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Abstract

Aerosols are a signi�cant component of the atmosphere. The full understanding of their
e�ects on climate, air quality, and human health requires retrieving their microphysical
properties. Studying these characteristics is fundamental to forecasting and minimizing
aerosols’ environmental impacts. This thesis represents the �rst attempt to retrieve range-
resolved aerosol microphysical properties using lidar-only data at Universitat Polit�ecnica
de Catalunya. We undertake an investigation into the Basic Algorithm for REtrieval of
Aerosol with Lidar (BOREAL), developed at the University of Lille, focusing on its ap-
plicability to common aerosols in the Mediterranean area, such as Saharan Dust. The
algorithm’s performance is assessed through an exploratory analysis that aims to explore
the in
uence of various input parameters on its accuracy. Furthermore, the research com-
pares BOREAL’s results with those of an established inversion algorithm (AERONET),
o�ering new insights into the retrieval process. These �ndings contribute to a deeper un-
derstanding of aerosol characterization and lay the framework for BOREAL’s future use
in aerosol studies.
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Chapter 1

Introduction

In this thesis, I explore the Basic algOrithm for REtrieval of Aerosol with Lidar (BO-
REAL) algorithm, focusing on its application to aerosol microphysical properties retrieved
from lidar data at the Universitat Polit�ecnica de Catalunya (UPC). This study critically
assesses the algorithm's untested capabilities, particularly in handling aerosols often en-
countered in Mediterranean regions such as Saharan Dust. This research attempts to
investigate how various input parameters in
uence BOREAL's performance, by employ-
ing a decision tree framework from Machine Learning as an analytical tool to analyze,
rather than predict, the outcomes. Additionally, I will compare BOREAL results with
those of another well-known inversion algorithm. The thesis is structured to �rst intro-
duce the context of aerosol studies and review existing aerosol measurement methods in
Chapter 1. Chapter 2 describes the equipment and the operation of the lidar system at
Universitat Politecnica de Catalunya and delves into the mathematical principles that
govern its functionality. Chapter 3 explains how BOREAL is implemented, outlining its
strengths and limitations. Chapter 4 presents the case studies on Saharan Dust and pre-
pares the input data for the subsequent analysis. In Chapter 5, I perform the analysis
to assess the impact of the input parameters on the BOREAL algorithm. In Chapter 6
I build a method to compare BOREAL and AERONET results. Finally, in Chapter 7, I
conclude and suggest future developments.
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1.1 Aerosols

Atmospheric aerosols are a suspension of �ne solid particles or liquid droplets in the
atmosphere [1]. They can be naturally occurring or anthropogenic (man-made) [2]. They
signi�cantly in
uence Earth's climate and human health.

1.1.1 Classi�cation of Aerosols

Based on their origin, aerosols can be classi�ed into primary and secondary types. Primary
aerosols are directly emitted into the atmosphere from combustion processes, sea spray,
and dust storms. In contrast, secondary aerosols are created in the atmosphere through
chemical reactions, often involving gas-to-particle conversion processes [3]. The former
includes dust particles carried by the wind, sea salt particles, and soot particles produced
during combustion. An important example of gas-to-particle conversion is the oxidation
of reduced sulfur gases, such as SO2, to oxidized sulfur compounds (e.g., sulfuric acid) [4].
The most important inorganic aerosol component in terms of radiative forcing is sulfate
which has well-known optical properties [5].

1.1.2 Sources of Aerosols

The origins of aerosols are diverse. Natural sources include volcanic eruptions, forest �res,
oceanic wave action, dust storms, and biological emissions. Anthropogenic sources are
primarily from industrial activities, vehicular emissions, and agricultural practices. These
sources contribute to both primary and secondary aerosols, a�ecting their composition
and distribution in the atmosphere [6].

1.1.3 Chemical Composition

The source of the aerosol determines its chemical composition. The principal constituents
of an aerosol are sulfate, nitrate, ammonium, chloride, elemental carbon, organic carbon,
water, and crustal material (silicates) [6]. Most naturally occurring aerosols are composed
of sea salt [7], biogenic materials [8], and crustal material [9]. Primary released soot (ele-
mental carbon), secondary carbonaceous material (organic carbon), and inorganic matter
(water, nitrates, sulfates, and ammonium) are all components of anthropogenic aerosols
[10]. Figure 1.1 depicts the distribution of particles and the physical and chemical pro-
cesses related to various particle sizes.
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Figure 1.1:Physical and chemical processes linked to aerosol particle size [6].

1.1.4 Particle Size and Distribution

One of the most crucial characteristics for forecasting aerosol behavior is particle size
and its distribution. \Monodisperse" refers to an aerosol whose particles are all the same
size, which occurs very infrequently in nature. Particles are referred to as \polydisperse"
when their sizes vary [6]. Aerosols are characterized by their small size, typically ranging
from a few nanometers to several micrometers in diameter, which allows them to remain
suspended in the atmosphere for extended periods [11].

Generally, aerosols follow a trimodal size distribution which consists of an Aitken mode
where the diameter of the particles is less than 0:1µm, accumulation mode where the
diameters are greater than 0:1µm but less than 1µm, and coarse mode where the par-
ticles' diameters are greater than 1µm. [1]. However, an additional nucleation mode can
be present below the Aitken mode when nucleation occurs. The nucleation and Aitken
modes typically dominate the total number of aerosol particles in the atmosphere, but the
aerosol particle mass and volume are dominated by the accumulation and coarse modes
[6]. The smallest particles, particularly those in the nucleation mode, are extremely mobile
and numerous, multiplying through coagulation and condensation [1]. Figure 1.2 depicts
common aerosol distributions in ambient conditions.

14



Figure 1.2:Common aerosol distributions in ambient conditions [6].

1.1.5 Health Impacts

Aerosols are studied extensively because they have a major impact on human health.
Particulate Matter (PM) has been associated with various health issues, such as cancer,
diabetes, cardiovascular diseases, hypertension, and respiratory and neurological diseases
[12]. Fine particulate matter (PM2:5) is particularly concerning as it can penetrate deep
into the respiratory system and enter the bloodstream, a�ecting various organs [13]. The
adverse health e�ects of PM depend on its concentration but also on its chemical compo-
sition. PM contains various harmful substances, including transition metals and organic
compounds, which can enhance its oxidative potential and toxicity [14].

1.1.6 Climate Impacts

Radiative forcing is de�ned as the change in net vertical irradiance at the tropopause
due to an internal change or an external forcing of the climate system, such as a change
in the concentration of carbon dioxide or the output of the Sun. Usually radiative forc-
ing is computed after allowing for stratospheric temperatures to readjust to radiative
equilibrium, but all tropospheric properties are �xed at their unperturbed values. Ra-
diative forcing is instantaneous if change in stratospheric temperature is not considered
[15]. Aerosols contribute to the Earth's radiation budget in direct and indirect ways [11].
Aerosols can change the radiative balance directly by scattering and absorbing sunlight;
in general, this is often referred to as the direct radiative e�ect. E�ective Radiative Forc-
ing (ERF) explains rapid adjustments in the atmosphere occurring from aerosol-radiation
interactions, such as changes in cloud cover and atmospheric stability [16]. The presence
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of black carbon aerosols on snow and ice leads to a decrease in surface albedo and an
increase in the absorption of solar radiation, thus contributing to a positive radiative
forcing. Aerosols also a�ect cloud properties, in
uencing their albedo and lifetime, which
is referred to as the indirect e�ect of aerosol-cloud interactions (aci). These interactions
can enhance cloud re
ectivity by increasing cloud condensation nuclei, leading to brighter
clouds with longer lifetimes, which increases the Earth's albedo and exerts a cooling e�ect.
The e�ective radiative forcing due to aerosol-cloud interactions (ERFaci) includes such
microphysical changes and the associated impacts on cloud cover and precipitation. The
combined e�ect of aerosol-radiation and aerosol-cloud interactions (ERFari+ERFaci) is
generally more negative than the direct aerosol e�ect alone, suggesting major cooling ef-
fects on the climate [11, 17]. The Sixth Assessment Report of the Intergovernmental Panel
on Climate Change [18] con�rms that the total ERF of aerosols is virtually certain to be
negative, with medium con�dence, indicating their cooling e�ect on the climate. As shown
in Figure 1.3 this contrasts with the positive ERF of carbon dioxide and other well-mixed
greenhouse gases, which have high con�dence levels [18]. An overview of aerosols' impact
on global radiation and their e�ects are shown in Figure 1.4.

Figure 1.3:Change in e�ective radiative forcing from 1750 to 2019 by contributing forcing agents.
Solid bars represent best estimates, and very likely (5{95%) ranges are given by error bars. Aerosols are

broken down into contributions from aerosol-cloud interactions and aerosol{radiation interactions.
(Cited from [18]).
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Figure 1.4:Schematic of how aerosols contribute to the total Earth's radiation and its e�ects on
climate [19].

Aerosols are the principal source of uncertainty in the climate's ERF [20]. Radiative
Transfer Models (RTMs) are some of the basic tools for the study and quanti�cation of
direct and indirect e�ects of aerosols in Earth's radiation budget. RTMs are computer
models simulating processes of absorption, emission, and scattering of radiation in the
atmosphere at a variety of wavelengths from the ultraviolet to microwave [21, 22]. These
models are the backbone of many applications, including sensor and mission design, at-
mospheric chemistry, meteorology, and climatology, besides atmospheric correction and
atmospheric physics [23]. Some of the more known RTMs are MODTRAN, [24], 6SV
[25], and libRadtran [26]. By employing these models, scientists are able to approximate
both the direct and the indirect radiative e�ects of aerosols for computing the ERF while
assessing the impact of aerosols on climate [20].

1.1.7 Saharan Dust

Mineral dust is the most common aerosol over oceans and continents, constituting about
75% of all existing aerosols in the atmosphere globally [27]. As a particulate matter, this
type of aerosol is composed of very small particles lifted o� from the Earth's surface [28].
They play a crucial role in the Earth's climate system by in
uencing the radiation balance
and cloud formation. Mineral dust can be transported by winds over vast distances and
can a�ect ecosystems, air quality, and human health far from its source areas [29].

The major sources of mineral dust are deserts [27]. One major atmospheric phenomenon
is the long-range transport of Saharan Dust (SD) aerosols, which invades the Americas,
Europe, and the Mediterranean far away from the desert origin of the particles [30]. The
Sahara and nearby areas contribute more than half of the global dust emissions [31]. The
long-range transport of SD, however, occurs under speci�c atmospheric conditions, such
as strong winds and pressure systems that lift and carry the dust over great distances
[32].

In Europe, the in
uence of SD is particularly noticeable where it contributes to elevated
levels of PM in the air [30, 33, 34]. Generally, the dust consists of various particle sizes,
like PM10 and PM2:5 (diameters less than 10µm and less than 2:5µm respectively). this
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can cause a serious decline in the air quality, and thus it becomes a public health issue
[28].

SD events have been linked to increased mortality and morbidity in a�ected areas [35].
An example is from Barcelona, Spain, where studies have shown that SD intrusions are
associated with raised cardiovascular and respiratory mortality. This is because the con-
centration of coarse particulate matter (both PM10 and PM2:5) is much higher during
dust events and has been shown to present more robust adverse health e�ects compared
to non-dust days [30].

The need to implement a global challenge to lessen the negative e�ects of sand and dust
storms has been recognized [33]. The Barcelona Dust Regional Center [36], for exam-
ple, represents an essential institution for monitoring and forecasting dust intrusion in
Northern Africa, the Middle East, and Europe. The center employs advanced modeling
techniques to improve our understanding of dust interactions within the Earth System,
as well as forecasts of sand and dust storms [36]. These forecasts are of paramount impor-
tance in issuing warnings to mitigate the health e�ects related to the SD phenomenon.

In view of the strong in
uence of Saharan dust on air quality, public health, and the
general climate system, and taking into account the fact that Barcelona is particularly
sensitive to dust outbreaks, this thesis will make use of particular SD events as case
studies.

1.2 State of the Art of Aerosol Measurement Meth-
ods

It is essential to retrieve aerosol properties accurately to understand their impact on the
climate, air quality, and human health. Various methods have been developed to determine
aerosol characteristics, which, in general, fall into two categories:in-situ measurements
and remote sensing measurements. Each method has its unique advantages and limita-
tions, contributing di�erently to the overall understanding of aerosols.

1.2.1 In-Situ Measurements

In-situ measurements involve collecting aerosol samples directly from the environment.
These measurements provide detailed information, including the chemical composition
and physical properties of aerosols. In general,in-situ measurements are carried out at
ground level, within the height of a tower, or aboard aircraft or drones for providing
high-resolution data regarding particle size distribution, mass concentration, and chemi-
cal makeup. However, the spatial coverage is limited to the speci�c locations where the
samples are taken. In practice, this requires a dense network of sampling stations for
adequate spatial coverage, which can be logistically challenging and costly.
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1.2.2 Remote Sensing Measurements

Remote sensing, in some way, compensates forin-situ measurements by observing aerosols
from a distance. Remote sensing can be divided into passive and active methods, each
with its own strengths and applications.

1.2.3 Passive Remote Sensing

Passive remote sensing is concerned with the measurement of natural radiation transmit-
ted through, emitted or re
ected, and scattered by the aerosols. These measurements can
be carried out at ground level or can be from space.

ˆ Space-based Passive Remote Sensing . Satellites equipped with various sensors,
ranging from spectrometers to radiometers, have become instrumental in global-
scale monitoring of aerosol properties. Instruments like MODIS (Moderate Resolu-
tion Imaging Spectroradiometer) and VIIRS (Visible Infrared Imaging Radiometer
Suite) provide continuous, wide-area coverage, o�ering valuable data on Aerosol
Optical Depth (AOD) and distribution. TROPOMI (TROPOspheric Monitoring
Instrument), onboard the Sentinel-5 Precursor satellite, provides a further level of
detail to this monitoring through high-resolution data on atmospheric constituents,
including aerosols. However, passive sensors often struggle to provide detailed ver-
tical pro�les of aerosol concentration.

ˆ Ground-based Passive Remote Sensing . Sun-Lunar-Sky photometers, such as
those used in the AERONET, measure the intensity of sunlight or moonlight scat-
tered by aerosols. These instruments provide high-quality data on columnar aerosol
optical properties, contributing signi�cantly to aerosol research. They yield very ac-
curate measurements of AOD with high temporal resolution, but contrarily, have
limited capacity in detailed vertical information.

AERONET is a federation of ground-based sun-photometers worldwide, supported
by NASA with important contributions from international collaborations. Its pri-
mary goal is to provide a long-term and readily available database of aerosol optical
properties. This network provides support to a host of applications that relate to the
atmospheric correction of satellite data, the validation of satellite aerosol retrievals,
and studies of the e�ect of aerosols on climate and air quality. AERONET uses
spectral radiometers that are solar-powered, weather-resistant, and capable of au-
tomatically making these measurements. These types of radiometers measure direct
sun irradiance and sky radiance in multiple spectral bands from 340 nm to 1020 nm.
The instruments work by measuring in programmed sequences, capturing direct sun
data and sky radiance data at speci�c angular distances from the Sun. Data collected
are transmitted via geostationary satellites (GOES, METEOSAT, and anticipated
GMS) to ground receiving stations, facilitating near real-time global data acquisi-
tion. NASA's processing system, based on UNIX, enables the data to be analyzed
and displayed in near real-time; however, in concert with the raw measurements,
these are then stored in a user-friendly database|furthermore retrieved over the
internet [37].
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The principal products of AERONET include [38]:

{ Aerosol Optical Depth : It measures the extinction of sunlight by aerosol
particles, o�ering important information about concentration and distribution.

{ �Angstr•om Exponent : This product is derived from the measurements of
AOD taken at di�erent wavelengths, which serve to infer the particle size of
aerosols.

{ Precipitable Water : Total columnar water vapor in the atmosphere, very
useful for many atmospheric and climatic studies.

{ Sky Radiance Data : Observations for the scattering of sunlight by aerosols
from which retrieval of the aerosol size distribution, phase function, and Single
Scattering Albedo (SSA) can be performed.

{ Inversion Products : Aerosol properties, providing details that include size
distribution, Complex Refractive Index (CRI), SSA, and asymmetry factor
derived from sky radiance data using inversion algorithms.

{ Direct Sun Data : Measurements of solar irradiance under cloud-free condi-
tions, applied to derive the properties of aerosols.

{ Quality Assurance and Cloud Screening Data : Information about the
quality of measurements that include cloud-screening algorithms to try and
detect and eliminate data a�ected by clouds.

1.2.4 Active Remote Sensing

Active remote sensing techniques, such as lidars (Light Detection and Ranging), involve
emitting a pulse of light and measuring the backscattered signal from aerosols. This
method allows one to retrieve vertical pro�les of aerosol optical properties and concentra-
tion.

ˆ Ground-based Active Sensing . Networks like EARLINET (European Aerosol
Research Lidar Network, [39]), now incorporated into the ACTRIS (Aerosol, Clouds
and Trace Gases Research Infrastructure, [40]), use ground-based lidars to col-
lect high-resolution vertical pro�les of aerosols. Additionally, global initiatives like
GALION (Global Aerosol Lidar Observation Network, [41]) aim to coordinate lidar
observations worldwide, providing data for aerosol research.

The EARLINET database is a comprehensive, quantitative, and statistically signi�-
cant data set for the European aerosol distribution. Instrument- and algorithm-level
intercomparisons assure the data quality of this database. It is a valuable source of
information for the quanti�cation of aerosol concentrations and emissions from both
biogenic and anthropogenic sources and for estimating future trends and budgetary
requirements. It can further knowledge of the chemical and physical mechanisms
underlying aerosols, their long-range deposition and transportation, and their inter-
actions with clouds [42].
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The EARLINET database is also public, and as such, it makes its lidar data available
for browsing, downloading, and viewing for the wider scienti�c community. [42].

EARLINET database gives backscatter and extinction coe�cient pro�les of aerosols
as a function of height above mean sea level, including their errors. These pro�les
are mainly at one or more of the following wavelengths: 355 nm, 532 nm, and
1064 nm, but a sub-set of measurements also relates to di�erent wavelengths. These
wavelengths correspond to the fundamental and the second and third harmonics of
a Nd:YAG laser, which is the most commonly used laser in the ERALINET lidars.
Volume and particle depolarization ratio pro�les at 532 nm (and, at some stations,
355 nm) are also included in the database. The CF-compliant Netcdf-Format is used
to store all of the data [42].

ˆ Space-based Active Sensing . Satellites like CALIPSO (Cloud-Aerosol Lidar and
Infrared Path�nder Satellite Observations) and Aeolus have successfully employed
lidar technology to provide vertical pro�les of aerosols from space. Future missions,
such as EarthCARE (Earth Clouds, Aerosols and Radiation Explorer), are expected
to further enhance our understanding of aerosol distribution and properties on a
global scale.

1.2.5 Synergy Between Ground-based Passive and Active Sens-
ing

Combining data from ground-based passive and active remote sensing techniques can sig-
ni�cantly improve aerosol retrieval capabilities [43]. For instance, the GRASP-GARRLiC
(Generalized Retrieval of Atmosphere and Surface Properties - Generalized Aerosol Re-
trieval from Radiometer and Lidar Combined) approach integrates data from
sun-photometers and lidars to obtain more detailed aerosol properties than either method
alone. GRASP is a versatile algorithm capable of extracting a broad range of atmospheric
parameters from space, ground, and aircraft remote sensing measurements. Depending on
the input data, GRASP can provide both columnar and vertical aerosol parameters as
well as surface re
ectance [44] (see Figure 1.5).

At the core of GRASP and related algorithms like AERONET and BOREAL are ro-
bust mathematical principles. These include a forward modeling module, which simulates
atmospheric remote sensing observations, and a numerical inversion module, which opti-
mizes state variables using the Least Square Method (LSM). The LSM constructs a cost
function in which the square of the di�erence between the observations and the results
of the forward model is summed; however, several a priori constraints are simultaneously
imposed to gain su�cient retrieval accuracy [45].

GRASP's adaptability allows it to handle varied observations from satellite, ground-based,
and airborne measurements. The GARRLiC algorithm can integrate data from di�erent
sources to retrieve aerosol properties, combining multi-spectral lidar and radiometer ob-
servations. [43].

GRAPS is designed as an open-source algorithm, to encourage collaboration and contin-
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uous improvement within the remote sensing community. [45].

Figure 1.5:Diagram showing the applicability of the GRASP algorithm to various observations and
potential retrieved output characteristics. The dashed boxes indicate the sections of the algorithm that

are not fully completed. The three panels at the bottom|pro�les of aerosol, columnar aerosol, and
surface re
ectance|refer to possible outputs of the algorithm (Cited from [44]).

1.2.6 Introduction to BOREAL

The present thesis focuses on a new lidar-aerosol retrieval algorithm called the Basic
algOrithm for REtrieval of Aerosol with Lidar (BOREAL) [46, 47]. This algorithm ad-
dresses speci�c challenges associated with the night-time operational conditions of Raman
channels, which limit the synergy retrieval capabilities of passive remote sensors using
methodologies like GARRLiC/GRASP. In addition, BOREAL tries to overcome limiting
features characteristic of previous linear lidar stand-alone retrieval algorithms [47].
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Chapter 2

Functioning of the UPC
Multi-Wavelength Lidar System

The basic setup of a lidar system is shown in Figure 2.1. All lidars consist of a transmitter
and a receiver. A laser generates a beam of light at the transmitter side. At the receiver
end, a telescope collects the photons backscattered from the atmosphere. The telescope
is usually followed by an optical analyzing system that, depending on the application,
selects speci�c wavelengths or polarization states from the collected light. The selected
radiation is directed onto a detector, where the received optical signal is converted into
an electrical signal. The intensity of this signal and its dependence on the time elapsed
after transmitting the laser pulse is determined electronically and stored in a computer.

Figure 2.1:Basic schematic of a lidar system. (Cited from [48]).

The Optical Remote Sensing Laboratory at UPC operates a multi-wavelength lidar sys-
tem, which is designed to measure atmospheric aerosols' optical properties. This lidar
system is capable of detecting backscatter signals at multiple wavelengths and uses ad-
vanced techniques to retrieve information about aerosol particles' optical properties. The
system con�guration discussed here is a 3� + 2� + 2� setup. Hence it can measure three
backscatter coe�cients, two extinction coe�cients, and two depolarization ratios.
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2.1 System Components and Signal Path

The lidar system at UPC consists of several components, each contributing to the accurate
measurement and analysis of atmospheric particles. A detailed description of the system's
components and the signal path follows below. Figure 2.2 shows the main telescope, the
laser, and the two telescopes for the depolarization channels.

Figure 2.2:The lidar system telescope, laser, and two telescopes for the depolarization channels.

2.1.1 Laser Source

The system uses currently a InnoLas SplitLight 400 laser emitting at three wavelengths:
1064 nm (near-infrared), 532 nm (visible), and 355 nm (ultraviolet). These wavelengths
correspond respectively to the fundamental oscillation of a Nd:YAG laser and to its second
and third harmonics generated by non-linear crystals. The laser operates at a repetition
rate of 20 Hz, providing an average energy of 400 mJ/pulse at the fundamental wavelength.

2.1.2 Telescope

The return signal is collected by a Schmidt-Cassegrain telescope by Celestron with a
diameter of 14 inches (approximately 35.56 cm).

2.1.3 Field Lens and Optical Fibers

The backscattered signal passes through a �eld lens that images the telescope input aper-
ture on the end of a bundle of optical �bers. This ensures that the signal is uniformly
distributed across the bundle's surface. These �bers then transmit the light to the poly-
chromator, which allows the signal to be e�ciently conveyed with minimal loss. An added
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advantage of the �ber bundle is that the outputs of the individual �bers have di�erent
polarizations, creating a statistical total e�ect of depolarization. Thus, the whole system
is insensitive to the polarization of the light.

2.1.4 Polychromator (Wavelength Separation Unit)

The polychromator separates the incoming light into di�erent wavelength channels using
dichroic �lters, lenses, and mirrors (see Figure 2.3). This unit splits the light into six
channels: three elastic (1064 nm, 532 nm, 355 nm) and three inelastic (Raman-shifted,
354 nm, 530 nm, and 407 nm). The channels 354 nm and 530 nm are used to measure
aerosols' extinction coe�cient independently of the backscatter coe�cient. Furthermore,
the channel 407 nm is used to calculate the water vapor in the atmosphere.

2.1.5 Photomultiplier Tubes

The separated light channels are directed to Photomultiplier Tube (PMTs), each equipped
with an interference �lter to isolate the speci�c wavelength. The PMTs convert the optical
signals into electrical signals. For the 1064 nm channel, an avalanche photodiode is used
due to its e�ciency in detecting the infrared wavelength.

2.1.6 Acquisition System

The electrical signals from the PMTs are sent to the acquisition system via electrical
cables. The acquisition system samples these signals, converting them into data that
can be analyzed to determine the backscatter coe�cients, extinction coe�cients, and
depolarization ratios. The conversion is usually performed in two ways: photon counting
and analog. The former is preferable for weaker backscattered signals, while the latter is
more suited for the stronger ones.
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