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Abstract 

This thesis investigates the development and application of Raman lidar 

systems for measuring atmospheric compositional and thermodynamic 

properties. The research focuses on two ground-based lidar prototypes, 

CONCERNING and MARCO, developed during the PhD program. These 

systems, utilizing both rotational and vibrational Raman lidar techniques 

in the UV spectrum, incorporate advanced technologies for laser emission, 

spectral selection, optical signal detection, and data acquisition. Housed in 

rugged, weather-resistant containers with remote control capabilities, these 

lidars offer continuous and unattended measurement capabilities. 

MARCO, notably, is the first lidar prototype that demonstrates the 

feasibility of a Raman lidar based on a micro-pulse laser source. 

The two lidar systems were deployed in various national and international 

measurement campaigns, such as WaLiNeAs, BELLA, and DECIPHER, 

highlighting their capabilities in studying extreme precipitation events, 

characterizing the atmospheric boundary layer, and investigating transport 

and mixing phenomena in mountain areas. Future campaigns are planned 

to further explore marine aerosol and cloud interaction. 

As part of the research project, a Raman lidar simulator was developed to 

define the characteristics of the spectral selection devices required for CO2 

mixing ratio measurements, evaluate system performance, and calibrate  

the measurements through an original technique, taking advantage of day-

time lidar background signal. The CO2 measurement capability was 

successfully implemented in the CONCERNING lidar, with promising 

results demonstrated through calibrated measurements compared to 

satellite data. 

The thesis contributes significantly to the CALIGOLA (Cloud Aerosol 

LIdar for Global scale observations of the Ocean-Land-Atmosphere 

system) satellite mission, a collaborative project between the Italian Space 

Agency and NASA, with the University of Basilicata representing the 

focal point for the scientific activities. The research provided valuable 

insights into the Raman lidar technique and served as a testing platform 

for state-of-the-art technological solutions and techniques that will be 

implemented in the CALIGOLA mission. The developed lidar simulator 

will be enhanced to form the foundation of a comprehensive end-to-end 

lidar simulator of the space-borne lidar. Additionally, the two lidar 

systems' measurement capabilities will be instrumental in calibrating and 

validating CALIGOLA's atmospheric products and will support future 

synergetic studies, enhancing the understanding of feedback and coupling 

mechanisms within Earth's biogeochemical cycles. 
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Introduction 

Our understanding of the Earth water, energy and carbon cycles still shows gaps on all 

temporal and spatial scales [1, 2]. Despite recent advancements, this is mainly due to 

the lack of accurate measurements of carbon dioxide (CO2) and thermodynamic (TD) 

profiles, that is, water vapor (WV) and temperature profiles, with high temporal and 

spatial resolution, especially in the lower troposphere. 

The concentration of CO2 in the atmosphere has reached values above 420 ppm, with 

an average annual growth rate of about 2.5 ppm; this is already having major effects on 

the Earth's climate and a great effort has been made over the years to predict future 

trends. Part of the emissions are absorbed by various natural sinks [3] whose better 

quantification is necessary to accurately simulate possible future scenarios. Land carbon 

sinks uncertainty is the highest among all flux components, consequently, accurate 

means to monitor land sinks are required. While CO2 has relatively uniform vertical 

distribution and therefore its total atmospheric content is well monitored by in-situ as 

well as satellite measurements, the correct quantitative knowledge of source/sink 

processes, that occurs mostly close to surface, requires a vertically detailed sampling as 

well as sub diurnal temporal sampling [4]. 

The availability of accurate CO2 profiles with high vertical and temporal sampling, as 

those that could be provided by ground-based Raman lidars, has the potential to impact 

climate research and modelling. For example, these measurements could contribute to 

overcome some of the present gaps in the comprehension of CO2 sink mechanisms by 

the biosphere (like the evaluation of forests’ carbon capturing capabilities) and 

estimating land-atmosphere feedback mechanisms [5]. Although the space and ground 

network for CO2 monitoring has regularly expanded over the past years, it does not 

guarantee the necessary spatial and temporal resolution needed for a quantitative 

analysis of sources and sinks. Additionally, presently operational space sensors provide 

CO2 measurements above forest canopies, which do not allow to properly estimate 

Gross Primary Production, that is, the total amount of carbon fixed with plant 

photosynthesis [6]. 

Accurate, high-resolution observations of TD profiles are instead essential for 

improving weather forecasting and re-analyses [7, 8], for studying land-atmosphere 

feedback processes and for improving model parameterizations of land-surface and 

turbulent transport processes in the Atmospheric Boundary Layer (ABL) [9, 10].  

The combined measurement of these compositional and thermodynamic properties of 

the atmosphere is important to improve the understanding of feedbacks and coupling 

mechanisms in biogeochemical cycles of the Earth system. 

In the last decades, the Raman lidar technique has proved to be a valuable tool to provide 

profiles of a variety of important atmospheric variables, with the advantage of providing 
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continuous monitoring of the sensed parameters, with high measurement 

accuracy/precision and spatial/temporal resolution, and a high level of independence 

between measured variables [11–13]. 

By combining vibrational and rotational Raman backscatter signals, simultaneous 

measurements of water vapor, CO2, and temperature profiles, and a variety of derived 

variables (for example, aerosol backscatter and extinction profiles, ABL height, cloud 

top heights, cloud optical depth) are possible with unprecedented spatial and temporal 

resolution. The CALIGOLA (Cloud Aerosol LIdar for Global scale observations of the 

Ocean-Land-Atmosphere system) satellite mission [14], funded by the Italian Space 

Agency (ASI) in collaboration with the National Aeronautics and Space Administration 

(NASA), with the University of Basilicata representing the focal point for the scientific 

activities, and the mentor of my thesis being the Principal Investigator of the mission, 

aims at addressing these observational gaps with a state-of-the-art active remote sensing 

system based on the Raman lidar technique. The CONCERNING (COmpact RamaN 

lidar for Atmospheric CO2 and ThERmodyNamic ProfilING) research project, funded 

to the University of Basilicata through “Fondo Integrativo Speciale per la Ricerca” by 

the Italian Ministry of University and Research, has represented the framework for the 

development of a ground demonstrator for these advanced measurement capabilities. 

The research conducted as part of my PhD program and reported in this dissertation is 

integral to and supported by these projects, and the activities described in this thesis aim 

at contributing to these ambitious objectives.  

The above-mentioned projects will take advantage of different instrumental 

characteristics, providing a variety of geophysical products. 

Specifically, in the current design, the ASI-NASA CALIGOLA mission will take 

advantage of elastic, Raman, and fluorescent lidar signals in the ultraviolet (UV), visible 

(VIS) and near infrared (NIR), with objectives that includes both atmospheric and 

oceanic observations. 

In the frame of the project CONCERNING, a versatile and transportable Raman lidar 

was developed to provide accurate and high-resolution measurements of the vertical 

profiles of CO2, water vapor mixing ratio, temperature and particle 

backscattering/extinction profiles, with the temporal and spatial resolution needed to 

resolve convective scales and turbulent processes. 

Moreover, a second Raman lidar MARCO (Micropulse Atmospheric Optical Radar for 

Climate Observations), the first micro-pulse lidar able to provide water vapor mixing 

ratio, temperature, and aerosol backscatter and extinction coefficient profiles, was 

developed and tested. 

Objective of the research project described in this thesis is to investigate the feasibility 

and the limits of  Raman lidar systems dedicated to the measurement of the 

aforementioned parameters, with a particular focus on the CO2 measurements. This 

objective was accomplished through parallel activities of modelling and instrument 

design, development, testing and validation. Moreover, the two developed lidar 

prototypes served also as a testbed for several state-of-the-art solutions and techniques 

that will be adopted in the CALIGOLA mission. The work was carried out within the 
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frame of the activities of the Lidar Group at Scuola di Ingegneria (SI-UniBas) of the 

University of Basilicata, in tight cooperation with ISMAR-CNR and “Sapienza” 

University of Rome. 

The Raman lidar technique has been investigated over the past decades for its 

application in CO2 profile measurements [12, 15–18]. Despite its high potential, the 

technique faced challenges due to the low signal-to-noise ratio (SNR) associated with 

the CO2 ro-vibrational Raman signals. However, recent advancements in laser 

technology, as well as improvements in spectral selection and signal detection devices, 

have renewed interest in the technique, leading to the development of a new generation 

of lidar systems specifically designed for its exploitation. The instrument design process 

was supported by a Raman lidar simulator. This tool accurately simulates, in a spectrally 

resolved manner, all laser light interaction mechanisms with atmospheric constituents, 

as well as all the devices present in the considered Raman lidar experimental setup. The 

developed simulator supported the definition of the specifications of the spectral 

selection device. In particular, the use of additional channels was evaluated, and the 

optimal characteristics (position of the central wavelength and bandwidth) of the 

interferential filter used as spectral selection device were determined. To maximize the 

system performances, different options for the spectral selection of the CO2 vibrational 

Raman signals were verified, and a consolidated design has been defined, implemented 

and tested.  

The thesis is structured as follows. Chapter 1 introduces and describes the Raman lidar 

simulator, used for the definition of the spectral selection devices, in the evaluation of 

the system performances, and in the calibration of the CO2 measurements. The 

preliminary simulations are then detailed in Chapter 2. The two Raman lidar systems 

CONCERNING and MARCO, developed and  tested during the research project, are 

described in Chapter 3. The result of several national and international field campaigns, 

demonstrating the prototypes’ measurement capabilities are shown in Chapter 5. The 

CONCERNING measurement capabilities of CO2 mixing ratio profiles, taking 

advantage of a novel calibration technique, are demonstrated in Chapter 6. Finally, the 

impact of present and future activities in support of the CALIGOLA mission are detailed 

in Chapter 7. 
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1 Raman lidar simulator 

In order to define the characteristics of the interference filters needed for the 

measurement of CO2 profiles and to assess the potential performance of a lidar system 

designed for this purpose, a Raman lidar simulator was developed. The code consists of 

a radiative transfer model (RTM) able to simulate, in a spectrally resolved manner, all 

relevant laser light interaction mechanisms with atmospheric constituents, and the 

echoes produced by these constituents, the behaviour of all the devices present in the 

considered Raman lidar experimental setup, and the electromagnetic signal associated 

with the environmental background radiation (primarily sun radiation).  

A detailed explanation of the equations and parameters used in the simulator is here 

provided in what follows. 

 

1.1 Lidar signal 

The elastic backscattered signal at the laser wavelength λ0, expressed as number of 

detected photons per laser shot and range bin, can be calculated as [19]: 

 

𝑃λ0
(𝑧) = 𝑃0 ⋅ η(λ0)τ(λ0)ϵ(λ0) ⋅

𝐴

𝑧2 ⋅ [βmol(z) + βaer(z)] ⋅ 𝑇2(λ0, 𝑧) Δ𝑧       (1) 

 

where 𝑧 is the distance between the scattering volume and the receiver, which for a 

ground-based lidar pointing at the zenith corresponds to the altitude above ground level,  

Δ𝑧 = 𝑐Δ𝑡/2 is the vertical resolution, where Δ𝑡 is the sampling resolution, 𝑃0 =

𝐸0/(ℎ𝑐/𝜆0) is the number of emitted photons, calculated as the single pulse energy E0 

divided by the energy of the photon, 𝜂 is the overall optical transmission efficiency not 

taking into account the interference filter transmission 𝜏, 𝜖 is the detector quantum 

efficiency, 𝐴 is the telescope primary mirror area, 𝑇(𝜆, 𝑧) is the atmospheric 

transmissivity. Finally, βmol(z) and βaer(z) are the elastic molecular and aerosol 

backscatter coefficients from the scattering volume at distance 𝑧, respectively. 

The ro-vibrational Raman signals for a spectral bin with central wavelength λ and 

bandwidth Δλ can be estimated as: 
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𝑃(λ, 𝑧) = 𝑃0 ⋅ η(λ)τ(λ)ϵ(λ) ⋅
𝐴

𝑧2
⋅ (∑ 𝑛𝑖(𝑧)𝑖 ⋅

𝑑σ𝑖

𝑑Ω
) ⋅ 𝑇(λ, 𝑧)𝑇(λ0, 𝑧) Δ𝑧    (2) 

 

where 𝑛𝑖(𝑧) and 
𝑑σ𝑖

𝑑Ω
 are the numerical densities of the atmospheric species generating 

the ro-vibrational Raman scattering effect (primarily, molecular nitrogen and oxygen, 

water vapor, and carbon dioxide) and the differential cross section of the i-th rotational 

Raman line falling in the spectral bandwidth Δλ, respectively. The product of these two 

quantities gives the Raman backscatter coefficient (see Figure 2). The total signal 

received in a given lidar channel is the sum of the 𝑃(𝜆, 𝑧) calculated over the relative 

filter transmission curve. 

 

1.1.1 Transmissivity 

The atmospheric transmissivity T(λ, z), approximated as a discrete sum, is calculated 

as: 

 

T(λ, z) = exp[− ∑ α(λ, zi)Δzi ]    (3) 

 

with a sum over all 𝑧i values from ground to 𝑧𝑖 = 𝑧 where α(λ, 𝑧) = α𝑚𝑜𝑙(λ, 𝑧) +

α𝑎𝑒𝑟(λ, 𝑧) + α𝑔𝑎𝑠(λ, 𝑧) is the extinction coefficient. 

The molecular extinction coefficient is calculated as α𝑚𝑜𝑙(λ, 𝑧) = n(z)σmol(λ) where 

the Rayleigh scattering cross section σmol(λ) is calculated as in [20].  

Aerosol extinction coefficient is computed from a parametrized representation based on 

aerosol optical thickness 𝜏380, Angstrom exponent 𝐴𝐸 and a scale height ℎ, having 

assumed an exponential decrease of the aerosol concentration: 

 

α𝑎𝑒𝑟(λ, 𝑧) = (
λ

380
)

−𝐴𝐸

⋅
τ380

ℎ
exp (−

𝑧

ℎ
 )                 (4) 

 

The gas absorption coefficients are calculated from temperature and wavelength 

dependent tabulated cross sections as α𝑔𝑎𝑠(λ, 𝑧) = ∑ ni(𝑧)σ𝑖(λ)𝑖  where 𝑖 is the gas 

species considered, in particular O3 [21], NO2 [22], and SO2 [23]. The atmospheric 

density profiles for the molecular and gas cross sections are the AFGL atmospheric 

constituent profiles [24]. 
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1.1.2 Elastic backscatter coefficients 

As in narrowband filters with sub-nm bandwidths the contribution to the signal comes 

primarily from the Cabannes line and not from all the Rayleigh scattering (that is, 

Cabannes + rotational Raman), the molecular backscattering coefficient was calculated 

as: 

 

𝛽𝑚𝑜𝑙 = ∑ 𝜌𝑁2,𝑂2
(

𝑑𝜎

𝑑Ω
)

𝐶𝑎𝑏𝑎𝑛𝑛𝑒𝑠

𝑁2,𝑂2
    (5) 

 

where 𝜌𝑁2,𝑂2
 is the numerical density of N2 or O2 and (

𝑑σ

𝑑Ω
)

𝐶𝑎𝑏𝑎𝑛𝑛𝑒𝑠

is the Cabannes 

differential backscattering cross section of the relative molecular species [25]: 

 

(
𝑑𝜎

𝑑Ω
)

𝐶𝑎𝑏𝑎𝑛𝑛𝑒𝑠

= (
𝜋

𝜖0
)

2

𝜈0
4 (𝑎2 +

7

180
𝛾2)       (6) 

 

where ν̃0 is the wavenumber corresponding to the emission wavelength λ0, 𝑎 is the mean 

polarizability, and  is the anisotropy of the polarizability. These molecular constants are 

listed in Table 1. Please note that the factor (4πε0)
2 is there indicated separately in order 

to show the original values from the literature. These values have to be divided by 

(4πε0)
2  or, in alternative, the term (

𝜋

𝜖0
)

2

 in Equation (6) has to be replaced by (2π)4. 

 

Table 1: Molecular constants for the calculation of Cabannes, rotational Raman, and 

ro-vibrational Raman scattering cross sections of molecular nitrogen and oxygen [25]. 

 𝑎2 
[m6/(4πε0)

2] 
𝛾2 

[m6/(4πε0)
2] 

𝑎′2 

[m4/kg/(4πε0)
2] 

𝛾′2 

[m4/kg/ (4πε0)
2] 

N2 3.17·10-60 0.52·10-60 2.62·10-14 4.23·10-14 

O2 2.66·10-60 1.26·10-60 1.63·10-14 6.46·10-14 

 

The aerosol backscattering coefficient was instead calculated from the aerosol 

extinction coefficient as: 

𝛽𝑎𝑒𝑟 =
𝛼𝑎𝑒𝑟

𝐿𝑅
        (7) 

 

where LR is the so-called particle lidar ratio, assuming values between 20 and 100 sr 

depending on the aerosol type [25]. 
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1.1.3 Raman cross sections 

Raman scattering is an inelastic process that leads to a change in the scattering 

molecule’s rotational and/or ro-vibrational quantum state (Figure 1). If the molecule 

absorbs energy, the scattered photon is red-shifted by an amount Δν̃ and the process is 

known as Stokes Raman scattering. If the molecule transfers energy to the photon, this 

is blue-shifted and the process is known as anti-Stokes Raman scattering. 

 

 

Figure 1: Schematic representation of Ro-vibrational energy levels of the N2 molecule, 

Raman transitions, and resulting spectrum. 

 

The Raman backscattering differential cross sections (and consequently the relative 

backscatter coefficients representative of the intensity of the correspondent lidar signal, 

see Figure 2) are calculated line-by-line for the different molecular species of the 

atmosphere. 
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Figure 2: Simulated Cabannes, anti-Stokes and Stokes rotational Raman (RR), and 

Stokes ro-vibrational Raman spectrum for standard atmosphere at 1020 hPa, 300 K, 

CO2 concentration of 415 ppm, and water vapor mixing ratio of 10 g/kg. 

 

 Nitrogen and oxygen 

The energy levels and Raman backscattering differential cross sections can be directly 

calculated for homonuclear diatomic molecules such as N2 and O2 [25]. 

For such molecules the model of a free rotating harmonic oscillator gives for the 

vibrational energy levels: 

𝐸𝑣𝑖𝑏,ν = h𝑐ν̃𝑣𝑖𝑏 (ν +
1

2
)     (8) 

 

where 𝜈𝑣𝑖𝑏 is the oscillator frequency of the molecule, and ν = 0,1,2, … is the vibrational 

quantum number. 

The rotational energies can be instead approximated as: 

 

𝐸𝑟𝑜𝑡,𝐽,ν = h𝑐[𝐵ν𝐽(𝐽 + 1) − 𝐷ν𝐽2(𝐽 + 1)2]    (9) 

 

where 𝐽 = 0,1,2, … is the rotational quantum number, 𝐵ν is the rotational constant, and 

Dν is the centrifugal distortion that takes into account the stretching of the molecule due 

to rotation. The constants 𝜈𝑣𝑖𝑏, 𝐵ν, and 𝐷ν are listed in Table 2.  

 

 

 

 

CO2 
O2 N2 

WV 

Cabannes 

RR 
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Table 2: Rotational and ro-vibrational molecular constants used for the calculation of 

nitrogen and oxygen energy levels [25, 26]. 

 𝜈𝑣𝑖𝑏 [cm-1] 𝐵0 [cm-1] 𝐵1 [cm-1] 𝐷0 [cm-1] 𝐷1 [cm-1] 

N2 2330.7 1.98957 1.97219 5.7606·10-6 5.7610·10-6 

O2 1556.4 1.43768 1.42188 4.85·10-6 4.864·10-6 

 

Given the selection rules for vibrational and rotational Raman transitions Δν = 0, ±1 

and Δ𝐽 =  0, ±2, Raman frequency shifts can be finally calculated from the ro-

vibrational energy levels as: 

Δν̃ = ν̃𝑓 − ν̃𝑖 =
Δ𝐸

ℎ𝑐
      (10) 

 

The differential cross section for each Raman line can be calculated as: 

 

dσ

dΩ
= (

π

ϵ0
)

2
(ν̃0 + Δν̃)4 gJ ΦJ

Q(T)
exp [−

BνhcJ(J+1)

kBT
]       (11) 

 

where 𝐽 and ν are the initial ro-vibrational state quantum numbers, 𝑄 is the partition 

function, approximated as: 

𝑄(𝑇) =
(2𝐼+1)2𝑘𝐵𝑇

2ℎ𝑐𝐵0
      (12) 

 

where 𝐼𝑁2
= 1 and 𝐼𝑂2

= 0 is the nuclear spin quantum number, which leads to different 

nuclear spin statistics for the two molecules. 

The statistical weight factor 𝑔𝐽 values for N2 are 𝑔𝐽 = 6 for 𝐽 even and 𝑔𝐽 = 3  for 𝐽 

odd; while for O2, 𝑔𝐽 = 0 for 𝐽 even and 𝑔𝐽 = 1 for 𝐽 odd. This condition results in N2 

Raman lines showing an alternating intensity and in O2 having every second line 

missing. 

The term Φ𝐽 contains the Placzek–Teller coefficients, the degeneracy 2𝐽 +  1, and a 

factor for the specific observational geometry. 

For Stokes rotational lines (Δν = 0,   Δ𝐽 = +2) we have:  

Φ𝐽 =
7(𝐽+1)(𝐽+2)

30(2𝐽+3)
γ2      (13) 

 

while for anti-Stokes (Δν = 0,   Δ𝐽 = −2):  

Φ𝐽 =
7𝐽(𝐽−1)

30(2𝐽−1)
γ2               (14) 
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For Stokes ro-vibrational lines of the Q branch (Δν = 1,   Δ𝐽 =  0): 

 

Φ𝐽 =
𝑏ν

2(2𝐽+1)

[1−𝑒𝑥𝑝(−ℎ𝑐ν̃𝑣𝑖𝑏/𝑘𝐵𝑇)]
[𝑎′2 +

7𝐽(𝐽+1)

45(2𝐽+3)(2𝐽−1)
γ′2]    (15) 

 

for Stokes ro-vibrational lines of the O branch (Δν = 1,   Δ𝐽  = −2): 

 

Φ𝐽 =
𝑏ν

2

[1−𝑒𝑥𝑝(−ℎ𝑐ν̃𝑣𝑖𝑏/𝑘𝐵𝑇)]

7𝐽(𝐽−1)

30(2𝐽−1)
γ′2     (16) 

 

and finally for Stokes ro-vibrational lines of the S branch (Δν = 1,   Δ𝐽  = +2): 

 

Φ𝐽 =
𝑏ν

2

[1−𝑒𝑥𝑝(−ℎ𝑐ν̃𝑣𝑖𝑏/𝑘𝐵𝑇)]

7(𝐽+1)(𝐽+2)

30(2𝐽+3)
γ′2    (17) 

 

where: 

𝑏ν
2 =

ℎ

8π2𝑐ν̃𝑣𝑖𝑏
              (18) 

 

The molecular constants 𝑎′2, γ2, and γ′2 needed for the calculation of Raman scattering 

cross sections of molecular nitrogen and oxygen are listed in Table 1. 

 

 Carbon dioxide 

For more complex molecules, experimental data is better suited for the simulation of 

Raman spectra. Carbon dioxide differential cross sections were calculated with the 

following equation [27, 28]: 

dσ

dΩ
= (

π

ϵ0
)

2
(ν̃0 + Δν̃)4 gM2

Q(T)
exp [−

hcν̃i

kBT
]    (19) 

 

where the experimental values for the Raman shift Δν̃ expressed as wavenumber, the 

energies ν̃i of the initial state, the vibrational degeneracy 𝑔 of the transition, and the 

transition moments 𝑀 for the four most intense Raman lines are listed in Table 3. These 

lines can be found in the range 371-374 nm for an excitation wavelength of 354.7 nm. 
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Table 3: Constants for the calculation of the four most intense carbon dioxide Raman 

transitions [27]. 

Δν̃ [cm-1] 1285.4 1388.2 1265.1 1409.5 

M  [10-42 CV-1 m2] 5.587 6.799 5.44 7.26 

ν̃i  [cm-1] 0.0 0.0 667.4 667.4 

g 1 1 2 2 

 

It is worth to note that experimental cross sections are often obtained, as in this case, by 

measuring the value in a direction perpendicular to the polarization direction of linearly 

polarized incident light. In this geometrical configuration, Equation 19 is independent 

of the scattering angle, and thus is valid for the differential backscattering cross section 

[29]. 

The partition function 𝑄(𝑇) is estimated with a polynomial fit of the values from [30] 

in the 180-300 K range: 

 

 

Q(𝑇) = 1.059254 ⋅ 100 − 8.341959 ⋅ 10−4 ⋅ 𝑇 + 3.107028 ⋅ 10−6 ⋅ 𝑇2     (20) 

 

 Water vapor 

Water vapor Raman cross sections were calculated in the O-H stretching region (3100-

4300 cm-1, corresponding to the range 398-419 nm for an excitation wavelength of 354.7 

nm). As for CO2, the differential cross sections were calculated from experimental data 

using Equation 19, with coefficients 

 

A = (
π

ϵ0
)

2

⋅ 𝑔𝑀2      (21) 

 

from [31] and the partition function calculated with a polynomial fit of the values from 

[32] in the 175-325 K range: 

 

 

Q(T) = −1.355703 ⋅ 101 + 3.871689 ⋅ 10−1 ⋅ 𝑇 + 8.365774 ⋅ 10−4 ⋅ 𝑇2   (22) 

 

1.1.4 Line broadening 

All previous calculations assume infinitely narrow emission lines. In reality multiple 

effects contribute to the broadening of those lines. Among others, the relevant effects 

for a Raman lidar are the broadening due to the spectral distribution of the laser-emitted 

radiation (as the laser wavelength is not perfectly monochromatic), Doppler broadening, 

and pressure broadening. The overall effect is the convolution of the different profiles. 
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Multimode Nd:YAG lasers have Gaussian gain profiles with FWHM in the order of 1 

cm-1.  Single longitudinal mode Nd:YAG lasers, as the one used for the CO2 

measurements presented in this thesis, have line shapes with typical FWHM of around 

0.005 cm-1 [33–35]. 

Doppler broadening arises from the thermal motion of the scatterers, leading to a 

Gaussian spectrum with FWHM depending on the gas temperature. At 300 K and 370 

nm the FWHM for oxygen molecules is around 0.12 cm-1 [26]. 

Finally, pressure (or collisional) broadening is due to the collision of other molecules 

with the scatterer. This effect depends on both the density and the temperature of the 

gas, with a typical FWHM at 1 atm and 300 K of around 0.05 cm-1 [36]. The broadening 

effect is described by a Lorentzian profile: 

 

f(ν̃) =
1

π

γ(𝑝,𝑇)

(ν̃−ν̃Raman)2+γ2(𝑝,𝑇)
                (23) 

 

γ(p, T) = γ𝑎𝑖𝑟 (
𝑝(𝑧)

𝑝0
) (

𝑇0

𝑇(𝑧)
)

𝑛𝑎𝑖𝑟

     (24) 

 

where 𝜈𝑅𝑎𝑚𝑎𝑛 is the wavenumber of the unbroadened Raman line, 𝛾𝑎𝑖𝑟 is the air-

broadened HWHM at 𝑇0 = 300 K and reference pressure 𝑝0 = 1 atm, and 𝑛𝑎𝑖𝑟 is the 

coefficient of the temperature dependence of the air-broadened half width. 

Due to the interest in the quantification of the contribution of the O2 ro-vibrational 

spectrum tails to the CO2 Raman signal, pressure broadening was modelized and added 

as an option to the simulator. Laser line shape and Doppler broadening contributions 

were neglected as at sea-level pressure broadening is the major contributor to the tails 

of the line shapes. 

The backscattering cross section at wavelength λ and in an interval of width Δλ can be 

calculated as: 

𝑑σ

𝑑Ω
(λ) = ∑ fi(λ)

𝑑σ𝑖

𝑑Ω
Δλ𝑖             (25) 

 

with a sum extended over all the simulated Raman lines. 

 

1.2 Background estimation 

Under daylight conditions, the receiving telescope, in addition to collecting atmospheric 

echoes stimulated by the laser radiation, also detects radiation emitted by the sun. This 

radiation, incidentally entering the telescope field of view, is an additional source of 

noise for the lidar measurements, leading to an increase of the corresponding statistical 
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uncertaninty. Since this undesired signal may have an amplitude comparable to the lidar 

echoes, it has to be properly modeled. 

Two different methods were adopted for the computation of the background signal. 

Preliminary CO2 simulations (Chapter 2) were performed using the single scattering 

approximation. When a more accurate estimation of the background was needed (for 

example for the calibration of the CO2 mixing ratio profiles, see Section 6.1), a 

comprehensive radiative transfer model was used. 

 

1.2.1 Single scattering approximation 

In single scattering approximation the background signal is obtained by integrating the 

contribution of the solar radiation scattered by the atmospheric constituents along the 

vertical path [37]: 

 

𝐵(λ) = 𝑆0(λ)Δλ ⋅ τ(λ)ϵ(λ)

⋅ 𝐴π(FOV)2 ∫ [𝛽𝑚𝑜𝑙(λ, z)
𝑃𝑅𝑎𝑦(θ)

𝑃𝑅𝑎𝑦(π)

zTOA

z0

+ 𝛽𝑎𝑒𝑟(λ, 𝑧)
𝑃𝐻𝐺(θ)

𝑃𝐻𝐺(π)
] 𝑇𝑠𝑢𝑛(λ, 𝑧)𝑇(λ, 𝑧)d𝑧 

(26) 

where 𝑆0 is the solar spectral irradiance (considered values are from the ASTM G173 

Reference spectrum [38]), θ is the scattering angle, which for a ground-based lidar 

pointing at the zenith is equal to the sun zenith angle. FOV is half the telescope field of 

view (half width half maximum - HWHM), 𝑇𝑠𝑢𝑛 is the transmittance from the top of the 

atmosphere (TOA) to the scattering volume at height z and T is the transmittance from 

z  to 𝑧0. The scattering coefficients at the angle θ are obtained from the backscatter 

coefficients βmol and βaer (θ = π) using the Rayleigh phase function [19]: 

 

𝑃𝑅𝑎𝑦(θ) =
3

16π
(1 + cos2 θ)     (27) 

 

and the Henyey-Greenstein approximation [39]: 

𝑃𝐻𝐺(θ) =
1

4π

1−𝑔2

(1+𝑔2−2𝑔 cos θ)3/2
    (28) 

 

where the asymmetry parameter was set to g = 0.987. 
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1.2.2 SCIATRAN 

SCIATRAN [40–42] is a highly consolidated open-source software that can simulate 

radiative transfer processes, including multiple scattering and polarization through 

Earth’s atmosphere for different observation and illumination geometries. The software 

package can perform fast and accurate simulations of radiance spectra appropriate to 

atmospheric remote-sensing observations in a spectral range going from the ultraviolet 

(UV) to thermal infrared (TIR). Different models and databases are included in 

SCIATRAN, and various gaseous absorbers are taken into account.  

These features make the software a perfect candidate for the calculation of zenith 

radiance and background signal for a ground-based lidar. 

The following input parameters were used in the simulations: 

- pseudo-spherical atmosphere (for solar zenith angles up to ∼92◦) 

- vector discrete ordinate technique (the RTM includes polarization effects) 

- solar spectrum: MODTRAN3.7 [43] 

- molecular scattering: Bodhaine, 1999 [20] 

- spectral segments 371.0-372.5 and 385.5-388.0 nm at 0.01 nm resolution 

- gas absorption: BRO, NO3, OCLO, O4, O3, NO2, SO2, ClO, HCHO, O2, H2O, 

CO2, N2O, CO, CH4, NO, NH3, HNO3, OH, HF, HCL, HBR, HI 

- surface albedo: 0.2 

- height above sea level: 800 m 

- aerosol parameterization type: Aeronet (340, 380, 440 and 500 nm aerosol 

optical thickness, phase function and vertical distribution) [44] 

- sun zenith angle and the relative azimuth calculated using the NOAA Solar 

Calculator [45] 
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2 Preliminary CO2 simulations 

Preliminary simulations were performed in order to evaluate the possibility of exploiting 

one or both Raman lines of the CO2 ν1:2ν2 Fermi resonance [46]. As some ro-vibrational 

O2 lines lie in the same spectral range and represent a potential source of contamination 

for CO2 measurements, an accurate evaluation and quantification of this disturbance 

source has  been carried out. Thus, the optimal position and width of the filter for the 

measurement of the Raman backscattering from CO2 was defined. The signal integration 

over the vertical and over time required to reach a useful signal to noise ratio both in 

day-time and night-time needed for a quantitative analysis of carbon dioxide sources 

and sinks was evaluated. Finally, the capability to estimate variability of the CO2 mixing 

ratio was assessed. 

The above objectives were obtained developing an instrument simulator code (Section 

1) consisting of a RTM able to simulate, in a spectrally resolved manner, all relevant 

laser light interaction mechanisms with atmospheric constituents, a consistent 

background signal, and all the characteristics of the considered Raman lidar 

experimental setup. 

The lidar simulator was used to simulate O2 and N2 ro-vibrational spectrum and the first 

four more intense CO2 Raman lines, among which the Fermi doublet at 1285.4 cm-1 and 

1388.2 cm-1, or 371.69 nm and 373.11 nm for an excitation wavelength of 354.74 nm. 

Pressure broadening (that is, Lorentzian broadening) was applied for a rough estimation 

of the impact of the tails of the O2 broadened lines on the CO2 measurements at low 

altitudes. A fixed value of 𝛾𝑎𝑖𝑟 = 0.05 cm-1 was used for the Lorentzian function FWHM, 

with a temperature coefficient 𝑛𝑎𝑖𝑟 =  0.7. A fixed value of 𝑥𝐶𝑂2=415 ppm was used 

for the CO2 concentration. Aerosol extinction was computed with a parametrized 

representation based on: aerosol optical thickness  𝜏380 = 0.2, Angstrom exponent AE 

= 1.5 and a scale height h = 2 km, having assumed that the aerosol concentration 

decreases exponentially. Solar background was calculated at 371.7 nm and 386.7 nm in 

single scattering approximation for different solar zenithal angles. The uncertainty 

assumes Poissonian statistics of the received photon counting signal.  

The simulations were based on preliminary characteristics of the CONCERNING lidar: 

- monochromatic laser source at 𝜆0 = 354.74 nm 

- single pulse energy 𝐸0 = 0.1 J  

- repetition rate 𝑓 = 100 Hz  

- optical transmission efficiency of 𝜂 = 0.90 

- detector quantum efficiency of 𝜖 = 0.43 

- CO2 interference filter with peak transmission 𝜏 = 0.46, FWHM of 0.15 nm, 

theoretical spectral shape provided by the manufacturer Materion 
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- N2 interference filter with peak transmission of 𝜏 = 0.8, FWHM of 0.3 nm, 

theoretical spectral shape provided by the manufacturer Alluxa 

- telescope radius of 0.25 m with a FOV (full angle) of 0.1 mrad 

Further assumptions were: 

- lidar altitude of 0 m a.s.l. 

- 1976 U.S. Standard Atmosphere [24] 

- full overlap assumed for the whole atmosphere 

  

First, the whole spectrum (350-410 nm) was simulated with a 0.0001 nm resolution in 

order to quantify the effect of the tails of the broadened O2 and N2 lines on the CO2 

measurements. Figure 3 shows the simulated spectrum (at 1013 hPa and 288 K), 

including the CO2 Raman lines of interest, together with the transmittance of two filters 

centered at 371.69 nm (filter A) and 373.11 nm (filter B). 

Figure 3: Simulated Raman spectrum (solid line) and filter transmittance T for filter A 

(dashed) and filter B (dash-dotted). The CO2 Raman lines are indicated by the arrows, 

the remaining lines are O2 ro-vibrational lines. The underlying “background” signal is 

the result of the broadening of all the calculated lines. 

 

The simulations indicate that the broadened Raman signal due to the lines’ tails, 

integrated over the filter A window, has low intensity but still could be not negligible. 

It can account for up to 1% of the total signal under simulated conditions, potentially 

leading to systematic errors of up to 4 ppm in the retrieved mixing ratios. It should be 

noted that the calculated value is expected to be an overestimation of the real Raman 

tail contribution. Furthermore, this component of the signal is expected to diminish at 

lower pressures and temperatures, where the Doppler broadening dominates. The 
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simulation should be performed with a more accurate broadening model and 

coefficients. Nevertheless, due to the difficulty in modelling the broadened tails at 

several nanometers from the broadened Raman lines, in order to have accurate 

measurements at sea-level this contribution to the signal should be better investigated 

experimentally with measurements slightly below 371 nm (for example, with the same 

filter shifted in frequency with angle tuning or with a scanning spectrometer).   

The second step was the evaluation of the impact of the unbroadened O2 lines falling 

inside the filter transmission ranges. The simulation confirms the calculations done by 

[12], with the 21st O2 ro-vibrational line contributing with less than 0.1 % to the Filter 

A signal (corresponding to less than 1 ppm systematic error). The O2 contribution on 

filter B signal is instead in the order of 10-15%.  

Further narrowing of the interference filters or an accurate estimation of the temperature 

dependency of the lines would be necessary to take advantage of the 373.1 nm line (filter 

B). Still, line modeling paired with simultaneous temperature measurements should lead 

to an uncertainty on the filter B-retrieved mixing ratio of less than 1 ppm/K (see Figure 

4), with a dependency on the uncertainty of the temperature profile. 

 

Figure 4: Temperature dependence of the contribution of the O2 lines relative to the 

CO2 signal for Filter A (left) and Filter B (right).  

 

As a third step, the temporal integration necessary to reach a given statistical uncertainty 

using filter A during night-time and day-time was calculated. Assuming Poissonian 

statistics for the lidar signals, the time needed to reach the uncertainty Δ𝑥𝐶𝑂2 was 

calculated as: 

𝑡 =
𝑥𝐶𝑂2

2

𝑓 Δ𝑥𝐶𝑂2
2

(
PCO2+BCO2

PCO2
2 +

PN2+BN2

PN2
2 )     (29) 

 

where 𝑓 is the repetition rate of the lidar system and 𝑥𝐶𝑂2 is the CO2 mixing ratio. 
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The integration time t needed to reach at a given altitude z the required measurement 

precisions (1 ppm, 5 ppm) was calculated in different background conditions (night, 

SZA=60°, SZA=30°) and for different vertical resolutions (7.5 m, 75 m, 300 m). The 

results (see Figure 5) indicate that the simulated lidar system could perform 

measurements on the low troposphere gradients with good precision (1 ppm) both in 

day-time and night-time with an integration time of 1-3 h.  

 

 

Figure 5: Integration time t required to reach a given altitude z for different background 

conditions (night, SZA=60°, SZA=30°), vertical resolutions (7.5 m, 75 m, 300 m) and 

measurement precisions (1 ppm, 5 ppm).  

 

These preliminary results confirmed that a state-of-the-art Raman lidar system dedicated 

to the measurements of CO2 profiles could perform measurements in the low 

troposphere with sufficient precision to estimate gradients due to carbon sources and 

sinks.  Both considered Raman lines could be used and the signal contamination 

attributed to the O2 ro-vibrational Raman lines could be mitigated via line modeling. 

Being the simplest and more robust solution, a configuration with a single filter centered 

at 371.69 nm was selected for the CO2 Raman channel of the CONCERNING lidar. 

Further analysis should include a more accurate theoretical or experimental estimation 

of the signal contamination due to line broadening and the estimation of the uncertainty 

for different aerosol types and atmospheric profiles. 

These simulations were based on a preliminary setup and some differences can be found 

between the simulated and actual characteristics of the CONCERNING lidar. Among 

the others, a larger field stop resulted in lower performances during daytime due to the 

higher background. Night-time performances instead are not far (0.63 times less 

photoelectrons per range bin) from the simulated results and are only slightly affected 

by these differences (see Figure 6). 
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Figure 6: Measured (1-minute average) and simulated single shot CO2 signal with 7.5 

m vertical resolution, a scaling factor of 0.63 was applied to the simulated data.  
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3 Instrument development 

The two lightweight, compact ground-based systems here described are designed to 

precisely measure a variety of atmospheric parameters with high temporal and spatial 

resolution, enabling the resolution of convection scales and turbulent processes. These 

systems utilize both rotational and vibrational Raman lidar techniques in the UV 

spectrum, employing advanced technologies for laser emission, spectral selection, 

optical signal detection, and data acquisition. Housed in sealed, rugged containers with 

fused-silica windows, they are capable of operating in all weather conditions and can be 

remotely operated with 24/7 measurement capabilities. 

The two instruments were developed in 2022, and after a brief period of test deployed 

in a variety of national and international measurement campaigns, demonstrating their 

measurement capabilities and the potential impact of such systems. 

3.1 CONCERNING 

CONCERNING (COmpact RamaN lidar for Atmospheric CO2 and ThERmodyNamic 

ProfilING) [47] is a Raman lidar that can operate at three wavelengths (354.7, 532.1 and 

1064.2 nm) and potentially equipped with twelve channels, eight of these currently fully 

operational: three elastic signals at 354.7 nm (total, parallel, and cross polarized with 

respect to the polarization of the laser radiation), the ro-vibrational N2 , H2O, and CO2 

Raman signals and the rotational Raman N2 − O2 signals at low and high quantum 

number J. All the operational channels are stimulated by the 3rd harmonic of the laser 

emitter (353.7 nm). Other four potential channels taking advantage of the other two 

emitted wavelengths can detect the total and parallel elastic signals at 532 nm, the total 

elastic signal at 1064 nm, and the ro-vibrational N2 signal at 607.4 nm. 
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The laser source, a customized version of Merion MW 7-100 produced by Lumibird, is 

a water-cooled diode-pumped Nd:YAG with a master oscillator-power amplifier 

configuration. It has high frequency stability (< 5 pm) and narrow laser line (< 0.005 

cm−1 FWHM). These properties are obtained through injection seeding through a diode 

laser. The single pulse energy is 110 mJ at 355 nm, which at a repetition rate of 100 Hz 

gives an average power of 11 W. The beam diameter is around 6.5 mm at the laser head 

exit. The laser head is water cooled through the use of a chilling unit (integrated with 

the power supply), which in turn is cooled with a secondary circuit using tap water or a 

chiller placed outside the lidar (as done during the WaLiNeAs campaign, described in 

Sect. 5.1). The laser characteristics are listed in Table 4. After the second and third 

harmonic crystals, the residual visible and infrared beams are separated from the UV 

beam using dichroic mirrors and dumped. Both the dichroic assembly and the dumper 

are optional and can be removed for multiwavelength operation. The laser beam is then 

expanded by a reflective 6x beam expander produced by Trioptics (BEX 6.5/39). The 

off-axis design of the beam expander (off-axis paraboloid + spherical mirror) produces 

no central obstruction and the use of the achromatic reflective configuration permits the 

Laser head 

Telescope 

Acquisition system 

Receiver 

subsystem 

Laser power 

supply 

Figure 7: Internal view of the CONCERNING lidar system. 

Beam-steering 

mirror 
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operation from UV to IR without adjustments. The expansion reduces the beam 

divergence from 0.39 mrad to 65 µrad (measured value ≤ 120 µrad). The laser is then 

deflected vertically, in a coaxial lidar configuration, by a 3” motorized beam-steering 

mirror (UV enhanced aluminium coating) that can be controlled by a computer, allowing 

for boresight alignments, that is, the co-alignment of the laser beam and the telescope 

field of view.  

 

Table 4: Technical specification of the CONCERNING laser source. 

Laser type Seeded Nd:YAG (diode-pumped)  

Wavelength [nm] 354.74, 532.11 and 1064.22 

Linewidth @ 1064 nm [cm-1] <0.005  

Nominal energy / power @ 355 nm 110 mJ (11 W) 

Pulse to pulse energy stability @ 355 nm 1.3% RMS 

Power drift @ 355 nm < 1% 

Rep. rate [Hz] 100 

Pulse width [ns] 6 

Beam diameter [mm] 6.5 

Pointing stability [µrad] 6 

Beam divergence, full angle [mrad] 0.39 

Polarization ratio/Direction @1064 nm 98% Vertical 

Warm-up time [minutes] <20 

Cooling method Water to water 

Oper. envir. temp. [°C] 18–28 

Power requirements 
Power supply: 220 V, ~7.5 A 

  Cooling group: 220 V, ~10 A 

 

The system operates in eye-safety conditions only from a certain distance. UV eye-

safety threshold at 355 nm, computed in compliance with the International Standard IEC 

60825-1:2014 [48], for exposure times from 1 ns up to 10 s, is quantified as the 

maximum permissible exposure (MPE) through the empirical formula MPE = 5.6 × 103 

× t0.25 J m−2. For an exposure time of 6 ns (single pulse), and considering the nominal 

divergence (65 µrad) and diameter (39 mm) after the beam expander, eye-safety is 

achieved from an altitude of approximately 220 m. Exposure times up to 1 s lead to 

similar nominal ocular hazard distances (NOHD), and the system, although not eye-safe 

at the exit aperture, should be considered safe for aviation. 
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The backscattered signal is then collected by a Newtonian telescope produced by 

Explore Scientific (20” Ultra Light Dobsonian Gen II) with aluminium open truss tube 

design. The primary mirror is a 500 mm diameter parabolic mirror with 94% reflectivity 

aluminium coating, and focal length of 1800 mm, giving an f-number of f/3.6. The 

secondary mirror produces an obstruction of 120 mm diameter. The technical 

specifications of the telescope and other CONCERNING lidar characteristics are listed 

in Table 6. 

The focused beam passes through a 1 mm diameter field stop, is then recollimated and 

sent for the wavelength separation. The optical layout includes several beam splitters 

and dichroics (producer: Eksma Optics) chosen to efficiently divide the collected signal 

(Figure 8). For the spectral selection, interference filters with narrow bandwidths (0.15-

0.5 nm) and high out of band rejection produced by Alluxa and Materion are used. In its 

initial configuration, the receiver included seven receiving channels: the total, co- and 

cross-polarized elastic backscatter signals at 354.7 nm, the ro-vibrational Raman 

backscatter signal by N2 molecules at 386.7 nm, the ro-vibrational Raman backscatter 

signal by H2O at 407.5 nm, and the LoJ and HiJ rotational Raman channels at 354.3 and 

352.9 nm, respectively. The CO2 Raman channel at 371.7 nm was added and tested in 

late 2023 and is now part of the operational configuration. Spectral specifications can 

be found in Table 5. 

 

Table 5: Spectral specifications of the CONCERNING interference filters. CW stands 

for filter center wavelength, BW stands for filter bandwidths. 

Reception channels 
CW 

[nm] 

BW 

[nm] 

Peak Trans. 

[%] 
Blocking 

Elastic total 354.7  0.5 80 ≥OD7 

Elastic par. polarized 354.7 0.5 80 ≥OD7 

Elastic perp. polarized 354.7 0.5 80 ≥OD7 

N2 ro-vib. Raman 386.7 0.3 80 ≥OD7 

H2O ro-vib. Raman 407.5 0.3 80 ≥OD6 

CO2 vibrational Raman 371.7 0.15 60 ≥OD6 

Rotational Raman LoJ 354.3 0.3 80 ≥OD6 

Rotational Raman HiJ 352.9 0.5 80 ≥OD6 
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Figure 8: Block diagram of the current CONCERNING optical setup. PM: photo-

detection modules, L: lens or refractive collimating system, DM: dichroic mirror, BS: 

beam splitter, IF: interference filter. 

 

The signal detection is performed by photomultiplier tube (PMT) modules with low dark 

count optimized for photon counting measurements, high quantum efficiency (43% peak 

quantum efficiency in the UV), and high gain (≈106) produced by Hamamatsu 

(H10721P-210). These photosensor modules contain a metal package PMT and a high-

voltage internal power supply circuit that can be powered by a low voltage 5 V external 

power supply. Raman lidar signals are inherently weak, and during the daytime, they 

can become significantly weaker than the solar background radiation. At night, when 

solar radiation is absent and environmental background noise is minimal, these weak 

lidar signals can be effectively sampled using photo-counting mode. However, during 

the day, with strong solar background, photo-counting becomes ineffective. This is 

because photons from Raman echoes combine with those from solar radiation, resulting 

in a signal that exceeds the count rate suitable for photo-counting. In such cases, analog 

acquisition of the photoelectron current is preferred. The signal is therefore acquired in 

both photon-counting (800 MHz) and analog detection (16 bit, 40MHz) modes using a 

transient recorder produced by Licel (TR40-16bit-3U). The acquisition system has pre-

trigger measurement capability, that is, the acquired signal consists of 1/16th of the 

transient recorder memory tracelength before the trigger and the remaining points after 

the trigger point. 

    

  

  

  

  

                

    
        

   

        
        

        

        

  
        

  

 

  

 

 

 

 

 

  

        

  

 



 

25 

 

The entire system is located inside an air-conditioned cabinet of 2600 x 1340 x 2265 

mm, equipped with a 500 mm fused-silica window with anti-reflection coatings on both 

sides, which allows to operate in any weather condition. The air conditioners are sized 

to allow the removal of heat produced inside the cabinet during operation, and the 

presence of two units guarantees redundancy in case of malfunction. The fiber-glass 

cabinet can be completely dismantled in order to provide easy access to the lidar system. 

The window and the roof of the cabinet have a 3-degree slope for optimal rain draining 

and clearing. A 900 x 900 x 600 mm sunshade keeps direct solar radiation from entering 

the window at sun zenith angles up to ∼45 degrees, and from hitting the alignment 

mirror up to ∼35 degrees. The system is transportable and suitable for field campaigns 

and can be operated remotely, taking measurements 24/7. 

Table 6: Lidar CONCERNING characteristics. 

Telescope Newtonian 

Focal length [mm] 1800 

Primary mirror dia. [mm] 500 

f-number f/3.6 

Secondary mirror obs. dia. [mm] 120 

Field of view [FWHM, mrad] 0.55 

Full overlap [m] ∼800 

Detectors: Photomultiplier tubes 

    Peak quant. eff. [%] 43 

    Gain 2–4 × 106 

Max. vertical sampling resolution [m] 3.75 (analog and photon counting) 

Acquisition system 
16 Bit, 40 MHz analog,  

800 MHz photon counting 
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3.2 MARCO 

MARCO (Micro-pulse Atmospheric optical Radar for Climate and weather 

Observations) [47] is a compact and easily transportable Raman lidar system based on 

a micro-pulse laser source. The name was given in remembrance of Prof. Marco 

Cacciani, a brilliant lidar scientist and a mentor for a large portion of the Italian lidar 

community, who passed away in January 2022.  

Figure 9: Internal view of the Raman lidar system MARCO. The different major sub-

systems are clearly visible in the picture (micro-pule laser, telescope, receiver, 

acquisition system). 

 

The lidar transmitter has been developed around a high-power UV micro-pulse laser. 

The micro-pulse source (Sintec Optronics, model STC-AO-V-355-Water) is an all solid 

state, diode-pumped, Q-switched laser based on acousto-optic modulation (AOM). It 

operates at 354.7 nm with high peak power, high repetition rate, and short pulse 

duration. The technical specifications of the laser source are listed in Table 8. The pulse 

repetition rate can be changed within the interval 10–40 kHz, with different single pulse 

Micro-pulse laser 

Telescope 

Acquisition 

system 
Receiver 
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energies at the different frequencies. During the measurements reported in this thesis, 

the laser was operated at a frequency of 20 kHz, with a single pulse energy of 250 μJ 

and an average emitted power of 5 W (begin of life) at 354.7 nm. This was considered 

to be the best possible compromise between the system performance and its capability 

to achieve the scientific goals of the measurement campaigns. A repetition rate of 30 

kHz could have been used, which could have led to a larger emitted power (6 W). 

However, this would lead to the overlap of lidar echoes from successive laser pulses 

beyond 5 km. The lower repetition rate of 10 kHz, allowing sampling up to 15 km and 

potentially solving background subtraction issues, has instead been discouraged by the 

laser manufacturer for long-term use. The average emitted power decreased as expected 

over nearly one and a half years of continuous use, reaching 2.5 W due to diode 

degradation. 

 

Table 7: MARCO laser source technical specifications. 

Laser type Nd:YAG 

Wavelength [nm] 354.7 

Operating mode Acousto-Optic Q-switched 

Average power [W] 1–5 (6 W @ 30 kHz) 

Repetition rate [kHz] 10–40 

Pulse energy @10 kHz [μJ] 190 

Pulse energy @20 kHz [μJ] 250 

Pulse energy @30 kHz [μJ] 200 

Pulse energy @40 kHz [μJ] 140  

Pulse width [ns] ~12 @ 30 kHz 

Warm-up time [minutes] <10 

Transverse mode TEM00 

Beam diameter [mm] 8 

Beam divergence, full angle [mrad] <0.3 

Beam quality (M2) <1.3 

Polarization ratio/Direction >99%, Horizontal 

Cooling method Water cooled 

Oper. envir. temp. [°C] 15–35 

Power requirements 
Laser: 300 W 

Chiller: 460 W 
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As system CONCERNING, MARCO operated in eye-safety conditions only from a 

certain distance. Due to the low energy per pulse, the single-pulse eye-safety 

requirement is satisfied. However, for an exposure time of 10 s eye-safety was achieved 

from an altitude of approximately 240 m. Shorter exposure times lead to lower NOHDs, 

for example NOHD1s = 85 m, NOHD0.1s = 20 m. Therefore, also the system MARCO 

was not considered eye-safe at the exit aperture, but still safe for aviation. Eye-safety at 

all distances, including the exit aperture, was achieved in this system through further 

expansion of the laser beam, as done during the DECIPHER campaign (see Section 5.3). 

The laser head is water cooled through the use of a chilling unit, hosted inside the lidar 

cabinet. The laser head, power supply and chilling unit are very compact, allowing a 

small overall dimension of the lidar instrument. 

The 8 mm diameter UV laser beam is deflected by a 1” 45-degree motorized mirror. 

Despite the biaxial lidar configuration, the position of the mirror inside the primary 

mirror footprint contributes to the partial obscuration of the latter. 

The receiver has been built around a Ritchey–Chrétien telescope (Omegon, model: 

53815-406/3250), with a primary mirror (diameter: 406 mm), a secondary mirror 

(obstruction diameter: 190 mm), and a combined focal length of 3250 mm. The 

mechanical structure of the telescope is a carbon-fiber truss-tube. The technical 

specifications of the telescope are listed in Table 8, together with the specifications of 

the major receiver sub-systems. 

The radiation collected by the telescope passes through a 1 mm field stop. Due to the 

telescope’s longer focal length, this results in a narrower field of view compared to the 

CONCERNING system, thereby reducing the collected solar background. The collected 

radiation is divided into different portions entering the different receiving channels 

through the use of dichroic mirrors and/or beam-splitter plates. In its first configuration, 

the receiver included five receiving channels: the total, co- and cross-polarized elastic 

backscatter signals at 354.7 nm, the ro-vibrational Raman backscatter signal by N2 

molecules at 386.7 nm, and the ro-vibrational Raman backscatter signal by H2O at 407.5 

nm. The remaining LoJ and HiJ rotational Raman channels were added for the 

DECIPHER campaign. A block diagram of the optical layout of the system is illustrated 

in Figure 10. 

 

Table 8: Lidar MARCO characteristics. 

Telescope Ritchey–Chrétien 

Focal length (mm) 3250 

Primary mirror dia. (mm) 406 

f-number f/8 

Secondary mirror obs. dia. (mm) 190 
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Field of view (FWHM, mrad) 0.31 

Full overlap (m) ∼500 

Detectors: Photomultiplier tubes 

    Quant. eff. @ 355 nm (%) 43 

    Gain 2–4 × 106 

Vertical sampling (m) 15 (analogue and photon counting) 

Vertical resolution (m) 15–100 

Time resolution (s) 3–60 

Acquisition system 
16 Bit, 40 MHz analogue acquisition,  

800 MHz photon counting 

 

 

Figure 10: Block diagram of the current MARCO optical setup. PM: photo-detection 

modules, L: lens or refractive collimating system, DM: dichroic mirror, BS: beam 

splitter, IF: interference filter. 

 

The receiving system is based on beam splitters, dichroics (producer: Eksma) and 

interference filters (producer: Alluxa) for the spectral selection. Detection is performed 
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by Hamamatsu photomultipliers (H10721P-210 and H10721-210), and data acquisition 

is carried out in both analog and digital mode using Licel transient recorders.  

The power consumption of the different subsystems (laser head: 300 W, laser chiller: 

460 W, detectors, acquisition system and controlling computer: 100 W) results in an 

overall power supply requirement not exceeding 900 W. 

MARCO is hosted in a small cabinet approximately 1350 x 1200 x 1730 mm, with 

similar technical characteristics of the one hosting CONCERNING, and a single air 

conditioner employed in the regulation of the internal temperature. The overall smaller 

volume, weight and power consumption translates into the possibility to sensitively 

simplify the logistics and costs associated with the transportation and deployment of the 

system. 

 

3.3 Prototype development, procedures and issues 

Both lidar prototypes were developed, assembled (Figure 11) and tested in 2022 at the 

Lidar Laboratory of the School of Engineering – University of Basilicata. A list of 

subsystem procedures, encountered issues, and proposed solutions is here detailed. 

 

 

Figure 11: CONCERNING lidar prototype during assembly and initial testing in the 

Lidar Laboratory.  

 

3.3.1 Telescope collimation 

Lidar systems act as “light buckets” and, when equipped with relatively large field stops, 

they are quite tolerant with respect to optical aberrations. The two lidar telescopes were 

collimated using a standard procedure from amateur astronomy telescopes, which 
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involves visually aligning the primary and secondary mirrors. While this method is 

straightforward and practical for disassembled systems, it can become challenging in 

fully assembled systems. In deployable systems, the telescope can lose collimation 

during transportation, requiring a recollimation. This is feasible in the CONCERNING 

lidar, as the telescope and receiver can be easily decoupled for inspection. However, in 

the MARCO system, the two components are difficult to separate in the field and the 

telescope difficult to inspect, so alternative collimation methods, such as using a laser 

collimator embedded in the system, should be developed. As a partial solution, the 

position of the collimation screws was marked and their position was corrected after 

transportation, no methods were adopted to check the actual collimation. 

 

3.3.2 Beam expander focus adjustment 

The CONCERNING reflective beam expander has a fixed focus and needs no 

adjustments. Still, a different refractive model (Edmund optics, model: 39-727 5x UV-

VIS), with adjustable focus, was used in some preliminary tests. The same beam 

expander is now being tested in the MARCO lidar system. 

 

In order to collimate the beam, its diameter was measured at different distances from 

the beam expander: after the beam expander (“zero”), at 2.5 m (“near”) and at 8 m 

(“far”), see Figure 12. Collimation is achieved when all three measurements coincide 

and the resulting divergence should be less than the diameter measurement precision (1 

mm) divided by the distance. The divergence was therefore estimated to be less than 

0.12 mrad, the same also applies to the reflective beam expander. 

 

 

 
Figure 12: Beam diameter measured at different distances and collimator focus 

positions (on the x axis). 

 

The short distances, combined with the errors in the beam diameter measurement, limit 

the precision of the beam divergence estimation. Future lidar prototypes should include 

an opening in the cabinet permitting the measurement (and adjustment) of the expanded 

beam in the field at greater distances, in order to achieve better precision in the 

divergence measurements. 

D
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3.3.3 Spurious signals 

The signal acquisition subsystem comprising transient recorders, photomultipliers, and 

their power supplies, as implemented in the two lidar prototypes has been found to be 

sensitive to electromagnetic interference and other sources of spurious signals. Several 

sources of signal contamination have been noted in both analog and photon counting 

modes. High frequency electromagnetic sources from cellphone towers or the laser 

power supply are mostly detected in the photon counting mode. Signals coming from 

the laser via ground loops or the trigger cable instead are low frequency distortions 

mostly captured in the analog mode. To minimize the problem, various solutions have 

been adopted, such as separating the ground of the various subsystems and partial 

shielding with aluminum foil and iron plates. In such compact systems, enclosing the 

entire acquisition subsystem in a Faraday cage is highly recommended and envisioned 

as a future upgrade; a further solution is the decoupling of the laser and acquisition 

subsystems by means of an optical trigger.  

External electromagnetic interferences result in a higher background signal and 

consequently a degraded SNR. Raising the photon counting thresholds greatly reduces 

the number of spurious counts, from both internal and external sources, but at the 

expense of the real photoelectron count. After minimizing these noise sources with 

hardware solutions, the low frequency laser-induced spurious signal can also be reduced 

in the analog channels by dark signal subtraction (see Section 4.1.1). 

 

3.3.4 Thermo-mechanical stability 

The nominal temperature variability in the cabinet, expected in the range of 1 degree, 

turned out to be unrealistic, being this maintained only in limited ranges of external 

temperature and solar radiation (see Figure 13). Temperature gradients between the 

lower and upper part of the cabinet were also detected. Finally, the solar radiation 

entering the window is suspected to be the cause of the instability in the relative 

geometry between emission and reception, with consequent instability in the collected 

lidar signals. Internal fans were positioned to homogenize the temperature gradients and 

distribute the cold air emitted in a discontinuous way by the air conditioners. A larger 

sunshade is also planned for the next measurement campaigns in order to decrease the 

solar radiation incident on the window. 

 

 

Figure 13: external (blue) and internal (orange) temperatures for the system 

CONCERNING measured during the WaLiNeAs campaign. 
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3.3.5 Dirt accumulation 

The two systems have demonstrated their remote and automatic measurement 

capabilities (see measurement campaigns, Section 5), but the absence of personnel on 

site has proved problematic due to the impossibility of continuous maintenance. The 

performance of the systems has in fact suffered from the accumulation of dirt on the 

quartz window due to dust, leaves and insects strongly attracted by the emitted UV 

radiation. The inclination of the window proved to be sufficient but not optimal, as after 

rain some dirt accumulates in the lower part. Furthermore, since light rain can deposit 

additional dust and strong rain events are an unreliable form of cleaning, an automated 

cleaning system is being evaluated for future developments. 

 

 

Figure 14: Dirt accumulation on the window of the lidar MARCO during WaLiNeAs 

campaign.   
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4 Retrieval algorithms 

In the following sections the steps followed for the retrieval of CO2 mixing ratio, WV 

mixing ratio, temperature and aerosol backscatter coefficient are detailed. The pre-

processing steps are common for all the retrieval algorithms and are applied sequentially 

to photon-counting and analog channels. 

4.1 Pre-processing 

4.1.1 Dark subtraction 

Dark measurements are acquired with the laser turned on and a shutter or other means 

to block incoming light from reaching the receiver optics and photomultipliers. These 

measurements are averaged over 15-30 minutes and subtracted from the signal in order 

to remove low frequency electromagnetic interferences synchronized with the laser 

shots (see also Sect. 3.3.3). 

Figure 15 shows an example of dark measurement of an analog channel of the MARCO 

system. The first spike is coincident with the laser pulse, the second with the voltage 

drop at the end of the trigger pulse, other small ripples come from the diode lamps 

flashing at 90 kHz. This kind of spurious signals can be partially removed via dark 

subtraction in analog channels. 

 

Figure 15: Example of dark measurement of the system MARCO. 
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4.1.2 Bin Shift 

Analog and the photon counting data can have a timing shift between the laser pulse 

emission and the assumed zero range of the acquired signal. These shifts may be due to 

the trigger timing or to the electronic processing of the signal. Moreover, different 

processing times can contribute to a relative shift between analog and photon counting 

channels. 

In case pre-trigger samples are recorded as in the systems described in this thesis, the 

true “zero” bin can be identified under low background conditions by the signal coming 

from straylight reflected from the quartz window and container walls. The signals are 

then shifted accordingly. The values resulted to be consistent between transient 

recorders of the same system, with differences observed between analog and photon 

counting modes of acquisition (see Table 9). 

 

Table 9: Expected, and measured analog and photon counting “zero” bins for the 

systems CONCERNING and MARCO 

 Expected Analog Photon counting 

CONCERNING 1025 1024 1023 

MARCO 24 26 25 

 

 

4.1.3 Dead-time correction 

In a non-paralyzable detection system, an event will not be recorded when the time 

interval between its occurrence and the occurrence of the last recorded event is smaller 

than the dead-time τ𝐷𝑇. Increasing the event rate, the detection system (detector, pre-

amplifier, counter) will reach a saturation rate equal to the inverse of the dead-time. 

If P(z) is the measured photon count rate in a time interval ∆t, the corrected photon-

counting signal will be [49]: 

𝑃′(𝑧) =
𝑃(𝑧)

1 −
τ𝐷𝑇

Δ𝑡 𝑃(𝑧)
 

From a numerical point of view, this equation could be applied as long as  
τ𝐷𝑇

Δ𝑡
𝑃(𝑧) <

1, in practice however this correction is only valid up to counting rates of a few tens of 

MHz for typical dead-times of about 1-10 ns  (see Figure 16). For higher count rates, 

the gluing procedure is needed, as the analog signal is not affected by the dead-time 

effect. A value of 4 ns was found to correct the signal up to 20-30 MHz and was used 

for all the photon counting channels. 
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Figure 16: (a) scaled analog, photon counting and dead-time corrected photon counting 

signals (b) relative difference between scaled analog and photon counting signals. 

 

4.1.4 Gluing 

The signal-to-noise ratio achievable with photocounting is generally higher than that of 

the analog signal. On the other hand, the latter is not limited by dead-time. Gluing analog 

and photon counting signals allows to exploit the high linearity of analog detection for 

strong signals and the high sensitivity of photon counting detection at low count rates. 

There is a region where both signals are valid and have a high signal to noise ratio. For 

the used PMTs, this region extends approximately from 0.5 to 10 MHz (the thresholds 

used for the next steps) in the photon counting. 

After applying the dead-time correction, linear regression coefficients can be calculated 

in this region, analog data is scaled into photon counting data, and used above 10 MHz 

(see Figure 17). 

If the peak of the corrected photon counting signal is below 10 MHz, gluing is not 

needed. On the other hand, if the photon counting background signal level (calculated 

as the mean value in the far range) is higher than the minimum value of 5 MHz only the 

(a) 

(b) 
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scaled analog signal is used, using pre-calculated coefficients with the assumption of a 

fixed PMT gain. 

 

Figure 17: Scaled analog, dead-time corrected photon-counting and glued signals 

expressed as photoelectrons (Pe). The horizontal lines are the 10 and 0.5 MHz 

thresholds converted to Pe. The glued signal follows the photon-counting signal under 

the 10 MHz threshold and the analog signal over the 10 MHz threshold. 

 

4.1.5 Background subtraction 

Background subtraction is then applied to remove the solar background contribution 

from the signals. The background is estimated by averaging the last bins of the lidar 

echo, corresponding to very high altitudes, or the pre-trigger bins preceding the laser 

pulse, if the option is active, for which lidar backscatter echoes are supposed to be 

negligible and only background radiation contributes to the measured signal. 

This assumption holds for the CONCERNING lidar system, having no problem to 

sample a large time interval. For the system MARCO instead, the high repetition rate 

only permits a maximum sampling distance of 7.5 km (with the pre-trigger option 

active), after that a second pulse is produced and another lidar echo begins. At this 

distance some signal can still be present, leading to errors in the background estimation. 

The elastic channels are the ones more affected by this problem as the signal at 7.5 km 

is around 1/3 of the one at 5 km. Moreover, clouds and aerosol are still present at these 

heights, well inside the troposphere. Apart from upgrading the system with a laser 

source with a lower repetition rate (for example, 10-5 kHz corresponding to a limiting 

height of 15-30 km), further development is needed to correctly analyse the already 

acquired data. A possible envisioned solution is the extrapolation of the lidar signal 

profile in order to estimate the real background in the absence of clouds and the 

subtraction of the background “as is” when the signal is fully extinguished within the 

cloud. 
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4.1.6 Elastic decontamination 

In case of very low signals with respect to the elastic backscattering signal (for instance 

CO2 Raman signals) or extreme spectral vicinity of the interference filter bandpass to 

the emission wavelength (LoJ rotational Raman), the optical filter blocking is not 

sufficient to avoid unwanted crosstalk from the more intense signal. That elastic signal 

crosstalk into the CO2 or LoJ rotational Raman signals can be completely removed if 

simultaneous and co-located measurements of the elastic signal are available [50, 51]. 

The approach considers the following equation:  

 

𝑃’(𝑧) = 𝑃(𝑧) − 𝑘𝑃355(𝑧)     (30) 

 

where P(z) is the contaminated CO2 or LoJ rotational Raman lidar signal, P’(z) is the 

effective lidar signal used for the following retrieval steps, 𝑃355(𝑧) is the 354.7 nm 

elastic lidar signal, and k the crosstalk factor. With Equation (30) the effective Raman 

signal can be determined from the contaminated Raman signal by simply subtracting 

the 354.7 nm elastic lidar signal from the latter. 

An accurate estimate of the crosstalk factor k is needed to minimise potential systematic 

errors associated with the crosstalk. The factor k is determined analyzing lidar profiles 

with a strong elastic return (for example, clouds) and removing the excess signal from 

the channel of interest. For CO2 retrievals different values are tested, and the value 

leading to the same mixing ratio before, inside and after the cloud is chosen. For 

temperature retrievals the value of k leading to temperature values inside the cloud best 

fitting the temperature values from a nearby radiosonde is used. 

 

4.2 CO2 retrieval 

The CO2 mixing ratio is obtained from Raman backscattered signals through the 

following equation [52]: 

 

𝑥𝐶𝑂2 (𝑧) = 𝐹𝑐𝑎𝑙 
𝑇𝑁2(𝑧)

𝑇𝐶𝑂2(𝑧)

𝑃𝐶𝑂2(𝑧)

𝑃𝑁2(𝑧)
    (31) 

 

where PCO2(z) is the pre-processed CO2 roto-vibrational Raman lidar signal at 

wavelength λCO2, while PN2(z) is a temperature-independent reference signal, in this case 

the  pre-processed N2 ro-vibrational Raman signal, Fcal is a calibration constant, TCO2(z) 

and TN2(z) are the atmospheric transmission terms, which accounts for the different 

atmospheric transmission by molecules and aerosols at λCO2 and λN2, respectively. 

Other signals, such a temperature-independent combination of the LoJ an HiJ rotational 

Raman signals, can be used as reference. The N2 ro-vibrational signal was chosen due 

to several factors. Firstly, the uncertainty (see Eq. 32) in the retrieved mixing ratios, 



 

39 

 

wether calculated using the N2 or LoJ+HiJ reference signals, shows negligible 

differences. This is due to the fact that these uncertainties are primarily driven by the 

low CO2 signal-to-noise ratio. Additionally, using the N2 signal requires less 

atmospheric transmission correction. Finally, the N2 channel is the most similar to the 

CO2 one in terms of optical path inside the lidar receiver, offering advantages in relative 

signal stability. 

The calibration constant Fcal can be determined with in-situ measurements or, as in this 

work, using the day-time lidar background signal (Section 6.1). 

Assuming Poissonian statistics for the signals (that is, assuming that the major source 

of uncertainty is due to shot noise), the uncertainty affecting CO2 mixing ratio 

measurements can be calculated through error propagation as: 

 

Δ𝑥𝐶𝑂2 =
𝑥𝐶𝑂2

√𝑚𝑛
√

𝑃𝐶𝑂2+𝐵𝐶𝑂2

𝑃𝐶𝑂2
2 +

𝑃𝑁2+𝐵𝑁2

𝑃𝑁2
2     (32) 

 

where 𝐵𝐶𝑂2
 and 𝐵𝑁2

 are the measured background signals in the CO2 and N2 channels, 

respectively, m is the number of profiles, and n is the number of vertical bins used for 

the signal averaging. 

 

4.3 Other algorithms: WV, Temperature, Backscatter 

The water vapor mixing ratio (WVMR) is obtained from the ratio of the ro-vibrational 

H2O signal to a temperature-independent reference signal [52]: 

𝑊𝑉𝑀𝑅 (𝑧) = 𝐹𝑐𝑎𝑙  
𝑇𝑁2(𝑧)

𝑇𝑊𝑉(𝑧)

𝑃𝑊𝑉(𝑧)

𝑃𝑁2(𝑧)
     (33) 

 

Here again the reference signal can be the ro-vibrational N2 signal or a weighted sum of 

HiJ and LoJ rotational signals. The calibration constant is usually determined by a 

comparison with co-located measurements, for example radiosondes, or model data.  

The statistical uncertainty affecting WVMR measurements can be calculated as: 

 

 Δ𝑊𝑉𝑀𝑅 =
𝑊𝑉𝑀𝑅

√𝑚𝑛
√

𝑃𝑊𝑉+𝐵𝑊𝑉

𝑃𝑊𝑉
2 +

𝑃𝑁2+𝐵𝑁2

𝑃𝑁2
2             (34) 

where B𝑊𝑉 is the measured background signal in the WV channel.  

Exploiting the temperature dependence of the rotational Raman signals, atmospheric 

temperature profiles can be obtained from the ratio R(𝑧) = 𝑃𝐿𝑜𝐽(𝑧)/𝑃𝐻𝑖𝐽(𝑧) between 
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LoJ and HiJ lidar signals. Using a two-parameter relation [11], temperature can be 

calculated as: 

𝑇(𝑧) =
𝑏

𝑙𝑛 𝑅(𝑧)−𝑎
      (35) 

 

As with WVMR, the calibration parameters a and b are determined via comparison 

with co-located radiosondes or reanalysis data. The statistical uncertainty affecting 

temperature measurements can be again determined through error propagation: 

 

Δ𝑇 =
𝑇

√𝑚𝑛

𝑑𝑇

𝑑𝑅
√

𝑃𝐿𝑜𝐽+𝐵𝐿𝑜𝐽

𝑃𝐿𝑜𝐽
2 +

𝑃𝐻𝑖𝐽+𝐵𝐻𝑖𝐽

𝑃𝐻𝑖𝐽
2      (36) 

 

Finally, the aerosol backscattering coefficients can be retrieved via a variety of 

techniques, for example using only the elastic signal as in the Klett-Fernald method [53, 

54] or in the iterative method [55]. Another possible method takes advantage of the 

Raman technique, and unlike the previous ones, it does not rely on assumptions on the 

lidar ratio, that is, on the aerosol type, and does not need corrections in the lower portion 

of the profile, where partial overlap between the beam and the telescope FOV affects 

the measurements. Aerosol backscatter coefficient at 355 nm is calculated as [16]: 

 

β𝑎𝑒𝑟(𝑧) = k
𝑇𝑁2(𝑧)

𝑇355(𝑧)

𝑃355(𝑧)

𝑃𝑁2
(𝑧)

ρ(𝑧) − β𝑚𝑜𝑙(𝑧)    (37) 

 

where 𝑃355(z) is the total elastic pre-processed signal and 𝑇355(𝑧) is the atmospheric 

transmission at 354.7 nm, 𝜌(z) is the atmospheric density and 𝑘 is a calibration constant 

calculated at a reference height 𝑧0 with negligible aerosol load: 

 

k =
T355(z0)

TN2(z0)

PN2(z0)

P355(z0)

βmol(z0)

ρ(z0)
           (38) 
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5 Measurement campaigns 

5.1 WaLiNeAs 

After a short test period in Potenza, the systems CONCERNING and MARCO were 

deployed in Southern France in the frame of the WaLiNeAs (Water Vapor Lidar 

Network Assimilation) experiment. This field campaign served as an initial testing 

ground for the two instruments. 

WaLiNeAs, primarily funded by the French National Research Agency (ANR), is an 

international field experiment aimed at filling an observational gap in the low 

troposphere, studying extreme precipitation events and enhance their predictability 

through the assimilation of water vapor profile measurements from a network of Raman 

lidar systems into mesoscale numerical weather prediction (NWP) models. 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 [56], which would be 

extremely beneficial for the reduction of social and economic impacts, and threats to 

human lives. The experiment has a specific geographical focus on Southern France, 

where these events have a high probability of occurring. The measurement strategy 

implied the exploitation of eight Raman lidars (with the participation of French, 

German, Spanish and Italian research groups) deployed along the Mediterranean coasts 

of Spain and France, capable to provide real-time measurements of water vapor mixing 

ratio profiles over a three-month period starting on October 2022. 

 

Figure 18: Deployment sites of CONCERNING and MARCO in the southern France. 

CONCERNING 
MARCO 
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Figure 19: (a) System CONCERNING and CNR-IMAA wind lidar deployed at the 

University of Toulon, La Garde (Lat.: 43.136040 N, Lon.: 6.011650 E, Elev.: 65 m a.s.l.); 

(b) system MARCO deployed at the Direction de Services Techniques, Port-Saint-Louis-

du-Rhône (Lat.: 43.392570 N, Lon.: 4.813480 E, Elev.: 5 m a.s.l.). 

a 

b 
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The system CONCERNING was deployed at the University of Toulon, La Garde (Lat.: 

43.136040 N, Lon.: 6.011650 E, Elev.: 65 m a.s.l.), together with a wind lidar (Halo 

Photonics, model: Stream Line XR) made available from CNR-IMAA (Figure 19) and 

started operation on 29 September 2022, performing 118 days of continuous 

measurements till 25 January 2023, when a laser failure forced the stop of the operations. 

Subsequent inspections highlighted internal corrosion problems within the laser head 

(due to a manufacturing defect) which was promptly sent for maintenance. The system 

MARCO, was deployed at the Direction de Services Techniques, Port-Saint-Louis-du-

Rhône (Lat.: 43.392570 N, Lon.: 4.813480 E, Elev.: 5 m a.s.l.), with continuous 

measurements since 19 October 2022. MARCO was operated for an extended period of 

16 months till 22 February 2024, successfully demonstrating the capability of a Raman 

lidar based on a micro-pulse laser source. 

The acquired profiles had to be assimilated in near real-time, with updates every 15-30 

minutes, in the AROME-France model (Application of Research to Operations at 

MEsoscale). For the WaLiNeAs campaign, the system CONCERNING was operated 

with a raw vertical resolution of 7.5 m and temporal resolution of 10 s up to 40 km, 

while MARCO, due to limitations of the acquisition hardware coupled with its high 

repetition rate, had a vertical resolution of 15 m and temporal resolution of 3 s up to 5 

km. Data was uploaded to a Network Attached Storage (NAS) and analysed 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 coarser time resolution of the 

latter was chosen for achieving a better signal-to-noise ratio. For each system data was 

down-sampled to a vertical resolution of 100 m in order to improve the signal-to-noise 

ratio, especially required for daytime measurements. The profiles were then uploaded 

on the Météo-France server in a specified format, ready for the assimilation in the 

AROME-France model. This exercise successfully demonstrated the operational 

readiness of a network of such instruments. 

The first release of the dataset was produced using only analog data and skipping the 

gluing step, still not ready at the start of the campaign and requiring manual inspection 

of the results. The calibration constant was calculated taking advance of co-located 

radiosondes in Potenza and confirmed to be stable during the campaign (see Figure 20). 
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Figure 20: Comparison between CONCERNING WVMR profiles and 00:00 UTC 

radiosonde data from the Nimes-Courbessac launch site [57]. 

 

Figure 21 shows four consecutive months of water vapor measurements obtained with 

the system CONCERNING. The system demonstrated excellent performance during 

both night-time and daytime and recorded several heavy precipitation events (>100 mm 

of cumulated rain during 24 h), including three weather watch alerts in neighbouring 

French departments, on 20-21 October, 31 October, 8-9 November and 14 November 

2022. Especially the second half of October shows high concentrations of water vapor, 

with an expected decrease moving towards the winter months. This trend is evident in 

the monthly averages shown in Figure 22, which also illustrate the gradual daytime 

increase in the mixing ratio and the daily evolution of the boundary layer, with its height 

decreasing going towards the winter months. Figures 23 and 24 show 16 months of 

measurements performed by the system MARCO. The figures clearly reveal the 

seasonal variation of  water vapor concentration, with values ranging from 10-15 g/kg 

during summer to 5-10 g/kg in winter. High solar background signal prevented accurate 

measurements during daytime in summer months. The system shows good performance 

during night-time, even if the system performance suffers a natural decline over the 

months due to laser power losses. Dirt from wind and precipitation, and the 

accumulation of insects, strongly attracted by the UV light, heavily affected the 

instrument performance and the capability to correctly align the system, especially 

during summer months. This problem was mitigated with periodic on-site inspections 

and maintenance, and the performance of the system at the end of the campaign was 

only slightly degraded despite the long period of operation. 
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Figure 21: WVMR measurements made by CONCERNING during WaLiNeAs campaign 

at full vertical resolution (7.5 m) and 15 min temporal resolution. 
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Figure 22: Monthly WVMR as measured by system CONCERNING. 

WVMR monthly averages [g/kg] 
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Figure 23: WVMR measurements (November 2022 – June 2023) made by MARCO 

during WaLiNeAs campaign at 30 m vertical resolution and 30 min temporal resolution. 
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Figure 24: WVMR measurements (July 2023 – February 2024) made by MARCO during 

WaLiNeAs campaign at 30 m vertical resolution and 30 min temporal resolution. 
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Data collected by the two systems will be part of deeper studies in future research 

activities. These include the study of turbulent processes with the measurement of latent 

heat flows using simultaneous high temporal resolution data of water vapor mixing ratio 

from CONCERNING and vertical wind components from the co-located wind lidar. 

Latent heat release enhances convective processes, contributing to the vertical 

movement of air, cloud development, and the redistribution of heat within the 

atmosphere. Three cloud-free 30-minute analysis periods followed by precipitation 

events were selected as case-studies (31 October, 28 November, and 8 December 2022). 

Figure 25 shows latent heat flux profiles for the selected case-studies calculated with 

the eddy covariance method [58, 59]. The results show typical latent heat flux profiles, 

with positive values in the boundary layer, representing a significant upward humidity 

transport. The values are correlated with the turbulent kinetic energy profiles calculated 

from wind lidar data and with the intensity of the following precipitation events. 

 

 

Figure 25: (a) Latent heat flux profiles calculated using WVMR data in combination 

with wind lidar data for selected cases during the WaLiNeAs campaign (b) Turbulent 

kinetic energy calculated from wind lidar data. 

 

Selected cases (for example, 13-17 November 2022, see Figure 26) coincident to heavy 

precipitation events  are also being analized separately for the assimilation into the 

Weather Research and Forecasting (WRF) model [60]. Data for these cases have been 

processed applying all the pre-processing steps, gluing included, with the addition of 

quality checks such as uncertainty thresholds (σ𝑊𝑉𝑀𝑅 ≤ 1 g/kg) and value thresholds 

(0  ≤ WVMR ≤ 25 g/kg) on the retrieved mixing ratio. 

Using both analog and photon-counting data greatly improves the measurement quality 

in both systems. The complete workflow, tested for a restricted number of cases, is now 

being extended to the rest of the dataset for the production of a second refined release. 
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Figure 26: Reprocessed and quality-controlled WVMR measurements (13-17 November 

2022) at 100 m vertical resolution, and 15 min and 30 min temporal resolution for 

CONCERNING and MARCO, respectively. 
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5.2 BELLA 

The BELLA (Boundary layer Extensive campaign with muLti instrumentaL Analisys) 

/ ABL-ITINERIS measurement campaign took place in Potenza, Italy between April 

and May 2024 [61]. This campaign has been organized by CNR-IMAA in collaboration 

with UNIBAS with the main goal to establish a comprehensive dataset for the study of 

the Atmospheric Boundary Layer (ABL) height evolution and for the characterization 

of physical and chemical processes taking place within both the ABL and the 

troposphere. The system CONCERNING (Lat: 40.647477 N, Lon: 15.807204 E, Elev: 

710 m a.s.l.) was continuously active during the campaign period, taking measurements 

in coordination with CIAO observatory instruments [62]. All the sensors have been 

operating continuously during the campaign under different atmospheric conditions. 

The resulting dataset, acquired between 14 April 2024 and 06 May 2024, is of interest 

for several purposes like the testing and the assessment of new ABL height retrieval 

algorithms, a better understanding of the processes occurring in the lower atmosphere 

taking advantage of a multi-sensor approach, and the validation of mesoscale 

atmospheric models. Figure 27 shows some of the products of the campaign, in 

particular the retrieved vertical timeseries of aerosol backscattering coefficient, the 

water vapor mixing ratio, and the atmospheric temperature. The two measurement gaps 

in the third week are due to the laser head overheating, causing a system halt. Water 

leaks from the laser head were detected after the second stop and further inspection 

reconducted this anomaly to the same problem encountered during the WaLiNeAs 

campaign, the laser was therefore sent again for maintenance. The produced dataset is 

currently being analysed. 

 

a 
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Figure 27: (a, b, c) Weekly quicklooks of BELLA campaign products from 14 April 2024 

to 06 May 2024: range-corrected signal (RCS) at 355 nm, aerosol backscattering 

coefficient, WV mixing ratio, and temperature. 

 

 

b 

c 
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5.3 DECIPHER 

DECIPHER (Disentangling mechanisms controlling atmospheric transport and mixing 

processes over mountain areas at different space- and timescales) is the last field 

campaign in which the system MARCO was involved. The project, funded by the Italian 

Ministry of University and Research and organized by the University of Trento, is part 

of the international TEAMx (multi-scale Transport and Exchange processes in the 

Atmosphere over Mountains – programme and eXperiment) program [63]. 

The project aims at improving the understanding of processes controlling exchange of 

momentum, energy and substances between the Earth surface and the atmosphere over 

mountains, transport processes across a variety of scales, including turbulent mixing and 

removal by precipitation scavenging, and evaluating how well these are represented in 

NWP and climate models. Field measurements have and will be performed with 

multiple instruments during 2024 and 2025 at two selected target areas representative 

of two different mountain situations: the isolated peak of Col Margherita (Eastern Italian 

Alps) and an extended slope on a side of Monte Baldo (Central Italian Alps). 

A first part of the measurement campaign started on 27 July 2024, when the system 

MARCO was deployed (Figure 28) at Passo Valles, Trento, Italy (Lat: 46,338469 N, 

Lon: 11.799588 E, Elev: 2032 m a.s.l.) near Col Margherita CNR-ISP observatory [64] 

and next to the wind lidar (Leosphere WINDCUBE 100s) of the University of Trento 

and a weather station managed by Meteo Trentino. 

 

 

Figure 28: System MARCO next to the wind lidar during the DECIPHER campaign. 
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The synergic use of the two instruments (for example, applied to measurements of 

vertical profiles of latent and sensible heat fluxes) will allow to carry out fundamental 

measurements for a full understanding of meteorological phenomena occurring in the 

alpine area and of the turbulent properties characteristic of mountain atmosphere. 

The system measurements are particularly effective for the purposes of the DECIPHER 

project. Specifically, they will contribute to understanding the mechanisms that at 

different spatial and temporal scales control atmospheric transport and mixing processes 

in mountain areas, characterizing turbulent processes in the ABL on mountain slopes, 

and, in general, surface-atmosphere exchange processes. 

Some extraordinary maintenance operations were necessary before the start of the 

campaign such as the re-waterproofing of the roof (some leaks had been noticed at the 

end of the WaLiNeAs campaign) and the replacement of the controller of the 45-degree 

steering mirror motors. The mirror itself was replaced as the dielectric coating had been 

partially ablated by the incoming UV radiation. Moreover, specific upgrades to the 

system have been implemented for the campaign. A 5x beam expander has been added 

to improve the stability of the lidar signal: reduced beam divergence should improve the 

stability of the beam overlap with the telescope's field of view. Furthermore, the 

expanded beam should make the system less sensitive to dirt accumulation at the 

specific point where the beam passes through the quartz window. Additionally, LoJ and 

HiJ rotational Raman interference filters have been added, along with two additional 

PMTs and transient recorders, adding the ability to measure temperature profiles. 

It has to be noted that the combination of a reduced laser power (2.5 W) due to the aging 

of the laser diodes and the addition of the beam expander, allow the system to be eye-

safe for short exposures times (<1 s) right from the exit aperture. 

Figure 29 shows the quicklooks of range corrected signal at 355nm (RCS), the water 

vapor mixing ratio (WVMR) and the atmospheric temperature (T) measured by 

MARCO during the initial weeks of the DECIPHER campaign.   
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Figure 29: (a, b, c) Weekly quicklooks of DECIPHER campaign products from 12 

August 2024 to 01 September 2024: range-corrected signal (RCS) at 355 nm, WV 

mixing ratio (WVMR), and temperature (T). 
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6 CO2 Measurements 

6.1 Calibration 

 

Figure 30: Schematics of the calibration algorithm and inputs. 

 

For  CO2 mixing ratio measurements with the Raman lidar technique, the calibration 

constant Fcal was usually retrieved via comparison with in-situ measurements [12, 18] 

or could be calibrated using an estimated and fixed mixing ratio at high altitude. Ground-

based measurements sample in a blind region for lidar, while air-borne measurements, 

although ideal for calibration, are more difficult to perform. Lastly, calibrating at higher 

altitudes, where CO2 mixing ratio is expected to be constant, would mean to deal with a 

portion of the lidar signal typically suffering from very low SNR, with resulting mixing 

ratio accuracies in the order of 10 ppm or more. For these reasons a new technique was 

adopted and the constant was estimated independently using the day-time lidar 

background signal, proportional to the zenithal sky radiance. This technique, first 

described by Sherlock et al. [65, 66] for water vapor Raman lidar measurements, was 

adapted to CO2 measurements: 
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𝐾𝑁2

𝐾𝐶𝑂2
=

𝐿𝜆𝐶𝑂2

𝐿𝜆𝑁2

𝐵𝑁2

𝐵𝐶𝑂2
      (41) 

 

𝐿λ𝑋 = ∫ 𝐿(λ)τ𝑋(λ)𝑑λ            (42) 

 

where (dσX/𝑑Ω)𝑒𝑓𝑓 is the effective cross section (that is, the sum over λi of the Raman 

cross section weighted by the filter transmittance τX), Lλ𝑋 is the effective radiance (that 

is, the spectral radiance 𝐿 weighted by the filter transmittance), and BX is the measured 

background signal. The Raman cross sections (Figure 31) were computed with the 

simulator code (see Section 1.1.3), and the spectral radiance (Figure 32) was estimated 

with the SCIATRAN radiative transfer model. As the CO2 dichroic beam splitter has 

different transmittances at 386.7 nm for the two polarization components (Ts and Tp, 

see Figure 32b), the effective radiance was calculated taking into account the 

polarization of the radiance. Dichroic filters with similar transmittance/reflectivity of 

the two polarization components were neglected in the calculations. Filter and dichroic 

measured transmittances were provided by the manufacturers. A scheme of the 

calibration algorithm and inputs is represented in Figure 30. 

 

 
Figure 31: (a) Carbon dioxide vibrational Raman spectrum, calculated at 280 K, and 

transmittance of the interference filter of the 371.69 nm channel (blue dashed line). (b) 

Nitrogen ro-vibrational Raman spectrum, calculated at 280 K, and transmittance of the 

interference filter of the 386.7 nm channel (blue dashed line). 

 

 

(a) (b) 
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Figure 32: (a) Spectral radiance and transmittance of the interference filter of  the 371.7 

nm channel (blue dashed line). (b) Spectral radiance and transmittance of the 

interference filter and the dichroic filters of the 386.7 nm channel (dashed lines). 

6.2 Results 

The CO2 mixing ratio measurements presented in this section refer to observations made 

by CONCERNING on 22 January 2024. The system was located at the School of 

Engineering of the University of Basilicata (40.647477 N, 15.807204 E, 710 m a.s.l.), 

Potenza, Italy. Being the calibration approach robust with respect to the diurnal cycle of 

the CO2 mixing ratio, the day-time portion  of the measurement session (13:40-14:00 

UTC) was used for the calibration, while night-time (17:00-19:00 UTC) measurements 

were instead used for the CO2 mixing ratio profile retrieval.  

Data from the nearby AERONET [44] station of Tito Scalo, hosted by CNR-IMAA, was 

used as input to the software SCIATRAN for the calculation of the zenithal sky radiance. 

The aerosol load in the atmosphere during the calibration session was relatively low, 

with an aerosol optical depth of 𝜏380 = 0.092. The retrieved calibration constant was 

quite stable over the whole calibration period, with a mean value of 4.957·10-2 and a 

standard deviation of 3.9·10-5.  

Figure 33 shows the calibrated CO2 mixing ratio profile from 800 to 6000 m. The 

vertical resolution is 150 m up to 2400 m, 300 m up to 3600 m,  and 450 m in the higher 

portion of the profile. The measurements were integrated over a 2-hour time window. 

 

(a) (b) 
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Figure 33: Comparison between lidar (black) and OCO-2 (green) measured CO2 mixing 

ratio profiles. The uncertainty of the measurements is represented by horizontal bars 

and shaded green, respectively. 

 

The obtained profile has an uncertainty Δ𝑥𝐶𝑂2 < 5 ppm up to 4 km, enough to highlight 

a clear gradient slightly below 2 km. Measurements under 800 m were discarded, being 

potentially compromised by overlap issues. In absence of in-situ measurements, a 

comparison was made with the closest OCO-2 [67] satellite overpass using the closest 

data point (40.560715 N, 15.84124 E, 30-01-2024 11:51 UTC, see Figure 34). The 

agreement is within one standard deviation and the lidar profile well captures the fine 

details in the variability of the lower part of the profile. 

 

 

Figure 34: OCO-2 overpass (30 January 2024) footprint and position of the data point 

used in the comparison (40.560715 N, 15.84124 E). 

 

This case study demonstrates the potential of the instrumental setup and of the adopted 

technique. Further work will involve consolidating the calibration technique and 
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estimating a detailed uncertainty budget, in particular addressing uncertainties from 

aerosols and assumed instrument characteristics.  Additionally, significant effort will be 

directed towards reducing system-derived uncertainties, improving the system's thermo-

mechanical stability and eliminating undesired electromagnetic noise that still partially 

affects the photon counting channels. Comparisons will be made with in-situ CO2 

measurements that will be available from a nearby atmospheric tower, hosted by CNR-

IMAA and part of the ICOS network [68], and with coincident OCO-2 overpasses. 

Lastly, multiple measurement sessions will be analysed in order to evaluate the stability 

of the calibration constant and to study the time evolution of the mixing ratio profile 

over extended time periods. The CO2 measurement capability was available during the 

BELLA campaign, and the data acquired during this extended period is currently being 

analysed. A preliminary assessment of the stability of the calibration constant using the 

aforementioned data was conducted (see Table 10). 

 

Table 10: Preliminary values of the calibration constant during the BELLA campaign 

 Fcal σFcal 

22 January 2024 4.957·10-2 3.9·10-5 

20 April 2024 4.113·10-2 2.5·10-4 

28 April 2024 3.881·10-2 1.2·10-3 

05 May 2024 3.936·10-2 1.4·10-4 

 

The retrieved values, calculated over 3-hour periods after sunrise, show significant 

differences between the sessions and low standard deviations within the sessions, 

indicating a relatively good short-term stability. The large difference between the 

January value and subsequent values is attributed to the replacement of the collimation 

lens, a comprehensive realignment of the system, and adjustments to the photon 

counting thresholds. The smaller but still significant variation in the calibration constant 

values during the other calibration sessions may be due to the use of the 22 January 

aerosol scenario in the preliminary calculations or system alignment instabilities 

between different sessions and need further investigation.  
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7 Activities in support of the 

CALIGOLA mission 

The Cloud and Aerosol Lidar for Global Scale Observations of the Ocean-Land-

Atmosphere System (CALIGOLA) [14, 69] is an advanced, multi-purpose space lidar 

mission designed to observe the atmosphere and ocean and to characterize the 

interactions within the Ocean-Earth-Atmosphere system. Conceived by the Italian 

Space Agency (ASI), this mission aims to provide the international atmospheric and 

ocean science communities with an unprecedented dataset of geophysical parameters. 

This will enhance scientific knowledge in atmospheric, terrestrial, cryospheric, and 

oceanographic sciences [70]. ASI is collaborating with NASA on this innovative 

mission, which is scheduled for launch between 2031 and 2032, with an expected 

operational lifetime of 3-5 years, covering a period not currently addressed by other 

space lidar missions. 

Studies to assess the technological feasibility of the lidar subsystems are currently 

underway at Leonardo S.p.A. Moreover, NASA Langley Research Center is specifically 

working on the detectors and the acquisition subsystems. Scientific studies in support 

of the mission are conducted by the University of Basilicata, with the support of NASA, 

CNR-ISMAR and CNR-IMAA. 

The space-borne Raman lidar CALIGOLA will exploit all the three wavelengths emitted 

by a Nd:YAG laser source in the UV (354.7 nm), VIS (532 nm) and NIR (1064 nm). It 

will measure vertical profiles of the particle backscatter coefficient (β355, β532, β1064) at 

354.7, 532 and 1064 nm, the depolarization ratio (δ355, δ532) in UV and visible, and the 

particle extinction coefficient at 354.7 (α355) from aerosols and clouds. CALIGOLA will 

take advantage, for the first time for a space-borne instrument, of the Raman lidar 

technique. In particular, in addition to the elastic channels, a temperature independent 

rotational Raman channel will be used as a reference signal in the atmosphere. 

Additionally, measurements of elastic and depolarized backscattered echoes from the 

sea surface and underlying layers will be conducted to analyse the marine surface and 

the optical properties of suspended particulate matter. These measurements will be 

expressed in terms of the oceanic particulate backscattering coefficient (bbp) and the 

diffuse attenuation coefficient for down-welling irradiance (Kd) at 354.7 nm and 

potentially 532 nm. The collection of water ro-vibrational Raman signals around 405 

nm (βH20), as well as fluorescent scattering measurements at 685 nm (βFL685) will address 

both atmospheric and oceanic objectives These measurements will enhance our 

understanding of the role of phytoplankton in marine biogeochemistry, the global 

carbon cycle, and ocean primary production. 
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CALIGOLA will finally also assess the small-scale variations in Earth’s surface 

elevation, linked to changes in ice and snow depth, terrain, vegetation, and forest canopy 

height. 

In the framework of the feasibility studies of the lidar subsystems and in line with the 

activities planned for my industrial doctorate, I completed a six-month internship at 

Leonardo S.p.A. from November 2022 to May 2023. The activities during the internship 

period focused on preliminary ray-tracing simulations of transmission and reception 

optics of the CALIGOLA lidar. Among others, the surface processing requirements of 

the primary mirror, the transmission efficiency of the telescope, and the effects on the 

polarization of optics such as the off-axis collimator and the beam expander were 

estimated. 

Regarding the two lidar systems discussed in this thesis, the know-how acquired during 

the development and testing of the systems CONCERNING and MARCO has proven 

invaluable for the CALIGOLA mission. The lidar simulator, mutuating the lessons 

learnt as part of the design and development phases of the systems MARCO and 

CONCERNING, is currently being integrated with another simulator originally 

developed at the University of Basilicata in the frame of a previous PhD research 

program [71], and is being adapted to simulate space-borne lidar signals. The ASI-

funded CNR-ISMAR PeRfOrmance simulaTor for ocEan Observations (PROTEO) 

project aims to support the CALIGOLA mission by enhancing and expanding its 

scientific and application aspects, particularly in assessing its ocean observation 

capabilities. The core activity of the project is the development of an end-to-end lidar 

simulator for ocean color measurements, with the goal of evaluating the specifics of the 

CALIGOLA lidar system and estimating its expected ocean color performance. Within 

this framework, SCIATRAN has already been successfully used to simulate lidar 

background signals over the ocean, and the simulator code discussed in the thesis will 

serve as a basis for the end-to-end simulator, and expanded to simulate oceanic lidar 

echoes. Moreover, a similar approach to the one used for the CO2 measurements 

presented in this thesis will be applied for the vicarious calibration of the 405 nm and 

685 nm channels. 

The two developed systems served also as a testbed for several state-of-the-art solutions 

and techniques that will be adopted in the CALIGOLA mission. Above all, the use of 

the Raman lidar technique, that is an absolute novelty for a space-borne lidar. Some of 

the processing and retrieval algorithms tested with the ground-based lidars will be 

adapted and implemented for the CALIGOLA lidar mission. Moreover, the combined 

acquisition of analog and photon-counting data is also envisioned for the first time in a 

space-borne lidar system. This approach allows for a dynamic range spanning over more 

than six orders of magnitude in the lidar signal, enabling the acquisition of strong returns 

from clouds and ocean surface without saturation, while still capturing very weak 

signals from Raman scattering or fluorescence. As for some technological solutions, the 

H10721P-210 Hamamatsu photomultiplier modules, successfully tested in the 

CONCERNING and MARCO systems, are based on the same R9880U-210 metal 

package PMT that is being evaluated for CALIGOLA. Furthermore, the design of the 

beam expander in the CONCERNING lidar served as the basis for a candidate design 

for a reflective beam expander for the CALIGOLA mission, as an alternative to 
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refractive beam expanders that cannot collimate with the same efficiency laser light 

ranging from UV to NearIR, resulting in different divergences at the three used 

wavelengths. 

Finally, the two deployable systems will be an extremely valuable resource for the 

satellite calibration and validation during both the commissioning and operational 

phases, whether through routine data collection or dedicated measurement campaigns. 
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Conclusions 

This thesis has presented a comprehensive study on the development and application of 

Raman lidar systems for the measurements of compositional and thermodynamic 

properties of the atmosphere.  

Two compact and transportable ground-based lidar prototypes, CONCERNING and 

MARCO, were developed in the frame of the PhD research effort, and after a period of 

test, deployed in a variety of national and international measurement campaigns, 

demonstrating their measurement capabilities. These systems utilize both rotational and 

vibrational Raman lidar techniques in the UV spectrum, incorporating advanced 

technologies for the laser emission, spectral selection, optical signal detection, and data 

acquisition. They are housed in sealed, rugged containers with fused-silica windows, 

allowing the operation in all weather conditions. Both can be controlled remotely, 

offering continuous and unattended measurement capabilities. The lidar MARCO 

successfully demonstrated for the first time the feasibility and performances of a Raman 

lidar based on a micro-pulse laser source. Ongoing and planned efforts will further 

enhance the capabilities of these two Raman lidar systems. 

The two systems participated in three measurement campaigns. The WaLiNeAs project, 

focusing on the study of extreme precipitation events and on the enhancing of their 

predictability through the assimilation of water vapor profiles, highlighted the potential 

for a network of water vapor Raman lidars. The second campaign, BELLA, was centered 

on the characterization of the ABL. Finally, DECIPHER, that is dedicated to the study 

of phenomena of transport and mixing in mountain areas. Moreover, other measurement 

campaigns are planned in the near future, such as the Lidar-based Atmospheric 

Measurement at Pianosa (LAMP), dedicated to the study of marine aerosol and cloud 

interaction, and the second part of the DECIPHER campaign. On top of all the activities 

focused on the upgrade of the systems, future efforts will be dedicated to the 

reprocessing and analysis of the collected datasets in terms of meteorological process, 

atmospheric turbulence studies, climatological analysis. 

A Raman lidar simulator was developed, and played a crucial role in defining the 

characteristics of the spectral selection devices needed for the application of the Raman 

lidar technique to measure CO2 mixing ratio profiles, in evaluating the expected system 

performance, and in calibrating the mixing ratio measurements.  Following the 

preliminary simulations, the CO2 measurement capability was then implemented in the 

lidar CONCERNING. The measurements presented in this thesis, calibrated with an 

original technique and compared to independent measurements, demonstrate the 

system’s promising performances. This advancement represents a significant step 

forward in the accuracy and reliability of atmospheric CO2 measurements. Following 

the consolidation of the measurement and calibration techniques, future work will focus 

on studying the impact of the measured profiles on atmospheric process modeling. This 
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includes characterizing CO2 vertical and temporal gradients from the forest floor to the 

canopy top, as well as examining land-atmosphere interactions and turbulent transport 

processes in the atmospheric boundary layer. Additionally, the potential scientific 

impact on climate models will be quantified. Furthermore, the influence of the measured 

CO2 profiles on validating satellite products will also be assessed. 

Regarding the future CALIGOLA satellite mission, this PhD research project led to the 

acquisition of useful know-how in the Raman lidar technique and contributed in various 

ways to the mission. The lidar simulator will be enhanced to form the foundation of a 

comprehensive end-to-end lidar simulator of the space-borne lidar. Additionally, the 

developed lidars have served as a testing platform for various state-of-the-art 

technological solutions and techniques that will be implemented in the CALIGOLA 

mission. Also, their measurement capabilities will be of great value for the calibration 

and validation of CALIGOLA’s atmospheric products. Moreover, the compositional 

and thermodynamic measurements from the two ground-based lidars, when combined 

with CALIGOLA’s data, could be used in future synergetic studies, enhancing our 

understanding of feedback and coupling mechanisms within Earth’s biogeochemical 

cycles. 
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