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INTRODUCTION

Problem description and motivation

Overthe last two decades, interest in scintillation on tiansspheric kband signaldiasgrown,

because of the considerable effects on the performance of the satellite communication and navigation
(see, e.qg., Fisher and Kunches, 2dard,2008).Experimenal evidence clearly shathatwhen

a satellite signalin a range of frequencies betwe@00 MHz and 4 GHz, crosses a delimited
ionosphericregion (in space and time) witdn uneven electron density distributiknown as
ionosphericirregularity), it is subjected to diffractive and refractive effe¢¥eh and Liu, 1982

Kintner et al., 200;/7Jayachandraet al., 201Y. These effectproduce amplitude and phase variations

in theground received signal (Basu et al., 1988; Aaron8219997 Aarons and Bas 1994) which
areknown as ionospheric scintillatipanalogouly to what is observefbr the brightness of stars in

the optical band

In thecaseof Global Navigation Satellite Systems (GNSS), such as GPS, GLONA®StB@anascent
European GALILEO, scirtillation may reduce the accuracy of the pseudorange and phase
measurements. Consequently, the positioning errors increase and, in extreme cases, the service car
becomeunavailable. In fact, during intense scintillation events, the signal power can divaptbe

threshold limit, the receiver loses lock to the satellite and GNSS positioning is not possible (see, e.g.,
Kintneret al, 2009).Therefore, sintillation eventsnay affect the use of modern technology causing
economidoss

Since scintillations & due to both the presence and dynamics of plasma irregularities in the
ionosphere, thanderstanding of the physical mechanisms that regulate the formation and dynamics
of suchirregularitiesis crucial to develop reliable prediction models and mitigatexhniques to
tackle the effect on GNS&liant services

It is known that the formation and dynamics of ionospheric irregularities are closely linked to physical
processes originating the interplanetarymedium(Tsunoda, 1988; Kelley, 1989; Fegend Kelley,
1980;HunsuckeandHargreaves2002. Theformation and dynamics of plasma density irregularities

in ionosphere are generally influenced by plasma circulation, which is directly controlled by the
Interplanetary Magnetic Field (IMF) conditiorBgunjohanne Treumann1996. Such irregularities
developat all latitudesespecially in correspondenagth maximum solar activityalthough they are
more frequenin both polar and equatorialregions Here, the coupling between the IMF and the

E a r tmhgdetc field can give rise to particle precipitation in the high latitude ionosphere and to
penetration of solar wind electric field at low latitude ionosphere. These condiawosr
developmenbf irregularities(Aarons, 1982Basuet al.,1988; Wernik etal., 2004; Spogli et al.,
2013). For this reason, the scientific community envisages the need to explain theeffactse
mechanismsthat determine thepassage from a certain IMF configuration to the ionospheric
perturbations. Such necessity is even mwgent at high latitudes, where the presence of cusps and
field-aligned currents directly exposes the ionospherevariations of the solar windThis
configuration results in a strong senstinof the polar ionosphere feerturbation phenomena caused
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by solar eventswhichresult in complex and strongly variable plasma dynamicsilagevolvein a
wide variety of spatial and temporal dimensions (Fejer and Kelley, 1980; TsunodaBitoid&:,
2012.

In recent yearsthe investigationof thelinks betwea external drivers an@NSSscintillations has

raised considerable interest ithe space physics community. Howevire identification of the
physical properties of theolar wnd-magnetosphermnosphere couplingpas not yet reached the
levelsrequiredto developprediction models and mitigation techniqadseto perform a safe support
service(Jakowskiet al.,2011;FisherandKunches2011) The physicamechanisms regulating such
coupling show ahigh degree of complexityelated to thehigh variallity in the change othe
geospace environmenbnditionsincluding those on th&un, in the interplanetary medium, and in

the magnetosphetienosphergehermosphere systerhese collective, often violent, changes in the
space environment aroutficEarthare ef err ed t o dBakefil®98ace weat her

Research aims

The understandingf the physical mechanisms regulating tdar wind-magnetosphermnosphere
coupling motivates the necessity an original contribution téhe current knowledge in the secto
Thereforethiswork ains to achieva broader understanding of #vesting link between the external

origin geomagnetic field perturbations and the ionospheric scintillatiodsr strong disturbance
conditions ofthe interplanetary medium. In partiay this work suppors the acquisition of
capabilitiesfor predicing the effects of the perturbed ionosphere on technological sys&nuh et

al., 2010; Nagatsuma et al., 20id)scontributingtos t udi es of .enpequerdly,thee at h
topic choice has been motivated both by the need to contribute to the study of physical processes that
regulate the higlg-ionized upper atmosphere, and dxyyawareness that the technological systems
sensitive to ionospheric changes may have a development solypbrted by a deep knowtgsl of

the geospace environment.

The high latitude ionospherand especiallythe Antarctica due topoor observationfinked tothe
difficulty for installing and managing stations in remote aredmch arenot easily accessibland
sparsely populateds still not yet deeply investigatd®ojka et al., 1993; Alfonsi et al., 2005; De
Franceschi et al., 2006Jhe midlatitude ionosphere, on the other hand, has been the subject of
numerous studies that highlight its generally qoagtire more easilynodeled (Huang et al., 2005;
Tsagouri et al., 2013Finally, very dense and wallistributed global networks monitsome ofthe
tropical and equatorial ionosplerregions This allows a good knowledge of thenospheric
dynamics angbhysical mechanisms causing ionospheric perturbati@showeverarenot easy to
model(Aarons, 1982; Aarons, 1991; Aarons, 1993; BastuBasu, 1985).

Starting from the 90s of the last centumganyefforts were made to performmaulti-instrumental
monitoring of the highonized atmosphen® studytheionospheric dynamicat different spatiabnd
temporal scales. liese contributing to the Global Change and emergipgceweatherstudies
allowedthe development of empirical models able to explaiithwood approximation, the long
term variations of the ionosphefRishbeth, 1990; Rishbe#mdRoble, 1992, Bremer et al, 2004;
Alfonsi et al.,, 2001; 2002)However, to date, the necessary knowledge to formalateliable
forecasting of theshort and me@ium-term ionospheric plasma variations has not yet laesbreved



This is particularly truéor helio-geophysical disturbansélLastovicka 2002; MikhailoandPerrone,
2014; Prikryl et al., 2012, Sieradzki, 2QEBeniguel et al, 2015; Chaggara et al., 201

For an indepth study of this topic, it is necessary to reproduce the concatenation of the events
triggering the generation of ionospheric irregularities. The physical condition®d¢bat in the
circumterrestrial mediunduring the different phase a@feomagnetic storms, namely the sudden
impulse, the main phase and the recovery phase, can be ascribed to solar driveirs-siging
measurements of solar wind plasma (Svalgaafy,7 Feldsteinet al, 1996; Ruohoniemiand
Greenwald 2005;Liu et al, 2015). The geomagnetic field data analypeovided by both satellite

and grounebased observatories, can help to evaluate the evolution of the magnetospheric and
ionospheric current systems during storfhsi et al, 1993; Apatenkovet al, 2007; Villante ad
Piersanti2008 Li et al, 2014;Piersantiand Villante 201§. Other key elements are provided by the
analysis of the irregularities scale sizes in which the ionospheric plasma is fragmented. This
information can be derived from TEC (Total Blen Conent) data provided b&NSS receivers
(Mendillo, 200§ and can belacedin relationshipwith scintillation occurrence (Alfonsi et al., 2011).

The present PhD project presents an unprecedented combinativareé data sete explain GNSS
scintillation

The main objective of this work iso understand how different configurations of the IMF
magnetosphermnosphere coupling are translated into different structuring and dynamics of the
ionosphereln this contextthe openssuedo which this work contbutes areidentificationof those

physical propertiethat if properly reproduced can lead to a foredasin few minutes to few hours

before the evenof the disturbance effects induced by the polar ionosphe@NBS systemsin

detail starting from he scintillations recorded bgelected GNSS receivers at grouhg project
investigateghe origin of irregularities: by evaluating the ionospheric background, under different
interplanetary conditions; by studying the magnetosphere configuration dbengain phase of
intense geomagnetic storms; by reconstructing the ionospheric scenarios resulting in the observed
scintillations.The workfocuseon the studyf major storms of the 24solar cycle and in particular

on their main phasthat occurred or2015 March 1%, 2015 June 22 and 2017 September 08
respectivelyThe choice of such case studies was motivated not only by the intensity (that ensured a
strong perturbation of the polar ionosphere) but also because those storms, having beerycaused b
different solar phenomena and occurring in different seaduwag given ise to geomagnetic
disturbances that areseful for the irregularities characterization under differenofgdiophysical
conditions This characterization is essential to contigbto the development of future forecasting
models.

The opernissuesaddressed in this work concern:

1. determination of the ionosphéreesponsdime due tomagnetosphete perturbation events;

2. quantification of the ionospheric disturbance intensitygampaisonwith the intensity of the
solar disturbance;

3. identification of the polar regiomost exposed to the disturbance

4. identification and quantification of thenospheric respons@ term of asymmetrylevel
between the two hemispheres;



5. study of theevoluion of ionospheric irregulagtdynamics in comparison with solar driver
evolution

The method follows a mulinstrumental and muHparametric approadat combines information
derived from groundbasedmeasurementsvith those derived from spacebased ttions Such
approachallows the reconstructn of the spatiatempoal context in which the selectezlents
occurred This method implies the integration afbroad spectrum of information necessary to
characterize the ionosphemuisturbancest different time scales (from milliseconds to days) and
spatial scales (from millimetres to hundredsters/kilometresin accordance with the evolution of
the storms driversA summary of theaddressedspectss describedbelow with respect to the
previous list.

1. Recently, some researchers have chosen to analyse measurements acquired from different

instruments in order to determine the ionospheric responsedumegdisturbed conditions (see
e.g. De Franceschi et al., 2008; Burston et al., 2009; Astafyeva, &0&b; Cherniak and
Zakharenkova, 2016). Continuing alomg similar approachthe observations provided by
satellites orbiting the first Lagrangian point (L1), by geostationary satellites, by GNSS
constellation (which orbits around 20000 km from the Emrhrface), by magnetospheric and
ionospheric satellites and by devices placed on the ground are analysed and intditpaetes.
to amulti-instrumental and muHparametric approach, the integration of the different information
derived from theeinstruments allowgo reconstruct the ionospheric scenan@rcoming some
missing measuredue for example to ionospheric absorptionstrument saturation,poor
coverageensured by fields of view of the considered instruments

2. The quantification of the intaity of the ionospheric disturbangeterms of GNSS scintillation
in relation to the intensity of the solar disturbance is probably the most crucial issue. The
availability of both interplanetary and magnetospheric plasma observations allows quantifying
their disturbance level. However, experimental evidence showed that the effects of storm drivers
in the ionosphere is often not proportional to the disturbance level recorded in the interplanetary
space (Mitchell et al., 2005; Mendillo, 2006). For this osasinderstandinghysical mechanisms
that bindthe solar winemagnetosphermnosphere coupling become essential to provide an
advancement to current knowledge. This work deals with this aspect showing the heterogeneity
of the ionospheric response to thajorstorms of the 24solar cyclehrough multiinstrumental
study

3. A careful analysis and interpretation of measures provided by different instruments allows
identifying the ionospheric regions most affected by the stéon.this purposea significan
amount of data (acquired systematically and continuously) is needed. The advantage of this
project is the possibility of having ground based GNSS measurements acquired by networks
directly managed by the Istituto Nazionale di Geofisica e Vulcanolog@\{)Nr by its scientific
partners. The coverage of the investigated sectors allows identifying areas in which the
ionosphere proves to be unexpectedly disturbed, underlining, once again, the complexity of the
system

4. The observational coverage of bgiblar regionsallows an improvedunderstandingf the
response of the two hemispheres to the sategplanetaryisturbance (Prikryl et al., 2013). This
aspect has noyet beenfully understood and deserves to be addressed through the multi
instrumental and oiti-parametricapproach For this reason, ihwork considers data acquired
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both in the Arctic and in Antarctica showg possiblesymmetrielasymmetries in the IMF
magnetosphermnosphere interaction.

5. A full understanding of the main characteristics,ténms of size and orientation, of the
ionospheric irregularities causing disturbances on {i@msspheric signals has not been reached
(Secan et al., 1997; Prikryl et al., 2012). The same can be said for the prediction of origin and
evolutionof irregulaities in space and time, which is not yet sufficiently reliable (Pettigrew et
al., 2010). This project is part of this still underdeveloped context and ssigggsbaches for
further ionospheric plasma dynamics.

Thesis structure
The thesis develops on &éwxhapters of which the first three greparatory to understand the results,

which are described in the fourth chapter. The fifth and last chapter presexisdhgsion of the
achieved results;oncluding remarks and future perspectives of this wirldetail the thesis is
organized as follows. Chapter 1 summarizes the general overview of the current theoretical
understanding of magnetosphésaosphere coupling and of physical and observational
characteristics, providing a comprehensive, yet conpistyre of the available scientific literature,

which represents the starting point of this study and the necessary premise to understand the results.
Chapter 2 presents the theory of ionospheric scintillgtiproviding alsaa description of the GNSS
receiversusedandthescintillation parameters that such receivers provide. This chapter alsddsscri

the data treatment of the scintillation parameters selected for the investigation. Chapter 3 motivates
the choice of a mulbbservation approach aimed advancing understanding of the physical
processes that give rise to the formation of ionospheric irregularities causing scintillatiormiarthe

region of both hemispheres. In particular, this chapter provides descriptions of the parameters selected
to characterise the ionospheric behaviour under strong perturbation of the magnetosisetere

system, providing also the motivation and the critical issues related to their choice. Chapter 4
describes the resultdbtainedby applying the analysis preasted in the previous chapter on the main
phases of three intense geomagnetic staimsoccurred during the solar cycle 2@hapter 5
discusses the main findings achieved through the investigation of the three case stutimsstite
conclusions of té work onducted throughout this thesigghlighting both theeffectivenes®f the

adopted method and the contribution to progress beyond the state of Tfiesarhapter underlines

the scientific but also the applicative value, in the space weathe, séiisisresults
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CHAPTER1

MAGNETOSPHEREIONOSPHERECOUPLING AT HIGH LATITUDES

This chapter summarizes the current theoretical understanding of the magnetuspispkere
coupling and its physicaha observational characteristics. In particular, this chaptesfasynopsis

of the general solaerrestrial connection by describing the Sun, its activity, the solar wind, the
magnetosphere and the ionosphere (with particular reference to the pokphiere). Furthermore,

the interaction between the Sun and the Earth in terms of geomagnetic activity will be described to
provide a comprehensive, yet concise, picture of the available scientific literature, which represents
the starting point of this sty and the necessary premise to understand the results.

1.1 THESUN, ITSACTIVITY AND THE SOLAR WIND

The Sun is a plasma sphere, held and compressed by its own gravitational attraction, with a radius of
approximatelys, 96(16G m and a mass df 99Q16° kg (Stix, 2004). It consists of hydrogén 90%)

and helium(~10%) along with carbon, nitrogen, oxygen and other elements in similar proportions

as on Earth(~ 0,1%) (see ., Kivelson and Russell, 1998; Parks, 1991). The Sun is composed of

three internal layers: a deep, dense hot core (where nuclear fusion processes take place), a radiative
region and a convective region. Th rpbhotospheseyse r s
the | owest | ayer of the solar atmosphere in w
bubbling granules of plasma and darker, cooler sunspots mark it. Just above the photosphere, there is
the chromosphere. The main chaeaistics of this layer are the density logarithmic decrease that
makes the chromosphere normally invisible atemperature decrease. Finally, there is the corona,

an aura of hot plasmé&- 10° K) that surrounds the Sun. The exact medrarthy which the corona

is heated is stillincertain but seents belinked to induction by th&un'smagnetic fieldand MHD
(magnetdydrodynamic) wave$rom below Schrijver and Zwaan, 2008)he corona extends far into
the solar system and has a very cboaped structure containing flares, plages, prominences,
filaments and coronal holes all related to the complex magnetic field of the Sun.

Our star, indeed, has a magnetic field with an average strength®f T (see e.g. Parks, 199

which is thought to be generated in the thin interface layer between the radiative and the convective
zones and supported by a dynamo effect due to convective motion taking place in the convective
region. The shape dhe solarmagnetic field is very @amplicated mainly due to the differential
rotation of the Sun. In fact, the (dipolar) magnetic flux tubes, that are expelled from the convective
cells are highly twisted and sheared by differential rotation of the Sun, due to the combined effects
of advecion and diffusion of the magnetic ling®arker, 2003) This phenomenon is closely
connected to the solar activity. Changes in solar magneticliiglg about spectacular phenomena
that ar e vi si blsachasrsunspbie flal®siandceronass gectioasc(@MES).

Sunspots appear as black regions on the solar disk since they are cooler than the surrounding of the
solar surface. This is due to the strong magnetic fields, which emerging from the interior inhibits the
convective motion. Sunspai® not appear at random over the solar disk but are concentrated in two
latitude bands on either side of the equator. Their number varies according to an 11 years period,
which corresponds to the acti vi tgolarpyele(Akasdfu of t
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and Chapman, 1972). During a solar cycle, the sunspots originate in tHathigle photospheric

regions and then migrate towards the equator, where they disappeaconsequence of the solar
cyclethe shape of magnetic field changesswi ng a O6si mpl ed di pol ar st
solar minimum and a complex magnetic structure in correspondence to a maximum. Another
important feature of the solar magnetic field are ¢cbenal holes which are regions filled with

colder, lesglense plasmaompared withthe surroundingplasmaand a magnetic field that opens
freely into interplanetary space. They wusuall
be found everywhere on the corona.

The magnetic structures that origieauring a maximum in the solar activity can cause an explosion
on the Sun. Such exploswareknown assolar flares andoccurwhen the energy stored in twisted
magnetic fields (usually above the sunspots) is suddenly reldééamide and Chian, 2007ylares

are usually classified based on their brightness-rayXemission according to three categories:

 X-class flares are the most intense eveats0(*Wm2) andcan trigger planetvide radio
blackouts and lon¢asting radiation storms

f M-class flares which are mediusize events{0°- 10*Wm?) that can cause brief radio
blackouts that affect Earthj®lar regions

 C-class flares which are the smallest everi®°- 10°Wm?) with few noticeable
consegences on Earth.

Such events areftenfollowed by CMEs, which correspond to huge releases of plasma and magnetic
field from thesolar corona into interplanetary space or beyond (Low, 2001). Such eruppimadly

reach Earth in-b days and can influeadhe performance and reliability of spdmane and ground
based technological systems. Another resuidotdrmagnetic activityareinterplanetary shocksib.

They are often associatedth CMEs and cause abrupt variations in the interplanetary medium
characteristics such as temperature, density, IMF strengtplasidavelocity. For this reason, they
canstrongaffect the magnetosphei@osphere system.

Most of the energy produced by the Sun reaches the Earth as photons (Akasofu and Chapman, 1972).
However, a very highly conductive plasma also essap all directions from the corona with a
supersonic velocity. This plasma is knownsatar wind which forms because of the gas pressure
difference between the solar corona and interplanetary space.gséavelson and Russell, 1998).

The high temperatures of the solar coromuce plasma to stream away from the solar gravitational
potential. The solar wind is essentially composed of an equal number (per volume) of electrons and
protons ¢ 95%) and a small percentage 4%) of alpha particles. At 1 astronomical unit (AU),

which correspondtothemean SErar t h di st ance, t he(7,4-08) &K, itsvi nd o
density is roughly % cn and its average speed is 400 km/s (Lepping et al., 2003).

The solar wind is a highly conductinggncollisional plasma ando afirst approximation, the ideal
single fluid MHD model can describe it (Schunk and Nagy, 2009). Hence, it carries a weaticagn
field, which isfrozen into the plasmirming the Interplanetary Magnetic Field (IMF) that is about
3-4 nT at 1 AU (Lepping et al., 2003).

The solar wind flowsadiallyout war d, but due to the Sungas r ot
spiral fom known asParker spiralasshown inFigurela At 1 AU the spiral makes an angle of
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approximately45to the Sulear t h | ine hitting the Earthos |
direction. Futhermore, ashe solar wind carries the IMfhe magnetic lines anchored at the Sun
assume different polarities in each hemisphere causing a current sheet in the equatorial plane that
separatgthe inward and the outward directed field. Due to theofithe solar magnetic dipole, the
spiraling current sheet warps into a shape often referredllasina skirt(Figurelb). Consequently,

an observer on Earth will see alternatively positive and negative magnletiefiens calledectors

This property is of great importance to the ionosphere, especially at high latifheddsF affect

the ionospheric plasma circulatigrattern(see sectiori.4.2. Furthermore, wherhe north-south
component of the IMF (Bwur) is negative, due to magnetic reconnection between the IMF and the
geomagnetic field (see sectibnt.l), a remarkable amount of ionizing particles coming from the Sun

can access the magnetosphieresphere system.

a) b)

Earth’s Orbit

i
I

Sector
Boundary Y
\ !

FIGURE 1: @) The Parker spiral of the Interplanetary Magnetic Field in the equatorial plane and its sector
structure (taken from Baumjohann and Treumann, 1996). b) -Thmansionatopology of the solar wind
current sheet separating oppositely directed field lines, knowallesina skirt(taken from Schunk and Nagy,
2009).

1.2 THE EARTHGS MAGNETOSPHERE
The Earth has its own magnetic field of internal origin that would have a caatfuwrery similar

to that of a dipole of moment roughly equal@@0” Am?, if it did not interact with the solar wind.

The dynamic pressure of the solar wind compr e
stretches it out the nightside into a longnagnetotail Because of the frozen in principle, which

i mplies that the plasma coming from the Sun ceé
around itself the solar wind. fié&ldiethecsalarwindyis f or 1
known asmagnetospherd-igure2 shows its schematic representation.
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The boundary between the Eart hos magaetppaesets c f i
location can change depding on the IMF strength, the IMF direction and the solar wind pressure.
In quietconditions, it is located at 10:Rvhere Ri s t he Ear-t638ks. r adi us of

Interplanetary
medium Magnetosheath

Bow Magnetopause

shock

Tail

boundary
i Northern layer
Esgricljdaery layer Field-aligned tail lobe
(entry layer) currents
=g Geomagnetic
o Magnetotail

Southern
tail lobe

Bow — Magnetosheath
shock

FIGURE22A schematic di a@gnetospherd (takemfeom Kedley, 2009).s m

The impinging solar wind isuperAlfvenic, so a MHD shock is formed on the dayside, nabead
shock Such shock converts some of the solar wind kinetic energy into thermal esetgy region
downstream of the sk is made of denser and hotter plasma than the solar wind and it is called
magnetosheathThis plasma plays a very important role in maintaining the ionosphere as it
contributes to its ionization at night.

The plasma populating the magnetosphere comastfie solar wind and from the ionosphere. It is
quite unevenly distributed and grouped in different regions with different densities and temperatures.
Proceeding from the inside towards the outside of the magnetosphglagimaspherés the first

region encountered.This region is filled with cold plasma (with energies efleV) and is
characterized by closeahagneticfield lines. Outer of the plasmasphere there is a region called
radiation beltin which ions and electrons, trappaaclosed field lines, oscillate from one hemisphere

to another, due to stronger magnetic field close to the poles (for a more detailed description of this
phenomenon see e.g. Baumjohann and Treumann, 1996). Particles populating this region are the most
erergetic particles in the magnetosphere having energied bfeV and more (see e.g. Kivelson and
Russell, 1998). Such particles also contribute to the ionization of the upper atmosphere when
precipitate out of the trapping region.thre magnetotailplasma is mainly concentrated in a region
calledplasma shegtopulated by hot plasma (with energies-df- 100keV and more) originated in
partfrom thesolar wind.This region is essentially elmcated with the neagath central region of

the magnetotail where the magnetic field reverses direction (see e.g. Hargreaves, 1992). Following
the magnetic field lines, particles populating this region can rédaelhigh latitude ionosphere
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contributing to its ionization. A mometailed description of the different magnetospheric regions can
be found, for example, in Akasofu and Chapman (1972), Sonnerup (1985) or in Proelss (2004).

An i mportant magnetospheric feature, due to t
magnetic field, i's that some of the Earthoés f
with the IMF (see sectioh.4.]). Such lines are located imgpolar regionsnd the area encompassing

their ground projeton is known ashe polar cap The boundary between the open and closed field
lines (see sectioh.4.]) delineates thauroral ovals,whose size depends on solar activity. They are
approximately offcentre rings shifted by aaverage 4° from the magnetic pole toward magnetic
midnight (Meng et al, 1977). In additioon the magnetospheric dayside some field lines distribute
along the magnetopause in opposite directions. The regions formed by such magnetic lines are named
polar ausps Cusps are funnelhaped regions filled with magnetosheath plasma, which can enter the
magnetosphere without having to cross fihés. The expected position for the cusps is between

°78 of magnetic latitude, but theseoveto lower latitudes following strong solar activity because

of a strong magnetospheric compression. In these regions, particles coming from the Sun enter into
the magnetopause producing severe disturbed conditions of the ionesugretosphere system.

1.2.1 MAGNETOSPHERIC CURRENT SYBEMS

The Eart hos contigsoomplicateg dureensgstens whose structure is influenced by

the interaction with the solar wind and the IMF. The main magnetospheric currents are described
below andllustrated inFigure3. Ganushkina et al., (2015) provide a more detailed description of the
magnetospheric current systems.

Tail Current

Neutral Sheet Current

FIGURE 3: Magnetospheric current systems (taken from Baumjohann and Treumann, 1996).
Magnetopause Current

The magnetopause currasigenerally described as a surface current layer separating the solar wind
from the magnetospheric fiel&igure4). Thiscurrent represents a surface across which the etiagn
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field strength jumps from its low interplanetary value to the high magnetospheric field strength. Its
task is closing the magnetospheric cavity from external plagouoh

Magnetosphere & B

Magnetopause

lon Path
Electron Path

Solar | | Wind

FIGURE 4: Generation scheme of magnetopause cuftakén from Baumjohann and Treumann, 1996).

In fact, a it is visible inFigure4 reflected ions and electrorstting the magnetospheric field inside
themagnetopause boundaperform half a gyreorbit inside tle magnetic field beforescaping with
reversed normal velocity from the magnetopause back into the magneto3heatickness of the
solar windmagnetosphere transition layer under such ideatpaditions becomes of the order of
the iongyro-radius The sense of gyratioimside the boundary is opposite for both kinds of particles
leading to the generation ofrerrow surface current layer. This current provides the additional
magnetic field, whicltcompresses the magnetospheric field into the magnetesphd at the same
time annihilatests external par(Baumjohann and Treumann, 1996he magnetopause current, in
the equatorial plane, flows from dawn to dusk and clwst tail magnetopause, where it splits into
northern and southern parts flowifrgm dusk to dawnThis flow separatethe solar wind from the
magnetospheric fieldven ifover the poleghereis an area of weak magnetic fi€lor dayside cusjp
which allowsolar wind particlego enter the magnetosphdgseeFigure3 and sectiori..2).

Cross-Tail Current

The down solawind extension of the magnetosphere into a tail indicatepréfsence of a current
flowing across the plasma shéetich is the layer separatiniget two tail lobelsfrom the dusk to the
dawn sidgHargreaves, 1992As the tail is bounded threquires a tail current in the form of a double
solenoid(Figure5).
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FIGURE 5: Tail current as observed from the Earth (taken from Hargreaves, 1992).

When the solar activity (see sectibri) is low, thecrosstail current thickness is-5 Re and has an

internal margin namekinging point.Thisis the separation point between dipolar and stretched field
lines in the tail and it is located, during a low solar activity,Ref r om t he Eart hds s
midnight.

Ring Current

The ring currenflows azimuthally around the Earth from east to west betwlemd6 Re (see e.g.
Hargreaves, 19924t this distance almost all atmospheric particles are fully ionized and, hence,
subject to the effects of electric and magnetic fiettlre energetic chargedupicles tend to behave
independently rather than as part of a fluid. The behaviour of these particles may be approximated by
the superposition of three types of motgpry r at i on about the main fiel
and azimuthal drift in ringaround the Eartfsee e.g. Baumjohann and Treumann, 19G§jation

is caused by the Lorentz force, which makes charged particles move in circles around magnetic field
lines.When particles reach the ends of field lines, they are reflectethdwenvergg geometry of

a dipole field. The mirror forcthat reflects particles a component of the Lorentz force antiparallel

to the motion of the particle when field lines conveigeo effectsproduce azimuthal drifiTheyare

a decrease in the strength bétmain field away from the Earth and a curvature of magnetic field
lines. Particles of opposite charge drift in opposite directions because their sense of gyration about
the direction of the magnetic field is opposibe fact, protons gyrate in a leftanded sense with
respect to the Eiagweshward, whiledeetrors gymate ana riggendedrsenset

and drift eastward. Because particles drift in opposite directions, they produce an electric current in
the same direction as the protnift. The direction of tfs current is such that its magnetic field acts

to oppose the magnetic field of the Earth inside the ring.

Field-Aligned Currents

The fieldaligned (FACs) areurrents flowing irpolar regiongollowing the magnetic field directio

This current system provides the transfer of energy derived from the interaction between the solar
wind and the magnetosphere to the ionosphere, allowing also the transfer of convection electric fields
and patrticle precipitation (see e.g. Kamide, 1288ak, 1990; lijima, 2000; Coxon et al., 2016; Zhu
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et al., 2017). FACs, thus, allow the electromagnetic interaction between hot magnetospheric plasma
and cold ionospheric plasma (Baumjohann, 1982).

Birkeland (1908) after whom the currents system is nanveals the first to propose tineexistence

to explain magnetic disturbances olvser in thepolar regionslijima and Potemra (1976a, bjst
deduced the average FAC configurateord catalogued them into Region 1 (the most poleward) and
Region 2 (lying egatorward) currents, as shownhkigure6. They also identified a third dayside
current systenfcusp currents Figure6), poleward of Region 1, which they associated wékiside
cuspcurrentand later correlated witthe plasma mantle (lijima, 2000).

A Cusp current

R1
(Region 1
current)

RZ
{Region
current

RS Currens i bonomhers
Curremts Away from lonosphiens

FIGURE 6: Field-aligned currents pattern (taken form lijims and Potemra, 1976a).

Seenfrom Figure6, Regon 1 currents flow toward the ionosphere on the daida and out of the
ionosphere on the duside, while Region 2 currents, which are defined as opposite in sign, flow in
opposite directionThese two current sheets are caused by different physicabmsuts, but they
are connected through the ionosphere and form a single ¢seaisectiol.3.2. Region 1 currerst
originatein the interface region between field lines dragged tailward by solar wind and field lines
returningto dayside of the Eartibue tothe Lorentz force this interface ispositivechargedon the
dayside of the Earth and negative on the night$dsitive chargemoving tailward on the dawn
side are deflected earthward toward the interface. In contosstive charges moving sunward inside
the interface are deflected away from the Edrtlsuch a waya positivecharge accumulates. On the
duskside, the deflections are the sanbeit a negative charge accumulates at the interfase.
magneticfield lines of the Earthare almost perfeaturrentconductors the effects of the charge
separation in the magnetosphé&econnected to the ionosphere at the feet of field liRassthe
ionosphere conducts curretttis can flow from the positive to negative termmarlhus, currestin
Region 1flow toward the ionosphere on the dagide thencrossingthe polar ionosphergow out
of the ionosphere on the duskle Region 2 currentarea result of charge separatidae to thelrift
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motion. In fact, & discussed imelation to the ring currenh the previous sectigrelectrons drift
eastwardaround the Earth, while positive charges drift westward. These particles preferentially
approach the Earth on the nightsidige tomagnetospheric convection systeApproachingthe
Earth,negative charges drifiround the Earth on the dassidewhile positive charges around the
duskside.Accordingly, in Region 2 curresflow out of theionosphere on the dawside andoward

the ionosphereon the duskside. These currentswhich are usually presenturing disturbed
conditionsbecone more intense as well as move equatorwigicha and Potemra, 1978).

1.3 THE EARTHGS IONOSPHERE

The ionosphere is the transition region between the fully ionized magnetosphete areltral
atmosphergeformingthe base of the magnetospheric plasma environment. It cooiséstnixture of
ionized and neutral particles extending from about 50 to 1000 km above the terrestrial surface.
Although the charged particles are only a minority, they are abtagtoficantly influence the
propagation of radio waves in the hifflequency (HF) band (30 MHz). The presence of ionized

particles is mainly due to solar radiation in the witiglet (UV) spectral range (wavelengtk<l O’

m) that photonises and photodissociates atmospheric neutral particles, sugh@saNd O. As the
photoionization rate depends on the solar flux, the ionosphere varies with geographic latitude,
longitude, time of the dayseasonand altitude(see e.g. Baumjohann é@nlreumann, 1996,
Hargreaves, 1992). In particular, the ionised population density rises during the day in
correspondence with the Sun elevation and decays via recombination at night when the solar UV
source vanishes (see e.g. Kelley, 2009). However tlaeiuionization mechanism exists: tingpact
ionization which is due to solar and/or magnetospheric energetic particle precipitating into the
ionosphere. It is the most important ionization source at high latitudes maintaining the ionosphere
during the lmg lasting polar night and making it highly sensitive to solar activity.
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FIGURE 7: Typical midlatitude ionospheric electron density profiles for a solar activity maximum and
minimum at daytime and nigtiime (taken from Richmond.987).
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The concentration of ionisable gases redueéh increasing heightwhile the intensity bthe solar
radiation increases. Therefotbe concentration of ionized population (hereaétkctron density
because the ionosphere can be considerettietdly neutral) passes through a maximum at some
given altitude. Furthermore, as the atmospheric composition varies with altitude as well as the
response to solar radiation of different atomic species, the electron density presents a trend
characterizedy relative maxima and minima. These identify different ionospheric regions, which
can be defined as follows (Hunsucker and Hargreaves, 2002):

f D region, 6890 km and electron densitylC® - 13°m;

f E region, 106160 km and electron densityl0" m;

f F1 region, 160180 km and electron densityl0" - 10°m;

1 F2 region, altitude maximum variable around 300 km and electron density of up to several

10%m3;

Each of this region has its ovmaximum plasma frequency (known as critical frequenafch is
the highest frequency that can be reflected from the spemifospheric regiosee e.gHargreaves,
1992. All these regions are highly variable depending on the solar radiation andcolay (Figure
7). In particular, the @nd F1 regions vanish at night mainly due to recombination prodestsesen
ions and electronsvhile the E region becomes much weaker. The F2 rdgiwas to persisthbugh
at reduced intensityn addition,sometimes thin layer occurs in the ionospheric E region, between
100 and 125 knfWhitehead 1961;Didebulidzeet al., 2015) An anomalous high electron density
that often exceeds th@nospheric electron densityaximum, which is normally located at about 350
km in the F region, characterizes it. Due to I
E layer (Es). The Es formation mechanisms cannot be explained according to Chapman theory
(Pietrellaand Bianchi 2009). Its formationss r ul ed by the presence of
shear 0 mseeMathaws 9. This mechanism involves the horizontal component of the
geomagnetic field and a vertical gradient in the zonal wind, which thrdwegtirg and the Lorentz
force constrain the ions in a thin region in the E layars layer appeaisregularly bothduring the
day and night

Consisting of a mixture of neutral and ionized particles, the ionosphere has an electrical conductivity
to whichcoulomb and neutral collisions may contribiged e.g. Baumjohann and Treumann, 1996)
Since the ionosphere is an anisotropic plasma, the electric currents olalynftliow the electric

field direction. Therefore, it is necessary to use a conductivéiyn s or i n Ohmés | aw.

inwhich E=(E,,E,,E) andB=(0,0,B,), Ohmés | aw can be written a

o

a‘]x Qésp - .ﬁ‘_' 0 6 é‘

& 0 B

oy §§H $ 0 sFe (1.2)
o O2e

?Jn 2¢O 0 s, +Eu;;

whereJ, andE, are the current density and electric field components parallel to the magnetic field
B respectivly. In equation(1.1), S, is thePedersen conductivitys ,, is theHall conductivityand

S, is theohmic conductivity s is parallel to theexternalelectric field E and orthogonal to the
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magnetic fieldB . Pederserturrentsmainly flow between 120 and 150 km abovetheEah 6 s s ur f
At theseheights,jons are subjected to more interi8@ B drift than electrons generatingv@stward
current flow parallel to thexternalelectric field E and orthogonal to the magnetic fiddd S, is
perpendicular both to the external electric field and to the magnetic TieHall currentsflow

between about 90 and 120 km, in which only the electrons are subjed&fdBodrift toward the
night side. Such currents grerpendicular both to the external electric field and to the magnetic field

S, is parallel to thenagneticfieldka nd char acteri ses heights above
In sieh a regions, currents flow parallel to thagnetic fieldoecause ions and electrare affected
by B and can move onlglue to E3 B drift, which does not give current

Another important feature of the iombeere, related to its inhomogeneous, anisotropic, and dispersive
natur e, is that its refractive index depends
expressed as:

X2

iz % j LAV
2(1- X 4z) \ 4L X iz}

k2

I
'_\

(1.2)

Such equation is known asppletorHartree equationn which X :T" is the electronic plasma

parameter (wheré, is the electron plasma frequency ahds the frequency of the transmitted wave),

nC
20f

is

f
Y =—2 is the cyclotron plasma parameter (whéfes the electron gyrofrequency) ad=
the electronic collisions frequency (whetgeis the electron collision frequency).

According to equatior(1.2) the propagation of an electromagnetic wave into the ionosphere is
possible for all realk values. Furthermore, the presence of the double sign that appears in the
denominatorshows the ionospheric birefringence, which involtbe split of the electromagnetic
wave into two different propagation rays: thedinary radiusand theextraordinary radius in
analogy with optical birefringence. In the perturbed ionosphere and especially into the F region, this
distinction may came toafl. In fact, at these altitudes, the presence of strong perturbation to the
ionospheric plasma can give rise to a frequency widening of the reflectedhteat@nogram (see
section3.1), more commonly known apreadF (Hunsu&er and Hargreaves, 2002)

1.3.1 LATITUDINAL VARIATION OF THE IONOSPHERE

The Earthés ionosphere can bkeordidgtothednaghetic latitude t hr
that have rather different characteristics. The midlatitude ionosphere, more expidrétti@fore

better understood, has an ionization almost entirely due to solar emission, especially in the UV band
of the electromagnetic spectrum. This ionization is lost by means of chemical recombination
processes that can involve both the atmospheritral constituents and the ionized species. The
motion of the ionised particless well as the balance betwganduction and loss also connected

to the neutral winds that flow into the atmosphere. Such processes also operate at low and high
latitude,but additional processes are also important in those regions.
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At high latitudes, t he Ear t h & s is nearty westical resulting i@ lrdionosphere that is
considerably more complex than that in low and middle latitudes. Because of the shape of the
magnetic field the polar ionosphere is significantly affected by the nature of the geophysical
environment. In particular, the shape of the magnetic field is such as to connect, through the field
lines, the polar ionosphere to the outermost regions ofmdognetosphere. In this way, energetic
particles of magnetospheric and/or solar origin can reach directly and undisturbed the ionosphere
where they determine an increase in ionization. The direct entry of energetic particles (orders of tens
of keV) may genetes a severe radio waves absorption. This is the cégepaflar cap absorption

(PCA), which is due to the ionization produced by energetic protons (> 10 éhetted by the Sun,
usually during a solar flare (see sectiof). During a PCA event, the ionospheric absorption is very
intenseand may leado complete raadi waves blackout in the HF bamdenly localised over the

entire polar cap (Hunsucker and Hargreaves, 2002).

The connection, through the field lines, betweenitmospherand the magnetosphere ensuhes

the behaviour and dynamics of the ionospheric plasma at high latitudes is a direct consequence of
solar wind action. During periods of intense solar activity, the high latitude ionospheric layers (see
sectionl.3) differ markedly from the regions inhabiting the same altitudes at lomaidlelatitudes.

The constant supply 0of10 keV energetic electromsiugsa considerable increase in the electronic
density, which translatestma marked increase in conductivity, nraksuch regions the most excited

of the entire ionosphere. Consequently, in the high latitude ionospheric regions, roughly 40% of the
energy goes into ionization while the remaining 60% translates into motioa pfdtiuced electrons
(Hunsucker and Hargreaves, 2002).

1.3.2 AURORAL ELECTROJETS

Auroral Electrojetsare two broad sheets of electric current that flow from noon toward midnight in
the northern and southern auroral ov@se sectiori.2). The dawnsside current flows westward,
creating a decrease in the magnetic field on the surface. Thesideskurrent flows eastward and
produces an increase in the magnetic fidldey carry a total current of about 4@ (see e.g.
Baumjohann and Treumann, 1996). Although this is the same order of magnitude as the total current
carried by the ring current (see sectibr2.l), the auroral electrojets flowingt an altitude of
approximatelyl20 kilometres in the E regiqsee sectiorl.3) of the ionospherecause the largest
ground magnetic disturbance of all current system in the circumterrestrial environment. The
disturbance field, usually about 22000 nT, ca reach 3000 nT during the most violent magnetic
storms §ee sectiod.l). In the E regionthe collision rate between positive ions and atmospheric
neutral particles is much larger than it is between elec@odsneutrals. Higher in the ionosphere
there are almost no collisions, while in the lower region there is little ionization. Because of the
different collision rates, ions in the E region drift more slowly than electrons and thus create an
electric currentAt higher altitudes where equal numbers of positive and negative charges drift at the
same rate, no current is produced because no net charge is transported. In the, [pasgian
charges moving backward relative to the drift create a current opposiie drift.

The ionospheric drift results from magnetospheric convetemsection.d. Fi el d | i nes
in the auroral ovals drift toward the dayside, so that the electnujetnts are toward the nightside.

The electrojet currents flow at right angles to the sheets of ionospheric current connecting-the field
aligned currents of Region 1 and Region 2 at the poleward and equatorward boundaries of the auroral
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ovals (see sectiorl.2.]). As these currents are driven by the electric field produced by charge
accumulation in the magnetosphere, they flow in the same direction as the electric field. The electrojet
currents are thus at right angles to éhectric field. Such a curremt theHall current §ee section

1.3), whichis always present when an electric field is applied to a conductor containing a magnetic
field. The left panel inFigure8 shows this current for éhnorthern hemisphere. According to this
figure,the westward electrojet flows in the afternoon sector and terrainatee premidnight region

in correspondenceith the Harang discontinuity which isa region of electric field rotation. The
auroral zoneelectric fieldis poleward directed in the afternoon and in the early evening sectors,
pointing equatorward in the morning and in the pu&tnight sectors. In the praidnight sector it
rotates from north over west to south causingHaeang discontindy. The eastward electrojet flows
through the morning and midnight sector typically extending into the evening sector along the edge
of the auroral oval where it as well as the eastward one diverges as upwaatigietd current.

The electrical conductivt y paral l el to the electric field
Pedersen conductivifgee sectiofl.3), and it is usually a factor of two less than the Hall conductivity
perpendicular to the electric fiel@onsequently, the electrojet currents are actually stronger than the
north south ionospheric currents connecting the Region 1 and Region 2 cuftemtPedersen
currents, shown in the right panel Bigure 8, flow northward in the westward electrojet and
equatorward in the eastward omethe northern hemispheproviding a connection between the
Region 1 and the Region 2 fietldigned currents. Inside the Harang discontinuity region, the evening
and morning side @&lersen current circuits overlap, leading to three sheets offiglted currents
(Baumjohann and Treumann, 1996).

12
60°
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Hall Current Circuit Pedersen Current Circuit

FIGURE 8: Representative scheme of the current systEmsiorth hemispherenaking up the auroral
electrojets @ken from Baumjohann and Treumann, 1996)

1.4 CAUSES ANDEFFECTS OFSPACE-EARTH COUPLING

The interactions between the circumterrestrial plasma including the solar wind are complex. Different
models that attempt to explairthe energy coupling processes betwdba solar wind and
magnetospheric plasma have been proposed and they can be divided mainly into two different
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categories callethagnetic reconnectioor field line merging and viscotl&ke interactions (see e.g.
Dungey, 1961; Axford and Hines, 1961). Thestfiinteraction betweethe IMF and terrestrial field

drives a tailward plasma flow across the polar caps and magnetospheric lobes. Thékeiscus
processesnvolves transfeiof tangential momentum from the magnetosheath plasma through the
magnetopause &iviscosity generated by micro or macro instabilitdschdrives a tailward plasma

flow in the lowlatitude boundary layers (Eastman et al, 1976). Both processes close the convection
cycle with a sunward convection in the inner magnetospsest-igure9).

Since this work is focused on hidgtitude coupling processes, only the coupling between the IMF
and the Earthds magnet i c f-iateudedignosgherehagnetosphereo ns e
electrodynanus, will be discussed in this section.

1.4.1 SOLAR WIND-MAGNETOSPHERE NTERACTIONS

Since the IMF isfrozen intothe plasmaof solar wind (see sectiod.l), the IMF and the
magnetospheric field are completely separated and 88,ragrgy or momentum transfeetween

them can occur. However, wihghe IMF is directed opposite the magnetic field of the Earth,
magnetic reconnection can occwjowing plasma from the solar wintb penetrate into the
magnetopause. As the Earth magnigicl is directedsouthrnorth, it is clear that it is the direction of

the vertical component of the IMF B, thatmainly goveristhe reconnection process. In particular,
when Br < O reconnection on the dayside, equatorwafdthe polar cuspoccur and the
magnetosphere isreferreldlas Aopeno (Lepping etzvel0.atailwar® 03) .
polar cuspreconnection can occur (see e.g. Crooker, 1992; Chisham et al., 2004). In this case, the
magnetosphere isreferremla s fAcl osedo.

As seenin Figure9a, when B,mr is southward there are two reconnection points (N) where magnetic
lines of different origins merge and all@xchangesf magnetic flux and plasm#hen asouthward
orientedinterplané ar y magneti c | ine reaches the subsol
field line and gives rise to two different lines with a fixed end on the ground and with the other
extreme on the Sun (usually referred as open). The solar wind pushespiediees, one for each
hemisphere, in an ardblar direction toward the magnetosphere night side where the open lines meet
and reconnect. In this second reconnection point, a closed and stiiofigdration occuras well

as an open line that is dragggaway by the solar windhe newly closed line relaxes carrying the
plasma flow towards the Earth returning toward the dayside.
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FIGURE 9: Sketch of the field lines in the noenidnight meridian for the two casea) when the
interplanetary magnetic field is antiparallel to the magnetic field near the nose of the magnetosphgre and
when it is paralle{Achilli, 2015)

When, on the other hand, thens is northward, two reconnection points, one for each hemisphere,
appears onhe magnetospheric lobeshpwn as N inFigure9b). This configuration allows particles
of solar origin to penetrate at high latitudes even in-eafled closed magnetosphere configuration.

1.4.2 LARGE SCALE ELECTRODYNAMICS OF THE POLAR |ONOSPHERE
Since the solar winglasmacan be described, in an ideal MHD assumptioritaen intothe IMF,
in thereferenceframe of solar wind plasmahe electric field is null. However, for an observer on

Earth an electric field exisend given byE = {i,, B, in which- {_,is the solar wind velocity. Such

electric field is directed from dawto-dusk and is perpendicular Ba In a Acl osedod m
condition (see sectioh.4.1), the electric field is excluded from the magnetosphere since the solar
wind cannot penetrate through the magnetopaus
condition, see sectioh4.]), this electric fieldnapsdown along the magnetic field linesttee polar

cap ionosphere, causing the plasma to move witlEgh® drift in the antisunward direction (Schunk
and Nagy, 2009). At slightly lower latitudes, theatle field mapping to the ionosphere results
directed equatorward on the dawide and poleward on the duskle implying a sunward plasma
motion in the auroral oval.

Such electric fields generate a pair of convection cells governing the plasma cincidtie high
latitude ionosphere. The size and orientation of these cells depend on the IMF direction. In particular,
this dependenads not only related to the IMF nordouth component Bur but also due to theast

west component Bur. The latter mogs the reconnection point on the magnetosphere flamkich
modifies the symmetry of the cel@henB,,,. >0 the cell on the duskide is more extended, while

for B

e <0 the most extended cell is on the daside. Furhermore, wherB,,,. >0 the number
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of these cells can increase giving rise to a much more complex ionospheric plasma circulation model.
Figure10 shows this ionospheric convection pattéom abowe the North Pole.

Northern Hemisphere Southern Hemisphere
oo12mT o 12MLT o o12MLT . 12MLT . 12MLT L 12MLT
80 80 80 80 60 60

FIGURE 10: Statistical convection patterns sorted by IMF clock angléfoll < Br < 10 nT, neutral tilt
(taken fromPettigrew et al 2010

1.4.3 MAGNETOSPHERICDYNAMICS

Before giving a detailed description of magmsgtheric dynamics, triggered by the interaction
between the magnetosphere and the solar wind, it is important to remember that since the Earth's
magnetic field is a vector field, it can be characterized by a vEctohich is a function of the time

and ofthe observation point.

To representhe magnetidield, it is possible to introduce a reference system with an origin O
(observation point) and with the x, y and z axis oriented &gurell, in which the compaeents of
the field are defined as follows:

- X = component in the horizontal plane directed towards geographic North;
-Y = component in the horizontal plane directed towards geographic East;

- Z = vertical component defined positive when directed towduelsnterior of the Earth;

- H = total horizontal component whose intensity is equal ¥° + Y?, oriented towards magnetic
North;

- F = field total intensity;

- D = magnetic declination: angle between the H direction and the geographdiam passing
through the origin O, assumed positive towards East;
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- | = magnetic inclination: angle between the direction of F and the horizontal plane, assumed positive
when F is directed towards the interior of the Earth.

X North (geographic)

FIGURE 11: Representation of the Earth's magnetic field velétand its components in a reference system
with origin fixed at a point on the E&t$ surface (figure taken fromerrill et al., 1996).

Magnetic storms

Magnetic stormare the main result of Stibarth interactions. They appear as a clear decrease in the
horizontal componendf theEar t h 6 s fieddfigm ris inTcup to hundred nT) caused by the
intensification of the ring currerfsee sectiord.2.1), which in turnis due to a long lasting condition

of negative Bimr. Such conditiorensues magnetic reconnection and therefore transfer of energy
from the solar wind to the magnetosphere (see settibf).

Magnetic stormscan be classifé as moderate or strong. They are defined as strong if the
geomagnetic field depression exceeds 100 nT. For the development of strong storms the
interplanetary field must be southward for at least 3 hours.

Interplanetary structures that can cause storen€BIES (see sectidnl), and cerotatinginteraction
regionsof solar wind. The latter originate from the interaction of solar wind fluxes traveling at
different speeds. Usually, higdpeed solar wind, reachingy800km/s (Lepping et al., 2003)s

emitted from coronal holes due to the magnetic field geometry characterising them. When fast solar
wind interact with slowemoving plasmaco-rotaional interaction regions (C)Rare created.

Commonly, CMEs giveise to strong storms since they are characterized by a stable and intense (20
100 nT)IMF characterised by strong negativens values. Moreover having higgpeed they are

able to produce a strong electric convection field. In most cases, they areegrdmg an
interplanetary shock (B see sectiod.1) and followed by a region of compressed gasr@ating
interaction regions originatinigom coronal holes (which remain on the Sun for more solar rotations)
are relatedo recurring bt moderate storms. In fact, CIRBow unstable and few negative
values.

At the beginninga magnetic storm can be characterized by an abrupt increase of the magnetospheric

field calledSudden ImpulsgSl). Slis a field compression duethe arrival of the IP shock associated

with an ICME (I for interplanetary) or a gotatinginteracting regionSuch compression causes an

increase in the magnetopause current (see secof) that can be observed as anre@ase in the

horizontal component of thequatorialEar t hés f i el d memsdmoenktarthe t he
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equator This increase occursver afew minutes and, if no negative, Br values occur in the high
temperature interplanetary structure aftattiho storm develofVillante and Piersanti, 2008)

The periodoverwhichthering current increases, constitutes thain phasef the storm. The main

phase can last many hours or even 1 day. The strong convection induced by the storm condition leads
the magnetic field to return to itpre-storm valuesthroughthe expulsion of plasmoids from the
magnetospheritail. Such process is known Bovery phasewhich can last several days.

Magnetic substorm

Another important manifestation of the SHarth ineraction is themagnetic substormwhich
consistof a rapid energy release in the magnetotail due to the reconfiguration of the magnetospheric
field, calleddipolarization The latter is generally interpreted as a sudden decrease in the intensity of
the arrent sheet, which involves the stretching of the innermost field lines (Lui, 1996).

The variability of the northsouth component of the IMF allows the input of energy in the
magnetosphere during periods in which there is reconnection between the IMFraed Ear t h
magnetic field. During reconnection periods the solar wind carries thsodatreconnected magnetic
flow towards the magnetotail (see sectibd.l) in which the field intensifies and compresses.
Usually, suchacondition causes plasnte@aringinstabiity, which can therefore favoueconnection
conditions in the magnetospheric tussell, 1986)Reconnection in the magnetotail generates a
closed and stretched field line, which relaxes and shortens carryingaplagh it frozen.This
generates a convective plasma motion from the tail towards Earth. Such plasma cathaeach
ionospherahrough the fielealigned currents (see sectitrR.]) intensifying its ionization. In fact,
this isone of the processes behind the spectacular phenomenorpotahaurorae Polar aurorae
occur also during storsdue to the particle precipitation associawgth the solar structure hitting
the Earthds magnetosphere.

A polar aurora is an emission oisible radiation (0. . 7 e m) due to the ele
neutral atmospheric atoms caused by collisions with etiefarticles traveling along the field lines.

The distribution of the maximum auroral activity, as a function of the magneticdiatitdentifies

annular shape regions known as auroral oval (see sec@pnThe auroral ovals, one for each
hemisphere, during periods of quiet or moderate magnetic activity, are found between 67° magnetic
latitude in the dgside, and 77° of magnetic latitude in the nightside. In the presence of intense
magnetic activitythe auroral ovals expand towards gugiatorcovering larger areas (segurel2).
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FIGURE 12 Auroral ovalsunderdifferent electromagnetic disturbance conditions: (a) quiet condition; (b)
average disturbed condition; (c) strong disturbed condition (taken from Brekke, 2012).

1.4.4 GEOMAGNETIC ACTIVITY INDICES

To monitor t he Eespohse (bsth giokalyramdtiocady) tb peeurbdtions coming
from the Sungeomagnetic indicemre used (Mayaud, 1980; Perrone and De Franceschi, 1998). These
indices, derived by continuous and systematic recordings of the Earth's magnetic field cospponent
allow thedescription ofvariations of the magnetic field under quiet and perturbed conditions. They
can be easily derivestarting fromspecific parametsrcorrelated with the phenomenon producing
the perturbation.

As the aim of this work is to undeasid the solar wingnagnetosphermnosphere coupling physical
conditions leading to scintillations on GNSS signals in the high latitude ionosphere, the following
indices have been chosassignificant and a brief description is given below.

Auroral indice s

The auroral activity indices are designed to provide a global, quantitative measure of the auroral zone
magnetic activity. In particular, theare three indices: th&E (Auroral Electrojet) index, thé&U
(Auroral Upper) index and th&L (Auroral Lower)index.

The AE index, introduced by Davis and Sugiura (1966) as a measure of the activity of auroral
electrojets, is obtained from the variations
sectionl.4.3 measuredy 1013 stations in the auroral zone of the northern hemisphere. To obtain
this index the monthly averages for the 5 quietest days are subtracted frormittetel sampling

data of each station. Then all the curves are shown in a single chart. The Vaglrees constitute the

AU index, which therefore represents the maximum positive disturbance of the auroral electrojets. In
particular, this is related to the eastward electrojet (see s&c8@)y) whichduring period of negfive

B.,imr intensifieswith the field-aligned currents connected with the ring current. The lowest values
constitute theAL index, which represents the maximum negative disturbance. This is linked to the
westward electrojefsee sectiori.3.2, which during period of negative Bvr intensifies with the
field-aligned currents connected with the tail currents system AEiadex is thus defined as the
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difference between th&U and theAL indices. The World Data Center for Gemgmetism of Kyoto
(http://wdc.kugi.kyoteu.ac.jp) provides the daily variations of such indices.

Disturbance stormtime (Dst) index

The Dstindex is a measure of the horizontal component of the Earth's titafielel, providing a

monitor of amagnetic storm (see sectiod.3 on a global scalélhe index is obtained from the H
component measured by 4 almost equally spaced stations placed at low latitude, fae faonotal
electrojets. Also in this case, the monthly averages for the 5 quietest days are subtracted from the
hourly values of each station and the averaigihe 4 statiordata seis then computed. However,

since the 4 statiGare not equally spacetthis value is divided by the cosines averages of the stations
latitudes according to:

Dst= 2 (13)
coy

The Dst is an hourly indexhe SYMH index is usedior ahigher resolution. This index corresponds
to 1-minute samplingf the Dst index but is derived from 6 stationthe World Data Center for
Geomagnetism of Kyotohtp://wdc.kugi.kyoteu.ac.jp) provides the daily variations of such
indices.

Polar Cap indices

The Polar Cap (PC) index introduced by Troshichev and Andrezen (1985) is arfifitege index
providing a measure of the trgpolar ionospheric current intensity. This current is related to the polar
cap antisunward ionospheric convection driven by the edwak electric field, which is generated

by the solar windThe PC index is thus characteristic of the polar cap magnetiiatg generated by
geoeffective solar wind parametessch as the southward component thie IMF (Bzme), the
azimuthal component of the IMF (Br), and the solar wind velocity. Thus, the index constitutes a
guantitative estimate of geomagnetic actidtypolar latitudes and serves as a proxy for energy that
enters the magnetosphere during solar wiratjnetosphere coupling. The index is derifieain
magnetic datérom two stations Thule and Vostok located in the northern (PCN) and southern (PCS)
nearpole regions. The daily variation of such indices can be found@t/pcindex.org/

1.4.5 IRREGULARITIES OFTHE POLAR |IONOSPHERE

Due to the Earthds magnetic field geomehany, t
in low and middle latitudes. In fact, solar winthgnetosphermnosphere coupling ensures that the
behaviour and dynamics of the ionospheric plasma at high latitudegasy controlled bygolar wind

action (see sectioris3.1, 1.3.2and1.4.1-3). This means that due to solar wind variability the polar
ionosphere exhibits different convection patterns in which plasma irregularities can form. The latter
are plasmaeagions, delimited in space and time, in which the free electric charge concentration is
clearly different from the surrounding environment. Such anomalies appear as local increases or
decreases in the ionospheric plasma density and as turbulent plasmatiins. The turbulent
character of these structuliegpliestheir dynamics hawa stochastic and mulicale behaviour that

does not allow, in a rigorous treatment, the decoupling of space and time.
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The importance of ionospheric irregularities is relatetheir ability to generate fluctuations in the
ionospheric refractive index (see sectitr8) and therefore to their ability to degrade trans
atmospheric signals on which some technological systems relay on. The abrupingamathe
refractive index have significant effects on radio waves that propagateiontsphereespecidy

in the HF, VHF and UHF bandslowever, they can affect also the radio propagatioh-band

signals rangingfrequencies betweel00 MHz and4 GHz (seeFigure 13). They give rise, for
example, to refraction, reflection, absorption, time delay phenomena as well as Doppler sudden shifts,
and randomly, amplitude and/or phase changes of the radio wavegpghssugh the ionosphere.

Although plasma irregularities are a common feature of the ionosphere at all latitudes, especially in
concomitance with maxima in solar activity, these are more frequent potaeand in equatorial
regions(Figure 13, showingthe global scintillation (see Chapter 2) actiwiyring solar maximum

(left) and solar minimum (right) In these regions, the magnetic field geometry and the solar
irradiance favours the development of irregities, sometimes even recurring.

SOLAR MAXIMUM SOLAR MINIMUM

MIDNIGHT

NOON

FIGURE 13 Global variation of irregularities causing scintillations during solar maximum and solar
minimum. Different colours refer to different noise thresholds emand signal¢éBasu et al.1988)

At high latitudes, the regions with the highest incidence of irregularity are cusps, auroral ovals and
polar capgKersley et al., 1988; Basu et al., 1990; MacDougall, 1990a, 1980Jch regions, due to

the complex dynamics driven by the soldnd-magnetosphermnosphere coupling, irregularities
have spatial scales ranging from tens of kilometres to few meters (sBgsog.et al., 1974; Phelps

and Sagalyn, 1976; Kelley et al., 1980; Tsunoda, 1988; Moen et al., 2012).

According to their spiial dimension it is possible to group such irregularitiedoirtwo large
ensembles. The first includes tehancementsvhich extend for tens or even hundreds kilometres,
and are observable through incoherent scatter radar and other ionospheric ésciihgsecond
includes irregularities extending less than 10 km, wipidduce radio wavamplitude and phase
oscillations on the signals passing through the ionosiibeessectio2.1). However, this distinction
cannot be ansidered extremely rigorous because of the high variability of the plasma dynamics that
characterize thpolar regionsFor example, during the passage of plasma in the cusp regions, a large
irregularity may fragment into smaller irregularities as welkiasllscale irregularities, following

30



the plasma motion inside the convective cells (see setibd, which may cluster to form one or
more irregularities of greater dimensions.

Enhancementare ionospheric irregularitiesithy spatial dimensions ranging from 50 to 1000 km (see

e.g. Hunsucker and Hargreaves, 2002). They have high electron density, which is comparable to the
diurnal midlatitudeionosphereeven when observed during the polar night. Such irregularities are
named patchesvhentheyoccur within the polar cap

Patches take this name due to their patchy appearance in 630 nm images (Carlson, 2012). They usually
appear during the polar night in concomitance with perturbation coming from tHerSBy),- <0

(see e.g. Fejer and Kelley, 1980; Tsunoda, 1988; De Franceschi et al., 2008; Tiwari et al., 2012). They
have two times (or more) the density of the F region background in which they occur (Crowley, 1996)
and extend from 200 to 1000 km. Patchesdaiven across the dayside polar caps into the nightside
with speels on the order of 30@000 m/s In the return flow on the nightside, the patches are called
blobs(Tsunoda, 1988). Although many different mechanisms for their formation have been proposed
such as changes the convection pattern (e.g. Anderson et al., 1988; Rodger et al., 1994), transient
magnetic reconnection (Lockwood and Carlson, 1992) or reconnection driven pulsed convection
(Moen et al., 2006), there is no complete agreement orhvidithe most effective. It is known that

when B, >0 patches form thin strips aligned according to the Amamight direction (see e.g.

Sandholt et al. 2002), with high electronic density (abe8ttiines greater than the background),
which generate a slow drift in themin-dusk direction.

Smallscale irregularities (<10 km), on the other hand, seem to be closely linked to plasma dynamics
and variations in the solar wind flow. The diffractive effects connesféid them seem to occur
mainly in correspondence with sudden electron density variations occurring, for example, at the edges
of the patches and/or the convective cells (Mitchell et al., 2005; Prikryl et al., 2011, Spogli et al.,
2013) Usually they occur in the cusp regions, e auroral zones and during the nighte. Small-

scale irregularities are the cause of ionospheric scintillations and are extensively described in the
following section.
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CHAPTER 2

THE IONOSPHERICSCINTILLATION

Similarly to what is observed on the brightness of the stars in the optical band, ionospheric
scintillation is defined as apid and random fluctuation in the received amplitude and/or phase of
radio waves passing through the ionosphere (Yeh and Liu, 1982; Kintner et al., 2007). This
phenomenon occurs when a radio frequency signal (typically in a range of frequencies be@veen 10
MHz and 4 GHz) in the form of a plane wave crosses an ionospersityirregularity (L.4.5. In
crossing anrregularity,the plane wave experiences diffractive and refractive effsetse.gKintner

et al., 2007)Due b diffraction, produced by ionospheric irregularities near the first Fresnel radius,
the impinging plane electromagnetic wave enters the ionosphere with a spatially uniform phase and
exits the ionosphere with a spatially irregular phasesdheegular plases may combine either
constructively or destructively giving rise to amplitude and phase scintillafonsefraction a plane

wave remains a plane wave but teeeivedphase changes because the electromagnetic wave enters
a medium of either increased decreased phase velodisge e.gWernik et al., 2003Kintner et al.,

2007)

Initial studies of ionospheric scintillation were primarily in the VHF and UHF radio bands and
focused on scintillations effects on communication signals (see e.g. Whith@&aan, 1977). With

the introduction of Eband communication links on satellites, scintillations were investigated at higher
frequencies, including those used by the Global Positioning System (GPS) satellites (see e.g. Basu et
al.,, 1980; Aarons and Basu994). This a cause of growing concern particularly to those new
application, which are liferitical such as GR8ided aviation (Dehel et al., 2001; Conker et al.,
2003). Amplitude scintillation directly affects the signal to noise ratio (C/No) of sigmasGPS
receiver, as well as the noise levels in code and phase measurements. When sufficiently severe the
received GPS signal intensity from a givenelié drops below the receivéracking threshold,

causing loss of locfor that satellite, and hentlee need to racquire the GPS signal(s). This results

in reduced accuracy navigation solutions, data loss and cycle slips. Phase scinfilatiociently

severe, may stress phdsek loops in GPS receivers resulting in a loss of phase lock.

Scintillation studiesare important to enable the prediction of gosihg and communication system
degradation. However, since scintillation theory relates the observed signal statistics to statistics of
the ionospheric electron density fluctuations (see ee).and Liu, 1982; Bhattacharyya et al., 1992,

Yeh and Wernik, 1993; Basu and Basu, 1993), scintillation studies can be used to investigate the
behaviour of electron density irregularities in the ionosphére.aim of sich studiess tosolve the
propagatn of radio waves in a random media and are based on thegunasa model, which is the

most studied scintillation theory (see e.g. Booker et al., 1950; Bramley,R®i6/1979a, b; Carrano

et al., 2012)In the phasscreen model an ionospheric infely thin layer, hosting irregularities, is
assumed able to induce phase perturbatiotise radio wave. In the weak scattering approximation,
only the phase is affected during wave propagation through the irrggldgrer due to the random
fluctuationin refractive index. After passing through the screen, as the wave propagates to the ground,
the induced phase perturbations evolve producing amplitude and phase scintillations according to
Huygensds principle.
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The spectra of amplitude and phase deviai@ngiven by (Kintner et al., 2007):

F (@) = Kgsim (%)
2.2)

F (@) = Focog Qg—*)
0

in whichqis the horizontiwave number of the phase fluctuation across the sdfeén),is the power

spectrum of the wave phase exciting the screen, which is linearly related to the irregularity density
spectrum for small changes in phagg,(q) and F (q) are the Fourier transform of the intensity

and phase autocorrelation function, respectively=+/2/d is the radius of the firdtresnel zone in
which / is the incident signal awvelength, whiled is the distance from the phase screen to the

2,2
receiver. In(2.1), describing the spectrum of amplitude deviatibe, ternsin (qs—rF), known as the
0

Fresnel filtering function, provides, to first order, an upper limit on the irregulsctle size. In
particular, the upper limit of the scale size, knowthas-resnel radius. , oacurs when the sfrterm
goes to one or when the argument is equa{2o- 1)p /2 radian In the case of GPS signals,

transmitted at L1 = 1575.42 MHz frequency, the radius of the first Fresnel zone is about 365 m
assuming an irregularity lagaltitude of 350 kmd=350km) and a signal ray path elevation of 90°.

Unlike amplitude scintillations, phase scintillations have a maximuge=@tand the next local
maxima are when the argument becomggadians due to the cbserm. Because the one

dimensional phase spectrum at the pkaseen typically has the forfi,(g) ~ g " in whichn is of
order 2, the majority of the phase fluctuation power is found at gmall

Equation(2.1), relating the radio wave spectra with the spectra of the electron density fluctuation,
can be applied onljor onedimensional weak scattering approximation. For strong scattering both
phase and amplitude of thecident plane wave are altered in crossing the phassen.
Consideration of these more complex environments can be found in the work of Rino and Fremouw
(1977) and Rino (1979a, b).

2.1 GLOBAL NAVIGATION SATELLITE SYSTEM (GNSS)

Global Navigation Satellit&ystem (GNSS) is a general term describing any satellite constellation
that provide positioning, navigation and timing (PNT) services on a global or regional basis. The
performance of GNSS is assessed using four criteria: the accuracy, the integragtiheity and

the availability. The accuracy ensures that the differences between a measured and real position, a
measured and real speed or a measured and real time are as small as possible. The integrity consist
in the systemds anarnimgs tb ysers vehenpghe systendsbould notbe Lsgd for
navigati on. The continuity is the systembs
availability is the percentage of time in which a signal fulfils the above accuracy, integrity and
coninuity criteria.

Generally, three segments compose a GNSS system:
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1 thespace segmerbnsisting of the satelliteonstellation. Its orbital features allow receiving
signals by at least four satellites at the same tonany time of day and from any poion
the Earth's surface.

1 Thecontrol segmentonsists othe ground stationetwork, whose position is known with
great precision. It has the task to monitor the whole system and ensures its operation. In fact,
the control segmergrovides, on a regular basthe navigational update to each satellite,
including the synchronization of the atomic clocks, the adjustment of the ephemeris of each
satellite's internal orbital model and other information like inputs on the space weather
conditions.

1 The user segmeén which consist of all civilian and military users able to receive GNSS
signals determining their coordinates in a suitable reference system.

Each GNSS satellite transmésarrier wave, the ranging code (i.e. a binseguence to univocally
identify the satellite) and the navigation message, in which the time informationdtimeek and
week number) is carried. The GNSS receiver generates its own code and sampétte the
transmittedcode in order to measure the difference between the transmigsie and the reception
time of the signal.

GPS is the first andestknown GNSSGPSwas developed in the 1970s by the US Department of
Defence (DoD). The space segment of the GPS architecture is a constellatieB8o§atéllites in

medium circular Edh orbit with radius of 26,600 km and approximately 55° inclination. They are in

six orbital planewhose ascending nodes (angles along the equator from a reference point to the orbit
intersection) are equally spadeyl60°. Each satellite of this consegilbbn makes two complete orbit

each sidereal day, repeating the same ground track each day. It transmits at exactly two frequencies:
L1=1575.42 MHz and L2=1227.6 MHz anlde satellite signals are separated by modulating each
carrier with a pseudorandomise (PRN) code unique to each satellite.

In addition to the GPS (currentbomposing32 satellites), three other global satellite navigation
systems have been developed:

1 The Russian GLObal NAvigation Satellite System (GLONASS) is a constellation of 24
satdlites located in the middle circular orbit at 19,100 km with a 64.8° inclination and a period
of 11 hours and 15 minutes. This constellation is the second navigational system in operation
with global coverage providing an alternative to GPS especiabyiltup areas where the
view to some GPS satellites is obscured by buildargiat high latitudes.

1 The EuropeaiGGALILEO has 24 operational satellites plus six spares, at an altitude of about
23.222 km.These are arranged in three orplanes having 56mclination and ascending
nodes separated by 120° longitude. It is foreseen to be completed and fully operational by
2020;

1 The Chinese BeiDou Navigation Satellite System (BDS), which consist of two separate
satellite constellations. The first BeiDou ®yst, also known as BeiDely consiss of three
satellites, which offered limited coverage and navigation services, mainly for users in China
and neighbouring regions. The secaeheration system, officially called the BeiDou
Navigation Satellite System (BE) and known as COMPASS, became operational in
December 2011 witta partial constellation of 10 satellites in orbit offering services to
customers in the AsiRacific region. In 2015, China started the buwifd of the third
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generation BDSo consist of 35satellites and expected to provide global services upon
completion in 2020.
In addition tothese systems that cover the whole globe, regional navigation satellites systems exist
(RNSS), like the Japanese Qudenith Satellite System (QZSS) and the IndRagional Navigation
Satellite System (IRNSS).

2.2GNSSRECEIVERS FORIONOSPHERICSTUDIES

The GNSS satellite signals are excelldat the study and characteason of ionospheric
irregularities. This is due to two fundamental reasons. The first is thatignelissare continuously
available, so theyrovide simultaneous information about different sectors of the ionosphere.
Furthermore, since they are in a range of frequencies between 100 MHz and 4 GHz, their signals are
sensitive to phase and amplitude sliations whentheypass through ionospheric irregularities (see

e.g. Aarons, 1997; Wernik et al., 2003; Kintner et al., 2007). GNSS measuréameziieen chosen

as the cornerstone of this investigation.

The acquisition of ionospheric measurements detlfrom GNSS signals requirése use of special
receivers. They are usually single or dual frequency receivers specifically designed to monitor
ionospheric scintillation in real time. Such receivers havewatelwidth tracking loops to maintain

the lock diring intervals of strong ionospheric scintillation even if loss of lock on single or multiple
satellites can still occur during extreme events, requiring tHaegaisition of the signal(s). Another
important feature of such receivers is that they sathglesignal at a rate of 50 Hz to calculate the
scintillation statistics. Such sampliradlows measuref very fast variations of the signal phase and
amplitude on the carrier frequency, whgnerallycorresponds to L1 (1575.42 MHz).

The primary purposef@&NSS receivers for ionospheric studies is to collect ionospheric scintillation
statistics for all visible satellites and store these binary data logs (hamed ISMR) on the receiver
controller hard disk for post processing. These receareralso equippedith control software that

can be programmed to collect the data logs generated every 1 minute. Alternatively, raw phase and
amplitude data at 0.02 s temporal resolution (50 Hz) and code/carrier divergence at 1 s (1 Hz) can be
obtainedrom the receiverThese data can be used to reconstruct the scintillation indices (see section
220 from raw dat a. The possibility to prograr
modify the parameters used in the derivation oft8lation indices, such as the -tiending and the

filter cut-off parameters (see secti@rB).

The investigation proposed in this work is based on GNSS observations recorded by saaf kind
receivers:

1 the GPS lonospheric Stillation and TEC Monitor (GISTM, Van Dierendonk et al. 1993)
system and in particular the GSV4004 model, which consist of an L1/L2 GPS antenna, a dual
frequency GPS receiver (NovAtel's EtBM with modified firmware), and a low phase noise
ovencontrolled crystal oscillator (OCXO), housed in NovAtel's EuroB&k enclosure. The
OCXO is required for monitoring phase scintillation.

1 The Septentrio PolaRxS lonospheric Scintillation Monitoring Receiver (ISMR), which is a
multi-frequency, multiconstellation regiver dedicated to ionospheric monitoring and space
weather applicationBpugard et al., 2011Alfonsi et al., 2016 and references therein). In
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particular, the ISMR is able to provide access to ionospheric delay and related measurements
from not only théJnited States GPS system of navigation satellites, but also from the Russian
GLONASS and the Europedsalileo satellites. The PolaRxS incorporates a stétthe-art
triple-frequency receiver engine and an ultev noise OXCO frequency reference in a
rugged housing.
The selected network for the investigation proposed in this thesis smismsteivers located in both
the Arctic and Antarctica. Specifically, Arctic receivers are located at Eureka, Resolute Bay and at
Ny-Alesund stations, while Antarctieceivers are located at Concordia, Mario Zucchelli (Terra Nova
Bay), Zhongshan and SANAE stations. They are managed by the Canadian network CHAIN
(Canadian High Arctic lonospheric Network, Jayachandran et al. 2009), INGV (Istituto Nazionale di
Geofisica eVulcanologia; De Franceschi et al., 2006), IGGCAS (Institute of Geology and
Geophysics, Chinese Academy of Scienees) by SANSA (South African National Space Agency).

TABLE 1. Locations, identifiers, geographic and geomagneticdinates (CGLat and CGLon) of the GNSS
receivers used in this study.

Location Station ID Owner Latitude Longitude CGLat CGLon
Eureka EURC CHAIN 79.99 °N 274.10 °E 87.41 °N 342.32 °E
‘g Resolute Bay RESC CHAIN 74.75 °N 265.00 °E 82.45 °N 326.10 °E
< Ny- Alesund 0 NYAO INGV 78.92 °N 11.98 °E 76.54 °N 108.79 °E
Concordia DMCO INGV 75.10 °S 123.35 °E 89.05°S 55.27 °E
-g Mario Zucchelli BTNO INGV 74.41 °S 164.10 °E 79.80 °S 305.12 °E
g Zhongshan ZSGN IGGCAS 69.37 °S 76.37 °E 75.59 °S 102.53°E
< SANAE SNAO SANSA 71.67 °S 2.84 °W 61.93 °S 44.73 °E

Table 1 reports geographic and geomagnetic coordinates of teg, sogether with the receiver
identifiers, locations and station owndfggure14 shows the geographic locations of the receivers.
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Google Earth

Google Earth

FIGURE 14: Geographic locations of the selected receivers. On the top the locations of Eureka (EURC),
Resolute Bay (RESC) and Mjesund (NYAO)stations. On the bottom the location of Concordia (DMCO),
Mario Zucchelli (BTNO), Zhongshan (ZSGN) and SANAE (SNAO) stations.

2.2.1.SCINTILLATION INDICES

The strength of phase and amplitude scintillation on GNSS signals is conventionally quantified by
the phase ¢:) and amplitude (§ scintillation indices(Van Dierendonck 1993) The phase
scintillation index(st), which corresponds to the standard deviation of the carrier phase in radians,
from which the trend ascribed to the satellite drift has been eliminateefined as:

s,=( F) { )F 2.2)

In equation(2.2), ( ) denotes the expected value whileepresents théetrendedaarrier phase. The

standard deviation is computeser periods of 1, 3, 1B0 and 60 seconds every 60 seconds. This
means that for every minute five values are stored in the ISMR (see s2gidata log along with
the time tag. For the investigation proposed in this thd®stof 60 seconds igsed as the GNSS
phase scintillation index.

The amplitude scintillation index £5is defined as the ratio of the standard deviation of the received
signal power to the mean signal power over a time period, which is nominally 60 seconds even if it
could ke arbitrarily chosen longer or shorter . The totaM®ich includes the thermal noise effects,

is:
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(2.3)

Where< > denotes the expected value over the selected time periddsahd received signal power.
Equation(2.4) describes the correctida the S4 value due to the thermal noise

100 & 500
S, = + 24
Hcorr \/S/N)gé 19S/ N (24)

in which SN is the signato-noise ratio. Subtracting the correction from the t8ialalueyieldsthe
amplitude scintillation index corrected for the thermal noise given by:

S4 = Stot - 300” (25)

It is important to notice that if the argument under the square root becomes negat/ealbe is

set to zero. Ao in this casethe S of 60 seconds has been selected as the GNSS amplitude
scintillation index for this investigatiofsrom equatior(2.5) the noise floois filtered out from the
results related to the amplitude scintillations.

Both indices here considered are computed on L1 carrier frequency. In principle they can be derived
also from other frequencies as L2C and L5 (the new GPS frequseeyenkatesh Bbu and
Lakshmi Narayana2012) but this is out of the scope of the present work.

2.2.2.TOTAL ELECTRONCONTENT AND ITS GRADIENTS

Due to the dispersive nature of the ionosphere, it is possible to calculate the Total Electron Content
(TEC) starting from the cod® carrier phase measurements provided by GNSS receivers on different
frequencies. TEC iderivedas the total number of free electrons in a cylinder with cross section of 1
m? and height equal to the slant signal path. It is defined as the integraledéth®n density along

the GNSS signal ray path, according to:

TEC= fj Nds (2.6)

satellite

This quantity, measured in Total Electron Content Unit (TECU, where 1 TEC& =l&6trons/m),
can be calculated along each slant path according to:

1 & ff, 0
TEC=——x22 @R -P) e 2.7
40.3:1,- f, =° ) @7

This equation describes the-salledgeometryfree combinatiorin whichf; andf, are the two carrier
frequencies of the transmitted sigrfalandP. are the correspaling pseudoranges (satelliteceiver

optical path), whileerepresents all the frequendgpendent biases induced by the receiver, the
satellite and the environment in which the measurement is carried out. As each TEC value obtained
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from equation(2.7) is the electron content along the satellieeiver path, it is calledlant TEC

(STEQ. In this way, for each satellite and for each period, TEC measurements take place at different
elevation angles and are relateddifferent ionospheric sectorén order toobtain TEC values
independent on the geometry of the GNEC&ustbenst el
converted tovertical TEC(VTEC). The simplest way to transforeTECinto VTECis to assume the
ionosphere as a single thin ionized | ayer, 1|o
where the electron density maximizes. According to this assumpli&¢can be obtained by using

the transformation:

VTEC= STE@og{¢) (2.8)

in which ¢’ it is the complementary angle to the zenith, as shovifigre 15,

Satellite

FIGURE 15: Single layer ionospheric model.

As mentioned in sectior’is2and2.2.], thecontrol software integrated into ti&NSS receivers for
ionospheric studies allows the automatic calculation of the scintillation in&icasd st over
different time windows (1, 3, 10, 30 and 60 secontlsg receiver is also able to provide and collect
TEC and its rate of TEC change (ROT) values computed every 15 seconds from combined L1 and
L2 pseudorange and carrier phase measurements, reslye@pecifically, TEC values are obtained,
according to equatiof2.7), by pseudorange measurements only, while ROT is computed from carrier
phase measuremnts only.

TEC from pseudorange measurements sufifem a larger errocompared with thosom carrier
phase measurements. In principle, this should let the choice fall on the use of the carrier phase for
TEC estimation. However, carrier phase measunggnbave lte issue of phasambiguitythat is
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difficult to solve in reatime. This is the main reason why TEC is provided by the receiver from
pseudorange measurememtswever,phase ambiguity is not a problem for ROT:

ROT=—" (2.9)

in whichi is the satellite index whil& is an epoch time. Thus, in equati@@9), phase ambiguity,
frequencydependent biasemsd environmental errof(gquation(2.7)) cancel out, leading to a more
accurate determination of RGbmpared withTEC. In additionsinceROT related to the Nyquist
period (Zou & Wang 2009), it allowkeretrievingof information about the irregularities scale length
involved in satillations. The irregularities scale length corresponding to the Nyquist pisrgiden

by the vector sum of the components of the ionospheric projection of the satellite motion and the
irregularities drift velocity in the direction perpendicular to @eS ray path. As at highatitudes,
experimental evidencghows that plasma convection velocities span a range between 100 m/s and 1
km/s (Ruohoniemi an@reenwald 2005), the irregularities scale length, sampled by ROT, varies from
few to tens of kilometrs (Baswet al. 1999). Hencefrom a comparison ROT excursioasd the
scintillations occurrengeand bearing in mind constragrerived from the Fresnel filtering, it is
possible to retrieve information about the irregularities scale sizes in which gdsphanic plasma is
fragmented (Alfonsi et al., 2011).

2.3METHOD TOTREAT TECAND SCINTILLATION DATA

The scintillation statistics acquired by the control software of the selected receivers for the proposed
investigation is calculated (with the exception of T&C and ROT values, see secti@.? for all

the available signal frequencies transmitted by the satellites and along the slant path connecting the
receiver to the satellite. Hence, in order to study the relationship bei&&nits spatial gradients

and ionospheric scintillation it is necessary to reduce the impact of the sateliteer geometry on

the scintillation measurements. The scintillation indices (see seztibf) are projected tahe

vertical according to:

slant

e — 2.10
’ F (aelev)a ( )
slant
oS (2.11)
F (aelev)

where s7*" and Sj'a'“ are the indices directly providdd/ the receiver at a given elevation angle

along the slant path, whilE(a,,,) is the obliquity factor defined as (Mannucci et al. 1993):

elev.

1

o 2,
- aRecosaelev 8
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F(age) = (212
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In equation(2.12), Rei s t he Ear Hbpissthe heghtof theslon@sphdric Piercing Point
(IPP), which in the present investigation is assumed to be located at 350 km altitude. According to
Rino (1979a, 1979b) and as described by Spogli et al. (2009), the expdraenbeen chosen equal

to 0.5 in(2.10) and the exponemithas been chosen equal to 0.92111). Fora critical discussion of

the use of vertical scintillation indices in weak and strong scattering regimes, see Spogli et al.,
(2013b).

In order to reduce the impact of neaintillation related tracking errors (such as multipath) a mask

of 20° on the elev#on angle of the satellites has been applied on scintillation data used in this work.
In fact, although the 50 Hz sampling frequency adopting by GNSS receivers is useful to investigate
transient ionospheric effects, it cannot distinguish the scintillstioaused by ionospheric
irregularities from multipath due to physical obstacles (buildings, trees, etc.) that may be present in
the environment surrounding the receiver antenna. However, as shown by D'Angelo et al. (2015), the
choice to apply a mask of 2@h the elevation angle of the satellites is not always effective in
eliminating all multipath effects even if it is difficult to perform such site characterization in remote
sites such as those selected for the investigation proposed in this thebis ofer hand, theolar
regionsare usually characterized by very few environmental constrains making the choice of 20°
elevation mask a good compromise between the loss of scintillation data and the need multipath
effects filtering. Finally, to minimizegssible mismeasurements of the scintillation indices following

a lossof-lock event, only data characterized by lock time greater than 240 seconds €Salith

2008) were included ithe analysis.

In order to derive scintillation indices using GNSS measients, it is necessary to remove a long

term trend consisting of the Doppler shift due to satellite receiver relative motion and slowly varying
background ionosphere, and some hardware effects such as clock drift. Usually,-@dgxth
Butterworth filter with a 0.1 Hz cubff frequency is used in standard processing to detrend the signal
(see e.g., Prikryl et al., 2014). Such-ofit frequency was statistically obtained using wideband
satellite measurements (Fremouw et al., 1978)tasdow widely usd for the automated calculation

of scintillation indices (Van Dierendonck et al., 1993). However, the choice of thidfdtequency

is not unique and should be done carefully. This is because amplitude and phase fluctuations in a
received electromagnetivave may be diffractive or refractive. ftee diffractionis stochastic, such
scintillations cannot be correcte@n the other hand, sindee refractionis deterministic, such
scintillations, which are typically produced by ionospheric irregularitissnail wave numbers, can

be corrected using multiequency measurements. Hence, if the choice of thisf€ditequency is

not done carefully, the refractive variations are also included (Forte and Radicella, 2002; Mushini et
al., 2012). As the value ohé¢ cutoff frequency does not affect the determination of the amplitude
scintillation index, but it does affect the phase scintillation index very much (see e.g. Forte and
Radicell a, 2002; Beach, 2006 ; Mu s h hoatiampbtude a | . ,
scintillationo. This is especially true at hi
2005), where a very high and variable ionospheric drift velocity (~100152® m/s, see e.g.,
MacDougall and Jayachandran, 2001) exiSuch high and variable ionospheric drift velocity,
indeed, directly affect the cuaiff frequency as it linearly depends on the relative velocity between the
receiver, the ionosphere, and the GPS satellite (e.g., &wdtRadicella, 2002)The choice othe

best cutoff to be adopted is crucial for high accuracy positioning. This is beyond the scope of this
thesis that is addressed to the scientific understanding of the scintillations eventdntéxsthe
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analysis is made keeping a cut off freqexeto 0.1 Hz to highlight the deterministic effects due to
changes in the plasma velocity.

The data treatment describedthis chapter providemformation on the ionospheric irregularities
from the scintillation indices. The ionospheric irregularitirattcause scintillation can thus be
identified and, through the integration of the analysis of ROT, the dynamics of the irregularities can
beinvestigatedAs has been mentioned in the secfidh2 the choice to adopt ROT disiven by its
property to provide information on largeale irregularities (Zou and Wang, 2009). This parameter
to is used fotthe identification of the electron density gradients leading to the observed ionospheric
scintillations (Alfonsi et al., 2011kurthermore, as the ROT definition is formally similar to the TEC
first derivative(see equatiof2.9)), which provides ROT values expressed in units of tetattron
content unit over one minute, [TECu/mjitthhis parameteprovidesinformation about the TEC speed
variation. For this reason, it is possible to investightaamic specific features of ionospheric
irregularities into which the ionospheric plasnsafragmented.In this work, ROT values are
calculated for each visible GNSS satellitgh an elevation anglgreater thar20° In addition,to
minimize mismeasurements of ROT following a lafdock eventonly data characterized by lock
time greater tha 240 swere included ithe analysis
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CHAPTER3

THE CHALLENGE TO TRACE BACK THE PHYSICAL MECHANISMS CAUSING

THE OBSERVEDSCINTILLATIONS

This work adopts a mulbbservation approach with the aim to understand how different
configurations of the solar witmagnetosphermnosphere coupling result in GNSS scintillations at
high latitudesSuchanapproach, combining information derived from grotdoraed measurements

with thosederived from spacbased stationsllows a broad spectrum of informatian order to
characterize ionospheric disturbances at different time scales (from milliseconds to days) and spatial
scales (from millimetres to hundreds meters/kilometres) in accordance with the evolution of storm
drivers. This allowsa reconstructhn of the spatl-temporal scenario in which scintillation events
occur, with the aim tanvestigate the cause/effect relationships that regulate the formation and
evolution of irregularities causing the observed scintillations. This chapter poaideitical
descripion of the parameterselectedto characterise the ionospheric behaviour under strong
perturbatios of the magnetosphefenosphere system, providing also the motivation and the critical
issues related to their choice.

3.1 THE NEED TOINTEGRATEANCILLARY DATA

The choice to adopt a multistrumental and muhobservation approach is suggested by the
multitude of phenomena contributingtireionosphere to the formation and evolution of irdegties
causing scintillationat high latitude. In such regiottse connection, through the magnetic field lines,
between the ionosphere and the magnetosphere and the presence of cusps makes the behaviour of tr
ionospheric plasma a direct consequence of solar wind action and magnetospheric dygeamics (
sectionsl.3.], 1.3.2and1.4.1-3). For this reason in ordéo trace the physical mechanisms causing
the observed scintillatian it is necessary to reproduce thequenceof eventsthat generag the
ionospheric irregularitiedMoreover, the adopted method overemsome of the limitations of GNSS
measurements of the ionosphexgghas the information on electron density that can be inferred only
as integrated along the satelieeiver ray path4.2.2. Such limitatios implythe impossibilityof
retrieving the alttude resolution on the electroontent.

The study of the origin and evolution of ionospheric irregularities causing scintil@djoeng on
evaluating the ionospheric background starting from the solar wind conditions, then studying the
magnetosphere configuration during the main phases of some intense geomagnetic storms and,
finally, reconstructing the ionospheric scenario resultinpénabserved scintillations.

In order to achieve thighe proposed characterization of the solar contribution to the ionospheric
plasma circulation examines solar wind parameters acquirgteBylvanced Composition Exqrer

(ACE) and WIND spacecrafirbiting at the first Lagrangian point orbit (L1). Both satellitee
equipped witha fluxgate magnetometehat measurethe local IMF and establish structure and
fluctuation characteristics of the IMF at 1 AU upstream of Earth as a function of time (Lepping

1995; Smith et al., 1998). They are also equipped with particle detdwadrzovidethe solar wind
plasma electron and ion fluxes as a function of direction and energy (Ogilvie et al., 1995; McComas
et al., 1998). Providing every minute detdilenowledge of the solar wind conditions and internal
state, these data allow relating solar wind variation to geomagnetic field activity (see e.g. Svalgaard,
1977; Ruohoniemi and Greenwald, 2005; Liu et al., 2015). The National Aeronautics and Space
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Administration (NASA) Coordinated Data Analysis Web COAWeD,
https://cdaweb.gsfc.nasa.gov/istp_publprovides such data.

In order tounderstand how the plasma emitted from the Sun interacts with the $fmte
environmenfplasmas producing irregularitefy & Ranki ne Hugoni ot ds cond
and Krall, 1971) are applied thesolar wind data. This led to identify the principal characteristics

of an interplanetary shoduch as the velocity and the trajectéwlfowed by shocKIPs, seeection

1.1). In fact, these conditions, describing the relationship betwegtast@ma conditionsn both sides

of an IPs wave in a oadimensional flow in fluidsyielding the evaluation of both the normal to IPs

plane and the IPsnpact point at magnetopause.

To determine and quantify the magnetosphere deformation associated with the storms drivers, the
Earthdés magnetic field data provided by fl ux
Operational Environmental Satellitessgm (GOES, Singer et al., 1996) are analysed and interpreted.
Such satellitesprbiting about 35,800 km, provide measurements of the space environment magnetic
field that controls charged particle dynamicghaouter regions of the magnetosphere allgnmoth
information on the general level of geomagnetic activity and sudden magnetic sidrese
measurementare selected to determine the magnetospheric configuration during storms occurrence
(see e.g. Lui, 1993; Apatenkov et al., 2007; Villante andsBigi, 2008). The NASA CDAWeb
(https://cdaweb.gsfc.nasa.gov/istp _publprovides such data.

Groundbased fluxgate magnetometers located both at high and low latitudesedirethis project
becaus¢hese data providsontinue and systematimeasure bthe Earth's magnetic field components

in addition togeomagnetic indicetseel.4.4. Such indicegprovide an indication ot he Ear t h
magnetic field under quiet and perturbed conditions. In addition, data collected bwatéluxg
magnetometers elmcated with GNSS receivers are used to support the description of the ionospheric
area in the field of view of such receivers. The International -fR@al Magnetic Observatory
Network (INTERMAGNET http://www.intermagnet.oryfprovides such data.

The Earthds magnetic field data acquiemretdd. by t
The Iridium satelliteconstellation provides voice and data coverage to satellite phones, pagdjers a
integrated transceivers over the Earth's entire surface (Pizzicaroli, M&®)etometerdata from
this constellation (of 66 active satellites i
of the Earth) provide measurements of the immagnetospheric field. Specifically, the magnetometer
data are sent fromle Iridium Satellite Network Operations Center to the Active Magnetosphere and
Planetary Electrodynamics Response Experiment (AMPERE) Science Data Center. Here they are
processed textract the magnetic perturbationrsagures associated with the FA@stem (seé.2.])
connecting the ionosphere to the magnetosplferdgrson et al., 2000Therefore, AMPERE data

are taken into account inighproject to investigate the rot#f FAC in determining ionospheric
conditiors causing scintillations. The AMPERE Science Data Certtép:(/ampere.jhuapl.edu/
provides such data.

In order to understantie rok played byrecipitatingparticles in scintillation production, this study
includes the analysis and interpretation of data acquired by National Oceanic and Atmospheric
Administration (NOAA) Defence Meteorological Satellite Program (DMSP), Ruwilaiting
Operational Environmental Satellites (POES) and by Meteorological Operational (MetOp) satellites.
These are all low, polar, eartor bi ti ng satellites at about 8
Specifically, DMSP satellites are equipped with the SpecialddéHsaviolet Spectrographic Imager
(SSUSI,Paxton et al., 199Zonsisting of sensors intended to provide a quantitative description of

the state of the upper atmosphere and the aurora on a global basis. In thibewtaka from SSUSI
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areusedto montor the evolution of auroral radiance during a geomagnetic storm, with the aim to
investgate the link between particf@ecipitaton in the auroral oval and high latitude ionospheric
irregularities formation. SSUSI data can ddgained fromhttps://ssusi.jhuapl.eduThe POES and
MetOp satellites are equipped with the Total Energy Detector (TED, Evans and Greer, 2004) which
acquired the data analysed in this work. In particular, the TED consists of two detapeirteof
monitoring the influx of energetic ions and electrons into the atmosphere and the particle radiation
environment at the altitude of the satellifde electron and proton total atmospheric integral energy
fluxes areusedin this work to verify hav the observed scintillation is related to particle precipitation.
The NASA CDAWeb littps://cdaweb.gsfc.nasa.gov/istp _publprovides such data.

In-situ measurements of plasma density in the topside ionosphere provided by Langmuir probes on
boardthe Swam constellation (FriigChristensen et al. 2006) are analysed and interprefgdvale

alocal and global characterization of the ionospheric electron density distribution during geomagnetic
storms. This constellation consists of three satellites ablerdeide highprecision and high
resolution measurements of the strendilgction and variations of thmagnetic field and plasma
datasuch agemperature and electron density of the ionosphere. The choice to analysedavesgsm

linked to the geometrgf the constellation. The Swarm satellites éweated atwo different polar

orbits, two flying side by side at an altitude of 460 km (Swarm A and C) and a tlindatitude of

530 km (Swarm B). Thisllows an investigaton of ionospheric plasma dengidistribution at
different altitudes and in different geomagnetic sectorgviding acharaterization ofionospheric
conditions before, during and after solar perturbations. Swarm dadaail&ble fronthe European

Space Agency (ESA) Earth Online seev(https://earth.esa.int/web/guest/swarm/eataesk

lonosgheric irregularities are firstlentified from TEC and scintillation parameters (seetiors2.2.1

and 2.2.2, then the ionospheric information from GNSS measurements is integrated with
observations provided by ionosondes and backscatter radars. In particular, the study includes vertical
radio-soundingdata productgknown asionogram$ provided bythe Vertical Incidence Pulsed
lonospheric Radar (VIPIR, Bullett et al., 2016);looated withthe Mario Zucchelli (Terra Nova

Bay) GNSS station. The ionosontransmitsvertically upward frequencies typically from 0.5 to 30

MHz and measusthe time delay of the reflected ionospheric echdéssyieldsvertical reflection
frequencies of the different ionospheric layeese(sectiof.3) and the virtual altitudes of such layers.

The information fronthese parameters areedto understand the local ionospheric vertical structure
induced by storm drivers, also inferring the ionospheric plasma perturbation state and the possible
presence of irregularitiesThrough a scientific collaboration with the ING the Korean Polar
Research Institute provided VIPIBnogramsused in the present investigation.

Furthermore, in order to characterise the high latitude ionosphere dynamics in which irregularities
causing scintillations form and drift, including its 8pkevolution, in connection with the conditions
both of the Earthdés magnetosphere and the in
plasma velocities supplied by the Super Dual Auroral Radar Network (SuperDARN,) are also
examined.SuperDARNIs aninternational scientific consortium that operates and maintains high
frequency (HF), ovethe-horizon radars for conducting research in ionosphere and space physics
(Greenwald et al., 1995). SuperDARN is designed to map ionospheric plasma convectithre over
auroral and polar cap regioascording to observational fields of view shownHRigure 16. To
achieveplasma convectign2-D Doppler velocity vectors are estimated from pairs of radars with
overlapping field®f view. In normal modeeach beam is formed under computer control by a phasing
matrix, to scan over 16 sequential beam directions. This provides an overall azimuth coverage of
~50°. A multi-pulse transmit sequence enables SuperDARN radars to measuterejgrities up
to2kn/ s over distances of O3500 km. The resul ti
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used to estimataD Doppler velocity the scattered signal power ahé twidthof the Doppler power
spectrum for each range where there are significant retspestral width. The cause of various
magnitudes of spectral width can a#ributedto diffusion and dynamics of ionospheric plasma
irregularities (Ponomarenko amidaters 2006); on the other hand, at high latitude, the ionospheric
scintillations recordedn the phase can appear when the GNSS signals pass through regions in which
plasma dynamics is more complex (see e.g. Mitchell et al., 2005). Therefore, spectral width
measurementare taken into account and analysed@rder to support the identificatiaf regions

most likely to give rise scintillations. Moreoveneasurements of Doppler velocities are considered

in order to link the local and gbal evolution of the auroral and polar aciymamics during storms

The British Antarctic Survey provides SupARN data via ftp, upon registration
(https://www.bas.ac.uk/project/superdarn/#jlata

Southern Hemisphere

Northern Hemisphere

-

Magnetic coordinotes
Magnetic coordinotes
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[ High-latitude I Mid-latitude [ Polar cap

Figure 16: Fields of view geometry of the SuperDARN network radars. On theHefobservational geometry
of radars located in the northern hemisphere. On the right, the observational gedmastays located in the
southern hemisphere. The colour code refers to the position in magnetic latitude of each radar.

3.2DATA INGESTIONCHALLENGE

As mentionedin section 3.1 the muHbbservation approach is usefidr providing a detailed
description of the ionospheric scenario in which irregularities causingllation are formed and

move Furthermore, combining a broad spectrum of imiation, such approach provsitor the
measurementsé | ack compensation due to both
investigated phenomenossuch as for example,the absence of reflected echoes during strong
ionospheric absorption evenbr the poor coverageensured by fields of view of considered
instruments On the other hand, the integration of different data, that differentiate for sampling
frequency and/ or because acquired at aopréaf er en
challenge. The challenge lies in the appropriate choice of a priori assumptions both on the measures
to be compared and on the time intervals covered by these measures. Although these assumptions are
necessary tanvestigate the cause/effect retetships regulating the formation and evolution of
irregularities at high latitude t hey do not prove to be al ways
evolution in space and time. On the other hand, description by pointof the ionospheric evolutio
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under conditions of strong helgeophysical disturbance is bound lbyitations of the instruments
currently in use for the investigation of circumterrestrial plasmas. In such a frame, the assumptions
adopted in this work aims at providing the best fmbssionospheric characterization within
instrumental limitations, the physical nature of the investigated phenomenology and the constraints
imposed by the integration of muttbservational data.

Therefore, the analysis of case studies selected for thnlsig/carried out through a capillary survey
that can be summarized in the following fundamental steps:

1. Characterization of the interplanetary perturbations and assessment of the geomagnetic
response at high and low latitudes.

2. Evaluation of the normal tdPs plane and estimation of the dRmpact point at the
magnetopause.

3. Reconstruction of the magnetosphefield line geometry reconfiguration following the
interplanetary perturbation arrival.

4. Evaluation and quantification of the FACs system evolutioindutisturbed periods.

Investigation of the scintillation parametess,(Ss and ROT) variations.

6. Reconstruction of the ionospheric scenario in which irregularities causing the observed
scintillations form and evolve in space and time, through the integrait observations from
satellites, radars and groubdsed magnetometers.

For the characterization in poidt the UT time serie®f the IMF amplitude (|Bfs), and its
components (Bwmr, By,vr, Bzime), the solar wind deiity (r sw), proton temperature (T), velocity

(Vsw) and dynamic pressure (P) are analysed for each case study. These series, acquired by ACE anc
WIND spacecratft, are then compared with the SMNhdex, the auroral oval (AU and AL) indices

and the polarcap (PChad P CS) indices calcul ated from t he
recorded by grountiased magnetometers. For all the described quantities, a satmpknf one

minute isusedboth to identify their variations and to provide a comparison with #m@tons in

point 5 above. This characterization aimed both at identifying the disturbance level of the
environment in which irregularities occur, aisdsearchingor a causeeffect relationship between

the interplanetary disrbance type and the ionospheric irregularity assocwmaitdthe observed
scintillations The evaluation of the normal to $fplane isaccomplishedy applying the Rankine
Hugoniotconditionsto solar wind data. Since thiavestigationinvolvesa compaative evaluation of

the high latitude ionospheric response in both hemisphessyaluation of the normal to $plane

and the onsequent estimation of theslifnpact point athe magnetopause allovesdetermination of

which hemisphere most exposedtthe perturbation coming from the Sun.

o

The characterizatiorior point 3 is pursued to investigate the magnetospheric field lines geometry
reconfiguration following the interplanetary perturbation impact geometig. derived from the

analysis and interpretation of the UT variations of Earth's magnetic field components acquired by
fluxgate magnetometers on board the GOES satellites. This investigation abo,aastiication of

t he magnetospher eds ethedaysiderandasetbrigation incthee mghtsidesas i o
the arrival of the interplanetary perturbation al | owi ng a determinatic
reconfiguration due to the interplanetary perturbatibalso permitsan estimaton of the possible
asymmety level between the two magnetospheric tail lobes following the interplanetary perturbation
impact at a point far from the geomagnetic equator.

The fourth step of the analysis consitthe characterizatioof the FACs systenmn the FACmaps,
the Altitude Adjusted Corrected GeoMagnetic (AACGM; Baker and Wing, 1989) coordinates (MLat,
MLon) and Magnetic Local Time (MLT) are used as the reference frame. Theyteevanges Q0
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24 Magnetic Local Time (MLT) and 5090° Magnetic Latitudes (MLatjor both henmspheres
allowing the FACs system dynamits be related tanagnetospheric dynamiesd with the storm

driver variations. Moreovetrthe graphical representation of the FACs system helps estimatés

impact point athemagnetopause. In fact, the comgiare investigation of the varian (in time and

space) of theFACs in both hemispheres allowsn understandingof if and which of the two
hemispheres is firstly exposed to the perturbation. It is importagmfzhasisehat, since the time
sampling withwhich the AMPERE Science Data Center supplies the FACs current density data is 10
minutes, the maps examined in this work summarize the variation of the current density in the same
time interval.

The investigation of the scintillation parameters at Stepthe analysis is performed for each GNSS
station Tablel), by studying the UT variations of the scintillation indicesdndSs) and the ROT
(sectiors 2.2.1and2.2.9. In particular, the UT variations recorded by the northern GNSS receivers
are compared with those recorded by the southern GNSS receivers that, in quiet geomagnetic
conditions, look approximately at the sameagpheric regions. The station pairs considered are:
EURCGDMCO and RESEBTNO that,under quiet geomagnetic conditiomsapfor most of the day

at the polar capsand NYAGZSGN, which under the same quiet conditiom&p to polar
cusps/auroral regions. The 80 receiver,maps tosubauroral regions under quiet geomagnetic
conditions. The choice to sort the stations according to ionospheric e¢igivs an interhemispheric
comparison of the ionospheric response in terms of scintillation occurrence. By camiberin
variations recorded by the receivéwsated in the same hemisphgtas possible to investigate the
ionospheric response in different geomagnetic sectors. To obtain the UT variations of the scintillation
parameters, the data acquired from each &N&tion are processed according to the method
described in the previous chapteection2.3). The study considers a sampling per minute to compare

the UT variations of the scintillation parameters with the UT variationkeopairameters selected
according to stef of the analysis. This comparison allodesscribingthe observed scintillations in
relation with the variations of both the interplanetary medium and the Earth's magnetic field. The
addtional information deriedfrom the analysis of the UT variation of ROT is used according to the
empirical method introduced by Alfonsi et al. (2011) to deduce the scale size of the irregularities
triggering scintillation. This isvhat was hypothesised Byfonsi et al. (2011): since the scintillation

on the phase of the signal can be produced by a wide range of spatial scales of ionospheric
irregularities, an ionospheric region, characterised by strong heterogeneity of scales or that presents
a strong horngeneity around more active scales, identifies a sector in which the scintillation
occurrence probability is high.

In order tosupport the reconstruction of ionospheric features detected by ROT and scintillation
parameters, information from GNSS measuremeiith concurrent supporting information provided
by groundbased and spad®rne observations are combined (Siey the analysis). Namely:

1 To provide an overall representation of hightude ionospheric regularities causing
observed scintillations, polsiew maps displaying simultaneously: SuperDARN
observations, Swarm electron density measurements and the projection of the GNSS tracks
experiencing scintillation argeneratedor each hemisphere. Such psacovering the ranges
00i 24 MLT and 50F90° MLat of both hemispheres, allow the observed scintillations, the
electron density variation recorded by Swarm satellites and the local variations of the
ionospheric plasma dynamics (inferred by the SuperDARNts@ width measurements)
be comparedvith magnetospheric dynamics. Spectral width measurements are considered
because they support the identification of ionospheric regions characterizditfelognt

plasma regimeésee e.g. Woodfield et al. 2002, €ham and Freeman, 2Q@onomarenko
48



and Water 2006, Ponomarenko et al., 20p7As such regions are most likely to give rise
ionosphericscintillationson GNSS phase signals (see &gherty et al., 2003; Mitchell et

al., 2009, the comparison between spatwith measurements and phase scintillations allow
investigating physical mechanisms causing corruption on GNSS sigiaks.integration of
differentdatainto the polatview maps implieshe choice of appropriate a priori assumptions
linked both tahe sampling frequencies of these measures and to their acquisition height. The
first assumption taken into account is to consider the ionospheric vertical variation as constant
between the average height at which SuperDARN measurements are taken, &wdrthe
satellite heights. Since the investigation in this work covers periods in which the
magnetosphermnosphere system experiences large disturbances, this assumptiosas not
forced In fact, at the arrival of a large interplanetary perturbadarmsiderable increase in

the current density of the FACs systeaturs(which can be confirmed by the maps at gtep

of the analysis). Hence, it is reasonable to consider a slight variation of the ionosphesa betwe
the heights covered by the measurements under examination. This assumption is also in
agreement with the choice to fix thekhat 350 km in equatiof2.12), describing the obliquity

factor (F(a,.,))in the scintillation indiceprojection to the vertical. The second assumption

assumed in the construction of the maps concerns the temporal resolution of the
measurements. The temporal chdadees into account the scintillation recorded by the GNSS
receivers of the selected network {iable1) during the passage of the Swarm satellites over

an area covering 50° to 90° of magnetic latitude in both $meres. Even if such assumption
does not allow correlating, in a univocal way from a temporal point of view, the observed
scintillation with the electron density variations recorded by the Swarm satellites, it permits
obtaining a local characterization thie ionospheric plasma conditions likely triggering the
scintillation events. In addition, since the SuperDARN measurements are provided with a 2
minute time resolution, only measurements acquired in the 2 minutes coinciding with the
Swarm satellite trantstime over the magnetic pole are shown on the maps. In this case, the
ionospheric dynamics depicted by the SuperDARN measurements is considered as
representative of the entire period covered by the traces of the Swarm satellites. Although this
is a quiteforced assumption, especially during strong hgkophysical disturbance periods,
thanks to the comparative investigation of maps describing ionospheric conditions in different
time intervals, it is possible to provide an overall representation of theldtitude
ionospheric scenario in which scintillations occur. Furthermore, since the fields of view of the
selected GNSS receivers cover, in both hemispheres, an ionospheric portion within about 70°
MLat, the multiobservational integration enclosed Iretpolarview maps ensures that the
electron density variations recorded by the Swarm satellites in such arganalt@aneous

with the ionospheric scenanmovidedby SuperDARN measurements this waythe multi-
observational integration ensures thhé bbserved scintillatios are the result of such
scenario.

To monitor the evolution of the auroral radiance during a geomagnetic storm and to
investigate the link betweeprecipitating particles in the auroral oval and high latitude
ionospheric irregulaies formation,the data are shown gm®larview maps in AACGM
reference system, covering the ranges2d0OMLT and 50790° MLat of both hemisphere.
These maps compare the auroral radiance measureprenided by DMSP constellation
satellites and the sdiliations recorded by the receivers of the selected GNSS netWaloke(

1). In particular, such magghowfor each hemisphere the scintillations recorded in the time
taken by the DMSP satellites to cover the delgdlLat range. Asnentionedpreviousy, the
assumption is to consider the ionospheric vertical variation as constant between 350 km and
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the height to which the observations of th
assumption is realistiender the same hypothesis discussed in the previous point.

1 To provide an estimation of the average variability of the electron density measured through
the polar caps by the Swarm satellites at different times of day, the electron density root mean
squargrms), calculated for each time series related to a polar crossing of each Swarm satellite
(above |50°] magnetic latitude) is analysed. fiing being an indicator of the electron density
variability, could give a measure of the ionospheric plasma vatyabiduced by storm
drivers. In particular, this information is obtained by comparingrths variations with
variationsin IMF at stepl of the analysisGivent he Swar m constel |l ati c
also pasible to investigate the role played by storm drivers in triggering electron density
variations at different heights. The interhemispheric comparisamsfvariations allows
guantifying the symmetry/asymmetry of both the ionospheric electron densiaaaadility
before and after the arrival of an interplanetary perturbation. Furthermore, the comparison
between themsvariations and the variations of the scintillation parameters (atpaatiows
deducinghe roleof the electron density variations in scintillation production.

1 To support the description of interhemispheric symmetries/asymmetries caused by the impact
geometry of an I, the total atmospheric integral energy flux of particles precipitatinie
ionosphere is investigated as a function of magnetic latitude. In particular, such flux is
obtainedby adding the total electron and proton atmospheric integral energy fluxes. These
fluxes, measured approximately at about 850 km by POES and Met€pltaiion satellites,
are provided by the NASA CDAWeb integrated
a way, they provide information about the effect of particles precipitation on changes in the
ionospheric plasma dynamics in thdalyer.

1 To provde a local characterization of the ionospheric irregularities causing scintillation,
ionograms acquired by the VIPIR ionosonde are analysech e analysis of an ionogram
it is possible to obtain numerous parameters that have a significant role itudligeof
ionospheric physicsThe mostimportant are the critical frequenciésee sectiorl.3) of
ionospheric layers (which are frequencies, directly proportional to the electron density of
ionospheric layers, for which the lettion of the incident electromagnetic wave is maximum)
and the virtual heights of the same layers. By comparing the information derived from these
parameters with those obtained from the rmpétiametesurvey and from variations of the
scintillation paameters detected by the GNSS receiverdocated with the selected
ionosondes, it is possible to understand the local ionospheric vertical structure induced by
storms.From such comparisons, it is possible to infer the ionospheric plasma perturbation
stae and the presence of irregularities.

9 To support the description of the response of the ionospheriavihsga the field of view of
the GNSS receivers, the UT variations of
groundbased fluxgate magnetometecs;located with GNSS receivers, are analysed and
interpreted. In particular, being such magnetometers data providediatite samplingime,
it is possible to compare their variations with those of IMF and solar wind parameters.

The multiparametric inestigation isusedto reconstruct the magnetosph@eosphere coupling
before and after solar perturbations arsvahis provides the local and global reconstruction of the
spatiattemporal context in which the observed scintillation events occur, iatjcam investigaton

of the cause/effect relationships that regulate the formation and evolution of irregularities at high
latitude.

3.3 POSssIBILITY OF USING MODELS
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To support the global characterization of the ionosphegnetosphere dynamiaader conditios

of strong heliegeophysical disturbancehis work makes use of modelslodel data under
appropriate hypotheses, compensar the lack of information due to instrumental limits and
physical nature of the investigated phenomenon. This work leveregmistpnsfrom two models:

the Tsyganenkoand Sithov (2005) magnetospheric field model (TS04) and the ionospheric
electrostatic potential model, as provided by SuperDARbdUsIns and Shepherd, 201Ramely:

1 TSO04 is a semiempiricalynamical data based el of the inner magnetospheric field under
variousconditions. It approximates the magnetospheric field as a sum of contribintion
all major external current systems, each of which evolves in time according to its own mode
of response to solar windiding, saturation threshold, and relaxation timescale (Tsyganenko
andSitnov 2005). The current systems involved in the TS04 model are the Ch&pmaro
current, the tail current, the symmetrical ring current, the partial ring current, thalfgriéd
currents, and the interconnection current (i.e., the current due to a partial penetration of the
IMF inside the model magnetospherBy comparing magnetospheric field observations,
provided by satellites, with the prediction of this model, it is possibtdtain a reasonable
picture of themagnetosphere shape (in terms of individual currents and global geometry) at
the arrival of perturbations coming from the Sun. This model supports the description of
magnetospheric dynamics in terms of interhemisplsgremetries/asymmetries.

1 The ionospheric electrostatic potential model reconstructs the isocontours of the ionospheric
potential by means of a statistical model of average convection as a funeidarofl driver
conditions (above all, the interplangtanagnetic field and the solar wind speed), constrained
on the actual data where they are available (e.g. Cousins and Shepherd, 208&ard he
provided by SuperDARN in the form of convection maps. Although they only provide an
average picture of the hidatitude ionosphere dynamics, they can be useful to link the local
and global evolution of polar caps dynamespecially in those regioms which the number
of the observed echoes is not null. This is the reason why spectral width measurements are
plotted on convection maps. Such maps are also compétethe observed scintillatioand
the electron density variation recorded by Swarm sateititesder to retrieve the ionospheric
scenario in which irregularities causing scintillation appear and evolve

1 The ionospheric electrostatic potential model reconstructs the isocontours of the ionospheric
potential by means of a statistical model of average convection as a function of external driver
conditions (above all, the interplanetary magnetic field aeagthar wind speed), constrained
on the actual data where they are available (e.g. Cousins and Shepherd, 2010). These are
provided by SuperDARN in the form of convection maps. Although they only provide an
average picture of the high latitude ionospheneadtyics, they can be useful to link the local
and global evolution of polar caps dynamics especially in those regions in which the number
of the observed echoes is not negligidleerefore the spectral width associated with each
velocity measuremethtas keendisplayed in the mapsith a twofold purposeOn one hand,
to point out the presence of echoes from SuperDARN in the scintillation regibiscan
reasonably argue that the potential contours reconstructed there are not artefacts of the model
On theother hand, the magnitude of the spectral width, supporting the identification of
ionospheric regions characterized by different plasma regeaegive hint®n the nature of
the irregularitiesSuch maps are also compared with the observed scintilktid the electron
density variation recorded by Swarm satellites in order to retrieve the ionospheric scenario in
which irregularities causing scintillation appear and evolve
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CHAPTER4

SCINTILLATION EVENTS DURING THREE STRONG GEOMAGNETIC STORMS

OF THESOLAR CYCLE-24

This chapter discusses the resolgainedby applying the multbbservational methodéctiors 3.2

and3.3) to the main phases of three intense geomagnetic stemed) occurred dung solar cycle

24. The selected case studies occurred on: March 2015, June 2015 and September 2017. In particular

the investigation described in this chapter focuses on the interplanetary medium corhi#tons
occurred on 2015 March 17, on 2015 Juner&®@n 2017 September 8

Beside their intensity, the peculiarity of such storms lies in their occurrence during the spring and fall
equinoxes, and during the summer (winter, for the southern hemisphere) solsse stormwa/ere
triggered by the superptisin of many solar events. The analysis investigahe induced
interhemispheric symmetries/asymmetries of the magnetosjgmergphere system in terms of its
pre-existing symmetries/asymmetriaad the role played by different solar events in the foonati

of ionospheric irregularities causing scintillations.

4.1 THE 2015MARCH STORM

The main phase of the St. P a 2045 Malchd I Thg stammima g n e
studied by several authors (see e.g. Cherniak et al. 2015; Kamide and Kusanbi2@et al. 2016

and references therein), was caused by two interacting ICMEs (Liu et al. 2015) precededsy an IP
and characterised by a long period with negative values of the IMF Bz component. This produced a
strong di stur bance field causimg intdhser partice sprecipitatipn @ndi ¢
enhancement in substorm activity with a subsequent and conspicuous development of plasma density
irregularities (Wu et al. 2016, Cherniak et al. 2015, Cherniak and Zakharenkova B@i$5torm
constituteda powerful test bench for probing the physical conditions in which irregularities appear
and evolve.

4.1.1 RESULTS

Figure 17 shows from top to bottom, the UT variations of the IMF amplitudeB| IMF Bx
comporent (B,mr), IMF By component (Bimr), IMF Bz component (Biwvr), solar wind density
(r sw), proton temperature (T), velocity §W) and dynamic pressure (P), acquired by WIN206M5
March 17. It alsshowsthe UT variations ofhe SYM-H index,auroral oval (AU and AL) and polar
cap (PCN and PCS) indiceEhe shaded regions indicate the t®@ME intervals and the black dashed
vertical line marks the corresponding shock arrival at WIKND~04:00 UTWIND detected an I§
as visible from thesharp change n s ol ar Wiy, rfrom ~d7ecnvstd ~78/ cm?( ganel e),
speed (éw, from 400 km/¢0 ~520 km/s, panel g), temperature (T, from*0to ~1@ °K, panel
f), dynamic pressure (P, from ~5 nPa to ~28 nPa, panel h) and IMF amplituge {iBin ~9 nT to
~26 nT, panel a).
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FIGURE 17: The solar wind (SW) observatis (WIND spacecraft) and the geomagnetic response at low and
high latitudes on 2015 March 17. From top to bottomti@)MF amplitude |Bj; (b) IMF Byxmr cCOmponent;

(c) IMF Bymrcomponent; (d) IMFBurc o mponent ; (s&))S®/\Wotdnegempeiratungsw; {g)

SW velocity \ew; (h) SW dynamic pressure P; (i) S¥Mlindex; (I) AU (black line) and AL (red line) indices;

(m) Polar Cap North (PCN, blue) and Polar Cap South (PCS, red). The shades iredjiate the two ICME
intervals and the black dashed vertical line marks the corresponding shock arrival at WIND.

As can be seen in panel d, during the ICMEs intervals the 1$aikh component of the IMF {BF)
was consistently southward (at abe nT), except for a brigferiodbetween 09:00 and 11:00 UT.
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This resulted in intense particle precipitation and enhancement in substorm activity producing a
severe geomagnetic storm lasting for most of the second half of the day. In fact, thid Bk

(panel i) shows a short drop to a minimum 245 nT observed at ~23:00 UT. The upper and lower
auroral electrojet current indices (AU and AL: black and red line in panel I) also show, from ~06:00
UT until the end of the day, a strong level of currergnstty of the eastward and westward northern
auroral electrojets, respectively. At the same time, the Polar Cap indices show a significant increase
in magnetic activity of the two polar caps (panel m), showing also a greater intensification of magnetic
actvity in the southern hemisphere following thes Berival.

In order to evaluate how the first ICMEpactst he Ear t h 0 s amestignatiertobteep h e r ¢
direction of the IBnormal isobtainedby applyingt he Ranki ne Hu godMNDddtabs c o
The resulting IPs parameters gre 6 8 .f4 1 § 9and¥ps=560 km/s, wherg and f are the shock

normal latitude and longitude in the Geocentric Solar Ecliptic (GSE) plane respectiveWpand

the estimated K¥speed. The coordinates of the shock impact at the magnetopangsestnatedto

be Xmpese= 14.2R;, Yimpese= 3.9R:. The shockthereforeimpactsthe magnetopause at 13:01 LT,

mainly in the southern hemisphere. These results are in accordance withghealReters provided

by theDatabase of interplanetary shoctbthe Uhiversity of Helsinki fittp://ipshocks.fly and with

the results of Wu et al. (2016).

The reconstruction of he shape of the Earthdés magnetosph
achieved by analysing the magnetamh field observations, provided by the GOES 15 satellite.

GOES 15 field
Ring+Tail+Field Alligned+Interconnection field

GOES 15

(nT)

B
o

B, (nT)

BZ (nT)
o

06 07 08 09 10
Time (UT)
FIGURE 18 The comparison between magnetospheric observations, provided by GOES 15 geosynchronous
spacecraft (blue solid lines), and a modified Tsyganenko and Sitf®5)(fhodel (dashed lines). The black
dashed lines represent the modelled field compasfethe contributions due to the tail current, the
interconnection field current, the field aligned currents and the ring current. From top to:hbibior

component ofmagnetospheric field (Bx); the y component of the magnetospheric field (By); the z component
of the magnetospheric field (Bz).

Figure18 showsGOES 15 observations (blue solid line) and the prevision of a modi#éd model
(black dashed line) between 06:00 UT and 10:30 UT of the 2015 Mardnéiime range is chosen
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because it coincides with the first recorded intensification of the Earth magnetic field activity
following the shock impact (see panels i, |, ntle@Figure17). This range also covers the arrival of

the first ICME Figure 17). In particular, the magnetospheric observations at the ICME arrival
(~08:00 UT) show a simltaneous enhancement of both the X and the Z (=55 nT) components of the
field, although the increase of the Z component is less abrupt and broader than the inthease of
component. This is in accordance with a tail loading during the positive sWiBzhve (Figure17d)
(Rostoker and Eastman 1987; Feldstein et al. 1996; Doxas et al. 2004; Ohtani and Uozumi 2014).
Keeping in mind that the GOES satellite was around local midnight, such enhancements suggest an
anti-dipolarization of the magnetotail field (Apatenkov et al. 2007; Li et al. 2014; Schmid et al. 2011;
Villante and Piersanti 2008, 2009), that stretches the night side magnetospheric field lines (Lui et al.
2001; Villante et al. 2005; Piersanti et al12QPiersanti and Villante, 2016). In order to confirm the
antidipolarization, the magnetospheric observatiwagecomparedvith the prediction of a modified

TS04 model (hereafter TS04*; black dashed line in Figure 2). The TS04* considers the sleift of th
magnetotail hinging point (HT) from7eRo6 Rrand a current sheetds thi
In addition, as GOES 15 is located at around local midnight, T§@droximates the magnetospheric

field as a sum of contributienfrom only the ring cumnts, the fielealigned currents, the
interconnection currents and the tail current. §bed agreement between the magnetospheric field
observations and the TS04* previsions confirms that the configuration of the magnetotail after the
passage of the firft€CME was characterized by strong adijpolarized field lines.

[R_]

GSE

15

FIGURE 19: Magnetospheric field lines configuration before (black) and after (red) the IPs arrival. Black and
red thick lines identify, respectively, the magnetggabefore and after the IPs arrival.

Figure19shows the global magnetospheric field line configuration before (black lines) and after (red
lines) the IP shock arrival, evaluated by TS04* model. The black andhigd lines identify,
respectively, the magnetopause before and after the IP shock arniedPs arrival caused a strong
compression of the field lines the dayside and stretching in the nightside, aitbwering of both

lobes of the tailSuchlPs gemetry, coupled with the particular configuration assumed by the-night
side magnetosphere at ICME arrival and the negative value of the dipole tilt argl#9*},caused
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the southern hemisphere to be more exposed to the impact of the solar pertuvbtitiosspect to
the northern hemisphere (Villante et. al, 2008; Alberti et al. 2016; Piersanti et al. 2012).

Figure20shows the polaview mapsf the FACs density in the northern (top maps) and the southern
(bottom maps) hemisphere derivédm IRIDIUM satellite observations between 04:40 UT and
05:00 UT on 2015 March 17. Such time range encloses ten minutes before and after the time of the
IPs impact on the magnetopause. These maps show that before thes#P§0drd0 UT), the current
density is roughly the same in the two hemispheres (top and bottom maps on the left). While, starting
from 04:50 UT (IPs impact time), an intensification of the cusp cur(betareen 70° and 80° MLat)

is observed in both henpikere, with higher values in the southern hemisphere (see bottom maps at
04:50 UT and 05:00 UT). In addition, after the IPs arrival, currents flowingfalé ionosphere (red
currents) appear more intense than the currents flowing toward the ionogptieis.in agreement

with the positive values @ vr observed at the IPs arrival (see panel Bigurel7). The positive

B, ime conditionat the IPS arrivatausing a strong compression of the magnetosphdrideplasma

to escape from the ionosphere.

04:40 UT

FIGURE 20: Polar-view maps displaying the current density of the FACs system in northern (top maps) and
southern (bottom maps) hemisphereasured between 04:40 UT and 05:00 UT on 204f%h 17.

Figure21 shows the time profile od+ recorded aEURC and DMCO (panel a), RESC and BTNO
(panel b), NYAO and ZSGN (panelah 2015 March 17. The black horizontal limedicate the 0.25
radiansst threshold, chosen to identify moderate to strong levels of phase scintillations (see e.g.,
Spogli et al. 2009). Different colours refer to different satellites in view. The black dashed vertical
line identifiesthe IPs impact time at the magnetopause, while the shaded regions indicate the intervals
of the two ICMEs anthighlight the scintillatiorevents.
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FIGURE 21: Time profiles ofs¢, recorded b URCandDMCO (a), RESC and BTNO (b), NYAO and ZSGN

(c) receivers on 2015 Meh 17. Different colours refdo different satellites in viewlhe shaded regions
indicate the two ICME intervals, while the black dashed verticalitieatifiesthe IPs impact time at the
magnetopausd he black horizontal lines characterize the 0.25 radians threshold, which defines the transition
from weak (below the line) to strong (above the line) phase scintillation levels.
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It is worth noticing that scintiliéon events principally occur during the first and second ICME
arrivals (iu et al. 2019. Furthermore, dring the entire dayhighly intense and long lasting
scintillation activity affects the Antarctic ionosphere (bottom figures in panéls la, the cisp the

effect is still present even if weak@anelc). Theintensity of the ionospheric response at the different
stations revealed by the scintillations appears closely related to the different geomagnetic sectors in
the field of view of the selected @% receivers. Polar cap stations, DMCO and BTNO, recorded
intense scintillation events between 08:00 and 11:00 UT, with a maximum intensity respectively of
~0.95 radians and of1.25 radians at09:30 UT (bottom plots in panels a amdespectively). They

also recorded aecond, much more intense scintillation sesi@sting from 13:30 and up to 24:00

UT, with a maximum intensity of1.8 radians between 16:00 and 17:00 UT. The DMCQO station
(bottom plot in panel ajecorded, at ~19:00 UT, another very mge scintillation eventith a
maximum intensity of~1.8 radiansOn the other hand, ZSGN (bottom plot in panel c) recorded
scintillations roughly at the same hour of the day, but the maxisaumtensity level is-0.55 radians,
reached at+08:30, 10:00 and 18:30 UT

In the Northern Hemisphere, the polar cap stations, EURC and RESC (top plots inapaneis
respectively), recorded a weak scintillation evenit:30 UT on only one satellita view, with an
intensity of about 0.3 radians and 0.25 radians, respectively. The f&8@ (top plot in panel b)
recorded another weak scintillation eventht:50 UT with an intensity of about 0.3 radians, which
involved several satellites in viewhe statiofrEURC op plot in paned) also recorded scintillations
between 15:30 and 20:45 UT, with a maximum intensity of ~0.55 radiad8 &0 UT,while RESC
recorded scintillations mainly concentrated between 15:30 and 21:00 UT, with a maxirmsityinte
of ~0.75 radians at20:30 UT. TheNYAO receiver, observing mainly the cusp region, recorded two
scintillation series during the datop plot in panel  The first occurred between 08:00 and 12:45
UT, with a maximum intensity of ~0.55 radians-&2:00 UT with a data gap rghly between 08:30
and 09:00 UTThe second occurred between 17:15 and 21:30 UT, with a maximum intensity of ~0.50
radiansafew minutes before 20:00 UT. TINY AO receiver recorded another weak scintillation event
of ~0.35 radias at~14:15 UT.

Figure22 shows the ROT for the same stations and in the same time interval as abovEighsan

21, the shaded regions identify the ROT behaviour recbdiging the first and the second ICMEs
intervals, respectively. It is interesting to note that, in all panefsSgeire 22, the most intense and
abrupt ROT excursions occur during the two ICME intervals. Furthermthey occur in
correspondence with the scintillation events showrrigure 21. The ROT excursions recorded
during the day by the southern receivers (bottom plots in panel a, Figusé 22) appear to be
stronger and longer lasting, as compared to those recorded by the northern receivers. The ROT
intensityis weaklydependent on the geomagnetic sectors.
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FIGURE 22 Time profiles of Rate of TEQROT), recorded by EURC and DMCO (a), RESC and BTNO (b),
NYAO and ZSGN (c) receivers on 2015 March 17. Different colours refer to different satellites in view. The
shaded regions indicate the two ICME interyalhile the black dashed vertical lirdentifies the IPs impact

time at the magnetopause
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Figure 23 shows polawview maps, covering 00:024:00 MLT and |507|90°| MLat for northern
(top) and southern (bottom) hemispheres. Each map displays an overview mndspheric
convection patterns (ionospheric electrostatic potential reconstrirct®dSuperDARN, red/blue
isocontours mean positive/negative values of the potential) in the time interval betweeh@B8MO
UT, corresponding to the first significantirstlation peak recorded on March 1Figure21).

SWA
a)

NORTH

SOUTH

00

FIGURE 23. Polarview maps in AACGM coordinates for the northern (top) and southern hemispheres
(bottom) between 08:000:00 UT of 2015March 17. Each map shows: isocontours of the ionospheric
potential (red=positive, blue=negative potential), recorded in the two minutes following the time shown at the
top of each map; SuperDARN measurements of spectral wettbhan 200 m/s (black sqres) andarger

than 200 m/s (blue squares); the electron density (black line) recorded along the orbits of Swarm A (SWA)
and B (SWB) satellites; phase scintillations greater than 0.25 radians (coloured dots) recorded simultaneously
along the Swarm trackdsn each map, which covers 00:28:00 MLT and |507|90°|] MLat, magnetic
noon/midnight is at the top/bottom.

Each magshowsthe intensity profile of electron density (black line, whose thickngsesentshe
electron density variation) recorded by Swakr(SWA) or B (SWB). The projection of ionospheric
scintillation, simultaneously recorded by Eureka, Resolute Bay andlééund stations in the
northern hemisphere (top panels) and by Concordia, Mario Zucchelli (Terra Nova Bay) and
Zhongshan stations imé southern hemisphere (bottom panels) is identified by @aalats. The
SuperDARNobservations of spectral widttalues greater than 200 m/s are highlighted by means of
blue squares, while the valuessthan 200 m/s are represented by black squahesspectral width

larger than 200 m/s is selected as a threshold to distinguish between different plasma regimes in the
ionosphere. Such arbitrary threshold is often found in the literature, for separating the ionospheric
regions that map on open fieldds on the dayside (e.g. the cusp, or the low latitude boundary layer),
from regions that map further southward in the oval, on closed field(\viesdfield et al. 2002 On

the night side, large values of spectral width are usually associatiedegionscharacterized by a
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wider dispersion of the plasma velocity distribution, e.¢h@presence of vortex structures or plasma
shears (e.g. Woodfield et al. 2002, Chisham and Freeman, 2004). The SuperDARN data were
collected during the two mimainterval following the time reported at the top of each map.

It is interesting to noteHjgure 23) that scintillations mainlpccurredat cuspswell identified by the
reconstruction of the convection configuration givenSuperDARN dataand in the ionospheric
region between the two convection cells in both hemispheres. This region has been often identified
to host the ionospheric irregularities causing scintillations (see, e.g., De Franceschi et al 2008;
Mitchell et al 20®; Moen et al. 2013). In the southern hemisphere (panelsabdf, respectively)
scintillations seem to spread over a wider area of the ionosphere with respect to the northern
hemisphere (panels a, ¢ andespectively). In the southern hemisphere gdtatibns appear both in
correspondence with steep gradients of electron density (identified by the enhanced thickness of the
Swarm trace) ankhrgespectral width values (blue squares). The latter are mainly concentrated in the
polar cap and in the cusegions of the southern hemisphere, and in the night side of the auroral oval
of the northern hemispheréhe reconstruction of the electric potential is mainly driversjgctral

width measurementgnsuring a realistic description thie relatedpatternin themaps The overall
convection patternsn both hemispheres, aoensistentvith a scenario characterized by a negative
Bz,mr (Heppner and Maynard 1987; Weimer 2005; Ruohoniemi and Greenwald R&irew et

al. 2010; Haaland et al. 200With theconvection cells tilted towards noon by the effect of a mainly

null By,imr (panels ¢ and d iRigurel7).

vl .

FIGURE 24: Polarview maps in AACGM coordinates for the northern (top) and ssothemispheres
(bottom) between 16:620:00 UT of 2015 March 17. Each map shows: the isocontours of the ionospheric
potential (red=positive, blue=negative potential), recorded in the two minutes following the time shown at the
top of each map; SuperDARNeasurements of spectral widtlessthan 200 m/s (black squares) dadyer

than 200 m/s (blue squares); the electron density (black line) recorded along the orbits of Swarm A (SWA)
and B (SWB) satellites; phase scintillations greater than 0.25 radidosrézbdots) recorded simultaneously
along the Swarm tracks. In each map, which covers @400 MLT and |507|90°| MLat, the magnetic
noon/midnight is at the top/bottom.
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As for Figure 23, Figure 24 shows the polaview maps for northern (top) and southern (bottom)
hemispheres in the time interval 16:00 to 20:00 UT (i.e. when the second significant scintillation peak
occured seeFigure 21). Such figureshows results very similar tigure 23. In fact, in both
hemispheres, scintillations mainbccurredin the ionospheric region between the two convection
cellstogetherwith high spectralwidth values (blue squareshhe latter are observed mainly in the

cusp in the northern hemisphere, while they are recorded mainly at the polar cap and at lower latitudes
in the evening sector of the southern hemisphere. Moreover, the scintillatiomgftbet northern
hemisphere appears in correspondence with electron density gradients (identified by the enhanced
thickness of the Swarm trace in panels a, c, e arichgse appeateeper in the southern hemisphere
compared witlthe northern hemispherpanels b, d, f and h). The overall convection patterns, in this
case, are coherent with a scenario dominateday-Bredominantly negative, with convection cells

tilted towards dawn in both hemispheres by the effect of a mainly positive anels and d in
Figurel?).

FIGURE 25: Polarview mapsin AACGM coordinates for the northern (top) and southern hemispheres
(bottom)for data recordetletween 08:00.0:00 UT of 2015 March 17.@h map shows for each hemisphere

the auroral radiance as measured by DMSP satellites and the phase scintillations both greater than 0.25 radians
(red symbols) antkssthan 0.25 radians (black symbols), recorded simultaneously along the DMSP tracks.
For the northern maps, circlaadicate scintillations recorded by NYAO, squar@wsdicate scintillations

recorded by EURC, while stardentify scintillations recorded by RESEor the southern maps, circles
indicate scintillations recorded by ZSGN, squaiieslicate scintillations recorded by DMCO, while stars

identify scintillations recorded by BTNO. In each map, which covers 624000 MLT and |507|90°| MLat,

the magnetic noon/midnight is at the top/bottom.

Figure25 shows polaview maps, coveringll MLT (00:00'24:00 and the [507|90°| MLat sector
for northern (top) and southern (bottom) hemispheres. Each map displays the auroral radiance as
measured by DMSP satellites in the time interval between 8@ UT,corresponding to the first
significant scintillation peak recorded on March Eig(ire21). In order to understand if tiparticles
precipitating in the auroral oval may have caused the observed scintilldiemsaps alsashow
phase scintillations greater than 0.25 radians (red symbolgsatishn 0.25 radians (black symbols),
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recorded simultaneously along the DMSP tradksparticular, each maphowsthe projection of
ionospheric scintillations, simultanesiy recorded bythe Eureka, Resolute Bay and Mylesund
stations in the northern hemisphere (top panels) and by Concordia, Mario Zucchelli (Terra Nova Bay)
and Zhongshan stations in the southern hemisphere (bottom paheds)choice to include
scintillation values lower than 0.25 radians alldtwsidentification ofthe field of view of each GNSS
receiver along the DMSP track. This enables a comparative analgbisvithe correlation between
scintillation occurrence and particles precipitation into t@i@l oval. Such maps show that in the
interval 08:0010:00 UT the fields of view of the selected receivers were unable to cover the auroral
region in both hemispheres. For this reason, it is not possible to correlate the observed scintillation to
particle precipitation into the auroral oval.

NORTH
SOUTH

FIGURE 26. Polarview mapsin AACGM coordinates for the northern (top) and southern hemispheres
(bottom) between 16:6R0:00 UT of 2015 March 17. Each map shows for each hemisphere thal auror
radiance as measured by DMSP satellites and the phase scintillations both greater than 0.25 radians (red
symbols) andessthan 0.25 radians (black symbols), recorded simultaneously along the DMSP tracks. In
particular, in the northern maps, circidentify scintillations recorded by NYAO, squatidentify scintillations

recorded by EURC, while staidentify scintillations recorded by RESC. In the southern maps, cicsesfy
scintillations recorded by ZSGN, squariéentify scintillations recordedby DMCO, while starddentify
scintillations recorded by BTN(Each mapcovers 00:0€24:00 MLT and |507|90°| MLat, the magnetic
noon/midnight is at the top/bottom.

As for Figure 25, Figure 26 shows polaiview mapsof the auroral radiance as measured by DMSP
satellites in the time interval 16:€#D:00 UT, corresponding to the second scintillation peak recorded

on March 17 Figure21). Also in this case, the fields of view of the selected receivers were unable to
cover the auroral region in both hemispheres. For this reason, it is not possible to verify whether the
particles precipitating into the auroral oval caused the observediatomn.

Figure27 shows the time profile of thens of the ionospheriin-situ electron density measured by
Swarm A (SWA, circles) and Swarm B (SWB, stars) during March 17, at high latitudes within 50°
of magneic latitude.
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FIGURE 27: Electron density root mean squarm$) calculated from measurements acquired by Swarm A
(circles) and Swarm B (stars) during 2015 March 17. Blue series refers to measurements in the northern
hemisphere, hile red series refers to measurements in the southern hemisphere. The Magnetic Latitude ranges
between |50°| and |90°|. The dashed vertical line marks the IPs arrival at the magnetopause and the shadec
areas evidence the ICMEs arrivals.

In the southern hmisphere ed), the rmsvaluesarelarger than in the northern hemisphere (blue),
especiallyat the arrival of the IPs (black dashed line) and the ICMEs (shaded areas). Nevertheless,
rms values in the southern (red) and in the northern hemisphere (btuepmparable before the
arrival of solar perturbations, between 00:00 and 04:50 UT ramdnjunction with the positive

switch of the z component of the IMF between 10:00 and 16:00 bifi{Bigure17d). Furthernore,
between 00:00 and 13:00 UT, Swarm A measured, in the southern hemispisevejues (red
circles) larger than those measured by Swarm B (red stars), except between 08:00 and 10:00 UT,
when the opposite is observed. Starting from 15:00 UT, the Swams®&lues are larger than those
measured by Swarm A. In the northern hemisphere, even if before 04:00 UT the Swaswvehies

(blue circles) were larger than the Swarm B values (blue stars), the two satellites recorded roughly
comparable &lues until he end of the day.

4.2 THE 2015JUNE STORM

The eventhatoccurred from 21 to 24 June 2015 was one of the most intense geomagnetic storms of
the 24" solar cycle. Beside its intensity, the peculiarity of the storm lies in its occurrence during the
summer sdtice and the superposition of several solar events. It was caused by a series of three
interplanetary shocks hitting the Earthds mag
22 and at 18:30 UT on June 22, 2015, respectivelgontrasttahe 2015 St . Patric
was caused by multiple ICMEs, all the June shocks resulted from single ejecta (Liu et al., 2015). For
this reasonthis storm constituted a powerful test benckttalythe roleof different solar drivers in
scintillation poduction.

4.2.1 RESULTS

Figure 28 shows from top to bottom, the UT variations of the IMF amplitudengB) the IMF Bx
component (Bvr), the IMF By component (Bur), the IMF Bz component (Bvr), the solar wind
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density (r sw), proton temperature (T), velocity §%) and dynamic pressure (P), acquired by WIND
from 21 to 24 June 201%& alsoshowsthe UT variations othe SYMH index,the auroral oval (AU
and AL) and the polar cap (PCN and PCS) indices recoded isathe daysThe shaded region
indicates the ICME interval anitie dashed vertical lines matte shocks arrivals at WIND.

As reported by several authors (see e.g. Astafyeva et al., 2017; Piersanti et al., 2017; Cherniak and
Zakharenkova, 2017) aradsoshown in Figure28, the first shock (black dashed line), accompanied

by sharp changes in the solar wind density (panel e), temperature (panel f) and speed (panel g),
compressed the Eart hos ddemincrease o SYphoe~AGenT @ganel i).c au s
In addition,the northsouth component of the IMF {BF) remained mo$t positive at the shock

arrival (panel d)andno substorm activity followed (panel I). Only the PCN index (blue, panel m)
showed an enhaament in the magnetic activity of the northern polar cap following the arrival of the
first shock.

The second shock (red dashed line) was accompanied by a small solar wind density increase (panel
e), causing an enhancement in SYAWof ~20 nT (panel i). At he shock 6 swrtamedi v al
negative (panel d) causing a sharp enhancement of auroral activity, as visible in panel Iz Mzen, B
fluctuated around zero until the arrival of the third shock (panel d) and a smaller decrease inthe SYM
H index wa observed (=40 nT, panel i). The last shock (green dashed line), accompanied by a large
and sudden increase in solar wind and IMF components, caused a large and sudden increase in SYM
H up to ~88 nT at 18:37 UT (e.g., storm sudden commencement, pahtet igjecta following this

shock was characterized by a large negatived( T 3 9 panelld), that causeddecreas®f the

SYM\H index to 17208 nT (on June 23, panel i) a
(panels | and m, respectivelypuch conditions led to unusual responses of the ionosphere
thermosphere system both interhemispheric asymmetries and latitudinal differences.
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FIGURE 28: Solar wind (SW) observations (WIND spacecraft) and the geomagnetansspt low and high
latitudesfor 2015 June 2P4. From top to bottom: (dMF amplitude |Bl; (b) IMF Bxme cOmponent; (c)
IMF By,me component; (d) IMFBmweC Omponent ; (&) (f) SAN\protbre tensperaturesiy (9)
SW velocity \sw; (h) SW dynamic pressure P; (i) S¥Mlindex; (I)AU (black line) and AL (red line) indices;
(m) Polar Cap North (PCN, blue) and Polar Cap South (PCS, red). The shadedndgiats the ICME
interval and the dashed vertical lines mark the three shock armive/IND (black the first, red the second,
green the third, respectively).
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The multiinstrumentaktudiesby Prikryl and ceauthors (2011, 2013 and 2015), highlightedv the

main asymmetries are due to the IMF dadunsk component, being responsitdethe cusp location,

and of the main orientation of plasma convection within the polar cap. The coimbio&toth

effects results ira different occurrence of plasmat@aes between the two hemispheres, causing
significant differences in the scintillation patterns over both Higttic regions and Antarctica.
However, the solstice conditions, under which the 2015 June storm occurred, make the explanation
of the interhemspheric asymmetry and latitudinal development very challenging, as reported in
recent literature (Astafyeva et al., 2016; Mansilla, 2017; Cherniak and Zakharenkova, 2017). In fact,
Mansilla (2017), which performed a global study of the ionospheric TdégatrBn Content (TEC)

from high to low latitudes durinthis storm, observed asymmetries of the TEC response in both
hemispheresHe observed a TEC increase in the southern hemisphere well corneititethe
increase of the O/Nratio. Correspondingly, hebserved a decrease in the northern hemisphere, not
associated with a decrease in @fhltio. In addtion, Astafyeva et al. (201@nalysed variations of

the ionospheric vertical TEC and electron density in the topside ionosphere during the initial and
man phases of the storm. Thepserved a pronounced hemispheric asymmetry in the nigh time
topside ionosphere. Specifically, in the northern hemisphere (summer), they observed an extreme
enhancement ironospheric vertical TEC and electron densitlyibuteal to the combination among

the prompt penetration electric fiel¢a@hich isdriven by the leakage of hightitude convection
electric fields to low latitudes (e.g., Huang et al. 2005; Kikuchi et al. 2a88)disturbancdynamo

and the storatime thermapheric circulation. Cherniak and Zakharenkova (2017), investigja¢
ionospheric irregularitiesising a chain of Global Navigation Satellite System (GN$&eivers
located in both hemispheres from middle to high latitualed found a correlation betwaethe
occurrence of ionospheric irregularities and the variations of the AE and the-B¥itices.

To provide further insights about the physical mechanisms leading to irregtdamiation and their
effect on GNSS satellites, this study focuses on Juhewhen the bulk of the storariven
ionospheric disturbancegereobserved.

I n order to reconstruct the shape of the Eartt
on June 22, thehocknormal orientationsvere estimatedby applyingthe Rak i ne Hugoni ¢
conditionson solar wind data. The resulting parameters for both shocks are repdrsdaag.

TABLE 2: Interplanetary shocks parameters. Table a §kdyvsthe resultingparameters of the first shock,
while table b (green)ststhe parameters of the second shock.

a) First IPs parameters b) Second IPs parameters

IP shock’s normal latitude o IP shock’s normal latitude _ o

(GSE): 6 = 150.4 (GSE): 6 =173.6

IP shock’s normal o IP shock’s normal _ o

longitude (GSE): $=112.2 longitude (GSE): $=99.8

IP shock’s speed: Vip = 450 km/s IP shock’s speed: Vip = 767 km/s
X; =10.7R X; =8.9R

IP shock’s impact point at Hmpese E IP shock’s impact point at Hnpese k

magnetopause: Yimpesy = 1.8 R magnetopause: Yimpess = 6.9 Ry
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Table 2a (red) lists the first shock parameters, whil@ble 2b (green)lists the second shock
parameters. According thheseparameters, the shocks lied almost in the ecliptic plane and hit the
magnetopause almost at noon (Villante et. al, 2008; Alberti et al. 2016; Piersanti et al. 2016).

Figure 29 shows the configuration of the magnetospheric field in the noon/midnight plane before
(black lines) and after the first (red) and the second (green) shock on June 22, evaluated by a modified
version of the TS04 model. In this castady, the B04 modelvasmodified taking into account the
intensification of the ring current as described by Piersanti et al. (284 8hownin Figure29, the

impact of the first shoc#lid not lead to a significant recogfiration of the magnetospheric field. The
second shock impactuses an extreme compression of the falthe dayside and stretchingthe
nightside, with significansouthwardowering of the dayside magnetosphere andrthwardraising

of both lobef the tail.

June 22, 2015 - TS04

20

Z(ISF. [RE]

-10 5 10
Xase [Rel

FIGURE 29: Magnetospheric field configuration before (black) and after the first (red) and the second (green)
shock on June 22. Black, red and green thick lines identify, respectively, the magnetopause beftee and
the shock arrivals

Figure 30 shows polawview mapsof the FACs density in the northern (top maps) and the southern
(bottom maps) hemisphere between 05:30 UT and 05:50 UT on 2015 Juram2RIDIUM
satellitesobservationsThetime range includes ten minutes before and after the first IPs impact onto
the magnetopause. These maps show that before the IPs arrival (05:30 UT), the current density in the
northern hemisphere (top map on the left) was higher thagsotitbern hemisphere (bottom map on

the left). This result is in accordance with Coxon et al. (2@h6) references thereataiming that

the FACs system experiences seasonal variations, with more current flowing in the northern
(southern) hemisphere duriBgrtels rotationgwhich isthe apparent rotatiorsd the Sun as viewed

from Earth thahas a length of exactly 27 days northern (southern) summer. Starting from 05:40

UT (IPs impact time), an intensification of the cusp currébtetween 70° and 80¥MLat) was
observed in both hemispheres, although it was more visible at 05:50 UT. This was due to the fact that
the first | Ps hits the Earthds magnetopause
averaged over ten minutes. Hence, maps aD0aie into account also the gleock conditions. In
addition, after the IPs arrival, currents flowing out the ionosphere (red currents) appeared more
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intense than the currents flowing toward the ionosphere, especially in the southern hemisphere
(middle and right bottom maps)his is in agreement with the positive valueBBgfur observed at

the IPs arrival (see panel drigure28), which, causing a compression of the magnetosphere, led the
plasma to escape frothe ionosphere. The results agree with the first shock paranmikdbie Za),

locating the impact point slightly lower than the ecliptic plane in the southern hemisphere.

05:30 UT 05:50 UT

NORTH
SOUTH

FIGURE 30: Polar-view mapsof the current density of the FACs system in northern (top) and southern
(bottom) hemisphesbetween 05:30 UT and 05:50 UT on 2015 June 22.

Figure31shows polawview mapf the FACs density in theonthern (top) and the southern (bottom)
hemisphere between 18:20 UT and 18:40 UT on 2015 JurierdZd fromIRIDIUM satellites
observationsThetime range includes ten minutes before and after the time of the second IPs impact
on the magnetopause. Theps show @ activity of FACs system before the shock impact on the
magnetopause both hemispherefleft maps at 18:20 UT), although, according to the seasonal
variations of such current system, it is more pronounced in the northern hemispingsred wh

the southern. Thiactivity is consistentvith the negative values &, me observed just before the IPs
arrival (see panel d ifrigure 28). In correspondence with the shock impact (18:30 UT), an
enhancement aturrents flowing into (blue currents) and out (red curreotshe ionosphere was
observed in both hemispheres. This is in agreement with the negative vaBigs-abserved at the

IPs arrival (see panel d ihigure 28). Such enhancement had roughly the same intensity in both
hemispheres.
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FIGURE 31. Polarview maps displaying the current density of the FACs system in northern (top) and
southern (bottom) hemisphdretween 18:20 UT @h18:40 UT on 2015 June 22.

Figure 32 shows the time profile of: recordedat EURC and DMCO (panel a), RESC (panel b),
NYAO and ZSGN (panel c) on 2015 June 22. Panels a ahdwthe comparison between northern

and southern GNSS observations recorded at ground receivers, which look, under quiet geomagnetic
conditions, roughly conjugatddi n t he Eart hds ma g omosphetic régiors.] d r
The black horizontal lines indicate the 0.25 radignthreshold. The dashed vertical linegrk the
arrival at the Earthds magnet opause sffeentone f i
June 22.Different colours refeto different satellites in viewTEC and scintillation parameters
provided bythe BTNO receivemwerenot available for this case study.

All the scintillation events were recorded after the arrival of both the interplanetary shocks and
appeared longer lasting in the southern hemisphere. In addition, the EURC receiver did not record
significant scintillation events during the day, while the RESC receiver, although located at few
magnetic latitude degrees southward than EUREDIe1 in section2.2), recorded threscintillation

events at 20:45 UT,~22:00 UTand 23:30 UT withmeanintensities 0f~0.50 radians, 0f0.60

radians and 0f0.42 radians, respectively. The DMCO receiver recorded two scintillation series
between~08:00 UT and 10:00 UT and between ~19:00asd 23:00 UT, withmeanintensities of

~0.45 radians and ¢f0.57 radians, respectively. The NYAO and ZS&Ntime profiles showed
similar behaviours during the entire day, even if the receiver at ZSGN recorded more intense
scintillation events than NYAO

Figure33 shows the ROT time profiles for the same stations and in the same time iagnvtie
previous figure. Also in this case, the dashed vertical lines mark the arrival at the magnetopause of
the first fed) and second (green) interplanetary shauakd different colours refeto different
satellites in viewThe most intense and sudden ROT excursi@rsrecorded after the arrival of the

two interplanetary shocks, as visible in all panelBigtire33. Such excursions appear longer lasting
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and more intense in the southern hemisphere and after the arrival of the second interplanetary shock.
They also occurred mainly in correspondence with the scintillation estemtgin Figure32.
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FIGURE 32 Time profiles ofsr recordecat EURC and DMCO (a), RESC (b), NYAO and ZSGN (c) receivers
during 2015 dne 22. Different colours reféo different satellites in view. The dashed vertical lines mark the
arrival at the magnetopause of the first (red) and the second inttgrlashoc&(green). The black horizontal

lines characterize the 0.25 radians threshold, which defines the transition from weak (below the line) to strong
(above the line) phase scintillation levels.
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FIGURE 33 Time profiles ofROT, recordecat EURC and DMCO (a), RESC (b), NYAO and ZSGN (c)
receivers, during 2015 June 22. Different colours refer to different satellites in view. The dashed vertical lines
mark the arrival at the magnetopause of the first (red) and the secopthimtéary shock(green).
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Figure34 shows polar view maps, covering the |b[®()°| MLat sector and the interval 00i@@:00

MLT for the northern (top) and the southern (bottom) hemispheres. Each map displagsvéawov

of the ionospheric convection patterns in the time interval X000 UT, corresponding to the first
significant scintillation peak recorded on June BR\re 32). The intensity profile of the electron
density (black line, whose thicknegsdicatesthe electron density variation) recorded by Swarm A
(SWA) or B (SWB); the projection of ionospheric scintillation (colour dots), simultaneously recorded
by Eureka, Resolute Bay and Myesund stations in the riblern hemisphere (top panels) and by
Concordia, Mario Zucchelli (Terra Nova Bay) and Zhongshan stations in the southern hemisphere
(bottom panels) and all SuperDARN observations of spectral wadthsyalues greater than 200 m/s
are plotted as blue squarand valuetessthan 200 m/s arshownby black squares ahownin

each mapAs for the previous case study (see secTiospectral widthvalueslarger than 200 m/s is
identified as a threshold to distinguish between bffie plasma regimes in the ionosphere.

Figure 34 confirms that scintillation originated in the cusp region of both hemispheres. Moreover,
largespectral width values (blue squares) were recorded, in the northarsphere, mainly in the
early predawn sector of the auroral oval (around 3 MLT, pam@ebnd e), while, in the southern
hemisphere, they were record®ainly in the cusp and between the two convection cells (panels b
and d). The overall convection pattermoth in the northern and in the southern hemispheres, are
consistentwith a scenario dominated by Br predominantly negative, with convection cells tilted
towards dawn by the effect of a mainly positiveMs (panels ¢ and d iRigure28).

FIGURE 34: Polarview maps in AACGM coordinates for the northern (top) and southern hemispheres
(bottom) between 07:6000:00 UT of 2015 June 22. Each map shows: isocontours of the ionosphemitapote
(red=positive, blue=negative potential), in the two minutes following the time shown at the top of each map;
SuperDARN measurements of spectral widdssthan 200 m/s (black squares) dadyerthan 200 m/s (blue
squares); electron density (bladkd) recorded along the orbits of Swarm A (SWA) and B (SWB) satellites;
phase scintillations greater than 0.25 radians (coloured dots) recorded simultaneously along the Swarm tracks.
In each map, which covers 00:2@:00 MLT and [507|90°| MLat, the magrie noon/midnight is at the
top/bottom.

Figure35 shows the polar maps for the northern (top) and the southern (bottom) hemispheres in the
time interval 19:00 to 23:00 UT (i.e. when the second significant sciitiilpeak occurs, séagure
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