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Abstract

The aim of this thesis work is the study of extreme event phenomena. Extreme
events are well known in nature and they present different characteristics. They
are often related to the climate effects, as extreme temperature or rainfall, but it is
also possible to define them in the Heliosphere environment, such as slow or fast
Coronal Mass Ejection speed events or intense Flares eruptions. Another class of
phenomena that can be classified as extreme events are the explosion of Supernova.
In this work these different will be analyzed types of phenomena with the help of
statistical models, numerical simulations and data analysis.

In the first part we will focus on the extreme events that influence the climate. In
particular, we study how these phenomena characterize different world regions. In
particular we will concentrate on three regions: the Antarctica continent, the Basili-
cata and the Calabria regions. The study will be made with the help of a statistical
analysis applied on the stations data. This will allow us to make a foresting anal-
ysis on the examined regions, identifying what are the zones most affected by ex-
treme phenomena, in order to prevent possible disasters such as floods, landslides,
droughts.

In the second part we will explore the nature of Heliosphere extreme events. In par-
ticular we will study a particular class of Coronal Mass Ejections defined as extreme,
namely the low speed ones. We will study this category of extreme events with the
help of spacecraft data and numerical simulations. Numerical simulations help to
do predictions on the Space Weather extreme events, because they are able to repro-
duce a particular event and study how damaging it can be if it has some particular
characteristics. Then we will make a comparison between satellite data and numer-
ical results in order to see if the simulation developed is able to reproduce what the
spacecraft detects. We will also study the transport properties of energetic particles
at the interplanetary shock, analyzing the possible acceleration mechanisms that can
influence the particles energization.

In the last part of the thesis, we will concentrate on Galactic and extra Galactic ex-
treme events, called Supernova explosions. We will use numerical simulations in
order to reproduce the evolution of the Supernova from early stage to the final time
of its evolution. We will set a turbulent and dense environment in which it can
develop and we will study its evolution with different configurations. Finally we
will try to make a visual comparison between numerical results and spacecraft data
obtained for the Supernova Remnant SN1006.



Introduction

The term “extreme event” was first minted in the 1950s and from then it was ap-
plied to different scientific disciplines, that span from physics to economics and to
psychology and so on (Stewart, Carleton, and Groucutt, 2022). Extreme events are
high impact unanticipated events. They are identified in nature as floods, temper-
ature anomalies, tsunamis, earthquakes. It is also possible to define them in the
Space Weather, as for example in terms of high or low speed Coronal Mass Ejections
(CMEs) or Solar Flares.

From a statistical point of view, we can define an event as extreme when it largely
deviates from the statistical mean. In physical terms these events are generated by
complex and non-linear systems (Chavez, Ghil, and Urrutia-Fucugauchi, 2015). This
poses a serious problem in the study of this kind of phenomena also because they are
rare in terms of occurrence. Another problem related to the infrequent occurrence
of extreme events is the capability to predict them. Motivated by these reasons, sci-
entists developed different models and tecniques in order to study and to predict
extreme events. Extreme value theory (EVT) (Fisher and Tippett, 1928; Gnedenko,
1943; Gumbel, 1958) is one of the statistical approaches often applied to climate
(Naveau et al., 2005; Shen, Mickley, and Gilleland, 2016; Pangaluru et al., 2018a;
Iyamuremye, Wanyonyi, and Mbete, 2019; Artha and Sofro, 2019; Reis et al., 2022;
Rivoire et al., 2022; Moghaddasi, Anvari, and Mohammadji, 2022) and space weather
science (Tsubouchi and Omura, 2007; Nakamura et al., 2015; Elvidge and Angling,
2018; Elvidge, 2020; Larrodera, Nikitina, and Cid, 2021) . The EVT is a branch of
statistics dedicated to the study of the extreme deviations from the median of the
probability. It allows us to extrapolate, from a given ordered sample of a given ran-
dom variable, the probability of events that are more extreme than any previously
observed. In this scenario, the extreme weather events that are characterizing global
climate change, can be well described by the EVT.

In the last 20 years a huge number of disaster events have been recorded in all over
the world. It was estimated that the 90% of them are associated to extreme weather
events. The number of people affected by climate-related disasters and the associ-
ated economic damage are growing, as a clear evidence that the frequency of ex-
treme weather events is increasing in parallel with the rise of the global average
temperature (Seneviratne et al., 2012).

Figure 1 shows the disasters related to 2 different kinds of extreme events that took
place respectively in the South of Italy (Figure 1a) and in the USA (Figure 1b). This
growing number of extreme events over the years is also related to anthropogenic
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FIGURE 1: Extreme events occurred in 2022 (a) extreme rainfall that

took place at the beginning of December in the South of Italy(Sicily)

(b) the storm near peak intensity that caused the extreme snowfall
occurred in December 2022 in the USA.

effetcts. Indeed, the rate of extreme thermal events, related to anthropogenic climate
change, overtook historical temperature records at an unprecedented rate (Meehl
and Tebaldi, 2004; Power and Delage, 2019; Fischer, Sippel, and Knutti, 2021; Murali
et al., 2023). The effects related to the increase of these extreme phenomena have a
greater impact in the poorest and warmest regions of the Earth, as the tropical re-
gions (Mahlstein et al., 2011; King et al., 2015; Harrington et al., 2016). Many species
have experienced a population extirpation because of episodes of extremly hot tem-
peratures (Vasseur et al., 2014; Till et al., 2019; Romén-Palacios and Wiens, 2020;
Soroye, Newbold, and Kerr, 2020): extreme temperature events had negative im-
pacts on marine fisheries (Cheung et al., 2021), an important part of the global food
system; temperature extremes affect indigenous populations in the Australian con-
tinent, increasing the risk of mortality and ill health (Longden et al., 2022); extreme
temperatures also have effects on the economic growth, namely that the increase of
heat waves that are related to anthropogenic effects has depressed economic output,
especially in the world’s poorest regions, as the tropical ones (Callahan and Mankin,
2022).

In the last century, the whole Europe and in particular the Mediterranean area was
affected by an increase in frequency and intensity of rainfall extremes at daily and
sub-daily scale (Brunetti et al., 2001; Brunetti et al., 2004b; Brunetti et al., 2004a;
Alpert et al., 2002; Bonaccorso and Aronica, 2016), also in spite of a decrease in to-
tal (e.g. annual) rainfall values. It is also known that the increase of the intensity
in the extreme rainfall events is related to the increase of the global warming (Scoc-
cimarro et al., 2015; Fischer and Knutti, 2016; Myhre et al., 2019; Huo et al., 2021;
Hawcroft et al., 2018). As a consequence, many regions of the Mediterranean basin,
characterized by a huge spatial and temporal rainfall variability, have experienced
several catastrophic geo-hydrological events (Lionello, Malanotte-Rizzoli, and Bos-
colo, 2006). Similar considerations can be done for temperature extremes, that are
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more linked to the expected global warming. The Mediterranean basin has experi-
enced in the last decade an increase in the heatwave frequency, and different studies
predicted a continuous increase of them in the following years (Alpert et al., 2002;
Molina, Sanchez, and Gutiérrez, 2020). The same results were obtained in the sce-
nario of future greenhouse gas emissions, in which authors predicted an increase of
heatwaves over the Mediterranean for the next years. In such a context, a rigorous
analysis and a reliable estimation of the occurrence of extreme events is a relevant
and crucial problem in many fields of geosciences, particularly in the analysis of past
and projected temperature and rainfall regimes.

As already mentioned, extreme events on Earth are associated to global warming,
but it is also possible to define them in our Heliosphere (Cliver et al., 2022). It is
possible to classify as extreme events the eruptive events that often happen on the
Sun surface as Flares or CMEs. Coronal Mass Ejections (CMEs) are extreme large
scale eruptions of plasma and magnetic field from the Sun and they are considered
as one of the main drivers of space weather disturbances (Scolini, C. et al., 2019;
Kilpua, Koskinen, and Pulkkinen, 2017; Webb, D. F. and Howard, T. A., 2012). Their
occurrence can exceed a number greater than ten per days, and this depends on the
number of active regions (ARs) present on the Sun’s surface related to the solar ac-
tivity. In these regions the magnetic field has a particular geometric configuration:
the magnetic field lines are closed and the energy is stored inside them. When these
structures become unstable they erupt, releasing plasma and magnetic field into the
heliosphere in the form of CMEs. Once erupted, the CME can propagate through-
out the heliosphere and in some cases it can hit the Earth. In Figure 2 there is a
schematic view of a CME eruption. A Space Weather event such a flares, or a CME
can be defined as extreme if and only if it satisfies some conditions. A CME can be
considered as an extreme event if it has an extreme speed such that its frequency
of occurrence is extremely rare. Following this idea, we can classify the CMEs as
extreme if they have Vcpe > 3000 km /s or Veye < 400 km/s. It is extremely rare
to detect a CME with a speed of about ~ 3000 km/s. Ideeed, from 1996 until 2022,
a low number of CMEs with this speed was observed by the Solar and Heliospheric
Observatory (SOHO). CMEs with extremely low velocities are more frequent than
those with higher speed values. A catalogue of CMEs with low speed is reported in
Al-Haddad et al., 2018. When a CME is injected inside the solar wind it is called In-
terplanetary Coronal Mass Ejection (ICME). From in situ measurements it is possible
to observe the classical signature of the passage of an ICME with a sharp enhance-
ment of the total magnetic field, that corresponds to the shock passage generated
by the ICME itself (Richardson, I. G. and Cane, H. V., 2010; Kilpua, Koskinen, and
Pulkkinen, 2017). This region is followed by the sheath region, in which it is possible
to observe important plasma phenomena as magnetic reconnection and turbulence.
The last region of an ICME is the region in which it is possible to identify the pres-
ence of the magnetic cloud (MC) characterzied by the enhancement of the magnetic
tield strenght, by a smooth rotation of the magnetic field vector and by low proton
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FIGURE 2: Ilustration of a CME structure. The SOHO/LASCO im-

age of a CME in the upper left of the figure with the flare location

obtained from SOHO/EIT. The shaded blue area represents the mag-

netic cloud (MC) and it is how the CME is seen in the heliosphere.

The MC drives the shock (red line). The blue arrow represents the

direction of propagation of the MC. For more details see Figure 11 in
Gopalswamy, 2022.

density and temperature. In Figure 3 it is possible to observe the spatial structure of
an ICME.

The shock driven by the ICME can accelerate particles from keV up to MeV energies.
The main mechanisms invoked to explain the particles’” acceleration and energiza-
tion is the diffusive shock acceleration (DSA) (Bell, 1978; Lee and Fisk, 1982). It is
based on the Fermi first order mechanism and on the diffusive motion of energetic
particles upstream and downstream of the shock front, owing to the interaction of
particles with magnetic field fluctuations. Such an interaction favours particle shock
crossings, speeding up the acceleration process. This theory predicts also that the
particles fluxes have an exponential decay in the upstream region of an interplan-
etary shock and a constant behaviour in the downstream region. But this is not
often observed in the Heliosphere. Moving from this, scientists tried to explain
the particle energization with the help of other different theories as the Superdif-
fusive Shock acceleration (SSA). This theory asserts that energetic particle motion
can be faster than normal diffusive, namely superdiffusive, in the upstream region,
thus questioning the validity of DSA (Zumofen and Klafter, 1993; Ragot and Kirk,
1997). In order to better understand and reproduce the phenomena associated to the
evolution of CMEs, scientists make use of numerical simulations. In particular, the
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FIGURE 3: (Left) Schematic image of the propagation of an ICME.
The yellow shaded area is the region associated to the ICME that cor-
responds to MC; the sheath region is in between the shock region and
the ICME region. (Right) Solar wind observations during an ICME
from the ACE spacecraft. From the top panel to the bottom: the mag-
netic field magnitude, the longitude and latitude angles of the mag-
netic field in the Geocentric Solar Magnetospheric (GSM) coordinate
system, and the solar wind speed. The blue dashed line marks the
shock and the ICME is bounded by the pair of red lines. For more
details see Kilpua, Koskinen, and Pulkkinen, 2017.

description of a big scale event, such as a CME, requires the usage of magnetohy-
drodynamic (MHD) simulations (Parsons et al., 2011; Pomoell, Jens and Poedts, S.,
2018; Poedts, Stefaan et al., 2020). These simulations allow us to understand and
also forecast the evolution of the big event, such as an extreme event like faster or
slower CME. Itis also possible to study the transport mechanism of charged particles
with the coupling between MHD-simulations and test-particle simulations (Wijsen
et al., 2021; Wijsen, N. et al., 2022), Particle In Cell (PIC) and Hybrid simulations (Gi-
acalone et al., 1992; Giacalone and Ellison, 2000; Amano and Hoshino, 2007; Amano
and Hoshino, 2009; Caprioli and Spitkovsky, 2014), MHD-PIC (Mignone et al., 2007;
Mignone et al., 2011a; Mignone et al., 2018b) simulations, and so on.

Another physical phenomenon that can be included in the category of extreme events
is the explosion of a massive star that turns into a Supernova. A Supernova explo-
sion (SNe) is an instantaneous release of energy of about ~ 10°! erg, associated to the
catastrophic collapse of a massive star or due to a runaway nuclear burning on the
surface of a white dwarf. SNe are classified on observational basis. Basically SNe are
divided in two groups depending on the presence or absence of Hydrogen Balmer
lines in their spectra at maximum brightness. SNe in which the Hydrogen Balmer
lines are absent in the spectra are called Type I SNe, while the SNe with spectra con-
taining the Hydrogen Balmer lines are called Type II SNe. These two categories of
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SNe can be divided in different subcategories, depending on the presence of particu-
lar types of elements in the spectrum. Type I SNe can be divided in three subgroups:
SNe Ia with strong Sill lines, Type Ib SNe with strong Hel lines and without Sill lines
and Type Ic SNe if the spectra are lacking both strong Sill and Hel lines. Supernova
of type II can be diveded in a similar way: Type IIP with a plateau in its light curve,
Type IIL with a linear phase, Type IIb with a weak hydrogen line after the explosion
and SNe Type IIn with narrow emission lines in their spectra, probably due to the
interaction between the ejecta and the interstellar dense medium around the explo-
sion (Minkowski, 1941; Barbon, Ciatti, and Rosino, 1979; Filippenko, 1988; Krause
et al., 2008; Helder et al., 2012). It is known that about 24% of SNe are type Ia, 10%
are type Ib and Ic and 57% are type II (Li and Chen, 2012).

forward shocy

(4)

FIGURE 4: SNR evolution (a) schematic representation of the evolu-
tion of a SNe into the interstellar medium (b) SN1006 images in the
X-ray from Chandra.

After a star turns into a supernova, the stellar ejecta will expand into the interstellar
medium. The stellar material will be accelerated to speeds greater than the speed of
sound creating a shock front, called forward shock (FS). This shock will slow down
due to interaction with the interstellar medium. As a reaction, a second shock, called
reverse shock (RS), will develop moving away from the forward shock, into the
ejecta. The expanding material, that the blast collects during its evolution through
the interstellar medium, forms the Supernova Remnant (SNR). The SNR evolution
is characterized by three phases: free expansion, in which the FS speed is almost
constant as long as the swept mass is smaller than the ejecta mass; Sedov-Taylor
phase in which most of the energy is transferred from free expanding ejecta to the
shock-heated shell and the SNR expands adiabatically; radiative cooling in which
the shock slows down to velocities below 200 km /s and the temperature of the post
shock will be less than ~ 10° K causing the radiation of H, He, C, O lines to increase
drastically (Helder et al., 2012; Raymond, 1979).

This thesis work is focused on the analysis of the different typologies of extreme
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events described above. With the help of models, numerical simulations and statis-
tical theory we tried to better understand, forecast and reproduce this kind of phe-
nomena. The thesis is organised as follow: in the first chapter will be studied Earth’s
extreme events with the help of statical and reanalysis models; in the second chapter
will be explored the extreme events that characterize the Heliosphere, using both
spacecraft data and numerical simulations; in the third chapter the last category of
extreme events will be analyzed, i.e. the Supernova explosions and their evolution
throught the interstellar medium (ISM), with the help of MHD simulations.



Chapter 1

Extreme events on Earth

Over the 20-year period 2000-2019, 7348 disaster events were recorded worldwide
by the EM-DAT database (www.emdat.be), claiming approximately 1.23 million lives
and affecting over 4 billion people. Among those, 6681 climate-related disasters —
more than two times if compared with the previous 20-year period — affected 3.9
billion people (UNDRR, 2020). The number of people affected by climate-related
disasters and the associated economic damage are growing, as a clear evidence that
the frequency of extreme weather events is increasing in parallel with the rise of the
global average temperature (Seneviratne et al., 2012).

The latest IPCC (Intergovernmental Panel on Climatic Change) report published
in 2022 (IPCC Sixth Assessment Report (AR6))(IPCC, 2022) describes an unequiv-
ocal increase of the Earth’s surface temperature for the next decades. These climatic
changes can lead to significant implications for further related environmental phe-
nomena since, for instance, extreme weather events and rainfall are becoming more
common and heat waves and droughts are expected to be more extreme. Therefore,
the study of extreme events is a key scientific challenge and represents an oppor-
tunity to understand the dynamics of natural hazards possibly related to climate
variability.

Polar regions are the most sensitive world’s zone to ongoing impacts of climate
change, showing the most rapid rates of warming in recent years (Anisimov et al.,
2007). Given the actual trend of climate change, the global impact involves not only
ice melting but it has effects also on terrestrial and freshwater species, communities
and ecosystems. As a consequence, the last event of abnormal temperature recorded
near the Antarctic Marambio base (Watts, 2013) represents a further reminder for the
future, not only for the Antarctic but for the whole planet. In addition to the 20.75
°C temperature value, previous extreme temperatures have been registered at other
sites in the vicinity, such as 19.8 °C observed on 30 January 1982 at Signy Research
Station, Borge Bay on Signy Island and 17.5 °C recorded on 24 March 2015 at the
Argentine Research Base Esperanza located near the northern tip of the Antarctic
Peninsula (Skansi et al., 2017). A crucial question is the acceleration of the global
warming process, in order to understand and, if possible, mitigate potential causes.
In the context of climate changes, probability distribution functions (PDFs) of events,
as for example land surface temperature extremes, are either shifted to higher values
or display enhancements of both tails (see Figure 1.1). In both cases, extreme events
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acquire a greater probability of occurrence, and this is observable locally on rela-
tively short time scales. The warming in the Antarctic does not appear in the same
way for the entire continent. The warming is happening on longer time scales in
the Antarctic Peninsula and West Antarctica but is mostly absent in East Antarctica
(Nicolas and Bromwich, 2014; Jones et al., 2019; Turner et al., 2020). Moreover, the
average summer temperatures in the Antarctic Peninsula have been cooling since
1998 (Turner et al., 2016). This implies that the maximum temperatures are increas-
ing, while the averages are slowly decreasing.

Overall, in the whole Europe and particularly in the Mediterranean area, an increase
in frequency and in the intensity of rainfall extremes at a daily and sub-daily scale
was observed in the last century (e.g., Brunetti et al. 2001; Brunetti et al. 2004b;
Brunetti et al. 2004a; Alpert et al. 2002; Bonaccorso and Aronica 2016), also in spite of
a decrease in total (e.g. annual) rainfall values. In addition, the intensity of the heav-
iest extreme rainfall events is known to increase with global warming in the current
century (e.g., Scoccimarro et al. 2015; Fischer and Knutti 2016; Myhre et al. 2019; Huo
et al. 2021; Hawcroft et al. 2018). As a consequence, many regions belonging to the
Mediterranean Basin - which is characterized by a huge spatial and temporal rainfall
variability (Lionello, Malanotte-Rizzoli, and Boscolo 2006) - have experienced sev-
eral rainfall-induced catastrophic geo-hydrological events, with high economic and
social impacts.

The intensification of the hydrological cycle due to global warming in the Mediter-
ranean area (Zittis et al., 2019) raised the need to carry out several studies based
on future climate projections. These studies mainly reveal that the occurrence of ex-
treme precipitation in a (future) warmer climate can possibly increase (Zittis, Brugge-
man, and Lelieveld, 2021), even if the mean (light/medium) precipitation amount is
predicted to decrease in various zones (Lionello and Scarascia, 2018; Giorgi, Raf-
faele, and Coppola, 2019). Similar considerations can be done for temperature ex-
tremes, clearly more linked to the expected global warming. Heatwaves in the
Mediterranean Basin have been assessed to occur more frequently in the last decades
(Cramer et al., 2018; Molina, Sdnchez, and Gutiérrez, 2020); based on regional cli-
mate model simulations, under the more pessimistic greenhouse gas emission sce-
nario (RCP8.5), authors found an increase of heatwaves over the Mediterranean for
the future, and that the intensity of these events will be stronger in the southern and
eastern part of the Basin.

Although climatological studies are mainly performed using global or regional cli-
mate models, a common approach to study extreme weather events is the adoption
of statistical procedures, such as the statistical extreme value theory (EVT), on differ-
ent datasets. The EVT has emerged as one of the most important statistical theories
for climate observations and for understanding the outputs of numerical models. A
challenge already anticipated by Wigley (Wigley, 1988) and later taken up in a com-
mentary by Coley (Cooley, 2009), who points out the great potential for applications
of extreme value theory on climate change. One of the most important results of
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FIGURE 1.1: Probability of occurence for extreme temperatures. From
the top to the bottom panel three different types of PDF that indicate
an increase of occurence in extreme events are shown. In panel (a) we
have a simple shift of the PDF towards higher values of temperature;
in panel (b) an increases of temperature variability which leads to an
increase in temperature extremes is shown; in panel(c) the increasing
of extreme temperature results in a simmetric change of the PDF with
a corresponding increase of the tails (IPCC, 2012).

EVT, which differentiates it from other statistical approaches, is its ability to esti-
mate the distribution of extreme values using the asymptotic argument. The origins
of the asymptotic characterisation of the maximum sample go back to Fisher and
Tippett (Fisher and Tippett, 1928). The first formalisation of a model of extreme
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events was proposed by Jenkinson (Jenkinson, 1955; Jenkinson, 1969), showing that
there are only three families of possible limit laws for the distribution of extremes,
namely the Gumbel, Frechet and Weibull distributions. These three distributions
can be expressed in a single distribution function known as “Generalized Extreme
Values” distribution (GEV) (Coles et al., 2001a). EVT is currently used in several
fields and especially in the analysis of environmental extreme events. For example
extreme value theory provides a solid theoretical basis for statistical modelling of ex-
treme hydrological events thanks to its many applications on floods (Canfield et al.,
1980; Morrison and Smith, 2002; Tabari, 2021). Several works have used EVT to in-
vestigate atmospheric phenomena in order to understand climate extremes (Hanson
et al., 2007; Marty and Blanchet, 2012; Rypkema and Tuljapurkar, 2021), hydrology
(Burke, Perry, and Brown, 2010; Cannon, 2010) and oceanography (Ruggiero, Ko-
mar, and Allan, 2010; Young et al., 2012). There are also several works using EVT
on rainfall datasets (Katz, 2010; Mishra and Singh, 2010; Besselaar, Klein Tank, and
Buishand, 2013; Bhatia and Ganguly, 2019) and on temperature extremes (Wang et
al., 2013; Huang et al., 2016; Pangaluru et al., 2018b).

In this chapter we will use these techniques on three different regional dataset:
Antarctic continent, Basilicata region and Calabria region. These regions are char-
acterized by different types of climate and by extreme events. We analyzed these
datasets with the EVT approach, with the aim to understand what are the zones
more affected by extreme events and also with the purpose to make a forecast study.

1.1 Methods

1.1.1 EVT theory

Extreme value theory (EVT) is one of the statistical approaches often applied to cli-
mate science (Fisher and Tippett, 1928; Gnedenko, 1943; Gumbel, 1958; Katz and
Brown, 1992; Cooley, 2009; Chavez, Ghil, and Urrutia-Fucugauchi, 2015; Onwueg-
buche F. and M., 2019). It has emerged about 70 years ago and it started to be used in
many different fields. The statistical approach of EVT has been used to study many
phenomena: ocean wave modeling, memory cell failure, wind engineering, manag-
ment strategy, biomedical data processing, thermodynamic earthquakes, meterolog-
ical changes, food science and non-linear beam vibrations (Dawson, 2000; McNulty
et al., 2000; Lavenda and Cipollone, 2000; Harris, 2001; Dahan and Mendelson, 2001;
Dunne, 2001; Kawas and Moreira, 2001). The main objetive of an extreme value
analysis is to quantify the stochastic behavior of a process that assumes larger or
smaller values than what is expected from the mean values. Indeed, the analysis of
extreme values usually requires the probability estimation of events more extreme
than those already observed. There are two approaches that can be followed to ap-
ply this method: the Peak Over Threshold approach (POT) and the block maxima
approach (BM).

The POT approach is defined as follows: if we consider a set of data of a certain
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length, this method consists in choosing a threshold and selecting the data that are
greater than the threshold. The statistic is build up only by the values located above
the threshold and it is described by

1
Glx) =1— (1+é;f) - (1.1)
defined on {x : x > 0and (1 + ¢x/&) > 0}, where
0=0+C(u—mp).

In the above definitions, u is the chosen threshold. The distribution belongs to the
Generalized Pareto family (GPD). The dominant parameter of both distributions is
the shape parameter ¢. It determines the qualitative behaviour of the distributions:
in the case of GPD, if §{ < 0 the distribution of excesses has an upper limitof u — /¢,
while if ¢ > 0 the distribution has no upper bound.

The POT method presents an issue in the determination of the threshold itself. It
varies from dataset to dataset and there is no automatic way to uniquely determine
it. Let xq,...,x, be a sequence of identically distributed and indipendent measure-
ments. Extreme events will be identified by choosing a threshold u, for which the
exceedances will be {x; : x; > u}. The threshold excesses are defined as y; = X(j) — U,
for j = 1,...,k, where the exceedances are labelled as X(1)s s X (K)- The yj may be
deemed as indipendent realizations of a random variable whose distribution can be
fitted by a member of the Generalized Pareto family. It is important to pay attention
to the threshold choice, because it should be neither too low nor too high. There are
two methods that allow us to estimate the threshold.

The first one consists in an exploratory technique applied before the model estima-
tion. It is based on the mean of GPD. If a random variable Y has a generalized Pareto
distribution with parameters ¢ and ¢, the expectation value will be

g

EY) =175

provided ¢ < 0. If ¢ > 0 the mean is infinite. If we now suppose to have a series
Xj, ..., X, that generates excesses of a threshold 1y, we can assume that it can be
described by the GPD. If we denote an arbitrary term as X, the expectation will be

E(X — up|X > ug) = 1%)6 ,
provided ¢ < 0. If the GPD is valid for the excesses of the threshold uy, it will be
valid for all thresholds u > ug. Therefore, for u > ug

Oy

E(X—u\X>u):1_§.

(1.2)
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E(X — u|X > u) is simply the mean of the excesses of the threshold u. If we now
consider 1, observations that exceed 1, we can define the mean residual life plot as

1
{ (u,n Y (xp—u):u< xmax> } ,
=1

where x,,,x is the largest of the X;. The mean residual life plot should be linear above
the threshold ug. The interpretation of the mean residual life plot is often not easy.

Mean Excess

-
0 20 40 60 80
u

FIGURE 1.2: Mean residual life plot for daily rainfall data (Coles et al.,
2001b).

Figure 1.2 shows the mean residual life plot calculated for daily rainfall data from
(Coles et al., 2001b). The dotted area is the 95% confidence interval. It seems from
the Figure that there is a non-linearity for thresholds from u = 0 to u ~ 20, and,
after a little increase of the mean excesses around a threshold u =~ 20, it seems that
starting from u ~ 30 the linearity is kept up to u ~ 60. So we could conclude that
the threshold is ug = 60, but this implies that we have too low exceedances above
the threshold. So for this reason we choose the threshold value as g = 30.

The second method used for the estimation of the threshold is related to the param-
eters of the distribution. If a GPD is used for the excesses of a threshold 1, then
also the excesses of a different threshold u can be described by a GPD. The shape
parameters of the two distributions are the same. If oy is the scale parameter for a
threshold u > ug, then

Oy = 0y, + (1 —up) .
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The scale parameter changes with u unless ¢ = 0. To avoid this problem the scale

parameter is reparameterized as
cf=0,—Cu.

This implies that ¢* is constant with respect to u. Consequently, also ¢ should be
constant with respect to u, and indeed they should be constant above uy, if ug is a
valid threshold for the excesses that follows the GPD . Therefore, plotting ¢* and
¢ against u allows us to choose the threshold u( as the lowest value of u for which
their estimates remain nearly constant.

We report the plot of the scale parameter and of the shape parameter in Figure 1.3
from Coles et al. (2001b).
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FIGURE 1.3: Scale parameter (Top panel) and Shape parameter
(Bottom panel) against threshold for daily rainfall data Coles et al.
(2001Db).

As it can be seen from these two plots, in both cases the parameters are near-constant
up to u ~ 30 and the perturbations are smaller than the sampling errors. Then the
choice of 1y = 30 as the threshold value is the most appropriate for the daily rainfall
dataset.

Once the threshold is determined, it is possible to estimate the parameters of the
GPD through the maximum likelihood estimation (see Prescott and Walden, 1983). If
we consider the k values x, ..., x; of the excesses of a threshold 1, the log-likelihood

estimation derived from Eq. (1.1) will be

k
U(0,&) = —klogo — (1+1/%) ) log(1+¢xi/0),

i=1
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provided (1+ ¢x;/0) > Ofori = 1,.,k and ¢(0,§) = —oco otherwise. Since the
analytical maximization of the log-likelihood is not feasible, a numerical technique
is used to determine the maximization and to extrapolate the parameters (Lemos,
Lima, and Duarte, 2020a).

To asses the quality of a fitted generalized Pareto model four plots, named diagnistic
plots, are being built. The four plots are: density plot, probability plot, quantile plot
and return level plot. Assuming a threshold 1 and a sequence of excesses x(;) < ... <
X (k). the probability plot will be

{(i/(k—i—l),é(x(i))), z':l,...,k} )

where G(x(i)) is the same as in Eq. (1.1), but in this case the parameters have been
maximized (the“indicates the maximized parameter)

G(x):1—<1+§::>_

The quantile plot contains the same information as the probability plot, but they are

Tl

expressed on a different scale. The quantile plot consists of the pairs
{(é—l(i/k +1),xp), i=1, k} ,

where N
Cli/k+1) =u+ 2 [xf-1].
JEan]

If the probability plot and the quantile plot lie close to the diagonal, the data are well
described by the model. The last plot is the return level plot, made by return level
values, i.e., the expected values £,, to be exceeded on average once every 1/p years
and by the return period m. The plot is composed by the pairs {(m, £,,) } where

[(’“éu)ié - 1] ,

| P

{ being the probability for an individual observation to exceed the threshold u. An
example of diagnostic plot is presented in Figure 1.4 from Coles et al. (2001b).

The block maxima (BM) approach consists in dividing a set of data, corresponding to
observations, into sequences (blocks) of a given length which include n observations,
generating a series of block maxima. The block maxima can be fitted with the GEV
(Generalized Extreme Value) distribution:

G(x):exp{— {1+§<x(—rﬂ)]w} , (1.3)

where —co < y < o0, ¢ > 0 and —co < ¢ < oo are the free parameters of the

distribution that are constrained by 1+ ¢(x — u) /o > 0. It is also possible to define,
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FIGURE 1.4: Diagnostic Plot for the threshold exceedence for the daily

precipitations (Coles et al., 2001b). In Figure we can see the Probabil-

ity Plot (Top Left), the Quantile Plot (Top Right), the Return Level
Plot (Bottom Left) and the Density Plot (Bottom Right).

in the case of the BM approach, the return level plot as

Ty(z) :y—%{l— [—logz]{} (1.4)

where z = 1 — p, and log refers to log to base e . A plot of T, against —log(1 — p)
gives the expectation values of a quantity, with a given accuracy, according to EVT.
Return level values are taken in the 95% confidence interval for each station. The
Diagnostic Plot in the case of BM approach is shown in Figure 1.5 from Coles et al.
(2001b).

1.1.2 Empirical Mode Decomposition

In the method known as “block maxima” (BM), extremes are created by dividing the
analysis period into non-overlapping periods of the same size and then choosing
the maximum observation of each new period. The choice of the block size is cru-
cial because a very small block could create distortions, while from too large blocks
only certain extreme values could be selected (Coles et al., 2001b). The choice of
the block length is subject to several considerations. Choosing a time period of one
year, then extrapolating the annual maximum, eliminates the problem of seasonal
periodicity that strongly influences maximum temperatures. This choice, however,
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FIGURE 1.5: Diagnostic Plot for the BM fit to the Port Pirie sea level
data (Coles et al., 2001b). The Figure has the same composition as
Figure 1.4.

greatly reduces the number of extreme events, e.g. in a 30-year dataset there will
only be 30 values. On the other hand, selecting monthly maxima allows for many
more points but does not eliminate the seasonal contribution, clearly changing the
distribution of extreme events. For example, the temperature block maximum in
the spring season (defined as March to May) in the upper Midwest will most likely
be the same as the May maximum, so the three-month block maximum may not be
better approximated than the only May maximum. A block length of 1 year or one
season has been used in several number of studies (Fowler et al., 2005; Papalexiou
and Koutsoyiannis, 2013; Craigmile and Guttorp, 2013). In other works, in an at-
tempt to use as many points as possible and overcome the effect of seasonality, tem-
perature anomalies were used (Lim and Schubert, 2011; Brown, Caesar, and Ferro,
2008). Daily anomalies are calculated as the difference between each daily temper-
ature and an average value. This value varies depending on the day of the year
and is calculated as the average of the daily temperatures recorded over the time
interval analysed, namely AT; = T; — (T;), where (T;) represents the temperature
mean value for the ith calendar day. This definition implicitly assumes the annual
seasonal cycle to be constant and generated by a set of stationary processes. The
validity of this assumption is often questionable due to the non-linear response of
the Sun-Earth system. Irregularities in the seasonal cycle have been observed as
both amplitude (Wallace and Osborn, 2002) and phase variations (Thomson, 1995;
Stine, Huybers, and Fung, 2009; Vecchio, Capparelli, and Carbone, 2010). Therefore,
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following the idea of Vecchio and Carbone (2010), it is possible to use a new defini-
tion of temperature anomalies based on the Empirical Mode Decomposition (EMD)
(Huang et al., 1998). The EMD has been successfully used in many fields (Echeverria
et al., 2001; Battista et al., 2007; Yu, Cheng, and Yang, 2005) including geophysical
systems (Salisbury and Wimbush, 2002; Vecchio et al., 2012; Capparelli et al., 2013).
The EMD decomposes the temperature signal into a finite number of intrinsic mode
functions (IMF) and a residual, which describes the trend, using an adaptive basis
derived from each dataset (Huang et al., 1998), i.e.

T(t) = Y IMF,(t) + ru(t (1.5)
=0

Each IMF represents a zero mean oscillation with amplitude and frequency mod-
ulations that both depend on time (Huang et al., 1998). For each temperature sig-
nal, therefore, it is possible to identify the IMF representing the seasonal oscilla-
tion and subtract it from the original signal, so the new definition of temperature
anomaly is: AT; = T; — §;, where §; is the IMF that describes the seasonal oscilla-
tion, which in a generic dataset can be identified for all stations available by the
index j=1 and for simplicity it is indicated by IMF 1. Using this definition, the
monthly maximum temperatures used in the EVT analysis maintain a satisfactory
number of points and at the same time do not lose useful information from the sub-
traction of a value set by a simple average. In Figure 1.6 we show an example of the
application of the EMD on a sample of temperature data from the United States
Historical Climatology Network (HCN) (https://www.ncei.noaa.gov/products/
land-based-station/us-historical-climatology-network). In this work Cappar-
elli, Vecchio, and Carbone (2011) applied the EMD model to United States stations
located all over the country. Figure 1.6 shows the application of the EMD to two sta-
tions: Holly, CO and Covington, LA. They found that both stations are characterized
by regular and anomalous seasonal oscillations from the time behaviour of the mode
61 (t) (corresponding to our IMF 1). These anomalous oscillations do not occur ran-
domly in time but with some frequency over time. This time, corrisponding to 18.6
years, is related to the nutation motion of the Moon. Therefore, with the application
of the EMD to the temperature data of USA’s stations, they found a relationship be-
tween the temperature seasonal oscillation and the inclination of Moon’s orbit with
respect to the equatorial plane.

1.2 Accelerated climate changes in Weddell Sea region of Antarc-

tica detected by extreme values theory

On 13 February 2020 The Guardian, followed by many other newspapers and web-
sites, published the news that on 9 February 2020, Antarctic air temperatures rose to
about 20.75 °C in a base logged at Seymour Island. This value is not yet validated
by the WMO (World Meteorological Organization), but it is not the first time that an
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FIGURE 1.6: EMD modes times evolution j=1 for the temperature
recorded by (a) Holly, CO. and (b) Covington, LA (Capparelli, Vec-
chio, and Carbone, 2011).

extreme temperature was registered in these locations. The recorded temperatures
have often been described as “abnormal and anomalous”, according to a statement
made by scientists working at the Antarctic bases. Since polar regions showed the
most rapid rates of climate change in recent years, this abnormality is of primary
interest in the context of vulnerability of the Antarctic to climate changes. Using
data detected at different Antarctic bases, we investigate yearly maxima and min-
ima of recorded temperatures, in order to establish whether they can be considered
as usual extreme events or really abnormal, with the help of the Extreme Values The-
ory (EVT). We aim to establish up to date possible acceleration of regional climate
changes (Giorgi et al., 2001; Vaughan et al., 2003), and we try to provide an unbiased
measure of the claimed “abnormality” of recent observed events.

1.2.1 Data and Results

We investigated daily temperatures, available on http://basmet.nerc-bas.ac.uk/
sos/, detected at two different Antarctic bases, whose characteristics and positions
are reported in Table 1.1 and Figure 1.7, respectively. In order to ensure good ac-
curacy of the statistical model, a time series of at least 30 years and a low num-
ber of data gaps are required. For this reason, only two stations of the dataset
have been chosen. An augmented Dickey-Fuller test shows that the data are sta-
tionary, the p-value for significance being of the order of 0.05 (Fuller, 1976). For
each dataset we split the data into sequences of observations of one year length,
and we collected the discrete time series Tl-(m”x) and Ti(mi”), fori = 1...,N, which

represent the annual maxima and minima of temperatures (N being the number
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of years of each dataset). For the selection of the data we made sure that they
were not affected by anomalous effects. High incoming solar flux and high sur-
face albedo result in radiation biases that can occasionally exceed 10°C in summer
in cases with low wind speed (Genthon et al., 2011). The early records from all
stations were made using a Stevenson screen and then later using aspirated radi-
ation shields, overcoming the effects of anomalous solar heating. Another effect
could be related to low speed winds that could lead to a spurious heat up. To by-
pass the problem of low wind we chose the maximum value of the year consider-
ing days with wind speed greater than 2 m/s. It is worth reporting that the whole
Halley dataset may be affected by some heterogeneity, because the station has been
sometimes moved inland from the relatively warm ocean (Turner et al., 2020). We
think that the extreme yearly temperatures we used here should be poorly affected
by the heterogeneity, if any. The information about the quality of data is available
athttps://legacy.bas.ac.uk/met/READER/metadata/metadata.html. The time se-
ries obtained through annual maxima and minima are reported in Figure 1.18.

TABLE 1.1: Information about the used dataset, namely the names of

Antarctic bases, the date from which temperatures are available, lati-

tude and longitude of the bases, the date of the maximum registered

temperature and the maximum registered temperature over the con-

sidered period. Data are available at http://basmet.nerc-bas.ac.
uk/sos/.

Base Record Latitude Longitude  Date of Tyuax  Tinax (°C)

Halley Met  1960/01/24 75°36'45” S 26°11'52" W 1991/12/23 6.13
Rothera Met 1976/04/01 67°34'06” S  68°07'33"W  2003/01/20 8.7

We maximize the log-likelihood function, for T; corresponding to either Ti(max) or

T, subject to variations of GEV free parameters. The log-likelihood is given by

1

(p,0,&) = ~Nlogo — 1+1/€i[1+§<T >] %[Hg(ﬂ;ﬁtﬂ“g

i=1
(1.6)
for ¢ # 0, and

E(y,a):—NlogU—Z<T V) Zexp[ < V)] (1.7)

i=1
for¢ = 0.

The maximization provides the best-fit parameters &, & and /1 for both temperature
maxima and temperature minima, reported in Tables 1.2 and 1.3, respectively.

For the Halley-Met dataset, the plot of the GEV function for annual temperature
maxima, derived using the free parameters obtained through the maximization of
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FIGURE 1.8: (a) - (b) Annual maximum and minimum temperatures
at Halley Met Station. (c) - (d) Annual maximum and minimum tem-
peratures at Rothera Met Station.
TABLE 1.2: Values of the three parameters, with their errors, obtained
from the maximum likelihood estimation method for maximum tem-
perature events. The distribution type is also indicated.
Station oAl 0+ A0 ¢ AL Type of distribution
Halley Met  0.6851 +0.1614 1.1191 £+ 0.1172 -0.0307 £ 0.0901 Weibull
Rothera Met 5.8517 4+ 0.1572 0.9475 4+ 0.1157 0.3721 + 0.1003 Frechet
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FIGURE 1.9: e) - (f) Annual maximum and minimum temperatures at
Arturo Prat Station.

TABLE 1.3: Same information as in Table 1.2, but for minimum tem-
perature events.

Station i A 0+ A0 ¢ AL Type of distribution
Halley Met  -49.9956 £ 0.3817 2.6866 4= 0.2765 0.3789 & 0.0862 Frechet
Rothera Met -28.8881 £ 0.9259 5.6488 £ 0.6472 0.1538 4 0.0805 Frechet

log-likelihood, is reported in Figure 1.10. In the same figure, we report the probabil-
ity plot obtained through the ordered sequence T(;) < T(3), - < T(y) by plotting
the empirical GEV, namely G(E)(T(i)) = i/(N + 1), against the model-based GEV,
namely G(T(;), obtained from (1.3). The linear scaling suggests that data are glob-
ally in agreement with EVT, although small departures from the linear relation indi-
cate small disagreement with the theory. However, the probability plot is bounded
to unity except for few points that do not follow the linear scaling.

To overcome the weakness of the probability plot and highlight possible departures
from the GEV model, the quantile plot is particularly useful. It is obtained by plot-
ting T(;) against the inverse GEV function Ty (i/ (N + 1)). Departures of the quantile
plot from the reference linear relation indicate real extreme values which are not de-
scribed through EVT. Looking at Figure 1.10, panel (c), it can be seen that high values
of G040 are not well reproduced by the linear model, thus indicating a departure
from EVT. This implies the occurrence of abnormally high temperatures with respect
to the expected values of linear climate changes. Even with the limited datasets at
our disposal, the observed change of the linear slope of the data, with respect to
the expected model, is a strong indication that the increase in temperatures can be
considered as really abnormal, even in the presence of little change.

As far as the return level plot is concerned, through eq. (1.4) we can get u as a func-
tion of Ty, such that the log-likelihood function reads ¢ (Tp, o,{), thatis, T, becomes a
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FIGURE 1.10: The four diagnostic plots for maximum temperatures
at the Halley Met Station, as described in the text. Panel a) represents
the density plot, the data are represented by histogram bars and the
solid line corresponds to the fit with the GEV function. The probabil-
ity plot and the quantile plot are reported in panels b) and c), respec-
tively (the full line is the theoretical model). The return level plot is
reported in panel d). The grey area between the dashed lines repre-
sents the 95% confidence interval for the probability of occurrence.

parameter which can be obtained through the maximization procedure for each pe-
riod 1/p. The return level plot is reported in Figure 1.10, panel d), where the dashed
lines represent the 95% confidence interval for the probability of occurrence. Accord-
ing to this plot, we can see that extremes with a theoretical return level (full line) of
hundreds of years, namely extreme events possibly described by EVT, could instead
occur every tens of years according to the real trends (bullets). Moreover, note that
the maximum temperature registered so far Tz(\/’lﬂ ™) — max Ti(max)} , can have a high
probability of being overcome in a few years. This indicates that a model of linear
global warming in Antarctic does not take into account the abnormally high temper-
atures registered in the last years.

In Figure 1.11 we report the same plots as in Figure 1.10, but obtained for the yearly
temperature minima at Halley-Met. The departure from EVT is less evident than
for the temperature maxima. The quantile plot shows very small departures from
the linear expected values. This means that extreme events for temperature minima
cannot be considered as abnormal with respect to EVT. However, the return level
plot shows, as before, an increase of the return probability of the warmest minima of
yearly temperatures, which have a probability of occurrence anticipated with respect
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to the EVT estimate. Also in this case local warming is evident, perhaps anticipating
extreme events in the near future. Moreover, we observe that the temperature min-

ima are expected to overcome the maximum value of temperature minima, namely

(min) (min)| .
T,, "’ =max |T; ,in a few years.
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FIGURE 1.11: Same plots as in Fig. 1.10, but for the annual minimum
temperature values at Halley Met.

We analyzed also the dataset obtained from Rothera Met. In Figures 1.12 and 1.13
we show the same plots as before for the annual maximum and minimum tempera-
tures, respectively.

We found results which are similar to the previous station. The quantile plot evi-
dences, also in this case, a departure from the linear theory for temperature maxima,
even though to a lesser extent with respect to Halley Met.

As we discussed before, the highest temperature reported by the media was found
near Marambio station, in the Antarctic Peninsula. We analyzed available data from
a station close to Marambio, the Arturo Prat station (see Figure 1.7). In this case,
at variance with the previous analysis, for which the temperature maxima were
recorded up to 2019, we add the TI(\,WX) for 2020, under the hypothesis that the
February registered value should probably represent the maximum extreme value
for 2020. Although the length of the dataset is smaller than for the previous sta-
tions, the results shown in Figure 1.14 are very interesting. In fact, the quantile plot
shows a strong departure from the linear model and the theoretical return level plot
changes slope with respect to the previous cases. This suggests that in the Seymour
Island climate changes and local warming are extremely accelerated. The recorded
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maximum temperature in February is anticipated with respect to EVT, which would
have predicted temperatures like that recorded shifted forward by almost fifty years.
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FIGURE 1.12: Same plots as in Fig. 1.10, but for annual maximum
temperatures at Rothera station.
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1.3 Extreme value theory approach for daily rainfall data of
Basilicata, southern Italy

The occurrence of extreme rainfall events has increased dramatically in recent years,
causing ecological, economic and social disasters. It is now well known that the
intensity of the heaviest extreme precipitation events increases with global warming.
How often such events arise in a warmer world is, however, less well defined. Using
the Extreme Value Theory (EVT), daily data of accumulated rainfall in the Basilicata
region - southern Italy - were analysed over a 30-year period. With the help of the
EVT a forecasting analysis can be done, in order to better understand what are the
zones of the region in which there is a higher occurrence of extreme rainfall and
what are the regions affected by the absence of extreme events.

1.3.1 Data

Our analysis is carried out using a historical rainfall dataset of the Basilicata region,
located in southern Italy. Data are provided by the multi-risk centre of the regional
civil protection office of Basilicata (http://centrofunzionalebasilicata.it/it/
scaricaDati.php). The dataset contains information from about 50 stations and
for each station the daily rainfall measurements are recorded from different start-
ing times. The dataset starting times vary from station to station, going from 1928 to
2015. Indeed, some series present data gaps that cover, in many cases, periods longer
than 10 years. The signal of daily rainfall data for the Potenza station is shown in
Figure 1.15(a). This is the most complete dataset at our disposal, with data starting
from 1928 and with a lack of data for only a few years after 1940, a very common
gap in Italy due to the Second World War. In Figure 1.15(b) the Sinni station data are
shown. In this case data start from 2002 and there is no lack of data.
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FIGURE 1.15: Daily rainfall data for (a) Potenza station and (b) Sinni
station.

Since the aim of our work is to carry out a spatio-temporal statistical analysis of
rainfall data, it is necessary an attempt to uniform the dataset in order to make the
analysis as meaningful as possible and to use as many stations as possible. To this
aim we select the maximum number of stations with at least 30 years of continuous
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data in the same time interval, following the indications of the World Meteorological
Organization, which read: “a 30-year period is long enough to filter out any inter an-
nual variation or anomalies, but also short enough to be able to show longer climatic
trends”. This reduces the analysed dataset from 50 to 12 stations covering the time
interval from 1950 to 1980. The stations cover quite uniformly the whole Basilicata
region. Figure 1.16 shows the locations of the 12 stations over the Basilicata region.
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FIGURE 1.16: Geographic distribution of the 12 stations.

1.3.2 Results

The EVT method was applied to the 12 stations using the GPD approach, produc-
ing, for all of them, the so called “diagnostic plots”, namely the Probability Density
Function (PDF), the P-P Plot, the Q-Q Plot, and the Return Level Plot. As already
mentioned in Section 1.1.1, when the GPD is used it is necessary to choose a thresh-
old, in order to select the values that will represent the "extreme values" of the sam-
ple available. As discussed in Section 1.1.1, there are two methods that can help us
to make this choice. The first one is via the Mean Residual Life Plot (MRL). In Figure
1.17 we show the MRL for the Potenza station.

The colored area represents the 95% confidence interval. From Figure 1.17 it is pos-
sible to see a linear behaviour of the curve from u = 0 to u ~ 20 and, after a small
increase of the mean excesses around a threshold u ~ 20, it seems that the curve has
also a linear behaviour up to u ~ 40. For the same reasons discussed in Section 1.1.1,
we can choose the threshold value as uy = 20.

In order to have a more precise determination of the threshold for the Potenza sta-
tion, we can use second the method mentioned in Setion 1.1.1, which uses the pa-
rameters of the distribution for the estimation of the treshold. We report the plot of
the scale parameter and of the shape parameter in Figures 1.18a and 1.18b.

From the two plots, it seems that the parameters are near-constant up to u ~ 15. So
we choose 1y = 15 as the threshold value for the Potenza station. We made the same
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Mean Residual Life Plot

Mean Excesses

u

FIGURE 1.17: Mean residual life plot for Potenza station.

assumption for all the stations we analyze in this work.

Figure 1.19 shows the results for the Potenza station, where the selected threshold
is up = 15 mm. The diagnostic plots indicate that the model appears to be in agree-
ment with the data, although some points in the g-q plot deviates from the diagonal,
that is, the largest extreme rainfall values recorded (except for the last point) show
a greater increase than the expected extreme value. The same behaviour can be
observed in the return level plot, although all the empirical points (blue dots) are
within the 95% confidence interval represented by the red dashed lines. It is im-
portant to emphasise that, while the empirical values cannot exceed a return time
greater than the temporal length of our dataset (30 years), an important property of
EVT is that of being able to estimate a return value (with a certain probability) for
times greater than 30 years.

Through a spatial interpolation, using the Inverse Distance Weight method (IDW),
it was possible to use the return values for all the stations to build up maps of the
return levels on a 1.5° x 1.5° grid with a resolution of 0.1°. THE IDW method is
one of the common used method for spatial interpolation, but it presents several
limitations: it is sensitive to the anomalous values in the datasets and this can lead
to inaccurate predictions; a sparse sampling or a clustering of the sample points can
results in inaccurate predictions; the choice of the weighted parameter can highly af-
fect the resulting estimates leading in some cases to an overfitting or an underfitting
of the data; the lack of statistical rigore since there is non way to quantify the level
of confidence in the estimated values ot to evaluate the accurracy of the predictions;
it is limited to small-scale applications because of its computational complexity and
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FIGURE 1.18: (A) Scale parameter against threshold for the Potenza
station. (B) Shape parameter against threshold for the Potenza sta-
tion.

sensitivity to sample distribution. Figure 1.20 shows the return level maps obtained
from the empirical data at different return times (RT), namely 5, 8, 15, and 30 years.
Figure 1.20 reveals a north-western area where the magnitude of the extreme events
is smaller - for each time scale - than in the south-eastern side, in particular for the
stations facing the Ionian Sea. Observing Figure 1.20, it can be seen that the Nova
Siri station, located on the Ionian Sea, has the highest daily rainfall value at every
return time except for RT=30 years, where the maximum value is reached by the
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FIGURE 1.19: The Diagnostic Plots for the Potenza station.

Miglionico station, located inland and in a central position. This value, the absolute
maximum, corresponds to 249 mm of rainfall accumulated in a single day.

It is important to note that the empirical return values are not known for all the
stations, especially for larger return times (see the last panels in Figure 1.20). This is
because, being an empirical value, it is not always possible to detect it at the same
return time for all the stations. Moreover, since the return time associated to the
empirical data is related to the block size of the sample, not all the stations present
the same values for the last return period. This implies that, for higher return times,
the spatial interpolation was calculated with fewer points. This problem does not
arise for the theoretical return value, since extreme events are estimated theoretically
and for each return time chosen by the numerical procedure (in our case with a
variation of 0.1 years). The theoretical return level maps are reported in Figure 1.21
for return times of 5, 8, 15, and 30 years.

Comparison of the empirical and theoretical return values does not show any strong
differences, except for RT = 30 years. Although with lower rainfall values, the the-
oretical maps confirm the division between the north-western and south-eastern
areas. The comparison between the empirical and theoretical maps highlights the
anomaly of the Miglionico station, located, as already mentioned, in the central part
of the region. For this station, the extreme rainfall recorded is significantly higher
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FIGURE 1.20: Empirical return level maps at different return times

(RT). The red dots indicate the positions of the stations, while the yel-

low lines show the main hydrographic basins, namely: Agri, Basento,
Bradano e Sinni.

than that predicted by the model, as can be seen in Figure 1.22(a), where the empiri-
cal values are higher than expected, even exceeding the limits of the 95% confidence
interval. The same behaviour as for Miglionico can be observed in other stations,
all located in the central area, in particular Cogliandrino, Moliterno and San Mauro
Forte (see Figure 1.22 panels (b), (c) and (d) respectively).

This statement is confirmed and well illustrated in Figure 1.23, which shows the
map of the variation between the empirical and theoretical return levels calculated
for the same return period, AP = RLeyp — RLyy, - It is evident that for shorter re-
turn periods there are areas where the recorded data is lower than expected, while
for longer return periods the central area near the Miglionico station presents the
maximum variation (approximately 80 mm) with the empirical value being consid-
erably higher than the theoretical one.

The results illustrated in Figures 1.22 and 1.23 indicate that for some stations the
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FIGURE 1.21: Theoretical return level maps at different return times
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Bradano e Sinni.

amount of rainfall accumulated in a single day is significantly greater than that ex-
pected from the theory of extreme values. These values can be referred to as “anoma-
lous rainfall” occurring in some areas of Basilicata and specifically in the central part
of the region.

As previously mentioned, one of the advantages of EVT theory is to be able to predict
the return value exceeding the time scale imposed by the dataset. For example, Fig-
ure 1.24 shows the forecast for a return time of 50 years. The highest value is reached
at the Nova Siri station with a daily rainfall exceeding 200 mm and where there is
always a clear separation between the north-western and south-eastern zones.

For the sake of completeness, Figure 1.25 presents a boxplot showing the values of
the theoretical return level and the corresponding error obtained for RT=50 years.
The stations on the x-axis are shown in descending order of height in the basins.
The graph indicates an almost constant trend with altitude, but with two anomalies
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in the central area, i.e. in the stations of Miglionico and San Mauro Forte, which,
together with Nova Siri, present the highest return values associated with a wider
confidence interval (see Figure 1.25).
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FIGURE 1.25: Box-plot of the return value forecast with its corre-
sponding error for RT=50 years.
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1.4 Daily precipitation and temperature extremes in south-
ern Italy (Calabria region)

The application of extreme value theory (EVT) to study daily precipitation and tem-
perature extremes in Calabria region (southern Italy) is performed, mainly consid-
ering a long-term observational dataset (1990-2020), and also investigating the pos-
sible use of the ERA5 (ECMWF Reanalysis v5) fields. The Calabria region (south-
ern Italy), in the central Mediterranean, is an area particularly prone to heavy rain
events and heatwaves. The region has a complex orography with several mountain
chains and a marked land—sea contrast that leads to the coexistence of different lo-
cal atmospheric circulation regimes. Several papers dealt with the topic of severe
weather events in the Calabria region, in particular heavy rains, both adopting sta-
tistical / climatological approaches (Federico et al., 2009; Federico et al., 2010; Greco,
De Luca, and Avolio, 2020), and through in-depth analyses of remarkable extreme
episodes (Avolio and Federico, 2018; Federico, Bellecci, and Colacino, 2003; Federico
et al., 2008b; Avolio et al., 2019) in order to study their characteristics and dynamic.
Federico et al. (2009), in particular, showed a first exploratory analysis on a 30-year
(1978-2007) homogeneous precipitation database for the Calabria region (daily pre-
cipitation / 88 rain gauges), permitting to assess the key roles of the orography and
the sea, as well as the seasonal dependence of rainfall unequivocally linked to the
synoptic scale conditions. As a general deduction, despite yearly precipitation being
larger on the west side of the region, the most intense rainstorms are more frequent
on the east side. In continuation of a work (Federico et al., 2008a) that provided
a first classification of atmospheric patterns for the Calabria region, a recent study
(Greco, De Luca, and Avolio, 2020) classified the main precipitation systems through
the analysis of selected heavy rainfall events, taking into account a high resolution
raingauge network. This work also assessed the relationships between the selected
events and the main synoptic atmospheric patterns derived by the ERA5 Reanalysis
dataset.

The works that have dealt with (extreme) temperatures in Calabria are fewer. Among
them, considering a long-time period of monthly mean values and extreme daily
temperatures in southern Italy, Caloiero et al. (2014) and Caloiero et al. (2017) re-
vealed a positive trend in spring and summer and a negative trend in the autumn-
winter period; specifically, regarding the extreme temperatures, authors observed an
increase in the frequency and intensity of the highest temperatures and some nega-
tive trends for the lowest ones, i.e., a major (minor) probability of heatwaves (cold
extremes) throughout the years.

Observational datasets represent the best data source for carrying out reliable sta-
tistical studies; at the same time, the availability of long-term data series is often a
problem in several zones, as there are still large areas not sufficiently covered by
measurements. In this context, the use of regularly gridded data as those derived
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from modelling products (reanalysis) would help, as they are not affected by prob-
lems of spatial/temporal availability. Despite this, previous works demonstrated
the limited skill of the reanalysis in correctly reproducing extreme values, if com-
pared with other datasets (observations in particular). Reder et al. (2022) considered
ERAS5 hourly precipitation over Europe to study extreme values and found that re-
analysis represents a good reference for general mean statistics (e.g., spatial pattern
of annual precipitation, multi-year cycle of monthly precipitation), but the coarser
resolution of the dataset tends to generate a smoothing of extreme precipitation, con-
firming the need of adopting highly localised data and/or dynamical downscaling
procedures. A similar study, focusing on Germany (Hu and Franzke, 2020) and con-
sidering the precipitation field, assessed a general underestimation of precipitation
of various gridded data with respect to observations; the reanalysis datasets (ERA5
in this case) give generally worse extreme value statistics of daily precipitation, in
particular failing in reproducing the accurate timing of observed daily precipita-
tion extremes. Concerning extreme temperatures over Europe, Velikou et al. (2022)
also considered ERAS fields; although the reanalyses captured the mean tempera-
tures very well, the results over some European sub-regions (e.g., the Alps and the
Mediterranean, in particular) revealed that ERA5 underestimates temperatures. The
main differences with observations can be mainly attributed, according to the au-
thors, to the altitude differences between ERA5 grid points and stations. This work
presents the first use of the EVT extreme value theory to study temperature and
heavy rain in Calabria region, considering a long-term observational dataset and
also investigating the possible use of gridded reanalysis data.

1.4.1 Data and study area

The study area is the Calabria Peninsula, in southern Italy. The region is surrounded
by the Tyrrhenian Sea (west) and by the Ionian Sea (east and south). The Apennines
Mountains ideally separate the region into two sectors, crossing it from north to
south more or less symmetrically; a maximum elevation of about 2000 m is reached.
Daily extremes are computed taking into account a wide (regional) network of rain-
gauges and temperature sensors (see next paragraph). State-of-the-art atmospheric
reanalyses are also considered, to evaluate the ability of modelled gridded data in
reproducing extreme daily values over Calabria.

1.4.2 Observational dataset

We used the network of the “Regional Functional Center” of the Calabrian Regional
Agency for environmental protection (http:/ /www.cfd.calabria.it). The whole dataset
of daily temperature and precipitation data from 1990 to 2020 (31 years), distributed
quite uniformly over the whole region, was initially considered. Although the data
are quality-controlled by the center before being granted for research activities, we
also adopted further selection criteria that permitted to retain 38 points/stations,
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FIGURE 1.26: Spatial distribution of observations and reanalysis: ob-
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Filled circles indicate the selected points for each zone. The black

numbers indicate the 8 climatic zones (delimited by dotted contours).

The orography of the regions and some locations cited in the text are
also shown.

starting from a larger number of them (254 raingauges and 137 thermometers). In
particular, it was retained: (i) each station equipped with both rain gauges and tem-
perature sensors; (ii) each station with possible missing data less than 3 years, even
non-consecutive, considering the whole 31-year period. Using these criteria the per-
centages of missing data are 3.5% for temperature and 3.7% for precipitation. Start-
ing from hourly data, we computed the daily accumulated (0-24 hours) precipitation
and the daily maximum (Tmax), minimum (Tmin) and mean (Tmean) temperatures.
The spatial distribution of the selected stations is shown in Figure 1.26. In the fig-
ure, eight zones in which the region has been ideally divided are also visible; the
spatial extensions of these zones are comparable and they divide more or less uni-
formly the Calabria region in the western (1-2-3-4 zones) and eastern (5-6-7-8 zones)
sides, as well as in the northern (1-5 zones) and southern sides (4-8 zones). We
used this subdivision too, following that proposed by the Calabrian Regional Civil
Protection (https:/ /www.protezionecivilecalabria.it), responsible for disseminating
weather-marine warnings on the region, also in order to make our results easily ac-
cessible (and usable) to the bodies responsible for the managment of weather alerts
and emergencies. From each of these zones, one station was selected and taken as
representative of the area (see Table 3.1) taking into account the stations with less
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missing data and closest to the ERA5 gridded points; for each of these eight stations,
the extreme values of daily temperature and precipitation have been computed fol-
lowing the Extreme Value Theory (see Section 1.1.1). In the same table, for each
station we report the averaged mean temperature (Tayg) and average annual precip-
itation (ANP), considering the 31-years period, in order to provide some information
about the climatic conditions of the different stations/zones.

Zone | Station name lon-lat lon-lat (ERA5) | Alt. (msl) | Tavg (°C) | ANP (mm)
1 Castrovillari 16.25-39.77 16.15 - 39.80 353 16.3 646
2 Montalto U. 16.13 - 39.40 16.15 - 39.30 468 15.7 1459
3 Nicastro 16.30 - 38.99 16.40 - 39.05 200 14.5 1139
4 Reggio Calabria | 15.65-38.11 15.65 - 38.05 15 18.7 591
5 Acri 16.39-39.48 | 16.40-39.55 790 13.2 901
6 Crotone 17.13-39.09 | 17.15-39.05 5 17.9 630
7 Palermiti 16.45 - 38.75 16.40 - 38.80 480 14.6 1230
8 Serra S. Bruno 16.32 - 38.57 16.40 - 38.55 790 11.1 1630

TABLE 1.4: The eight zones and the related representative sta-

tions/ERAS points used in the analysis. Longitude, latitude and alti-

tude (this only for observational stations) are also reported. The po-

sitions of each station, for each zone, are identified by the blue filled
circles on Figure 1.

ERAS5 Reanalysis

With the aim of evaluating also the skill of the large-scale atmospheric reanalyses
in reproducing daily extreme values, we used the global climate monitoring dataset
ECMWF ReAnalysis (ERA5; Hersbach et al. (2020)). The ERADS fields are available
hourly on regular latitude-longitude grids at 0.25° x 0.25° resolution. The fields
taken into account are the hourly total precipitation and the 2m temperatures for
the whole 31-years period; starting from these data, the daily ones are computed.
Also the points of the ERA5 dataset are shown in Figure 1.26. Because of the coarse
horizontal spatial resolution, the number of ERA5 points is limited (about 30 points
on the whole region, clearly uniformly arranged) but comparable with the retained
measuring stations.

1.4.3 Results and Discussion
EVT reliability

The purpose of this section is to evaluate the reliability of the EVT on the avail-
able datasets, in order to assess the daily extreme rainfall and temperatures over the
whole region.

Diagnostic plots for the selected stations

We present the results obtained with the application of the EVT on the observational
dataset. In particular, in this section we primarily comment on the application of
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the theory on the selected eight stations previously defined. We have used the POT
method for the precipitation and the BM method for the temperatures; in the follow-
ing we will use these terms to indicate the two EVT techniques applied to the two
datasets. We used two different python packages in order to apply the POT and BM
methods on the available dataset. For the POT method we used the software devel-
oped by Lemos, Lima, and Duarte (2020b) while for the BM approach we used the
software developed by Correoso (2019). In Figure 1.27 the diagnostic plot obtained
via the application of the POT method on the rainfall data of Crotone station is re-
ported. This station is chosen as representative, in terms of extreme events, for zone
6. The diagnostic plot is composed of 4 sub-plots: the Probability Density Function
plot (PDF), the Probability Plot (P-P plot), the Quantile Plot (Q-Q Plot) and the Re-
turn Level plot. The distribution of the values above the threshold is reported in the
PDF plot, while the P-P plot and the Q-Q plot are graphical methods for comparing
two distributions (theoretical and empirical) and they are basically the same plots,
but expressed on a different scale; if the data are adequate to model the extreme
daily values of precipitations through the adopted theory, they have to lie on the
diagonal of these plots. Through a Spearman’s correlation coefficient we quantified
this correspondence between empirical and theoretical return level obtaining for the
station of Crotone the 0.94 value. The final plot is the Return Level Plot that gives a
probabilistic estimation of the repetition of an extreme event.
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FIGURE 1.27: Diagnostic plot for the extreme rainfall data of the Cro-

tone station: (a) Probability Density function, (b) Probability Plot, (c)
Quantile Plot and (d) Return Level Plot.

Figure 1.27(a) shows the distribution of the extreme values, extreme rainfall in this
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case, above threshold values. They are presented as excess — 1y, where ug is the
threshold value used for the station ( in this case the threshold is set to be g = 10 mm
) and it differs from station to station. The distribution has the maximum values
located between 10 mm and 60 mm and it is possible to observe a long tail of values
that represents extreme rainfall events (less probable but more extreme).

Figures 1.27(b) and (c) permit us to assess if the adopted POT method is appropriate
to describe the considered event. In these two plots most of the points lie close to
the diagonal except for one. This point appears to be not well described by the POT
model and this could be due to the fact that this type of event is extremely rare. A
similar behaviour is also shown in the other stations in which more points do not
lie close to the diagonal. It is possible to define them as “abnormal” because they
are out of description for the EVT. In the panel (d) of Figure 1.27 the Return Level
Plot is reported, which gives a probabilistic forecast of extreme rainfall events based
on the extreme events detected by the station. All values (also the abnormal ones)
are in the confidence interval of 20, and the POT model (black solid line) seems
to describe the behaviour of the data very well, except for a few points. For these
cases the EVT theory seems to either overestimate or underestimate some observed
extreme values. In the case of the overestimation, the extreme data events appear
below the theoretical line and we can define them as “delay” because it seems they
happen after the time expected from the theory. In the case of underestimation the
data are located above the theoretical line and we can define them as “advances”
because they occur before what is expected from the theory. We have already seen
this behaviour for some points in Section 1.3.2, in the Basilicata work, in which we
reported these “advances” and “delays” in Figure 1.23. The red areas are the one
interested by the “delay” phenomena, while the blue areas are the one interested by
the “advances”.

Before showing the same plot for the temperature data, it is usefull to apply the
EMD method discussed in Section 1.1.2 to the available dataset. As already men-
tioned in the Section 1.1.2, the choice of the block length for the application of the
BM approach could be affected by seasonal periodicity problems. To avoid these
problems, we apply the EMD method to the whole dataset. We show in Figure 1.28
the application of the EMD to the Crotone station.

In Figure 1.28 we show the maximum daily temperature recorded at the Crotone
station (black dots); the purple signal is the one used in the EVT analysis obtained
by subtracting from the monthly maxima the IMF 1 extrapolated from the monthly
mean temperature.

Figure 1.29 shows the diagnostic plot (obtained via the application of the BM method)
for the extreme temperature, also in this case for the Crotone station. The plot com-
position is the same as Figure 1.27. The Density Plot differs from that seen for the
rainfall case because we used a different approach of EVT (i.e., the BM approach).
We used the GEV model, which takes into account the maximum values of the tem-
perature for each month of the dataset. The Density Plot (Figure 1.29(a)) shows the
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FIGURE 1.28: Maximum daily temperature recorded at the Crotone

station (black dots), evolution of monthly maximum temperatures be-

fore (red line) and after (purple line) subtracting the seasonal mode

obtained with the EMD decomposition. The rigth y-axis shows the
IMF 1 amplitude (green line).

distribution of the maximum temperature values. The distribution does not appear
symmetric, but it exhibits a pronounced tail in the right side of the figure. This indi-
cates the presence of high extreme temperatures. Figures 1.29(b) and (c) are similar
to the plot shown for the rainfall case. Most of the points lie on the diagonal ex-
cept for a few of them, indicating that the adopted GEV approach well describes the
dataset of extreme temperature. Again, a Spearman’s correlation coefficient between
empirical and theoretical return level was calculated, obtaining for the temperatures
in Crotone a value of 0.95. The Return Level Plot (Figure 1.29(d)) shows a similar
behaviour as the rainfall data, but in this case some values do not belong to the
confidence interval of 2¢. These points are probably the "abnormal" data discussed
before and the BM method fails in their description.

We computed the diagnostic-plots for all the other seven stations/zones (we chose
not to show them), for both precipitation and temperature extremes. Considering
the other zones, we found that the results are quite similar to zone 6 (see appendix in
Prete et al. (2023)). From the analysis, it is evident that the higher values of extreme
precipitation are detected in the zones located in the eastern side of the Calabria
region (along the Ionian sea). These zones are characterised by more extreme rainfall
events, with respect to the zones along the Tyrrhenean sea, and this is in agreement
with several previous works confirming that the east side of the region is mainly
affected by higher precipitation events. An inverse behaviour was found for extreme
temperatures; from the results obtained with the application of the BM method, the
highest extreme values appear located on the western side of the region, i.e. along
the Tyrrhenian sea.
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FIGURE 1.29: Diagnostic plot for the extreme temperature data of
the Crotone station: (a) Probability Density function, (b) Probability
Plot, (c¢) Quantile Plot and (d) Return Level Plot.

Return level maps for the observational dataset

In this section we discuss the application of the EVT method on the whole observed
dataset. The purpose of this analysis is to qualitatively compare, in terms of return
periods, the areas affected by daily precipitation and temperature extremes. Clearly,
the maximum time interval for which such a comparison can be made is 31 years
(i.e., the time interval in which the observations are available). The return level plots
give us the probability that a certain event will be expected into a certain return
period interval; this probabilistic method allows us to better identify the regions
subjected to extreme phenomena.

In Figures 1.30(a) and 1.30(c) we report the maps of the empirical (i.e., considering
the observed daily precipitations) return level for 10 and 30 years, respectively, while
Figures 1.30(b) and 1.30(d) are the theoretical (i.e., applying the POT method on the
observed daily precipitations) return level maps for 10 and 30 years, respectively.
These maps, like all those in this section, are produced using the Inverse Distance
interpolation method, considering all the available points (Figure 1.26).

The maps have similar characteristics, with the same features of daily extreme rain-
fall, as also anticipated in the diagnostic plots of Figure 1.27 (although they refer
to a single station). Comparing the 10- and the 30-year return periods, a general
increase in extreme rainfall values is visible. These probabilistic results, based on
observations, can be used to assess the expected intensity of extreme precipitation
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FIGURE 1.30: Comparison between daily rainfall return level maps
for return periods of 10 and 30 years. Return level maps for the ob-
served data (a,c) and from the POT model (b,d).

events, providing a useful complementary tool to climate projections and models,
that hypothesise, in the coming years, an increase of such events.

For these fixed return periods, it is easy to identify a zonal gradient of extreme pre-
cipitation over Calabria, with the south-eastern part of the region most affected by
such events (the Ionian areas, in particular), as opposed to the north-western part.
This occurrence is found both by considering only the observational data and the
application of the POT method, with values up to 300 (400) mm/day for the fixed
return period of 10 (30) years. The result is not surprising since, as said in the intro-
duction, several studies already assessed how intense rainstorms are more frequent
on the east side of the region. As also confirmed by the aforementioned works (e.g.
Federico et al. (2009)), the role played by the orography of the region and by the pre-
vailing synoptic conditions associated with extreme precipitation events in southern
Italy is visible in this case. In such situations, in fact, the presence of a cyclonic area
located in the southern Ionian Sea (Federico et al., 2008a) prevails, which draws
more unstable and humid air on the Ionian coast of Calabria. The contrast between
these air masses with the terrain and the orography of the region, in particular the
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Aspromonte mountain range, causes an uplift of the air masses and a consequent in-
crease in convective instability conditions (see, for example, the case study analysed
in Avolio and Federico (2018), and this results in a significant amount of precipita-
tion windward of the orographic reliefs.

In Figures 1.31(a) and 1.31(c) we report the maximum temperature maps of the em-
pirical (i.e., considering the observed daily maximum temperatures) return level for
10 and 30 years, respectively, while Figures 1.31(b) and 1.31(d) are the theoretical
(i.e., applying the BM method on the observed daily maximum temperatures) re-
turn level maps for 10 and 30 years, respectively.
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FIGURE 1.31: Comparison between daily max temperature return
level maps for return periods of 10 and 30 years. Return level maps
for the observed data (a,c) and from the BM model (b,d).

Also in this case the maps have similar characteristics, with the same extreme tem-
perature features, as also anticipated in the diagnostic plots of Figure 1.29.

Considering the fixed return period of 10 years, the areas most affected by extreme
daily temperatures, and therefore by possible heatwaves, are the flat areas of the
region, in particular those on the Tyrrhenian side. Observing the differences between
the 10- and the 30-years return periods, we can see a general increase of the daily



1.4. Daily precipitation and temperature extremes in southern Italy (Calabria

; 47
region)

extreme temperature values. As for the case of daily precipitation, it is possible
to use these results to obtain information on the local effects of a general global
warming possibly linked to the ongoing climate change. Considering the 30 years
return period, the daily extreme temperatures, besides being higher, seem to be more
concentrated in the southern part of the region, although it is possible to note a little
area interested by high temperature values also in the north part. The observed data
(Figure 1.31(c)) suggest an intensification of extreme maximum temperature events
in the south-eastern areas of Calabria, while those obtained from the application of
the BM method (Figure 1.31(d)) confirm the feature seen in the 10-year return period
maps, with the Tyrrhenian part most affected by these extreme thermal features.
The empirical (based on observed data) and the EVT maps are very similar; this im-
plies that, both for daily extreme precipitation and temperature, the EVT applied on
the observations describes very well their behaviour.

In considering these first results, it is important to point out the significant differ-
ence in the number of available stations over the region. In particular, the eastern-
northeastern part of Calabria (zone 6 and 5, above all) is much less covered by obser-
vations (see Figure 1.26) and, therefore, also the interpolation procedure for creating
the maps is inevitably conditioned by this fact.

Return level maps for the reanalysis dataset: comparison with observations

In this section we evaluate the possible use of ERA5 reanalysis data in studying ex-
treme weather events, since regular gridded data are not affected by spatial /temporal
availability problems. We consider the results obtained from observed data and from
ERAS5, comparing the return level maps for a fixed return period of 10 years, both
for temperature and precipitation.

In Figure 1.32 we show the return level maps of extreme daily rainfall; Figure 1.32(a)
is the same as 1.30(a) (here duplicated, to allow a direct comparison), while Figure
1.32(b) is the map obtained by the EVT theory application (POT method) on the
reanalysis. In order to better comment on the results, we reduced the colour scale
values on the maps, mainly because the maximum extreme rainfall values for the
ERADJ data are significantly lower. Figure 1.33 is the same as Figure 1.32 but for the
daily extreme temperatures (BM method).

A general and unquestionable underestimation is evident for the ERA5 data with
respect to observations, both for precipitation and temperature. For the extreme
daily rainfall, differences between observations and reanalysis even higher than 200
mm are clearly visible in several zones (mainly in the southeast). The general be-
haviour of the rainfall is similar, with the eastern part of the region most affected
by extreme precipitation. A poor agreement is noticeable in the southeastern part
of the region, the most affected by heavy rain based on observations, but where the
reanalysis failed to correctly reproduce the high rainfall values. As usual, a separate
comment applies to the northeastern part of Calabria where, as already said, there is
a general lack of weather stations (see Figure 1.26); for this reason, we cannot obtain
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useful information by the POT method application in this area. Also for the daily
extreme temperature, no useful information can be drawn on the northeastern part
of the region, due to the lack of stations. The areas most affected by extreme daily
temperatures (based on observations) are the Tyrrhenian ones, as already seen in the
previous section. The ERAS fields fail to correctly identify this behaviour, except
for the southwestern side of the region, instead showing a greater predisposition to
extreme temperatures in the southeastern area (not confirmed by observations).

10 years 10 years
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FIGURE 1.32: Comparison between daily rainfall return level maps
for a return period of 10 years. Return level map for the observed
data (a) and for the ERA5 data (b).
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FIGURE 1.33: Comparison between daily max temperature return
level maps for a return period of 10 years. Return level map for the
observed data (a) and for the ERA5 data (b).

This general underestimation is not surprising, and it is in agreement with previous
works ((Hu and Franzke, 2020; Velikou et al., 2022; Reder et al., 2022)) that have tried
to use ERADS fields for highly localised climatic studies.

To further highlight this aspect, also providing a more quantitative result, we show
in Figure 1.34 a punctual comparison (only for the Crotone station) between the
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return levels obtained using both observed data and ERAS reanalysis; in this case,
we show the return levels computed both considering the original datasets (OBS and
ERADJ5) and the EVT results. Figure 1.34(a) refers to extreme precipitation and shows
the return level of the observed data (black dotted points) and the return level of
the POT method (black solid line) applied on the observations. In the same plot we
present the results from ERAS5 data (blue dotted points) and the return level of the
POT method (blue solid line) applied on the reanalysis. Dotted lines indicate the
error confidence intervals.
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FIGURE 1.34: (a) Comparison between observed and ERAS5 return

levels for daily precipitations, for Crotone station. (b) Comparison

between observed and ERAS return levels for daily temperature max-
ima.

It is evident the discrepancy between the plots and the general ERA5 underestima-
tion with respect to observations, although the application of the POT method pro-
vides, also on the reanalysis, valuable results (see blue dotted points vs blue solid
line). Similar findings can be seen in Figure 1.34(b), for the temperature daily max-
ima. Here the differences, in terms of temperature values, appear more pronounced
and also in this case the application of the BM method seems to work quite well.

As regards the ERA5 underestimation of the extreme values, it emerges that the re-
analysis does not seem capable of well grasping the localised dynamic characteristics
influencing the temperature and rainfall fields in the region. Regular gridded mod-
elled data represent a valid and promising tool also for these types of analysis, even
irreplaceable in the vast worldwide areas not sufficiently covered by observations,
and the EVT technique also applied to ERA5 seems to work well. However, the
fact that the reanalysis unequivocally underestimates the observed extreme values

prompts us to perform our further EVT analyses only considering the observational
dataset as reference.
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50 and 100 years Return levels

We present in this section the 50 and 100 years return levels by applying the EVT
to the whole observational dataset. This probabilistic approach allows the identi-
fication of the Calabrian areas likely most affected by daily extreme precipitation
and maximum temperatures in the future. We show the return level maps obtained
from the application of the POT (for rain) and the BM (for temperature) methods
for each available station. The analyses were carried out for the fixed return pe-
riods of 10, 30, 50 and 100 years. Since the return level maps for 10 and 30 years
were already commented at the beginning of the Section 1.4.3 (Figures 1.30 (b, d)
and 1.31 (b, d)), we report in this section only the maps referring to the 50 and 100
years return periods. Figures 1.35 (a) and (b) show the return levels at 50 and 100
years, respectively, for the extreme daily rainfall. The figures clearly show two dis-
tinguished regions in which the rainfall extreme events have different features. The
southeastern part of the region represents the area most affected by extreme daily
precipitation, unlike the northwestern part. The behaviour, in terms of precipitation
patterns, is very similar for all the return level periods. Observing Figure 1.26, we
can see how the stations are well distributed over the region except for the north-
eastern part; in this area there are no predicted extreme precipitation values, but we
cannot really quantify the role of the EVT theory, just because of the lack of obser-
vational data, as already mentioned in the previous sections. On the other hand, the
fact that the most intense precipitations in Calabria occurs in the southeastern part
of the region is a further confirmation of previous work results (Federico et al., 2009;
Greco, De Luca, and Avolio, 2020). A sensible intensification of extreme rainfall is
evident, as the return periods increase, in qualitative agreement with the increasing
incidence expected by the climate projections. The Aspromonte, and the areas east
of the mountain range, are the most affected zones for daily extreme precipitation.
For the 50-years return period, extreme values up to 500 mm/day are predicted in
this zone, and the daily extreme precipitation assumes even greater values (up to
600 mm/day) if a return period of 100 years is considered.

Figure 1.36 (a) and (b) show the return levels 50 and 100 years respectively, for the
extreme daily temperatures. As already seen for the return periods of 10 and 30 years
(Figure 1.31(b),(d)), also these probabilistic projections suggest that the areas most
affected by extreme daily temperatures will be the Tyrrhenian flat areas. The central
part of the region seems not affected by daily extreme temperatures, also because it
is in the central areas that the main mountain ranges of the region are distributed,
while the lack of observations in the northeastern part does not permit extracting
very useful information for this area by applying the EVT. Also for temperatures,
an intensification of the daily extremes is visible as the return periods increase, in
agreement with the ongoing global warming.

Heatwaves with maximum daily temperatures up to 40°C are expected in the next
100 years and the southern part of Calabria is the area mainly affected; it is even
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FIGURE 1.35: Return Level map of extreme rainfall for a fixed return
period for all of the Calabria stations. Return level map for a return
period of 50 years (a) and 100 years (b).
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FIGURE 1.36: Return level maps of extreme temperatures for fixed
return periods for all of the Calabria stations. Return level map for a
return period of 50 years (a) and 100 years (b).

more interesting to note how, in the same areas, differences of maximum daily tem-
peratures of about 2°C are visible, considering the 50 and the 100 years return pe-
riods. The maps obtained at 50 and 100 years (Figures 1.35 and 1.36) represent a
great advantage of EVT theory, namely to be able to provide a forecast of the return
value exceeding the time scale imposed by the dataset (in our case of 31 years). The
values shown in the maps refer to the most probable RL, but each has a confidence
interval highlighted by the dotted lines in the return level plot (see Figures 1.27(d)
and 1.29(d)). The error for each station is impossible to be shown in a single map,
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thus we decided to report two further figures showing the precise RL values and the
related confidence intervals for all the stations listed in Table 3.1 (Figure 1.37 and
1.38). It is important to highlight that these results are strongly conditioned by the
choice of the stations. From the box-plots it is easy to see how the representative
stations of zones 7 and 8 are those more prone to an intensification of extreme daily
precipitation events over the years, i.e. the areas on the southern Ionian side, where
values between 350 and 400 (450 and 500) mm/day are predicted, for the return pe-
riod of 50 (100) years. Considering instead temperatures, the future incidence of heat
waves is more likely in the representative stations of zones 4 and 6, i.e. the south-
ern Tyrrhenian side and the eastern part of the region respectively, where maximum
daily temperatures between 36 and 37 (36 and 38) °C are predicted for the return
level of 50 (100) years.
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FIGURE 1.37: Return levels (daily precipitation) and respective dis-
persion intervals for the representative stations listed in table 1 (Z1-
Z8), obtained at 50 (panel a) and 100 (panel b) years.
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FIGURE 1.38: Return levels (daily maximum temperatures) and re-
spective dispersion intervals for the representative stations listed in
table 1 (Z1-Z8), obtained at 50 (panel a) and 100 (panel b) years.
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1.5 Conclusions

In this Chapter we applied the EVT method to different datasets of three different cli-
matic regions. We obtained different result from the application of the various EVT
approaches, also because the different zones are characterized by different types of
climatic phenomena.

In Section 1.2, using the EVT, we showed that Antarctic, perhaps the Earth region
most vulnerable to climate changes, is affected by this phenomenon with high prob-
ability. Unfortunately, since this behaviour seems to be quite recent, only datasets of
limited length are at our disposal up to now. This does not help us in making predic-
tions with the desired accuracy, as far as the return values of maximum/minimum
temperatures are concerned. However, we find that in all the cases we analysed, the
maximum recorded temperature could be exceeded in a few years, indicating that
the current period of global warming is an evidence that cannot be disregarded. On
the other hand, if the maximum/minimum temperatures were in agreement with
EVT, the maximum recorded temperatures would be exceeded again in more than a
few tens of years.

A disagreement with respect to the linear relation for the highest temperatures in
the quantile plots is evident in all the datasets we investigated. Some extreme tem-
peratures, depending on the sampling, do not follow the linear behavior expected
from EVT, but they appear to abnormally exceed the predictions of extreme events.
To understand the goodness of the fit we used the chi-square test for the probability
plot, and we found that x? values are in the range [0.08215, 0.17358]. Since the good-
ness of fit is overall high, as evidenced from the probability plots, the anticipating
probability of returns of extreme events with respect to EVT is a strong indication
that accelerated climate change is at work in the Antarctic. Moreover, the disagree-
ment of the data with respect to the theoretical linear shape in the quantile plots is
a clear further signature that the maximum/minimum temperatures recorded so far
could be considered as really abnormal, even with respect to the actual rate of cli-
mate changes.

We found evidences of departures from EVT for temperature maxima, while minima
seem to follow EVT, thus globally indicating a rapid shift of the highest temperature
PDF towards higher values. It is however interesting to remark that the departure
of minimum values from EVT is evident in the return plots. Moreover, there is a
clear difference between the various stations which is obviously related to the local
geographic location. In particular, it is evident that the maximum value TIEZZ ) of
minimum temperature registered so far has a great probability to be rapidly over-
come in few years at Halley Met station, while this is not so obvious for Rothera Met
station. In other words, the system seems to be particularly sensitive to local factors
of the climate system which affect the dynamics (Bodart and Bingham, 2019). In par-
ticular, in our case this results in a local acceleration of the enhancement of minimum
temperatures at Halley Met rather than at Rothera Met. This could be due to the ef-
fect of El Nifio Southern Oscillation which influences the mass changes from region
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to region (Bodart and Bingham, 2019). As mentioned before, the disagreement with
EVT we evidenced can be interpreted as acceleration of warming in some regions of
the Antarctic, perhaps much faster than the warming recorded through global av-
erages (Bodart and Bingham, 2019), as results from the return plots. If confirmed,
this opens new scenarios concerning local, possibly abrupt acceleration of climate
change, thus strongly influencing and constraining the alert for the determination of
the tipping point in the world’s extremely vulnerable greatest repository of ice.

In Section 1.3 we analyzed the daily rainfall data for some stations in Basilicata,
southern Italy. Unfortunately, some of them were ruled out because they presented
a lack of data, and others were also excluded because the dataset did not cover a
range of 30 years. We applied the extreme value theory statistics to analyze the
data of each station, and in particular, we used the Generalized Pareto Distribution
(GPD), which allows choosing a threshold from a sample of data and considering
the value above this threshold as extreme events. We showed the results of the sta-
tistical analysis in Figure 1.19. We chose to show the plot of Potenza station because
the others are similar to this, except for the return plot that seems to differ from case
to case. From Figure 1.19 it is evident that the model works very well because all the
points lie on the diagonal in the P-P plot. So this implies that there is a good agree-
ment between the model and the empirical values. The most important diagnostic
plot is the return plot, that enables to make predictions. We presented also a few
return plots (Figures 1.19 (d), 1.22(a),1.22(b), 1.22(c)) to show the difference between
the various stations. It can be seen that for many stations, the empirical values are
distributed within the 95% confidence interval band and there are a few points that
are outside this interval. These are the "abnormal"” events and this implies that for a
particular station there should be a dramatic rainfall event. Finally, using the return
values of the return plots, we built the spatial map for the region. We showed the
maps of empirical and theoretical return values at different return periods for each
station. In both cases, it appears a pattern that shows a concentration of extreme
events in the south-east region and a lower value of rainfall in the north-western re-
gion. The highest value has been recorded at San Mauro Forte station. The last plot
is the theoretical return level plot for a return period of 50 years. The pattern still
keeps, with the highest values on the south-eastern side and the lowest values on
the north-western side. It appears evident that in the empirical plots the values are
higher than the values in the theoretical one. This is a clear signal that the values of
the empirical return plot are ahead of the values of the theoretical plots. This could
be seen also in the return plots where the empirical values (blue dots) deviate from
the theoretical trend, anticipating in terms of time the theoretical value associated
with the empirical one.

All the results presented in Section 1.3 will be useful for extreme rainfall events anal-
yses in the Basilicata region, with applications in regional land planning, landslide
and flood prediction, and civil protection activities, even in a changing climate con-
text. Moreover, the method described here, being quantitative and reproducible, can
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be easily applicable in other regions with similar rainfall data.

In Section 1.4 we presented a statistical study on daily precipitation and tempera-
ture extremes in Calabria, southern Italy, applying the extreme value theory (EVT)
on a long-term series (31 years) of regional observations; for the precipitation, we
adopted the Peak Over Threshold method, while for the temperature the Block Max-
ima approach was considered. Both datasets (observations and reanalysis) present
some limitations. A first one, regarding the observations, is related to the lack of
stations in a specific area (northeastern part of the region), and only affects the pro-
cedure (inverse distance) adopted for generating the maps. A further limitation is
related to the time series (in our case limited to 30 years) and can affect the statistical
uncertainty leading to an increase of the confidence interval in the return level plot.
In order to perform punctual statistical investigations, the region was divided in
eight climatic zones, in agreement with the spatial subdivision adopted by the Cal-
abrian Regional Civil Protection; from each of these zones, one station was selected
and taken as representative of the area. To assess the reliability of the method, we
tirstly reported the diagnostic plots (i.e., the Probability Density Function, the Prob-
ability Plot, the Quantile Plot and the Return Level plot) for each selected station,
both considering the empirical (directly the observed values) and the theoretical (the
EVT results) data. The analysis of the diagnostic plots confirmed that the proposed
methods are appropriate to describe the considered extreme weather events over the
study area.

In order to qualitatively compare the areas most affected by such extremes, again
considering both empirical and theoretical data, we reported the regional maps of
daily precipitation and temperature extremes in terms of fixed return periods (10
and 30 years). Also in this case, a good agreement was obtained between the two
datasets, confirming the reliability of the EVT applied on the long-term observations.
An evident zonal gradient of extreme precipitation over Calabria was found, with
the south-eastern part of the region most affected by such events, in agreement with
several previous studies. The flat areas of the region, in particular the Tyrrhenian
ones, are instead the most affected by extreme daily temperatures and possible heat-
waves.

The possible use of reanalysis in studying the daily extremes was also investigated,
comparing the results obtained considering the observations with those derived
by ERA5. Although the use of modelling products represents a great opportunity,
mainly in areas not covered by observations, our comparisons show how the ERA5
fields are not suitable for reproducing the occurred extreme values, showing a sys-
tematic and substantial underestimation of both daily precipitation and temperature
extremes. The assessed reliability of the theory applied on the observations, allowed
us to carry out a probabilistic analysis aimed at identifying the areas likely most af-
fected by daily extreme precipitation and maximum temperatures in the future; with
this aim we reported the return levels maps for the fixed periods of 50 and 100 years,
for both precipitation and temperature. A general intensification of extreme rainfall
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events is expected in the future years, in agreement with climate projections, with
values up to 500 mm/day for the 50-year return period in the south-eastern part of
Calabria. Considering the temperature, heatwaves with maximum daily values up
to 40°C are expected in the next 100 years, mainly in the Tyrrhenian and southern
part of the region.

The unequivocal increase of the Earth’s surface temperature, and the predicted exac-
erbation of instability and convective atmospheric conditions in the future, empha-
sise the importance of carrying out studies such as the one presented, devoted to the
analysis of the environmental variables most connected to the risks deriving from

extreme meteorological phenomena.



57

Chapter 2

Space Weather extreme events

Space weather extreme events are rare phenomena tipically associated to Sun’s ac-
tivity. Example of events that can be catalogued as "Extreme" are: Coronal Mass
Ejections (CMEs) of low or high speed, solar flares of high energy, and geomagnetic
storms of strong intensity. Space weather is a branch of heliophysics that studies
the conditions of the Sun and of the solar wind and their effects on the functioning
and reliability of technological systems in space and on Earth, with possible effects
also on human health. Therefore, the study of this particular type of phenomena is
important to understand and forecast how they can impact our lifes.

Extreme events of relevance for the Space weather are originated from the solar at-
mosphere. These events are related to the magnetic field activity. The magnetic field
varies with the solar coordinates and also with time. The most important phenom-
ena related to the magnetic field activity are the sunspots. The presence of sunspots
is not always uniform, but it varies periodically and it is related to the Solar cycle.
The Solar cicle is a 11-years period formally defined by considering the number of
sunspots present on the Sun surface. More precisely, the solar minimum is charac-
terized by a very low number of sunspots on the Sun surface, while the solar maxi-
mum can be identified as the time period in which a peak in the number of sunspots
is observed (within the 11-year period). In Figure 2.1 an example of the solar cycle
activity is shown.

Sunspots often appear within the active regions as a pair of spots with opposite
magnetic polarity. An active region is a Sun’s region characterized by a strong and
complex magnetic field, in which it is possible to find many of Sun’s phenomena
as Coronal loops, CMEs and solar flares. Coronal loops are dense plasma arch-like
structures confined by magnetic flux tubes, i.e. by tube-like regions that contain the
magnetic field. These arch flux tubes give us an idea of the complex Sun’s mag-
netic field structure. Solar flares are intense localized eruptions of electromagnetic
radiation. They occur when charged particles are accelerated by the stored magnetic
energy on the Sun’s atmosphere. Solar flares are often accompained by CMEs. CMEs
are large-scale eruptions of plasma and magnetic field from the Sun’s atmosphere.
As already mentioned in the Introduction of this thesis work, the number of these
events depends on the solar activity, with an higher number of occurrence reached
during the solar maximum period. When they are released from the Sun’s atmo-
sphere, they travel throughout the Heliosphere and sometimes can reach the Earth.
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FIGURE 2.1: (A) Sunspots number as a function of time (black line),

Sunspots number reconstructed and predicted (red line).(B) Annual

sunspots number detected (black line) and predicted (red line). For
more details see Rigozo et al. (2011)

From in-situ measurements, it is possible to analyze the counterpart of CMEs named
Interplanetary Coronal Mass Ejections (ICMEs; Gosling et al., 1991; Kilpua et al,,
2017; Song et al., 2020; Davies, E. E. et al., 2021). In the last decades, the investiga-
tion of ICMEs has increased and improved due to the availability of multi-spacecraft
measurements, combining measurements from the Solar-Terrestrial Relations Ob-
servatory (STEREO; Kaiser, M. L. et al., 2008), the Advance Composition Explorer
(ACE), Wind, and also using measurements from planetary missions as Cassini and
MAVEN (Henry, 2002; Kilpua et al., 2009; Kilpua et al., 2013; Jakosky et al., 2015;
Winslow et al., 2016; Cecconi et al., 2022), remote heliospheric observations, and nu-
merical simulations (Taktakishvili, MacNeice, and Odstrcil, 2010; Sow Mondal et al.,
2021). This allowed the scientific community to better understand the formation,
propagation and interaction of ICMEs with the heliospheric environment.

From in-situ spacecraft data analysis to Magneto-hydrodynamic (MHD) simulations,
ICMEs have been the focus of many studies. The classical signature of the passage
of an ICME is identified by a sharp enhancement of the total magnetic field, corre-
sponding to the shock passage generated by the ICME itself, e.g.Richardson, I. G.
and Cane, H. V. (2010) and Kilpua, Koskinen, and Pulkkinen (2017). This region
is followed by the sheath region that is the highly compressed region downstream
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of the interplanetary (IP) shock, in which it is possible to observe many important
plasma phenomena such as turbulence and magnetic reconnection according to the
plasma B value (Gosling and McComas, 1987; Rouillard, 2011; Lapenta et al., 2020).
The last part of an ICME region can be the site of a magnetic cloud (MC) (Burlaga et
al., 1981; Klein and Burlaga, 1982). The presence of a MC is indicated by an enhance-
ment of the magnetic field, with a smooth rotation of the magnetic field direction
over a large angle in about one day, and by a decrease in proton temperature and
plasma beta (see Figure 2 and 3 in the Introduction ).
Interplanetary shocks are large-scale heliospheric structures often caused by erup-
tive phenomena of the Sun, and represent one of the main sources of energetic parti-
cles. Understanding the transport of supra-thermal particles such as solar energetic
particles or galactic cosmic rays is of the outmost importance both for space weather
predictions and for unravelling the details of acceleration particle mechanisms. Col-
lisionless shocks are considered one of the main sources of cosmic-rays ranging from
Type II radio-burst in the solar corona (Lin, 2005; Reames, 2013), to coronal-mass-
ejection driven shocks expanding in the interplanetary medium (Vourlidas et al.,
2003; Cliver and Ling, 2009; Grechnev et al., 2015), to the termination shock of the
solar wind (Decker et al., 2005; Decker et al., 2008), to expanding blast waves at su-
pernova remnants (Aharonian et al., 2004; Helder et al., 2012; Reynolds, Gaensler,
and Bocchino, 2012), up to radio relics observed during galaxy cluster mergers (Van
Weeren et al., 2016; Kang, Ryu, and Jones, 2012).
One of the mechanisms invoked for explaining the energization process of cosmic
rays at shock waves is the diffusive shock acceleration (DSA) (Bell, 1978b; Lee and
Fisk, 1982; Drury, 1983). It is based on the first order Fermi mechanism and on
the diffusive motion of energetic particles upstream and downstream of the shock
front, owing to the interaction of particles with magnetic field fluctuations. Such
an interaction favours particle shock crossings, speeding up the acceleration pro-
cess. If non-linear processes, such as the dynamical effect of cosmic ray pressure
on the shock, wave generation by streaming particles upstream of the shock, and
the magnetic field amplification, are included, a non-linear DSA can be envisaged
(Drury and Voelk, 1981; Berezhko, Yelshin, and Ksenofontov, 1994; Berezhko and
Volk, 2000; Amato, 2014a).
On the other hand, DSA has extensively been applied to acceleration of energetic
particles at interplanetary shocks assuming a simple test-particle approach, an isotropic
particle flux and a planar shock at which particles are injected with momentum py
(Giacalone, 2012). Thus, the solution of the transport equation, under stationary con-
ditions and under the hypothesis that the diffusion coefficient is spatially indepen-
dent, predicts an energetic particle flux that falls off exponentially moving from the
shock front to far upstream, while the flux is spatially constant in the downstream
side,

exp(Ux/kyx) x<0

f(x,p) = Ap’r/(r—1)H(p — po) - (2.1)
1 x> 0.
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Here, A is a normalization constant, r is the compression ratio of the plasma density
across the shock, Uj is the upstream plasma speed in the shock rest frame, x is the
position (x=0 is chosen as the shock location), p represents the plasma-frame mo-
mentum, ky, is the component of the spatial diffusion along the unit normal to the
shock, and H is the Heaviside step function.
Such a behaviour has only rarely been observed for shock waves in the interplane-
tary medium (Giacalone, 2012; Tessein et al., 2015). Further, the shock acceleration
process is influenced by the motion of charged particles upstream and downstream
of the front; such a dynamic is highly dominated by the turbulent properties of the
magnetic field fluctuations and depends on the particle energy itself. Indeed, Dosch
and Shalchi (2010) have found a strong correlation between the maximum energies
reached by particles accelerated at perpendicular shock waves and the slope of the
spectrum of magnetic field turbulence, indicating that a steeper power spectrum
leads to higher maximum energies.
Recently, it has been found that energetic particle motion can be faster than nor-
mal diffusive, namely superdiffusive, in the upstream region, thus questioning the
validity of DSA (Perri and Zimbardo, 2007; Perri and Zimbardo, 2008; Perri and
Zimbardo, 2009; Perri and Zimbardo, 2012a; Zimbardo and Perri, 2013). It is impor-
tant to recall that superdiffusive transport has a great impact on shock acceleration
(Ragot and Kirk, 1997; Perri and Zimbardo, 2012a; Zimbardo and Perri, 2013; Bykov,
Ellison, and Osipov, 2017), since it leads to modifications of the energy spectral index
and of the acceleration time (Perri and Zimbardo, 2012a; Zimbardo and Perri, 2013;
Perri and Zimbardo, 2015; Perri and Zimbardo, 2015). Observations that support
the occurrence of anomalous transport in astrophysical environments range from
non-relativistic electrons accelerated in solar events (Lin, 1974), to the analysis of en-
ergetic particle fluxes upstream of interplanetary shocks (Perri and Zimbardo, 2008;
Sugiyama and Shiota, 2011; Perri et al., 2015) that decay as power-laws far upstream
(instead of an exponential fall-off as predicted by DSA), to ions accelerated at the
termination of the solar wind (Perri and Zimbardo, 2009; Giacalone, 2013). Further,
the analysis of X-ray synchrotron emission from relativistic electrons accelerated at
supernova remnant blast waves suggests the possibility of superdiffusion within
the far upstream region (Perri, Amato, and Zimbardo, 2016; Perri, 2018). Ragot and
Kirk (1997) applied a continuous time random walk approach to the diffuse emission
from synchrotron emitting electrons in the Coma cluster, finding a supra-diffusive,
nearly ballistic, motion of energetic electrons.
Superdiffusion can be described by a mean square displacement (Ar?) growing with
time t as

(A1) = 2D, t*, (2.2)

where D, is the anomalous diffusion coefficient and « is the anomalous diffusion ex-
ponent (> 1 for superdiffusion). Notice that D, has dimensions [L?/#*] at variance
with the standard diffusion coefficient. Perri et al. (2015) have shown that by study-
ing the energetic particle fluxes upstream of interplanetary shock waves it is possible
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to determine both a and the anomalous diffusion coefficient, thus fully characteriz-
ing the particle transport. However, the determination of these parameters from
measured data can be subject to uncertainty, especially due to large amplitude fluc-
tuations and irregularities found in the spacecraft data.

In this chapter we will discuss about extreme Space weather events, starting from
a particular category of CMEs, i.e. CMEs with low speed. We will see how we can
reproduce these explosive events with the help of simulations, in particular with
MagnetoHydroDynamic (MHD) simulations. Then, we will show how shocks as-
sociated to these CMEs can influence the plasma parameters and also how shocks
associated to Sun’s events can influence the transport and the acceleration of ener-
getic particles.

2.1 EUHFORIA modelling of a slow CME with a well-defined
magnetic cloud.

Interplanetary coronal mass ejections and particularly magnetic clouds (MCs) can
produce strong geomagnetic storms. Forecasting them is a recent challenge in the
new era of Space Weather. The aim of this study is to understand where MCs form
and how we can detect them earlier in the Sun environment.

In this Section, we focus on the magnetic structures that characterize the evolution
of ICMEs at Lagrangian point L1. In particular, we analyze one event from the cata-
logue of magnetic clouds presented in Al-Haddad et al. (2018), in which the authors
compare different techniques of ICME fitting and reconstruction in order to under-
stand which one is the most suitable for the event selected. The aim of this paper is
different. We want to understand the full chain of events from L1 all the way back to
the Sun. The one-to-one linkage of in-situ detected ICMEs and CMEs in the corona
is important and such a linkage is not easy to establish while there often exists am-
biguity, especially during or near solar maximum.

We selected the event of June 27 2013, included in Al-Haddad et al. (2018). We tried
to reproduce the behaviour of the ICME with the help of the 3D data-driven MHD
heliospheric solar wind and CME evolution model European Heliospheric FORe-
casting Information Asset (EUHFORIA; Pomoell, Jens and Poedts, S., 2018; Scolini,
C. et al,, 2019; Poedts, Stefaan et al., 2020). We choose this particular event because
it is characterized by relatively small velocities and a well-organized magnetic field
structure.

2.1.1 Data

The Sun is constantly being imaged remotely in many different wavelengths, by dif-
ferent instruments (both ground-based and space-borne). With these images, we are
able to identify coronal holes, active regions, CMEs, solar flares, and other struc-

tures and phenomena that are important for space weather. For this work, we used
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the Extreme Ultraviolet (EUV) observations from the Atmospheric Imaging Assem-
bly (AIA), aboard the Solar Dynamics Observatory (SDO; Lemen et al., 2012). With
these observations, we located the position of the source regions of the CMEs that
might be responsible for the selected MC. The coronal holes present on the Sun
were detected using the AIA 17.1 nm channel. Signatures of the eruption were de-
tected using the AIA 30.4 nm channel. We also analyzed data from the Helioseismic
and Magnetic Imager (HMI; Schou et al., 2012) for further insight into the magnetic
configuration of the active regions. Furthermore, H-a spectroheliograms from the
Paris-Meudon observatory were used to analyse the filaments and prominences that
were present on the solar disk at the time of the eruption. In addition, coronagraph
white-light images were analyzed and used for determining the main direction of
propagation of the CMEs, and (if necessary) for constraining the CME geometric
and kinematic parameters in order to include them in the simulation model. These
were taken from COR2-A and B, aboard the Solar TErrestrial RElations Observa-
tory (STEREO; Howard et al., 2008), and by Large Angle Spectroscopic Observatory
(LASCO), aboard SOHO.

When CMEs are expelled from the solar atmosphere, they start travelling through
the heliosphere. Upon reaching and passing by measuring devices aboard different
spacecrafts, the plasma parameters being measured are affected and we can anal-
yse the main characteristics of ICMEs from these observations. For identifying the
ICMEs that reached Earth’s position, we used in-situ data obtained from the Ad-
vanced Explorer Composition (ACE) spacecraft (Stone et al., 1998; Chiu et al., 1998),
located at the L1 point. The local Interplanetary Magnetic Field (IMF) direction and
magnitude are measured at a time cadence of 4 minutes by the MAG instrument
(Smith et al., 1998). The solar wind speed and density data are measured with a
cadence of 92 seconds by the Solar Wind Electron, Proton, and Alpha Monitor ex-
periment (SWEPAM; McComas et al., 1998). After the identification process, in-situ
data were used in a further step as a validation of the model’s output (see the fol-
lowing section for model description).

Investigating CMEs and ICMEs together with their effects at Earth is one of the pri-
orities of space weather research. Numerous studies have focused on quantifying
ICME effects at Earth, such as their effect on the geomagnetic indexes (Menvielle
et al., 2010), effects on ionospheric conditions (Greenwald et al., 1995; Menvielle et
al., 2007) or effects on galactic cosmic rays (Masfas-Meza et al., 2016). In an effort
for standardizing the ICMEs that are measured in the near-Earth environment, sev-
eral ICME catalogues were developed. Each catalogue focuses on different effects
of the CMEs and ICMEs. For this work, the SOHO LASCO CME c:atalogue1 is used
for identifying the corresponding solar sources. This catalogue contains a list of
CMEs detected between 1996 to 2022 by the Large Angle and Spectroscopic Coron-
agraph (LASCO) onboard the SOlar and Heliospheric Observatory mission (SOHO;
Brueckner et al., 1995). It has been generated using many studies, such as St. Cyr

Ihttps://cdaw.gsfc.nasa.gov/CME_list/
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et al. (e.g. 2000), Gopalswamy et al. (2004), Yashiro et al. (2004), Yashiro, Michalek,
and Gopalswamy (2008), and Gopalswamy et al. (2009), and is regularly updated.
It provides important CME information and characteristics such as the date and the
time of the first appearance in the LASCO/C2 field of view (FOV), the central an-
gle position, CME speed (obtained using different methods), sky-plane width, mass
and kinetic energy, among others. Moreover, links to additional and complementary
information about the CMEs are made available in this catalogue. It is also possible
to extrapolate movies from different coronagraphs onboard different missions, such
as STEREO. The catalogue also provides composite plots, that help to identify the
CMEs and flares associated with specific SEP events or the CMEs responsible for
certain intense geomagnetic storms.

Another very detailed catalogue, focused on ICMEs, is the Richardson and Cane
list?. In Richardson, I. G. and Cane, H. V. (2010) the authors catalogue over 300
near-Earth events associated with CME events that occurred from 1996 onwards.
The authors used measurements of the solar wind and its charge state to identify
the ICMEs and summarise their properties in this list. This catalogue has been ex-
panded continuously to cover similar events until 2022 and is still regularly updated.
Richardson and Cane’s list provides similar information as the SOHO LASCO CME
catalogue as they combine a number of available data sets and try to assess when an
ICME is probably present in the near-Earth solar wind. This list is mostly focused
on the ICME characteristics as measured at 1 au and their geo-effectiveness, so dis-
turbance time intervals plus geomagnetic indices are included. It also includes the
start and end times of the ICME and the associated MC (if any).

2.1.2 Model: EUHFORIA

In order to model the selected CME event, we use the EUropean Heliospheric FOre-
cast Information Asset (EUHFORIA; Pomoell, Jens and Poedts, S., 2018) which is
one of the current state-of-the-art heliospheric forecasting models. In fact, EUHFO-
RIA comprises two models. First, a data-driven coronal model that uses synoptic
magnetograms as input and computes the plasma characteristics using the empir-
ical Wang-Sheeley-Arge model (WSA; Arge et al., 2003) at 0.1 au or 21.5 R, (solar
radii). Then, the output of the coronal model is used as the inner boundary condi-
tion for the heliospheric wind and CME evolution model. This part solves the 3D
time-dependent ideal MHD equations in the Heliocentric Earth EQuatorial (HEEQ)
system in order to get the background solar wind at the time the CME occurred.
Last, several CME models are implemented into EUHFORIA, such as the cone model
(Xie, Ofman, and Lawrence, 2004), a linear force-free spheromak model(Verbeke, Po-
moell, and Poedts, 2019), and the Fri3D model (Isavnin, 2016; Maharana et al., 2022).
The linear force-free spheromak model will not be used in this study, as we suspect
that the CME impact is a glancing blow and the spheromak model is known to be
less useful is such cases. As a matter of fact, the spheromak model provides a good

2https://izwl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm
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approximation to the CME internal magnetic field configuration when the nose of
the CME hits the observer. Flank encounters, however, are not well reproduced with
a spheromak CME, and even can miss the observer, as the CME-driven shock struc-
ture that this model generates, expands less when travelling through the heliosphere
in comparison to the cone model. Moreover, the focus of this study is not to repro-
duce the internal magnetic structure of the MC, but to highlight the importance of
selecting the proper solar source. If we aimed at reproducing the magnetic structure,
the Fri3D model would provide a more realistic approach, but the main drawback of
this model is the substantial CPU time requirements. As we are aiming at comparing
the arrival times of several CME candidates, it is not sensible and not necessary to
use this model to perform multiple simulations.

For the present study, we used the simpler cone CME model, which injects at the
inner boundary (at 0.1 au), a hydrodynamic pulse without an intrinsic magnetic
field. Only 7 parameters are needed for a cone CME, including the time of insertion
at 21.5 R, (= 0.1 au), the latitude and longitude of the propagation direction of the
cone, the angular half-width, the speed of insertion, the plasma density, and the
temperature. The first five parameters for the selected CME event were obtained
using the STEREO CME Analysis Tool (StereoCAT; Mays et al., 2015), developed by
the Community Coordinated Modeling Center (CCMC). Temperature and density
for the CME model were left unchanged from the default values of 0.8 MK and
10718 kg m—3. The cone model, although it does not possess an intrinsic magnetic
tield, has been extensively used as it is an accurate model for predicting the time of
arrival of CME-driven shocks with EUHFORIA.

2.1.3 In-situ measurements

In Figure 2.2 we show, from top panel to bottom panel, the magnetic field strength
(a), the three components of the magnetic field in the Geocentrical Solar Ecliptic
(GSE) coordinate system (By, By, and B; in panels (b), (c), and (d), respectively), as
measured by ACE/MAG, and the solar wind density, bulk speed, temperature and
pressure in the panels (e) through (h), as measured by ACE/SWEPAM.

The in-situ measurements before the arrival of the event show a very stable IMF in all
three magnetic field components, and a low density together with a decreasing ten-
dency in the solar wind speed. The temperature and pressure also registered a stable
behaviour prior to the arrival of the ICME. On 2013 June 27, at around 13:00 UT, a
sudden enhancement in the oscillation rate of the IMF components and a jump in all
other solar wind plasma parameters was registered. This can be seen in Figure 2.2,
marked by the vertical red dashed line. The solar wind velocity (panel (f)) registered
an increase of ~ 50km s~ at the arrival of the shock. Solar wind temperature and
pressure (panels (g) and (h), respectively) showed a sharp increase and remained
at elevated levels throughout the duration of the sheath region. The magnetic field
components maintained this behaviour for about 12 hours. In the same period, the
density gradually increased, while the velocity, temperature, and pressure had a
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FIGURE 2.2: In-situ observations from ACE spacecraft at L1 between
June 26 at 12:00 UT and June 30 2013 at 12:00 UT: profiles of the mag-
netic field magnitude (panel (a)), the 3 components (By, By, and B; in
panels (b), (c), and (d), respectively), density (panel (e)), bulk speed
(panel (f)), temperature (panel (g)), and gas pressure (panel (h)). The
red dashed vertical line indicates the CME-driven shock arrival, and
the two vertical dashed green lines mark the start and the end of the
magnetic cloud.

decreasing tendency. This corresponded to the passage of the sheath region of the
ICME.

After the passage of the sheath, we observe the associated MC, with a smooth ro-
tation in all components of the IMF, a higher strength of the magnetic field, and a
lower temperature. The MC passage started at 02:23 UT on June 28 and lasted for
about 33 hours, as listed in Al-Haddad et al. (2018). The starting and ending times
of the MC are marked with the vertical green dashed lines in Figure 2.2. A rotation
from positive to negative values in B, was observed, while B, showed a rotation
from negative values towards positive, starting at ~-10 nT and finishing the period
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FIGURE 2.3: CME characteristics. (top panel) Height-time plots,
where the six CMEs studied in this article are marked with arrows.
The colours code the main CME direction (see left inset), while the
type of lines codes the CME apparent angular extension (see right in-
set). (bottom panel) GOES X-ray flux in two wavelengths with the
solar source coordinates of the identified events. Time range from
June 23 00:00 UT to June 25 24:00 UT (adapted from the CDAW cata-
logue).

at ~10 nT. On the other hand, By began the period close to 0 nT, and slightly in-
creased until June 29 at 03:00 UT, where it started decreasing until it reached the
minimum of ~-5 nT at the end of the MC passage. The solar wind speed had a de-
creasing tendency until June 29 at 03:00 UT, when it reverted its trend and started
increasing. The temperature and pressure remained more or less stable and at low
values, until this shift in the B, and reversal in the solar wind speed tendency. From
this point on wards, they started increasing until the end of the MC.

2.1.4 Coronal Mass ejections and solar sources

In order to include the selected CMEs in the EUHFORIA simulation, we identified
the possible events responsible for this MC in a time-window of 7 days before its
passage at L1. Then we used the STEREO-Cat tool to obtain the parameters needed
to be introduced in the simulation. We compiled the information from the differ-
ent CME catalogues and used images from the different spacecrafts, described in
Section 2.1.1.

Six candidate CMEs are reported in the catalogues in a time window of 3 to 5 days
prior to the arrival of the MC at Earth (Table 2.1 and Figure 2.3). To compare the
spacecraft data to the simulation results, we analyzed each CME and its characteris-
tics: speed, direction of propagation, and solar source when possible.

Height-time profiles for the detected CMEs are presented in Figure 2.3. The CME
events 1 through 6 from Table 2.1 are indicated. Here, the direction of propagation
of the CMEs is colour-coded (legend in the top left insert of the panel). The angular
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Date(D/M/Y) Time(UT) Width(deg.) Speed(kms 1)

CME1 23/06/2013 02:36 73 261
CME 2 23/06/2013 21:24 101 339
CME 3 23/06/2013 22:36 174 174
CME 4 24/06/2013 04:00 360 709
CME 5 25/06/2013 08:24 92 562
CME 6 25/06/2013 11:12 360 349

TABLE 2.1: Six CME candidates that are possibly related to the mag-

netic cloud on June 28 2013 detected by the ACE spacecraft, defined

by the date and time of their first appearance in LASCO C2, their an-

gular width, their linear speed in C2 (from the CDAW catalog). The
real driver is in indicated in bold.

width in the plane-of-sky is identified with the line type (see the legend in the bottom
right insert of the panel). CME 1 and CME 5 have a northward propagation and both
have an angular width between 60° and 120°. CME 2 is the only selected event that
has an eastward propagation and an angular width between 60° and 120°. CME 6
has a southward propagation and was traced up to 22 solar radii, being a halo CME.
Finally, CME 3 and CME 4 have a westward propagation, with CME 3 showing the
lowest speed of all 6 events, and and angular width of over 120°, while CME 4 is
registered as a halo event. The bottom panel of Figure 2.3 shows the GOES X-ray
flux in two different wavelengths, with the position in the Sun of the associated
solar flares. This period of time was relatively quiet, with only a few short-duration
C-class X-ray flares and one M-class flare.

One may think that a full or partial halo CME can be responsible for generating the
MC under study. From the SOHO LASCO CME catalogue, there are two possible
candidates that were halo CMEs and erupted from the Sun within this time window
of 3 to 5 days prior to the arrival of the MC at Earth. The first one of these halo
CME events (CME 4) is launched from the Sun on June 24 at 04:00 UT. This event
was first seen on the LASCO-C2 field of view at 04:00 UT, while in COR2-A and B
it was first seen at 05:09 UT and 05:09 UT, respectively. The speed was estimated to
be 709 km s~1. But, when analyzing the AIA 30.4 nm images, no clear signature of
this event is seen on the solar disk. When checking the direction of propagation with
STA and STB, together with the position of the spacecraft that captured this event
(shown in Figure 2.4), it is evident that the direction of propagation of this event
is towards the backside of the Sun. This excludes this halo CME event from being
responsible for the magnetic cloud of interest.

The second event we analyzed is CME 6. From the SOHO LASCO CME catalogue,
this halo CME erupted on June 25, and it was seen by the LASCO-C2 detector at
11:12 UT with an estimated plane-of-sky speed of 349 km s . CME 6 was also seen
by STEREO COR2-A at 11:39 UT and STEREO COR2-B at 11:54 UT. We used the
StereoCAT tool to fit this event (see Table 2.2), but we found that the longitude of
propagation direction of the CME is 175°, which makes it a back-side event. The low
speed of this event, together with the direction of propagation, makes this event not
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compatible with an event that generates the MC of interest at L1 2 days later.

Concerning the other four candidates, and upon a more detailed inspection of the
possible events responsible for the MC of interest, we concentrated on CME 1, CME 2
and CME 3 as all three events are initiated in fast succession after each other. Fig-
ure 2.3 shows the Earth position (green circle) and the STEREO-A and STEREO-B
position (red and blue circle, respectively). The continuous lines associated to the
position of the three points indicate the heliospheric magnetic field (HMF) lines that
connect them to the Sun. These HMF lines represent the shape of the sun’s extended
magnetic field as it extends through the solar system. Sun’s magnetic field shape is
also know as Parker spiral. The dashed spiral line indicates the HMF line orginating

at that position.

2013-06-23 13:30:00

@ STEREC A
© Earth
€ STEREOB
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FIGURE 2.4: Spacecraft constellation position. The black arrow shows

the direction of propagation in the equatorial plane for the CME.

Numbered symbols indicate the observers’ locations, in this case

Earth position (green continuous line), STEREO-A position (red con-

tinuous line) and STEREO-B position (blue continuous line), and the

spiral lines corresponding HMF lines connecting them to the Sun
when considering a solar wind speed of 400 km s~ .

Figure 2.5 shows the HMI magnetogram (panel a), AIA 17.1 nm (panel b) and 30.4 nm
(panel c) for June 23 at 13:29 UT, prior to the eruption of CME 2 and CME 3, and 11
hours after CME 1. The light-pink arrow points at the approximate location of the
source of CME 1. The white arrow points at the approximate position of AR 11778,
the source of CME 2. The yellow arrow and circle point at the position of the source
of CME 3, which does not correspond to any reported active region.

From the Richardson and Cane list, the magnetic cloud of interest is reported to have
an associated CME, which is not seen as a halo CME. It is reported that the magnetic
cloud leads to a geoeffective magnetic storm with a Dst index of -102 nT, which is al-
ready in the class of intense events. CME 1 erupts around 20 hours before CME 2 and
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CME 3, but the speed at which it propagates is very slow. This results in this event
still being present in all available coronagraph images (see Figure 2.6). The direction
of propagation appears to have a big northward component, which makes it in-
compatible with a hit at Earth. Analyzing images from SDO/AIA 17.1 nm, there is a
thin filament structure, positioned at approximately N35 E60 that erupts very slowly
into a streamer-like structure. On the other hand, CME 2 and CME 3 are much more
aligned with the ecliptic plane, making them the more suitable events to keep ana-
lyzing. The brightness of CME 1 in the images is much higher than the brightness of
the other two events. This is due to the combination of the streamer and CME 1 very
slow speed of eruption, which enhances the brightness in the white-light images.
This entails that the analysis of the coronagraph images requires significantly more
effort. From Figure 2.3 bottom panel, we see a GOES X-ray M2.9 class flare at around
22:00 UT originating at S15 E62, close to active region NOAA AR 11778, positioned
at S15 E47. This is close in time with CME 2 and CME 3. CME 2 is reported to erupt
close to this position with a speed of 339 km s~!. The main direction of propaga-

tion is towards the southeast, and due to the position of the spacecraft and the high
brightness of CME 1, it is not clearly seen in COR2-B. CME 3 erupts from a small
active region (not classified as such by NOAA), positioned at N14 W14 at the time of
the eruption, marked in Figure 2.5 with the yellow arrow and circle. CME 3 appears
to be the best candidate (Table 2.1) for explaining the studied MC passage at L1.

FIGURE 2.5: a) HMI magnetogram b) AIA 17.1 nm, c) AIA 30.4 nm on
June 23 2013 at 13:29 UT. The light-pink arrow shows the approximate
position of the source of CME 1. The white arrow shows the position
of NOAA AR 11778, origin of CME 2, while the origin of CME 3 is
marked with a yellow arrow and circle. CME 3 source region corre-
sponds to a tiny emerging flux at the edge of a filament channel.

In Figure 2.6 we show the coronagraph white light observations by COR2-A and
COR2-B for June 23 at 23:39 UT, aboard STEREO A and B spacecraft respectively,
and the running difference images from LASCO-C2, aboard SOHO, at 23:36 UT. It is
clear from the coronagraph running difference images that it is not easy to observe
the CME associated with the event detected by the spacecraft positioned at L1.

From COR2-A (Figure 2.6a) it is possible to distinguish the presence of CME 1 in
the northern region of the image, CME 2 in the southwestern region of the image,
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(B)

FIGURE 2.6: STEREO/SECCHI/COR2-A (a) and COR2-B (b)

white light coronagraph observations on June 23 at 23:39 UT.

SOHO/LASCO/C2 (c) running difference white light coronagraph

observation at 23:36 UT for the same day. CME 1, CME 2 and CME 3

are highlighted using a light-pink, white and yellow curve (respec-

tively). No clear signatures of CME 2 and CME 3 are present in COR2-
B.

and the faint CME 3 in the eastern flank. It is not clear nor easy to see the CME 2
due to its faintness, combined with the high brightness from CME 1. In Figure 2.6b
FOV, we can only observe CME 1. This is due to the faint nature of both CMEs and
their direction of propagation with respect to STEREO-B. As seen from LASCO-C2
(Figure 2.6¢c), CME 1 is barely visible, CME 2 appears on the south-eastern side of
the figure, while on the north-western side it is possible to see the presence of a faint
CME (CME 3), similar to what we see in Figure 2.6a. For all cases, the detection of
the main suspected CMEs is made complicated by the fast and wide CME 1, which
is seen propagating northward.

2.1.5 Parameters of the CMEs

In order to reproduce the CME observed by the coronagraphs, we fit the events with
the help of the StereoCAT tool®. StereoCAT is an online tool designed for space
weather forecast and research, allowing users to obtain the CME kinematic prop-
erties. The parameters derived via this tool such as latitude (¢), longitude (0), half
angle («), speed of the CME (V) and passage time at 21 solar radii (Ry), can be
used as input parameters for a broad range of CME propagation models. The pa-
rameters used for the CMEs are reported in Table 2.2.

The parameters of the StereoCAT fitting show that CME 3 is propagating towards
Earth direction with a low velocity, which is comparable with the background so-
lar wind speed (400 km s~!) measured at Earth prior to the event (see Figure 2.2).
This confirms the coordinates of the source that we identified. From our analysis
and fittings, it emerged that the CME responsible for the event detected by ACE is
most probably CME 3. However, in order to verify which halo and non-halo CMEs

3 Available online at https://ccmc.gsfc.nasa.gov/analysis/stereo/
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¢p(°) 0(°) a(°) Veme(kms™ ') Passesat2IR

CME1 -60 48 17 224 2013/06/23 18:30
CME2 -62 -15 20 489 2013/06/24 06:01
CME3 14 14 27 391 2013/06/24 09:17

CME4 175 -15 56 844 2013/06/24 07:47
CME5 41 61 22 487 2013/06/25 15:53
CME6 175 -21 38 620 2013/06/25 16:48

TABLE 2.2: StereoCat fitting parameters chosen for the CMEs candi-

date: ¢(°) is the heliographic longitude, 6(°) is the heliographic lat-

itude, both measured in the HEEQ system (Heliocentric Earth Equa-

torial), a(°) is the angle between the legs, Viye(km s’l) is the CME

speed propagation and “Passes at 21 Ry” indicates the time when
the CME reaches 21 Re.

(Table 2.1) can be responsible for the MC observed at Earth, we used EUHFORIA to
model their propagation through the interplanetary medium (see Section 2.1.6).

2.1.6 EUHFORIA simulations

Before running the EUHFORIA simulation, a coronal model has to be computed for
the day the CME started its journey in the corona (up to 0.1 au).

The coronal model of EUHFORIA that we used is data-driven part. We selected the
magnetogram of June 22, 2013 at 22:36 UT, as provided by Global Oscillation Net-
work Group and Air Force Data Assimilative Photospheric Flux Transport (GONG-
ADAPT). The result for the solar wind is presented in Figure 2.7. We found a rela-
tively good agreement with the solar wind observations for density and speed, be-
tween 25 June at 00:00 UT and 27 June at 12:00 UT, just before the arrival of the CME.
Considering the list of possible CMEs shown in Table 2.1, we test a few of them to
see if they could reach the Earth (see the Appendix). As anticipated by our analy-
sis from observations and fittings, only CME 3 (as presented in Table 2.1 and being
injected into the heliospheric domain with the parameters presented in Table 2.2) is
capable of reaching the Earth.

We report the results of the simulations including CME 3 in Figures 2.8 and 2.9. Sim-
ulations were made using a 2° angular resolution in the longitudinal and latitudinal
direction and a radial resolution of ~ 0.0039, with the domain extending up to 2 au.
Figure 2.8 shows four snapshots in which it is possible to see the dynamical evolu-
tion of the CME through the heliosphere obtained from the EUHFORIA simulation.
In the left panels, we show two snapshots of the number density (in units of cm~3)
at two different times: the first one (Figure 2.8(a)) is at the time when the CME is
injected and the second one (Figure 2.8(c)) is at the time when the CME reaches the
Earth. In the left plot of each panel, the plot of the plasma density in the equatorial
plane is shown, while the right plot shows the same quantity in the meridional plane
that contains Earth. In each snapshot, STEREO-A and STEREO-B position is shown,
together with the position of the planets, as indicated in the legend located in the
lower region of the snapshot. The right panels of Figure 2.8 show the radial speed in



72 Chapter 2. Space Weather extreme events

— ACE

T T
H ta} 700 : (]
= EUHFORIA i 1
35 == EMEarrval time ! &b
600
-— 20 e
r-I\ _l{!_ 550
E £ 500
2 | =
c 10 = 450
400
5 350
i it 0
] ; ¥ g 4 . g X 4 3 T : B L]
5““"605*1'9 b@-ﬁ"h -,,-!3“1@-9“‘1&19“%tﬁ@%{,.@“g@!&“aﬂ@ o 5““9091@&“”905‘1@1@0 5 @%@D“%ﬁ@g@.ﬁ“ ¥ o@p
ol b 2 Y A T 15 1 i e P oo et P e o k. b R
B Y N R R N I R SR S < B A T T
time time

FIGURE 2.7: EUHFORIA best simulation results for the background

solar wind computed at L1 (red curves) between 25 and 30 June

2013 compared with in-situ measurements at L1 (black curves). The

dashed vertical line corresponds to the arrival of the CME at L1. Left
panel: density, right panel: speed.

the simulation (in units of km s~1). In particular, the two snapshots presented here
(Figure 2.8(b) and 2.8(d)), are taken at the same time as the previous figures. From
the plots shown, the CME travels throughout the heliosphere and hits the Earth four
days after its eruption. This is related to the low speed found using the StereoCAT
fitting tool, which gives us a value of the CME speed comparable with the solar
wind velocity. Additional simulations for CME 1, CME 2 and CME 4 are included in
Section 2.1.7.
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FIGURE 2.8: Overview of EUHFORIA results for the ICME modelled
with a cone model: scaled plasma number density (left panels) and
radial velocity (right panels). The four panels show the structure of
the CME at two different times: 24 June 2013 at 09:58 UT for the top
panels and 26 June 2013 at 21:58 UT for the bottom panels. At both
times, both an equatorial x-z plane (left) and a meridional distance-z
(or x—z) plane (right) are shown. The black arrows in each panel indi-
cates the position of CME 3.
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In Figure 2.9 we present the comparison between the EUHFORIA simulations and

ACE data. From top to bottom panels, we show the solar wind density, speed, tem-

perature, and pressure. The black line represents the measurements while the red

solid line represents the EUHFORIA results. In each panel, there is a violet shaded

area, which is generated using the simulated data at virtual spacecraft positioned at

+5° with respect to Earth in both latitude and longitude. This mesh of virtual space-

craft allows us to recover the time series at other positions, which can be helpful in

the case of having some unaccounted error in the kinetic parameters when injecting
the CME in the heliospheric domain.
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FIGURE 2.9: Comparison between simulation results and ACE space-
craft data. From the top panel to the bottom panel, we present the
number density, solar wind bulk speed, temperature, and pressure of
the solar wind. The spacecraft data is indicated with a solid black
line, while the results from EUHFORIA simulations are indicated
with a red solid line. The shaded area represents the combination
of the results of the plasma parameters obtained from virtual space-
craft placed at +5° in longitude and/or latitude from Earth.

When comparing in-situ data with simulations, we find a relatively good agreement

between them. In panel (a) of Figure 2.2, we show the comparison between the
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plasma density detected by the ACE spacecraft (black continuous line) and the EU-
HFORIA results (red continuous line). In the first region, namely the region before
the shock arrival (indicated by the red vertical dashed line), the number density
seems to assume low values for both in-situ spacecraft data and numerical simula-
tion, showing a very good agreement. Immediately after the shock passage, there is
a sudden increase of the density, for both the measurements and the simulation, with
a difference in the behaviour near the beginning of the MC region. At the beginning
of the MC passage, a rapid decrease is seen in both spacecraft data and the synthetic
numerical simulation data. In the MC region (the region between the two vertical
green dashed lines), there is a lack of data for the ACE spacecraft followed by an
increase in the density values, that also continues after the end of the MC region. We
observe a similar behaviour in the EUHFORIA results, with the only difference in
the behaviour of the density after the ending of the MC region. The plasma density
trend is also confirmed by the shaded area, which has the same behaviour as the
red continuous line. In panel (b) we show the comparison between the measured
and simulated velocities. Here, it seems that there is a better agreement between the
simulation results and the satellite data than for the density. The curves’ behaviour
is basically the same, with a difference related to the higher values obtained in the
simulations. This could be due to the fact that during its propagation an ICME can
interact with the interstellar medium disturbances and this can lead to a decrease in
the speed of its MC. The violet shaded area here has the same trend as the red line.
Panels (c) and (d) show respectively the plasma temperature and the pressure. Both
quantities have the same trend seen in the density panel, with the temperature that
shows a more oscillating trend.

2.1.7 EUHFORIA CME1, CME2 and CME4 simulations

In this section, we show complementary results for the simulations obtained when
modelling (separately) CME 1, CME 2 and CME4. The first two CMEs were initially
good candidates to be the CME responsible for the MC and shock observed by ACE
spacecraft, while CME4 is a backsided event. In Figure 2.10 we present the simu-
lation results for the CME 1. As we already mentioned in Section 2.1.4, this CME
has a northward propagation and from the STEREO-Cat analysis it results to have
a very low speed (see Table 2.2). Indeed, it appears difficult to identify, also from
EUHFORIA simulations.

In Figure 2.11 we present the results of the simulation obtained for the CME 2, i.e.,
the CME that preceded in time the CME 3. As it is possible to observe, the CME
propagation direction is not in the Sun-Earth direction, but the CME is mostly di-
rected in the western flank, so it does not hit Earth. This behavior is expected just
from the parameters obtained from the STEREO-Cat fit. We adapted the parameters
obtained from the STEREO-Cat fit, in a similar way as we did with CME 3, so that
the position where EUHFORIA injects the CME corresponds to the same position in
which we localized the CME on the Sun’s surface.
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corresponds to June 25 at 23:58 UT. The black arrows in each panel
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In Figure 2.12, we present the result of the simulation for the event seen by the
SOHO/LASCO/C2 instrument on June 24 at 04:00 UT. As mentioned in Section 3.2
the CME goes in the opposite direction of the Sun-Earth direction and this allows us
to discard this CME as a possible candidate for the MC seen at L1.
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FIGURE 2.12: Overview of EUHFORIA results for the ICME mod-

elled with a cone model: scaled plasma number density (left panel)

and radial velocity (right panel). Both panels show the simulation at

the same time, when the CME is approximately at 1 au, which corre-

sponds to June 27 at 01:59 UT. The black arrows in each panel indicate
the position of CME 4.
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2.2 Energetic particle fluxes at heliospheric shocks: evidences
of superdiffusion and comparison between analytical and

numerical modeling

Energetic particles are ubiquitous in space and astrophysical environments, and un-
derstanding the acceleration and the propagation mechanisms is an open challenge
for modern astrophysics. Energetic particles fluxes measured by spacecraft in the
heliosphere are frequently observed to peak during interplanetary shock crossings,
suggesting the shock to be the source of acceleration. It has been shown that the
shape of the energetic particle fluxes, upstream and downstream of the shock, is
affected by energetic particle transport properties. Here we present a comparison
among a number of shock crossings observed by the ACE spacecraft, and the ener-
getic particle fluxes derived by a test-particle numerical model in the vicinity of a
planar shock. We use a complementary method to constrain « and D,, using both
spacecraft data and the energetic particle fluxes obtained by running a test-particle
numerical simulation of the energetic particle dynamics around a shock (Prete, Perri,
and Zimbardo, 2019).

2.21 Overview of the numerical method and set-up of the parameters

In this section we present the essential features of our simulation, which is described
in full detail in Prete, Perri, and Zimbardo (2019). The propagation of particles ac-
celerated at shock waves is the result of the diffusive motion due to the scattering of
particles off the magnetic irregularities in the turbulent plasma, and of the ordered
motion due to the plasma advection. We implement a test-particle approach, trying
to mimic the process of energetic particle transport upstream and downstream of
a shock front in a simple way. We set-up a one-dimensional numerical simulation
in the frame of reference where the shock is at rest: the x-axis is pointing from the
upstream region to the downstream region, and the shock is fixed in the origin at
x = 0. The simulation box extends from —L to L (see below), and the upstream
(downstream) plasma velocity is Vi (V2).
The particle motion is described by a Langevin-type equation which includes the
constant bulk velocity (e.g., Strauss and Effenberger, 2017), and where the random
motion is described by the particle velocity vr.n, whose value is changed randomly
after a scattering time 7:

dx,' = Vbulkdti + vrandti- (23)

dt; is the integration time step, and Vi = Vi for x < 0, while Vi = V3 for x > 0.
The random velocity is determined as

OUran = (25 - 1) 0, (2-4)
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FIGURE 2.13: Simulation box set up. Upstream side on the left, down-
stream side on the right. A few particle trajectories, obtained from Eq.
(2.3) (time is growing in the vertical direction) are shown. It can be
seen that trajectories are characterized by both long and short paths.

where ¢ are uncorrelated random numbers, such that 0 < ¢ < 1. Here, ¢ is not
changed at each time step but only after a scattering time 7 (which is different from
the integration time step). In order to keep the same numerical scheme for normal
diffusion and superdiffusion, we put the emphasis on the scattering time: this is a
constant in the case of normal diffusion while it is obtained from a power-law distri-
bution in the case of superdiffusion. In the diffusive case, both T and vran are finite,
so that the resulting displacements Ax = v;an T are finite and independent; then the
Central Limit Theorem (CLT) implies that the long time behaviour is diffusive.

Conversely, in the anomalous, superdiffusive case, T has a power-law probability
distribution such that (Ax?) = v2_(7?) diverges, and the CLT does not apply. A
new random number is generated when the particle integration time undergoes an
increase corresponding to the temporary scattering time 7. Such a scattering time
is variable and is extracted by a power-law distribution function corresponding to
a Lévy random walk (Klafter, Blumen, and Shlesinger, 1987; Shlesinger, West, and
Klafter, 1987). While various implementation schemes of a Lévy walk can be de-
vised (see, e.g., Zaburdaev, Denisov, and Klafter, 2015), we obtain the distribution
of scattering times using the method proposed by Trotta and Zimbardo (2015) and
Prete, Perri, and Zimbardo (2019). The probability of free paths ¢ for a Lévy walk
has a power-law form for large ¢, (i.e. for |¢| > {p). Also, we choose a constant
probability distribution for |¢| < ¢y. Therefore, the form of the free path probability
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distribution is given by

1C5(|¢| —o1), |4] < 4o
Y1) = (2.5)
1Cle/b| 7510 —vT), €] > L.

As above, v is the velocity of the diffusing particles, which is kept constant in each
simulation (no particle acceleration envisaged in such simlations). It can be shown
that such a probability distribution of free path lengths gives rise to superdiffusion
with the mean square displacement growing as

(Ax?) o t* (2.6)

for t — oo, with the exponent of superdiffusion givenby a = 4 — pfor2 < u < 3,
while normal diffusion is recovered for y > 3 (Shlesinger, West, and Klafter, 1987;
Zumofen and Klafter, 1993; Zimbardo and Perri, 2013; Zimbardo and Perri, 2018).
Being fulfilled the normalization condition [, dt [*d¢ ¥(¢,7) = 1, the scatter-
ing times are generated for ¢ > ¢o as

1

T="T [;4(11—5)] - , (2.7)

while T = ¢/C for ¢ < o, being ¢y = C1y < 1 (see Trotta and Zimbardo (2015) and
Prete, Perri, and Zimbardo (2019) for more details). Of course, when ¢ — 1 very long
scattering times are allowed. Because of the space-time coupling of Lévy walks (see
Eq. (2.5)), very long scattering times imply very long free paths. In summary, the
distribution of scattering times depends on two parameters, i and the scale time 1.
Conversely, in the case of normal diffusion a single parameter, say (7), is sufficient
to characterize the diffusive motion.

Energetic particles are injected at the shock, x = 0, and are followed until they exit
a simulation box as large as +=5L (in order to avoid the effects of what would be
absorbing boundaries at +-L). Typically, 10° particles are used in each run. The
probability density P(x,t) of particles being at a given position x after injection is
obtained by dividing the simulation box in 200 intervals Ax;, and counting the num-
ber of particles found in each interval at a given time. The probability density is
normalized to one. Assuming a stationary situation, the steady state particle density
n(x) is obtained as (e.g., Kirk, Duffy, and Gallant, 1996; Perri and Zimbardo, 2008;
Zimbardo and Perri, 2013)

n(x) = @ /O " p(x, )dt, 2.8)

where @y is the particle injection rate at the shock. In the numerical simulation, ®
can be considered as a free parameter to be adjusted in order to match the simulation
results to the observations. We set dt; = 1 s, which corresponds to the inverse of the
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proton gyrofrequency in a 10 nT magnetic field, V; = 600 km/s, and V, = 200
km /s, which are values appropriate to the solar wind speed in the shock frame and
correspond to a compression ratio r = V;/V, = 3. In this section, the box size L
has been chosen to correspond to L = 107 km. For the purpose of illustrating the
influence of the model parameters, we made simulation runs with a supra-thermal
non relativistic 100 keV proton population. Thus, the particle speed is set up to
v = 4427 km/s. We performed several runs while varying the model parameters
u and Tp; here, we show the main features of the results, while further results are
shown in Prete, Perri, and Zimbardo (2019).

Figure 2.14 shows the probability density P(x,t) at time t = 4 x 10 seconds, ob-
tained with several different values of y = 2.1-4.5 (see legend) and a scale time
Tp = 50 seconds. We emphasize again that 2 < p < 3 implies superdiffusion in
such a Lévy random walk, while for y > 3 the system recovers normal diffusion. It
can be seen that the value of y directly influences the height and width of the dis-
tribution, and that the smaller y the heavier the tails of the probability distribution.
This means that, for a fixed 19, the small values of u allow for a faster spreading of
particles both to the left and to the right.
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FIGURE 2.14: Probability density P(x,t) at time t = 4 x 10* s, ob-

tained with several different values of u (see legend) and a scale time

Tp = 50 s. The smaller y the heavier the power-law tails of the prob-

ability distribution, while for y= 3.5 and 4.5 the probabilities P(x,t)
tend to Gaussian distribution.

Figure 2.15 shows the corresponding density profiles, as obtained by Eq. (2.8),
around the shock for the same values of y shown in Figure 2.14.



80 Chapter 2. Space Weather extreme events

m

n(x) (km1)

— u=21
— u=23
— u=25

u=27
— u=29
— u=35

u=4.5

1073

T T T T T T
—7500000 —5000000 —2500000 2500000 5000000 7500000

FIGURE 2.15: Energetic particle density spatial profile n(x) in the case
of superdiffusion, for several values of y, as indicated in the legend,
and a scale time 1p=50s

Figure 2.15 clearly shows that the height of the density profile and the slope in the
upstream region directly depend on y. Also, the height of the density peak at x = 0
depends on y, as predicted by Perri and Zimbardo (2012a) and Zimbardo and Perri
(2013). Indeed, including superdiffusive transport within a first order Fermi process
implies that the density at the shock n(x = 0) is larger than that far downstream
n(x — o0), according to the ratio

- (2.9)

as a consequence of the propagator scaling properties (Kirk, Duffy, and Gallant,
1996; Perri and Zimbardo, 2012a; Zimbardo and Perri, 2013). The above equation
shows that when y — 3, i.e., approaching normal diffusion, the ratio of densities ap-
proaches unity, as for normal diffusion. Conversely, for  — 2, the ratio of densities
tends to become very large. This effect can be see in Figure 2.15, since the height of
the density peak at x = 0 grows when u — 2, and this can be considered as a further
diagnostic of superdiffusion.

To understand the influence of the scale time 7y on the density n(x), Figure 2.16
shows the density profiles for y = 2.5 and for a number of values of 1 ranging from
2 s to 75 s. It can be seen that the smaller 7y, the faster and sharper the decay of the
density close upstream of the shock; therefore, 1y sets the value of the density jump
of energetic particles on a macroscopic scale. From Figure 2.16 it appears that there
is a weak dependence of the density bump at x = 0 on 15, which is not predicted by
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FIGURE 2.16: Energetic particle density spatial profile n(x) in the case
of superdiffusion with y= 2.5 and for several values of the time scale
Ty, ranging from 2 s to 75 s.

the theory, see Eq. (2.9). However, we consider that this can be an effect related to
the finite size of the intervals Ax; along the x axis.

2.2.2 Energetic particle transport properties from particle fluxes from in-
situ spacecraft measurements

Our model assumes a steady-state, one-dimensional shock, so that all the spatial
variations are along the direction normal to the shock front only. All the quantities
shown in the previous section have been obtained in the shock rest frame, and de-
scribe the spatial distribution of energetic particles as a function of the coordinate x,
which is perpendicular to the shock.
For comparison with spacecraft observations, the upstream and downstream plasma
velocities in the shock frame have to be linked to the ones in the spacecraft frame.
Thus, velocities in the shock frame are related to those in the spacecraft frame by a
Galilean transformation

vie=vs/e vt (2.10)

where Vls/ ¢ is the upstream plasma velocity measured in the spacecraft frame, V1
is the upstream plasma velocity in the shock frame, and Vssil/c is the shock velocity
in the spacecraft frame. Clearly, a similar transformation holds for the downstream
velocities.

We make the simplified assumption that the shocks are planar and perpendicular to
the radial direction. We further notice that the compression ratio can be expressed in



82 Chapter 2. Space Weather extreme events

TABLE 2.3: Selected shock crossings by the ACE spacecraft. We have

reported from the left to the right: the date, the time of the shock

crossing, the angle 6p,,, the Alfvénic Mach number, the compression

ratio, the upstream speed in the spacecraft frame, and the down-
stream speed in the spacecraft frame.

date time  63,(°) Mg r V¢ (km/s)  V5/ (km/s)
26/08/98 0620 120+15 424 23+07 455 602
08/06/00 0841 129+10 3.13 2.9+0.8 521 772
23/04/02 04:15 154+8 3.82 3.6+1.3 410 580

the shock frame as r = V3 / V51, so that the following relation can be derived (e.g.,
Burgess, 1995; Perri and Zimbardo, 2015)

s/c s/c
vyt =V

s/c __
Vo' = r—1

2.11)
The compression ratio can be directly obtained from the observed density ratio as
r = np/ny: values for three shocks detected by the ACE spacecraft are reported
in Table 2.3 . In this work, we have carefully evaluated n; and n; within selected
regions around the shock front where 7, and 71, remain almost constant in their time
profile (see Perri et al., 2015). Once the upstream and downstream speeds in the
shock frame are determined from Eqgs. (2.10,2.11), we can recast the numerical results
for the energetic particle density as a function of time f rather than as a function of
the shock distance x, i.e., for the upstream (downstream) side t = x/ Vlsh t=x/ st’h).
We report here the comparison between ACE observations and numerical simula-
tions for three shock crossings: 26 August 1998, 8 June 2000 and 23 April 2002. For
each shock selected, we determined the compression ratio r, the Alfvénic Mach num-
ber My = Vi/Va (being V4 = B/\/4mp, the Alfvén speed), and the angle 05, be-
tween the shock normal and the mean magnetic field direction (see Table 2.3). We
analyzed the magnetic field data from the MAG instrument on board ACE at 4 min-
utes time cadence, while for the solar wind data we used the SWEPAM instrument
at 64 vec/s resolution.

The angle 65, was determined using the minimum variance analysis (MVA) method
(Sonnerup and Cahill, 1968). To determine the plasma parameters, we selected two
regions behind and ahead of each shock, whose range goes from -200 min to 200
min. From the MVA analysis, we found three different geometries for the shocks an-
alyzed: quasi-perpendicular for the 26/08/98 event, oblique for the 08/06/00 event,
and quasi-parallel for the 23/04/02 event (see Table 2.3).

2.2.3 The 26/08/1998 quasi-perpendicular shock event

In Figure 2.17 we show from top to bottom the energetic ion fluxes, measured by
EPAM/LEMS-30 in the energy channels from 67-115 keV and 315-580 keV at 12 s
resolution, the magnetic field magnitude, the solar wind number density, the solar
wind bulk speed, and the magnetic field variance 0> = ¥;_; , 307 normalized to the
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FIGURE 2.17: Shock crossing observed by ACE on 26 August 1998.
From top to bottom: (a) differential flux of energetic particles mea-
sured at 12s of cadence by LEMS-30 in the energy channels from 115-
195 keV to 321-580 keV, see legend; (b)the 4 minute resolution mag-
netic field intensity; (c) proton number density and (d) proton bulk
velocity in the spacecraft frame at a resolution of 92 s; (d) magnetic
variance computed over a time scale corresponding to particles with
energies within the channel 115-195 keV, normalized to the average
magnetic field By (see Perri and Zimbardo (2012b) and Zimbardo,
Prete, and Perri (2020)). The vertical dashed line indicates the time
at which the satellite crossed the shock.

average magnetic field, where each component is defined as ¢? =< (B;— < Bi >
)? >7 and T represents the timescale for the average computation (Perri and Zim-
bardo, 2012b). We have excluded from the analysis the EPAM energy channel 47-65
keV, because it could be influenced by thermal particles. We have also excluded en-
ergy channels higher than 315 — 580 keV because the signatures of shock-accelerated
particles in this range are unclear and the fluxes are only slightly above the back-
ground. Magnetic variances have been computed over a time scale At = pg/ Vs
corresponding to the gyroradius pg of protons with energy E = 149 keV (namely,
we have chosen the mean energy within the 115-193 keV channel). It can be seen
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that the magnetic field variance does not show any significant time/spatial trend
from the shock front towards far upstream; it remains almost constant, implying
that there is no spatial dependence of the particle diffusion coefficient within the
upstream region (Perri and Zimbardo, 2012b). The time series of the magnetic field
variances computed over time scales corresponding to the Larmor radius of parti-
cles with energies within the other channels show similar behaviours (see Zimbardo,
Prete, and Perri, 2020). For this shock, we found 0p,, ~ 60° 4+ 15°, so that this is a
quasi-perpendicular shock. In this case ions reflected at the shock do not propagate
upwind, but after performing a gyromotion around the upstream magnetic field
lines tend to re-enter the shock moving towards the downstream side. On the con-
trary, energetic particles accelerated at the shock can still propagate in the upstream
region by means of diffusion or superdiffusion parallel to the average magnetic field.
This happens if the particle velocity along the radial direction toward the upstream
side is larger than the solar wind speed in the shock frame V. Since we are con-
sidering particles with velocities that go from 4 x 10> km/s to 9 x 10°> km/s and the
upstream solar wind speed is typically of the order of 4-5x10> km/s, we have a
large number of energetic particles that can propagate upstream.

The energetic particle fluxes are shown in the top panel of Figure 2.17 in log-lin
axes as a function of the time from the shock front. The decay in the upstream re-
gion (from the shock towards far upstream) is not exponential, but it exhibits a long
upstream tail, suggesting that the transport is superdiffusive (Perri and Zimbardo,
2007). Indeed, since the magnetic field variance displayed in the bottom panel is
almost constant, this suggests a spatial independent diffusion coefficient, so that in
case of normal transport Eq.(2.1) should hold. Moreover, the downstream particle
fluxes are not constant as predicted from standard DSA, but they tend to decrease
downwind after peaking at the shock. In Figure 2.18, we report the particle fluxes
in the upstream region as a function of the time (in minutes) from the shock cross-
ing time. Following the method developed by Perri and Zimbardo (2007), Perri and
Zimbardo (2008), Perri and Zimbardo (2015), Perri et al. (2015), we have fitted the
energetic particle fluxes with a power-law time decay, i.e. | « t#, which is the one
expected for superdiffusive transport far upstream of the shock front. In each panel,
the slope B of the best-fit is indicated; this is related to the exponent « of the mean
square displacement, that is « = 2 — |B], so that a value of || < 1 implies a su-
perdiffusive regime with « > 1 (see Eq.(2.6)), as found for the time profiles shown
in Figure 2.18.

From the exponent of the power-law we can derive y = 4 —a = 2+ |B| and 1
(Prete, Perri, and Zimbardo, 2019). Indeed, the time scale 1 is related to y by (Perri
and Zimbardo, 2015; Perri et al., 2015)

To = W tbreak/ (2'12)

where t},,,c can be determined by visual inspection of the particle flux profile: close
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FIGURE 2.18: Power-law fits (blue dashed lines) of the energetic parti-

cle fluxes (red lines) in several energy channels for the shock crossing

of 26 August 1998. The exponents of the power-law fit B as well as the

energy channels are indicated in each panel. The time in the x-axis is
in minutes from the shock crossing time.

to the shock front particle fluxes tend to flatten, so that the time at which the flux
changes from being almost flat to a power-law decay is registered as t,q. In Figure
2.18 we have indicated tp,.,,x using a vertical dashed line. Since we are using high
resolution 12 s EPAM data, there are several time fluctuations of the fluxes that make
the identification of t,.,, challenging. However, using lower, 5 minute resolution
EPAM data would hide any t,,,; shorter than 10 minutes.

Thus, using spacecraft data we have been able to derive the typical parameters for
superdiffusion. We have then used those values as setting parameters for the test-
particle simulations described in Section 2.2.1 and computed the energetic particle
time/space profiles upstream and downstream of the simulated shock.

Figure 2.19 shows the comparison between the event detected by ACE and the out-
put of our numerical run, using the parameters obtained from data analysis. The
agreement between the fluxes measured by EPAM/ACE and the profiles from the
model is very good, suggesting that a superdiffusive transport process upstream and
downstream of the shock discontinuity can account for the observed time behaviour.

2.2.4 The 08/06/2000 oblique shock event

The shock event of 8 June 2000 is considered as oblique shock since the angle 0p, ~
50° £ 10°.
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FIGURE 2.19: Comparison between EPAM/ACE measurements at 12

s resolution in the same energy channels as Figure 2.18 (red curve)

and the density profiles obtained by the simulation (black curve)

mimicking a superdiffusive particle process and setting the transport

parameters directly from observations. The values used in the simu-
lation are reported in the legend.

In Figure 2.20 we report ACE data in the same format as in Figure 2.17. In the top
panel we notice again that the energetic particle fluxes do not show an exponential
profile in the upstream region, but a long upstream power-law tail, and in the dow-
stream region we do not have a constant profile but a gentle decrease. Once again,
we can assume that the transport is superdiffusive. From panel (d) in Figure 2.20, it
is possible to notice that the upstream magnetic field normalized variance tends to
have a rising trend very close to the shock front, implying the possibility of a spatial
dependence of the particle diffusion coefficient. However, far upstream it tends to
be constant on average going further upstream, so that the long far upstream tail in
the particle fluxes can be ascribed to an anomalous, superdiffusive propagation.

In Figure 2.21, we report the power-law best-fit of the energetic particle fluxes in the
upstream region. The exponent of the power-law decay is found to be || < 1 for
all the energy channels analyzed, so that the transport can be considered superdif-
fusive. We use these f parameters in the simulation together with the determination
of 7y obtained from Eq. (2.12). In Figure 2.22 the comparison between the simulation
results and the spacecraft particle fluxes are shown. The output energetic particle
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FIGURE 2.20: Same as Figure 2.17 but for the ACE shock crossing of
8 June 2000.

density profiles from the numerical code are in very good agreement with the ener-
getic particle fluxes detected by in-situ measurements, both in the upstream and in
the downstream regions.

2.2.5 The 23/04/2002 quasi-parallel shock event

The shock event of 23 April 2002 is quasi-parallel; indeed, 05, ~ 25° £ 8°. In the
top panel of Figure 2.23 we report energetic particle fluxes in three energy channels
in log-lin axes. Again, it is possible to recognize a long upstream tail in the fluxes,
which can be fitted with a power-law time decay. In the downstream region the
energetic particle fluxes exhibit again a decreasing time profile. We ascribe such
evidences to particle superdiffusion.

In Figure 2.24 we report the power-law best-fit of the upstream region for the three
energy channels. Notice that we have also performed an exponential fit of the par-
ticle upstream fluxes but the power-law decay fits much better the data. This has
been tested by computing the x?-test; we have found better values of the x? for the
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FIGURE 2.23: Same as Figure 2.17 but for ACE shock crossing of 23
April 2002.

power-law fits than for the exponential one. As we can see, the values of |B| are
less than one and in particular they assume very small values, indicating a strong
superdiffusion even compared to the previous cases.

We report the comparison between the data and the simulation results in Figure 2.25,
using the setting parameters for the simulations obtained from the data analysis of
the shock event. The comparison is again good, however, it has to be stressed that
the sudden increase of the particle fluxes close to the shock front (from about —20 to
0) cannot be captured by the numerical density profile. It is possible that this region
close to the front is more affected by the plasma instabilities excited by reflected
particles in a quasi-parallel shock geometry, which cannot be reproduced by a test-

particle model.

2.3 Interpretation of flat energy spectra upstream of fast in-
terplanetary shocks

Several interplanetary shock events show ion fluxes having similar amplitudes from
the lower energy channels to the higher ones. We refer to them as overlapped fluxes,
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FIGURE 2.25: Comparison between ACE measurements in several en-

ergy channels (red curve) and the density profiles obtained by the

simulation (black curve) in the case of superdiffusion. The values
used in the simulation are reported in the legend.

characterized by flat energy spectra. Instead, close to the shock upstream, ion fluxes

reach different amplitude values according to their energies and energy spectra start

steepening towards high energy.
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We already know, from the introduction of Section 2, that collisionless shocks rep-
resent the main sources of energetic particles and cosmic rays in astrophysical envi-
ronments. Efficiency in particle acceleration at shocks can be achivied when parti-
cles remain confined near the shock, either as a result of geometry, or by scattering in
turbulent magnetic fields and furthermore, particles gain energy due to the density
compression at the shock front (Drury, 1983). We mentioned that collisionless shock
properties depend on the angle 6p,. In the quasi-parallel configuration, reflected ions
can efficiently propagate upstream, thereby forming the ion foreshock. In this re-
gion reflected ions form a beam in the velocity space which can excite different type
of waves as ion cyclotron, Alfven waves, fast-magnetosonic, and whistlers. This
makes the ion foreshock region a very turbulent region, as observed by spacecraft in
the terrestrial ion foreshock (Schwartz and Burgess, 1991; Perri and Zimbardo, 2009;
Wilson, 2016; Karimabadi et al., 2014). The disturbances excited by the reflected
particles, can increase the level of magnetic fluctuations in such a way as to allow
efficient scattering electrons (Wilson et al., 2016) and ions (Wilson et al., 2013; Turner
et al., 2018), thereby trapping them near the shock for further acceleration to high
energies according to the mechanism of DSA. In the quasi-perpendicular configura-
tion particles reflected at the shock do not propagate upwind but rather re-enter the
shock after gyrating in the upstream magnetic field. This allows the enhancement
of the downstream magnetic fluctuations, as usually observed (Greenstadt et al.,
1975). In the absence of rapid scattering upstream, DSA can be slow, as suggested
by some observations (Reynoso, Hughes, and Moffett, 2013) and numerical simula-
tions (e.g., Caprioli, Pop, and Spitkovsky, 2015; Sundberg et al., 2016; Trotta et al.,
2020a; Preisser et al., 2020).

Upstream transport conditions are related to the level of magnetic fluctuations and
these conditions can higly influence the suprathermal particle fluxes. For example,
Lario et al. (2022) investigated the formation of an anisotropic field-aligned beam
of protons upstream of an oblique shock with energies < 30 keV together with a
population of protons at higher energy propagating at small pitch-angle. The un-
usually long duration (and therefore spatial extent) of the field-aligned beam was
interpreted as due to the absence of magnetic field fluctuations over a large distance
upstream of the shock wave — a scenario where efficient scattering is not favoured.
The formation of a precursor of energetic particles, in the upstream region, is another
fundamental phenomenon in which energetic particles must satisfy the condition

vy > th sec(0pn), (2.13)

i.e., when energetic particles have velocity parallel to the local magnetic field greater
than the speed of the intersection point of a field line with the shock front along the
direction of the shock front, they will form the precursor (le Roux and Webb, 2012;
Lario et al., 2019). Here, V;" represents the upstream speed in the shock reference
frame and y is the cosine of the pitch angle, i.e. the angle between the local magnetic
field and the particle’s velocity vector. This precursor has to be distinguished by the
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ion foreshock, mostly related to the reflection of the thermal particles and from the
fast/magnetosonic whistler wave precursor (Wilson et al., 2017).

It is known that high energy particles can easily propagate back upstream while low
energy particles tend to be confined near the shock region, reducing their fluxes far
upstream; therefore the velocity filter mentioned above can lead to a spectral flat-
tening in the usptream region. Furthermore, the velocity filter on particles can be
influenced by the presence of magnetic tubulence, that can cause pitch angle scatter-
ing and a meandering of magnetic field lines.

Here we present an analysis made on three different Interplanetary shocks and their
associated ions fluxes observed by the ACE spacecraft and by Wind spacecraft. The
events analyzed are the event dectectd on 25 May 2015, the one detected on 14 July
2012 and the event of 4 November 2002. We will show in this chapter just one of
them, but we made the same analysis for the other two. All these events are char-
acterized by energetic particle profiles that are overlapping far upstream and up to
about 1-3 hours before the shock passage (i.e., the upstream energy spectrum is flat
for a broad range of particle energies). Closer to the shocks, the fluxes at each energy
separate and reach values more typical of those predicted by DSA theory. The same
behaviour of ion fluxes was already highlighted by Lario et al. (2018), who noted
that ion fluxes, in the energy range that goes from 50 keV to 4 MeV, showed a typical
spectral flattening far upstream of different interplanetary shocks. Here, we analyze
energetic particle fluxes and magnetic fluctuations close to and far upstream of the
shocks. We will try to interpret observations of flat upstream energy spectra in terms
of the velocity filter mechanism described above.

2.3.1 Data collection and analysis
Shock crossing

The event that we are going to show in this chapter has already been studied by
Lario et al. (2018), i.e. the 25 May 2015 shock event. Ion fluxes show an overlap
that extends far upstream, over six different energy channels. Energetic ion fluxes
start separting at about 50 minutes before the shock arrival and downstream of the
shock. The solar origin of this relatively strong event was associated with a halo, fast
(plane-of-sky speed ~1689 km s~!) CME observed at 17:12 UT on 2005 May 13, as
reported in the Coordinated Data Analysis Workshops (CDAW) Data Center SOHO
LASCO CME catalog* and temporary associated with a M8.0 GOES class X-ray flare
from the NOAA active region 10759 at N12E12 with onset at 16:13 UT on 2005 May
13 (Lario et al., 2018). The transit time for the shock to travel from the Sun to 1 AU
was about 2038 minutes, corresponding to an average transit speed of ~ 1223 km
s~ ! (see Table 1 in Lario et al., 2018). Using data from GOES-11, Lario et al. (2018)
show that energetic particles peak at the shock even in the high energy channel of
32.5-56.4 MeV, confirming that it is a strong particle accelerator.

“available at cdaw.gsfc.nasa.gov/CME_list/
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FIGURE 2.26: Overview of the shock crossing by the ACE space-
craft on 2005 May 15. From top to bottom: particle fluxes from the
EPAM-LEMS120 instrument in the energy range 68-1890 keV mea-
sured at 12 s cadence, the 60 s resolution magnetic field components
in the Radial-Tangential-Normal (RTN) reference frame along with
the magnetic field magnitude, the proton density and the solar wind
bulk speed both from ACE (at 64 s resolution) and Wind (at 92 s res-
olution), and the angle between the radial direction and the mean
field direction computed over a running window of 5 min. The ver-
tical dashed line indicates the shock position, the yellow shaded area
shows the region where energetic particle fluxes overlap indicating a
period with a relatively flat energy spectrum.

In Figure 2.26 from top panel to bottom we report (a) the 12 s resolution particle
fluxes detected by the Electron, Proton, and Alpha Monitor (EPAM) instrument
(Gold et al., 1998) onoboard ACE from the LEMS 120 sensor in the energy range 68
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keV-1.90 MeV; (b) the total magnetic field and its component in the Radial-Tangential-
Normal (RTN) coordinate system, detected by the MAG instrument onboard ACE at
a time cadence of 60s; (c) and (d) the plasma proton density and the solar wind bulk
speed, respectively, detected by the Solar Wind Electron, Proton, and Alpha Monitor
(SWEPAM) experiment, onboard ACE with a resolution of 64s. In these panels we
also chose to show the plasma proton density and the solar wind bulk speed mea-
sured by Solar Wind Experminet (SWE) (Ogilvie et al., 1995) onboard Wind mea-
sured with a resolution of 92 s (red lines), because of a gap in the SWEPAM data. In
the bottom panel we show the angle 1, i.e. the angle between the direction of the
mean magnetic field and the radial direction (Sonnerup, 1969). This angle gives us
information about the magnetic connectivity of the observer with the shock surface
(the horizontal dashed red line indicates a 90° angle). It has been calculated by com-
puting averages over 5-minute running windows.

The vertical black dashed line indicates the shock crossing time. We display an up-
stream time window of about 24 hours, also because the fluxes of different energy
channels are overlapped for about ~ 16 hours (indicated by the yellow shaded area
in Figure 2.26), while we show a time window of 10 hours for the downstream re-
gion. Proton fluxes in panel (a) result well separated 17 hours priors the shock ar-
rival in the upstream region. Then, between a period that goes from 800 minutes to
80 minutes (corresponding to 16 hours) upstream of the shock, they are overlapped.
At about 50 min before the shock crossing upstream, ion fluxes separate (see the
inset in the top panel in Figure 2.26). It is interesting to note that in panel (b) the
region corresponding to the region in which fluxes are overlapped, show a magnetic
field that tends to be approximately radial (see also panel (e) in Figure 2.26 where
¢ < 30° for most of the time interval indicated by the shaded region), while this
behavior is completely lost near the shock, i.e. in the region where the fluxes start to
become separate again. This suggests that for the entire period when the upstream
flat spectrum was observed, the spacecraft was well connected to the shock front.
In the downstream region, it is possible to see the presence of the magnetic cloud
(MC) associated to the passage of the CME, as we already discussed in Section 2
(Burlaga et al., 1981; Klein and Burlaga, 1982). Furhermore, this is also proved by
the presence of a sudden decrease of about two orders of magnitude in the particle
fluxes observed after ~ 3 hours of the shock crossing downstream (Lario et al., 2018;
Perri et al., 2022).

Finally, the fundamental shock parameters for the event that we are analyzing have
been determined. We calculated the 0p, angle using two methods: the MVA and the
Coplanarity Method(CM) (Paschmann and Daly, 2000; Koval and Szabo, 2008). Us-
ing the MVA we found that the angle is 0, = 78.7 +12.9, i.e. a quasi perpendicular
configuration for the shock. Since the MVA analysis, computed over a 50 minutes in-
terval before shock crossing, can be highly unstable due to the rapid variations of the
magnetic field, we have also calculated the angle via the CM. The CM technique with

a systematic variation of upstream and downstream averaging windows from ~ 2
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to 50 minutes (as done in Trotta et al. (2022)) yields a large spread of values, indicat-
ing high levels of upstream/downstream disturbance. With this method we found
an angle of about 51.3 &+ 13.6, in agreement with the MVA method. We also deter-
mined, in the same time window used for the 6p, calculation, the Alfvén M, = 4.4
and the sonic Mach numbers Mg = 6.7, the compression ration » = 3.0 £ 0.6, as
the ration between the downstream and the upstream proton density, the plasma
beta B = nkgT/(B?/2uo) = 1.57, where kg and p are respectively the Boltzmann
constant and the vacuum permeability, and the shock speed Vssh/ ¢ =926km/s in the
spacecraft frame (Perri et al., 2015).

Magnetic field turbulence

In order to understand what are the characteristics of the environment in which our
shock is propagating, turbulence properties of the magnetic field have been inves-
tigated. We did these in two upstream regions: the region in which the fluxes are
overlapped (shaded area in Figure 2.26) and close to the shock region where the
fluxes are well separated (from -80 minutes to -10 minutes). We did this computing
the Power Spactral Density (PSD) of the magnetic field component along each direc-
tion in the RTN frame, using the Fast Fourier Transform.

In Figure 2.27 we present the power spectrum of the magnetic field in the two regions
described above. In the region in which fluxes are overlapped, we found a power-
law spectrum of Kolmogorov-type (black continuous line), i.e. PSD(f) « f~°/3
where f is the frequency in the spacecraft frame, indicating ambient solar wind tur-
bulence (Bruno and Carbone, 2005; Pitniia et al., 2021).

In the region where fluxes are not overlapped, i.e. the region between -80 minutes
and -10 minutes, the power spectrum seems to have a different behavior PSD(f) «
f~! (blue continuous line). The best power-law fits are shown in Figure 2.27, re-
spectively with a red dashed line for the overlapped region and with a black dashed
line for the near shock region. We also reported in the legend of the figure the val-
ues of the slopes for both cases. We computed the power-law fits within a range
of frequencies corresponding to the Larmor radius of energetic particles, namely,
fe = Vup/(2mpg), where V,,, is the upstream velocity in the spacecraft frame of
reference and pg is the Larmor radius of particles with a specific energy E. The fre-
quencies are indicated by vertical dashed lines. The results found for the near shock
region indicates that fluctuations are freshly-injected and the turbulence is not com-
pletely developed yet. We found similar results for the other two events.

Moreover, with the wavelet analysis of the magnetic field vector, we studied how
the magnetic fluctuations are distributed in frequency and as a function of the shock
distance. The square of the wavelet coefficients of the magnetic field components
have been computed as (Alexandrova et al., 2008)

(We(T, 1) = ) Wiz, 1%, (2.14)



96 Chapter 2. Space Weather extreme events

10
—— Far upstream
——-- f-l51zx0.01
103_ —— Close upstream
———- §-0.98:0.01
102
—
T
~ 10!
-
< :
a 10°% SEEE
o P :
o = 68 - 115keV 2LEE
107" . 115-195keV . |
------ 195 - 321 keV 1L EER
10-2 321 -580keV £ |
----- 0.580 — 1.06 MeV P
----- 1.06 - 1.90 MeV 3
103 = = 7*
f(Hz)

FIGURE 2.27: PSD of the magnetic field fluctuations for the 2005 May
15 event, computed in the region far upstream where the fluxes of
energetic particles overlap (black line) and in the region close to the
shock front upstream (blue line). The vertical dashed lines indicates
the frequencies corresponding to the Larmor radius of the energetic

particles (see Figure legend). The best power-law fits are also shown
by the dashed lines.

where T = 1/f is a time scale, and the sum is computed over the three compo-
nents of the magnetic field, i = R, T, N. W;(t,t) represent the Morlet wavelet co-
efficients computed over different T and time ¢ (Torrence and Compo, 1998), i.e.,
Wit t) = Z]-IL Bi(tj)y* [(t; — t) /7], with ¢* being the conjugate of the wavelet
function. This allows us to assess the magnetic energy content in frequency and
in time and localize, within the time series, the regions with high magnetic energy.
In Figure 2.28 we report the result of the application of the wavelet analysis on the
magnetic field components for the event of 15 May 2005.

In Figure 2.28 the white dashed vertical line indicates the shock arrival time while
the two horizontal white dashed lines delimit the regions in which we have the fre-
quencies associated to the larmor radius of energetic particles. The yellow box indi-
cates the region where the fluxes are overlapped. From the figure it appears evident
how, near the shock region, the power of the magnetic field fluctuations increases
over a broad range of frequencies that includes the frequency lines. This implies
that the magnetic energy stored in the fluctuations tends to increase near the shock
and it is found to be high in the region just after the shock, i.e. the sheath region (see
the description of this region in Section 2), in which fluctuations are highly com-
pressed and enhanced. Recent observations of turbulence close to interplanetary
shocks (Zhao et al., 2021) were found in agreement with our results near the shock
region. The behavior of the magnetic power near an interplanetary shock reconciles
with observations of an extended f ! range in the PSD computed in this region. The
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FIGURE 2.28: Power spectral density computed using the wavelet co-
efficients over the three magnetic field components (see text for fur-
ther details). The yellow box delimits the region upstream where a
flat energy spectrum has been detected, while the vertical dashed line
marks the shock crossing time. The horizontal dashed lines indicate
the frequency range corresponding to the Larmor radius of energetic
particles from 67 keV to 2 MeV. Typical cascade patches (Greco et al,,
2016) can be recognized over the entire upstream region, with an in-
tensity increase close to the shock front. Just behind the shock the
CME sheath region is characterized by a very high level of turbulence
over a broad range of frequencies.

local increase of the magnetic field power and the detection of a bumped PSD close
upstream might be ascribed to a self-generated, freshly-injected turbulence, due to
the presence of the energetic particle fluxes. We found similar results in the other
two cases.

Energetic Particle Anisotropy

In order to characterize the energetic particles motion, we investigate their propaga-
tion with respect to the local magnetic field direction using the Solid State Telescope
(SST) of Wind 3DP (Lin et al., 1995). Ion fluxes are divided in 9 energy channels with
average energies of 76 keV, , 130 keV, 200 keV, 336 keV, 554 keV, 1 MeV, 2 Mev, 4 MeV,
6.8 MeV. They are also binned in 8 pitch-angle values with respect to the local mag-
netic field direction. In Figure 2.29 we show the maximum intensity of ion fluxes as
a function of pitch angle cosine y for the event of 15 May 2005.

In order to get rid of any anisotropic feature due to the Compton-Getting effect,
fluxes are in the solar wind reference frame (Compton and Getting, 1935; Forman
and Morfill, 1979). In Figure 2.29 the three different types of symbols represent
the three regions in which we have calculated the maximum intensity of ion fluxes:
black circles indicate the maximum calculated in the overlapping region (-800 min-
utes, -100 minutes), red diamonds refer to the near shock region ( -80 minutes, -10
minutes) and the blue stars indicate the downstream region (10 minutes, 70 min-
utes). Because of the presence of high magnetic field fluctuations that allow particles
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FIGURE 2.29: Mean ion fluxes, normalized to the maximum intensity
in each region, as measured from the Wind/3DP/SST instrument in
the solar wind frame within each pitch-angle bin during the 2005 May
15 event. Each panel refers to a given energy channel. The black cir-
cles indicate the ion fluxes measured far upstream of the shock wave
within the shaded region indicated in Figure 2.26, the red diamonds
refer to the close upstream region, where ion fluxes start separating,
and the blue stars to the downstream sheath region.

to be efficiently scattered, all the energy channels present a distribution of ion fluxes
isotropized in the downstream region. In the overlapping region, the lowest energy
channel fluxes are higher at large pitch-angles, namely particles move sunward to-
wards the shock, while the highest energy channel fluxes are lower, that means that
particles travel mostly anti-sunward at small pitch-angles. As we already noted, in
this region the magnetic fluctuations amplitude decreases but there is a good con-
nection between the spacecraft and the shock due to the fact that the magnetic field
is almost radial. This allows for the detection in the far upstream region of those par-
ticles that have been isotropized close upstream, considering that parallel diffusion
is larger than perpendicular diffusion. In the close upstream region this anisotropy
is reduced because of the presence of amplified magnetic fluctuations that, interact-
ing with ions, permit to scatter them in all directions (Giacalone and Jokipii, 1999;
Trotta et al., 2021). Here, lower energy particles tend to be isotropized in p, while
there is still anisotropy in favour of field-aligned particles at higher energies.

2.3.2 Discussion on the velocity filter condition

We used the velocity filter condition to derive the energetic particle fluxes, following
the interpretation proposed by le Roux and Webb (2012). This condition does not
allow particles to easily escape upstream. Firstly, we define the number of particles
in a volume of phase space as (Moraal, 2013)

dN = E(r,p, t)drd®p = F(x,p, t)d°rp*dpdQ, (2.15)
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where F(r,p,t) is the particle distribution function and dQ) = sinadad¢ is the el-
ement of solid angle in momentum space. We can define a differential density in
momentum, namely the number of particles in a given volume d°r and with mo-

mentum within p and p + dp as

u, = p? /Q F(r, p, )dQ. (2.16)

This implies that the number of particles becomes dN = U,d*rdp. We align the polar
coordinate axis with the upstream magnetic field, so that « is the pitch angle; con-
sidering that only particles with a sufficiently large parallel velocity can escape from
the moving shock, we find that a can vary over a limited range of values, namely the
particle velocity belongs to a limited spherical sector in phase space (see the cartoon
in Figure 2.30). Then, we can calculate the differential density of upstream propagating
particles as

Kmax
u, = 27tp2/ F(r,p,t) sinada. (217)
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FIGURE 2.30: Cartoon of the spherical sector around the magnetic
field direction with radius given by the particle velocity v.
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Since close to the shock, due to the presence of enhanced magnetic field fluctuations,
ions undergo a lot of scattering, we can make the assumption of nearly isotropic
particle distribution function. With this assumption, it is possible to insert the omni-
directional distribution function f(r, p,t) in Eq.(2.17). Using the pitch-angle cosine
# = cosa, defining a minimum pitch-angle cosine ji,;,, corresponding to &y, and

being du = — sinada, one can readily find that

th sec 93n> (2.18)

Uy = 2705 (5, )1 = i) = 292 1) (1

Eq.(2.18) introduces a correction to the isotropic (in pitch-angle) flux of particles re-
lated to the condition for particles escaping from the shock (Eq. 2.13). From Eq.(2.18)
we found a relation between the differential density and the flux, ] = U}, « p*f(p)
(Moraal, 2013), that is in agreement with what we expected from the DSA prediction,
in which f(p) o« p=3/(=1), where r = n,/n, is the compression ratio of the shock.
To better understand the effect of the velocity filter on the particle energy spectrum
observed in the usptream region of an interplanetary shock, we determined the flux
J in the energy range from 70 KeV to 40 MeV using Eq.(2.18). We present in Figure
2.31 the results obtained applying the velocity filter method.
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FIGURE 2.31: Left panel: Particle energy spectrum computed fixing

the upstream plasma speed in the shock reference frame at Vlsh =800

km/s and by varying the 05, angle. The velocity filter acts for quasi-

perpendicular shocks at low energies. Such a flux reduction produces

a flat energy spectrum. Right panel: Particle energy spectrum com-

puted fixing fp,, = 75° and by varying V;". The velocity filter acts for
high speed plasma flows at low energies.

In the left panel of Figure 2.31, we fixed the plasma speed in the shock rest frame
and we varied 6p, from quasi-parallel to quasi-perpendicular configuration. At low
energies, fluxes are reduced in a quasi-perpendicular configuration. This promotes
observations of flat spectra upstream of the shocks. This reduction involves the en-
ergy channels that go from 400 to 600 keV, that usually are the channels where the
upstream energetic particle fluxes are found to be overlapped.

In the right panel of Figure 2.31, we have fixed the 0p, value and we varied the up-
stream plasma speed in the shock frame of reference. In this case we can observe a
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reduction of the low energy flux when the speed is increasing. This happens because
the particle escape condition tends to be marginally fulfilled for high V" values.

2.4 Conclusions

In this Chapter we studied different Space weather phenomena related to the Sun’s
activity. To this purpose, we analyzed spacecraft data and coupled them with nu-
merical simulations. We tried to reproduce the evolution of a CME with the help of
a MHD code to compare these results with what it is seen by the spacecraft at the
Lagrangian point L;. We also studied how the shocks, that can be sometimes asso-
ciated to the evolution of a CME, can influence the transport and the acceleration
of charged particles. In this case we used a test-particle numerical code in order to
have a comparison with satellite analysis.

In Section 2.1, we focused on the study of a particular case of a magnetic cloud,
observed at L1 on June 28 2013 at 02:23 UT. This period of time is close to the maxi-
mum of solar cycle 24. It is well known that during solar maximum, the frequency
of CMEs increases in comparison to the solar minimum. Therefore, there were six
possible candidates in a time window of 5 days prior to the MC: two halo CMEs
(CME 4 on the 24 June at 04:00 UT and CME 6 on the 25 June at 11:12 UT) and four
partial halos and low-speed CMEs.

They were all analyzed and two of them were excluded for being responsible for
the MC, due to the direction of propagation of these CMEs, towards the back side
of the Sun i.e., CME 4 and CME 6, while CME 1 and CME 5 were also excluded
because they propagate in the northward direction and never reached the Earth. Fi-
nally, CME 2 and CME 3 were found to be the most probable events responsible for
the MC measured at L1 on June 28. Both events erupted on June 23, at 21:24 UT and
22:36 UT, respectively. We analyzed HMI magnetograms, AIA 30.4 nm and 17.1 nm
images just before 22:00 UT and detected some brightenings which helped us to de-
termine the position of the source. We identified the possible source of CME 2 in
the active region NOAA AR 11778 in the South-East solar disk and CME 3 source in
a tiny bright point close to a filament channel at longitude of 15°. The tiny bright-
ening corresponds to an emerging flux at the edge of a filament channel. It is a
favourable location for reconnection between emerging flux and open field, and for
CME ejection. We used the StereoCAT tool for obtaining the CME parameters re-
quired by the cone CME model in EUHFORIA and we did a 3D-MHD modelling of
the event, to further confirm that the CME coming from the northwest (CME 3) was
finally responsible for the MC. The EUHFORIA simulations show that this CME is
the only one capable of generating the MC passage measured at L1, as the arrival
time, velocity and density increase have been perfectly recovered.

EUHFORIA is a very useful tool to confirm the CME responsible for the observed
MC passage. Further improvements to the simulations could be made as we used the
simple Cone model in this case. This model does not take into account the internal
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magnetic structure of the CMEs and, therefore, is not capable of reproducing the
evolution of the different magnetic field components during the propagation of the
ICME. As a future work, we will include a different model of EUHFORIA in order
to better reproduce the MC.

In the present case, the two fast halos which fit with the propagation time did not
do it in the Sun-Earth direction and did not arrive at Earth. Statistical analysis only
based on fast halo CMEs as candidates in a 3-5 day time window prior to a MC is
ambiguous, especially during solar maximum periods. It confirms the conclusion
obtained by Schmieder et al. (2020), where 12 X-ray flares with 12 associated halo
CMESs were analysed. There the authors concluded that none of these 12 halo CMEs
were really geoeffective. One of them with a source at the central meridian and a
fast speed has been tested by EUHFORIA and due to lateral over-expansion could
not be geoeffective (Verbeke et al., 2022). Additional conditions are needed for the
geoeffectiveness (Rodriguez et al., 2008; Echer et al., 2008; Rodriguez et al., 2009;
Bein et al., 2011; Echer, Tsurutani, and Gonzalez, 2013; Bocchialini et al., 2018). In
fact, it is proved that C-class flares accompanied by partial filament eruptions and
slow-speed CMEs can be geoeffective (Chandra et al., 2010; Bocchialini et al., 2018).
Studies by Zuccarello et al. (2018), Linan et al. (2018), and Linan et al. (2020) show
the importance of considering the solar source of the CME with its complexity and
its excess in magnetic helicity.

We are planning to study all the magnetic clouds in the heliosphere listed by Al-
Haddad et al. (2018) in order to detect and analyze their solar sources. It would
be also helpful, in order to better study and reproduce the evolution of the CME
ejected from the Sun, the use of a more realistic CME model, other than the Cone
model used in this work. This will help to reproduce the evolution of the magnetic
tield associated with the CME.

In Section 2.2, we have studied the propagation of energetic particles during three
shock crossings detected by the ACE spacecraft. Following the methodology de-
scribed in Perri and Zimbardo (2007) and Perri and Zimbardo (2008), the particle
fluxes in the upstream side have been fitted via a power-law decay, which is the
profile expected within the framework of superdiffusion for a spatially independent
diffusion coefficient (Perri and Zimbardo, 2012b). The slopes of the power-law found
imply a mean-square displacement for energetic particles that is growing faster than
normal diffusive. Then, the observed fluxes have been compared with the ones ob-
tained by running a test particle code (see Prete, Perri, and Zimbardo (2019)) where
the shock is treated as a planar infinite discontinuity and energetic particles propa-
gate around the shock region with a probability distribution of path lengths that is
a power-law (i.e., Equation (2.5)). Also the parameters relevant to the particle mo-
tion in the simulations, i.e., B, i, and 1y, have been derived from the analysis of the
ion fluxes measured in-situ. Notice that our simplified numerical model does not ex-
plicitly take into account the shock geometry, since there is no magnetic field present
and the random motion of particles is simulated using a Langevin equation along
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the x direction, which is normal to the shock.

From the data analysis, the evaluation of the parameter 79 is subject to a large un-
certainty, because of the high level of fluctuations in the high-resolution energetic
particle fluxes. Therefore, the determination of 7p in some cases has been fine-tuned
by comparing the output density profile upstream and downstream from the shock
derived from the numerical simulation and the one observed by the ACE spacecraft.
The comparisons between simulated particle density profiles and the observed ones
are satisfactory, since the numerical results reproduce both the upstream and the
downstream profiles as a function of the distance from the shock. In case of nor-
mal diffusion, the expected downstream profile of energetic particle is flat, but this
is never observed. In all the events studied, the comparison with test-particle sim-
ulations with particle superdiffusion is satisfactory. Here, for the first time, we are
able to reproduce the downstream side by assuming a Lévy walk for energetic par-
ticles. In addition, the values of the fundamental parameters # and 1) used in the
numerical simulations are the same for the upstream and downstream sides. In prin-
ciple, we could use different values of y and Ty in the upstream and the downstream
regions, since the transport properties could be different in the two sides. For a com-
parison, using a self-consistent particle-in-cell simulation, Trotta et al. (2020b) have
found that transport is superdiffusive both upstream and downstream of the shock,
but the exponent of superdiffusion « is larger in the upstream region. That result is
probably due to the enhanced level of downstream magnetic fluctuations generated
in the simulation. In this connection, we notice that for the three events considered
here the level of magnetic fluctuations in resonance with energetic particles does not
appreciably change from the upstream to the downstream side (see the lower panels
in Figures 5, 8, 11). Since pitch-angle scattering depends on the resonant magnetic
fluctuations, even in the case of superdiffusion (Zimbardo and Perri, 2020), the same
transport regime can be expected everywhere. We argue that this is the reason why
our numerical simulation can reproduce the energetic particle time profiles both in
the upstream region and in the downstream region with the same simulation pa-
rameters y and 7.

Finally, in Section 2.3 we studied a peculiar behavior of the energetic particle fluxes,
namely the low energy ion fluxes are overlapped in a given region far upstream of
an interplanetary shock detected by ACE and Wind spacecraft. As a consequence,
we observed flat energy spectra for particles. In the event analyzed the spacecraft
was well connected to the shock front, so it has been possible to observe fluxes of
particles previously accelerated at the shock. From the PSD analysis, we found an
increasing of magnetic energy stored in fluctuations very close to the shock that sug-
gests the presence of newly injected fresh turbulence, probably due to the presence
of streaming energetic particles, that favours their scattering and diffusion near the
shock front. Using the Wind/3DP/SST instrument, we have also analyzed the en-
ergetic ion fluxes in different pitch-angle bins, from which we found an isotropic
ditribution in pitch-angle in the downstream region and for lower energy particles
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close upstream, where the level of magnetic fluctuations is enhanced. High energy
particles tend to be more anisotropic close upstream and far upstream, suggesting
that they can escape more easily back upstream, and this supports the formation of
a flat energy spectrum. This scenario is also in agreement with the numerical results
by Ng, Reames, and Tylka (2003).

We tried to explain these observations with the velocity filter method suggested by
Lario et al. (2018). This method asserts that a velocity filter may depend on both
particles speed and pitch-angle. This will favor the propagation back upstream of
faster particles, while low energy particles remain more confined close to the shock.
This will cause an overlap of the ion fluxes over different energy channels far up-
stream and then a flattening of energy spectrum. We derived the differential density
of upstream propagating particles and we found that, for a fixed value of 0p,, parti-
cles with higher velocities and large y tend to fulfill the velocity filter condition and
be can easily detected far upstream, while lower energy particles cannot match that
condition and tend to be confined close to the shock front. This implies that their
fluxes are depleted far upstream leading to flat spectra. Such a mechanism would
lead to particle anisotropy, and the degree of anisotropy should depend on both the
velocity filter and the scattering undergone by energetic particles. Moreover, we
showed the energetic particle fluxes both as a function of the shock normal angle
fp, and as a function of the shock speed. We found that when the shock configura-
tion is more perpendicular, the velocity filter becomes more relevant. The flattening
that we found using the velocity filter method is in good agreement with spacecraft
data (we analyzed three events and we found similar results between them, see Perri
et al. (2023)), since the energy channels where a significant depletion of the flux is
observed correspond to those in which overlapped ion fluxes are detected in the ob-
servations (i.e., from 70 keV up to ~ 600 keV). Since these flat spectra are observed
several hours prior the shock arrival and particles can be accelerated by a shock
that has different properties such as the shock normal angle 0p,, we can assume that
the CME associated to the shock event is propagating too far from the Sun-Earth
line. Furthermore, because of the typical shape of the Parker spiral magnetic field,
spacecraft at L; are connected with the westward part of the CME driven shock,
which can be considered to be more “perpendicular” than the shock near to Sun-
Earth line. This makes the velocity filter effect efficient. It is also interesting to note
that the spectral flattening is maintained for a large range of distances between the
approaching shock and Earth, something which suggests that the energetic particle
transport properties might be nearly independent of the particle energy.
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Chapter 3

Supernovae Explosion as an
extreme event

Another class of extreme phenomena that can be included in the extreme events cat-
egory are the Supernovae explosions. As already mentioned in the Introduction of
this thesis, these catastrophic events are associated to a massive star collapse or to a
merge between a binary system of stars composed at least of a white dwarf. After
the explosion, the material ejected by the Supernova expands throughout the inter-
stellar medium (ISM) forming what is called Supernova Remnant (SNR). It is widely
believed that SNR powerfull shocks are the sources of Galactic cosmic rays, whose
energy can reach 10 eV, and also a source of X-ray and strong radio emissions.
These high Mach number shocks, can accelerate energetic particles at relativistic en-
ergies through the diffusive shock acceleration (DSA) mechanism, in which particles
can cross the shock back and forth due to the scattering with magnetic irregularities
and after each crossing they gain energy (Krymskii, 1977; Blandford and Ostriker,
1978; Bell, 1978; Bell, 1978a; Drury, 1983). In these high energy processes, a key role
is played by the magnetic field. It is already known that the ISM is turbulent with
a Kolmogorov-like power spectrum (Lee and Jokipii, 1976; Armstrong, Cordes, and
Rickett, 1981; Armstrong, Rickett, and Spangler, 1995). The observations have re-
vealed that the Galactic magnetic field assumes value of few ;G and it is formed by
two components, a uniform one and a fluctuating one, that are in equipartition be-
tween them (Beck et al., 1996; Minter and Spangler, 1996; Han, Ferriere, and Manch-
ester, 2004). Several studies have been computed on the interaction between a tur-
bulent magnetic field and a shock wave. When a turbulent magnetic field interacts
with a shock wave, it can distort its surface, leading to the formation of the shock
ripples (Ofman and Gedalin, 2013) and to an increase of the fluctuation level in the
downstream region of the shock (Neugebauer and Giacalone, 2005; Lu, Hu, and
Zank, 2009; Trotta et al., 2021). Magnetic field can also be amplified by the presence
of energetic particles, that streaming back ahead of the shock (Amato, 2014b), can
excite magnetohydrodynamic (MHD) turbulence, allowing an enhancement of the
magnetic field far above its original value, and as a consequence this will produce
a highly turbulent field (Bell, 2004). The presence of the turbulence in the upstream
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region is often used to explain the irregular emissions seen in SNRs and also to ex-
plain the particular shape that the edges of the shock assume when it interacts with
the ISM (Anderson and Rudnick, 1996; Balsara, Benjamin, and Cox, 2001; Guo et al.,
2012; Reynoso, Hughes, and Moffett, 2013; Yu et al., 2015).

Particle acceleration in SNRs shock is testified by the presence of syncrotron emis-
sion from relativistic electrons detected at their shock front. One of the common
SNRs that show this kind of emission is SN1006. SN1006 is a Type la supernova,
i.e. the result from the explosion of a white dwarf in an accretion binary system.
In these systems, white dwarfs increase their mass from a companion that can be
any type of star. The companion pushes the white dwarf over the Chandrasekhar
limit into core collapse and this results in a total distruption of the star. There is no
stellar remnant in this case, such as neutron star or black hole (Weiler and Sramek,
1988). SN1006 has a bilateral morphology consisting of two bright limbs located in
the north-eastern part (NE) and in the south-western part (SW), that present knots
and filaments along the boundary of the remnant (Koyama et al., 1995; Bamba et al.,
2003; Rothenflug et al., 2004; Reynoso, Hughes, and Moffett, 2013). The NE and
the SW regions mainly emit in the radio and X-ray bands, that correspond to the
syncrotron emission from high-energy electrons, and <y-ray band that could be as-
sociated to high-energy protons. Synchroton emission is responsible for both the
thermal emission (in the radio band) and for the non-thermal emission (in the z-ray
band). Another confirmation of the presence of non-thermal emission is related to
the difference in the spectral indices found in several papers (Koyama et al., 1995;
Ellison, Berezhko, and Baring, 2000). From the analysis made on the spectra of the
bright regions it emerged that X-ray spectra were much steeper (x = 1.9) than the
radio spectra (« = 0.6). This is predicted by non-thermal emission models since this
is a measure of the high energy cut-off in the electron distribution. In the case TeV
7-ray emission, the possible candidate associated to the production of such high en-
ergy photons are protons that interacting with hadrons present in the ISM, lead to
the productions of ¥ and to their subsequent decay. But there is still no complete
picture regarding the production of high energy y-rays, also because these can be
produced in the inverse Compton mechanism from ultrarelativistic electrons (Giuf-
frida et al., 2022). The NW (north-western), the SE (south-eastern) and the center
region are dominated by thermal emission (Koyama et al., 1995).

In this work we will try to reproduce the evolution of SN1006 with the help of the
MHD PLUTO code (Mignone et al., 2007; Mignone et al., 2011b). We will simulate
the expansion of the blast wave in a turbulent environment, following the idea of
Guo et al. (2012). We will develop the expansion of the SN in three different tur-
bulence conditions, trying to understand what is the most appropriate to reproduce
real observations. Finally, we will make a comparison with Chandra data.
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3.1 Numerical model

3.1.1 Numerical code

In order to better understand and reproduce the dynamical evolution of a SNR blast
wave propagating through a magnetized environment medium we used the time-
dependent ideal MHD equations of mass, momentum and energy conservation in
a Cartesian coordinate system. We chose to use the PLUTO code (Mignone et al.,
2007; Mignone et al., 2011b). PLUTO is a Godunov-type code that provides modular
computational framework for the solution of gasdynamics equation under different
regimes. It is designed to integrate a general system of conservation laws

Bali =-V-T(U)+S(U), (3.1)
where U represents a state vector of conservative quantities, T(U) denotes a ten-
sor of rank 2, whose rows are the fluxes of each component of U, and S(U) is a
source term. PLUTO is composed by 4 indipendent modules: the hydrodynamic
(HD) module that solves the Euler equations of gas dynamics; the magnetohydrody-
namic (MHD) module that solves the ideal /resistive MHD equations; the relativistic
(RHD) module that solves the energy-momentum conservation laws of a special rel-
ativistic perfect gas, and the relativistic MHD (RMHD) module that solves the rela-
tivistic magnetized ideal plasma equations. To mimic the expansion of a SNR shock
in the ISM, we used the MHD module. The MHD equations are

d
L+ V- (v)=0
a(gf)+V-(pvv—BB)+VPt:V-T+pg

N (3.2)
S$+V-l(e+P)v—(v-B)B| =V -1l -A+pv-g

BV x(vxB)=-Vx(y]).

Here p is the plasma density, v is the fluid velocity, B is the magnetic field, P; is the
total gas pressure, i.e the the sum of the thermal and the magnetic pressure (P; =
P+ B2%/2), g is the gravitational term, V - T is the thermal conductivity term, ¢ is the
total energy density, V - 11 is the radiative cooling term, A is a term that takes into
account the optical thin losses and 7] is the resistive term. At this stage we do not
take into account the effects related to thermal conduction, radiative cooling, non
linear effects due to acceleration of charged particle and to the amplification of the
magnetic field due to accelerated particles. So the (ideal) MHD equations become

/

%f—FV-(pv):O
a(gf)+V-(pvv—BB)+VPt:O

2 (3.3)
S$+V-|(e+P)v—(v-B)B| =0

%—?—Vx(va):O.
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We couple this set of equations with an ideal equation of state. This allowed us to
write the total energy density in this way

BZ
7/

P 1,

€= ﬁ + Epv +
where 1 is the adiabatic index. The solutions of the ideal MHD equations must sat-
isfy the divergence free condition, i.e. V - B = 0. This condition is not naturally pre-
served in numerical schemes without a proper dicretization technique. PLUTO uses
three different techniques in order to fulfill the condition V - B = 0: the eight wave
formulation (Powell, 1994; Powell et al., 1999), the hyperbolic divergence cleaning
(Mignone and Tzeferacos, 2010; Mignone, Tzeferacos, and Bodo, 2010) and the con-
strained transport (CT) (Balsara and Spicer, 1999; Londrillo and Del Zanna, 2004).
In the eight waves formalism the magnetic field has a cell-centered representation
and additional terms (source terms) are added to the ideal MHD equations and,
depending on the Riemann solver used, the source terms can be discretized in dif-
ferent ways. In the hyperbolic divergence cleaning the divergence free condition is
enforced by solving a modified system of conservation laws, in which the induction
equation is coupled with a generalized Lagrange multiplier (GLM). This technique
is useful because no source terms are introduced, so the equations keep a conserva-
tive form, all variables retain a cell-centered representation and it is possible to use
different Rienmann solvers. The CT formalism uses two sets of magnetic field: a
face-centered and a cell-centered. In the first one the field components are located
at different spatial points in the control volume, while in the second one the stag-
gered magnetic field is treated as an area-weighted average on the zone face and
the Stoke’s theorem is used to update it. In this work we decided to advance the
magnetic field and to preserve the divergence-free condition using the CT formal-
ism, but we tried to reproduce the same simulations with the other two schemes. We
obtained the same results.

3.1.2 Numerical setup

In order to reproduce the evolution of a SNR throughout the ISM we model the sim-
ulations in two-dimensional Cartesian coordinates (x,y) with a uniform grid. The
computational domain extends between -15 pc and 15 pc in both directions with
4096 grid points. We set all the other quantities following the work of Orlando et
al. (2012) and (Guo et al., 2012). Since we are simulating the evolution of a type-la
SN (SN1006), we assumed an initial cylindrical remnant of radius Rsno = 0.4 pc
and lenght in the z-direction of L, = 0.8 pc, that corresponds to an age of ¢y = 10
years, whose progenitor is a star with mass of 1.4 M. We set the internal energy
within the cylinder area equal to E;;; = 1.5 x 10°! erg. This allows us to define an
internal initial number density of about 7;,; = 13.3 cm 3. The environment in which
our remnant is evolving is set with a uniform density n = 1 cm—® (Morlino et al.,

2010; Perri, Amato, and Zimbardo, 2016) and a uniform temperature T = 10* K .
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The shock associated to the SNR remnants is supposed to expand with a velocity
Vsn =~ 4400 km/s and the adiabatic index is chosen as v = 5/3 for a monoatomic
non-relativistic ideal gas. We chose to follow the SNR expansion up to 10 pc; at this
stage we are in the Sedov-Taylor phase (see Introduction for more details) in which
the energy is conserved.

We set a background mean magnetic field of By = 3uG, and we varied its direc-
tion spanning different case studies. The components of the mean magnetic field in
spherical coordinates are:

By = Bocos(¢)sin(f)
By = Bosin(¢)sin(9)
B, = Bocos(0).

In this chapter we show different simulation results obtained varying the values of
¢ and 8, but in order to make a comparisn with SN1006 we will choose ¢ = 150°
and # = 90°. These values were obtained from the observations made by Reynoso,
Hughes, and Moffett (2013), where they found that the mean magnetic field is ori-
ented at 60° with respect to the Galactic plane normal. In Figure 3.1 we report the
results obtained by Reynoso, Hughes, and Moffett (2013).

3.1.3 Homogeneous turbulence

In order to mimic a turbulent background plasma in which the SNR blast wave prop-
agates, we initialize the in-plane magnetic field as done in classical simulations of
plasma turbulence Servidio et al. (2012). We start from the z—component of the vec-
tor potential, described in the Fourier space by:

= Y A(k)ellkxt0, (3.4)

kxky
where k = (ky, k) is the k—vector, k = |k|, and ¢ are random phases. In the above,
A(k) = [1+ (k/ko)*] ! sets the initial shape of the spectrum, peaked at k = ko = 4,
and with a power-law « = —7.5/3. This initial condition consists of a plasma per-
turbed by a 2D spectrum of Fourier modes, with energy distributed via random
phases. By performing the curl of Eq. (3.4), we then obtain the magnetic field whose
power spectral density follows a Kolmogorov-like decay with slope pg ~ —5/3,
according to large scale observations of astrophysical plasma turbulence. To avoid
numerical disturbance from aliasing effects, we filter both the magnetic field compo-
nents in the Fourier space by using a smoothing technique described in Meringolo,
Servidio, and Veltri (2021), suppressing the high-energy modes at k > k*. In Figure
3.2(A) we show the initial power spectra for the potential and for the total magnetic
tield. In Figure 3.2(B) we report the initial x- and y-components of the magnetic field

obtained from the A, potential vector.
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FIGURE 3.1: (a) Magnetic field orientation with respect to the polar

angle. (b) Magnetic field orientation with respect to the polar angle

and the Galactic plane. The yellow continuous line represents the

Galactic plane direction. For more details see Reynoso, Hughes, and
Moffett (2013).

3.2 Simulation Results

We show the results obtained via the MHD-PLUTO simulations in this section. In
Table 3.1 we report all the explorative runs we have performed. In particular, we
concentrate on the results coming from Run 3 (in bold in Table 3.1), where the level
of magnetic field turbulence is set such as 6B/B = 1 (Guo et al., 2012).

321 Run3

In Figure 3.3 we show the results obtained from Run 3. The figure presents six differ-
ent maps at the simulation final time ¢ = 1000 years. The first map shows the spatial
distribution of the number density. At the beginning of the simulation, the ejecta
is characterized by high values of density and pressure. This allows them to drive
a strong shock in the turbulent background environment, heating and compress-
ing the ambient medium. Since the shocked circumstellar medium pushes back the

ejecta, a reverse shock is produced.
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FIGURE 3.2: (A) Power spectra of the potential vector (green solid
line) and of the total magnetic field (blue solid line). (B) Initial mag-
netic field obtained computing the curl of the A, potential vector.

Run M(Mgo) 6B/B Bayg(#G) Bmax(#G) nayg(em>) npay(em3)

1 1.4 0.1 48.2 5010.7 0.2 1.98
2 1.4 0.5 49.9 5303.6 0.2 1.98
3 1.4 1 57.0 5652.8 0.18 1.99
4 3 1 46.1 4555.4 0.3 3.6
5 5 1 43.3 3296.2 0.4 4.9

TABLE 3.1: Five different runs made varying the level of fluctuations
and the mass of the ejecta. The first two columns show the number
associated to the particular run; in the second and in the third column
the values of the mass of the ejecta and of the turbulence level are
displayed; in the last 4 columns the mean and the maximum magnetic
field values, the mean and the maximum density values, calculated
over the whole simulation box at the final time, are reported.

It is possible to observe in Figure 3.3 the presence of the forward shock (FS) and of
the reverse shock (RS). The FS extends up to 12 pc, while the RS extends up to 9 pc.
Between them it is possible to find the contact discontinuity (CD) zone, in which the
Rayleigh-Taylor instability is triggered. Outside the inner ejecta the density fluctua-
tions are visible and they are oriented along the direction of the mean magnetic field.
Pressure and temperature maps present a similar behavior. The spatial distribution
of the velocity components shows two hemispheres of opposite speed, with the max-
imum velocities oriented, respectively, along the x-direction for the V,-component
and along the y-direction for the V,-component. Finally, the magnetic field shows a
noticeable amplification and compression in the direction perpendicular to the direc-
tion of the mean magnetic field. In this case the magnetic field fluctuations outside
the SNR tend to distort the shape of the FS and as a result it is possible to observe
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FIGURE 3.3: Spatial distribution of the number density, pressure, tem-
perature, x- and y-components of the velocity, and the magnetic field

magnitude from the 2D simulation with an age of 1000 years.

knots and filaments in this region.

Figure 3.4 shows the time evolution of 4 quantities: maximum value reached by the

magnetic field over the whole simulation domain (Figure 3.4(a)), the total kinetic en-

ergy (Figure 3.4(b)), the magnetic field energy (Figure 3.4(c)), and the thermal energy

(Figure 3.4(d)). The energies are averaged over the whole simulation domain.
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FIGURE 3.4: (a) Time evolution of the maximum value of the mag-
netic field in the domain, (b) total kinetic energy, (c) magnetic energy
averaged and (d) thermal energy, all averaged over the whole simu-

lation domain.
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The maximum value of |B| shows a constant increase until ~ 400 years in which it
reaches 3000 uG. After a brief period during which a little plateau appears (around
500 years), it rapidly increases until 800 years and reaches a maximum value of
5652.8 uG. After 800 years it sets at a constant value until the end of the simulation.
The behavior of the maximum value of the magnetic field is reflected on the mag-
netic energy that continuously increases, reaching a maximum value of 2.8 x 10%
erg. These results are in agreement with the ones found by (Giacalone and Jokipii,
2007; Guo et al., 2012). Figures 3.4 (b) and (d) show the kinetic energy and the
thermal energy. They have an opposite trend, at the beginning of the simulation.
The kinetic energy increases rapidly until 200 years due to the the high density and
pressure whose drive a strong shock in the interstellar turbulent medium, while the
thermal energy decreases rapidly with the same trend. The kinetic energy, during
this rapid increase, reaches a maximum value of 0.8 x 10°! erg that corresponds to
a conversion of about 54 % of the thermal energy. After that, the ejecta slow down
interacting with the turbulent interstellar medium, so the kinetic energy decreases
slowly, and consequently the thermal energy increases.

In Figure 3.5 we show the time evolution of the SNR radius (a) and the shock speed
(b) of the FS. Since the ejecta is expanding in a dense and turbulent environment,
the shock velocity constantly decreases. The shock speed decreases from about 8000
km/s to 3000 km /s, in agreement with the theoretical eveolution of the FS speed in
the Sedov-Taylor phase, i.e. Vg, « $3/5 (Helder et al., 2012). The radius of the FS also
increases as a power-law predicted by the theory r « t>/5 (Chevalier, 1982; Helder
etal., 2012; Guo et al., 2012).

T

Rsh{pc)

200 400 600 a0o0 1000
time(years)

12000

- 10000

BO00D

Ven(km/

6000

4000

200 400 600 BoO 1000
time(years)

FIGURE 3.5: Time evolution of the FS radius (a) and of the shock
speed (b).

We present in Figures 3.6, 3.7, 3.8 a cut made on the y axis at 0 pc. Each of these plots
are taken at the final time of the simulation. It is clear in every figure the presence of
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the FS (at 12 pc) and of a RS (at 9pc), with the region between these two (CD zone)
characterized by an oscillating behavior related to the Rayleigh-Taylor instability.
The central part of the plots appears constant, with values equal to 0, except in the
velocity case.
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component, (d) z-component of the velocity field. All the quantities
are expressed in km/s.

This is due to the fact that the mass of the inner ejecta is swept-up outside the in-
ner core constantly, and at the end of the simulation the inner core of the ejecta is
completely emptied. In the case of the velocity, firstly the speed of the ejecta incre-
ses rapidly at early times, and due to the interaction with the turbulent and dense
environment, it starts to decelerate. We chose to show the z-component of the mag-
netic and of the velocity field just to be sure that these components do not influence
the results. We show in Figure 3.9 a zoom of the spatial distributions of the number
density and of the magnetic field amplitude. As discussed in the case of Figure 3.3, it
is possible to see the structures formed by the triggered Rayleigh-Taylor instabilities
in both figures and the deformation of the FS with the shock surface in the magnetic
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field maps due to the interaction of the ejecta with the turbulent environment. We
cannot see the same for the density, probably because the level of the density fluc-
tuations is not high enough to distort the shock surface or because the value chosen
for the ISM density is too small. A future investigation on this aspect is planned.
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FIGURE 3.9: Zoom of the spatial distributions for the number density
(a) and for the magnetic field amplitude (b).

We calculate the compression ratio in the region in which the shock assumes a quasi-
perpendicular geometry using the ratio between the downstream magnetic field By
and the upstream magnetic field B,,. In order to see if we are in agreement with the
Rankine-Hugoniot theoretical conditions of a shock wave in a magnetized plasma
medium, we compare this value with the ratio between the downstream (1) and
the upstream (n,,,) density. We found a value of B;/B,, = 3.8 that is similar to the
value found in the case of n;/1,, = 4.0.

Finally, we tried to study the level of anysotropy related to the presence of a strong
magnetic field. Shebalin, Matthaeus, and Montgomery (1983) found that starting
from an initial isotropic spectrum, the anisotropy develops also with modest level
of the mean magnetic field. Different levels of anisotropies can also be found in
different regions of the solar wind (Bandyopadhyay and McComas, 2021). In order
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to study the plasma anisotropy (Matthaeus, Goldstein, and Roberts, 1990; Horbury,
Forman, and Oughton, 2008; Wicks et al., 2010), we applied a Heavyside mask (ring
shaped) on the density and magnetic field maps, in such a way we consider only the
region beetween the RS and the FS. We calculate the autocorrelation function CZ(Z)

on the ring mask

C2(0) = fF(E+7) - f(7) (3.5)

where f is a generic field, 7 are the increments and 7 is the position. In Figures 3.10
and 3.11 we report the result of the application of the autocorrelation function in
both cases, for the density map and for the magnetic field map.
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FIGURE 3.10: (A) Density map distribution with the ring-shaped
mask. (B) Autocorrelation function map applied on the ring-shaped
region. The red solid line represents the autocorrelation length,
namely the isocontour of C; = 1/e.
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FIGURE 3.11: (A) Magnetic field map distribution with the ring-

shaped mask. (B) Autocorrelation function map applied on the ring-

shaped region. The red solid line represents the autocorrelation
length, namely the isocontour of C; = 1/e.
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From Figure 3.10 the autocorrelation map appears to be isotropic, with no anisotropies
in any particular direction. The same thing cannot be said for the case of the mag-
netic field map. In this case it is possible to observe that in the region perpendicular
to the mean magnetic field we have the highest values of correlation length while
in the region parallel to the mean magnetic field it is possible to observe the lowest
value of the correlation length.

3.2.2 Simulations with different background turbulence

In this Section we compare the results from Runl, Run2 and Run3 (see Table 3.1).
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FIGURE 3.12: Spatial distribution of the number density, pressure,

temperature, x- and y-components of the velocity, and the magnetic

field magnitude from the 2D simulation with an age of 1000 years in
Run 1.

The two figures (Figure 3.12 and 3.13) do not differ a lot from Figure 3.3, except
for the magnetic field magnitude. Indeed, varying the amplitude of the turbulent
fluctuations in the ISM causes a change in the magnetic field amplification at the
shock front, as well as the local distortion of the front with a subsequent appearence
of knots and filaments. This is also reflected in the cut shown in Figures 3.14, 3.15,
3.16.

As already noted, the behavior among the simulations is similar with fluctuations
that become larger in amplitude as the 6B/ B value increases. This is seen in both
the magnetic and the velocity field, while the number density, the pressure and the
temperature present an identical behavior.

In Figure 3.17 a comparison among the averaged energies and the maximum mag-
netic fields strenght over the three simulations is displayed. From the comparison,
we see an increase of the magnetic energy and the maximum value of |B| as the
amplitude of the magnetic field fluctuations increases (panels (a) and (c)) in Figure
3.17.
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The kinetic and the thermal energies remain similar in the three sets of simulations.
This is due to the lower increase in the density fluctuations level. We determined
the mean value of the density fluctuations that corresponds to 6n ~ 107> cm 2.
In the simulations, we set the turbulent environment just with the magnetic field
fluctuations and this cannot allow to generate intense density fluctuations. As next
step of this work, we will try to expand our SNR inside an ambient in which both
types of irregularities will be present, following the idea of Giacalone and Jokipii
(2007).
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3.2.3 Simulations with different mass of the ejecta

We also tried to vary the values of the mass of the ejecta in order to study its effect
on the evolution of a SNR. We did a comparison among Run 3, Run 4 and Run 5 (see
Table 3.1). In Figures 3.18 and 3.19 we report the spatial maps of the number density,
pressure, temperature, the velocity components and the magnetic field amplitude.
In these two cases the difference with Figure 3.3 are evident. It is possible to observe
immediately that the inner core of the number density spatial map is not empty but
the value inside the core is high. This means that varying the mass of the ejecta
it becomes more difficult to swept-up the mass in the same time as in the case of
M,; = 1.4Mg. In the CD region the expanding mass interacts with the turbulent and
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FIGURE 3.17: Same quantities as in Figure 3.4. The red, blue and
green lines indicate Run 1, Run 2 and Run 3, respectively.

dense ISM environment but it also interacts with an inner dense core. This inhibits
the formation of the Raylegh-Taylor structures in the region, as in the previous case.
As a consequence, the radius of the FS in Run 4 and Run 5 is smaller than in Run
3. Also, we observe a magnetic field amplification close to the expanding shock but
lower than in Run 3. Again, the level of fluctuations is high enough to distort the
shock surface and to create knots and filaments.

As we made for the other runs in the previous Section, we compare the cut made on
the plasma quantities for Run 3, Run 4 and Run 5 in Figures 3.20, 3.21, 3.22. In these
cases the cuts are not made along the y-axis, but within a region in which we have
the maximum amplification of the magnetic field.

We notice that the position of the FS and the RS decreases as the mass of the ejecta
increases. In the case of magnetic and velocity fields (Figure 3.20 and 3.21) the values
associated to Run 3 are the highest, as already explained at the beginning of the sec-
tion. The values of density, pressure and temperature in the inner core (Figure 3.22)
are observed to be larger in Run 5 than in the other simulations, because the mass is
swept up out over a longer time scale. We finally calculated the averaged energies
and the magnetic field strength for Run 4 and Run 5 and we made a comparison
with Run 3. The comparison is presented in Figure 3.23.

As expected, the magnetic energy and the maximum value reached by the magnetic
tield within the simulation domain decrease as the mass of the ejecta increases. On
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the other hand, the kinetic energy increases slower in Run 4 and 5 and, consequently,

the thermal energy decreases slower, being the expansion time longer for high values
of the mass of the ejecta.
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FIGURE 3.21: Same as Figure 3.7. The red, blue and green lines refer
to Run 4, Run 5 and Run 6, respectively.

3.3 Comparison with Chandra observations

In this section we try to make a visual comparison between the observations from the
Chandra spacecraft and numerical simulations. The X-ray data from Chandra are re-
trieved from https://chandra.harvard.edu/photo/openFITS/xray_data.html. Data
are provided by the Advanced CCD Imaging Spectrometer (ACIS) instrument on-
board of Chandra, that gives information about the energy, the position and the
arrival time of the X-ray photons. In Figure 3.24 the X-ray image of the SNR SN1006
in the energy channel 1.34-3.0 keV is shown.

The X-ray emission is brighter at the edge of the supernova blast wave and it is
mainly a non thermal synchrotron emission from relativistic electron gyrating in an


https://chandra.harvard.edu/photo/openFITS/xray_data.html

3.3. Comparison with Chandra observations 123

. — My=1l4M, (a)
— My =3M, |
—_ | — my=5M,
s (
E
a2 e
=, \ gl
o et = —
a e (b)
Eins
r
E.”
g o l', I|' ..l'l
[
g 1 —
B gp hes o
150 | (c)
125
- 100
- .75
050 !—\
025
= MLl S|

x(pc)

FIGURE 3.22: Same as Figure 3.8. The red, blue and green lines refer
to Run 4, Run 5 and Run 6, respectively.
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FIGURE 3.23: Same quantities as in Figure 3.4. The red, blue and
green lines indicate Run 3, Run 4 and Run 5, respectively.

amplified magnetic field. It has been assessed that the brightest cups correspond
to regions in which the shock normal direction is parallel to the direction of the
magnetic field. In order to make a visual comparison between Chandra data and the
PLUTO results we made a cut in a similar way as we did in Section 3.2. Figure 3.25
shows the cut made for Chandra data on the y-axis at 0 pc.
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FIGURE 3.25: Brightness cut made on the y-axis at 0 pc .

The brightness cut looks qualitatively similar to the cut made for Run 3 (Figure
3.8(a)), with the highest values of brightness in correspondence of the FS. The differ-
ences that appear in the two cuts are also due to the shape of SN1006, that, unlike
the SNR obtained from the numerical simulations, having a spherical shape, is more
like an ellipsoid with a non uniform brightness. In the case of numerical simula-
tions, the density was distributed uniformly around the region between the FS and
the RS, with the exception made by the Rayleigh-Taylor structures. Furthermore, we
considered in the simulation an explosion in which the ejecta just interacts with a
turbulent and dense environment and we do not take into account the contribution
of energetic particles, which play a key role in the evolution of a SNR.

We also tried to study the degree of anisotropy in this case. We applied a ring shaped
mask in a similar way as described in Section 3.2.1, but in this case on the brightness
tield. The results are ported in Figure 3.26.

In this case we found a similar result to what we obtained from Figure 3.11. It seems
that the highest values of the correlation length are located in the region in which
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FIGURE 3.26: (A) Brightness map distribution with the ring-shaped

mask. (B) Autocorrelation function map applied on the ring-shaped

region. The red solid line represents the autocorrelation lenght,
namely the isocontour of C; = 1/e.

the shock normal is perpendicular to the mean magnetic field direction, while the
shortest ones are located in the region in which the shock normal is parallel to the
mean magnetic field direction. A further investigation will be done in the future,
also because the results presented here are preliminary. We need to better study the
brightness map and we have to extrapolate from it the density and also the magnetic
field configurations.

3.4 Conclusions

In this Chapter we developed a preliminary work on the evolution of a SNR with
the help of the MHD PLUTO code. Following previous works made by (Balsara,
Benjamin, and Cox, 2001; Guo et al., 2012; Orlando et al., 2012; Fang and Zhang,
2012; Yu et al., 2015), we run a numerical simulation in which a SNR can expand
in a turbulent and dense environment. We set 5 types of simulations, varying first
the amplitude of the magnetic field fluctuations of the ISM and then varying the
mass of the ejecta of the SNR. We analyzed in detail the simulation called Run 3,
in which a SNR with M,; = 1.4M, is evolving inside an ISM with a level of fluc-
tuations 0B/B = 1. At the final time of the evolution of the SNR, i.e. 1000 years,
that corresponds to the Sedov-Taylor phase for a SNR, we see the developing of the
Rayleigh-Taylor instability in the CD region, i.e. the region between the FS and the
RS. The presence of an high turbulent ambient allows the magnetic field to be ampli-
fied in particular in the regions perpendicular to the mean magnetic field direction.
As a consequence, in the magnetic field map it is possible to observe the distortion
of the shock surface resulting in the emergence of knots and filaments. From the
calculation of the averaged energies we found that the magnetic field energy tends
to increase with the simulation time, and the maximum value of the magnetic field

gets enhanced by at least three orders of magnitude with respect to the initial one.
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Almost the 54 % of the initial thermal energy is converted in kinetic energy of the
expansion. In order to study the level of anisotropy due to the presence of a strong
magnetic field, we applied a ring mask on the region between the RS and the FS on
density and magnetic field maps. We found an isotropic configuration in the case of
density map, while in the case of the magnetic field map we found a particular de-
gree of anisotropy, especially in the region in which the FS normal is perpendicular
to the direction of the mean magnetic field.

We have then made a comparison among three different simulations, in which we
have changed the amplitude of the magnetic field fluctuations. While no signifi-
cant variations are observed in the plasma quantities, the magnetic energy tends to
increase as the 6B/B increases. Thus, we obtain a noticeable amplification of the
magnetic field at the shock (mostly within the perpendicular region) as the ISM tur-
bulence increases.

When we compared the simulations made with different mass values of the ejecta,
slight changes appear. The radius of the SNR over a time corresponding to about
1000 years is smaller when the mass of the ejecta is higher, since it needs more time
to swept away all the mass initially concentrated in the cilindrical inner core. Also,
the Rayleigh-Taylor instability is inhibited within the CD. The magnetic field maps
show again the effect of distortion of shock surfaces, also because we are in the pres-
ence of a high level of magnetic turbulence. When we tried to make a comparison
between cuts we found in all cases a systematic behavior, namely that the values of
each quantity is always lower when the ejecta mass is higher. The only exception
is represented by the number density that in the case of M,; = 5M, resulted the
highest in the inner core of the SNR. The behavior just described has an impact also
on the averaged energies. Indeed, the magnetic energy shows a similar trend among
the runs, but the values of the magnetic energy are smaller when the ejecta mass is
higher. The maximum value of | B| behaves in the same manner. Further, the kinetic
energy increases with a slower rate as the mass of the ejecta increases and the ther-
mal energy decreases slower as well. Since the mass of the ejecta swept-up by the
inner core is higher for Run 5, it requires a greater kinetic energy in order to wipe out
all the mass. This will result in a higher percentage of conversion of thermal energy
into kinetic energy than in Run 3 and 4.

Finally, we tried to make a visual comparison between Chandra data of the SNR
SN1006 and numerical simulations. From the brightness map it is clear that SN1006
has two main emission regions, located in the north-eastern side and in the south-
western part. These regions are characterized by the emission of synchrotron radia-
tion from the relativistic electrons that spiral along the magnetic field lines. We need
to specify that in the case of the PLUTO simulations we do not take into account
the cosmic ray feedback to the plasma. We actually plan to use the PIC version of
the PLUTO code (Mignone et al., 2018a; Vaidya et al., 2018) to take into account the
cosmic ray current in the plasma. From the cuts made at a fixed value of y and
along x, within the X-ray brightest regions we observe a behavior of the Chandra
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surface brightness similar to the trend of the plasma density captured in the sim-
ulations, which shows a peak close to the FS. We also tried to calculate the degree
of anisotropy in the case of the Chandra observations. We found similar results to
what we obtained from the autocorrelation map of the magnetic field in the simu-
lation case. The highest values of the correlation length are located in the region in
which the FS is perpendicular to the mean magnetic field direction. Since this is just
a preliminary study, we aim at including other physical factors, such as the cosmic
ray contribution in the energy conversion, in order to make the comparison with

observations more quantitative.
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Conclusions

In this thesis work different types of extreme events were analyzed. Since this cat-
egory of events can be defined in different astrophysical and geophysical environ-
ments, it has been possible to study them with different approaches.

In the first Chapter, we presented the analysis of extreme temperature and rainfall
in three different geographic areas. In particular, we applied the statistical analy-
sis called EVT on the datasets available. We focused on three localized regions: the
Antarctica, the Basilicata region and the Calabria region. In the case of Antarctica,
we just focused on two stations in the region called ”Antarctica peninsula”, and we
analyzed the extreme temperatures (maxima and minima) detected at the stations.
The results obtained show a shift toward higher temperatures for both cases, thus
indicating a local increase of temperatures. This behavior is not reproduced in all
of the stations located of the Antarctica, because it is a local result. Other stations
can show an inverse trend than what we saw for these two, as well as other can
present similar results. In particular, the results obtained for the Antarctica penin-
sula can be influenced by other phenomena such as El Nifio Southern oscillation.
In the other two cases, namely the analysis for the extreme rainfall detected at the
Basilicata stations and the analysis of both, extreme temperature and extreme rain-
fall, detetcted at the Calabria stations, we did a similar work. We chose to apply
two different techniques in order to analyze the extreme data available. This choice
was motivated by the nature of the signal that is quite different between tempera-
ture and rainfall. We found similar results in the case of extreme rainfall, for both
regions. These results show a concentration of extreme events in the south-east of
both regions (areas bordering the Ionian Sea), while in the case of extreme tempera-
ture analyzed just for the Calabria region, it is evident an opposite trend of extreme
events with Tyrrhenian areas most affected by extreme daily temperatures and pos-
sible heatwaves. For the Calabria case, we also tried to do a reanalysis study with
the help of the global climate monitoring dataset ERA5. Despite this tool allowed
us to cover areas of the region in which there were no stations, from the comparison
with the stations” data we found that ERAS fields are not suitable for reproducing
extreme values, because they show a systematic and substantial underestimation
of both, daily precipitations and extreme temperatures. The analysis made with the
EVT could help scientific community to better understand what are the regions most
affected by warming and consequent loss of ice-mass (in the case of the Antarctica)
and also, in more regional studies (as what we did for the Basilicata and Calabria
regions), allowing the application of the statistical results obtained in regional land
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planning, landslides and flood prediction and civil protection activities.

In the second part of the thesis, we focused on space weather extreme events. In par-
ticular we analyzed CMEs of slow velocities and the shock associated to them with
the help of the 3D-MHD numerical code EUHFORIA. We used a catalogue of CMEs
seen by the Coronagraph on-board STEREO spacecraft in order to model our CME
in the simulation. We extrapolated the parameters needed to model the evolution
of the CME candidate with the support of a specific tool (StereoCat). We also made
a comparison with the ACE spacecraft data and we found a very good agreement
between satellite data and numerical results. Interplanetary shocks, often associated
to the CME evolution, have also been analyzed in this chapter. Since energetic parti-
cles are accelerated at IP shocks, we studied the transport properties related to their
motion. In particular we concentrated on the superdiffusive mechanism, that allows
particles to diffuse faster than the most invoked mechanism, i.e. DSA. We studied
three different shock events detected by the ACE spacecraft and also in this case we
resorted to using numerical simulations. We used a test-particle numerical code in
order to reproduce the behavior of particle fluxes at IP shocks. From the comparison
between numerical simulations and spacecraft data we found a good agreement be-
tween them, and this indicates that the most adapt transport regimes to describe the
particle fluxes behavior, for these three specific shocks, is the superdiffusive one. In
the final part of the chapter we analyzed a particular shock event in which the lower
energy ion fluxes are overlapped in the upstream region. We tried to explain these
observations with the velocity filter method. This method assumes that the velocity
filter can depend on the particle speed and on the pitch-angle. In this way faster
particles can propagate upstream while lower particles will remain more confined
close to the shock. As a consequence, ion fluxes over different energy channels tend
to overlap far upstream and the energy spectrum related to those particles will turn
out flat. The analysis made in this chapter will be very useful in terms of extreme
weather forecasting. Indeed, the use of numerical simulations can help to under-
stand what are the impacts of abrupt eruptions, as CMEs, and what could be their
effects on the Earth environment.

In the last part of the thesis we studied another category of phenomena included in
the class of extreme events, the Supernova explosion. We studied it with the help
of MHD numerical simulations. We set the environment in which the SNR expands
as dense and turbulent, following the results obatained from spacecraft data anal-
ysis. We firstly fixed the ejecta mass equal to the Chandrasekhar mass limit, and
we studied the results of the simulation in this case. We found that the effect of the
presence of turbulence leads to the distortion of the shock surface with a consequent
development of knots and filaments in these regions. The presence of a dense core
leads, during the evolution, to the formation of structures related to the Rayleigh-
Taylor instability. We calculated the rate of conversion of thermal energy, i.e. the
initial energy of the explosion of the Supernova, into kinetic energy and we found
that the 54 % of the thermal energy is converted into kinetic energy. We also tried
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to analyze the degree of anisotropy due to the presence of a strong magnetic field.
We found a high degree of anisotropy in the perpendicular direction of the mean
magnetic field. In the second part of the Chapter, we developed different numerical
simulations varying the turbulence level and the ejecta mass. From the comparison
between the simulations with different level of magnetic field fluctuations, we found
similar results, with the only exception related to the magnetic energy that results
higher when we increase the turbulence level. When we compared the numerical
simulations made varying the ejecta mass we found that the ejecta cannot be able to
reach the same SNR radius reached in the original simulation. The inner core in this
case is denser and the ejecta has to swept up a higher amount of mass that requires
more time than the original case. Consequently, we found that the amount of en-
ergy needed to the inner core of a SNR to wipe out the mass is higher than the case
of the lowest value of the ejecta mass, and this coresponds to a greater conversion
of thermal energy into kinetic energy. Finally, we try to make a visual comparison
between Chandra data of the SNR SN1006 and the numerical simulations. The map
from spacecraft data shows two brighter regions located in the north-eastern and in
the south-western region related to the synchrotron emission of electrons that spiral
around the magnetic field lines. The cut made on the map shows a behavior similar
to what we found from the numerical simulations. The same has been found in the
case of the measure of the anisotropy degree. We found a similar behavior to what
we have seen in the case of numerical simulations, with the highest values of the cor-
relation length in the direction perpendicular to the mean magnetic field. We need to
say that the work presented here it is just a preliminary work. We are developing 3D
simulations, in order to better represent the evolution of a SNR and we will include
the particle’s contribution in order to try to reproduce a more realistic simulation.
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