wavelengths simultaneously.

The laser source, a customized version of Merion MW 7-100 produced by Lumibird,
is a diode-pumped Nd:YAG with high frequency stability (< 5 pm) and narrow
laser line (< 0.005 cm™!). The latter property is obtained through injection seed-
ing through a diode laser. The single single pulse energy is 110 mJ at 355 nm,
that operated at a repetition rate of 100 Hz gives an average power of 11 W.
The laser beam is expanded by a reflective Cassegrain beam expander optimized
for the three wavelengths and produced by Trioptics, that reduces the beam diver-
gence from 0.39 mrad to 0.12 mrad. The laser is deflected vertically by a motorized
mirror that can be controlled by a computer, allowing for boresight alignments,
i.e., the co-alignment of the laser bems and the telescope field of view. The signal
is then collected by a Dobsonian telescope with a 500 mm diameter aperture and
focal length f/3.6.

The optical layout includes several beam splitters chosen to efficiently divide the
collected signal (Figure . For the spectral selection, accurate sensitivity studies
led to the selection of specific interferential filters with narrow bandwidths (0.1-0.3
nm) acquired by Alluxa.

The signal detection is made by photomultipliers with high quantum efficiency
(=30 % in the UV) and high gain (~10°) produced by Hamamatsu. The signal is
then acquired in both photon-counting (800 MHz) and analog detection (16 bit,
40MHz) using a Transient Recorder produced by Licel.

The entire system is located inside a air-conditioned cabinet of 2600 x 1340 x
2265 mm, equipped with a quartz window, which allows to operate in any weather
condition. The system is therefore easily transportable and suitable for field cam-
paigns.

1.2.2 Marco

Marco [5] is an ultra-compact micropulse lidar, specifically designed to have high
mobility without losing performance. In fact the entire system, placed inside a
cabinet with similar characteristics of the one hosting the system Concerning, is
only 135 x 134 x 173 cm. The fiber optic micro-pulse laser operated at 354.7 nm
has a single pulse energy of 250uJ and a repetition rate of 20 kHz, corresponding
to ~ 5 W in the UV. To compensate the background contribution due to the high
repetition rate, a Ritchey-Chretien with a 406 mm aperture and focal length f/8
was used, in order to allow an acceptable reduction of the field-of-view (0.31 mrad,
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Figure 2: Optical layout of Concerning

with a beam divergence of 0.30 mrad).

At present, five channels are operative: the elastic backscatter signal at 354.7 nm,
together with the parallel and cross polarizations and the two roto-vibrational sig-
nal of Ny and H,O at 386.7 and 407.5 nm respectively. Another four channels
dedicated to rotational high and low quantum number signals, the C'Oy roto-
vibrational signal (371.7 nm) and a fluorescence backscatter signal (450-460 nm)
will be added in the next future.

As in the system Concerning, the receiving system is based on interferential filters
and photomultipliers for spectral selection and detection and the data acquisition
is carried out in both analog and digital sampling using a Transient Recorder.

1.2.3 The field-campaign WaLiNeAs

The systems Concerning and Marco have taken part of the field campaign Wa-
LiNeAs (Water vapor Lidar Network Assimilation) for the improving of heavy
precipitation forecasting in southern France. The campaign, started in October
2022, with the participation of French, German, Spanish and Italian researchers to
develop a lidar network capable to provide high-resolution measurements of water
vapor. These profiles have to be assimilated in near real-time, with updates every
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Specification

Concerning |

Marco ‘

Laser source

Diode-pumped Nd:YAG
Merion MW7-100

Fiber optic Nd:YAG
Sintec AO-V-355-Water

Wavelength 355-532-1064 nm 355 nm
Repetition rate 100 Hz 10-40 kHz
Single Pulse Energy 110 mJ @355 190 pJ @10kHz

160 mJ @532 250 pJ @20kHz

300 mJ @1064

200 muJ @Q30kHz
140 pJ @40 kHz

Beam diameter 6.5 mm 8 mm
Beam divergence 0.39 mrad 0.30 mrad
0.12 mrad (after BEX)
Telescope Dobsonian Ritchey-Chretien
Aperture 500 mm 406 mm
Focal length /3.6 f/8
FOV (FWHM) 0.55 mrad 0.31 mrad

Operative channels

Elastic tot 354.7
Elastic || 354.7
Elastic 1L 354.7
Roto-vib Raman H,O 407.5
Roto-vib Raman N, 386.63
Roto-vib Raman CO, 371.7
Rot N2/02 LoJ 354.3 nm
Rot NQ/OQ HiJ 352.9 nm

Elastic tot 354.7

Elastic || 354.7

Elastic L 354.7
Roto-vib Raman H,O 407.5
Roto-vib Raman N, 386.63

Other channels

Elastic tot 532.05 nm
Elastic || 532.05 nm
Elastic total 1064.1 nm
Roto-vib Ny 607.4 nm

Rot NQ — 02 LoJ 354.3 nm

Rot Ny — Oy HiJ 352.9 nm

Rot-Vib CO, 371.7 nm (?)
Fluorescence (?)

Detector Photomultiplier tubes Photomultiplier tubes
Acquisition 16Bit 40MHz analog 16Bit 40Mhz analog
800 MHz digital 800MHz digital
Dimensions 260x134x226 c¢cm 135x134x173 cm

Table 1: Concerning and Marco system specifications
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Figure 3: Sites of Concerning and Marco in the southern France

15-30 minutes, in the AROME-France model (French Application of Research to
Operations at Mesoscale). The aim of the campaign is to fill an observational gap
in the low troposphere and to enhance the capability to predict extreme heavy
precipitation events which are frequent along the Mediterranean french coast. The
implementation of an integrated prediction tool, coupling network measurements
of WV profiles and a NWP model would help to estimate the amount, timing and
locations of rainfall associated with these events up to 48 h in advance [6], which
would be extremely beneficial in order to reduce the social and economical impact,
as well as the threat to human lives.

The system Concerning was deployed in Toulon-La Garde (43.136°N 6.012°E, 65
m elevation) together with a Wind Lidar and started operation on 29 Septem-
ber 2022 - 15:35 UTC, performing 118 days of continuous measurements till 25
January 2023 - 15:00 UTC, when a laser failure forced us to stop the operations.
The second system Marco was deployed in Port-Saint-Louis-du-Rhone (43.393°N
4.813°E, 5 m elevation) and started collecting measurements on 19 October 2022 -
21.02 UTC and presently it is still operational, with more than a year of continuous
measurements (Figure [3}4).

Both systems are are completely automatic and designed to be operated re-
motely and in any weather condition. Every laser operation (i.e., alignment,
switching on/off, power check) is managed through dedicated software applica-
tions (Figure . All the system parameters (internal temperature and humidity,
laser status ecc...) are constantly monitored and any system failure is reported
within 30 minutes with an email advice. Moreover, the most recent acquisitions
are automatically uploaded on a dedicated website (web.unibas.it/lablidar) which
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shows the last 12 hours of water vapor measurements, updated every 3 hours,
together with the last 7 days of range corrected elastic signal and water vapor
measurements, updated every day. In this way, it is possible to intervene immedi-
ately if adjustments are required. The website is also a repository for all the past
measurements. For the WaLiNeAs campaign, Concerning was operated with a raw
vertical resolution of 7.5 m and temporal resolution of 10 s up to 70 km, while
Marco has a vertical resolution of 15 m and temporal resolution of 3 s up to 5 km.
The data are uploaded in a Network Attached Storage (NAS) and analyzed every
15 minutes for Concerning and every 30 minutes for Marco in order to provide
near real-time measurements of water vapor mixing ratio. The data, averaged on
15 minutes and 30 minutes for Concerning and Marco, respectively, and with a
vertical resolution of 100 m. Data are then uploaded on the Meteo-France server
for assimilation.

Figure [6] shows four consecutive months of water vapor measurements obtained
with Concerning. The system has shown excellent performance in both night and
day time and recorded several precipitation events, including three weather watch-
alert in the Gard department on 20-21 October, 31 October, 8-9 November and
14 November. Especially the second half of October shows high concentrations
of water vapor, while moving towards the winter months the quantity naturally
decreases.

Figure[7]shows 11 months measurements performed with Marco. The figure clearly
reveals the transition between winter and summer. The system shows good perfor-
mance in the night time, even if the system performance suffers a natural decline
over the months due to laser power loss as well as dirt accumulated by precipita-
tions. In the day time it is necessary to average more data to extract acceptable
results up to 0.5-1 km, due to the high background.

The data collected from the two systems will be part of deeper studies in the next
research activities. In addition to climatological studies, latent flow measurements
are ongoing, using simultaneous data of water vapor mixing ratio from Concern-
ing and vertical wind components from the co-located wind lidar [7]. Moreover,
dedicated studies will be conducted about several dark-bands phenomena [§] that
were observed with Marco, sometimes with an extension of even a couple of days

(Figure [g).
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Chapter 2

The End-to-End Simulator

End-to-end performance simulators are frequently used to size remote sensors.
These numerical tools are particularly important when designing a complex re-
mote sensor, as a Raman lidar, especially when this is aimed to be deployed on a
space platform. In fact the definition of the technical specifications of the different
subsystems is in this case often relying on limited experimental verification and
mostly depends on theoretical models and simulations. A comprehensive under-
standing of the characteristics of Raman lidar and an estimation of its performances
plays therefore an important role in designing the system, from laser transmitters
to receivers.

2.1 The role of simulations

During the design and development phase of a space Raman lidar, it is impor-
tant to estimate the performance and the potential impact of the system, with a
detailed assessment of the major statistical and systematic error sources affecting
the measurements. The choice of a possible experimental setup depends on the
scientific objectives that must be reached, but it is also strongly influenced by
the technological solutions available. The need of minimizing the size and weight,
especially for space-oriented mission, the availability of components with an ac-
ceptable TRL (Technology Readiness Level) as well as some physical or practical
limitations can have a strong impact on the real feasibility of a new instrument. In
most cases, a trade-offs are essential to find the best compromise between different
observational requirements and scientific needs.

14
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For example, an estimate of the signal intensity is useful for the optimization of the
receiver system in terms of optical layout, available channels, damage thresholds,
minimization of the background. The quality of the observational products can be
evaluated based on the estimate of the statistical and systematic errors affecting
the measurements. Performance can be estimated considering different technical
specifications for the sub-systems included in the experimental setup, in order to
verify if the scientific objectives can be reached. Moreover, the performance can be
influenced by external factors, i.e., different environmental illumination conditions
result in different noise amounts, whose variability must be taken into account.
For this purpose, an End-to-End simulator has been developed in order to esti-
mate the performance of space-borne, air-borne or ground-based Raman lidars.
The “end-to-end” structure, i.e., the simulation of the full chain of mechanisms
from the production of the signals to the output products, is particularly effective
in these studies because it allows to estimate not only the statistical uncertainties,
but also the systematic error sources. Furthermore, the scalability of the experi-
mental parameters is a functional way to verify the performance according to the
characteristics of the different sub-systems.

The simulator consists of two distinct modules: the forward module, which simu-
lates the propagation of the laser beam in the atmosphere, considering all possible
interaction mechanisms with atmospheric constituents, the behavior of all devices
included in the experimental setup and the background radiation. The practical
graphical interface allows to specify all the experimental parameters to be consid-
ered in the simulation, e.g., the laser source specifications (emitting wavelengths,
single pulse energy, repetition rate, beam divergence, etc.), the receiver specifica-
tions (telescope characteristics, receiving field-of-view, detector efficiency and gain,
interference filters’ transmission and blocking characteristics, etc.), temporal and
spatial resolutions and for space-borne sensors also orbital parameters (satellite
height and speed, equatorial crossing time, viewing geometry).

The retrieval module performs the analysis of the simulated lidar signals to deter-
mine the vertical profiles of products such as temperature, water vapour mixing
ratio, backscatter and extinction coefficients. Therefore, it is based on the applica-
tion of the algorithms which are typically used also in the case of real measurements
to determine the atmospheric quantities.

A detailed explanation of the equations and algorithms used in the simulator is
here provided.
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Figure 9: Block structure of the End-to-End Simulator

2.2 Forward Module

The forward module of the End-to-End simulator provides synthetic lidar signals
calculated using the physical and optical parameters provided by the user and
considering the specified experimental setup. The algorithm simulates the propa-
gation of the beam from the laser source through the atmosphere and back to the
receiver, considering the atmospheric attenuation according to the Beer-Lambert
Law. In particular, the simulator can estimate the elastic backscattered signal
at multiple wavelength, the roto-vibrational H,O and N, Raman signals and the
pure rotational Raman signals of Oy and N;. The simulation takes into account
an additional term for the solar background, estimated as a function of the solar
zenith angle. Furthermore, the simulated signals are perturbed using the Poisson
statistics in order to generate the typical shot-noise affecting Raman signals.

2.2.1 Input parameters

As input parameters for the initialization of the simulator, some thermodynamic
and optical parameters are used; in particular pressure, temperature (T) and wa-
ter vapour mixing ratio (WVMR) profiles, as well as aerosol and cloud optical
parameters’ profiles. The air number density can be either an input parameter or
can be calculated through the ideal gas law, with the height that can be obtained
from the hydrostatic equation. The simulator can also consider relative humidity
as input humidity parameter, instead of water vapour mixing ratio. In this case
the WVMR is calculated as:

xinolz) = 22 (2.1)
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Figure 10: Flow-diagram of the forward module
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where ¢ = 0.622 is the ratio of the water molar mass (18.02 kg/mol) divided by
the dry air molar mass (28.97 kg/mol). The vapour pressure is obtained from the
saturation vapour pressure as e(z) = esu(2) - RH(z). In turn, ez is calculated
through the Magnus equation [9]:

. 0.074 17.62 - £(°C)
st = [1.00164+3.15x 10 Sp(hPa) — ———~| .6.112 2.2
Coat 31510 p(hPa) p(hPa)} P (243.12+t(°0)) (22)

Additional input parameters are the aerosol backscatter and/or extinction coeffi-
cient and some cloud optical properties, e.g., optical thickness and cloud fraction.
Below 100 km, the molecular backscattering coefficient can be obtained from the
Rayleigh approximation [2]:

d 550\ "
Brmoin(2) = n(z) ‘;g) ~ n(z) <T) -5.45 x 107%® (2.3)
where n(z) is the air number density and is the considered wavelength.

The molecular extinction coefficient is obtained from the backscatter coefficient as

8T
Umot A (2) = ?ﬁmol,/\(z) (2.4)
while the particle extinction, if not provided, is calculated using the lidar ratio:

Qpar(2) = Bparn(2) - LR (2.5)

Unless differently specified, the lidar ratio value considered in the simulator is
LR = 40, that is a typical value for the boundary layer and free troposphere.

The input mask (Figure offers a practical way to import data in different

file formats (.txt or .nc) with an automatic recognition of the parameters. The
simulator can be used for both single-profile simulation, e.g., based on atmospheric
models or radiosounding data, or applied to a temporal sequence of several input
profiles to generate a simulated measurement sequence and, ultimately, orbital
simulations.
The single-profile simulation is useful to evaluate the average climatological per-
formance of the instrument. Simulations based on radiosounding data have been
used, for example, to compare real lidar signals with simulated ones in order to
evaluate the level of coupling between the telescope and the receiving channels.
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Figure 11: (a) Input mask showing the imported parameters and (b) orbit visual-
1ization

The time sequence simulation allows to evaluate the performance stability and is
very useful in space-borne lidars simulations, in which atmospheric conditions and
solar background are largely varying along the orbit.

When latitude and longitude are provided together with the input data, it’s pos-
sible 