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Abstract

The knowledge of the physical state of the ionosphere is important in many technological applications
involving radio signals, such as HF frequency rasbhmmunications, ovehe-horizon radar techniques

and Global Navigation Satellite Systems (GNSS). For this reason, the study of phenomena of solar origin
that produce variations in the magnetic fields and the plasma in the space around the Earth (Spage Wea
has acquired increasing importance. In the attempt to mitigate its harmful effects on technological systems,
many efforts are being directed to the development of prediction models ofeshodisturbances of the
ionosphere, which make use of dassimilation techniques. For the assimilation in these models, there is

a growing interest in collecting retime ionospheric data.

Despite the development of numerous methods of investigation, which make use both of satellite and
groundbased instrumentshe vertical radissounding technique is still the most used one, thanks to the
worldwide network of modern ionosondes, which can provide vertical ionograms in a digital format, and
the use of software for their automatic interpretation (autoscalingjth&n possibility is to direct efforts

to allow also the oblique radigounding technique to be used for ionospheric monitoring purposes, through
the autoscaling of oblique ionograms. Some advantages of this technique are the possibility to obtain
informaton on the ionosphere in large geographical areas, corresponding to the radio propagation channel
between the transmitter and the receiver, and to provide them on areas where ionosondes for vertical radio
soundings cannot be installed, as over oceans eswettchreas.

This work is focused on the development of a regional 3D ionospheric model able to ingest vertical and
obligue radiesounding data, and on achieving improvements on oblique ionograms autoscaling.

The Regional Assimilative Thredimensional lonspheric Model (RATIM) has been firstly developed to
ingest vertical plasma frequency profilggh) and tested over the Italian area, using data from the
ionospheric stations of Rome (41.8° N, 12.5° E), Gibilmanna (37.9° N, 14.0° E) and San Vito dei Normanni
(40.6° N, 18.0° E). It is constructed based on empirical values for a set of ionospheridgraraves the
considered region, some of which can vary in order to fit the actual ionospheric condition through an
assimilation procedure. The procedure consists in minimizing themeaksquare deviationdRMSx)

between the observed and modeled vatiégh) at the points where observations are available.

The interest has been to abt and verify appropriate capabjlto adapt to any ionospheric condition. For

this reason, the model has been tested in quiet and disturbed conditions, and dutiimg dad night

time hours in different seasons, having selected two different periods durinduly2913, and February

2014. A further test has been performed during the March 20, 2015 partial solar eclipse over ltaly,
improving the model performance @dding new empirical formulations for the ionospheric critical
frequencies during solar eclipse conditions.

The model has been then applied to the Jape®esth Korean region, where oblique radmundings are
systematically performed. The data usedamrical ionograms recorded 2&ju(South Korea33.4°N,

126.3 E) and Icheon (South Kore&7.1° N, 127.5°E), and oblique ionograms recorded between
Kokubuniji (Japan35.7° N, 13%° E) and Icheonfrom which autoscaled Maximum Usable Frequency
(MUF) values are ingestedssimilating data from oblique radamundings is in fact of particulamterest.
Furthermore, the combined ingestion of vertical and oblique +smiadings data is often possible when
oblique radiesoundings are performed, thankstlte availability of vertical data at the receiver and the
transmitter.

As the giality of Kokubunjilcheon testnode oblique ionograms is still poor, improvements on autoscaled
MUF values reliability have been obtained before applying the assimilatiordprec&everal filters have

been applied to the ionograms to reduce the noise before autoscaling the MUF values by the Oblique
lonogram Automatic Scaling Algorithm (OIASA). Eventually, a procedure made by the combined use of
OIASA and Autoscala programs hlasen applied to reduce the percentage of wrong MUF estimates. This
procedure makes use of the conversion of oblique ionograms in vertical equivalent ones to be processed by



Autoscala, and it has shown good results when applied to a set afuality obique ionograms recorded
in Australia during 2015.

A procedure for the MUF assimilation in RATIM has bdban proposed and applied to MUF values
autoscaled by OIASA from the Kokubuijiheon oblique ionogramépplying an ionospheric ragracing
techniquebased on theay equationsimulated values of the ground range for Kokublotjieon radidink
have been obtained from the MUF provided by OIA®/simplified ionosphere between the transmitter
and the receiverobtained starting from RRAM ionospheric representationhas been assumed
compaison betweettherealand simulated ground range values is performed for each combination of the
RATIM free parameters tested during fp@) ingestionjntroducinga further conditiorto thef,(h) RMSD
minimization. When applied to ionosonde data recorded in oblique 4smlioding areas, the system
proposed could be used for tbgtimation of the regionalextron 3D density distributigrmaking use of
information from both vertical and oblique ionospbheadio-soundings.
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1. The HEmaritdinosphere and the Space Weather

The ionosphere is a product of the E&Btim interaction, representing a natural plasma created by the
ionization of the neutral upper atmosphere, essentially due to solar radiation. The existence of an ionized
layer in the upper atmosphere able to reftadio waves back to the Earth surface was postulated by A.E.
Kennelly and O. Heaviside in 1902, to explain lgagge radio transmissions carried out by G. Marconi in
1901 across the Atlantic Ocean. In 1926, E. V. AppletetiM.A.F. Barnett in Englandand G. Breitand

M.A. Tuvein U.S.A (Appleton, 194 experimentally verified the existence of such a reflective conductive
region, transmitting vertical short radio impulses and measuring the time delays of the reflected echoes.
The reflection of radisvaves in the ionosphere is due to the coherent oscillation of free electrons in response
of the oscillations of the wave electromagnetic fields. Nevertheless, although the proportion of free
electrons present in the Earth's ionosphere is sufficiesigtdicantly affect radio wave propagation, the
ionospheric plasma is actually weakly ionized, being neutral atmospheric particles still outnumber free
electrons by not less than 1000Extended approximatl y from 50 to 2000 km, t h
consists thus in a partially ionized plasma region embedded in the Earth Magnetic Field (EMF), which
affects its properties, and strongly coupled with the neutral atmosphere and the overlying magnetosphere
through continuous exchange of momentum and energy

The strong influence on the refractive index for radio waves is the most important feature of the ionosphere,
as its reflection and radio propagation properties have quickly led to the widespread use ofdistdong

HF radio communications for civénd military purposes all over the worldilpy et al, 1934; Yeang C.,

2004). Nowadays, numerous further technological applications exploit the propagation of radio waves
through the ionosphere, like ovigre-horizon radar techniques and Global Navigat®atellite Systems
(GNSS). For the influence of the physical state of the ionosphere on the performance and reliability of such
systems, it is crucial to understand the ionospheric behaviour in every conditiortebioneariations and
correlations with sar cycles are well understooBdwer K., 1963 while shortterm variations are still

object of study, with regime data analysis providing a description of the ionosphere within certain degrees

of reliability. For this reason, also the study of phenoanef solar origin that produce irregular variations

in the magnetic fields and the plasma in the space around the Earth, known as Space Weather, has acquired
increasing importance. Indeed, solar emissions of extremely energetic radiation towards theeEheth
primary sources of strong ionospheric perturbations, whose prediction could mitigate their harmful effects
on technological systems.

1.1  Electronic equilibrium in the ionospheric plasma

As already mentioned, the radio wave propagation throighanosphere is affected essentially by the
presence of free electrons. Indeed, both the positive and negative ions are too heavy to respond to the
oscillations of the electric field carried by the radio waves at HF frequencies. For this reason,ritie elect
density per unit volum&l is commonly considered the most significant characteristic parameter of the
ionosphere. Its value varies from point to point as a result of a dynamic equilibrium between different
processes of production, disappearance amgpat of electronsA(minaei et al., 2006 This balance can

be expressed as follows:

— n aQ (1.1)
whereqis the production rate of electroihss the disappearance rate ahd the transport rate, all of them
varying from mint to point for each different chemical species present in the atmosphere.

The main source of ionization is solar EUV, UV, anda¥ radiation argreaves et al., 2007; Frank

Kamenetsky and Troshichev, 2Q1But magnetospheric electric fields and p&trecipitation also have
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a significant effect largreaves, J.K., 20J.0Energetic particles are primarily of solar origin as well,
although to a lesser extent they come from the Galaxy, the magnetosphere and the ionosphere itself. They
can precipitate as result of perturbations in the Van Allen radiation belts, or penetrate beyond the
magnetosphere in the auroral zones, following the EMF lines. Particularly at low and middle latitudes, the
largely predominant production process is the photoionizatitreatmospheric gases by the solar photons

with energyQ high enough to dislodge electrons from neutral gas atoms or molecules upon collision. The
process can be described as follows:

8 0 8 Q, (1.2)
where:
M 0 |, (1.3)

being X a neutral gas atom or moleculghe frequency of the ionizing radiation, alBgh the ionization
energy. Under simplifying hypothesis, the theory
developed by Chapmaiérgreaves, 1992with the photoionization ratg assumed proportional to the

intensityl of solar radiation and the densityf the neutral species considered

n -, &80 (1.4)

being, the absorption crossection and- theionization effciency, that isthe fraction of the absorbed
radiation that goes into producing ionizati®@onsidering a plane stratified atmosphe@nposed of a

single gas species exponentially distributed with constant scale kkiglgolar radiation in parallel rays,

and a constant absorption coefficient, the Chapman production function can be expressed in a normalized
form as:

R R Qop a OAK . (1.5)

Here,z= (h-hmo)/H is the reduced height for the neutral gas the solar zenith anglbye is the height of
maximum production rate whehe Sun is overhedd = 0), andgmo is the production rate afo. As shown

in Fig. 1.1, the height variation afis governed by the interplay between the decreasaryl the increasing

I with increasingh. Thisleads to the formation of a production layer, the maximum of which oatars
height where the radiation is still sufficiently intense to yield a lamp@unt of ionization and the gas
density becomes large enough to absasigaificant amount of the incident radiati@@rolls, 2003.

As regard thdoss of freedom of the electrons, it can occur by two distinct processes. The recombination
involves electrons and positive ions to form neutral atoms or molecules. It can oectiy dhadiative
recombination), with the final release of electromagnetic enéotigwing the scheme:

8 QO 8 Q. (16)

However, it occursnuch more frequentlin a twostage procesé which a positiveehargeis exchanged
between a gsitive ion and a moleculsyith the formation of a new ion, whicdubsequetyt dissocia¢s
through recombination with an electramith the final formation of a couple of neutral atoms (dissociative
recombination) This processan be described as follows

g | 18 I, (179
18 Q ! 8, (1.7b)



hmax

Fig. 1.1 Interplaybetweenr (h) andn(h) in theformation of an ionization production lay@trdlls, 2002.

where A is one of the common molecular species likea@d N. Conversely, ira capture process a free
electron and an atom or molecule join to form a negative ion, with final release of electromagnetic energy

8 0 8 Q. (1.8)

The differences in relative abundances of distinct atmospheric constituents from point tesqdirin a
layering of the ionosphere with altitude, as barometric laws have a strongly dependence with height. The
best way to represent the ionospheric laysrconsidering them as peaks in ionization levels, in wikich
slowly increases with height, reaching a maximum after which it drops abruptly with further increasing
altitude. The resulting typicd vertical profile presents an absolute maximum arour@d32® km, which
commonly divide the ionosphere into two parts, known as begide and togside, namely the regions
underlying and overlying thd absolute maximum, respectively. The bottsithe is stratified in different

layers dominated by different presses and elements population.

In the mesosphere (D region), the -@lectron production is dominated by UV anera¢ wavelengths,

being NO the predominant ion component. The ionization level in this region is very low Naribk

greater than 0m?3, and chemical and dynamical processes are dominated by the neutral component,
responsible of strong absorption of HF radio waves below 90 km altitude. EUV ionizing component
dominates in the lower thermosphere (E region), where molecular oxyggema@nlyionized, while above

150 km (F region) ionization of the lighter atomic oxygen O dominates. Durintjrdaythis region can

split in two different layers (Fand k), being the Hayer considered the most important ionospheric region,

as it is the denseplasma in the nedtarth space, with up to 102 m=, However, it is also the layer most
difficult to understand and model, as it does not follow the behaviour described by the Chapman theory. At
higher altitudes, the number of @ns decreasesnd lighter ions such Fieand H become dominani\

begins to monotonously decrease as well, and thsit@ionosphere slowly fades into the overlying
plasmasphere, or inner magnetosphere. It is noteworthy that sométinedaes even higher that the
maximum value in the Fregion may occur at heights typical of E region. This arises because of the
occasional formation of scalled sporadic E {Elayers, corresponding to strong peaks of ionization, whose
occurrence is generally irregular and not pretile.

Being generated by radiative interaction with the Sun, the ionospheric properties variation is closely related
also to solar activity, latitude, seasons, and hmainly due to the variation @f. Moreover, ionospheric
structure varies significantiifom day to night, being solar photons the major ionizing fag&gmway of
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example typical daytime and nightime vertical electron densities profiles in the #adtude ionosphere
are shown irFig. 1.2, in different solar activity conditions.

1000
800

600

400~

200

150

Height (km)

100
80—

60

T | T 1 L
10 102 103 104 10° 108

Electron density (em™3)

Sunspol maximum
—————— Sunspol minimum
Fig. 1.2 Typical vertical profiles of electron density in the Auatitude ionospheréHargreaves, 1992

However, the time and geographical variation of some ionospheric features depart from the somehow
expected behaviour. An example of such anomaly inlaegariation is the sgalled winter anomaly,

which consists in greater daéiyne maximum electron densitidé:F in winter than in summer. Other
anomalies are related to the particular orilentati
or Appl et onds theianizetidndpes not maximise lexacthhat the magnetic equator but in

the zones at magnetic latitude between 10° and 20°,i 488 andi 20°. This arises because of the
phenomenon known as fountain effect, which redistds part of the electrons present in the equatorial

lower ionospheric layers to the higher ionospheric layers in those regions.

1.2  Space Weather effects on the ionosphere

SunEarth interactions are not only responsible of the formation and sustaining of the Earth's ionosphere
through the Sunds regular radiative emission, but
disturbances. Indeed, the Sun emits enalgy as a continuous stream of charged particles, known as solar
wind. The solar wind travels at over 500 km/s, carrying parts of the Sun's magnetic field into space and
toward Earth, where it is deflected by the EMF. However, both electromagnetic sictepamissions

from the Sun suffer strong irregular variations, which can pose a serious threat tb@pacand ground

based technological systems, and can endanger human life or health. These phenomena are those of interest
for the Space Weather stad. As summarized inFig. 1.3 Space Weather effects on Earth include
disrupting HF radio transmissions, damaging power grids, threatening satellite transmissions and
instruments, affecting avionics in extreme circumstances, and reducing the usefuséifelldes in low

Earth orbits (LEO). Even londistance pipelines can be put at risk by reducing the efficiency of anti
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corrosion cathode systems. Thus, as reliance on technology grows, so does the impact of Space Weather
events in human life.

Vol

. Micrometearites ~.

s i
Surface o o ra? R 2 .
—— Sets 5 |
and Interior -~ g Astronaut i
(Charging - e Safety J‘r}'
- - ’
e 5’

Magnetic

Attitude Control
de Co Atmospheric Drag

Rainfall Water
Vapour

i ;. 24
| Radio Wave Solar Radio Bursts
:i ' Disturbance

Scintillation

Radar &y iy

interference s (o)

Cellular - f
Disruption

Telecommunication Cable Disruj
Electric Grid

Disruption

i
i LT © LJ.Lanzerotti. Bell Laboratories. Lucent Technologies Ine.

Fig. 1.3 Scheme representing the main Space Weather effects on modern technologies and human activities
(https:/www.metoffice.gov.uk

Violent solar events, such as flares and Coronal Mass Ejections (CMES), are the primary sources of Space
Weather effects on Earth. Solar flares consist in intense releases of energy into the outer space as
electromagnetic radiation, which travels at theegpof light, and electrically charged particles, which travel
slower. They are classified based oma¥ energy, being the classes of highest peakifitixe wavelength

range 1 to & the GClass (16-10° W/m?), M-Class (16-10* W/m?), and %Class (geater than 16

W/n¥). The CMEs, instead, are intense solar events characterized by huge bubbles of plasma ejected from
the Sun that speed into space. Often associated with solar flares, they occur over large sunspot groups and
typically reach Earth in o 5 days after the eruption from the Sun.

As CMEs disrupt the flow of the solar wind, they produce disturbances that can strike the Earth with
sometimes catastrophic results. Indeed, sometimes CMEs are expected to trigger geomagnetic storms on
Earth, whid are associated to the most severe ionospheric disturbances. When a travelling CME reaches
the Earth at speeds up to 2500 km/sec, the EMF deflects the billions of tons of plasma carried into its solar
wind, protecting the Earth from most of its harmfukefs. Then, particles enter in the EMF where field

lines reconnect at the geomagnetic tail, and follow field lines towards the Earth. Hence, the interaction
between the magnetic fields of the solar wind and the Earth transfers an increased energy into the
magnetosphere, causing an increase in movement of plasma and in electric currents in the magnetosphere
and ionosphere.

Strong perturbations in the ionospheric plasma can be triggered by energetic solar events. Sudden
lonospheric Disturbances (SID) consistabnormally highionization in the D region, caused by UV and

X rays released by a flarBolar Cap Absorptions (PCA), instead, are episodes of increased ionafation

the D and E layers at polar latitudes, due to the penetration into the atmospfesiepobtons anc

particles from solar flares along the magnetic field lines of the Earth. Fimeijgtive and positive
ionospheric stormassociated to slower protons and electrons in a CMEoccur at every latitudeijth

electron density depletior ocrease, respectively.
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Some common consequences of such events include auroral displays at much lower latitudes than normal,
andfading and spreading of the radio signals at low and high latit&lekien increase in radwave
absorption in MF, HF and&/HF bands can also occur, causing interruption or degradation of radio
communicationsDepending on the density of the electrons, their range of movement, the frequency and
amplitude of the radio waves, the effects can range from total absorption oflithevesves to selective
reflection and phase delayBilet G., 1960; Stauning P.,1998; Sauer et al., PGBRISS systems can be
strongly affected by changes in the radio signals speed, causing increased range errorsgatietiby

effects at low and high latitudelsnown as ionospheric scintillations, which can cause loss of tracking.
Moreover,the ionosphere also responds to thermospheric winds, which can push the ionosphere along the
inclined magnetic field lines to affitrent altitude. During a geomagnetic storm, the energy input at high
latitudes can produce waves and changes in thermospheric wind composition, resulting in significant
variations in the ionospheric behaviour.
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2.Vertical and obligaseundnomgpheric HF r ai

Ever since the first experimental results verified the existence of ionized layers in the upper atmosphere,
the Earthbés ionosphere has been observed from gro
years before 1958, the international geoptslsyear, the number of observatories equipped witib&tiel

radars able to perform vertical raeBoundings to investigate the bott@me ionosphere increased. The
technique is similar to that first used in 1926 by E.V. Appleton and M.A.F. Barnett, &réiGand M.A.

Tuve (Appleton, 194Y, consisting in the automatic emission of vertical radio signals at increasing
frequency in HF band, measuring the time delays of the reflected echoes. Plotting time delays against
corresponding signal frequencies givasat is known as a vertical ionogram, wheAacated transmitter

and receiver are used. Since then, despite the development over time of numerous methods of investigation,
making use of both satellite and grotmased instruments, the vertical ragdmurding technique has been
remained the most used one. This is thanks to the worldwide network of modern ionosondes, which can
provide vertical ionograms in a digital format, and the use of software for their automatic interpretation, or
autoscaling.

An oblique ionogram can be obtained, when synchronized instruments are situated in separate locations.
Although this kind of measurement is not systematically used, it can provide some interesting advantages,
as it permits to obtain informatidn the regionbetween the transmitter and the receiver. Since reliable
software for the autoscaling of oblique ionograms has not been developed yet, directing efforts in this
direction could allow also the oblique ragiounding technique to be used for ionospheric mongorin
purposes.

2.1  Vertical ionospheric radio-soundings

The vertical radiesounding technique is the most widely applied to study the ionospheric vertical structure.

It is commonly used to directly obtain the frequencies of vertical reflection by theediflayers and the
altitude of the layers themselves. Using a bistatic radar called ionosonde, short pulses at increasing
frequency typically from 1 to 30 MHz are vertically transmitted upward, and the time dalajshe
reflected echoes are measur€lde signals are reflected at the altitude where their frequersagisfy the
condition:

f=f, (2.1)

wheref, is the plasma frequency, i.e. the characteristic frequency of the free oscillations of electrons in the
ionospheric plasmd, varies from point to point accordingly i following the relation:

fo = (2p) YNE/ma) 2. (2.2)

The virtual heightt' of reflection of each signal is then calculated by:

h' =cDt/2, (2.3)
representing the altitude where the electromagnetic wave would be reflected if its velocity was the speed
of light c. The result of these measurements is the vertical ionogram, which is the gnapbashst.

Fig. 2.1shows a typical vertical ionogram. As can be seen, two distinct traces are visible, as a result of the
bi-refraction phenomena in the ionosphere. Indeed, as described bydakkedomagnetdonic theory

(Ratcliffe, J. A., 195) each radio wave travellinin a uniformly magnetized plasma will split in two
characteristic waves with different polarization, called ordinary ray-fay) and extraordinary ray (of x
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ray). This arises because of the anisotropy introduced by the EM#g.I2.1the red tracdo-trace)
represents ionospheric reflections of theap, while the green trace-{xace) represents reflections of the
X-ray.

In Fig. 2.1is also shown that vertical ionograms can provide important ionospheric parameters, which can
be directly recognizefilom its traces. Indeed, each layer is represented by a portion of trace bending upward
at the beginning of the layer, and ending with a vertical asymptote, or a cusp when a trace representing an
overlying layer is present. The frequencies associatdg:tg and Fcusps, and to the;Rsymptote in the
o-trace, are the critical frequencik®f the different ionospheric layers, i.e. the maximum valuesraf/o
frequency that can be vertically reflected from a specific layer. Referring to theaBd [ layers, they

are known as.E, foF1, andfoF,, respectively, and are related to the maximum electron densities of each
layer NmE, NmF1, andNnF2) through (2.2), being associated to the maxinfiwim the respective layers, in
accordance to (2.1). Some ettparameters which can be retrieved from a vertical ionogram are the virtual
heights associated to each lay¥, h'F;, andh'F;, the minimum frequency observégh, linked to the
absorption in the D region, and the maximum frequency obsédyeftenbelonging to the strace.

Modern ionosondes provide digital ionograms equipped with autoscaling software able to give the
ionospheric parameters along with the ionograms themselves htinneal Weltkknown autoscaling
programs are the Automatic Reime lonogram Scaler with True Height (ARTIST), developed at the
University of Lowell, Center for Atmospheric Researclufing and Reiniscii,996, and Autoscala, from

the Italian Istituto Nazionale di Geofisica e Vulcanologia (INGNZ{zopanet al, 2009. The electron
density profileN(h) over the ionosonde can be obtained as well, through inversion techniques. An inversion
method commonly used is the polynomial method, in which the inversion is performed reprds@nting
with polynomials, whose coefiients are determined from the ionogram, making use of-eamirical
models as well. The target function method is an alternative technique which geiNéRieetrieving the
corresponihg ionogram to be compared to the measured one, until the bissolfitained $cotto et al.,

2012. For both the methods, algorithms have been developed for theiimmeahutomatic execution by

the autoscaling softwarExamples of widely usedgorithmsof this typeareNHPC Huang and Reinish,

1996; Reinish et al2009, based orthe Polynomial Analysis method (POLAN]Jitheridge, 189, 1985,

1988, andthe Adaptive lonospheric Profiler (AIP:¢otto, 2009 The data produced by these computer
programs can be effectively integrated into4tgak and shorterm forecasting model&glkin et al. 201
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Fig. 2.1 Example of vertical ionograniRginisch, B.W., 20083 O-trace (in red), ®trace (in green), crital
frequencies and some other ionospheric parameters observable from the ionogram are highlighted.

13



2.2  Obligue ionospheric radio-soundings

In an obligue radisounding, radio signals at increasing frequency up to 30 MHz are obliquely transmitted
upwardand received hundreds or thousands km apart after one or more reflections by the ionosphere and,
in case, by the ground as well. Hence, the use of this technique involves two distinct ionosondes able to
study how HF radio signals propagate via the ionagpheder a variety of condition€ljen et al., 1992

After being transmitted, the sounding radio wave is continuously refracted in his path through the
ionosphere because of the variation of the refractive indexhe ionospheric plasma, strictly lirdkéo N.

Sincen decreases going upward in the bottsigle, in accordance with the correspondifp) decrease,

the travelling wave is continuously bent, reducing its inclination until it will be curved back toward the
ground. Under simplified conditions discrete stratification of the ionosphere, thepayh can be deduced
from Snel | 6s Inaisconinpity,lwhea tbtal aeflectieracondition occurring at the critical
angle of incidence.

Once each signal is detected by the receiver, the ttamelDt is measured, thanks to the accurate
synchronization of the transmitting and receiving ionosondes. The group' patociated to each signal
frequency is computed frodx, following:

p' = cDt, (2.4)

representing the virtual patbllowed by the wave as if it traveled at the speed of lighthe oblique
ionogram is then produced plottilyor p' (usually divided by 2) againkt

1241&..4-&‘
ms ' '
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2 6 10 14 T 22 26 30
f MHz

Fig. 2.2 Example of oblique ionogram.-ttace, xtrace, MUF and some other characteristic featofes
this kind of ionograms can be clearly recognized. (Courtesy of Alessandro Ippolito)

Fig. 2.2shows an example of oblique ionogram, in which some typical features are presant @nd x

trace can be seenin an oblique ionogram as well, as aoBthdtbirefraction phenomena in the ionosphere
introduced by the EMF. The maximum frequency observed for-thece is known as Maximum Usable
Frequency (MUF), representing the maximum frequency which can reach the receiver from the transmitter
in the pecific conditions of the sounding. As can be inferred comparing an oblique ionogram with a vertical
one, frequencies far beyond the usual limits for vertical reflection can be received even thousands of km
apart.
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Different values of time travel can be rsaeed for some frequency values, generating traces associated to
distinct propagation modes. This arises because of the transmitters often emit signals in all direction,
allowing different paths for the radio waves travelling through the receiver. Partyctibr lower
frequencies, it is thus possible to see traces associated to paths involving multiple reflections by different
layers and the ground, with resulting higher time travels than those obtained for a single ionospheric
reflection.

Anothercharaetr i sti ¢ of oblique i onogram traces is the p
of time travel associated to the same propagation mode can be measured, particularly for frequencies right
below the MUF. This arises because of thecalted Peéersen effect, for which signals at the same
frequency can always take at least two different paths to travel between two fixed points on ground. These
paths correspond to different elevation anglex the transmitted waves, known as low ray and high ray

(or Pedersen ray), associated to the low and the high permjttedpectively. An example of these paths

is shown inFig. 2.3for the radislinks between T and R (rays 1 and 5) and between T and Q (rays 2 and
4). The distance -E is known as the skipistance, representing the lower limit of the distance attainable

for ionospheric propagation with that specific frequency, as signals at the same frequency transmitted with
highera will be reflected farther on ground.

g Y e e, S . CR
L IR o ey W A LI -

RO
LAy

T

SKIP DISTANCE v 4 M Q R

Fig. 2.3 Raypaths of signal tresmitted at fixed frequency and increasing angle of elevatimiNamara,

1991). For distances-D and FR low rays (1 and 2) and high rays (4 and 5) can be discerned. Ray 3 define
the skip distance-E for the specific radidink and situation.

Accuratelysynchronized transmitting and receiving systems, and a high sensitivity of the receivers are
needed to perform reliable oblique radimundings. Furthermore, the interpretation of oblique ionograms

is much more complex than vertical ionograms, so thatestiblished automatic scaling techniques have

not been developed yet. Although these limitations, oblique+smiadings offer several advantages over
vertical soundings for the understanding of radio wave propagation and physical parameters of the
ionophere. Indeed, oblique soundings investigate much wider regions, and can provide information o
large areas where vertical soundings cannot be performed, as over oceans and deserts, or over areas
inaccessible for political or military reasons. Moreovegytitan provide more ionograms with less
transmitting and receiving devices, as signals transmission and reception are allowed in all direction at the
same time. The way radio communications via ionospheric channels work is reproduced by obligue radio
soundng, so that they can provide available communication bands and any gaps where no links can be
established between the transmitter and the receiver. Hence, in the absence of software for automatic
interpretation, until now oblique soundings have largelgnbased to understand the factors affecting
propagation which will ultimately limit link reliability due to natural ionospheric variability.
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3. The i onospheric modeling

In order toprovide a reliable description of the ionosphere and its evolution in space and time, numerous
ionospheric models have been developed over time, for both scientific and practical purposes. Indeed,
ionospheric models respond to the néedest our knowlege and improve our understanding of the
ionosphere, reproducing the time and space ionospheric variations observed experimentally. Moreover,
ionospheric models can be used as alternatives to direct measurements, as numerical experiments are
cheaper and caenient to study various process€m the other hand, they are precioosspecify,
regionally or globally, the ionospheric conditions required for the new technological systems dependent on
radio signal propagatiomdeed, as mentioned in Chaptethecharacterization of the ionospheric medium

is needed as accurately as possible, since radio waves propagating through the ionosphere are affected by
the Space Weather, with possible harmful effectsechnological systems

It is important to underline #ithere are no afburpose ionospheric models, even though there are some
characteristics all the models have in common. Indeed, all of them need some type of input data, while the
output is mainly the electron density with the possible addition of gdremeters, such as electron and

ion temperature, ion composition, drifts, and soFamthermorecurrent ionospheric models are constantly
undergoing improvements and validations for whighl-established experimental databases are needed.

The models mposed over the years fall into two main categories: empirical models and gigséch
models. Empirical models apply long series of data to determine the mathematical functions that describe
the spatial and temporal variations. Since they are basedarildg do not rely on the use of physics.
However the analytical description of the ionosphere they provide is only climatological (that is, they are
essentially median models), and it is realistity in the areas sufficiently covered by observatidgpical

data sources for empirical models are ionosondes, topside sounders, incoherent scatter radars, rockets and
satellites, and ding descriptive and easy to use, they are maishd for assessment and prediction
purposes.

Conversely, in physicbas& models,conservation equations (continuity, momentum, energy, etc.) are
solved numerically for electrons and ions as a function of spatial and time coordinates to calculate plasma
densities, temperatures and flow velociti€hey require solar, magnetdsic and atmospheric input
parameters, and their accuracy depends on the gaalityquantity of the input datay addition to the
completeness of the physics and chemistry included in the models. However, they can be powerful tools to
understand th@hysical and chemical processes of the upper atmosphere, and, for this reasome they a
mainly used for scientific studies.

In practice, empirical models are usually preferred over theoretical ones because they are available to users
in the form of computeprograms that require limited computing power, and their relative simplicity makes
them easily adaptable to specific probleriswever, neither the physidgmsed nor the empirical approach
ignores the other. Indeed, physicists rely on observationalddgéseloping and validating physical models

and in estimating key quantities, like initial and boundary conditions. On the other hand, the construction
of statistical or empirical models is guided by physics that determines the variables of interestdatd t

sets to be analyzed.

It should be noted here that ionospheric models suffer from all the limigsoghysical models, such as

those related to thienpossibility to perform controlled experiments using the Eahéstochastic nature

of the proceses involved, and thdifficulty to separate one physical process from the otidoseover,

the limited database availabbnd the errors in data used in model specifications, increase the uncertainty
of both empirical and physidsased models. Howevehe reliability of numerical prediction is increasing,
thanks to the rapid growth of the observations and the computing power.

Furthermore, the need to improve prediction capabilities towards a realistic representation of ionospheric
conditions, particuldy for nowcasting and forecasting applications, has led to the development of new
models, which in many cases apply assimilative techniques. Tés@ques are considered suitable for
providing a highresolution, global picture of ionospheric responseat@ous shorterm events observed
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during periods of storm activity, or the effects of gravity waves coupling the ionosphere to the lower
atmosphereGalkin et al. 201p There are various models of this type available for different applications
with a wide range of determined accuracy limits depending onltamcteristics of each model.

It is also worth noting that data assimilation techniques are currently used in both empirical and physics
based models. The variety of such models includes-sontforecasting and regiime models, which are

applied to areas of different sizes, corresponding to local, regional, or global models. Furthermore, the
models can be developed for applications in distinct geographical sectors such as the equatorial, middle
latitude, or polar regions, where different phenomena occur, giving rise to irregularities of different sizes
and characteristic times.

3.1  Empirical models

One of the most established empirical model idrbernational Reference lonosphere (IR8)li¢ za et al.,
2014),ajoint project of the Committee on Space Research (COSPAR) and the International Union of Radio
Science (URSI)Beingbased on most of the available and reliable observations from the grouindrand

space, such as from ionosontig-sounder, and satellites and rockets in situ measureniemtse( et al.,

1978; Bilitza, 200)%, the IRl model is the de facto international standard for the climatological spéaificat

of ionospheric parameteifSor given location, time and date, IRIsdeibes theonospherglasma electron

density (), electron temperature, ion temperature, ion composition, and several additional parameters in
the altitude range from 60 km to 20@M, and the electron conteritloreover, the IRI Plas model, the
Internatbnal Reference lonosphere extended to the Plasmasphelgéva et al.,20029,4s recognized

as a candidate model for an international standard for the specification for ionosphplasarasphere

plasma densities and temperatures by the International Standardization Organizati¢@® (I$&)va and

Bilitza, 2012, providing vertical electron density profileN(f)) for a desired date, time, and location. Since

they use CCIR and URSJF. numerical maps$o constrainN(h) at the E region peak, IRl and IRI Plas

models can be considered as thd@mensional (3D) modelsRecently, a particularly promising
assimilative approach has been developed for the so callélRTRM (International Refrence
lonospheréReal Time Assimilative Mapping), using ddtam the Global lonospheric Radio Observatory
(GIRO)(Reinish and Galkin,20)t o s moot hly transform I RI&s backgro
characteristics to match the observatioBslin et al., 201). The new technigy, whose robustness to
automatic scaling err ourp dhaa se sthalistnbugonalviite presénting thea s s e s s
overall integrity of I RIO®&s ionospheric representa
Another empirical 3D ionospheric electron density model id#@uick(Hochegger et al., 2000; Radicella

and Leitinger, 200)l subsequentlymproved as NeQuick2\@ava et al., 2003 developed at the Aeronomy

and Radiopropagation Laboratory of The Abdusa®dnternational Centre for Theoretical Physics (ICTP),
Trieste, Italy, and at the Institute for Geophysics, Astrophysics and Meteorology (IGAM) of the University

of Graz, AustriaNeQuick models based on the DGR profiler proposed by Di Giovanni andceba (Di

Giovanni and Radicella, 199Gubsequently modified bRadicella and Zhanl995)and continuously
updatedLeitinger et al., 2005; Coisson et al. 2D06is a quickrun model particularly tailored for trans
ionospheric applicationsallowing calculation of electron concentration at any given location in the
ionosphere and thus the total electron content (TEC) along any gimsatellite raypath by means of
numerical integration. For this reason, it has also been adopted by the Intefiiaienammunication

Union, Radiocommunication Sector (I'FH) as a suitable method for TEC modeling, 2003.
Furthermore, NeQuick2 is able to ingest ionosonde, Global Navigation Satellite System (GNSS) and Radio
Occultation (RO) data, using differenttdassimilation techniquebléva et al., 2011; Brunini et al., 2011;

Shaikh et al., 2017 Some types of data which can be ingested are vertical TEC fifgmdhn.F, data

and experimental slant TEC at a given location. Effective parameters are used, and the internal consistency
and effectiveness of the adaptation methods have been assessed, using also IRl model in some cases.
Among the 3D assimilative ionospheric mtgjet is worth mentioning the Electron Density Assimilative

Model (EDAM) (Angling and Cannon, 2004; Angling, 200&eveloped by QinetiQ, which can ingest
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measured slant TEC from a netwarkgroundbased dualrequency GPS receivers. In particular, these
measurements are used to adjust an empirical 3D climatological distributiprcofistraining the model
results and achieving better ionospheric nowcasting. EDAM was compared to a median model called
Parameterised lonospheric Model (PINdphiell et al. 1995, using independent data measured by oblique
and vertical ionosondeg\(igling and Khattatov,20Q06 Results indicated that when tested against vertical
ionosondes, EDAM can reduBMS§F: errors compared to PIM.

Other assimilative models describing the ionosphere over Europe include the Solar Wind driven auto
regression model for lonospheric shtatm Forecast (SWIF)T6éagouri et al., 2009and the ISP model
(Pezzopane et al., 20)L1n the recent advances iretimplementation and validation of the SWIF model,
which is running in the European Digital Upper Atmosphere Server (DBS¢ljaki et al., 200Belehaki

et al., 2009, the forecasts have shown relative improvements over climatology by about 80é4lieto-

low and high latitudes, and 40% in middtehigh latitudes Tsagouri and Belehaki, 20).5 he ISP model
provides a 3D electron density specification of the ionosphere based on a combination of autoscaled data
from different reference ionospheratations, the,F. and M(3000)F regional grids calculated by the
Simplified lonospheric Regional Model UPdated (SIRMUR)I¢si et al., 2004T sagouri et al., 2005and

the IRI model. Overall, its representation of the ionosphere is better than tattigical picture produced

by only the IRIURSI and the IRICCIR models, as shown I3ezzopane et al. (2013)

To improve the climatologicaperformance, it is worth noting that someodels are driven by a
geomagnetic index to account for stetime changs in the ionosphere. For example, the STORM model
(Araujo-Pradere et al., 2002; ArauRradere and FulleéRowell, 2002, which is included in the IRI2000
(Bilitza, 200)) as a correction factor for perturbed conditions, is driven bydliedex over the previous

33 h, and the output is used to scale the quietftfado account for increases or decreases iasulting

from a storm. The results of the comparison oRMSerror with the previous version of IRI indicate that
IRI2000 offas almost a 30% improvement over IRI95 during storm days and is able to identify more than
50% of the increase in variability, above quiet times, due to stagkmasijo-Pradere et al., 2003

Finally, anothemodel that takes into account geomagnetic dgtand also ingests retime data is the
EUROMAP model [likhailov and Perrone, 20)4which is part ofthe global SIMP model under
development in the Russian Federation to provide global ionospheric monitorirfgraoasting. The
EUROMARP is based on 34 indices, effective ionospheritindex, and realime foF> observations, and
provides a method fdgF. shortterm forecasting over Europe. The improvement over the STORNE!

was studied and assessed as 40% in winter, 58#nimer, and 39% during €qox.

3.2  Physicsbased models

Some physicdased models worth mentioning are SAMH8.1ba et al., 2008and the Global lonosphere
Thermosphere Model (GITMR(dley et al., 2006 SAMI3 is a 3D global ionospheric model based on the

2D model SAMI2 Hubaet al, 2000, which uses a uniguaon-orthogonal nonuniform, fixed grid. It
calculates the plasma and chemical evolution of seven ion specjasgHN*, O, NO*, N;* and Q") in

the altitude range 85 km to 20,000 km. The ion temperature equasolvésl for three ion species*(H

He*, and O) as well as the electron temperature equation, and ion inertia is included in the ion momentum
equation for motion along the geomagnetic field. An offset, tilted dipole geomagnetic field is used, and the
plasmais modeled from hemisphere to hemisphere. In addition, high altitude boundary conditions are not
needed since a complete ionospheric flux tube is modeled.

GITM, instead, is a 3D spherical code that models the Earth's thermosphere and ionosphere sgséem usi
stretched grid in latitude araltitude,while having a fixed resolution in longitud&€he number of grid

points in each direction can be specified, so the resolution is extremely fleXilbeing for non
hydrostatic solutions to develop (i.e., thdl vertical momentum equation is solved), more realistic
dynamics in the auroral zone can be simulated by the m®&HaV explicitly solves for the neutral densities

of O, G, N(D), N(®P), N('S), N;, and NO, and ion species(@5), O(°D), O'(?P), ", N*, N,*, and NO,
covering all latitudes and a vertical range from about 90 km to 600 km, with a latitude resolution of 2.5°,
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and longitude resolution of 5°. One major difference between GITM and other thermosphere codes is the
use of an altitude grid insad of a pressure grid: the vertical grid spacing is less than 3 km in the lower
thermosphere, and over 10 km in the upper thermosphere.

Among the physicbased models which use stafiethe-art data assimilation techniques there are the two
models developd by the Utah State University (USU) as part of the Global Assimilation of lonospheric
Measurements (GAIM) prograns¢hunk et al., 2004; Schunk et al., 2)(Both models are capable of
assimilating data from a variety of data sources, including if\sitam satellites, bottorsideN(h) from
ionosondes, TEC measurements between ground receivers and the GPS satellites, occultation data from
satellite constellations, and ultraviolet emissions from the ionosphere measured by satellites.

The first model istie Gausgviarkov Data Assimilation Model, which uses a physdiesed model of the
ionosphere and a Kalman filter as a basis for assimilating a diverse set-tifnecébr near reatime)
measurements. It has both regional and global capabilities, andtthe i theN 3D distribution at user
specified times. The physitxsedmodel is the lonosphere Forecast Model (IFMy{unk et al., 1997

which is global and covers the E and F regions, and topside from 90 to 1400 km. It takes account of electrons
and five ion species (NOO:*, N2, O, H", electron and ion temperatures, and plasma drifts both parallel
and perpendicular to the geomagnéetd.

More sophisticated, the Feflhysics Data Assimilation Model is basedsonew physichased model that

is composed of an lonosphePéasmasphere Model (IPMBlunk, 200}, which covers low and mid
latitudes, and an laspherePolar Wind Model (IPW1), which covers high latitudes. These new physics
based models cover the altitude range from 90 to 20,000 km, which includes the E and F regions, topside
ionosphere, plasmasphere, and polar wind, use the International Geomagnetic Reference FielhGRF), a
include six ion species (NDO:*, Ny*, O, He", HY), ion and electron temperatures, and plasma drifts
parallel and perpendicular to the geomagnetic field. The differertimealdata sources are assimilated via

a Kalman filter technique and quality control algorithms are provided as an integral partaddel The
full-physics data assimilation model rigorously evolves the ttlireensional electron density field and its
associated errors using the fphysical model. During severe space weather events, this is an advantage
over the GausMarkov mode] where the errors evolve statistically.

Another assimilative physidsased model worth to mention tise lonoNumerics model developed by
Fusion Numerics, IncKhattatov et al., 2004 which considers seven ion species and electrons, utilizing a
set of time-dependent differential equations describing the conservation of mass, momentum, and energy,
for a comprehensive description of chemical transformations and energy exchange between particles and
energy inputs due to solar heating. It thus offers fotagpgia time integration of the prognostic equations.

As EDAM model, described in the previous section, lonoNumerics can utilize measured slant TEC from a
network of grounebased duafrequency GPS receivers to improve its nowcasting capabilities, and its
behaviour was compared to those of PIM and EDAM, using independent data measured by obliqgue and
vertical ionosondesi\(ngling and Khattatov2006. The results show that the daytiRMIS §F, errorsabove

the Eglin Air Force Base ionosonde are 1.2 MHz for the PIM, 0.7 MHz for EDAM, and 1.0 MHz for
lonoNumerics. Thusyhen tested against vertical ionosondes, both EDAM and lonoNumerics have shown
an improved accuracy over a median model.

It is worth tomention here that PIM provides a climatological description of the ionosphere obtained in a
different way than empirical models do. Indeed, a parameterized mmdideded on orthogonal function fits

to data that are output of physicased models. In thigpe of models, theoretical model runs are performed

for various solaigeophysical conditions and parameterization is usually done in terms of solar activity,
geomagnetic activity and season. Parametrized models are computationally fast, still retgsicsygih
theoretical models, but cannot accurately reproduce specific situations, being then suitable only for well
specified geophysical problems. In particular, PIM is built from combining model output from the Global
Theoretical lonospheric Model (GTIMJdeveloped from the older code LOWLAR{derson, 1973 for

low and middle latitude, with output from the TDIM mod8t{unk, 198pfor high latitudes, and from the
empirical model ofsallagher et al(1988) for plasmaspheric altitudes.

Besides allowing the assimilation of data, another way to improve weather capabilities in models is using
a systemic approach. This is the case of the coupled pipasesi models, like th€hermosphere
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lonosphereElectrodynamics General Circulation Mod@lE-GCM) (Roble et al., 1988; Richmond et al.,
1992, developed at thBlational Center for Atmospheric Research (NCAR])s la comprehensive, first
principles, threalimensional, nottinear representation of the coupled thermosphere and ionosphere
systemthat includes a selfonsistent solution of the Iolatitude electric field. Hydrostatic equilibrium,
constant gravity, steaebtate ion and electron energy equations, and incompressibility on a constant
pressure surface, are assumed. The model solvésréeelimensional momentum, energy and continuity
equations for neutral and ion species at each time step, using-argsicit, fourth-order, centered finite
difference scheme, on each pressure surface in a staggered vertical grid. It has 29resstastlevels

in the vertical, extending from approximately 97 km to 500 km in intervals ehalfiescale height, and a

5° x 5° latitudelongitude grid, in its base configuration.

Following the systemic approach, the TEEM is included as a setbnsistat aeronomic scheme for the
coupled Thermosphere/lonosphere system in a series of numeric simulation models of the Earth's upper
atmosphere, including the upper Stratosphere, Mesosphere, and Thermosphere. In parti€@ai T8E

an extension of the Theoapheric General Circulation Model (TGCM)i¢kinson et al., 1981, 1934

which is a 3D timalependent model of the Earth's neutral upper atmosphere. It uses a finite differencing
technique to obtain a setbnsistent solution for the coupled, nonlineauapns of hydrodynamics,
thermodynamics, continuity of the neutral gas and for the coupling between the dynamics and the
composition. Moreovergecent models in the series include, besidesG@M, an extension of the lower
boundary from 97 to 30 km, inadling the physical and chemical processes appropriate for the Mesosphere
and upper Stratosphere, that is the Thermosphere lonosphere Mesosphere Electrodynamic General
Circulation Model TIME-GCM) (Roble and Ridley, 1994
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4. The Regional Assimilative Threedimensional lonospheric Model(RATIM )

The main purpose of this work is the developneiit a f egioepalkric 3D model abl
and oblispuediadi adat a. The ®HéeguemsalonAs$silminloastpihee i €l
(Sabbagh ethas hee®lfoirstly devel opedffh oandgessttedr
the Italian area. Next , RSDluMhh&orkeaenragplbined wher
obl i guseournaddinogs are systemati Chlalpy epbaef RIAMeéN. dAs awe
ability hwesd bteeranksnptr@a the introduction of a Maxinm
procedur e.

RATIhMis been devebopeditgnapt ohgl erolmased on the Ada

(AlI'P), which is t heSanwmdd ealn da pPpel zi zeodp abnye , A u2t OoOskcna | Pab &(z o0 p
more complex process of automatic interpretation o
Al P demonstrated sufficient adamnet slpielbihtfSi¢aad: jooponn2smtfii &
al ong wiitchattihoen aopfplt echni ques t o IRAGHhhM & yt hheh ep urrpaccse
extending this approachittso ctomisa v asowmae i ccfalt hvea |l iuerso s
ionosphericiopegramehed soaPgiidrer some of whiDBAs have a
described i nd.dhedPavial uiers e cetaifgbpet sad inrepdr efcreodmr e consi s
mi ni mi zi 4@ astghuea rreo RIS P eattweoenn t he obser waddltaoeat inmondse |
where observations affhp aveai bhbbhenew#bbndmobhemenedl e
through ionogramAftiaewvetrise oams sRwilMmebDualsupsoarduused
forNWherofiler to characterize the actual i1 onospheil
RATIM has been tested using data recorded by different ionosondes at a couple of ionospheric stations over
Italy and then comparing the results against data from a third Italian station, assumed as a raéettence.

interest has been to alin and verify apppriate capabhity to adapt to any ionospheric condition, the model

has been tested in quiet and disturbed conditions, and duriAgmaagnd nightime hours in different

seasons, having selected two different periods for this purpose.

The software developed can produce mapthe critical frequencie&F: andf.F, and off, at a fixed

altitude, with transverse and longitudinal crgsstions of the bottorside ionosphere in a color scale, over

Italy. Modeledfy(h) and associated simated ordinary ionogram traces can easily be produced for any
geographic location within the area, ds(d,/ ,h) values within the considered volume can also be provided.

4.1  The adaptiveN(h) model used

The N(h) model used in this work is based on AIP, which is able to ingest 12 parameters that can vary
across a wide range, describing all ionospheric conditions. The 12 parameters are processed to define anchor
points and the shape of the F region. Analytic fiemst are then applied to appropriately connect the anchor
points, determiningN(h) from the base of the ionosphere up to the altitude of maxikhimihe F region.

As shown schematically ifig. 4.1, AIP can be divided into two sections: the bottsiae d the F region

(from point A to C), the E region comprising the valley, and the lower part of the E region (from point C to
F).

The bottomside of the F region is constructed based on the shape formulation of the F IRy (im) by
Reinisch and Huan@000) It is fully defined by introducing three shape parameBgy8,, D, and using

the maximum electron densities of thealRd F layers,NwF: andNwF», respectively, and the peak height
hmF2. ConverselyhnF1 is numerically computed assuming contiswgf N(h) in point B.

The E region is modeled by defining the position of the following four anchor points: (a) the upper valley
point (C) with electron densitMwE and heighthnwE+ah.,E; (b) the valley point (D) with electron density

NmEi oNVE and heighth,E; (c) the point (E) with electron densi¥«E and heightyE; (d) the zero point

(F) with N set to zero and height.Ei ynE.
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Point C is joined to point D by a parabola, computed by requiring a vertical slope in D and continuity at
points D and C. Point Bsijoined to point E by a cubical, calculated by requiring continuity and vertical
gradients at points D and E. The bottside of the E region (from point E to point F) is modeled as a
parabolic laye(Bilitza, 19984.

h
hmFZ A
Bo By and D
hmFl .
ONVE
C
WE Dy E
InE P S
F p— %"}
MnE N, mF 1 NmF 2 N

Fig. 4.1 TheN(h) model used ithis work. It is divided into the following two regions: (1) the botisiae
F. profile, through the Flayer down to the top of the E valley (from A to C); (2) the E valley, and the E
bottomside (from C to FXSabbagh et al., 2016

The detailed formukaapplied to generatd(h) starting from the anchor points are described in the work of
Scotto (2009and references thereiBufficient for this work is the fact that the abawentioned formulas

for the k, F, and E regions can be utilized to constructNgin) model with the 12 free parameters (6
regarding the E region, and 6 thedRd F layers) defined as follows.

(1) NmF2: maximum electron density of the layer.

(2) hnF2: height of maximum plasma frequey in the Eregion.
(3) NwF1: maximum electron density of the layer.

(4) Bo: thickness parameter of thelgayer.

(5) Bi: shape parameter of the fieégion.

(6) D1: shape parameter of the [Ryer.

(7) NmE: maximum plasma frequency of the E layer.

(8) hmE: height of maximum plasma frequency of the E layer.
(9) hyE: height of the valley of the E region.

(10) ah.E: width of the valley of the E region.

(11) aN\E: depth of the valley of the E region.

(12) ymE: semi width of the E layer, assumed paraboalic.

The next section presents the empirical formulations used as input valuesN@mthedel parameters.
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4.3 3D description of the quiet ionosphere

To provide a threglimensional description of the ionosphere, most of Rhé=1, ...12) parameters
described above are introduced into ldfr) model with a functional dependence on timlatitude/, and
longituded, in accordance with established empirical models, based on monthly median Thkse=s,

values are indicated with the subipt[base].

It is worth noting that the 3D model constructed in this \yases a description of emonthly median
ionosphere, but is not suitable for rtiahe applicationsas it cannot describe shoerm variations. As
described in the nexestion the RATIM ability to adapt to actual momentary conditions is achieved by
determining a variatioDP; of certainP;, obtained from d(h) assimilation procedure.

The models for the different ionospheric parameters used as input for the AIP are here described. The
maximum electron densities of the different layers are derived from the respective critical frequencies,
according tahe relationship4.2).

The criticalfrequency of thde region is modeled with the following relationshif@tto, 200R

0.9-[(180+1.44-Rys)cosy]"*, if 0° < < 80°, (4.1a)
.foElbﬁSE‘] = f’trans(Rlﬁj +’l-7trans(R13) e if 80° < p< Kerit s Ei}.gg

thight (R12) +buighe (R12) -7, 1 7o < 7 < 1807,

whereRyzis the twelvemonth smoothed sunspot number, and is the solar zenith angle associated

with solar terminator at the altitude of théayerhyE, set to 110 km under all conditions. The precision of

this setting is sufficient in this context, although available data shows a dependence of this height on
latitude, season, time anda&oactivity Bilitza, 19981).

The expression4(19 for f.E (¢, Ri2) used forc < 80° is fromDavies (1990)while the coefficient®yans

brrans @night andbnign: are calculated through the following relations:

arans= 1.727520(180 + 1.44R;,)°%, (4.2a)
b[rans: '|. 00143243180 + 1.44R12)0'25, (42b)
and:

anight= foEcritT [(foEcrit T foEmidnight)/(Ccrit T Cmidnight)] Cerit, (43&)
bnight= (foEcrit T foEmidnight)/(Ccrit T Cmidnight)- (43b)

It is also assumed that:

foEmidnight= [0.517 0.08sin(1.60)] [1 + 0.065in(Dy/58)], (4.4a)
foEcrit = @urans* Dirans Cerit, (4.4b)

whereDy is the calendar day, and the expressibid for foEmianighs iS due torlitheridge (2000)

The parameters,E anddh/E, andDy, are provided by models from incoherent scatter radar measurements
(Mahajan et al., 1997whereDy is the ratio betweedN,E andNwE. These models provide the following
relationships:

Lk { 115.8 +0.02 - 7 + 0.00078 - 42, if 0° < y < 85°, (4.5a)

Iy ase] — B cn

Pasel T 130,73 = 0.069172- 0 4+ 0.1429 - 67, if 85° < 7 < 180°, (4.5)

) 7.12 = 0.031 - 7 + 0.0023 - 2, if 0° < y < 85, (4.69)

()/Il‘E[bith] - . . . 2 ~3 3 ¢ oco . 5o (46b)
—329.4 + 6.04926 - 0 — 0.025269 - 07 + 0.03005 - 107 - 0°, if 85° < 7 < 1807,
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and:

0.96 — 0.00069 - ¥+ 0.000034 - zz — 0.0000006 - 13. if 0° < 7 < 85°, (4.7a)
Dogipase] = 8.98814 — 0.198225 -6+ 0.001597 - o
e . . - (4.7b)
—0.00552-107" - 0° +0.69537 - 10~ S0 if 85° <y < 180°, '

wheng = ¢ before midnight andy= 360° ¢ after midnight. It follows that for E valley depttiNyEpase;=

D%[base] NmE[base]-

The F region is modeled using the paramei@gase; hmF2jpase} foF1jbase} Bojbasej Bijpasej @NdD1ppasej The

monthly median values for the critical frequeriggpar € mapped on t he Earthoés s
summation Jones and Gallet, 1962; Jones et al., Y969

S oF abasg (@, 4, T) = ZDA-(T) - Gilp, 4), (4.8)
4.9
Dy (T) —a(, +Z % cos(jT) +b sm(_jT)]. “9

where T = 15UT| 180°, and UT is the decimal Universal Tiride coefficients® andl® are supplied

with the IRl model, for periods of high and low solar activiyli(za, 1986; Rawer and Bilitza, 1989he

level of solar activity on the relevant day, expressed thréughs thus used by the model to interpolate
coefficients and obtaifyF, values attributable to the ionosphere all over the Earth, accord{ggBt@nd
(4.9.TheG(G,/)f uncti ons al so depend on RaWawrpl96gmodi fi ed

— arcts _ 4.10
X irctan o5 o ( )
whereli s t he magnetic inclination. This dependence i
Field (EMF) influence.
ThehnF2 values are estimated using the formul&cddiey and Dudeney (1973)
1490 _
hmF2[bascl — — 176, (4.12)

M(3000)F; + AM

when M(3000)F; is the radio propagation factor, which indicates the ratio of the Maximum Usable
Frequency for radio communication at a distance of 3@0called MUF(3000)F andf.F, and:

AM = — 0'.18 ' w12
'f‘JFz[bﬂSL‘] /-foE[basc] - 1.4

The monthly median values fod(3000)har e mapped on the Earthdéds surfa
procedure similar t@) and(6) (Jones and Gallet, 1962; Jones et al., 1969

The critical frequenc¥sF is calculated according to theiCharme et al. (1971, 1973)

foFl[base]: fs (COSC)h, f or C(\Dt’n O (413)

In this relationship:
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h=0.093 + 0.0046 i 0.000054/ 2+ 0.0003R, (4.14a)

fs=fo+ [(frool fo) (Ri2/100)], (4.14b)
where:

fo=4.350 + 0.0058 i 0.000120/ 2, (4.15a)
fi00=5.348 + 0.0110 T 0.000230/ %, (4.15b)

and/ mis the geomagnetic latitude. The maximum solar zenithal andler which F layer is expected is:

Cm=Co+ [(CiooT Co) (Ri2/100)], (4.16)
where:

co=0.87 + 0.006Y m, (4.17a)
Cio0= 0.68 + 0.0089 , (4.17b)

and all the angles are expressed in centesimal degrees.
As regards thehape paramet&, which corresponds to the altitude for whidhNF/e:

Bopase)= hmF2ppase]l Nin=nmF24], (4.18)
as if the k layer wasabsent (Scotto, 2009). AssumiBgasejas if the I layer was absent allows smooth

transition between the conditions of presence/absence of lngeF. In(4.18), the parametdin=nmr2¢ CaN
be obtained knowing the E angrégions characteristics:

h[.r\-'::'\a',,!."‘y’e] - hmE[busc] + (ShrE[bamc] +

]mF" ase] ]mE ase] — S! 1'E ase ‘NmFZ ase
) -[b'_ | — B '] Ol base] ( [base] 1\"mE[bm])- (4.19)
"\Jsz[bilsL:] - "\JmE[bilsL:] e

For the shape parametr, various numerical experiments have shown that it is sufficient to adgume

3 (Scotto, 200 For parameteb,, related to the shape of the flexNith) corresponding to the layer F
(Reinisch and Huang, 20§)@he following formulation has been usddk = 1.56102 (¢1 cm)?if ¢ < cm

and otherwiséD;=10%. This is similar to the values used Byotto (2009)Here a dependence on solar
zenith angle was introduced to allow smooth transition between the conditions of presence/absence of the
F1 layer.

As seen above, most tifie parameters suitable for modeling the quiet ionosphere are related to the solar
activity throughRy2. Besides, they are all in principle functions(oénd/, often through the functional
dependence o In practice some parameters are actually dependefitaord/, while others are assumed

to be constant over the regioansidered in all conditions. BummaryfoFappase= foF2pase(U,/ ), hmF2pase]

= hmFZ[base((j,/), 1:oFl[base]: foFl[base(G,/), Bo[base]= BO[base(l,j;/), Bl[base]= 3, Dl[base]= Dl[base(l,j,/), foE[base]=

foE [base(l,j;/ ), hmE[base] = 110 km, hvE[base] = hvE[base(l,j;/ ), mvE[base] = mvE[base(l,j,/ ), ONVE[base] =
ONVE[base(L'j,/), ymE[base]: 15 km.

4.4 3D description of the realtime ionosphere

As already mentioned, the 3D model for the #t@ak ionospherés constructed by allowing variations in
some of the input parameters of i) model seen in Sectiohl:
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foFZ(G,/) = foFZ[base(G,/) + DfoF2, (420)

hmFZ(G;/) = hmFZ[base(G,/) + DhmP, (421)
foFl(G,/) = foFl[base(G,/), (422)
Bo(fl,/) = Bo[base(l,j,/), (4.23)
B, = Bl[base] (424)
D1(0,/) = D1pase(0i,/), (4.25)
foE(U,/) = foEppase(U,/ ), (4.26)
hmE = hmE[base} (4.27)
hvE(l,j,/) = hvE[base(l,j,/), (428)
chE(U,/) = OhVE pase(,/) + DAhE, (4.29)
ANVE(T,/ ) = ONGE pase(G,/ ), (4.30)
YmE :ymE[base} (431)

Thus, the 3D model can be modified aglapting the values dfF», hmF2, and chE, applying proper
variationsDfoF2, DhmF2, andDdh/E, according t04.20), (4.21), and ¢.29. It is noteworthy that also the
value ofBy is influenced by the variations appliedf§b,, hmF2, anddh/E, as their varied values are used in

the relations4.19 and ¢.19. Furthermore, when f(h) profile is modeled, the value & is varied by
growing aroundBgpase; Until the algorithm isable to link the profile consistently with the Reinisch and
Huang formulationReinisch and Huang, 2000 he choice to varfpF2, hnF2, dhvE, andBo arises from the
experience gained during the development of AIP, in which the reliabilighdis assessed by comparing

the restored and recorded ionogram traesito, 200} It was found that in most of cases varying these
guantities made it possible to obtain a good fit between such traces. Bisidks to the regional character

of RATIM, it has been sufficient to assurb&F,, DhnF2, andDadh,E as independent défand/, in line with

the need to reduce computation time.

It is noteworthy thafoF; critical frequencies are model by RATIM according to the DuCharme et al.
formulation @.13-(4.17), which provides monthly median values. However, it has been demonstrated that
electron density atifaltitudescan significantlydeviate frommedian expecteblehaviour particularlywhen
ionospheric disturbances avegoing(Buresova, 2005; Kushnarenkbat., 2010; Gordienko et al., 2011

In apreliminary study, marginally related to thisrk, discrepancies ifyF1 values have been verified at

high Southern latitudes, from the analysis of ionograms data set recorded over Antarctica in different helio
geophysical conditions. The results highlight that DuCharme et al. formulation provides a general
underestimation of,F; values, particularly during high solar activity and the occurrence of geomagnetic
storms, with deviations of the order of 1 MHz.

To adapt the model to actual conditioB&F,, DhnF2, andDoh.E are adjusted to minimize the values of

the RMSDs between th§(h) profiles provided by the model and those obtained from the measurement at
the chosen stations simultaneously. Infgi® assimilation proceduré&F. andhnF, are also ingested from

the profiles, to be compared to the corresponding values obtainédByand ¢.21). Different values of

DfoF2, DhiF2, andDdhE chosen within proper ranges are then tried iteratively, and those not consistent
with F, peak paranters measurements are automatically discarded, before comparing the profiles. The
total RMSDs to be minimized between profiles are computed for each set of reBfigtic DhinF>, and

DahE values, considering the points where therefakalues availabldor both profiles of a couple.
Referring to this formula:

B
YD YO , (4.32)

fllionos; @and fllymoden correspond to thé"s f, values of a couple of profiles respectively observed and
modeled at the same instant and location, where itidex corresponds to a specific value of common
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altitude. Nyt is the total number of couples of valu&lfonos;; follimoder) consideringall thestations chosen

for the adapting.

Once the parameters are fixed by this procedure, the corresponding variations are applied to the related
guantities over the whole geographical region. Such adapting procedure is considered successful only if the
minimizedRMSDis smaller than 1 MHz.

It is worth noting that different inversion methods to obtainfg{i® from an ionogram are known. In
particular, theydiffer in the modeling of the ionospheric E region because of the lack of measurements

available inside the E valley. Thus, using data f
terms of outpufy(h) shapeAs we will see in the nexiestion, in the RATIM test phasdifferent systems
have been used to assess the model 6s adaptability

RATIM works with different modules according to the set epoch, as reported below together with the
corresponding products provided as outputs.

LAADAPTO, in which the adjusting pr d&&andhuFo@e i s per
varied within fixed ranges in all conditions, the variatiormioE is assumed to be different during day and
night.

(2) ATESTO, RMSDis eomputedh betivder the profiles provided by the model and those
observed at a test station.

(3) AMAPS d,maps are produced hboth as text files and color scale images. This mode has the
following submodes:

(3a) nAfoF10, gi ¥iFnnghe eegion defirtegphy the aalapting gpations.
(3b) AfoF20, gi viiFxyinghe eegion ddiineghy the aalapting giationd.
(3c) fnel dens_ho, fatfixedmgtheaegionaefineghy the aalaptimg gtatiomd.

Bd)diel dens _| ati o, gsectianal map at dixedbfar € ip a gropea rarge io thes
region defined by the adapting stations andhfioom 60 km tohqF over each considered location.
(3e) nel dens _| ongi -éectiomlimaat fixgd( fard ina praper tahge iathe r 0 s s
region defined by the adapting stations andhfioom 60 km tohqF2 over each considered location.
(4) APROFI L E®) are pradumcedynboth as ltext files and graphs.
(5) Al ONOGRA M@xarepraducedwdth as tbxt files and graphs, with the associated simulated
ordinary ionogram traces.
(6)A POl NT S0, fyis pnovidedh for pditiculadi, /, andh. This mode is suitable for possible future
HF raytracing applications.
(7) AMATRI X£0G,/,h)ivatuesvare prodbced as text files in the volume defined by the adapting
stations and foh from 60 km to 350 km.

Once the values df.F,, DhnF>, andDdhE are set by thi(h) assimilation procedure, the RATIM output
products just mentioned are not actually obtained simply using the thus obtained values for the parameters
(4.20-(4.31) as input to theN(h) model described in Sectighl all over the considered region. Indeed,
each outpuf, value is set equal to the mean value amigradptained in this way in the selected position

and in the 8 adjacent points belonging to a horizontal grid with mesh length equal to (.28 The

effect of this averaging is obtaining more continuity of all the ionospheric characteristics along the surfaces
of equal altitude. As a result, the contour lines drawn in the mdgs, dfF. andf, at fixedh turn out to be
smoother than lines drawn in maps where the averaging is not performed.

It is worth noting that the presence of thddyer is an intrinsically discontinuous property, as theegion

only forms during day. To handle this situation, théalfer is considered actually present if it is modeled

in at least 5 profiles over the 9 the average is performed among. In thi§Easalue is set equal to the
mean value of th&F; modeled in those profiles.

As an example, some products are regmbfor the day of March 27, 2015 liigs. 4.Za)i (b), 4.3a)i (c),

4.4, and4.5at 12:45 UT and irfrig. 4.qa)i (b) at 12:45 UT and 22:00 UT, using the data from the Rome
(41.8°N, 12.5°E, ltaly) and Gibilmanna (37.9°N, 14.0°E, ltalypspheric stations as input.
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Fig. 4.2.Maps off.F1(d,/) (a) andfoF2((,/) (b) calculated for March 27, 2015 at 12:45 UT, on the basis of
the fo(h) obtained from the ionogram of the DRBSonosonde in Rome (41.8°N, 12.5°E), interpreted by
ARTIST, and thefy(h) obtained from the ionogram of the AIRGV ionosonde in Gibilmanna (37.9°N,
14.0°E), interpreted by Autoscal&abbagh et al., 20).6
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Fig. 4.3.Maps offy(i,/) for h=110 km (a)h=180 km (b), anti=300 km (c), calculated for March 27, 2015
at 12:45 UT, on the basis of théh) obtained from the ionogram of the DBSonosonde in Rome (41.8°N,
12.5°E), interpreted by ARTIST, and théh) obtained from the ionogram of the AINGV ionosonde in
Gibilmanna (37.9°N, 14.0°E), interpreted by Autosd@abbagh et al., 20).6
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Fig. 4.4.Map of fy(h,/) for (i=8.0°, calculated for March 27, 2015 at 12:45 UT, on the basis d@f(the
obtained from the ionogram of the DRBSonosonde in Rome (41.8°N, 12.5°E), interpreted by ARTIST,
and thefy(h) obtained from the ionogram of the AINGV ionosonde in Gibilmanna (37.9°N, 14.0°E),

interpreted by AutoscaléSabbagh et al., 20).6
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Fig. 4.5.Map offy(h, 0) for /=37.5°, calculated for March 27, 2015 at 12:45 UT, on the basis &{lthe
obtained from the ionogram of the DBSonosonde in Rome (4218, 12.8E), interpreted by ARTIST,
and thefy(h) obtained from the ionogram of the AINGV ionosonde in Gibilmanna (37.9°N, 14.0°E),
interpreted by AutoscaléSabbagh et al., 20).6

As can be inferred from the contour lines showiiis. 4.3a)i (c), f, at fixed altitude always increases
southward, as expected in the northern hemisphere because of the solar irradiation enhancement
approaching the equator. Moreover, the compariséngof4.3a), Fig. 4.3b), Fig. 4.3c) gives an idea of

thef, trend ovetthis area at different altitudes at the specific set epoch. In particukag, ih.3a) it can be
recognized that, contour lines ahE altitude follow the expected trend in the afternoon sector, as it
increases westward. Instead, theontour lires shown irFig. 4.3c) clearly follow a different pattern, and

a much highef, horizontal gradient is observed. This arises because of:treggien does not suffer a

strong solar control, beingore sensitive to neutral winds dynamic and transport phena.Finally, the

fp contour lines pattern shownling. 4.3b) can be considered as an intermediate condition that arises from
the continuity constraints between contiguous layers.
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The coherence of the RATIM different products can be seen for instamgadog Fig.4.4(c) and Fig.
4.5, as thd, value model ab=300 km,(G=8°and/=39°, that is 10.0 MHz, can be easily deduced from both
maps following the relative contour line.
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Fig. 4.6.fy(h) profiles (in blue) and the corresponding retrieved ionograms (in red) over the location with
coordinategi=45.7° and =7.7°, calculated for March 27, 2015 at 22:00 UT (a) and 12:45 UT (b), on the
basis of thefy(h) obtained from the ionograms of the DBSonosonde in Rome (41.8°N, 12.5°E),
interpreted by ARTIST, and thi(h) obtained from the ionograms of the AISGV ionosonde in
Gibilmanna (37.9°N, 14.0°E), interpreted by Autosd@abbagh et al., 20).6

4.5 Model validation over Italy

RATIM performance has been tested over Italy using hourly data from the ionospheric stations of Rome
(41.8°N, 12.5°E, ltaly) and Gibilmanna (37.9°N, 14.0°E, Italy) for adapting, and independent data at San
Vito dei Normanni (40.6°N, 18.0°E, ltaly) for tes). In particular, thé,(h) over Rome and San Vito have

been obtained from the ionograms of the BHABnosonde, known as digisondéaines, 199) interpreted

by the ARTIST softwareReinisch and Huang, 1983vhile thef,(h) over Gibilmanna have beebtained

from ionograms of the AKBNGYV ionosondgZuccheretti et al., 20Q3nterpreted by Autoscala.

The periods considered to test the model have been from June 26, 2013 to July 4, 2013 (period A), and from
February 13, 2014 to February 20, 2014 (peBddincluding both geomagnetically quiet and disturbed
days. The geomagnetic disturbance level has been assessed based on values on the planetary geomagnetic
index K,, which is computed every three hours. As highlightedim 4.4a),(c), the days considered
geomagnetically quiet, < 2 throughout day) are June 26, July 2, July 3, and July 4 for period A, and
February 13 and February 14 for period B, while the days considered geomagnetically disturbed (at least a
KO 2 v al ueayjdarediune2y, Jund 28, Jdne 29, June 30, and July 1 for period A, and February
15, February 16, February 17, February 18, February 19, and February 20 for period B. The two most
disturbed days in period A were affected by a moderate geomagnetic Ktorns) which began on June

28 when the Earth passed through a region of southerly aligned magnetism in the solar windiaahich
subsiding during June 29, while the two most disturbed days in period B were affected by a moderate
geomagnetic storm arisingfom t he 1 mpacts of two CMEs with the E
and February 2(hftp://spaceweather.com

Since ionospheric response to storm depends on several factors (e.g., season and locaMariadiotine

in the K, index does not necessarily reflect the level of ionospheric acti&igu{o-Pradere and Fuller

Rowell, 2002; AraujePradere et al., 2002, 2003; Mikhailov and Perrone, R0t latter was also
determined through an examination of the ionospidrindex. TheAl index is derived by comparison of
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the current,F; value with an undisturbed reference vale.: (Bremer et al., 2006; Mielich and Bremer,

2010 and it is currently used to evaluate ionospheric activity levels in the DIAS service over several
European ionospheric statiorig=zrer is the median value for the time of day under consideration over the
previous 30 daysBlehaki et al., 2007 EachAl index hourly value is considered low if its absolute value

is lower than 25, disturbed if between 25 and 50, and extremely disturbed if higher than 50. It is worth
noting thatif a day was considered quiehen theAl index valueis low, the daily clasfication of test

periods A and B based on ionospheric activity levels over Rome would be in good agreement with those
based on geomagnetic activity levelshe Bart el 6s musi c al-Kyaloi welgsitea ms  f r
(http://wdc.kugi.kyoteu.ac.jp and theAl index plots from the DIAS websitéttp://dias.space.noa)gr

during test periods A and B are reporteéim 4.74a)i (e). Thes&l values are computed over Rome, which

is the only ionospheric station in the Italian area available for the DIAS service.

The Interplanetary Magnetic Field (IMAB|| its componenB; in the Geocentric Solar Magnetospheric

(GSM) coordinate system, and the solar wind spesdrecorded on board the satellite Advanced
Composition Explorer (ACE)hftp://www.srl.caltech.edu/ACIE/are used to characterize the solar wind
conditionsFig. 4.4a)i (b) shows the variations d@| andi B, during June 28, 2013 and June 29, 2013, and

vsw during February 19, 2014 and February 20, 2014. As shown in the top panel, from June 28, 2013 at
about 21:00 UT to June 29, 2013 at about 09:00 UT, the IMF had an almost exclusively southward vertical
componeh, facilitating magnetic reconnection with th
geomagnetic storm. The bottom panelshowss\d ncr easing when the two CMEs
field on February 19, 2014 at about 02:00 UT and onuaepr20, 2014 at about 02:00 WYDurgonics et

al., 2017%. The incoming CMEs were mindsut their combined impacts had a significant effect, as shown

by the more relevantsw increasing (from about 500 km/s to almost 700 km/s) at the time of the second
shock.

0% 12 18 0o 6 12 18 o0
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Fig. 4.8.Variations of the interplanetary magnetic field (IMB) &nd its componeiiB, in the Geocentric
Solar Magnetospheric (GSM) coordinate system during Jupn@@3 and June 29, 2013 (a), and solar
wind speedvsw during February 19, 2014 and February 20, 2014 (b), recorded on board the satellite
Advanced Composition Explorer (ACEpBabbagh et al., 2016

Fig. 4.9a)i (b) andTable 4.1report the results of the test performed in period A, white 4.10(a)i (b)
andTable 4.2eport the results of the test performed in periothBarticular, the figures shotlie average
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day-time and nightimef,(h) RMSDgraphs for Rome and Gibilman(fRRMSDk.c)) for each day considered.

These graphs make it possible to assess the adaptability of the model to the input data, both-timger day

and nighttime conditions, and under different geomagnetic conditions. Likewiskles 4.1and 4.2

present te percentages of success of the adjustment procedure, referred to each data class separately and
for all available datarigs. 4.9a)i (b) and4.1Qa)i (b), also show th®&MSDsy values, which is th&MSD

for San Vito, where measurements are avail&l¢SQsy; measures the difference betweenfgfi® values

predicted by the model and the corresponding values actually observed, which is indicative of the accuracy
of the algorithm for modelin§ over the geographical area considered.

@ Rome and Gibilmanna @ San Vito @ Rome and Gibilmanna @& San Vito
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Fig. 4.9.Night-time (a) and dayime (b) averages dRMSDk-g) (black circles) andRMSDsy; (crosséd
circles) values obtaineduring test period A, from June 26, 2013 to July 4, 2013, where all avéjé@ble
data have been usg&abbagh et al., 20).6

Cases Adapted % Adapted Not adapted % Not adapted
Quiet 92 88 95.65 4 4.35
Disturbed 115 102 88.70 13 11.30
Daytime 110 101 91.82 9 8.18
Nighttime 97 89 91.75 8 8.25
All 207 190 91.79 17 8.21

Tab. 4.1. Percentages of success of the adjustment procedtireo([@mn, in bold) using all available
observedp(h) in test period A, referred to each different data class separately (first four rows), and for all
available data (last row). The numbefscases in whict,(h) are available €L column), adapted (2
column), not adapted {4column), and the percentage of failure of the adjustment procedure are also
reported(Sabbagh et al., 20).6

The accuracy with which is modeled can also be qualitatively assessed by comparifighihebserved

and modeled for the ionospheric station of San M@ases of good and poor accuracy are presented as
examples irFig. 4.1Xa)i (h), for different heliegeophysical conditions.

From what shown irrigs. 4.9a)i (b) and4.1Qa)i (b), andTables 4.Jand4.2 it can be seen that RATIM
demonstratea capaility to adapt tdonospheric conditions observed at a given moment. In particular, the
percentages of success of the adjustment procedure show a slightly higher adaptability in geomagnetically
quiet conditions, particularly during period A. Nevertheless, the degree of adaptability can be considered
independent of the geomagnetic activitg, @an be seen comparing tR&MSDOk.¢) values obtained in
different days. This degree of adaptability can be assessed as quite good, comparing these values to 0.1
MHz. This value has been assumed as a reference, as it correspontte$v plessible accurp associated

with critical frequency measurements from an ionosonde, according to the International Union of Radio
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Science (URSI) standar@iggott and Rawer, 19),2vhich assumes manually scaled values by experienced
operators.

TheRMSDsv; graphs in te same figures do not show a clear relation between the accuracy with which the
algorithm is able to modd} over the geographical area considered and the geomagnetic a€tiwity.
4.11@)i (h) shows that cases of poor accuracy can be related to badngaafehe E valley and/or the F

region.

In respect to the model performance during-tlaye and nightime, the behavior has been different for
period A compared to period B. The reason for this difference is unclear and could be clarified by analysis
of a wider data set, including several cases of both positive and negative ionospheric storms, in different
seasons.
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Fig. 4.10.Night-time (a) and dayime (b) averages dRMSDr.g] (black circles) andRMSDsy; (crossed
circles) values obtaineduring test period B, from February 13, 2014 to February 20, 2014, where all
availablefy(h) data have been usd&abbagh et al., 20).6

Cases Adapted % Adapted Not adapted % Not adapted
Quiet 48 46 95.83 2 4.17
Disturbed 140 132 94.29 3 5.71
Daytime 95 85 89.47 10 10.53
Nighttime 93 93 100.00 0 0.00
All 188 178 94.68 10 5.32

Tab. 4.2. Percentages of success of the adjustment procedtireo(@mn, in bold) using all available
observedy(h) in test period B, referred to each different data class separately (first four rows), and for all
available data (last row). The numbers of cases in whibh are available ¢t column), adapted (2
column), not adapted {4column), and the percenegf failure of the adjustment procedure are also
reported(Sabbagh et al., 20).6

It is worth noting that the reliability of the assimilatgth) is dependent on the automatic ionogram
interpretation systems. As mentioned above, these are ARTIST (for the ionospheric station of Rome) and
Autoscala (for the ionospheric station of Gibilmanna). To a certain extent, this reliability is also dependent
on the quality of the ionograms produced. Although in automatic scaling programs some progress has been
made in rejecting baduality ionograms and improving the general reliability of the data, some incorrect
fo(h) still slip through Pezzopane and Scot0039. In this respect, it is interesting to assess the behaviour

of an ionospheric model when it is fed some erroneous Batahis purposerigs. 4.1%a)i (b), 4.13a)i

(b), Tables 4.3and4.4 show corresponding graphs and percentages for thésgsnt.qa)i (b), 4.10(a)i

(b), Tables 4.1and4.2respectively, when only validatdgh) wereconsidered. Validation df(h) profiles
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has been performed observing the ionograms from which they are regi{bjezbnsidered incorrect have
been thoseassociated to ionograms with not enough information (e.g. for blanketing, occultation,
absorption or other causes), or in which theFF critical frequencies have been incorrectly retrieved
from the relative ionograms. In these cases, such frequesatielse obtained from the ionograms by an
operator, but they are missing in the relative retrieved profilebegrare incorrectly autoscaled.
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Fig. 4.11. fy(h) at San Vito dei Normanni (40.6°N, 18.0°E), calculated by RATIM (in blue) for
geomagnetically quiet days (a), (c), (e), and (g), and geomagnetically disturbed days (b), (d), (f), and (h),
in daytime hours (a), (b), (e), and (f), and nigimhe hours (c)(d), (g), and (h)fy(h) obtained at the same

site from the ionograms of the DRSnterpreted by ARTIST (in green) are presented for comparison. From
the comparedRMSDvalues, cases of quite good accuracy(@)are shown at the top, and cases of bad

acairacy (€j (h) at the bottom(Sabbagh et al., 20).6
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Fig. 4.12.Night-time (a) and dayime (b) averages dRMSDk.¢; (black circles) andRMSDsy; (crossed
circles) values obtaineglring test period A, from June 26, 2013 to July 4, 2013, where only valigdied
data have been usg&abbagh et al., 20).6

Cases Adapted % Adapted Not adapted % Not adapted
Quiet 66 60 100.00 0 0.00
Disturbed 86 85 98.84 1 1.16
Daytime 75 74 98.67 1 1.33
Nighttime 77 77 100.00 0 0.00
All 152 151 99.34 1 0.66

Tab. 4.3.Percentages of success of the adjustment procedti@I{@mn, in bold) using only validated
observedy(h) in test period A, referred to each different data class separately (first four rows), and for all
available data (last row). The numbers of cases in whibh are available €L column), adapted (2
column), not adapted {4column), and the percentage of failure of the adjustment procedure are also
reported(Sabbagh et al., 20).6
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Fig. 4.13.Night-time (a) and dayime (b) averages dRMSDr.¢; (black circles) andRMSDsy; (crossed
circles) values obtaineduring test paod B, from February 13, 2014 to February 20, 2014, where only
validatedfy(h) data have been usg&abbagh et al., 20).6
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Cases Adapted % Adapted Not adapted % Not adapted

Quiet 44 43 97.73 1 2.27
Disturbed 116 113 97.41 3 2.59
Daytime 68 64 94.12 4 5.88
Nighttime 92 92 100.00 0 0.00
All 160 156 97.50 4 2.50

Tab. 4.4.Percentages of success of the adjustment procedti@I@mn, in bold) using only validated
observedy(h) in test period B, referred to each different data class separately (first four rows), and for all
available data (last row). The numbers of cases in whibh are available (i column), adapted (2
column), not adapted {4column), and the percentage of failure of the adjustment procedure are also
reported(Sabbagh et al., 20).6

From the results obtained on this selected data set it can be seen tHagrdée of adaptability is
independent of the geomagnetic conditions at the time also when only validated data are considered.
Moreover, the discrepancy between the percentages of success of the adjustment procedure obtained during
geomagnetically quiet andisturbed days in period A has been significantly reduced.

It is worth noting that thRMSDsy; values shown iffrigs. 4.1%a)i (b) and4.13a)i (b) are better than those

shown inFigs. 4.9a)i (b) and4.1Qa)i (b) respectively. This indicates that erronemymit data affects the
model 6s performances in terms of accuracy. On the
the adjustment procedure for each different data class showablas 4.3and 4.4 are higher than the
respective values shovim Tables 4.Jand4.2, indicates that under all conditions the model is able to more
frequently fit a correck,(h) than an incorrect on&his means that the modexhibits a positive capability

of rejecting the low qualityy(h) that can be produced by automatic scaling systems, even though this
capability is still limited.Indeed, the choicef discarding adjustment attempts for which the minimized
RMSDis greater than 1 MHz permits the model to reject some incdg(ejteven though the percentage

of accepted lowguality input data is still high (73.48). As shown in Chaptef, the RATIM rejection
capabiity can be improved bthe introduction of an assimilation procedure of MUFs values obtained from
obligue radiesoundings.

To compare the accuracy achieved during geomagnetic storm conditions to similar efforts, root mean square
errors RMSE) were estimated between observed and modiEedvalues at San Vito, during
geomagnetically disturbed days included in test periodsd®Ba The results are shown in the first columns

of Tables 4.5and4.6for all available observed data and for only validated data, respectively. The second
columns of Tables 4.5and 4.6 report the relative improvements over climatology, computed by the
following formula, similar to the formula introduced bgagouri and Belehaki (201&) assess the SWIF
model s perfor mance:

PEI POT OAHAHOS P mht (4.33)

where RMSEdian are RMSE betweenf,F, observed values and monthly median values from the
climatological IRI2012CCIR model.

Theseresultshave been compared to similar results obtained d3gouri and Belehaki (201%) an
assessment of the SWH F model 6s perTeagaunmeanchBelehakat mi d
(2015) calculated thd,F, RMSEand the relative improvement over climatology in Rome during several
geomagnetically disturbed periods. TR®ISEvalues obtained were from 1.13 MHz and 1.92 MHz, with

an average value of 1.49 MHz, while the relative improvement over climatology values were from 16% to
40%, with an average value of 28%. The results obtained from the assessment of RATIM show that the
accuracy achieved during geomagnetic storm conditions is better than the SWIF model. The improvement
over a climatological description of the ionosphere is also betterSWIRT. Besides, thdifferences

42



between the values shown irable 4.5and those showm Table 4.6can be considered as a further
confirmation that erroneous input data for the model affects its performance.

RMSE (MHz) % Improvement

over climatology
27 June — 1 July 2013 0.52 38
15-20 February 2014 0.53 53
Averages 0.53 45

Tab. 4.5 RMSEbetween observed and modefgies values at San Vito dei Normanni (40.6°N, 18.0°F) (1
column), and relative improvement over climatology (@lumn), estimated during geomagnetically
disturbed days included in test periods A and B, for all available observedSkitbagh et al., 20)6

RMSE (MHz) % Improvement

over climatology
27 June — 1 July 2013 0.36 57
15-20 February 2014 0.46 51
Averages 0.41 54

Tab. 4.6.RMSEbetween observed and modefgies values at San Vito dei Normanni (40.6°N, 18.0°F) (1
column), and relative improvement over climatology (@lumn), estimated during geomagnetically
disturbed days included in test periods A and B, for only validated observe(Sdataagh et al., 26)

Thus, RATIM can be used for retiine estimation of the bottosideN((i,/ ,h) over the Italian area, using

the ionosonde data assimilation procedure described. As we will see in Cliaptsralso suitable for HF
ray-tracing applications. Moreovethe degree of adaptability demonstrated can be used to assimilate
ionosonde data from oblique ragioundingswith the final aim of estimatindyl in the sounding region.
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5. RATI M i mprovements during solar eclips

During a solar eclipse, it is possible to investigate changes in the ionosphere as a response to the sudden
decrease in solar radiation. Since the first half of the twerggttury, it was assumed that an eclipse would
affect the ionization of the upper and lower layers of the ionosphere. Thereforetetadiaphic
investigations were performed during the solar eclipse involving South America and Africa on May 29,
1919 Eccles, 1913 A reduction in plasma density was observed in some subsequent [ajeels(

1959a; Gledhill, 1959band attempts were made to establish the recombination coefficiEmtaaf,

1955. Moreover, irregularities, tilts, and sporadic E)(ERyers were also observed and reported by
numerous researchefd¢Leish, 1948; Minnis, 1954; Minnis, 1956; Bramley, 1956; Bates and McDowell,
1957 Beynon, 195k

The achievements reported by different authors for the, BnE F; mid-latitude regions areery interesting

in this context. A lot of information was obtained by studying the ionospheric responses to the eclipse that
occurred on August 11, 1999, with a path of totality passing over central Europe so that it could be measured
by an extensive iamsonde networkJtanislawska et at., 2001; Le et 2008 Farges et al., 200 Altadill

et al. 2001

As a result, today it is considered proven that the redistribution of plasma during an eclipse can lead to
changes in the form dfi(h), observable usingnosondes. It is also considered certain that the relative
decrease of ionizatioils most noticeable in the botteside ionosphere, at around 200 km altitude, where

the photoionization is highand recombination is efficient. If dynamic forces are igdpreuch as
thermospheric winds or electric fields, an increase should be observed in the peaifreightvell as an
increase of the layer thickness expressible thr&ggim quiet conditions, it is reasonable to ignore dynamic
forces like thermospheric winds or electric fields, and diffusive transport processes are expected to
dominate. In these circumstances, a delayed response to obscuration should be observed, and the delay
should increase with heighigckowski et al., 2008

In this wak, the effects of the partial solar eclipse of March 20, 2015 on different ionospheric layers have
been studied over Italy, with the aim tiest RATIM performance during eclipse periods. The study is
performed using vertical ionosphic soundings from the ionosondes of Ro(Mé&.8° N, 12.5° E),
Gibilmanna(37.9°N, 14.0°E), and San Vito dei Normann@.6°N, 18.0°E). In particular, the response

of the critical frequencies hagen investigated during the solar eclipse, and caprectaking into account

the decreased solar irradiance have been proposed for the empirical formulations used for their estimation.
The effect of the decreased solar irradiance has been modeled as a Solar ObscuraticBGRcaomd
comparisons with expignental values have been performed. The RATIM behaviour has been then tested,
assimilating plasma frequency profilgéh) during the solar eclipse. Testing the model in such unusual
conditions has thus enabled the introduction of the corrections propogedving RATIM performance

during solar eclipse events.

5.1 Eclipse characterization with the Solar Obscuration Factor

This work applied a fairly simple approach for modeling the time behaviour of the Solar Obscuration Factor

(SOB during the evolution of an eclipse, wOFd ef i ned as the fraction of tF
Moon. The applied model is similar to that usedvii}lmann and Vollmer (2006 with the Sun and Moon

assumed to follow a straight and uniform motion, bBath to be circular in shape, ignoring any effects of

limb darkening. The input parameters include the beginning of the eclipse, its duration, and the value of
SOFat maximumPFig. 5.1shows the time evolution &OFobtained at the ionospheric statiorisfkome,

Gibilmanna, and San Vito during the March 20, 2015 eclipse. For each curve, the time of the maximum
SOFvalue is highlighted with dashedrertical line to show the temporal shift®OFmaximum at different
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locations. The relative amplitude of theaximums on the different curves is also clearly shown in the
figure.
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Fig. 5.1.Time evolution ofSOF obtained at the ionospheric stations of Rome @\,.82.%E), in red,
Gibilmanna (37.9, 14.GE), in blue, and San Vito dei Normanni (4N618.CE), in black, obtained using
a simplified model. For each curve, the time of the maxin80@f value is highlighted with @ashed
vertical line.

The same procedure has been used to obtain si&@&ccurves at different locationsithin Italy. These

values have been then used to d&WFmaps during the eclipse in the region of latitude from3§.

47.% N and longitude from 69E to 19.0 E, by a linear interpolation procedure. TB®Fmaps obtained

from 08:30 UT to 10:30 UTeveryl5minutes are reported ig. 5.4a)(i).

To perform theSOFlinear interpolation, 14 points in the considered region have been taken. In particular,
the corner points with coordinates, () equal to (6.9E, 36.0 N), (6.’ E, 47.% N), (19.C E, 36.0 N),

and (19.9E, 47.8N), and 10 other points inside the area in distinct locations have been selected, in order
to cover the entire region. From the sequence ofStAE maps obtained, the temporal evolution of the
obscuration over the considdrarea can be deduced. At first, the shadow come fromFsyV{.4a)),

moving towards north while approaching the time when maximum obscuration is obgen/eal {b)-

(e)). Finally, the shadow fades moving towards N ( 5.4f)-(i)). The pattern shown is consistent with

the path of totality reported iRig. 5.3 along with the map of the ecl i
surface during the solar eclipse.

Another assumption considered modeling the solar eclipse is that the di&kn'eas homogeneous
luminosity, ignoring any variation due to sunspots. Under these hypotheses the reduction in solar radiation
due to the eclipse is assumed to be proportional t8@e

|u[ec|ipse]:(1.|. SOH o, (51)
wherelsecipsejand |- are the intensity of solar radiation at the upper limit of the atmosphere in the presence

or absence of the eclipse, respectively. An estimation of the decrease in solar radiation due to the progress
of the eclipse is useful in order to study therdase in ionization in the different ionospheric layers.
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Fig. 5.2.Maps of SOFin the region of latitude from 38N to 47.% N and longitude from 69E to 19.0

E, calculated ever$5 minutes from08:30 UT to 10:30 UT, during the eclipse of March 20, 2015. These
maps have been obtained by a linear interpolation in space®®helues computed at different locations
in the area considered.
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Fig. 5.3.0bscuration caused by the Moon shadow durifrge Mar ch 20, 2015 sol ar e
surface littps://www.timeanddate.com/eclipse/globe/20i&rch20). The path of totality corresponds to
the region where the coveragercentage reaches 100%.

5.2  Effects of the eclipse on the E layer

It is well known that the E layer behaves like a Chapman layer, and so its critical frequency can be modeled
with a good approximation as

foEmoa=[a(c=0, h=hnE) cos(c)/a]"*, (5.2)

whereq(c=0, h=hyE) is the maximum production rate, which occurs at the heightand when the Sun
is at its zenith (i.e. when the solar zenith angle=i8), anda is the recombination coefficient. It should
also be noted that i{p.2) it can be assumed:

q(¢=0, h=hm)" Ia. (5.3)

Consequently, the critical frequentzecipse; When the intensity of the ionizing radiation is decreased by
a factor (1SOH, can be modeled as:

foE[ecIipse]:foE[mod] (1-|l 8091/4’ (54)
where for numerical computational purposiBimoq) can be modeled followin¢t.19, according to the
specified functional dependence ®andR;, (Davies, 199 However, in this work an equivaleRt, value
has been used, obtained frtime empirical formulal(eitinger et al., 2006

R1=[167273+(F10.763.7)-1123.6}5 408.99, (5.5)

where F10.7 is the solar radio flux at 10.7 cm. Relationship (s derived according to therU
Recommendation (1999h which twelvemonths smoothed F10.7 values were used. In this work, the daily
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F10.7 value for March 20, 2015 has been applied, since the interest is for a solar activity index
representative of the specific day of the eclipse

Fig. 54(a)(c) shows therends as a function of time f3Ejmoq;, s provided by4( 19, andfoEecipsejprovided

by (5.4), along with the available experimental valt#s:ns, manually scaled from the ionograms recorded
every 15 minutes at the ionospheric stations of Roméln@&ibna, and San Vito. Unfortunately, in many
cases the cusp of the E region could not be clearly identified in the available ionograms, as a result of the
combined effects of the limited efficiency of the receiving antennas at low frequencies, ab$opioD
region, and the Hayer blanketing effectAs a result, only few data are available at Rome and during the
eclipse recovery phase at Gibilmanna, while no data have been retrieved from San Vito ionograms.
To relate the trends &fEobs), foEmod), andfoEjeciipse;to the evolution in time of th8OFat each statiorkig.
5.4(a)(c) also reports the relatii@OFcurves, with the time of the maximuBOFvalue highlighted with
adashedertical line. Computing the values ofat any location for fixé times,foEecipsej Maps have been
obtained during the eclipse in the region of latitude from®86t0 47.5N and longitude from 6% to
19.CE. ThefoEjecipse] maps obtained everd5 minutes from08:30 UT to 10:30 UT are reported lg.
5.5(a)(i).

Although few experimental data are available for the E layer critical frequency, the trends&.tkhe
values observed during the eclipse wind@ported inFig. 54(a)(c) show a clear decrease in the peak
electron densy, as a consequencetbk sudden reduction of the solar irradiarrt@wever,becausef the

few experimental data, the agreement betwigBguipse) Values computed by the corrective formulation
(5.4) cannot be assessed conclusively gtogarticular, thdeRMSDbetweerfoEjons) andfoEeciipsej COMputed

over the few data available at Rome, equal t8 MHz, is close to the value obtained considefinod,

that is 0.17 MHzNeverthelesstheRMSDcomputed over the Gibilmanna data decreases frog\N0k&

to 0.08 MHz wherthe SOFrelated correction5(4) is introducedindeed it can be easily seen froRig.
5.4(b) thatthe foEpbs) Values obtained at Gibilmanmuring the eclipse windoware much closer to the
relative foEecipse] Values than to the correspondififimos. Moreover, thefoEjecipse) CUIVES seem to be
reasonable, since they follow tB®Fcurve trends in countgrhase at the relative locations. The capability
of formulation 6.4) to follow the eclipse effects can also be inferred fiam 5.5a)(i), as tte isolines
shown there match the shape of 8@Fisolines shown irrig. 5.4a)-(i).
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Fig. 54. Trends as a function of time fro@8:00 UT to 11:00 UT ofoEjobs), foEfmod), andfoEjeciipse; at the
ionospheric stations of Rome (4118, 12.% E) (a), Gibilmanna (37.9N, 14.0 E) (b), and San Vito dei
Normanni (40.8N, 18.®E) (c) during the eclipse of March 20, 2015. The trends are related to the evolution
in time of theSOFat each station, and the time of the maxins@Fvalue is highlighted witla dashed
vertical line. In many cases the cusp of the E region could not be clearly identified from the available
ionograms and so only a fdwlns) values are availablie some cases
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Fig. 55. Mapé 6ff;E[ecnpse] in the region of latitude from 3@M to 47.8 N and Iohgituae from 69E to
19.(¢° E, calculated fron©8:30 UT to 10:30 UT during the eclipse of March 20, 2015. These maps have
been obtained by computing the valueg efvery15 minutes at any location in the area considered.

5.3 Effectsof the eclipse on the Flayer

As seen in Sectiof.2, the semiempiricalDuCharme et al. (1971, 197®rmulation(4.13-(4.17) is often

used to calculaté,F: for a specified geographic position, taking into account the solar activity and
geomagnetic coordinates of the site. This formulation assumes limits for the preskRcaoh function

of ¢ and the solar activity given by ti&, index, which imply thaf.F; ionization is never present during

winter or during nightime. However, the validity of the DuCharme et al. formula for predicting values of

foF1 was confirmed byscotto et al. (1997hcluding zenith angles beyond the limits specified in the raigi

paper.

When an extraordinary event, such as a solar eclipse, occurs, this formula is expected not to be able to
describe thdoF, variations. In order to describe the decreas&Fnduring such events, th8OF was
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introduced in the DuCharme et alriiwula (4.13 as a correction factor. Hence, the following formula for
foF1 estimation during an eclipse has been proposed:

foFl[ecIipse]: foFl[mod] (1'|' SOHh, (56)

in accordance to the law expressed by the DuCharme et al. formulatién To describe the behaviour
of foF1 during the solar eclipse thgFi0bs) Values manually scaled from the ionograms recorded every 15
minutes at the ionospheric stations of Rome, Gibilmanna, and San Vito have been compared with:

a) the values dtF; provided by the DuCharme et al. formulatiGh13-(4.17) which, instead oRy2, have

been used the equivaldRi, values obtained fronb(5), using F10.7 for March 20, 2015;

b) the values of,F; provided by the DuCharme et al. formula specified in point a), corrected according to
(5.6).

The values for this comparison are reporte8ii 56(a)-(c), along with the evolution in time of tf&OF
at each station, where the time of the maxing&@Fvalue is highlighted with @ashedsertical line.Fig.
5.7(a)(i) shows théoFijecipsejmaps obtained evefys minutes from0D8:30 UT to 10:30 Uin the region of
latitude from 36.0N to 47.% N and longitude from 69E to 19.0 E, with the computation of in the area
considered for the fixed times.

As shown inFig. 5.6a)(c), foFiecipse; Values computed by the corrective formulatiéro)( provide close
agreement with experiment&Fjons; Values. Nevertheless, thigFiecise; Curves do not match perfectly
foF1p0bs) Values, particularly in some cases, like quite often at Rdtiie §.6a)) and during the eclipse
recovery phase at San Viteif. 5.6c)), where few experimental data are availadmvever RMSDvalues
obtained confirm thaf,Fijecipse) Values are closer to observations tifidimoq ones. Indeed, thRMSDs
calculated during the eclipse windalgcrease from B5MHz to 0.9 MHz at Rome, from 083MHz to
0.11 MHz at Gibilmannaand from 042 MHz to 0.13 MHz at San Vito, when correctiof.g) is introduced.
Moreover even in this caghefoFiecipsejcurves follow theSOFcurve trends in countgrhase at the relative
locations, and the capability of formulatian €) to follow the eclipse effects can also be inferred frogmn
5.7(a)(i), as the isolines shown there match the shape @@#asolines shown irFig. 5.4a)-(i).
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Fig. 56. Trends as a function of time fro88:00 UT to 11:00 UT ofoFijobs}, foF1mod, @andfoFijeciipsejat the
ionospheric stations of Rome (4118, 12.% E) (a), Gibilmanna (37.9N, 14.0 E) (b), and San Vito dei
Normanni (40.8N, 18.® E) (c) during the eclipse of March 20, 2015. The trends are related to the evolution
in time of theSOFat each station, and the time of the maxins@Fvalue is highlighted with dashed
vertical line.

55



(2) 08:30 UT . (b) 08:45 UT X {c) 09:00 UT i

MHz
46
5.0
44
e 45
3 42
=
= 40
40 |
- 35
“ A . o 20
6 8 10 12 14 16 18 6 8 10 12 14 16 18 6 8 10 12 14 16 18
longitude (%) longitude (°) longitude (%)
(d)09:15 UT (e) 09:30 UT (0 09:45UT
55 55 5.5
MHz MHz
50 5.0 5.0
c 45 e 45 e 4.5
g 40 = 40 E 4.0
15 15 35
3.0 3.0 3.0
8 10 12 14 16 I8 6 8 10 12 14 16 I8 6 8 10 12 14 16 I8
longitude (°) longitude (°) longitude (%)
(g) 10:00 UT (h) 10:15UT (i) 10:30 UT
55 5.5 55
MHz MHz MHz
16 46 46
5.0 5.0 - 5.0
44 44 44 T
AR
45 45 - = 45
> > > ﬂ a N :
42 42 z 42 { L
P & -
E z E RSN N
z a0 = a0 2 40
40 40 . af —)"« ™ _g/ s
[ ~—_| ( e
Tt | 7
38 R c =~ S 3s o 33
| L N A-E_ “ \.L.\-( |
36 L 30 36 s 30 36 [ [ | 30
6 8§ 10 12 14 16 18 6 & 10 12 14 16 I8 6 8§ 10 12 14 16 18
longitude () longitude (°) longitude (%)

Fig. 5.7. Maps offoFijecipse)iN the region of latitude from 3@ M to 47.8 N and longitude from 69CE to
19.(¢° E, calculated fron©8:30 UT to 10:30 UT during the eclipse Mfarch 20, 2015. These maps have
been obtained by computing the valueg efvery15 minutes at anydcation in the area considered.

5.4  Effects of the eclipse on the Hayer

As for E andF; layers critical frequencies, thenpirical formulationgenerallyused to calculate monthly
medianfF/,val ues over the Earthoés surface is expected
sudden decrease in solar radiation produces strong chismtiie ionospheric dynamics.

As seen in Sectiod.2, the commonly used way to model monthly medign values is through the

mapping procedure used in the IRl mod&ir(es and Gallet, 1962; Jones et al., }9®Paccordance to
formulas(4.8) and ¢.9). Thevalues of thecoefficients intheserelations are based on observations, being
adjusted in order to fit data to mathematical functions with no physical medmiisgs to be ascribed to

the different behaviour of the; Fayer, quite far from that ch Chapman layer, in which the dominant
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photochemical processes give rise to@ntrol of the critical frequency. Conversely, as electrodynamics

and neutral forcing play a significant role as well in its dynamics, ztey&r behaviour cannot be modél

by simple functions ot and solar activityHence, in this case an empirical correction derived from the
collected data has been proposed, in order to take into adbeudecreased solar irradiance during the
eclipse modeled by thBOF This means thahe results obtained are strictly valid for the specific case
study, and they cannot be extended to other similar events

Since the solar eclipse occurred duringrdmvery phase of tHat. Patrick geomagnetic storm, a correction

has been applied to tmormally expected,F> monthly median values, in order to take into account the
storm effects separately to those produced by the solar eclipse. Indeed, the St. Patrick geomagnetic storm
was one of the strongest geomagnetic storm of the current solayr lwgiclg classified as a @fass (i.e.

severe) event, associated to a maxinkgimdex equal to 8. It startext approximately 045UT of March
17,2015whenafashovi ng CME hi t t he Clemiakehab 80)3Iacgnmbeinferred Fi el d
fromtheDsindex values of the second half of March 2015 showigns.8(sourcehttp://wdc.kugi.kyote

u.ac.jp, the maximum intensity of the storm was reached at around 23:00 UT of March 17, 2015, and was
characterized by the minimum valuel®§ index of-223 nT.
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=200

-250
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Fig. 5.8 Dstindex recorded from March 15 to March 31, 2015.

As highlighted byPietrella et al(2016), the geomagnetic storm had a strong influenciFnresulting in
significant deviations of the observed values from the corresponding monthly mediacomsédered as
representative of a quiet state of the ionosphere. In particular, fromEh00tUT of March 19 (the day

before the solar eclipse), until about 16:00 UT of March 20 (the day of the solar eclipse), a negative phase
was highlighted at the ionospheric stations of Rome, Gibilmanna, and Saf/&itbeasurements lying

below the premted monthly median trend:hus, the solar eclipse event occurred during this negative
phase, wheKp, index reached values of,5ndicating a moderate geomagnetic activity.

In order to reduce the geomagnetic storm effeetsrence values d@fF. have been obtaingeducing by

a constant factor the values given by-IRTIR model The constant factor has been calculated so as to
minimize theRMSDs between the observed values and those modeled, considering the ionograms recorded
before and after theclipse at RomeGibilmanng and San Vito every 15 minuttsm 18:00 UT of March

19, 2015 until 16:00 UT of March 20, 2Q1B8s can be inferred for instance from t8®F temporal
evolution reported ifrig. 5.1, the dateexcludedare those recordddom 08.30 UT to 10.30 UT at Rome

and Gibilmanna, and fro88.45 UT to 10.30 UT at San Vitd he reduction factor obtained has been equal

to 0.79 so that the corresponding redudste values have been calculated following:
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foF2imod) = 0.79 foF2[IRI-CCIR] (5.7)

wherefoF[ri-ccir] are monthly mediafuF, values calculatetly the IRFCCIR modelin accordance to
(4.8 and @.9).

Once thenegativestorm effect orisF: is introducedhrough thecorrection 6.7), the differenced=foF2jonsjl
foF2moa @t thethreestations have beavaluatediuring the eclipseand are reported iag. 59 as a function

of the SOF. Indeed, as discussed belowglaarfurther negative effechas been observeh foF, values
during the eclipse windowAs observed alsdy other authors studying the same event over Europe
(Pietrella et al., 2016Chukwuma and Adekoya, 2016; Hoque et al., 30thiseffectcan be recognized as

a clear signature of the solar eclipsducedvariation in the local solar radiatiofihis meas that deviations
onf.F values observeduring the eclipse windowanbereasonablyelated to th&OF
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Fig. 59. Plot of d values computed at the ionospheric stations of Rome°(Hl].82.% E) (black dots),
Gibilmanna (37.9N, 14.¢ E) (blue dots)and San Vito dei Normanni (40.8l, 18.® E) (red dot$, as a
function of SOFduring the eclipse of March 20, 2015. Tiheear and thejuadratic regression of the data
arealso shown with &lackand redines, respectively

A data fithasthenbeen applied to obtan~d(SOR. As will be shown in Sectiof.5, in order to introduce
the eclipse effects in RATIMor testing its adaptability in such conditioan evaluation of the average
effect of the solar eclipse under the considered region dede€or this reasoall the stationhave been
taken into account simultaneously, despite the big data sjrieadr and quadratic regressions have been
tested obtaining the analytic functions drawnfim. 5.9 associated tBRMSDswith data equal to 0.35 MHz
and 0.33 MHz, respectivelflence, lhe bestrelationshipobtainedamong those testest

d(SOP =4.08 SOFi 4.76 SOF, (5.8)
where thecurve transit for the (0, 0) poititas been imposeir physical reasonsas no deviations are
expected when the eclipse is absent (i.eStOF=0). In order to take into account the effect of the eclipse

onf.F; estimation, the following formula has been thus proposed:

foFZ[ecIipse]: foFZ[mod] + d(SO H . (5 . 9)
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This formulationmakes it possible to modiF, over a region wher8OFvalues are available, applying a
correction dependent only by tif8OF obtained from data over the considered region and hence
representing the average effect of the suddeousason of the Sun over the same area.

In Fig. 510(a)(c) are shown the same data reporteiin 59, in terms ofd versusSOFvalues obtained

at the three stations separately. For each reported datum, the time for which the computation has been
performed is also showm order to highlight different phases associated t&®Etrendover each station

Fig. 511(a)(c), instead, shows the trends as a function of tim&Fefons, foFz[IRI-ccIR], foF2imod, @and
foF2recipsejat the ionospheric stations of Rome, Gibilmanna, and San Vito, along with the evolution in time
of the SOFat each station, with the time of the maxim&®@F value highlighted with aashedvertical

line. Finally, Fig. 512(a)-(i) shows thdoFzecipsejmaps obtained everds minutes from08:30 UT to 10:30

UT in the region of latitude from 36.01 to 47.% N and longitude from 6%k to 19.0 E. These maps have
been obtained applying the relationstip) to the entire geographical area, using3fd-maps calculated

in Section5.2, and the monthly medidsF. values obtained bf/.8) and ¢.9).
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Fig. 5.10. Plot ofd values computed at the ionospheric stations of Rome°(M11.5°E) (a), Gibilmanna
(37.2 N, 14.0E) (b), and San Vito deNormanni (40.8N, 18.0 E) (c) separately, as a function 80OF
during the eclipse of March 20, 2015. For each reported datum is also shown the time for which the

computation has been performed.
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Fig. 5.11. Trends as a function of time fro88:00 UT to 11:00 UT ofoF2jobs), foF2pri-cciry, foF2imoa;, and
foForeciipsejat the ionospheric stations of Rome (8N812.%8 E) (a), Gibilmanna (37.9N, 14.C E) (b), and
San Vito dei Normanni (40°6N, 18.Q E) (c) during the eclipse of March 20, 2015. The trends are related
to the evolution in time of thBOFat each station, and the time of the maxin&@value is highlighted

with adashedrertical line.
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