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Ovaj je rad započet u Višnjanu, nastavljen u Vodnjanu, svoj oblik

je poprimio u Mrkoplju, a završen je u Rijeci.

You pick the place and I’ll choose the time

And I’ll climb the hill in my own way

Just wait awhile for the right day

And as I rise above the tree line and the clouds

I look down, hear the sound of the things you said today

(Pink Floyd - Fearless, Meddle 1971)

There’s no feeling more intense than starting over. If you’ve deleted

your homework the day before it was due, as I have; or if you left

your wallet at home and you have to go back after spending an hour

in the commute; if you won some money at the casino and then put

all your winnings on red, but it came up black; if you got your best

shirt dry-cleaned before a wedding and then immediately dropped

food on it; if you won an argument with a friend and then later

discovered that they just returned to their original view... Starting

over is harder than starting up. If you’re not ready for that, like if

you’ve already had a bad day, then what you’re about to go through

might be too much. Feel free to go away and come back. I’ll be here.

(Getting over it with Bennet Foddy)

Acknowledgments: I would like to thank to all the people who have

contributed in making of this thesis.



Influence of Atmospheric Conditions on Observations with
Imaging Atmospheric Cherenkov Telescopes and

Multi-Wavelength Analysis of the Flaring Blazar B2 1811+31

Abstract

Observations of Active Galactic Nuclei (AGNs) in the very-high-energy (VHE) gamma-ray

domain are determined by both the intrinsic properties of their emission and the transparency of

Earth’s atmosphere. Since Imaging Atmospheric Cherenkov Telescopes (IACTs) like Major

Atmospheric Gamma Imaging Cherenkov Telescopes (MAGIC) and Cherenkov Telescope Array

Observatory (CTAO) rely on the detection of Cherenkov light produced in extensive air showers,

changes in atmospheric transmission—due to clouds, aerosols, or artificial light pollution—can

significantly affect detector sensitivity and energy reconstruction. This dissertation investigates

the sensitivity of MAGIC LIDAR detectors to variations in the Night Sky Background (NSB),

using data from the MAGIC Collaboration Database. The analysis focuses on the relationship

between atmospheric transmission, measured by LIDAR, and its impact on observed background

rates. Results highlight how artificial light pollution and cloud cover influence camera

performance under different azimuthal angles and transmission levels. Additionally, using

CORSIKA simulations, the study evaluates the impact of various cloud altitudes on

CTAO-North sensitivity, showing that low clouds severely reduce performance, while high clouds

have negligible effect. The principal component of this study presents a detailed study of the

2020 gamma-ray flare from B2 1811+31, which led to the first detection of VHE gamma rays

from this source by MAGIC. Multi-wavelength data indicate a transition into a high-energy

peaked blazar state, with modeling suggesting a two-zone synchrotron self-Compton scenario as

the best explanation for the observed emission.

Keywords: gamma-rays: general, atmospheric effects, instrumentation: detectors, light

pollution, methods: data analysis, site testing, active galactic nuclei.
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Utjecaj atmosferskih uvjeta na opažanja Čerenkovljevim
teleskopima za slikovno bilježenje atmosfere i analiza bljeska

blazara B2 1811+31 u viševalnom području

Sažetak

Precizno opažanje aktivnih galaktičkih jezgri (AGN-ova) u vrlo visokom energetskom (VHE)

gama-zračnom području ne ovisi samo o intrinzičnim emisijskim svojstvima tih izvora, već i o

prozirnosti Zemljine atmosfere. Budući da teleskopi za promatranje Čerenkovljevog zračenja u

atmosferi (IACT-ovi), poput MAGIC-a i CTAO-a, ovise o detekciji Čerenkovljevog svjetla koje

nastaje u opsežnim zračnim pljuskovima, promjene u atmosferskoj transmisiji — uzrokovane

oblacima, aerosolima ili umjetnim svjetlosnim zagađenjem — mogu značajno utjecati na

osjetljivost detektora i rekonstrukciju energije. Ovaj doktorski rad istražuje osjetljivost MAGIC

LIDAR sustava na varijacije u pozadinskom noćnom svjetlu (NSB), koristeći baze podataka

kolaboracije MAGIC. Analiza se fokusira na odnos između atmosferske transmisije, mjerenje

LIDAR-om, i njen utjecaj na opažene stope pozadinskog zračenja. Rezultati naglašavaju kako

umjetno svjetlosno zagađenje i pokrivenost oblacima utječu na performanse kamera pri

različitim azimutima i razinama transmisije. Dodatno, koristeći simulacije CORSIKA kodom,

studija procjenjuje utjecaj oblaka različitih visina na osjetljivost CTAO-North-a, pokazujući da

niski oblaci znatno smanjuju performanse, dok visoki oblaci imaju zanemariv utjecaj. Središnji

dio ovog rada predstavlja detaljno proučavanje stanja pojačane aktivnosti iz 2020. godine s

izvora B2 1811+31 koje je dovelo do prvog otkrića gama-zračenja vrlo visokih energija iz ovog

izvora teleskopima MAGIC. Opažanja u viševalnom području ukazuju na prijelaz blazara u fazu

pojačane visokoenergetske emisije, dok modeliranje pokazuje da dvozonski model sinkrotronskog

vlastitog Comptona (SSC) najbolje opisuje promatranu emisiju.

Ključne riječi: gama-zrake: općenito, atmosferski učinci, instrumentacija: detektori,

svjetlosno onečišćenje, metode: analiza podataka, ispitivanje lokacije, aktivne galaktičke

jezgre.
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Introduction

Gamma-ray astronomy explores the most energetic astrophysical phenomena in the uni-

verse, including pulsars and quasars powered by accreting black holes. Gamma rays ob-

served in astrophysics are primarily produced by high-energy processes such as the decay

of neutral pions created in cosmic-ray interactions, inverse Compton scattering of rela-

tivistic electrons on low-energy photons, synchrotron radiation in strong magnetic �elds,

and nuclear transitions in radioactive isotopes. Gamma-rays are photons with energies

ranging from approximately 100 keV to several tens of TeV. High-energy (HE) and very-

high-energy (VHE) gamma rays are commonly distinguished using an energy threshold

of 100 GeV. This classi�cation is also relevant with respect to the detection techniques

employed.

To observe HE gamma rays, instruments are placed on satellites, as Earth's atmosphere

absorbs the radiation. The �rst measurements were made by theOrbiting Solar Obser-

vatory 3 (OSO-3) spacecraft in 1968 [1], and in 1972, theSmall Astronomy Satellite 2

(SAS-2) detected gamma radiation from two pulsars and the �rst quasar ever discovered

[2]. An accidental discovery of strong cosmic radiation in the X-ray and gamma-ray re-

gions, made during espionage e�orts to detect nuclear activity on Earth, radically changed

our understanding of the universe. Bursts of mysterious cosmic gamma radiation were

detected in the late 1960s by the VELA satellite system, which had been launched by the

U.S. Department of Defense to search for potential Soviet nuclear detonations, especially

from the far side of the Moon [3]. The Soviets never conducted such tests, but instead,

a new astronomical phenomenon was uncovered - actual bursts of radiation from distant
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regions of space.

Major Atmospheric Gamma Imaging Cherenkov Telescopes(MAGIC), later renamed to

MAGIC Florian Goebel Telescopesis a collaboration that employs two telescopes located

on the Canary Islands to detect VHE gamma radiation through imaging Cherenkov detec-

tion. MAGIC was established in 2004, with the �rst telescope installed in 2006. Its most

signi�cant achievements include the detection of gamma rays from astrophysical systems

associated with supermassive black holes, as well as from pulsars and gamma-ray bursts

(GRBs). [4].

The �rst GRB detected by the MAGIC telescopes, GRB 190114C, was a landmark

observation, providing the highest-energy photons detected from a gamma-ray burst at the

time. Detected on January 14th, 2019, the photons observed by MAGIC must originate

from a previously unseen process in the afterglows of GRBs, distinct from the known

mechanism responsible for their emission at lower energies [5].

MAGIC has also enabled the observation of astrophysical phenomena that were previ-

ously undetectable, greatly advancing our understanding of high-energy processes in space.

Cherenkov Telescope Array Observatory(CTAO), the world's largest system for de-

tecting high-energy gamma radiation, is currently in its development phase, where the

system is actively being tested and assembled. CTAO is an international project involving

a network of telescopes positioned in both the Northern (La Palma, Spain) and Southern

Hemispheres (Paranal, Chile). CTAO will cover a broad energy range from 20 GeV to 300

TeV by combining three types of telescopes (Large-Sized Telescope, Medium-Sized Tele-

scope and Small-Sized Telescope), providing a sensitivity of� 0.1% of the Crab Nebula

�ux in 50 hours of observation [6, 7, 8].

In addition to MAGIC and CTAO, there are several other important collaborations

and telescopes contributing to gamma astronomy.The Fermi Gamma-ray Space Telescope

(FGST), previously known asGamma-ray Large Area Space Telescope(GLAST), operates

in orbit and investigates HE gamma radiation across a wide energy range [9]. TheHigh

Energy Stereoscopic System(H.E.S.S.), located in Namibia, uses Cherenkov detection to

observe VHE gamma rays [10].Very Energetic Radiation Imaging Telescope Array System

2



(VERITAS) in the United States and Astrorivelatore Gamma a Immagini LEggero(AG-

ILE), which operated in Earth's orbit from 2007 to 2024, further enhanced global e�orts

in studying gamma radiation [11].

Imaging Atmospheric Cherenkov Telescopes (IACTs) rely fundamentally on the Earth's

atmosphere as part of their detection mechanism, since Cherenkov light produced by exten-

sive air showers must travel through atmospheric layers to reach the telescopes. Variability

in atmospheric transmission�caused by the presence of aerosols, clouds, and other mete-

orological phenomena�directly a�ects the intensity and shape of the detected Cherenkov

light signals. Such changes can alter the reconstructed energy and arrival direction of

incoming gamma rays, and may introduce systematic errors in the interpretation of astro-

physical sources, particularly at low energies. Therefore, detailed, real-time atmospheric

monitoring and characterization have become indispensable for modern gamma-ray astron-

omy, especially for observatories like MAGIC and CTAO. Instruments like optical LIDARs

and robotic photometric telescopes (such as FRAM) are used to derive atmospheric trans-

mission pro�les and aerosol optical depth (AOD), enabling both correction of observational

data and the optimization of observing schedules. These systems ensure that valuable ob-

serving time is not lost due to unfavorable atmospheric conditions and that scienti�c results

remain robust and reliable across a wide range of energies and source types [12].

Ground-based VHE gamma-ray observatories require clear nights with high atmospheric

transparency. Therefore, such observatories are typically located in remote areas with dry

air, minimal arti�cial light, and stable weather conditions, free from clouds and precipi-

tation year-round. Although clouds can limit atmospheric transparency, experience with

MAGIC telescopes shows that observations can still be conducted e�ectively under certain

cloudy conditions. The study, analysis, and detailed monitoring of atmospheric conditions

on both short-term and long-term scales above the Roque de los Muchachos Observatory

on La Palma, where the MAGIC telescopes are located, form a signi�cant part of this doc-

toral thesis. Atmospheric monitoring was conducted using the MAGIC micro-joule LIDAR

system, which will be described in Chapter 4.

The second part of this doctoral thesis is dedicated to the analysis and evaluation
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of data, with a comprehensive study on the impact of reduced atmospheric transmission

on the performance of CTAO-North and its subarrays. This investigation employs atmo-

spheric modeling and Monte Carlo (MC) simulations to simulate air showers and telescope

responses, as detailed in Chapter 5.

After Fermi -LAT detected a high state in the E > 100 MeV range on October 1, 2020

(MJD 59123), a multi-wavelength (MWL) campaign on B2 1811+31 was launched. During

this high state, MAGIC telescopes observed the �rst VHE
 -ray emission from the source.

The Neil Gehrels Swift Observatory, along with other optical and radio telescopes, joined

the follow-up, enabling a comprehensive study of the source across the electromagnetic

spectrum.

The research conducted as the third part of this doctoral thesis underscores the crit-

ical importance of multiwavelength observations, as understanding active galactic nuclei

requires more than just VHE observations from MAGIC. A detailed spectral energy distri-

bution (SED) across the full electromagnetic spectrum is essential to fully characterize the

complex phenomena occurring in these distant and energetically violent objects in the uni-

verse. Results discussed in Chapter 6 represent the principal contribution of this doctoral

research to astrophysical studies.
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Chapter 1

Active Galactic Nuclei

Active galactic nuclei (AGN) exhibit intense energetic emission from their central regions,

which shows no clear correlation with the morphology of the host galaxy and cannot be

explained by standard galactic emission mechanisms [13].

In the most widely accepted scenario, AGN emission arises from the presence of a

supermassive black hole (SMBH) located at the galaxy's center. The SMBH converts

gravitational energy into electromagnetic radiation, powered by the infall of nearby ma-

terial such as gas, dust, and stars. The angular momentum of this material leads to the

formation of an accretion disk, whose viscosity gradually removes angular momentum until

the material is ultimately accreted by the black hole [14].

The observed luminosity variability in extremely compact AGN regions indicates the

presence of highly energetic processes that are far more e�cient than nuclear fusion, mak-

ing AGNs the most powerful stable sources in the Universe. Their emission spans the entire

electromagnetic spectrum, typically peaking in the ultraviolet (UV) range. Although the

nuclear emission itself is not spatially resolved, radio interferometry can achieve angular

resolutions of the order of milliarcseconds and, in the case of very-long-baseline interfer-

ometry such as the Event Horizon Telescope, down to tens of microarcseconds, revealing

collimated out�ows of material moving at relativistic velocities�known as jets [14].

The AGN spectra in the rest-frame optical range result from the superposition of multi-
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ple components: the active nucleus, stars, gas, and dust. Consequently, these spectra often

include emission originating from the surrounding stellar population. The total AGN spec-

trum can be decomposed into several distinct, and often temporally variable, components:

ˆ Emission from the accretion disk.

ˆ Emission from relativistic jets.

ˆ A system of relatively narrow emission lines originating in the narrow-line region

(NLR). These lines are broader than those observed in normal galaxies, re�ecting

the kinematics of the emitting gas. Many of them are so-called forbidden lines (e.g.,

[N II], [O III], [O II]), arising from metastable excited states. Such transitions can

occur only in regions of very low atomic density, as collisions at typical terrestrial

densities would e�ciently suppress them.

ˆ A set of broad permitted lines (arising from the broad-line region, BLR), including

the H-Balmer series as well as Hei and Heii transitions.

ˆ Spectral lines characteristic of star formation processes. Since AGN activity and star

formation commonly coexist within galaxies, disentangling their respective contribu-

tions remains a signi�cant observational challenge.

1.1 Classi�cation of AGNs

The main characteristics of di�erent AGN types are summarized below, beginning with

AGNs exhibiting low radio emission and proceeding to those with strong radio-loud activity.

Seyfert galaxies

ˆ Seyfert 1: These galaxies are identi�ed observationally by spectra that exhibit both

narrow and broad emission lines, indicating the presence of narrow- and broad-line

regions (NLRs and BLRs). Their observed continuum spectra show few absorption

6



features and are dominated by emission from the central engine. In addition, they

display strong X-ray emission and variability on timescales ranging from hours to

days.

ˆ Seyfert 2: These galaxies show weak or absent broad emission lines, with spectra

dominated by narrow lines, a fainter continuum, and a signi�cant contribution from

stellar light. Their X-ray emission is weaker than in Seyfert 1 galaxies, as spectral

analyses reveal that part of the emission is absorbed along the line of sight.

LINERs

Low-Ionization Nuclear Emission-Line Regions(LINERs) display strong low-ionization

lines, such as [Oi], [O ii ], and [Nii ], associated with gas that is excited or collisionally

ionized. LINERs appear to be related to both AGN activity and star formation processes.

Nearly all spiral galaxies exhibit nuclear LINER-type spectra, which are also observed in

some Hii regions [15].

Quasars

Quasar spectra exhibit a power-law continuum and broad emission lines similar to those of

Seyfert 1 galaxies, characterized by weak narrow components and strong lines from highly

ionized species. Compared to normal galaxies, quasars emit strongly in the infrared and

across other wavelengths. Approximately10% of quasars are radio-loud, showing intense

radio emission�particularly from jets, which are sometimes visible even in the optical

range. Due to their extreme intrinsic luminosity, quasars are observable at very high red-

shifts.

Radio Galaxies

The radio emission of these galaxies originates primarily from the nucleus, the lobes, and

extended jets emanating from the central region. In some cases, two jets are observed,

while in others, only one is visible. Fanaro��Riley (FR) galaxies are classi�ed according

to the morphology of their radio emission, as introduced by British astronomers B. L.
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Fanaro� and J. M. Riley in 1974 [16].

ˆ FR I: The radio brightness decreases with distance from the galaxy center, typically

showing two curved jets.

ˆ FR II: The radio emission peaks at the ends of the lobes. These galaxies usually

display a single straight jet, although a second, weaker jet may sometimes be detected.

Blazars

Blazars are the most violently variable type of AGN, characterized by two powerful plasma

jets in which matter �ows at relativistic velocities. Their de�ning feature is that one of

these jets is oriented close to our line of sight, leading to strong relativistic beaming that

ampli�es the observed emission and shortens the variability timescales.

The blazar emission spans the electromagnetic spectrum from radio to
 -ray frequencies

and shows variability across all wavelengths. The observed radio, near-infrared, and optical

emission can be polarized, with both the degree and angle of polarization varying over

time [17, 18]. The low-frequency emission originates from synchrotron radiation, while the

high-energy component is most likely produced through inverse Compton scattering (see

Section 1.6).

Blazars comprise two main subclasses [19]:

ˆ BL Lac Objects (BL Lacs): Originally de�ned as sources with very weak or

absent emission lines, making redshift determination di�cult or impossible for many

of them.

ˆ Flat Spectrum Radio Quasars (FSRQs): Similar to BL Lac objects but exhibit-

ing stronger emission lines, allowing their redshifts to be measured even at greater

distances.
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Both BL Lacs and FSRQs display extreme variability across multiple frequency bands,

with large �ux variations over short timescales. In some cases, intraday variability or

microvariability�brightness changes on timescales of tens of minutes to a few hours�has

been observed, a phenomenon not typically seen in quasars.

Based on their optical emission-line properties, active galactic nuclei are classi�ed as

broad-line AGNs (Type 1), which exhibit at least one broad emission line (FWHM>

2000 km s� 1), or as narrow-line AGNs (Type 2), characterized solely by narrow emission

lines [20].

1.2 A Uni�ed Model of AGN

The study of AGNs remains one of the most intriguing areas in astrophysics, as it provides

insight into the fundamental processes of supermassive black hole growth and galactic

evolution.

It seems like observational di�erences appear only due to the di�erent orientations of

galaxies as viewed along the line of sight for the observer from Earth, and di�erent rates

of accretion and masses of the central black holes. The existence of radio lobes that are

present around AGNs is something in addition to, and consistent with, the basic model.

These lobes can signi�cantly in�uence the surrounding intergalactic medium and further

shape the evolution of AGNs. The general agreement on some of the speci�c details of

the uni�ed model of AGNs is not yet achieved, but the conceptual idea helps to provide a

framework for organizing the systematic observations of AGNs and their interpretations.

Figure 1.1 showsLH� , the luminosity in the H � emission line, andLF C , the luminosity

of the featureless continuum near 480 nm, plotted for several AGNs (excluding blazars).

If the hydrogen emission lines are produced by the photoionization of hydrogen atoms by

continuous radiation and subsequent recombination of the atoms, then the two luminosities

should be proportional and a straight line with slope 1 should be found on the logarithmic

graph. The slope of the dashed line is 1.05, con�rming thatLH� is proportional to LF C .

This result supports a common physical connection between the continuum source and the
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emission-line regions in Seyfert 1 and 2 galaxies, broad and narrow-line radio galaxies, and

radio-loud and radio-quiet quasars [21].

Figure 1.1: The luminosity in theH � emission line versus the luminosity of the featureless

continuum at a wavelength near 480 nm. Quasars are represented by open circles, Seyfert

1 galaxies by �lled circles, Seyfert 2 galaxies by open squares, NLRGs by triangles, and

more Seyfert 2 and NLRGs by �lled squares. The "NT" stands for "non-thermal". Figure

taken from [21].

Another piece of evidence for a uni�ed model comes from an observation reported by

Robert Antonucci and Joseph Miller in 1985 [22]. When they observed NGC 1068 (a

Seyfert 2) in polarized light, they found a Seyfert 1 spectrum with a broad emission lines.

This and similar cases discovered since then imply that within these Seyfert 2 galaxies

there are Seyfert 1 nuclei that are hidden from from the direct view of Earth by some

optically thick material [14]. The diminished Seyfert 1 spectrum (normally overwhelmed

by the direct Seyfert 2 spectrum) comes from light that reaches us indirectly by re�ection

from the interstellar medium outside the nucleus. This re�ection would also contribute to
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the observed linear polarization, when the electric �eld vector is perpendicular to the radio

axis (the direction de�ned by the relativistic plasma jets emitted from the central region

of the AGN, typically observed in radio wavelengths). The orientation of the AGN relative

to the line of sight from Earth (example in Figure 1.2) will be an important factor in the

uni�ed model to be described [14].

Figure 1.2: Conceptual illustration of the uni�ed model of AGN. The observed AGN type

depends primarily on the orientation of the system relative to the observer, the presence

or absence of relativistic jets, and the intrinsic power of the central engine. Taken from

[23].
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1.3 Multi-wavelength Emission of AGN

AGNs are inherently multi-wavelength emitters, radiating throughout the entire electro-

magnetic spectrum from radio waves to
 -rays. Each portion of the spectrum probes a

di�erent physical component or process within the AGN, o�ering a complementary view

of its structure and dynamics:

ˆ Radio : Emission is typically non-thermal and originates from synchrotron processes

in large-scale jets and radio lobes. High-resolution radio interferometry can reveal

jet morphology, orientation, and dynamics.

ˆ Infrared (IR) : Infrared emission may originate from both thermal emission of dust

in the circumnuclear torus, heated by the accretion disk, and non-thermal syn-

chrotron radiation from the jet, particularly in blazars. IR observations probe dust

geometry and help disentangle thermal and non-thermal components.

ˆ Optical/Ultraviolet (UV) : Primarily emitted by the accretion disk. Broad and

narrow emission lines visible in this range help classify AGNs and provide insight

into the dynamics of the broad line region (BLR) and narrow line region (NLR).

ˆ X-rays : Arise from the hot corona above the accretion disk and potentially from

relativistic jets. X-ray variability can reveal processes occurring very close to the

SMBH, such as coronal heating or disk instabilities.

ˆ 
 -rays : Produced by inverse Compton scattering and hadronic interactions within

relativistic jets. The detection of 
 -ray emission is a signature of extreme conditions

and highly accelerated particles.
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1.4 Multi-wavelength Observations of Blazar Emissions

Blazars are classi�ed into two main categories based on their optical spectral characteristics:

�at spectrum radio quasars (FSRQs) and BL Lacertae (BL Lac) objects. FSRQs are

distinguished by their higher luminosity and the presence of broad emission lines in their

optical spectra, which serve as strong indicators of a broad line region (BLR). On the

other hand, BL Lacs lack or show only weak emission lines and typically exhibit lower

luminosities (see section 1.1).

One of the de�ning features of blazars is their high variability across a broad range of

timescales, from short sub-hour variations to long-term changes. The emission from blazars

is predominantly non-thermal radiation, spanning the entire electromagnetic spectrum,

from radio to very high energy (VHE,E � 100GeV) gamma rays.

The broad-band spectral energy distribution (SED) of a blazar is characterized by

two prominent bumps [24]. The �rst bump peaks in the infrared to X-ray range and is

typically attributed to synchrotron radiation, which is emitted by ultrarelativistic electrons

accelerated within the blazar's jet. The second bump, which peaks at energies above

MeV, is most likely due to inverse Compton (IC) scattering, possibly involving synchrotron

photons from the same electron population, a process known as synchrotron self-Compton

(SSC) [25, 26]. Additionally, external Compton processes, where photons from outside

the jet are scattered, may also contribute. A sub-dominant hadronic component is also

a possibility [27] and supported by evidence for neutrino emissions from nearby active

galaxies [28, 29, 30].
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BL Lac objects can be further categorized into three sub-classes based on the peak fre-

quency of their spectral energy distribution (SED): high-frequency-peaked BL Lacs (HBLs),

intermediate-frequency-peaked BL Lacs (IBLs), and low-frequency-peaked BL Lacs (LBLs)

[31]:

ˆ LBLs : � syn
peak < 1014 Hz,

ˆ IBLs : 1014 Hz � � syn
peak < 1015 Hz,

ˆ HBLs : � syn
peak � 1015 Hz.

Most of the blazars detected in the VHE gamma-ray range are HBLs, with a few IBLs

and LBLs also being detected, typically during �are events [32]. The absence of low-energy-

peaked sources in the VHE range can be attributed to the IC bump of these sources being

located at lower energies, resulting in a reduced �ux at TeV energies. This makes IBLs

and LBLs ideal targets for low-energy gamma-ray telescopes such as theFermi Large Area

Telescope(LAT).

An empirical sequence connecting the bolometric luminosity of blazars with their classi-

�cation has been established, with LBLs exhibiting higher luminosities compared to HBLs

[33].

To gain a comprehensive understanding of the emission mechanisms in blazars, it is es-

sential to have complete energy coverage of their emissions. This requires multi-wavelength

(MWL) observations ranging from radio to VHE gamma rays. Additionally, due to the

highly variable nature of their spectra, these observations should ideally be conducted

(quasi-)simultaneously to capture a snapshot of the blazar's emission state. However, for

weaker blazars, obtaining full energy coverage during low emission states can be challeng-

ing.
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1.5 AGN Activity States: Quiescent, High, and Flaring

The terms quiescent, high, and �aring state refer to distinct phases of AGN variability,

commonly identi�ed through changes in �ux amplitude and spectral shape in various energy

bands (e.g., radio, optical, X-ray, and gamma-ray). While no universal threshold exists,

a �aring state typically involves rapid and signi�cant �ux increases, particularly in high-

energy bands, whereas the quiescent state denotes a baseline level of emission with minimal

variability.

ˆ Quiescent state : This refers to the AGN's baseline or lowest observed �ux level.

During this state, emission is relatively stable over time, and no signi�cant spectral

hardening or multi-band correlation is present. In radio-quiet AGNs, this may corre-

spond to a disk-dominated spectrum, while in blazars, it represents the low-activity

phase of the jet.

ˆ High state : An intermediate level of activity, typically de�ned by a sustained in-

crease in �ux compared to the quiescent baseline. This state may or may not include

strong variability and often corresponds to moderate changes in spectral indices or

multi-wavelength correlations (e.g., optical/X-ray).

ˆ Flaring state : A rapid and pronounced increase in �ux, often accompanied by strong

spectral changes. Flares are typically short-lived (hours to days) and most readily

identi�ed in the X-ray and 
 -ray bands, particularly in blazars. Flaring episodes may

involve enhanced particle acceleration in jets, magnetic reconnection, or instabilities

in the inner accretion disk.

The determination of AGN activity state in this work is primarily based on the observed

variability in 
 -ray �uxes from MAGIC observations, complemented by publicly available

data in X-ray, UV, optical, and radio bands from external monitoring programs. Time-

resolved light curves and spectral energy distributions (SEDs) are used to categorize speci�c

epochs into quiescent, high, or �aring states, typically characterized by �ux changes of at

least one order of magnitude and correlated spectral variations.
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The distinction between states is crucial for interpreting the physical processes gov-

erning AGN emission. For example, during �aring states, gamma-ray emission is often

dominated by inverse Compton scattering, either via synchrotron self-Compton (SSC) or

external Compton (EC) mechanisms. In quiescent states, the emission is typically weaker,

but still primarily arises from the same high-energy processes, including steady jet emission

through inverse Compton or photo-hadronic interactions.

Multi-wavelength campaigns, involving simultaneous observations across radio, optical,

X-ray, and 
 -ray bands, are essential for unambiguously identifying and understanding

these activity states.

1.6 Synchrotron Radiation and Inverse Compton Scat-

tering in AGN

1.6.1 Synchrotron Radiation

Synchrotron radiation is one of the fundamental emission mechanisms in high-energy as-

trophysics and plays a central role in our understanding of AGNs, especially in the context

of relativistic jets. This process occurs when relativistic electrons spiral around magnetic

�eld lines, emitting highly polarized and broadband radiation that can span from radio

wavelengths up to X-rays, depending on the electron energy and magnetic �eld strength

[34].

In AGNs, particularly blazars, synchrotron radiation dominates the low-energy hump

of the SED, peaking anywhere from radio to optical or even X-ray bands (see Figure

1.3). The shape and variability of the synchrotron component provide direct insights

into the physical conditions in the jet, including the magnetic �eld con�guration, particle

acceleration mechanisms, and jet orientation [19].
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1.6.2 Inverse Compton Scattering in AGN Jets

IC scattering is another key radiative mechanism in AGN jets, particularly responsible for

the high-energy (X-ray to 
 -ray) emission observed in many AGN, including FSRQs and

BL Lac objects. In this process, relativistic electrons transfer part of their kinetic energy

to low-energy photons, upscattering them to much higher energies [35].

There are two main sources of seed photons in AGN jets: synchrotron photons produced

within the jet itself (SSC), and photons from external regions such as the accretion disk,

broad-line region, or dusty torus (EC). The dominance of SSC or EC mechanisms depends

on the AGN subclass and the location of the emission region within the jet [36].

The IC component forms the high-energy hump in the SED of blazars and is crucial

for interpreting 
 -ray observations from instruments likeFermi -LAT and ground-based

Cherenkov telescopes (e.g., MAGIC, H.E.S.S., VERITAS).

Figure 1.3 illustrates the multi-component model of high-energy emission in AGN jets.

The broadband SED features a low-energy bump due to synchrotron emission from rela-

tivistic electrons spiraling in magnetic �elds, and a high-energy bump primarily attributed

to inverse Compton processes. In this model, both SSC and EC contributions are included,

with the EC component clearly dominating the gamma-ray regime. This con�guration is

particularly relevant for blazar-type AGNs, where external photon �elds (e.g., from the

broad-line region or dusty torus) play a signi�cant role in shaping the observed spectrum.
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Figure 1.3: Modeled SED of an AGN jet during a �aring state, showing individual emission

components: synchrotron (dashed line), Synchrotron Self-Compton � SSC (dotted line),

and External Compton � EC (dash-dotted line). The solid curve represents the total model

�t. The EC component clearly dominates the high-energy regime, while synchrotron and

SSC contribute at lower energies. Taken from [37].
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Chapter 2

Gamma-Ray Propagation and Flux

Attenuation

When gamma rays, the highest-energy form of electromagnetic radiation, propagate through

interstellar and intergalactic space, their intensity can be attenuated primarily through in-

teractions with ambient radiation �elds, such as the extragalactic background light (EBL)

and the cosmic microwave background (CMB). These interactions are dominated by pro-

cesses such as electron�positron pair production.

The degree of attenuation depends on the energy of the gamma rays and on the spec-

tral and spatial properties of the intervening radiation �elds. By analyzing attenuation

signatures in gamma-ray spectra from distant astrophysical sources, such as gamma-ray

bursts and active galactic nuclei, astronomers can study the properties of the intervening

radiation �elds, such as EBL, which in turn helps disentangle the intrinsic emission of the

sources from propagation e�ects. A proper understanding of gamma-ray attenuation is

therefore essential for interpreting observations from gamma-ray telescopes and for con-

structing accurate models of the high-energy universe, providing key constraints on cosmic

background radiation and particle acceleration processes.
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Figure 2.1: A sketch of a
 -ray induced shower and the Cherenkov light pool it creates.

Image credit: H.E.S.S. - The High Energy Stereoscopic System [38].

2.1 Cherenkov Radiation

If a relativistic charged particle travels through the transparent dielectric medium with

refractive indexn > 1 at a velocity that exceeds the speed of light in that medium(v > cn ),

then Cherenkov radiation is emitted. The light produced in the process is self-coherent

and emitted at the Cherenkov angle� C . The relationship between the angle at which the

�ash will be emitted ( � C ) and the energy is given by relation:

� C = arccos
1

n�
: (2.1)

In order for an electron to induce Cherenkov radiation in air that is observable at sea

level, it must have incident energyEelectron � 21MeV. Refraction index n at sea level is

n � 1:0003, so the radiation angle of the Cherenkov �ash relative to the particle's direction

of propagation will be small (� C � 0:1 deg). � is the ratio of the particle's velocity to the
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speed of light in vacuum, i.e.� = v=c.

Each electron in the particle shower near the ground emits about 45 Cherenkov photons

for every meter traveled. Particle shower of primary
 -rays of energy1TeV will result in

about 100 Cherenkov photons per m2 on the ground. The relative di�erence between the

speed of the particles in the shower and the speed of light in the air is about10� 4, so the

Cherenkov �ash of the air-shower will last only a few nanoseconds. Only a small fraction of

the primary particle's energy (10� 4) will be converted into Cherenkov radiation. Cherenkov

radiation from an electromagnetic air-shower is illustrated in Figure 2.1.

Cherenkov light is detected on the ground by instruments equipped with sensors sensi-

tive to visible and near-UV wavelengths. However, the e�ective observation time is limited

to approximately 1200 hours per year, primarily due to the necessity of clear, moonless

nights. Additionally, factors such as moonlight, weather conditions, and light pollution

degrade the quality of Cherenkov light detection and reduce observational sensitivity.

2.2 Imaging Atmospheric Cherenkov Telescopes

From the ground, 
 -rays are observed usingImaging Atmospheric Cherenkov Telescopes

(IACTs), which detect Cherenkov radiation in the atmosphere produced by extensive air

showers (EAS) initiated by high-energy particles. Strictly speaking, IACTs are optical

telescopes, as their cameras consist of photomultiplier tubes (PMTs).

The �rst IACT was the 10-meter Whipple telescope, which began operating in 1968.

In 1989, it was used to detect very-high-energy (VHE)
 -radiation from the Crab Nebula

[39], and in 1992 from Markarian 421, making it the �rst AGN detected in the VHE regime

[40].

Observations using multiple telescopes were introduced by theHigh Energy Gamma-

Ray Astronomy (HEGRA) collaboration, whose array operated from 1987 to 2002 [41].

Two of today's major collaborations,High Energy Stereoscopic System(H.E.S.S.)1 and

1www.mpi-hd.mpg.de/hfm/HESS/HESS.shtml
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Major Atmospheric Gamma Imaging Cherenkov Telescopes(MAGIC) 2, were founded from

the HEGRA legacy. The MAGIC telescopes were built on the site of the former HEGRA

installation at the Observatorio del Roque de los Muchachos, on the Canary Island of La

Palma in Spain, while the H.E.S.S. telescopes were constructed in Namibia. Another major

collaboration, theVery Energetic Radiation Imaging Telescope Array System(VERITAS) 3,

is the successor to the Whipple collaboration.

PMTs, commonly used in IACTs, are typically sensitive to wavelengths in the range

of 300�700 nm. Although the intrinsic sensitivity depends on the detector design, the

e�ective detection window is primarily shaped by atmospheric transmission. While ozone

absorption strongly suppresses ultraviolet photons below approximately 300 nm, its impact

on Cherenkov light from extensive air showers is limited, since the ozone layer peaks at

altitudes of about 20�30 km, whereas the shower maximum typically occurs at lower alti-

tudes. At shorter wavelengths, Rayleigh scattering, whose cross section scales as� � 4, plays

a dominant role in reducing the Cherenkov photon �ux reaching ground level. At longer

wavelengths, the detected signal is increasingly dominated by the night-sky background

above approximately 700 nm. A comparison of quantum e�ciency curves for PMTs used

in the MAGIC-I and MAGIC-II telescopes is shown in Figure 2.2.

It is important to note that IACTs use the Earth's atmosphere as a detection medium:

although not a calorimeter in the traditional sense, it serves a similar function by en-

abling the development of particle showers whose Cherenkov light can be observed from

the ground. In this sense, the technique of ground-based
 -ray detection is analogous to

methods used in particle and nuclear physics experiments.

Currently, a new generation of Cherenkov telescopes is being developed under the

Cherenkov Telescope Array Observatory(CTAO) 4, an international project aiming to build

the most sensitive ground-based observatory for VHE
 -ray astronomy. The prototype of

the Large-Sized Telescope (LST) was constructed on La Palma, near the still-operational

2www.magic.mpp.mpg.de
3veritas.sao.arizona.edu
4portal.cta-observatory.org
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Figure 2.2: Comparison of quantum e�ciency curves for MAGIC-I and MAGIC-II photo-

multiplier tubes [42].

MAGIC telescopes. CTAO will consist of two arrays, one in the northern and one in the

southern hemisphere. To cover the full energy range from 20 GeV to 300 TeV, three types

of telescopes will be used. The core energy range (150 GeV to 5 TeV) will be covered

by 23 Medium-Sized Telescopes deployed across both sites. Additionally, 4 Large-Sized

Telescopes will be installed in the northern array, and 37 Small-Sized Telescopes in the

southern array, optimized for energies below 150 GeV and above 5 TeV, respectively [6].

In addition to IACTs, VHE 
 -rays can also be detected from the ground using water

Cherenkov detectors, such as theHigh-Altitude Water Cherenkov Observatory(HAWC)

in Mexico and the Large High Altitude Air Shower Observatory(LHAASO) in China.

Although primarily designed for cosmic-ray detection, the Pierre Auger Observatory in

Argentina also uses water Cherenkov tanks and has contributed to high-energy photon

studies.
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2.3 Interaction between the Extragalactic Background

Light and Very-high-energy Gamma Rays

The universe is �lled with di�use electromagnetic radiation of all wavelengths. Radiation

in the infrared to ultraviolet range (0.1�1000µm) is called Extragalactic Background Light

(EBL). It is thought to originate from starlight, dust-processed starlight, and light emitted

by active galactic nuclei. Very-high-energy (VHE)
 -rays interact with EBL photons, where

they are converted into an electron�positron pair, and because of this, their �ux on the way

to Earth is attenuated [43]. The attenuation depends on the energy of the
 -ray and the

redshift of the source (z). The relation between the measured and the intrinsic spectrum

of the source is given by the relation:

dN (E)
dE

�
�
�
�
�
obs

=
dN (E)

dE

�
�
�
�
�
int

e� � (E; z ) : (2.2)

In this expression, dN (E )
dE obs

and dN (E )
dE int

represent the observed and intrinsic di�erential

photon �uxes, respectively, as functions of energyE. The optical depth � is given by:

� (E; z) =
Z z

0
dz0 dl(z0)

dz0

1
2

Z +1

� 1
d� (1� � )

Z 1

� th

d� 0nEBL (� 0; z0) � 

 (E(1 + z0); � 0; � ) ; (2.3)

with d l0=dz0 = cjdt0=dz0j which will be explained later in equation 2.8.

The �rst integral takes into account the distance traveled by the
 -ray, the second

integrates over the scattering angle, where� � 1� cos� applies, and the third accounts for

the probability of scattering. nEBL is the photon density of the EBL in the given reference

frame, and � 

 is the cross section for the formation of an electron�positron pair. The

quantity � th represents the energy threshold of the reaction, which depends on the energy

of the 
 -ray and the interaction angle� .

The condition for the photon�photon pair production process is given by [44]:

p
2�E (1 � cos� ) � 2mec2 ; (2.4)
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where � is the energy of the EBL photon,E is the energy of the
 photon emitted by an

AGN at cosmological distance in the rest frame at redshiftz, me is the electron mass, and

� is the interaction angle. The corresponding threshold energy� th is thus:

� th �
2m2

e c4

E(1 � cos� )
: (2.5)

The cross section of this interaction reaches its maximum for photon energies around

twice � th , which produces a peak at� = 1:24
�

E
TeV

�
� m [45]. Therefore, a
 -ray with energy

1 TeV interacts mainly with EBL photons of wavelength� 1µm. This relation is essential

for connecting the
 -ray attenuation with the EBL spectrum shown in Figure 2.3.

The number of galaxies per luminosity interval can be described by a luminosity function

[46]:

j total (�; z ) =
X

i

j i (�; z ) : (2.6)

Here,j total (�; z ) is the co-moving luminosity density, representing the total energy emit-

ted per unit time, per unit wavelength, per unit comoving volume, at wavelength� and

redshift z. The quantity j i (�; z ) denotes the contribution to the luminosity density from

the i -th galaxy population or type.

The EBL �ux seen by an observer at redshiftz, due to the radiation emitted from zmax

down to z, is obtained by integrating equation 2.6:

�I � (�; z ) =
c2

4��

Z zmax

z
j total [� (1 + z)=(1 + z0); z0]

�
�
�
�
�

dt
dz0

�
�
�
�
�
dz0; (2.7)

Here, �I � (�; z ) denotes the spectral intensity of the EBL at wavelength� and redshift z.

This co-moving EBL spectrum is given in intensity units[nW m� 2 sr� 1], while the factor

dt=dz0 takes into account the assumed cosmology [47] and is given explicitly by:

�
�
�
�
�

dt
dz0

�
�
�
�
�

=
1

H0(1 + z0)
p


 m (1 + z0)3 + 
 �

: (2.8)
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Term H0 is Hubble's constant, whose current best local measurement isH0 = 73:04� 1:04

km s� 1 Mpc� 1, 
 m is the mass density parameter which includes both baryonic and dark

matter mass (
 m = 0:3), and 
 � is the e�ective mass density of the dark energy (
 � = 0:7),

taking the role described as the cosmological constant [48].

All parameters are derived from the� CDM5 cosmology.

The contribution of di�erent redshift intervals to the EBL can be directly calculated,

along with the evolution of the EBL spectrum over cosmic time, by accounting for processes

such as stellar emission, dust absorption and re-emission, and galaxy formation history [50].

The local EBL (z = 0) estimated by [50] by using equation 2.6 is shown in Figure 2.3.

To accurately determine the attenuation for VHE
 -rays for the high-redshift universe and

to account for the history of galaxy emission and the processes involved, it is crucial to

understand the evolution of the EBL [50].

Figure 2.4 illustrates the contribution to the EBL from four representative galaxy pop-

ulations, each characterized by a di�erent SED, along with the co-moving EBL intensity

as a function of redshift and predictions from several theoretical models. It should be

emphasized that only about 30% of the starburst galaxy population contributes to the

total galaxy population in the local universe (atz � 0), whereas at redshiftz = 2, the

co-moving bolometric EBL is dominated by starburst galaxies, contributing approximately

54% to the total EBL intensity. All these values are obtained through SED modeling and

integration of the luminosity functions across redshift, based on observational data and

semi-empirical galaxy evolution models.

It can also be noted that at these redshifts, the far-IR peak in the SED is higher

than the near-IR peak; this is because a signi�cant portion of the energy emitted by

starburst systems is at far-IR wavelengths. The total bolometric intensity peaks atz =

0:6 � 0:2, as shown in Figure 2.4, where the far-IR peaks at more energetic wavelengths.

5� CDM (Lambda Cold Dark Matter) is a parameterization of the Big Bang cosmological model in

which the universe contains three major components: �rst, a cosmological constant denoted by Lambda

(Greek � ) associated with dark energy; second, the postulated cold dark matter (abbreviated CDM); and

third, ordinary matter [49].
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Figure 2.3: EBL models by various authors. The solid-black line is the EBL calculated

by the �ducial extrapolation of the galaxy SED-type fractions for z > 1 made by [50].

Fits are based upon direct measurements of the whole EBL emitting range from 0.1�

1000µm performed by various authors indicated in the legend. Dashed lines are predictions

from models by various authors, while the colored solid lines are upper limits from
 -ray

astronomy using di�erent blazars also mentioned in the legend. Uncertainties in the EBL

estimation are shown with a shaded area. The envelope of the shaded region within the

dashed line at wavelengths above 240µm shows the region where there are no photometry

measurements in available galaxy catalogues.

The aforementioned bolometric intensityI bol is de�ned by:

I bol =
Z

�I � d ln � ; (2.9)

where � is the frequency, andI � is the speci�c intensity per unit frequency. This is the
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Figure 2.4: A model of Extragalactic Background Light in the co-moving frame at di�erent

redshifts, based on two assumptions for the extrapolation of the fractions forz > 1 [50].

The red-dashed line represents the contribution from quiescent galaxies, the blue dot-

dashed line from star-forming galaxies, the green dotted line from starbursts, and the grey

long-dashed line from AGN galaxies. The predictions by [51] and [52] are shown using the

orange dot-dashed and magenta dashed lines, respectively.

total energy emitted per unit time and unit area by all galaxies across all wavelengths of

the electromagnetic spectrum since the Big Bang.
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Chapter 3

Atmospheric Properties

Dry air contains 78.08% nitrogen, 20.95% oxygen, 0.93% argon, and other gases in small

quantities, including greenhouse gases such as water vapor, carbon dioxide, methane, nitro-

gen oxides, and ozone. Observations show that these gases are well mixed in nearly constant

proportions up to altitudes of about 100 km [53]. Solid particles colloidally dispersed in the

atmosphere that are its integral part are called aerosols. Aerosols are commonly classi�ed

as organic, mainly of natural origin, and inorganic, primarily of anthropogenic origin. Solar

radiation is e�ectively scattered by air particles with sizes in the range of 0.1�1.0� m, while

particles with sizes of about 0.1� m play an important role in cloud formation processes.

3.1 Layers of the Atmosphere

The atmosphere is subdivided into layers in the vertical direction according to the variation

of temperature, pressure and density with altitude from the sea level. The temperature

pro�le is determined by atmospheric absorption of solar radiation, and the decrease of

density with height above sea level [53]. Additional classi�cations are made based on

electromagnetic, radiative, and dynamic properties of the atmosphere, which are essential

for understanding aerosol and optical measurements discussed in Chapters 4 and 6.
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Division of the atmosphere according to electromagnetic properties:

ˆ Van Allen radiation belts: The Van Allen radiation belts are two torus-shaped

regions around Earth, held by its magnetic �eld, containing high-energy charged

particles�primarily electrons in the outer belt and protons in the inner�originating

from cosmic rays and solar wind, and are linked to aurora formation when these

particles interact with the upper atmosphere.

ˆ Magnetosphere: The Earth's magnetosphere, formed by the interaction of the solar

wind with the Earth's magnetic �eld, traps charged particles and protects the planet

from harmful solar radiation; it has an asymmetric, dewdrop-like shape, compressed

on the Sun-facing side (� 10�12 Earth's radii) and stretched into a long tail exceeding

200 Earth's radii on the opposite side.

ˆ Ionosphere: The ionosphere is a region of Earth's upper atmosphere (50�600 km)

that becomes ionized primarily by solar radiation, which ejects electrons from atoms

and molecules and creates a plasma of free electrons and positive ions. Its struc-

ture varies with solar activity, time of day, season, and latitude. It is essential for

atmospheric electricity, and forms part of the magnetosphere's inner boundary.

Figure 3.1: A cross section of Van Allen radiation belts [54].
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Division of the atmosphere according to temperature:

ˆ Exosphere: The exosphere is the outermost layer of Earth's atmosphere, starting

at 800�3000 km above the surface, where extremely rare�ed hydrogen and helium

gases drift into space; temperatures can reach up to 1500°C, and particles move at

speeds around 11 km/s [55].

ˆ Thermosphere: The thermosphere is the largest atmospheric layer, extending from

90 to 500 km, where temperatures rise up to 1500°C due to ionization by solar

radiation; the air is extremely thin, and phenomena like the aurora occur within this

layer (in Figure 3.2) [56].

ˆ Mesosphere: The mesosphere lies between the stratosphere and thermosphere,

roughly from 50 to 100 km altitude, with temperatures decreasing to below �100

ºC at its upper boundary (mesopause). It experiences frequent atmospheric changes,

and is where most meteoroids disintegrate, leaving metal traces; it sits above aircraft

�ight altitudes and below orbital spacecraft (in Figure 3.2) [57].

ˆ Stratosphere: The stratosphere extends from approximately 18 km at the equator

(8 km at the poles) to about 55 km. In this layer, temperature increases with alti-

tude due to ozone absorption of UV radiation. This temperature inversion de�nes the

tropopause and leads to the formation of multiple thermal tropopause events in cer-

tain meteorological conditions, which are relevant for high-altitude aerosol transport

(in Figure 3.2).

ˆ Troposphere: The troposphere is the lowest and densest atmospheric layer, ex-

tending from the surface up to 6�18 km depending on latitude, with temperature

decreasing about 0.65°C per 100 m. It includes the planetary boundary layer (PBL),

which is directly in�uenced by surface processes such as heating and friction, and

dynamically evolves throughout the day. During nighttime, it collapses into a shal-

lower nocturnal boundary layer(NBL) or clear night boundary layer, both relevant

for aerosol dynamics and LIDAR returns (in Figure 3.2).
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Figure 3.2: Thermal structure of the atmosphere [58].

Atmospheric properties such as air density and pressure also vary with altitude. At

sea level, air density is approximately1:225kg m� 3, while pressure decreases exponentially

with height, following the barometric formula:

Ph = P0 exp
�

� mgh
kT

�
; (3.1)

where P0 is the mean sea-level pressure (� 1000hPa), m is the molecular mass,g is the

gravitational acceleration,h is altitude, k is the Boltzmann constant, andT is temperature.

The temperature lapse ratein the troposphere averages around6:5°C/km, although this

rate can become negative in the tropopause, especially under inversion conditions common

in marine boundary layers [59].
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Figure 3.3: Intensity of the ray having wavelength between� and � + d � that passes in

time dt through the area dA into a solid angle d
 = sin� d� d� [14].

3.2 Propagation of Radiation Through a Medium

Intensity of the monochromatic radiationI � at the wavelength� is de�ned as the amount

of the energy dE � radiated at the wavelength between� and � + d� through the surface

area dA at an angle � into a cone of solid angle d
 in a time interval dt. The angle �

is measured from the direction perpendicular to the surface, so dA cos� is the area dA

projected onto a plane perpendicular to the direction in which the radiation is traveling

(Figure 3.3). Therefore, intensity can be written as:

I � =
dE �

d� dA dt cos� d

: (3.2)

In vacuum, the intensity of radiation is conserved along a ray path. However, radiation

interacts with the medium (dust, gas) via means of emission, scattering, and absorption

processes. The characteristics of the medium also a�ect how radiation interacts with it;

it is not solely dependent on the spectrum of the input radiation. As radiation travels
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through the medium, its intensity may be increased by emission and scattering into the

beam, or it may be decreased by absorption or beam scattering. In the absorption and

emission processes, respectively, opacity� � and emissivity� � de�ne how radiation interacts

with the medium. All processes that remove photons of a speci�c energy from the beam

by interacting with the medium and lowering radiation intensity are collectively referred

to as absorption.

Absorption processes are divided into:

1. scattering on the particles of the medium, when the photons are removed from the

beam (e.g. Rayleigh scattering),

2. absorption of photons producing excitation of the particles in medium on higher

energy levels (e.g. electron excitation in gas or phonon excitation in solid state).

With some approximations, the theory of electromagnetic scattering is applied to pro-

vide a fundamental description of the radiation scattering on the dust particles. In one-

dimensional approximation, the rate of change of the radiation intensity dI � which travels

through the medium of thickness dx, with absorption properties determined by opacity or

the absorption coe�cient � � , is proportional to the intensity of radiation I � :

dI � = � � � I � dx : (3.3)

The absorption coe�cient, which is also known as the extinction coe�cient � �; ext , can

be divided into two categories: the genuine absorption coe�cient� �; abs , which takes into

account the nature of the processes involved, and the absorption coe�cient� �; scat caused

by beam scattering:

� �; ext = � �; abs + � �; scat : (3.4)

The total e�ective cross section� lambda for the absorption of photons of wavelength� on

N absorbers (particles of the medium) in the unit volume of the medium can be used to

represent the absorption coe�cient:

34



� � = N� � : (3.5)

Absorption coe�cient � � depends on the nature of the interaction and characteristics of

the medium such as: temperature, density and its composition.

The optical depth � � is a dimensionless quantity that characterizes the attenuation of

radiation due to absorption and scattering along its path. For a medium extending from

the observer to a geometrical depthh, the optical depth at wavelength� is de�ned as:

� � =
Z h

0
� � dx : (3.6)

The rate of change of intensity in equation (3.3) due to absorption can be rewritten using

� � instead:

dI � = � I � d� � : (3.7)

By integrating (3.7) in the case of simple isotropic and homogeneous medium a well-known

Beer law is obtained:

I � = I �; 0 exp (� � � ) : (3.8)

Since intensity decreases by factor1=exp at geometrical depth on which� � = 1, the optical

depth can be interpreted as the number of free mean paths of a photon passing through

the medium, or as a number of scatterings or absorptions of photon on its way from the

source to the observer. The attenuation of Cherenkov light in the atmosphere occurs both

due to absorption and scattering.

3.3 Atmospheric Absorption

Earth's atmosphere is generally opaque to electromagnetic radiation, except in two "win-

dows" of the spectrum, namely the optical window and the radio window (shown in Figure

3.4). Between the two is the infrared area of the spectrum, in which the atmosphere is
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Figure 3.4: Atmospheric windows to electromagnetic radiation [60].

partly transparent (in limited bands) especially at great heights, where the presence of

water vapor is very reduced. Several well-known near-infrared atmospheric windows also

exist, including the J, H, K, L, and M bands commonly used in ground-based astronomy.

In the ultraviolet, and even more so in X and gamma rays, the opacity of the atmosphere,

at least at ground level, is total.

From a physical point of view, absorption occurs when the energy of radiation matches

the allowed transitions of atomic or molecular electrons. Since these transitions occur

at discrete energy levels, absorption takes place at speci�c wavelengths. In molecules,

however, the energy levels are extremely numerous due to combinations of electronic, vi-

brational, and rotational states. As a result, absorption does not appear as isolated lines

but rather as bands, composed of a dense series of closely spaced lines that can approximate

a continuous spectrum over certain wavelength ranges.

Quantitatively it is possible to calculate the absorption by multiplying the density

of column of air in the direction of the star considered (in atoms or grams per square

centimeter) times the opacity of the air at that wavelength (in square centimeters per
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gram or per atom).

In this way the optical depth is obtained, whose natural logarithm gives the atten-

uation in nepers1. The column density of the individual gases is not easily calculated,

both because the composition of the atmosphere varies with altitude, and because one of

the most important sources of absorption, water vapor, varies greatly with meteorological

conditions. Therefore, in the literature there are pre-calculated diagrams (or tables) for

standard elevations and conditions, referring for example to the most important astronomi-

cal sites. As regards the atmospheric transparency in the infrared, it essentially depends on

the column density of the water vapor, and therefore from the altitude (assuming optimal

weather conditions). Desert sites and Antarctica are obviously favored.

3.4 Atmospheric Scattering

Unlike absorption that simply removes photons from a beam of radiation, scattering can

change the beam direction, where it can be absorbed or scattered again. The intensity of

the scattered radiation strongly depends on the wavelength� and on the shape and the size

of particle. For a spherical particle of radiusd, scattering e�ciency Q� can be represented

as a function of a dimensionless size parameterx:

x =
2�d
�

; (3.9)

and the relative index of refractionn which is described as the ratio of the refractive index

of the particle and the refractive index of the surrounding medium. The e�ectiveness of

scattering depends on the size parameter. If the particles are relatively big compared to

the wavelength of incident radiation, the particle-radiation interaction can be calculated

1The neper (symbol: Np) is a logarithmic unit for ratios of measurements of physical �eld and power

quantities, such as gain and loss of electronic signals. The unit's name is derived from the name of John

Napier, the inventor of logarithms. As is the case for the decibel and bel, the neper is a unit de�ned in the

international standard ISO 80000. It is not part of the International System of Units (SI), but is accepted

for use alongside the SI [61].
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using basic optical principles, considering particle as a lens or a prism (x � 1). For x

between 0.1 and 50, in which particle size is comparable to the wavelength, the extinction

is explained by Mie theory [62]. Forx � 1, Rayleigh scattering, that is strongly dependent

on the wavelength of radiation, occurs. The Rayleigh scattering by molecules in the atmo-

sphere and the Mie scattering by aerosols, haze and clouds are the most important for the

attenuation of Cherenkov light [63].

3.4.1 Rayleigh Scattering

Rayleigh scattering occurs when the scattering particles are much smaller than the wave-

length of the incident light; this equation is derived under that assumption:

dmolecules

� Cherenkov
� 10� 3: (3.10)

In the Rayleigh regime, the intensity of scattered lightI � at a given wavelength� is

strongly dependent on both the size of the scattering particled and the wavelength of the

incident radiation. This relationship is described by the following proportionality:

I � /
d6

� 4
: (3.11)

This equation indicates that the scattering intensity increases rapidly with particle size

(as d6) and decreases with the fourth power of the wavelength (as� � 4). In the context

of atmospheric Cherenkov radiation, this explains why shorter wavelengths (e.g., blue

and UV) are scattered more strongly than longer wavelengths, contributing to the overall

spectral shape and spatial distribution of detected Cherenkov light.

If a small homogeneous spherical particle of diameterd, which is much smaller than

the wavelength� of the incident radiation I 0, is considered, then the electric �eld of the

incident radiation ~E0 induces a dipole moment~p0 in the particle. According to classical

electromagnetic theory, this relation can be expressed as:

~p0 = � ~E0 ; (3.12)
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where � denotes the polarizability of the particle, quantifying how easily the particle's

charge distribution can be distorted by the external electric �eld.

The scattered �eld at a distancer from a dipole is given by:

E = !� E 0 ei!t : (3.13)

It represents the oscillating electric �eld induced in the particle, modeled as a driven

harmonic oscillator with angular frequency! . To describe the radiated (scattered) elec-

tromagnetic �eld observed at a distancer from this oscillating dipole, one must consider

the solution of Maxwell's equations in the far-�eld (radiation) zone. The time-dependent

dipole moment~p(t) = ~p0ei!t acts as a source of electromagnetic waves. The radiated elec-

tric �eld ~E at a point located at distancer and in direction ~r is given by the expression

[64]:

~E(~r; t) =
! 2

c2r
ei! (t � r

c ) ~r � (~p� ~r) ; (3.14)

wherec is the speed of light.

This expression captures the spatial propagation of the dipole radiation as a spherical

wave, with the 1=r decay of amplitude characteristic of radiated �elds. The double vector

product ~r � (~p� ~r) ensures the radiated electric �eld is transverse both to the direction of

propagation ~r and the dipole moment~p. Thus, the transition from the simple oscillating

�eld at the particle to the wave-like scattered �eld at distance r is achieved by solving

Maxwell's equations for a harmonically oscillating dipole source and extracting the far-

�eld asymptotic form of the solution.

With the assumption that the incident light is unpolarized, the intensity of the scattered

light via Rayleigh's scattering is then given by:

I =
� 2! 4

c4r 2

�
1 + cos2 �

�
I 0 : (3.15)
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3.4.2 Mie Scattering

In most atmospheric conditions, aerosol particles are neither small enough for Rayleigh

scattering to apply, nor large enough for classical geometrical optics to be valid. Instead,

their interaction with light is accurately described by Mie scattering, which results from

the full solution of Maxwell's equations for spherical particles [65]. Mie theory accounts

for the scattering of electromagnetic waves by particles with dimensions comparable to the

wavelength of the incident light.

Mie scattering is responsible for the optical behavior of a wide variety of atmospheric

particles, such as dust, smoke, pollen, and especially water droplets that constitute clouds.

The typical size of water droplets in clouds is on the order ofd � 10 � m, while the wave-

length of visible light � and also of Cherenkov light � lies in the range � � 0:3� 0:7 � m.

Thus, the size-to-wavelength ratio is approximately:

ddroplet

� Cherenkov
� 10; (3.16)

which �rmly places this scattering in the Mie regime (where the size parameterx � 1).

According to Mie theory, the interaction of light with a spherical particle is characterized

by the scattering e�ciency Qsca and the extinction e�ciency Qext , de�ned as:

Qext =
� ext

�r 2
; Qsca =

� sca

�r 2
; (3.17)

where � ext is the extinction cross-section,� sca is the scattering cross-section, andr is the

radius of the droplet. These quantities are computed by solving Maxwell's equations for

the boundary conditions at the surface of the particle, and they depend sensitively on the

size parameter de�ned in equation 3.9:

For x � 1, scattering is e�cient across the entire visible spectrum. Since all visible

wavelengths are scattered with roughly equal e�ciency, clouds consisting of millions of

such droplets appear white under daylight illumination.

As shown earlier in Eq. (3.8), the attenuation of light intensity I � as it propagates

through a scattering and absorbing medium is governed by the Beer�Lambert law. The
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optical depth � � , de�ned in Eq. (3.6), represents the cumulative extinction (scattering and

absorption) along the path and serves as a key parameter in quantifying radiative transfer

through the medium.

In the case of tall clouds, this formalism directly applies. Light entering the upper

layers of a cloud undergoes multiple scattering and absorption events, resulting in a gradual

decrease in intensity with depth. As the optical depth increases (� � � 1), the transmitted

intensity I � becomes signi�cantly reduced compared to the initial intensityI �; 0, consistent

with Eq. (3.8).

Consequently, the base of the cloud appears darker � not due to intrinsic absorption,

but because the majority of incident light has already been scattered out before it can

reach the lower regions. This depth-dependent attenuation explains the characteristic

appearance of clouds: bright white tops, where light is �rst scattered in all directions, and

increasingly darker bottoms, where little direct light remains.

In summary, Mie scattering explains both the color and the brightness variation within

clouds. The uniform scattering of all visible wavelengths produces whiteness, while the

depth-dependent attenuation of light intensity due to multiple scattering events causes

darkening at the cloud base.

3.5 Atmospheric Strati�cation and Aerosol Dynamics in

Marine Environments

Understanding the vertical structure of the atmosphere is essential for interpreting radia-

tive transfer processes and aerosol distributions, particularly in coastal and marine envi-

ronments. Several key atmospheric layers and concepts directly in�uence the propagation

of electromagnetic radiation and the interpretation of remote sensing data.

The marine boundary layer(MBL) represents a moist and thermally stable region near

the ocean surface, commonly characterized by persistent temperature inversions. These

inversions act to trap aerosols and suppress vertical mixing, leading to distinct layering
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of atmospheric constituents. Such conditions are particularly relevant in coastal regions,

where they a�ect both satellite and ground-based retrievals [59].

Above the boundary layer lies thedry free troposphere, a region marked by lower humid-

ity and reduced aerosol content. Despite its relative dryness, this layer plays a critical role

in long-range aerosol transportand must be accounted for in optical modeling, especially

under clear-sky conditions [59].

Temperature inversion layers, where temperature increases with altitude, further con-

tribute to atmospheric strati�cation. These inversions, often observed during early morning

hours or over oceanic regions, inhibit vertical mixing and enhance aerosol layering. Accu-

rate identi�cation and modeling of these layers are essential for interpreting atmospheric

pro�les, particularly in LIDAR observations [59, 66].

Another important concept is the molecular atmosphere base height, which denotes

the altitude above which molecular (Rayleigh) scattering becomes dominant over aerosol

scattering. This transition point is crucial for the calibration of remote sensing instruments

and for modeling the molecular (background) contribution to extinction pro�les [59].

Advanced radiative transfer models often assume astrati�ed and spherically curved

atmosphere. These assumptions allow for more precise simulations of photon paths through

the atmosphere, especially when dealing withmulti-angle satelliteor LIDAR observations.

The curvature of the Earth and the vertical strati�cation of atmospheric constituents are

both necessary for accurate retrieval algorithms [59, 66].

Standard atmospheric models, such as those derived fromElterman pro�les, introduce

empirical parameters including theElterman height and scale height, which describe the

vertical distribution of aerosol extinction and molecular density. These parameters serve

as reference baselines and are frequently used for comparison with measured atmospheric

pro�les [67].

Finally, the Ångström exponentprovides a measure of the spectral dependence ofaerosol

optical thickness(AOT) and serves as a proxy for aerosol particle size distribution [68]. It is

a key parameter in aerosol classi�cation and is integral to many aerosol retrieval algorithms

across a range of remote sensing platforms.
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3.6 Impact of Light Pollution on the Observatorio Roque

de los Muchachos

The Roque de los Muchachos, located on the highest peak of the Canarian island of La

Palma, is known as one of the best astronomical sites world-wide and lies between� 2100 m

and � 2400 m a.s.l.

The site is distinguished by its high altitude above sea level and remarkably clean

atmospheric conditions, which have been extensively characterized over the last 50 years

[69, 70, 71, 72].

Aside from atmospheric conditions, professional observatories operate in a dark envi-

ronment that is as free as possible from anthropogenic sources of light pollution that can

degrade the quality of ground-based astronomical observations. Light pollution can be

de�ned as any type of arti�cial light in the environment that is introduced directly or

indirectly by humans. Avoidable light pollution refers to the nighttime luminous �ux of

arti�cial light sources that are inappropriate in terms of intensity, direction and/or spectral

range. The problem also becomes ecological when arti�cial light is used in special places,

such as natural areas or sensitive landscapes (see Figure 3.5) [73].

Figure 3.5: Nighttime light pollution on La Palma, mapped using VIIRS data from 2023

[74].
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Chapter 4

Characterizing the Aerosol Atmosphere

above the Observatorio Roque de los

Muchachos

In the Canary archipelago a stable and robust temperature inversion layer (TIL) arises

from the combination of large-scale atmospheric circulation on the descending branch of

the Hadley cell [75, 76] and the Trade or "Alisios" winds originating from the Azores

high area [77, 78]. The TIL's top is usually found at heights of approximately 1200m

a.s.l. in summer and 1800m a.s.l. in winter [79, 59]. An "Alisio" inversion occurs when a

temperature inversion can e�ectively divide the moistmarine boundary layer(MBL) and

the dry free troposphere(FT), two well-de�ned regimes, above each other. Approximately

80%of the time, this occurs [79].

The TIL weakens in the summer, and Saharan dust intrusions�also known as the

"Calima" phenomenon�may happen. Higher aerosol densities are seen and the boundary

layer may shift above the observatory [69]. At the ORM, dust intrusions last for about

three to four days on average, but they can also last for two days or, in rare cases, up

to �ve days [69]. Although dust intrusions can happen at any time of year, they are

typically associated with June to October, with February to April seeing much fewer and
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less severe outbreaks [71]. Depending on where they originate � the Atlantic Ocean, the

Sahara Desert, or Europe, respectively � dust particles are classi�ed asmarine, desert, or

anthropogenic aerosols[76, 80].

Until now, measurements of aerosols at or above the observatories have been made

using either direct dust counters and analyzers on the ground [81, 82, 83, 84, 85], on

airplanes [86, 87], or integral light extinction measurements from the Sun [88, 71], or from

reference stars [89, 90, 91, 92, 93, 94]. Although there has not been much success thus

far, some attempts have been made to use satellite data for aerosol content monitoring at

the observatories [95]. At ORM, a LIDAR measurement campaign was conducted across

a range of characteristic scenarios [96]. Previous studies indicate that, under "calima"

conditions, there is a predominance of relatively large particle sizes (> 1µm), which results

in gray (i.e., wavelength-independent) extinction. However, according to Kandler et al.

2007 [81], particles are generally non-spherical and exhibit a wide range of shapes.

All large, world-class observatories must operate in extremely dark environments, free

from anthropogenic sources of light pollution, as such interference can signi�cantly degrade

the quality of ground-based astronomical observations.

To monitor and correct for the contribution of background light, a LIDAR system

(Light Detection and Ranging) can be used. Speci�cally, it allows for the measurement of

night-sky brightness and the subtraction of this contribution from the detected laser return

signals. At the Observatorio del Roque de los Muchachos (ORM) on the Spanish Canary

island of La Palma (28.78°N, 17.89°W, 2200 m a.s.l.), an elastic LIDAR system has been

operating in semi-continuous mode, closely following the MAGIC Telescopes' observation

schedule during nighttime.

Night-sky background rates measured under various atmospheric and illumination con-

ditions have been used for continuous sky brightness monitoring. The results presented in

this work are based on data collected using the MAGIC LIDAR system over a seven-year

period, from March 2013 to March 2020. These measurements characterize the long-term

evolution of night-sky conditions and their in�uence on ground-based observations.

Here, MAGIC's science data correction for aerosols and clouds within its �eld of view
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is predicated on two key assumptions:

1. The typical emission height of Cherenkov light from gamma-ray showers, as recorded

by the MAGIC Telescopes, is typically found below the nocturnal boundary layer

(refer to, for example, Fig. 10 of [97]). Thus, only its total transmission counts need

to be determined while there is no need to resolve its structure.

2. When compared to the typical longitudinal shower pro�les that span several kilome-

ters, the vast majority of layers at higher altitudes can be regarded as thin. Therefore,

only the overall transmission of the cloud layer needs to be resolved; their internal

structure does not need to be resolved either [98].

For these reasons, retrieving the backscatter coe�cient and achieving a range resolution

�ner than the geometric thickness of thin clouds are not essential. Instead, several other

criteria de�ne the required performance of a LIDAR system used in conjunction with

Imaging Atmospheric Cherenkov Telescopes (IACTs).

These include good transmission resolution for optically thin aerosol and cloud layers,

e�ective over distance ranges extending from the ground up to at least 25 km. Additionally,

the system should be capable of pointing in any direction in the sky and must provide

acceptable accuracy in the retrieval of atmospheric transmission.

During the night, the LIDAR is used in tandem with the MAGIC telescopes to point

in the direction of the astrophysical sources that are observed by MAGIC (the �elds of

view are separated from each other by about 5 degrees so that the LIDAR's laser does not

a�ect MAGIC's data acquisition). With the exception of the �rst two years of the system's

regular operation and times during its upgrade, the coverage of MAGIC observations using

LIDAR data is better than 85 %. The MAGIC telescopes themselves observe every night

unless the relative humidity is greater than 90% or if the wind gusts are greater than 40

km/h.

The MAGIC site makes use of a number of additional monitoring instruments [100,

66, 101, 102]. Near the LIDAR dome on the roof of the MAGIC Counting House are
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Figure 4.1: Top: Upgraded laser setup: the laser on the right is connected by cable to the

laser controller in the LIDAR control room, the output beam of the laser (silver color box

with a ventilator on top) is fed into the beam expander on the left. Both are mounted on

a special plate assembly that can be easily adjusted in all directions to properly align the

laser with the telescope and detector head. Bottom left: a picture of the LIDAR including

structure, laser, mirror and light detector. On its left side, the ba�e tube made of carbon-

�ber is coupled to the exit lens of the beam expander. Its function is to block the scattered

light from the laser and expander, which could directly hit the light sensor module of the

LIDAR. Bottom right: a picture of one of the two MAGIC telescopes visible together with

the MAGIC counting house with on top the opened dome in which the black structure of

the LIDAR telescope can be seen [99].
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an All-Sky camera and a commercial weather station. Furthermore, one of the MAGIC

telescopes has an infrared pyrometer installed on its dish structure, pointing in the same

direction as the telescope [102]. The weather station is read out every two seconds to

determine whether the current circumstances are within the predetermined safety limits

for operations. The MAGIC control programs maintain the cameras and telescopes in

a safe state by monitoring the values and taking appropriate action if a safety limit is

crossed. When the wind or humidity levels surpass those safety thresholds, the LIDAR

control program veri�es the data and shuts the LIDAR's dome. Every two minutes, the

weather station data are archived for later analysis. There are also two Global Meteor

Netork (GMN) cameras installed in April 2019 at the roof of the MAGIC counting house

which are monitoring meteor activity every night throughout the year.

4.1 The MAGIC Micro-joule LIDAR System

The LIDAR is housed inside a protective dome above the LIDAR control room on the

roof of the MAGIC counting house, which also houses computing and electronics for the

main telescopes M1 and M2. The primary goal of LIDAR is to simultaneously monitor

the atmospheric extinction pro�le of the observed �eld of view of the MAGIC telescopes

during the nightly observations. For such monitoring, a 532 nm wavelength micro-Joule

LIDAR system is employed (see 4.1).

The Cherenkov light detected by the MAGIC telescopes predominantly lies in the blue

and near-UV region of the electromagnetic spectrum. At small zenith angles, its spectral

distribution peaks around 320 nm. However, for a zenith angle of 15°, the median detected

wavelength shifts toward longer wavelengths, reaching approximately 470 nm.

Given this spectral range, the use of a laser with a wavelength close to the e�ective

range of Cherenkov detection is desirable for atmospheric calibration. Therefore, the third

harmonic of an Nd:YAG laser at 355 nm represents a suitable compromise, falling within

the relevant spectral window for Cherenkov light observed by MAGIC.

However, in the need for a safer and more practical handling and adjustment of a visible
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laser beam favored the use of the second harmonic at 532 nm, in combination with the

use of an HPD with GaAsP photocathode, which for the wavelength range 500-600 nm

provides an unprecedented quantum e�ciency of > 50 % .

Using the derived atmospheric extinction to simulate Cherenkov light requires making

certain assumptions about the local Ångström coe�cient1 and applying small wavelength-

dependent corrections.

A low pulse energy was selected to reduce potential interference with MAGIC telescopes

and other observatory operations on the ORM as well as to eliminate any potential safety

issues, such as those involving eye safety. Fig. 4.2 depicts a rendering of the LIDAR with

the primary hardware components. Table 4.1 provides more information on each compo-

nent. Between 2014 and 2019, the system underwent a number of incremental upgrades,

but overall functionality stayed the same.

The MAGIC LIDAR system is powered by a frequency-doubled, pulsed, passively Q-

switched Nd:YAG laser with 5µJ (25 µJ) of pulse energy and a 500 Hz (250 Hz) repetition

rate. A photodiode integrated into the laser is used to activate the readout externally. The

beam divergence is decreased to 10 mrad (12 mrad) using a 10� (20� ) beam expander.

The laser setup is �xed atop a specially constructed assembly that enables quick and

accurate laser alignment with the detector and LIDAR telescope.

To e�ectively reduce the beam divergence, the beam expander is positioned in front of

the laser with as little gap as possible; however, dust particles on its exit window have the

potential to scatter a very small amount of the laser light out of the beam. Even though

the scattered light does not saturate the LIDAR detector, it may still �nd its way there and

be discarded later on. Furthermore, scattered light originating from nearby air, the laser

itself, or the beam expander may occasionally cause false triggers in the PMT cameras of

the MAGIC telescopes. Nevertheless, at the level of basic data analysis, such events are

easily distinguishable from genuine air-shower signals and can be reliably eliminated.

Detailed technical properties of LIDAR system and its con�guration can be found in

1Ångström coe�cient or Ångström exponent is a parameter that describes how the optical thickness of

an aerosol typically depends on the wavelength of the light.
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Figure 4.2: Hardware components of the MAGIC LIDAR system. Several individual com-

ponents were modi�ed or upgraded, but the overall scheme has remained the same [99].

[99].

Adapted signal inversion algorithm

The inversion of elastic LIDAR signals refers to the process of deriving atmospheric prop-

erties�such as the extinction or backscatter coe�cient pro�les�as a function of altitude,

based on the measured return signal as a function of time (or range). This procedure has

been extensively studied and documented in the literature [103].

In clean or barely turbid atmospheres, the accuracy of the aerosol inversion products

is dominated by systematic uncertainties of the assumed molecular pro�le, and the molec-

ular scattering contribution to the LIDAR return becomes signi�cant, if not dominant.

Numerous authors [104, 105, 106, 107, 108, 109, 110, 111, 112, 113, 114, 115] have all of-

fered analytical solutions for a two-component atmosphere; however, none of them do so

without making prior assumptions about the aerosol extinction-to-backscatter e�ciency

(LIDAR ratio) throughout the retrieval range. The single scattering LIDAR equation is
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Table 4.1: Components of the LIDAR assembly before and after the major upgrade.

Component Period 1 Period 2

2013�2016 since 2017

Telescope Welded aluminum

Mirror Diamond-milled Al, 60 cm diameter, 150 cm focal length

Mount ASTELCO NTM-500 high precision equatorial robotic mount, 80 kg load capacity

Tracking accuracy: 500

max. acceleration: 10� /s2 max. acceleration: 20� /s2

Mount controller ASCOM interface, driver control through LabView

Laser Teem Photonics STG-03E-1x0, 532 nm Horus Lasers HLX-G-F001-11101, 532 nm

Pulse energy, Stability (rms) 5µJ, 3% 25µJ, 3%

Pulse duration (FHWM) 0.5 ns 1 ns

Beam divergence 10� 2 mrad 12 mrad

Beam quality factor (M2) 1.3 1.2

Beam expander 10� , Thorlabs BE10M-A 20� , Thorlabs GBE20-A

Number of shots per data point, frequency 50 k, 500 Hz every 5 min 25 k, 250 Hz every 3 min

Ba�e tube � 1 m, 5 cm? , carbon �ber, 4 ba�es

Light detector Hamamatsu R9792U-40 HPD, QE� 50% at 532 nm

Detector module Custom built PCB, Al case Custom PCB, 3D-printed housing, Al case

Ampli�cation 2:6 � 5 � 102 V A � 1 � 390V A � 1 (di�erential, TI LMH6554)

Photon pulse FWHM 10 ns (2.1 ns without OpAmp) 2.3 ns

HV supply (7 kV, photocathode) external (NIM module) EMCO C series, external water-tight supply box

HV supply (400 V, AD) Inside detector module iseg APS, inside HV supply box

HV control MCP Microchip DACs 4822 and 4922 series, 12-bit resolution, SPI controlled

Temperature Compensation Analogue Software

FADC digitizer Spectrum MI.2030, 8 bit, 200 MS/s Spectrum M4i.4450-x8, 14 bit, 500 MS/s
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usually the �rst step in the analysis of the LIDAR data:

N (r ) = N0CG(r )
A
r 2

� (r )l exp
�

� 2
Z r

0
� (r 0)dr 0

�
: (4.1)

whereN (r ) is the number of observed photo-electrons detected within a digitization length

l, corresponding to distances betweenr and r + l of the back-scattered light.A is the ge-

ometrical area of the system (primary mirror of the LIDAR telescope),N0 the number of

photons emitted per laser pulse,C is the overall detection e�ciency related to the exper-

imental setup, G(r ) is the geometrical overlap factor,� (r ) is the local back-scatter coe�-

cient and � (r ) is the local extinction coe�cient of the atmosphere. The local backscatter

coe�cient � (r ) and the local extinction coe�cient � (r ) characterize how the atmosphere

interacts with the incident laser light at distancer . Speci�cally, � (r ) quanti�es the fraction

of light that is scattered back towards the LIDAR system per unit length and per unit solid

angle, while� (r ) represents the total attenuation of the laser beam due to both scattering

and absorption along its path.

Both coe�cients are composed of two main components:

ˆ Molecular scattering part (� m (r ) and � m (r )): This component arises from the

scattering and extinction by air molecules, primarily nitrogen and oxygen. Molecular

scattering follows Rayleigh scattering theory and is signi�cant for particles much

smaller than the wavelength of the light.

ˆ Aerosol scattering part (� a(r ) and � a(r )): This component is due to larger par-

ticles suspended in the atmosphere such as dust, smoke, pollen, and water droplets.

Aerosol scattering can be described by Mie theory, which applies when particle sizes

are comparable to or larger than the light wavelength.

Thus, the total backscatter and extinction coe�cients are sums of their molecular and

aerosol contributions:

� (r ) = � m (r ) + � a(r ); � (r ) = � m (r ) + � a(r ):
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Furthermore, the extinction-to-backscatter ratio or the LIDAR ratio S(r ) = � (r )=� (r )

is introduced, for aerosols (Sa(r )) and molecules (Sm = 8�= 3), respectively [116].

The inversion of the dual-component atmosphere [107, 108, 112, 117] in its non-logarithmic

form [118] was used. In this formulation, the range-corrected LIDAR return (backscattered

signal detected by the LIDAR system after emitting a laser pulse) is multiplied with a new

function Y(r ):

Y(r ) = Sa(r ) � exp
�

� 2
Z r

0

�
F (r 0) � 1

�
� m (r 0)dr 0

�
; (4.2)

whereF (r ) = Sa(r )=Sm . The LIDAR equation transforms then into

Z (r ) = ln
�
N (r ) � r 2 � Y(r )

�

dZ (r )
dr

=
1

y(r )
�

dy(r )
dr

� 2y(r ) ; (4.3)

where the new variabley(r ) is de�ned as:

y(r ) = � a(r ) + F (r ) � � m (r ) : (4.4)

Eq. 4.3 can be solved following the prescription of [119]:

� a(r ) = � F (r )� m (r ) +
e(Z (r )� Z (r f ))

y� 1
f + 2

Rr f

r e(Z (r 0)� Z (r f )) dr 0
: (4.5)

The LIDAR return can be calibrated almost always at reference pointsr f of practically

no aerosols and pure Rayleigh scattering (in case of MAGIC LIDAR at the ORM, few

kilometers above ground). At these points,

yf ' F (r f ) � � m (r f ) : (4.6)

If the LIDAR operates at a zenith angle� , it is sometimes useful to express Eq. 4.3 as a

function of height h = r=� with � = 1=cos� and dh=dr = 1=� :

dZ (h)
dh

=
1

y(h)
�

dy(h)
dh

� 2� � y(h) ; (4.7)

with the solution
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� a(h) = � F (h)� m (h) +
e(Z (h)� Z (hf ))

y� 1
f + 2�

Rhf

h e(Z (h0)� Z (hf )) dh0
: (4.8)

4.2 An Absolute Calibration of the LIDAR Return Signal

The system constantC0 of the LIDAR depends on several instrumental and observational

factors, including laser power, mirror re�ectance, photon detection e�ciency, and the e�-

ciency of signal processing and analysis. It is de�ned as

C0 = ln ( N0Al h� (hLIDAR )i ) ; (4.9)

whereN0 is the number of photons emitted per laser pulse,A the e�ective mirror area,

l the digitization length, and h� (hLIDAR )i the average backscatter coe�cient at the LIDAR

reference altitudehLIDAR .

For calibration, it is assumed that the overlap factor � which quanti�es the geometrical

overlap between the laser beam and the telescope �eld of view � equals one. This means

the full laser beam is within the receiver's �eld of view, ensuring that all backscattered

photons from the probed volume are collected. Only data acquired under conditions of full

overlap and free from detector saturation are considered reliable for calibration.

Using this approach, the system constant was determined for two measurement periods

as C0 � 16:56� 0:15 for Period 1 andC0 � 18:87� 0:15 for Period 2.

Degradation of the mirror and diaphragm, as well as hardware or software changes,

a�ect C0. Variations have been noted after hardware installations, mirror cleanings, and

updates to the photo-electron counting algorithm. A total of 24 hardware intervention pe-

riods were recorded between 2013 and March 2020, with 8 unlogged changes. Temperature

and humidity may also in�uence the system constant.

To improve C0 accuracy, a method was developed combining absolute LIDAR calibra-

tion during clear nights and acalibrated degradation proxy. This proxy assumes a two-stage

exponential drop in aerosol extinction coe�cient� aer(h) with altitude during clear nights,
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allowing extrapolation to near-ground altitudes. The vertical aerosol optical depth (VAOD)

is expressed as:

VAOD clear night =
Z 1

0
� aer(h) dh

=
Z H PBL

0
� 0 � exp

�
�

HPBL

Haer

�
� exp

�
�

(h � HPBL )
HElterman

�
dh

+
Z 1

H PBL

� 0 � exp
�

�
h

Haer

�
dh

= � 0 � exp
�

�
HPBL

Haer

�
�
�

HElterman �
�

exp
�

HPBL

HElterman

�
� 1

�
+ Haer

�
;

(4.10)

where HElterman = 1:2 km, Haer
2 is the �tted aerosol scale height, andHPBL � 800 m�

(cos� )0:6 is the transition height. The retrieved values of� aer(h) are �tted to an exponential

decay aboveHPBL
3, with selected data yielding acceptable �ts.

The vertical aerosol optical depth derived from the Rayleigh �t is given by:

VAODRayleigh �t (C0) =
(C0 � C) cos�

2
: (4.11)

A proxy for the system constant is formulated as:

P(C0) :=
2 � VAODRayleigh �t (C0)

cos�
+ C : (4.12)

This proxy indirectly accounts for the exponential decay model used for� aer. To analyze

changes inC0 over time, two related expressions of the degradation proxy are de�ned:

P(� C0) :=
2 � VAODexp: �t (C0)

cos�
+ C � C0;initial (4.13)

2Elterman height (also known as Elterman boundary layer height) is the altitude at which the planetary

boundary layer (PBL) of the atmosphere ends.
3The planetary boundary layer (PBL) is the lower part of the atmosphere that is in direct contact with

the Earth's surface. This layer extends from the surface up to an altitude that can range from several

hundred meters to several kilometers, depending on weather conditions. The PBL is characterized by

signi�cant changes in temperature, wind speed, and other meteorological factors, as it is in�uenced by

surface processes (such as daytime heating or nighttime cooling).
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and

P
�

N0 � A
N0;initial � A0;initial

�
:= exp (P(� C0)) : (4.14)

These proxies allow for monitoring the system constant's degradation due to laser photon

number and e�ective area changes.

4.3 Analysis of Seven Years of LIDAR Data

The data obtained over a seven-year period, from March 2013 to March 2020, using the

MAGIC LIDAR is presented here. The LIDAR collected approximately105 atmospheric

pro�les while operating in semi-continuous mode at night, closely adhering to the MAGIC

Telescopes' observation schedule. The time coverage of these LIDAR data is displayed

in Figure 4.3, �rst compared to the telescopes' observation up-time (complete lines), and

subsequently compared to the total amount of available nighttime. The discrepancies are

caused by the MAGIC Telescopes' reduced uptime, which occurs when the ground humidity

reaches 90%, wind gusts exceed 40 km/h, the aerosol transmission falls to values well below

50% for an extended period of time (and when technical observations are not possible), or

the telescopes require technical maintenance.

The LIDAR system is activated when astrophysical sources are observed at zenith

angles below 70 degrees (above 20 degrees elevation) by the MAGIC Telescopes. Typically,

LIDAR is not used in conjunction with the "very-large zenith angle" (VLZA) observation

mode, which has grown in signi�cance in recent years. The LIDAR's range is limited in that

it cannot penetrate the area of the atmosphere where VLZA air showers originate. Also,

LIDAR mount only reaches a certain zenith angle due to hardware limitations imposed

by the LIDAR's dome. Observations made during the moonlight may not have su�cient

LIDAR coverage if the Moon's background light overwhelms the instrument [120].
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Figure 4.3: Coverage of the MAGIC LIDAR data as a fraction of the available time (dashed

lines) or time actually used by the MAGIC Telescopes (full lines). Top: time-evolution of

valid LIDAR coverage, every bin represents one month; in orange: valid LIDAR data taken

during astronomical dark night, in green: part of the full night including astronomical twi-

light, after excluding strong moonlight and very high zenith angle (� > 70� ) observations.

The blue shaded areas indicate the times when the LIDAR was not in operation. The dot-

ted red line indicates the minimum full-time coverage required for a month to be included

in the statistical analysis. Bottom: distribution of monthly LIDAR data coverage [99].
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Because of this, Figure 4.3 displays two distinct scenarios: one using data collected at

zenith angles below 70 during astronomical dark nighttime, when the LIDAR is expected

to be operational continuously, and another using data collected during a period without a

particularly strong moon. The MAGIC data, which should be accounted for contempora-

neous LIDAR data, consistently achieve coverage levels well above 90% starting from 2015

due to the continuous hardware improvement. The blue shading designates three separate

periods of system upgrades. In relation to the total amount of available nighttime, the

overall coverage of LIDAR data during the night varies greatly and is highly dependent

on the weather. Over time, there has been a general trend toward greater coverage, which

is partially attributable to ongoing improvements in the MAGIC Telescopes' overall data-

taking e�ciency. Figure 4.4 shows the distribution of LIDAR pointing angles of the whole

sample. The LIDAR has tracked the movement of multiple primary MAGIC observation

targets across the sky, leaving a distinct signature. Nevertheless, with the exception of the

northern and southern directions at large zenith angles, a signi�cant portion of the sky has

been observed and is represented in the dataset. When highlighting general atmospheric

properties in the following sections, the entire data set will be used; otherwise, a subset

of the data to derive some statistical properties will be used. The selection criteria have

been set so that only months with a minimum of 30% nighttime coverage are included in

statistical analyses. This criterion has been chosen to ensure su�cient overall statistics.

4.3.1 Aerosol Altitude Pro�les of Clear Nights

Approximately 60% of the LIDAR data sample (� 6� 104 pro�les) follows the ground layer

aerosol extinction pro�le introduced in Eq. 4.10. This sample was collected during times

when the LIDAR reached full overlap at less than 350 m. The pro�les were categorized as

representative for clear nights and further analyzed. Aerosol extinction scale heightsHaer

ranging from 250m to more than 4000m were obtained for clear nights over seven years.

The height dependence of aerosol extinction in a strati�ed atmosphere is independent of the

direction of the LIDAR pointing. For the ORM, however, this is not the case. Figure 4.5
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displays the distribution of �tted aerosol extinction coe�cient scale heights as a function of

a zenith angle of LIDAR pointing. In contrast to the strati�cation case, the scale heights

do depend on the observation zenith angle, roughly given by;

Haer � Haer;0 � (cos� )
 ; (4.15)

where the exponent parameterizes the curvature of the aerosol layer. A fully strati�ed

atmosphere would reproduce
 = 0, whereas a round convex-shaped layer yields
 = 1.

The average gamma value of
 = 0:77 indicates the intermediate shape of the aerosol

ground layer at the ORM (see Table 4.2). Additional potential dependencies ofHaer on

seasonal variations and azimuthal pointing directions are also indicated in Table 4.2. The

aerosol layer has a smaller curvature in southern directions, as indicated by an average

shallower drop in scale height with zenith angle. This is consistent with expectations

given the elongated shape of the island of La Palma, where the ORM is situated near its

northern edge. However, as was mentioned in the previous subsection, this result should be

interpreted with some caution because of the signi�cantly lower angular LIDAR coverage

towards southern directions.

Apart from that, on clear nights, there is a faint indication of a slight seasonal depen-

dency of the ground layer, with less strati�cation in the summer and a higher overall scale

height. With a mean of roughly 870 meters, the vertical scale heightsHaer;0, exhibit an

asymmetric distribution. It is represented in Fig. 4.6 and it can be �t to an exponentially

modi�ed Gaussian distribution.

4.3.2 Aerosol Transmission Statistics

With an absolutely calibrated elastic LIDAR it is possible to establish ground layer aerosol

transmission statistics for observable night times.

In order to quantify a probability of occurrence of a given aerosol transmission, averaged

over the seven years of data set, the month-wise (normalized) ground-layer probability of

occurrenceP<T aer (m), obtained from those months with at least 30% absolute dark-night

59



Table 4.2: Results of �tting Eq. 4.15 to median aerosol scale heightsHaer for di�erent

azimuth pointing angles and separated by seasons. At the bottom, the total of all data

are shown. Uncertainties are statistical only and do not take into account the e�ect of

the assumption of a uniform LIDAR ratio across the ground layer. The months have been

grouped in those of similar behavior. Note that September sometimes behaves rather like

a summer month, whereas in other years it is more winter-like. In order to keep the small

summer data sample clean, September is subsumed within the winter case.

Haer;0 (m) 


North (581� 12) (0.83� 0.04)

South (552� 12) (0.60� 0.04)

East (553� 12) (0.72� 0.04)

West (578� 12) (0.79� 0.04)

Winter (S,O,N,D,J,F) (568� 12) (0.75� 0.04)

Spring (M,A,M,J) (580� 12) (0.79� 0.04)

Summer (J,A) (606� 12) (0.88� 0.04)

All data (577� 8) (0.77 � 0.03)
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Figure 4.4: Distribution of LIDAR pointing angles of the analyzed data set. 0�

azimuth corresponds to North, 90� to East [99].

Figure 4.5: Distribution of �tted aerosol extinction coe�cient scale heights Haer (see

Eq.4.15). The black crosses are located at the position of the weighted median at each bin

and �tted to a linear dependency of the cosine of zenith angle [99].
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Figure 4.6: Distribution of zenith-corrected reconstructed aerosol extinction coe�cient

scale heightsHaer. The asymmetric distribution has been �tted to an exponentially-

modi�ed Gaussian probability distribution. Note that, due to the asymmetry of the distri-

bution, its �rst moment of (� G + � + ) = 873 � 3m does not coincide with the median used

in Figure 4.5 and Table 4.2. Its standard deviation is
p

� 2
G + � 2

+ = 402 � 3m [99].
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coverage (as seen in Figure 4.3) has been calculated. To ensure that there are enough

statistics for every month, this threshold has been set based on practical considerations of

data availability and stability. It has been determined that the data from these months

are adequately representative for the full month. Then, the probability distributions for

each month were added and weighted as follows:

P<T aer =
12X

m=1

w(m) P<T aer (m)
. 12X

m=1

w(m) with :

w(m) = � (m)D(m) ; (4.16)

where Dm is the average night-time available for a given month and� (m) the average

monthly data taking e�ciency of the MAGIC Telescopes. The former provides higher

numbers for the winter months, whereas the latter gives a somewhat higher weight to the

summer months. The results forP<T aer for various subsamples of the data are displayed in

Figure 4.7. These subsamples include those for Periods 1 and 2 only, those divided by sea-

sons, and the entire data set. Visible di�erences between Periods 1 and 2 arise at the level

of occurrence probabilities of less than roughly 10%, which are likely the result of varying

criteria for aborting the collection of data from the MAGIC Telescope, which grew more

stringent over time. These requirements include, among other things, the application of the

very large zenith angle (VLZA) observation types, which were introduced and have gained

popularity in recent years, and involve aborting the collection of LIDAR data. Further-

more, aerosol transmissionTaer < 0.4 has frequently resulted in the cancellation of MAGIC

Telescope science data collection, as such low transmission levels signi�cantly reduce the

telescope's sensitivity, leading to an increased systematic uncertainty that compromises

the quality of the observations.

Therefore, there is more contamination of extremely poor ground-layer transmission

in the Period 1 data set. A portion of the di�erence may also be explained by statistical

�uctuations.

Additionally, Fig. 4.7 illustrates the unfavorable atmosphere that is obtained in the
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