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ABSTRACT

This work present the study of the Brazilian Equatorial spread-F during the solar
minimum year,2018. For this purpose, ionospheric data obtained by a Digisonde
installed in Belem, PA (BL; 48°W, 1.43°S; Dip: -2.6°) were analyzed. Spread-F is
the generic term referring to plasma density fluctuations in the ionospheric F-region
after sunset. Its importance is attributed to its effects on the radio waves propaga-
tion between satellites and ground-based receivers, which in its turn affect global
navigation and positioning systems. In the Brazilian sector, characterized by a large
negative declination angle of magnetic equator, it is observed a high occurrence of
equatorial spread-F /equatorial plasma bubbles. The interest on to study spread-F
on solar minimum is that there are no intense geomagnetic disturbances. In general,
weak-to-moderate storms mostly driven by High-Speed Solar wind streams, HSSs,
and Corotating Interaction region, CIRs occurr. These storms are weaker than those
driven by Coronal Mass Ejections, CMEs. However, they present a long-duration
recovery phase. This "quiescent" scenario provides good conditions to analyze the
ionospheric response. The equatorial spread-F occurrence rate was determined after
analyzing thousands of ionograms provided by the Digisonde installed at Belem and
a statistical study of was performed. At first, the spread-F was classified in three
main patterns: Range, Frequency, and Mixed spread-F. The start time and dura-
tion of spread-F were also evaluated for each night of the year. It was observed a
seasonal variation, with peaks in Summer solstice and Equinoxes, and a minimum
occurrence in June Solstice. The onset time was mostly at around 21:00 LT, and it
was noticed that spread-F duration time is higher in Summer and Equinoxes than
in June Solstice. The spread-F probability was additionally calculated by the IRI
model for each hour in each month. It was noticed that there is a similar trend
for observed and calculated probability. However, some some discrepancies were ob-
served during disturbed intervals: IRI model may underestimate or overestimate the
spread-F probability. The spread-F day-to-day variability was also considered. It was
observed that spread-F during solar minimum can occur during quiet or disturbed
geomagnetic intervals with variable duration. However, under some moderate dis-
turbed conditions, spread-F can be suppressed or favored. In this way, the influence
of a moderate geomagnetic storm on the equatorial F-region heights and frequencies
was carefully investigated by the analyzes of ionospheric parameters such as the
virtual F-layer height, h’/F; the F-layer peak height, hmF2, and the critical plasma
frequency, foF2. It was selected a disturbed geomagnetic interval in May, a month
considered out of the ‘Spread-F season” in Brazil for a study case. It was observed
that during the main phase of the storm, the F-region experienced a sudden uplift
associated with an intensified ExB vertical drift at nighttime. This uplift was prob-
ably caused by enhanced zonal electric field associated to a Prompt Penetration of
Electric Field, PPEF. In its turn, the plasma density was intensified over its five
quietest days average, 5QD, for some days of the recovery phase. These finding can
contribute to a better understanding of the ionosphere during solar minimum a to
Space Weather prediction programs.

vii



Keywords: Equatorial ionosphere. Equatorial spread-F. Solar wind. Digisonde. Solar
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EFEITOS DO CLIMA ESPACIAL NA PROPAGACAO EQUATORIAL
BRASILEIRA F: MODELO DE OBSERVACAO E IRI

RESUMO

Este trabalho apresenta o estudo do spread-F equatorial na regiao brasileira durante
o minimo solar 2018. Para tanto, foram analisados dados ionosféricos obtidos por
uma Digissonda instalada em Belém, PA (BL; 48°W, 1.43°S; Dip: -2.6°). Spread-F
é o termo genérico que se refere as flutuagoes da densidade do plasma na regiao
F ionosférica apds o por do sol, as chamadas irregularidades do plasma ionosférico
equatorial, ou Bolhas de plasma eqautoriais. Sua importancia se deve aos seus efeitos
na propagacao das ondas de radio entre satélites e receptores terrestres, e portanto,
nos sistemas globais de navegacao e posicionamento. No setor brasileiro, caracteri-
zado por um grande angulo de declinacao negativo do equador magnético, observa-se
uma alta taxa de ocorréncia de spread-F/bolhas de plasma equatorial. Neste tra-
balho estuda-se o spread-F eqautorial durante um ano de minimo solar,0 qual é
caracterizado pelo baixo nimero de manchas e regides ativas no Sol, bem como
valores menores de fluxo solar. Neste periodo, tempestades geomagnéticas intensas
nao sao esparsas, enquanto tempestades fracas a moderadas sao frequentes. Tais
tempestades geomagnéticas sao principalmente geradas por fluxos de vento solar de
alta velocidade, HSSs (High-Speed Solar Wind Streams), e regides de interagao cor-
rotante, CIRs (Corotating Interaction Regions). Embora essas tempestades sejam
menos intensas do que as provocadas por Eje¢oes de Massa Coronal, CMEs (Coronal
Mass Ejections), elas apresentam uma fase de recuperacao de longa duragao (varios
dias), o que causa respostas ionosféricas de longa duracao. A taxa de ocorréncia do
spread-F equatorial foi realizado apds a andlise de milhares de ionogramas forneci-
dos pela Digissonda instalada em Belém. O spread-F foi classificado em trés padroes
principais: Range, Frequency e Misto (uma combinagdo de ambos). Caracteristicas
como a hora de inicio e fim e a duracao do spread-F foram avaliadas para cada
noite do ano. O estudo estatistico mostrou que ha uma uma variacdo sazonal, com
picos de ocorréncia entre os equinocios no hemisfério sul, e minimo durante o sol-
sticio de inverno. Em geral, o horario de inicio do spread-F foi principalmente por
volta das 21:00 hora local. Adicionalmente, observou-se que que o tempo de duragao
do spread-F foi maior durante os meses de verao e equindcios do que no solsticio
de inverno. A probabilidade de ocorréncia do Spread-F foi calculada baseada nas
observagoes e foi calculada pelo modelo IRI para cada més. Observou-se que ex-
iste uma tendéncia similar para as probabilidades observada e a calculada, embora
com algumas discrepancias do modelo IRI, o qual pode subestimar ou superesti-
mar o spread-F observado especialmente em periodos perturbados. A variabilidade
diaria do spread-F também foi considerada na anélise. Foi observado que o spread-F
durante o minimo solar pode ocorrer durante periodos geomagneticamente calmos
ou perturbados, com duracao variavel. No entanto, sob algumas condi¢bes geomag-
neticamente moderadas, o spread-F pode ser favorecid em periodos ndo usuais. A
influéncia de uma tempestade geomagnética moderada no spread-F foi investigada
pela analise de pardmetros ionosféricos como a altura virtual da camada F, h'F, a
altura do pico da camada F, hmF2 e a frequéncia critica do plasma, foF2. O inter-
valo geomagneticamente perturbado foi o més de maio, um més considerado fora da
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"temporada de spread-F” no Brasil. Foi percebido que durante a fase principal da
tempestade a regiao F experimentou uma elevacao rapida associada a uma intensifi-
cacao do campo eletrico e consequentemente da deriva vertical ExB durante a noite,
provavelmente causada por um episédio de penetragao sibita de campo elétrico,
PPEF (Prompt Penetration Electric Field). Além disso, a frequencia/densidade do
plasma foi intensificada acima da média dos cinco dias mais calmos de maio (5QD)
durante a fase de recuperacao. Estes resultados podem contribuir para estudos dos
efeitos de Clima Espacial em baixa atividade solar.

Palavras-chave: Ionosfera equatorial. Equatorial spread-F. vento solar. Minimo solar.
Clima Espacial. Modelo IRI.
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1 INTRODUCTION

The ionosphere is defined by (HAYMES, 1971) as a layer of the Earth’s atmosphere,
characterized mainly by the presence of partially ionized gases and electrically
charged by the action of solar radiation in EUV. This layer is located approxi-
mately between 60 and 1000 km height and is subdivided into regions, according to
the electron density and the local chemical composition. The ionosphere is a disper-
sive medium through which signals of different frequencies travel at slightly different
velocities. At the lowest altitudes, it also tends to absorb radio waves rather than
reflect them, all these characteristics cause a variety of effects on propagating elec-
tromagnetic signals. In other words, it is a region where the quantity of existing ions

and electrons is enough to affect the propagation of radiowaves signals.

The diurnal ionosphere is divided into D, E and F layers. The F layer is usually
subdivided into F1 and F2, although a third layer, near the magnetic equator and
was named the F'3 layer. The ionosphere is not a uniform plasma region. Its density
changes with: the time of day, altitude, latitude, season, solar activity, geomagnetic
activity, and can be affected by wave activity from lower heights. These conditions
result in a F layer plasma density profile which may become unstable to interchange
instability and cause high depleted plasma density magnetic flux tubes at the bot-
tom side of the ionospheric F region in a situation analogous to the hydrodynamic
Rayleigh-Taylor: heavy fluid over light fluid instability. These plasma instabilities
occur over a broad range of time and length scales due to the combined effects
of chemical recombination and an increase in the vertical plasma velocity lead-
ing the development of plasma irregularities. Plasma irregularities are fluctuation
in the plasma density observed such as patches, clumps, depletions, and troughs
of ionization (KELLEY, 2009). Early ground-based investigations of the ionosphere
observed diffuse echoes in data from measurements using high frequency radars
named ionosondes (BREIT; TUVE, 1926; BOOKER; WELLS, 1938; BERKNER; WELLS,
1934; ABDU et al., 1998). This phenomenon is now generically known as Equatorial
Spread-F (ESF).

Equatorial spread-F is a phenomenon in which the equatorial ionosphere is reshaped
after sunset and it was first reported by (BERKNER, 1930) at Huancayo, Peru. Over
the equatorial region, around sunset times the circulation system with the ther-
mospheric wind blowing eastward, in the presence of the abrupt decay of the E
region conductivities and the quasi horizontal geomagnetic field, produces a Pre Re-

versal Enhancement in the evening zonal electric field (PRE) resulting in a sharp



vertical ExB drift of F layer. The rapid vertical drift of the post sunset F layer
in presence of seeding processes can result in instability growth (Rayleigh-Taylor
instability) leading to large-scale field aligned plasma depletions, known as equa-
torial plasma bubbles, EPBs, with associated cascading irregularities constituting
a spread-F event. As these depletions vertically develop to higher altitudes over
the equator (attaining altitudes of one or two thousand kilometers) they are trans-
ported as depleted tube flux, by effects of diffusion, pressure gradients and gravity
to higher latitudes (ABDU et al., 2003). Their scale is from 10’s of centimeters to
100’s of kilometers (ABDU et al., 2009). The spread-F is globally observed from equa-
torial region to auroral latitudes, over all the longitudinal sectors of the Earth and
their occurrence depends on several factors. The spread-F is divided in two main
types: the frequency spread-F and the range spread-F. The former is observed at
the higher-frequency end of the ordinary and extraordinary traces in the ionograms,
being associated to plasma density irregularities near the F layer peak. The later is
usually interpreted as the spread of multiple echoes coming from oblique directions
out of zenithal region. The most favorable conditions for the ESF/EPBs occur dur-
ing high solar activity periods, between September and March, presenting its lowest
occurrence rate of ~10% during June solstice according to (SOBRAL et al., 2002) and
to (KOGA et al., 2011). These irregularity structures can cause amplitude and phase
scintillation of the propagating signals, thereby compromising the availability, per-
formance, and integrity of satellite-based communication and navigation systems.
This work aims to investigate the spread-F features during solar minimum activity
in 2018. During this period, spread-F may be affected by the occurrence of moder-
ate geomagnetic storms, associated with Solar Wind High-Speed Streams, HSSWSs,
and Corotating Interation Regions, CIRs. Additionally, the ionospheric IRI model

was used to assess the spread-F probability in comparison to the observations.
1.1 Motivation

The present work aims to understand the Equatorial spread-F, the ionospheric vari-
ability during solar minimum 2018 and the possible influence of moderate geomag-
netic storms associated with Solar Wind High Speed Streams on its features and

development.
1.2 Why to study Equatorial Spread F during Solar Minimum

e During solar minimum the Solar Wind is slower and less variable than

other periods;



o The interplanetary medium is less “energized”;
o Solar minimum is the perfect time to characterize the “baseline” system,;

o A good understanding of the solar minimum can help to construct a better

understanding of the more active intervals Gibson, 2019

1.3 Objectives
The objectives of this study are:

General: To study the Equatorial Spread-F Occurrences Pattern/Rate during solar

minimum conditions.
Specific:
o Identify and classify the different patterns of spread F during solar mini-
mum activity over the equatorial region ;

o To perform a statistical study of the equatorial spread F during solar min-
imum;
o To examine the start time and end time of the different types of Equatorial

Spread F events;

o To examinate the possible influence of moderate geomagnetic storms on
the spread-F;

o To examine spread-F probability using IRI model in comparison to the

observations.






2 THE IONOSPHERE

The upper atmosphere comprises of the mesosphere, thermosphere, exosphere, and
the ionosphere as part of the portion to be distinguished due to its ionized nature.
It plays an essential role in atmospheric electricity and performs the inner edge of
the magnetosphere. It’s essential because of its influence on radio waves as a pas-
sage medium to a distinct part of the globe. Marconi Trans-Atlantic radio wave
propagation experiment conducted in 1901 inferred the atmosphere. In 1902, Ken-
nelly and Heaviside further hypothesized the existence of an ionized layer around
the Earth that could guide the electromagnetic waves to greater distances and was
named the Heaviside layer (named after the physicist Oliver Heaviside) but later re-
placed by Robert Watson-Watt during 1926 as the ionosphere. This really provided
much knowledge about the ionosphere until the age of rockets and satellites began
in the 1940 and 1950’s. Though tremendous amount of research works have been
devoted to studies of the ionosphere, nevertheless, for more than a century after
its discovery, the Earth’s ionosphere still remains a poorly explored region. Still,
scientific community is unable to predict the ionospheric behavior precisely, either

during geomagnetic storms, or during geomagnetically quiet time conditions.
2.1 The structure and composition of the Earth “s ionosphere

The understanding of the structure and dynamics of the ionospheric plasma at a
specific period is indispensable for various scientific applications and services, such
as telecommunication via radio signals, point positioning based on global navigation
satellite systems (GNSS). The ionosphere is composed of two main layers: the lower
layer, normally designated as layer E and is sometimes also known as Heaviside
or Kennelly-Heaviside layer located between 80 and 130 km beyond the Earth’s
surface reflecting low-frequency radio waves; and the upper layer, also known as
F or Appleton layer, which reflects higher frequency radio waves which in turn
is divided into F1 layer, which begins about 180 km above the ground; and the
F2 layer, which emerges about 300 km from the surface composing of electrons
and positively charged ion, which makes it have a tenuous gas and a plasma. The
diversity of physical, chemical and dynamical processes in the ionosphere leads to
the formation of distinct heights and layers indicated by D, E, F1, and F2 due
to the redistribution during ionization shown in Figure 2.1. The three prevailing
components in the ionosphere are Ny, O and O that are ionized by solar radiation
to produce Ny, OF, N*, Ot and NO* (KELLEY, 2009).

The D region is the lower part of the ionosphere, situated between 60-90 km, is pro-



Figure 2.1 - Vertical structure of the Earth‘s ionosphere and respective ionization sources
in each altitude region as well as distribution of major ions.
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duced by the most penetrating ionizing radiations which are generally very sensitive
to solar activity. Solar L-alpha (121.6nm) radiation seems to be the most important
for ionizing NO, solar X-rays (<0.8nm) for ionizing N, Os and Ar, solar ultraviolet
(UV) radiation (A < 111.8 nm) for ionizing unstable Oy, and galactic cosmic rays
for ionizing all the constituents in D-layer (KELLEY, 2009). The maximum daytime
density ranges from 10? to 10* ecm 2. The most important chemical reactions include

the O, 03, 02, NOQ, COQ and HQO

The region E (Kennelly -Heaviside Layer) extends between regions D and F, ap-
proximately between 80 and 130 km of height, formed by the X-ray ionization with
a wavelength in the range 10A < A\ < 100A and by L, B (= 1025A) radiation.
The predominant ions are OF and NOT.The peak density is of the order of 10°
cm~3. The ionization is due to soft X-rays (1-10nm) and far-ultraviolet (UV)solar
radiation ionization of molecular oxygen O,. The competing effects of ionization and
recombination primarily define the vertical structure of the E layer. Metallic ions
such as Fe®, Mg", Na*, K*, Ni" and Si* have also been discovered to form a
thin layer called sporadic E within the E-region produce by neutral atoms precip-
itation by meteors that become ionized by photoionization or exchange of charges
with ions existing in the ionosphere. The metallic ions have a more lasting existence

than the molecular ions of the E-region, hence persisting during the night once is



formed (KELLEY, 2009)

The F region ( Appleton—Barnett layer) extends from about 150 km to more than 500
km above the surface of Earth for which UV radiation is the predominant ionization
source. The F1 layer is a transition region between molecular ions OF and NO™
below and atomic ions OT above. It lies between 140 and 600 km. the F1 layer is
more pronounced in summer than in winter, always disappears during the night.
The main source of ionization is extreme ultraviolet (EUV) solar radiation in the
wavelengths A &~ 58.4 and 30.4 nm (KELLEY, 2009). The F2 layer is very complex
and depends on magnetic latitude having an average peak electron density around
300 km with a maximum density of the order of 160 cm ™~ and exhibits dependence
on solar zenith angle and sunspot number. The region below and above the F2 peak
is called the bottom-side and topside ionosphere respectively where diffusion is the
dominant process, and the vertical distribution of electrons cannot be described

solely in terms of the balance between production and loss.

In this region, the ratio of the collision to gyrofrequency for both ions and electrons
are very low, thus making their velocities perpendicular to B nearly equal, hence
uniquely defining plasma flow related to the electric field. The thermospheric wind
system generated by the pressure inequalities in the solar EUV heating is the main

driving force for the F-region dynamo.

The conductivity of the E region after sunset generates the F region dynamo (RISH-
BETH, 1971), hence forming a defined lower boundary of the F region as shown in
the configuration Figure 2.2 for which the plasma is said to have a constant finite
Pedersen conductivity inside the slab and zero outside, and a constant zonal wind
(u) within the slab. The polarization electric fields in a vertical direction develop at
the equatorial F-region giving rise to a zonal drift (Vp = E x B/B?) of the plasma,
which is in the equal direction and magnitude to the neutral wind at nighttime
(KELLEY, 2009).



Figure 2.2 - Electrodynamics of the equatorial F-region.
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Also the Vp, the charge separation occurs in such a way that the overall current
(J,) is zero. Thus ;

J,=0,E, +o0,uB=0 (2.1)

This means that £, = —u x E = —uB. Thus, the perfect F-region dynamo can be

generalized as,

E4+UxB=0 (2.2)

This indicate that electromagnetic force on the plasma disappears and the thermo-

spheric wind blows loosely without ion drag during the nighttime.

Furthermore, the conductivity of the integrated E-region changes to that of the
integrated F-region of the magnetic field line during the daytime processes making
it impossible to build up the F-region field, and the daytime ion drag remains high
Heelis et al. (1974).The magnitude of the zonal electric field is essentially determined
by the winds in the E-region and the ionospheric conductivity during the day. Figure
2.3. illustrates the wind-driven current in the F-region and the E-region closure

current that will result from any divergence in the F-region current.
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This model can be used to explain the general diurnal variation in the vertical electric
field that maps E- to F-region.In the low-latitude F-region meridional winds have
a prevailing element parallel to the magnetic field and thus do not drive a current
since Hall conductivity is negligible, the Zonal which are predominantly perpendic-
ular to the magnetic field, thus drive a current perpendicular to the wind and the
magnetic field and vertical near the equator. The dashed lines illustrate field-aligned
currents that complete the current loop. The F-region dynamo drives a current that
is predominantly in the magnetic meridian due to the Pedersen conductivity. The

electric polarization field in the magnetic meridian is given as :

YH(E+UpXB) =XLE (2.4)

When the horizontal current is divergent at the edges of the regions by assumption.
Thus ,

Py
- __“F _(U.XB 2.5
2§+z§( rXB) (25)

Hence describing the physical situation of the process .

In the daytime when the E-region Pedersen conductivity is so much larger than the
F-region Pedersen conductivity the polarization field from this source is negligible
but during the night time when the E-region Pedersen conductivity is essentially

zero, the polarization field is directly proportional to the F-region dynamo wind.

The polarization, field is created by a divergence in the F-region current that results
from altitude gradients in the Dux-tube integrated Pedersen conductivity. Fig.3
shows the local time distribution of the F-region zonal wind, which we assume is
constant with altitude and latitude, and schematic distributions of the Dux-tube
integrated Pedersen conductivity as function of Dux tube apex height for typical
daytime and nighttime conditions. Signs on the nighttime profile indicate where

polarization charges will accumulate to create the electric field.

This electric field will produce a dominant E' x B zonal drift of the charged particles
in the F-region. Furthermore, the polarization field will be the largest during the
nighttime, when the E-region conductivity is smallest. Thus eastward nighttime
drifts in the F-region will be larger than expectations based on consideration of the
E-region dynamo winds only (RISHBETH, 1971).



Inclusion of the F-region dynamo therefore resolves one of the problems eluded to
earlier, but does so by considering only the polarization ,eld in the magnetic merid-
ian.The existence of the F3 layer(G-layer) between 500 km and 700 km altitude,
depending on the phenomenon such as Equatorial Anomaly and the meridional

wind.

Figure 2.3 - Current loop driven by zonal neutral winds in the F-region.
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Figure 2.4 - Representative profiles of the total ion concentration during daytime and
nighttime showing the peak and ledge of the F- and E-regions, respectively.
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2.2 The electrical conductivity of the ionosphere

In 1882, Balfour Stewart was the first to infer that the upper atmosphere is with
significant electrical conductivity base on the solar daily geomagnetic variation. He
considered that the cause of the electrical current to be in the upper atmosphere, not
in the lower atmosphere or within the earth because these regions show no significant
variation associated with the sunspot cycle. He further suggested the currents are
produced by dynamo action, that is, by the movement of conducting air across the
lines of force of the geomagnetic field, which makes the ionospheric conductivity an

anisotropic.

The number of the charged particles, the electrical charge (e), mass(m), the mean
collision frequency(v), and the gyrofrequency €2; in the presence of the magnetic
field determine the conductivity of ionized gas. According to (RISHBETH, 1971), the

electric currents of the ionosphere arise from interaction between the winds and
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the magnetic field and through the electric fields that conduct ions and electrons
in different directions. During the day, most part of the ionospheric current flows
in region E, however, at night, with the fall ionization of that region, the dynamo
of region F conducts most of the chain.In the ionosphere where both electric and
magnetic fields are present, the conductivity is determined by the basic equations
of motion for electrons and ions under the action of these fields (COWLING, 1945;
BAKER, 1953; CHAPMAN, 1956). The three components of conductivity are; Parallel
or longitudinal denoted as oy, this represents the electrical conductivity of theiono-
sphere in the magnetic field direction and the same as when there is no magnetic
field, Pedersen conductivities denoted as op, which is the electrical conductivity of
the ionosphere in the direction perpendicular to the magnetic field and the Hall
conductivity denoted as opy this represent the electrical conductivity of the iono-
sphere in the direction perpendicular to both magnetic field and electric field. In
the ionosphere, this conductivity is due to the drift motion of the electron (E x B
drift) and maximum in the E region where the only electron practically drifts to
the direction of E' X B. The height distributions of the Parallel, Pedersen, and Hall
conductivities are subjected to the height distribution of the ion number density
as shown in Figure 2.5. At night the conductivity in the E region is very slow as
compared to the F region conductivity, in addition to this the Pedersen conductivity

bears two peaks defining the daytime E and F region

The Hall conductivity is comparable to the Pedersen conductivity in the lower E-
region but falls quickly with increasing height to become negligible compared to
the Pedersen conductivity at about 200 km height. The parallel conductivity is
much greater than the Pedersen and Hall conductivities at all heights we recognize

enabling us to treat the magnetic field lines as nearly electric equipotentials.
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Figure 2.5 - Altitude profiles of the direct conductivity SigO and the Hall and Pedersen

conductivities SigH and SigP. Heavy curves denote daytime values; Lighter
curves denote nighttime values.
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Furthermore, their theoretical expressions are obtained from multifluid theory in
which different charges and neutral species are treated as separate fluids that interact

through collisions and are given as separate fluids that interact through collisions
and are given as;

2
ne
5[] = (26)
mev,
o ne2‘/in(‘/e‘/in + wcewci> (2 7)
T ome(wd Vi, + V2V + wiw?) '
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me(w2,Viz + V2V2 4+ w2 w?)

ce’in ceci

o =

(2.8)

where V;,, and V,,, represent the effective collisional frequencies of the neutral par-
ticles with the electrons and the ions , e is the electron charge and defines as V,=
Veit VenV 5 wee= eB,/m. and we= Z.B,/m; are the gyro-frequencies of electrons
and the ions respectively, with m. and m; denoting the electron and ion masses and

z representing the ion charge state.
2.3 Ionospheric irregularities

Ionospheric phenomena known as spread-F are caused by instabilities within the
ionosphere that allow plasma density irregularities to form.The irregularities exist
at altitudes from 150 to 1000 km or even higher, with scale sizes ranging from tens
of centimeters to hundreds of kilometers (ABDU et al., 1998). The equatorial and low
latitude spread-F can occur from post-sunset until pre-dawn hours, usually happen-
ing at the beginning of the night. At these latitudes, the magnetic field B is nearly
parallel to the Earth’s and during daytime, the E-region dynamo electric field E is
eastward. The resulting ExB drift transports the F region plasma upward at the
magnetic equator. The uplifted plasma then moves along B lines in response to
gravity and pressure gradient forces. As a result, the equatorial anomaly is formed
with minimum F region ionization density at the magnetic equator and maxima at
the two crests, approximately 15° — 20° in magnetic latitude to the north and south.
These electrodynamics mechanism is known as the equatorial “fountain effect”. Near
sunset, plasma densities and dynamo electric fields in the E region decrease and the
equatorial anomaly begins to weaken. However, at this local time, a dynamo develops
in the F region. Polarization charges within conductivity gradients at the terminator
enhance the eastward electric field after sunset. The post-sunset electric field moves
the ionospheric plasma upward, allowing the equatorial anomaly crests to intensify.
In these hours, a rapid uplifting of the F region and the steepening of the bottom
side gradient lead to the Rayleigh-Taylor (R-T) instability (ABDU et al., 1981). The
ionospheric irregularities are regions where the ionosphere electron density differs so
significantly from the density of adjacent regions. This leads to a phenomenon called
ionospheric scintillation, which is the rapid modification of radio waves caused by
small-scale irregularities in the ionosphere. This term comes from the resemblance
of ionospheric scintillation to the visible twinkling of stars in the night sky. That is,
instead of a uniform layer of ionization, certain regions of the ionosphere are subject

to patches of lower or higher density ionization. The phenomena arise from complex
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physical processes, causing unwanted effects in transionospheric signals. Irregular-
ities can be classified as positive or negative, according to the density difference.
Abdu et al. (1981) report the occurrence of positive abnormalities, called "Plasma
Blobs". However, the best known category includes the "Plasma Bubbles", which are
regions where the electronic density decreases significantly due to depletion in the
ionospheric plasma. The formation of bubbles occurs suddenly, from disturbances
in the neutral atmosphere that propagate to the ionosphere. The plasma bubble
phenomenon can last from minutes to several hours, and occurs mainly in the equa-
torial latitudes, where the ionosphere can present density differences of more than
two orders of magnitude. Further, the irregularities can be exacerbated during ge-
omagnetic storms Kelley (1989). During a storm development phase, electric fields
promptly penetrate from auroral to equatorial latitudes with eastward polarity in
the sunset sector, causing enhanced instability growth and hence leading to the de-
velopment of the equatorial spread F (ESF), a feature that appears as a spread-F
on the F-layer on ionograms. These irregularities preferentially form in two differ-
ent regions over the Earth - the polar, or more correctly the auroral regions (both
north and south), and the equatorial regions. In the Polar Regions, ionospheric ir-
regularities are caused by particles precipitating down into the ionosphere from the
magnetosphere (the same particles that produce the visible aurora). Flows of these
particles cause bubbles and troughs, which are not stable, and at whose edges the
scintillations are the strongest. Auroral scintillations may occur at any time of day,
but tend to be stronger at night and when geomagnetic activity is high (i.e during
geomagnetic storms). In the equatorial regions, after sunset, bubbles of ionization
form at the bottom of the ionosphere and rise upward during the night forming ver-
tical plumes (which can also be moving horizontally). Signals that propagate near
the edges of these plumes are subject to the most intense scintillations. Equatorial
scintillations are thus a nighttime phenomenon, with most of the plumes disappear-
ing by midnight, although some do persist into the early morning hours. Equatorial
scintillations increase in strength as the Sun’s extreme ultra-violet (EUV) and X-ray
output increases (which produces a thicker and more strongly ionized ionosphere).
Thus, their intensity follows the approximately 11 year solar cycle. They also dis-
play a 27-day periodicity due to the solar rotation since the EUV producing plage

is distributed unevenly across the solar surface.
2.4 Magnetosphere and ionosphere current system

The magnetosphere and ionospheric electrical currents low more frequent due to the

interaction of the terrestrial magnetic field with the solar wind. These currents define
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the structure of the geomagnetic environment, which responds to a variety of exter-
nal stimuli on a wide range of timescales. In addition, the size of the magnetosphere
and the strength of the magnetopause currents that separate the interplanetary and
terrestrial magnetic fields is affected by rapid changes in solar wind pressure. How-
ever, the variations in the strength and orientation of the interplanetary magnetic
field (IMF) on timescales of minutes and hours control the level of interconnec-
tion between the interplanetary medium and the terrestrial field, modifying the
structure of and circulation within the magnetosphere. The magnetic perturbations
associated with currents flowing on the magnetopause, along magnetic field lines, in
the ionosphere, and within the inner magnetosphere provide information regarding
the dynamics of the magnetosphere. They also result in an extremely noisy mag-
netic environment that affect study of the internally produced magnetic field of the
Earth. Several recent papers have reviewed the external electric current systems of
the Earth and planets. (COWLEY, 2000) outlined the basic physical processes that
give rise to current systems within the terrestrial solar wind—magnetosphere coupled
system. (LOCKWOOD, 2013) provided an overview of the current systems and the
geomagnetic indices which are used to monitor their intensity and variability, with
the aim of determining changes in interplanetary conditions over the last dozen or

so solar cycles (150 years or more).

A geomagnetic storm is a major disturbance of Earth’s magnetosphere that occurs
when there is a very efficient exchange of energy from the solar wind into the space
environment surrounding Earth. These storms result from variations in the solar
wind that produces major changes in the currents, plasmas, and fields in Earth’s
magnetosphere. During a geomagnetic storm the F2 layer will become unstable,
fragment, and may even disappear completely. The primary causes of geomagnetic
storms on Earth are strong dawn-to-dusk electric fields associated with the passage
of southward-directed interplanetary magnetic fields, BZ, that pass the Earth for
sufficiently long intervals of time. The solar wind energy transfer mechanism is mag-
netic reconnection between the IMF and the Earth’s magnetic field. The electric field
is composed of two factors: the solar wind velocity V and the southward IMF. It has
been empirically shown by Gonzalez e Tsurutani (1987) that intense storms with
peak Dst < —100 nT are primarily caused by large BZ > 10 nT fields with duration
greater than 3 hours. Although such high fields are considerably greater than typical
field magnitudes in the quiet solar wind (5 nT)(KING, 1986) and are therefore often
associated with greater than average solar wind velocities (high-speed streams), it
has been demonstrated that has a extraordinarily high BZ. The intense interplane-

tary magnetic fields can be thought of as being associated with essentially two parts
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of a high-speed stream, the intrinsic fields, and plasma associated with the coronal
ejecta (called driver gas fields), and the shocked and compressed fields and plasma
due to the collision of the high-speed stream with the slower solar wind preceding it.
In the latter case, the compression is related to the strength of the shock and thus to
the speed of the high-speed stream relative to the upstream (slow) solar wind. The
higher the relative velocity, the stronger the shock and the field being compressed
(GONZALEZ et al., 1994).

The ionospheric variability is to a large extent driven by the solar and geomagnetic
activity and is influenced by plasma transport, electric fields and currents, neutral
winds and atmospheric waves (ABDU et al.,, 2009). The largest changes in regular
ionospheric variability are usually caused by geomagnetic storms , which are trig-
gered by the arrival of solar perturbations, such as coronal mass ejections (CMEs)
and affect the entire magnetosphere. During storms, the currents in the ionosphere,
as well as the energetic particles that precipitate into the ionosphere add energy in
the form of heat that can increase the density and distribution of density in the up-
per atmosphere, causing extra drag on satellites in low-earth orbit. The local heating
also creates strong horizontal variations in the ionospheric density that can modify
the path of radio signals and create errors in the positioning information provided
by GPS. While the storms create beautiful aurora, they also can disrupt navigation
systems such as the Global Navigation Satellite System (GNSS) and create harmful

geomagnetic induced currents (GICs) in the power grid and pipelines.
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3 EQUATORIAL IONOSPHERE DYNAMICS

The purpose of the chapter is to present the Equatorial spread-F review and its
electrodynamical process; The primary mechanism responsible for the generation of
these irregularities including the seeding of MSTIDs and the gravity waves in the

presence of the ionospheric plasma.
3.1 The Evening Enhancement

The motion of the equatorial ionosphere causes the plasma to move westward and
upward during the day due to ExB drift and drift eastward and downward due to
the reversal wind direction at nighttime. The dynamo effect of the E region neutral
generates the electric field, which is minimal in the F region during the day. During
the daytime, the zonal drift is negative and rises at night but at dusk, the verti-
cal drift is positive preceding drift reversal at night and hence the name evening
enhancement, or Prereversal Enhancement, of the equatorial ionospheric electrical
field. Prereversal Enhancement is an Enhancement in the eastward electric field in
the E-region of the ionosphere that is caused by a high conductivity gradient across
the day-night terminator during the post-sunset hours Abdu et al. (1981). The dy-
namo effect by the F region, the neutral wind, and the electrical conductivity of
the E region at sunset are key characteristics inhibiting the process of prereversal
enhancement, of the equatorial ionosphere which is being illustrated in Figure 3.1.
The eastward motion driven by thermospheric neutral winds at ionospheric altitudes
causes only ions to drift upward due to perturbation hence generating charge sepa-
ration in effect producing electric field, which is projected onto the E region through
magnetic field lines with high electric conductivity shown in Figure 3.1. and thus
considered as equipotential line (KELLEY, 1989). The E x B drift induced by this
electrical field has the same direction as thermospheric winds. Also, the F-region is
short-circuited by the E-region with high Pedersen conductivity before sunset and
at night, the conductivity is reduced by the decrease in E-region electron density,
creating a downward electrical field in the F region. At the boundary of daytime and
nighttime conditions, the eastward electrical field is intensified immediately before
the reversal of the electrical field drift.
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Figure 3.1 - Evening enhancement of the equatorial ionospheric electrical field by the F-
region dynamo.

Night

SOURCE: Farley et al. (1986).

3.2 The Rayleigh—Taylor instability

The collisional RT Instability is the primary destabilizing mechanism operating at
the base of the F region followed by secondary instabilities. ESF is characterized
by the presence of a wide spectrum of field-aligned irregularities. These instability
mechanism can be explained by considering a sinusoidal perturbation in the ion and
electron densities over the steady state value the F-region along the zonal direction.

This plasma-depleted region is called a bubble.
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Figure 3.2 - Initial F region plasma instability. Its evolution can lead to the Equatorial
Spread F (ESF).
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The below equation expresses the growth rate () of the instability:

v =S = W) = W] (3.1)

where L is the plasma scale length, B is the geomagnetic field, g is the gravitational
acceleration, v;, the ion-neutral collision frequency, E is the zonal electric field in
the F-region, (; is the ion gyro-frequency, W,, W, are the zonal and vertical winds
respectively. It is now fairly well established that in the presence of an initial per-
turbation, the vertical electron density gradient through its plasma scale length L,
and the base height of the F-region (essentially through the ion neutral collision fre-
quency v;, are extremely important for the instability to get triggered. The growth
rate of the primary Rayleigh-Taylor instability is inversely proportional to both L
and vy, (SEKAR; RAGHAVARAO, 1987). In addition to these two, the neutral wind
components (both vertical and zonal) also have a control on the growth rate, in the
presence of an opposing gradient thus enhancing the growth rate (KELLEY, 1989).
On the other hand, a poleward meridional wind, (diverging with respect to the dip
equator) would stabilize the ionosphere by pushing additional ionization down to

the E-region along the geomagnetic field lines. The third component, namely the
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vertical wind would have a direct effect on the growth rate, similar to that of grav-
ity, by physically separating the ions and electrons and by generating a polarization
field (RAGHAVARAO et al., 1987). All these factors, more or less independent of each

other, display significant variability on the occurrence.

Rayleigh-Taylor instability successfully explains many features of spread-F, This
instability mechanism causes the onset and growth of plasma density irregularities

in the ionosphere. The generation is discussed below.

Figure 3.3 - The eastward electric current generated by the difference in gravitational
forces acting upon electrons and ions.
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Assuming that the ionosphere is perturbed by producing a small density fluctuation
at the bottom side, causing a swing of isodensity surface in the region and hence
becomes separated (electric current, electron, and ion) due to the transport system
resulting in local positive or negative charge build up. These localized polarization
electric fields have eastward and westward orientations regions, upward and down-
ward so as for E x B drift in low-density and high-density respectively. As a result,
density fluctuation is amplified, hence terming the condition as plasma instability.
The equation 3.2 expresses the growth rate (y) of the instability in a linear regime

even though the derivation will be omitted [for more details see Sekar e Raghavarao
(1987)].
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T Vin Nio
where g is gravitational acceleration, V}, the ion-neutral collision frequency, and
n;, is the background electron density. The equation defined that the gravitational
force and the electron density gradient are anti-parallel and that its magnitude is
proportional to the density gradient. The density gradient on the very bottom of the
F region rapidly steepens due to recombination at the bottom-side region after the
ionization reaction ceases at sunset. The ionosphere becomes more unstable when the
layer is high as the ion-neutral collision frequency decreases with altitude since the
gravitational effects containing the ion-neutral collision frequency are determined by
the vertical profile of the neutral atmosphere. The plasma bubble is thus essentially
a nighttime phenomenon. During nighttime the electric field is on average westward
(ABDU et al., 1985), contributing to a negative or low growth rate. i.e. a stable F
layer bottom side. The density gradient reverses the F region peak. Furthermore,
instabilities also develop similarly for electric currents generated by other causes. The
Pedersen current due to the eastward electrical field generated by the dynamo effect
and the effect of the collision between the neutral particles and ions in the downward
neutral winds can both be treated similarly mathematically. The instability growth

rate including the Pedersen current is given by the following equation:

E g

i 1 5711‘0
B Vin

Nio 52

) (3.3)

v ==
where E, B are eastward electric field and magnetic field respectively. The additional
term for the Pedersen current results in a positive growth rate when the electrical
field is eastward. At the same time, the £ x B drift by this electrical field pushes
the region upward. i.e, the eastward electrical field contributes to the acceleration of
instability growth, not only through the Pedersen current term but also by amplify-
ing the gravitational term by upwelling in the region. This effect is most pronounced

immediately after sunset when the eastward electric field is strengthened (evening

g
Vin

increases due to the following conditions:

enhancement). However, the term is larger during nighttime than daytime and

(i) Vi is proportional to the neutral density, n,, where n is smaller during the night
than the day; (ii) Vj, is smaller at higher altitudes owing to the decrease in n,
with the altitude; and (iii) V},, is minimal during low solar activity. Recent studies

using an ionosonde near the magnetic equator indicated that both post-midnight
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field-align irregularities (FAIs) and uplift of the F layer frequently occur around
midnight between May and August and again reveals that post-sunset enhancements

are caused by pre-reversal enhancement of the zonal electric fields Abdu et al. (2003)

Also, the study estimated the linear growth rate of the Rayleigh—Taylor instability
and proves that the uplift of the F layer could be enhanced the growth rate due to

. . E g
the increase in 5+ T

During the night, the £ x B drift velocity is downward, but the seasonal average of

E x B drift velocity (E/B) is approximately 10 m/s for solar minimum conditions.

The % in remunerating for the negative value of E x B drift velocity, and thus
the growth rate or the Rayleigh-Taylor instability becomes positive. This effect
is most pronounced immediately after sunset, when the eastward electric field is

strengthened (evening enhancement).

3.3 Seeding of medium-scale traveling ionospheric disturbances
(MSTIDs)

The impact of atmospheric waves on ionospheric plasma and variability has been
realized for a decade and more recent studies have indicated that the MSTIDs con-
tribute to the generation of spread-F in equatorial and low-latitude regions of the
earth ionosphere. These waves (such as gravity waves, planetary waves, tidal waves,
and acoustic waves) are capable of transferring energy and momentum from one
point to another as well as modifying the local thermodynamic state of the atmo-
sphere (FRITTS et al., 2008).

Gravity waves are irregular motions in the thermosphere and ionosphere as proposed
by (HINES, 1960). The irregular motions are termed Traveling Ionospheric Distur-
bances (TIDs), observed as the fluctuations in electron density in the ionosphere.
Geomagnetic storms can also affect the motion of the neutral atmosphere traced
by the modulation of the background ionization through the traveling ionospheric
disturbances (TIDs). Traveling ionospheric disturbances are essentially the mani-
festation of atmospheric gravity waves (GWs) in the ionosphere. According to their
different wavelengths (scales), there is a classification of three different types of TIDs
LEITINGER (2005): 1. Large-scale TIDs (LSTIDs) with their origin in the auroral
zone, with horizontal wavelengths greater than 1000 km, periods ranging from 30
min to 3 h and horizontal phase velocities of 300-1000 m/s. 2. Medium-scale TIDs
(MSTIDs) with origins mostly in the lower atmosphere and also in the auroral zone.

Horizontal wavelengths from 100 to 300 km, periods from about 12 min to 1 h and
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horizontal phase velocities from 100 to 300 m/s. 3. Small-scale TIDs (SSTIDs) with
origins only in the lower atmosphere. The corresponding wavelengths, velocities,
and periods are smaller than those of MSTIDs because they belong to the acoustic

branch.

Fukushima et al. (2012); indicated that nighttime MSTIDs could be classified into
two groups. The first group has their origin in GWs which are possibly generated
from deep convection. Abdu et al. (2009); presented a study which compared the
observational results with the theoretical model calculation results and provided
the evidence that the GWs could seed ESF, which agreed well with the results
shown by (KRALL et al., 2013). It is known that TIDs are a manifestation of GWs
in ionosphere (HINES, 1960) and MSTIDs/GWs could be supposed to be seeding
of spread-F.(LAN et al., 2019); showed that wave-like structure in the ionosphere,
induced by MSTIDs/GWs, also could produce spread-F on ionograms. The sec-
ond group of nighttime MSTID is related to plasma density irregularities developed
at mid-latitudes. Candido et al. (2011); proposed that low-latitude spread-F, SF
could be caused by nighttime MSTIDs. (PIMENTA et al., 2008) presented that night-
time MSTIDs generated in the mid-latitude region could propagate toward the low-

latitude region and generate nighttime SF from all-sky imaging system observation.

MSTIDs propagation direction depends on the time of the day, season as well as
the latitudes and the hemisphere of the source region. The daytime MSTIDs occur
in winter and tend to propagate southeastward and northeastward in the northern
and southern hemispheres respectively ( (TSUGAWA et al., 2007); (OTSUKA et al.,
2013). The nighttime MSTIDs occur during the summer months and propagate
southwestward in the northern hemisphere (OTSUKA et al., 2013) in the southern
hemisphere and (PIMENTA et al., 2008). The dawn and dusk MSTIDs occur frequently
in summer and propagate eastward and north-northwestward respectively Otsuka
et al. (2011). Besides, the concept of gravity waves is important to the dynamic

processes that occurs in the atmosphere/ionosphere leading to MSTIDs.
3.4 Seeding of atmospheric gravity waves

An atmospheric gravity wave is an oscillation of neutral air that causes ion-neutral
collisions and eventually generates a polarization electric field in the F region. The
atmospheric gravity wave propagates at the thermospheric and F-region heights. In
addition to these, those originating from tropospheric convective sources dissipate
energy and momentum at E and F region height. These gravity waves could affect

structure and the dynamics of the F-region.
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Gravity waves can seed the instability by providing perturbations in the bottom
side electron density in which the polarization electric field grows in a way to en-
hance additional growth of density depletion due to the intensification caused by
the polarization electric field and hence yielding the instability growth process by
aligning along the dip equator. (TSUNODA, 2010) has compared tropospheric convec-
tion activity with the occurrence of equatorial spread F (ESF), and showed that the
occurrence rate of the ESF is highest when the active convection region is located
near to the magnetic dip equator. The result obtained indicated that atmospheric
gravity waves launched from the active convection region in the troposphere could

propagate into the thermosphere and contribute to plasma bubble seeding.

The bottom side density gradient region becomes unstable to general Rayleigh-
Taylor instability thereby increasing the instability growth rate due to the rises
caused by these gravity waves. (HUANG; KELLEY, 1996); showed that the polarization
electric fields induced by the neutral wind oscillations due to gravity waves can
initiate the Rayleigh— Taylor instability and that the special resonance of the gravity

waves and the plasma motion can speed up plasma bubble formation.

Furthermore, the gravity waves cause a huge increase or decrease of PRE amplitude

depending upon the gravity wave phase when the zonal winds are perturbed which

might favor or decrease the instability growth rate through (Egj( /l,) where [,) is
electron density gradient scale length and affect the gravitational RTT growth rate
factor (%/l,). In conclusion, other research work also suggested that gravity waves

might be related to the development of large-scale wave structures.
3.5 Literature review of Equatorial spread-F

Equatorial spread-F is a spectacular phenomenon in which the equatorial region
ionosphere is reshaped after sunset. Spread F or Equatorial Plasma Bubbles ( EPBs)
can be associated with ionospheric scintillations which can influence the performance
and reliability of space-borne and ground-based electronic systems that may cause
the disruption of satellite operations, communications, navigation, and electrical
power distribution grids, leading to potentially broad economic losses. The others

effects are due to Space Weather events.
3.5.1 The physical picture of ESF

After the sunset, the E-region begins to recombine, and there is effectively no E-

region conductivity to short out any irregularities in the F-region. Due to the chem-
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ical processes and electrodynamic effects, a steep upward-directed electron density
gradient develops at the bottom side of the F-region. Plasma density fluctuations
will grow on the bottom side via a collisional RT instability mechanism (KELLEY,
2009). The collisional RT instability generated irregularities and bubbles developed
in the bottom side F region rise beyond the F region peak by polarization ExB mo-
tion through the F-peak and cause topside spread-F. The ESF irregularities occur

over a wide range of scale sizes from a few tens of kilometers to a few Centimeter.

The Equatorial spread-F (ESF) is studied by using several instruments, including
ground-based radar, sounding rockets, conventional ionosondes, topside ionosondes,
in situ probes, airglow measurements, and propagation of satellite beacons (phase
and amplitude scintillation). Spread F has been widely studied since it was first de-
fined on the ionogram in the early 1930s. Several observations since then revealed the
main morphological features of spread-F occurrence, including its dependences on
solar and magnetic activities, season, longitude, latitude, local time, and the back-
ground ionosphere. Early investigations of the ionosphere observed diffuse echoes in
data from measurements using ionosondes, which are high-frequency radars used for

ionospheric sounding (ABDU et al., 1981).

Spread-F signatures recorded by the ionosonde were classified into four types: fre-
quency spread-F (FSF), mixed spread-F (MSF), and range spread-F (RSF) accord-
ing to the description given by Abdu et al. (1985) in their URSI Handbook of
Tonogram Interpretation and Reduction, and strong range spread-F (SSF) defined
according to Piggott e Rawer (1972). The term spread echo is applied to the con-
dition observed at middle and low latitudes, and quite often in polar regions. when
the ionospheric echo becomes quite diffuse, loses its sharply defined structure, and
extends to frequencies sometimes far above those indicative of the actual ion density

of the layer. When it occurs in F region echoes, this condition is called spread-F.

The gravitational Rayleigh—Taylor instability (R-T) theory was the primary mech-
anism to explain the formation of irregularities in the equatorial region. Spread-F
occurrences at mid latitudes are affected by many factors (Kelley (1989), Abdu et al.
(1998)). Other factors are MSTIDs and gravity waves. Gravity waves were consid-
ered to be a seeding mechanism that creates density perturbations in the ionosphere,
leading to spread-F at mid-latitude regions. Since most of the gravity waves in the
ionosphere originate from the lower atmosphere, there should be some regional fea-
tures of spread-F occurrences due to the different local meteorological or ground

conditions.

27



Furthermore, Bertoni et al. (2011), present a study on the ionospheric Equatorial
spread-F (ESF) occurrence and morphologic features, based on measurements made
during the period of October 2005 and January 2006 and May— July 2006 by digital
ionosondes operating at two near magnetic equator locations and stated that Pre-
midnight RSF is the most common type observed at Palmas and Manaus. The term
“spread F7” is widely known to be irregularities observed in equatorial and low-
latitude regions. Nowadays digital ionosondes are extensively used for ground-based
sounding of the ionosphere providing information from the E region to the peak of
the F layer, over a variable range of frequencies as well as features related to the

propagation of the irregularities (ABDU et al., 1998).

The instabilities present in the equatorial ionosphere after sunset are known to
generate large-scale depletions in the ambient electron density and are commonly
referred to as Equatorial Plasma Bubbles (DASHORA; PANDEY, 2005) which rise
vertically and then drift for several hours. Spread-F or Equatorial Plasma Bubbles
(EPBs) can be associated with ionospheric scintillations which disrupt or cause
errors in navigation and positioning systems. The interference and the interruptions
to space-based application systems posed by these structures highlight the need to
predict their occurrences in space and time, which demands a detailed understanding
of the mechanisms of their generations. However, recent observations during a solar
minimum period show a high occurrence rate of irregularities post-midnight around
the June solstice. Several seeding mechanisms have been proposed for ESF onset:
GRT, MSTIDs and gravity waves, etc see, for instance (ABDU et al., 1998). The
mechanisms for generating the post-midnight irregularities as been stated by Otsuka
(2018) but the generalized Rayleigh-Taylor (GRT) instability is widely accepted as
the mechanism which generates the post-sunset equatorial spread F (ESF). The
vertical plasma drift is one of the main drivers of the GRT instability, and the
pre-reversal enhancement (PRE) of the drifts near sunset can explain most of the
climatological features in ESF including its high occurrence rate in the evening
sector. Gravity waves are generally taken as a seed for the GRT instability initiation.
On the other hand, the Post-Midnight Spread F (PMSF) events, continue to have
a controversy on its Physical mechanism, which generates them. The source of the
eastward electric field necessary to elevate the F-layer and generate the instability
was attributed to disturbance dynamo which occurred even during very moderate
auroral activity. Many of the observed PMSF are attributed to fossil ESF events
which were generated westward of the observing location, drifted eastward, and
reached the observing site after midnight. In addition, the uplift of the F layer by

the meridional neutral winds in the thermosphere which may be associated with

28



midnight temperature maximums in the thermosphere Abdu (1997). Ionospheric
irregularities can occur in equatorial plasma bubbles. Plasma bubbles are well-known
to frequently occur post-sunset when the solar terminator is nearly parallel to the
geomagnetic field lines (during equinoxes at the longitude where the declination of
the geomagnetic field is almost equal to zero and near the December solstice at
the longitude where the declination is tilted westward), especially during high solar

activity conditions via the Rayleigh-Taylor instability.

Figure 3.4 shows range-time intensity (RTI) plots of VHF radar backscatter power
for two nights during the second SpreadFEx measurement interval, 24/25 and 25/26
October 2005.
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Figure 3.4 - Spread F and plasma bubbles observed in the zenith on 24/25 (top) and 25/26
October 2005 (bottom) by the VHF radar at Sao Luis during the SpreadFEx
measurement campaign.
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Figure3.4 shows plasma bubbles apparently initiated near 250 km and extending
to over 600 km with a temporal spacing between 1 and 2 h. Significantly, these
responses at the bottomside F-layer coincide with the presence of deep convection
800 km south and northwest of Sao Luis.

Figure3.5 shows two sets of airglow depletion images, one for 0300 UT /2320 LT and
another for 0330 UT /2350 LT, together with the corresponding ionogram Spread F

manifestations over the two stations.
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Figure 3.5 - Ionogram over Boa vista and Campo Grande using all-sky images in the night-
time of 9/10/2002.
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In figure 3.5 bubble structures appear to have developed westward, probably initi-
ated by a vertical drift increase in the preceding hours (near 0100 UT) Abdu et al.
(2009).
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Figure 3.6 shows ionograms of range type at Okinawa and Yamagawa (low latitudes)

and frequency type at Kokubunji and Wakanai (mid- latitudes) in japan.

Figure 3.6 - Sample ionograms of spread-F at Mid-latitude in japan.
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Figure 3.6 shows spread-F at Okinawa and Yamagawa is range type and that at
Kokubunji and Wakanai is frequency type. The spread-F' in these stations are found
to be of the same type at all levels of solar activity except for a few cases which are
not distinguished in the analysis. The spread-F in these stations are found to be of

the same type at all levels of solar activity Balan et al. (2018).

Figure 3.7 shows the statistics of the post-midnight spread F for June months over

Jicamarca.
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Figure 3.7 - The statistics of Spread F occurrence for June months during solar cycle
23-24 over Jicamarca during 2001-2009.
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Figure 3.7 occurrence rate peaks near 0300 hrs LT (0800 hrs UT) and it increases
from near 0% in solar maximum (2001) to about 50% in solar minimum (2009) as
shown in Figure 3.7. This indicates that the solar activity trend in the occurrence
rate of the post-midnight irregularities in June solstice months is similar in the entire
South American sector Li et al. (2011).

Figure 3.8 shows a sequence of ionograms on 25-26 July 2011 from 00:40 to 03:10
LT over SL (top panel) and over the FZ low-latitude site (bottom panel); from 25
July 2011 at 22:00 LT to 26 July 2011 01:30 LT, the presence of unusual spread F
patterns is observed.
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Figure 3.8 - Sequence of ionograms obtained from Sao Luis (SL) and Fortaleza (FZ) of
Brazil, showing the unusual pattern of spread-F in June Solstice 2011.
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In figure 3.8 shows a sequence of ionograms on 25-26 July 2011 from 00:40 to 03:10
LT over SL (top panel) and over the FZ low-latitude site (bottom panel); from 25
July 2011 at 22:00 LT to 26 July 2011 01:30 LT, the presence of unusual spread-F
patterns are observed. Over SL, the first spread-F trace appears at 01:00 LT at

an oblique angle close to or above the F-layer peak at a virtual range of 600 km.
Candido (2019).

The Range type spread-F

Range spread-F ionogram traces represent irregularities located mainly at the F
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region. The range type spread-F is when the diffuseness is principally along the hor-
izontal part of the trace giving rise to ambiguity in height but the critical frequency
is identifiable. The range type of spread-F, often associated with the occurrence of
medium- and large-scale irregularities, including EPBs. It is comprised of trace pat-
terns with the echoes spread-F in range, and with the onset beginning at the lower
frequency end of the F-layer trace in ionograms. Traces are normally away from the
critical frequency, showing broadening in range and are capable of exceeding 30 km
in virtual height. The type of pattern produced depends on whether the difference
in electron density in the field-aligned structures is large or small compared with the
ambient electron density. When intense, RSF transforms into strong-range spread-F
(SSF) in which the ionogram traces are characterized by an extended range spread-F
echo that significantly extends well past the critical frequency of the F region (foF2),

covering the whole ionosonde frequency range.

Figure 3.9 - Representation of Range spread-F on ionogram in Belem 2018.

The Frequency type spread-F

Frequency spread-F ionogram traces represent irregularities located near the F re-
gion peak. The Frequency type spread-F is when the spreading is maximum at
frequencies close to the penetration frequencies causing ambiguity regarding the
identification after foF2. It is believed to be associated with smaller-scale decay-

ing irregularities following spread-F EPBs (ABDU et al., 1981). Some studies have
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pointed out that frequency-type spread F can sometimes be associated with patches

of ionization propagating eastward.

The frequency spread F (FSF), which shows a spread near the critical frequency, as if
traces were displaced in frequency but are still present at the same time. The traces
near the critical frequencies are broadened and may show additional traces similar
to a normal critical frequency trace. FSF is the most common type of spread-F at

most latitudes and the spread is normally greater than 0.3MHz.

Figure 3.10 - Representation of Frequency spread-F on ionogram in Belem 2018.

The Mixed spread-F

Mixed spread-F ionogram traces represent irregularities located throughout the F
region. On some occasions spreading is seen to be equally prominent in the height
scale in the entire range of observed ionogram and is classed as complete spreading.
Also when both frequency and range spread-F types can appear simultaneously.
The traces are broadened in both range and frequency but not show the presence of

either type distinctively.
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Figure 3.11 - Shows the representation of Mixed spread-F on ionogram in Belem 2018.

3.6 International Reference Ionosphere - IRI Model -2012

According to Bilitza (2018), International Reference lonosphere (IRI) is the inter-
national standard for Earth’s ionosphere and is recognized as such by COSPAR and
URSI and most importantly by the Organization in charge of international stan-
dards the International Standardization Organization (ISO). IRI provides monthly
averages of the electron density, electron temperature, ion temperature, and ion
composition in the ionospheric altitude range. There are a number of different ways
in which measurements are being used to drive IRI towards describing conditions
as realistically as possible: (1) solar, magnetic, and ionospheric indices that are de-
duced from solar, magnetic, and ionospheric measurements; (2) equivalent solar or
ionospheric indices obtained by adjusting the model to ionospheric measurements;
(3) direct updates locally if measurements of characteristic parameters are available;
(4) assimilation of available data into the IRI background model (for more details

see https://ccmc.gsfc.nasa.gov/modelweb/models/iri2012_vitmo.php).
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Figure 3.12 - Interface of IRI parameters varying with height, latitude, longitude, year,
month, day of month, day of year, and hour of day.
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The statistics of equatorial spread F Probability was compared with International
Reference Ionosphere model, IRI to find the percentage probability rate or otherwise
if there is a correlation. The spread-F probability model was implemented by Abdu
et al. (2003) based on ionosonde measurements from the Brazilian longitude sector.
Furthermore, a well-developed ESF event is marked by spread F in ionograms in
a wide range of latitudes extending from the magnetic equator to around + 25° in
magnetic latitude. On the other hand, a weak event can be said to be characterized
by the occurrence of ionogram spread F traces restricted to the immediate vicinity
of the magnetic equator which may be termed just as an equatorial bottom-side
spread F event. Thus an empirical model(IRI model) of the statistics of spread F
distribution versus latitude can be considered to be equivalent to the statistics of
the equatorial bottomside spread F or those of the plasma bubbles depending upon
the latitudinal separation of the station from the magnetic equator, as stated by

Abdu et al. (2003).
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3.7 High-speed solar-wind streams, Corotating Interaction region and

geospace interactions

High-speed solar-wind streams emanate from solar coronal holes; the fast wind in-
teracts with upstream slow streams producing regions of enhanced magnetic field
strength and particle density that are known as co-rotating interaction regions. Due
to the recurring nature of coronal holes near the solar minimum, this results in peri-
odic driving of the magnetosphere that can last for several days and input as much
energy as a storm driven by a coronal mass ejection. CIRs and HSSs are important
drivers of geomagnetic activity, though they are not usually associated with large
geomagnetic storms which are usually CME-driven. Storm strength is traditionally
judged from the DST index, which is a measure of the magnetospheric ring current
derived from near-equatorial ground magnetometer measurements. During large ge-
omagnetic storms, the DST has a minimum of less than —100 n'T; such storms also
have a strong solar-cycle dependence, peaking at solar maximum because they are
driven by CMEs, which occur more often on an active Sun. Weak storms (-75 < DST
< =35 nT) have a much smaller solar cycle dependence, being more common in the
declining phase of the solar cycle (e.g Gonzalez et al. (1994)). Although CIRs do not
produce strong ring currents, they do drive storm levels of other phenomena such as
enhanced convection, precipitation and relativistic electron energization. The reason
for the difference during CIR and CME storms is likely to arise from the nature of
the IMF; during CMEs there is usually a large, persistent southward turning of the
IMF (negative BZ), accompanied by high solar-wind speed. This enhances magnetic
reconnection on the dayside, which adds open magnetic flux into the Earth’s mag-
netotail and transfers energy into the system. This energy is released via explosive
reconnection events in the tail known as substorms (e.g. Akasofu (1964)), which
inject energetic particles into the inner magnetosphere and cause the precipitation

that produces dynamic auroral displays.
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4 INSTRUMENTATION AND METHODOLOGY

Comprehensive experimental and theoretical research has been done in the last 30
years to study equatorial spread-F. These studies have shown that plasma instabil-
ities play a major role in the generation of the irregularities. The purpose of this

chapter is to present the instrumentation and the methodology used in this thesis.
4.1 Digisonde and its operation

The ionosonde is an ionospheric sounding instrument, which works from a transmit-
ter /receiver system, emitting sequential pulses of electromagnetic energy at frequen-
cies ranging from 0.5 to 30 MHZ (REINISCH et al., 2005). The ionosonde manufac-
tured by Lowell Digisonde International is called Digisonde and stands for Digital

Ionospheric Goniometric lonoSONDE. Digisonde data was used in this work.

The equipment is designed to directly measure the transit time, t, that a pulse
of radio waves takes to propagate at the transmitter-ionosphere-receiver interface,
depending on the frequency, it enables the understanding of the behavior of radio
waves when propagating through the ionosphere, providing information necessary to
understand the factors that directly influence ionospheric phenomena. The radiofre-
quency signals transmitted by the Digisonde will be reflected in the ionosphere when
the pulse frequency is equal to the natural resonance frequency of the ionospheric
plasma (REINISCH, 1983), "thus the receiver, having its transit time recorded and
the distance between ionosphere and Earth’s surface is calculated." The pulses are
transmitted with peak power in the order of 10 kW for the DGS 256 Digisonde mod-
els and of the order of 300 W for the Digisonde Portable Sounder (DPS) (REINISCH;
XUEQIN, 1982). The spacing of the receiving antennas forms an equilateral triangle
60 m long at the base, with one of the antennas located in the center of the triangle

as shown in Figure 4.1.
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Figure 4.1 - Configuration of the Digisonde’s antenna array receiving.

STANDARD
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From time elapsed (t) between a transmitted pulse and its reception after being
reflected by the ionosphere, the virtual height of the ionospheric layer h! (DAVIES,

1965) can be calculated according to the expression:

1

where ¢ represents the speed of the electromagnetic wave in a vacuum. Such as
pulse speed is less than the speed of light and varies with electronic density of the
propagation medium, the actual height at which the reflection actually happened is
always less than the “virtual height (h!)”.

This occurs because there is a delay of the electromagnetic signal due to the ion-
ization below the reflection point. The basic principle of operation of the digisonde
consists of the reflection and refraction of electromagnetic waves by ionospheric
plasma. Neglecting effects of the geomagnetic field, as well as collisions between
electrons and neutral particles, the ionospheric plasma refractive index p is given by
(RATCLIFFE et al., 1972).

,u2:1—x:1—<F>2 (4.2)



Thus; reflection occurs when the plasma frequency of the ionosphere is equal to the

transmitted frequency.

Fy? = F? (4.3)

Due to the presence of the Earth’s magnetic field,(i.e interaction between the plasma
and Earth ’s magnetic field) the ionosphere behaves as a birefringent medium imply

that two reflected signals appear: the ordinary and extraordinary signal.

X(1-X)
2
=1- 4.4
F represents the frequency of the wave and is expressed as;
N.e?
Fy>=-—— =F? 4.5
N dm2e,m (4.5)

Where:

Ne is the electronic density;

m is the mass of the electron;

e is the charge of the electron;

€, is the electrical permittivity in a vacuum;
Fn is the frequency of the plasma; and

F is the frequency of the electromagnetic wave.

In neutral atmosphere, X= 0. In the presence of free electrons, X tends to increase,
and the refractive index starts to decrease gradually until the incident wave reflects
through the middle, so: p = 1 is initially considered, because below the ionosphere

Ne can be considered null.

For an extraordinary wave, the refractive index of the ionospheric plasma will be

given given by the equation 4.4 with Y expressed by:

eB
Y —
2rmF

(4.6)

The relationship between plasma frequency and wave frequency, expressed by equa-

tion 4.5 allows determining the electronic density of the ionospheric layer. Knowing
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the values of the constants and the transmitted frequency, the electronic density

profile is calculated.

The signal reflected echoes by the ionospheric layers are recorded using graphs, re-
ferred to as ionograms. Ionograms represent the virtual height of reflected echoes
of the electromagnetic pulses transmitted by the Digisondes as a function of their
frequencies Reinisch et al. (2005). Its measurements enable the vertical profile of
electronic density, the plasma drift speed, and the polarization, among other infor-

mation of the ionosphere to be studied.
4.2 Digisonde online databasing and quality control via SAO explore

The dependence on quality control and verification of the autoscaled data has
emerged base the use of ionograms. This has resulted in high focus placed on devel-
opment of techniques for automated quality control of autoscaling results Reinisch
et al. (2005), it is critical for many research and applied projects to edit the derived
ionospheric characteristics by human inspection. Therefore a good data manage-
ment system is critical and important for accuracy in the ionogram-derived char-
acteristics. There are three key elements of the digisonde data management sys-
tem are: (1) the “SAO Explorer”, a digisonde data visualization and editing tool,
(2) “DIDBase” (Digital Ionogram Database) holding raw and derived digisonde
data under an industrial-strength database management system, and (3) “ADRES”
(Automated Data Request Execution System) capable of accepting the “ground
truth” requests for particular periods of time and locations and actively manag-
ing the process of acquiring, verifying, and reporting the requested data. In this
work SAO Explorere was observed to be more reliable and efficient as compa-
reed to the others and capable of analyzing thousands of ionograms. SAO-Explorer
is a digisonde data analysis tool used for manual verification and editing of au-
toscaled digisonde ionograms, as well as a variety of visual presentations of iono-
grams and derived ionospheric characteristics.It serves best for the in-depth study
of particular periods of time or locations where background ionograms are required
to aid with data interpretation. The SAO-X workstations are granted both read
and write access to the DIDBase allowing full scale, platform-independent, concur-
rent, remote operations with the archived data over the Internet (REINISCH et al.,
2005). Some examples of typical SAO explorer outputs are shown in Figure 4.2
https://ulcar.uml.edu/Installation/SAO0-X/install.htm.
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Figure 4.2 - Interface of ionograms Data processing using SAO explorer.
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Figure 4.3 - Features of SAO explorer displayed on ionogram.

Figure 4.3 shows the various “Characteristics” of the ionospheric parameters such

as (h'F, hmF2, foF2), of which base on ionogram survey would aid to identify the
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factors affecting the electromagnetic waves. The “Profilogram” shows the vertical
electron density distribution as Function of time Reinisch et al. (1994). The colors
indicate the electron plasma frequency in MHz. The “Contour” plots displays the
true height for the selected plasma frequencies as a function of time. The colors in
ionograms code indicate wave polarization and echo arrival direction. The example

shows equatorial data for Belem, Brazil.

Tonosondes, through their sounding techniques, provide direct and accurate mea-
surements of the ionospheric plasma density and others parameters: F-layer heights,
etc. Spread F signatures on ionograms provide information on the distribution of ir-
regularities. Ionosondes directly measure electron density at the ionospheric F2 layer
peak (NmF2) and they are usually used as diagnostic tools for calibrating other more
complicated observation methods such as incoherent scatter radar, satellite beacon
tomography and radio occultation Bertoni et al. (2011). The virtual height can be
converted into time, assuming that the speed of the wave is equal to the speed of
light. The signal amplitude is represented by the number of pixels on the curve.
Doppler shift is related to the color of the curve and polarization is related to the

color code.

Figure 4.4 - Tonogram taken from a Digisonde installed in Sao Luis, on Jan 29, 2003, at
11:00 UT (08:00 LT).
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Figure 4.5 - Ionogram taken from a Digisonde installed in Sao Luis, on Jan 7 and 8, 2009;
Top panel: Day time; Bottum panel: Night time.
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4.3 Method of analysis of the ionograms

The electromagnetic wave transmitted to the ionosphere is linearly polarized. In the
presence of the Earth’ magnetic field it splits in two waves circularly polarized: one
to the right and the other to the left. These two waves travel at different veloci-
ties so they arrive to the receiver at the Earth at different times. This is why two
different traces in the ionogram can be seen. In the example shown in Figure 4.4
the red trace is the signature of the ordinary wave and the green trace is due to
the extraordinary wave. Sometimes extra traces appear in the ionogram in diferent
altitudes as seen Figure 4.4. The multiple traces happens when the return signal is
reflected by the Earth goes to ionosphere and come back, sometimes several times
before it is attenuated. These multiple echoes appear on an ionogram at multiples of
the original virtual height. ARTIST software performs the inversion of the ionogram

to obtain the altitudinal profile N., meaning the dependence of N, with the true
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height Reinisch et al. (2005). The ionogram can be edited by manual scaling the

data. The color code showing the direction of echoes that form the spread-F.

For the purpose of this study, it were analyzed ionograms taken from a Digisonde
installed at the equatorial station, Belém,(BL; 48°W, 1.43°S; Dip: -2.6°), for the
whole year 2018. The ionograms are recorded in a cadence of 10 minutes, as there
are 144 ionogramas per day. It were manually analyzed ionograms from 21:00 UT
(18:00 LT) to 09:00 UT (06:00 LT). The raw data was provided by the EMBRACE
(Estudo e Monitoramento BRAsileiro de Clima Espacial) http://www2.1inpe.br/

climaespacial/portal/en/.

Raw data were obtained and processed into RSF and SAO files to generate ionograms
for statistical analysis during the descending phase of cycle 24. As the spread F was
identified, it was classified as RSF, FSF as well as the start and end time for each
night of observation. The total interval of observation of the Digisonde from sunset
to dawn (21:00 - 09:00 UT) was calculated by counting the total minutes of Spread
F (Range and Frequency) for each month.

Table 5.1 shows the statistical results of how the monthly calculation was done, thus

given by:

Occurrence rate = Number of hour of spread F type/Number of hour of Operation
X 100.

For instance a case study using January month, note that the procedure is the same

for the other month (minute):

7850

2 X100 = 52%RSF 4.

g X100 = 52%RS (4.7)
1350

X100 = 9% FSF 4.
g X100 = 9%FS (4.8)

Table 5.2 shows the statistical results of how the seasonal calculation was done, thus

given by:

Occurrence rate: Total number of spread F type in each season /Total number of
hour of Operation X 100.

For instance a case study using Summer solstice (Nov, Dec 2017) and (JAN, FEB
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2018), note that the procedure is the same for the other season:

8960 + 9550 + 7850 + 5160
17280 + 20160 + 15120 + 12240

X100 = 25%RSF (4.9)

4030 + 5480 + 1350 + 6010
17280 + 20160 + 15120 + 12240

X100 = 14%FSF (4.10)

The spread-F identification were classified as frequency spread-F (FSF) and range
spread-F (RSF) by observing every 30 mins window resolution on the ionogram.
Table 4.1 shows the start and end time of spread-F on day 1 and 2 of April as case

study, note that the procedure is the same for the other month:

Table 4.1 - Spread F identification (Range and Frequency) on ionogram in Belem 2018.

Equatorial | Begin | End Number of
_ ‘ ) Type of | hour of

Region Time | Time Spread F | Spread F

(Belem) | (UT) | (UT) (minutes)

11*_1;“1 00:40 | 07:00 | FSF 460F

;*_2“1 22:40 | 00:00 | RSF 80R

We considered Figure 5.1 Vsw: Solar Wind Speed, in km/s, |B|: Interplanetary Mag-
netic Field, |B|, in n'T; Sym H: the Ring Current index, in nT; Kp: geomagnetic index
kp as the possible events for influencing the Spread F signatures during the period of
studied and was taken from https://omniweb.gsfc.nasa.gov/ and Earth’s mag-

netometer.

Distribution of Equatorial spread-F of Range start time were performed as; P =
Number of occurrence in each time bin in each month / Total number of spread-F
in that month in any time x 100. For instance a case study for start time occurrence

rate considering April (for example 21:00-21:59);

7
L oq12 411
17 % (4.11)

Note that, the procedure is the same for each time bin of the month.
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The observational datasets and compared spread-F probability of IRI Model were
performed as; Number of spread F cases in each time / Number of ionograms of the
whole month for each time. For case study, calculating the Spread F probability of
January (at around 20 LT);

— =0.571 (4.12)

Note that, the procedure is the same for each time bin of the month.
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5 RESULTS AND DISCUSSION
5.1 Introduction

In this chapter, we present the results on the investigation of the Brazilian equatorial
spread-F during solar minimum 2018. For this purpose, it was analyzed ionospheric
data taken from a Digisonde installed at Belem, (BL; 48°W, 1.43°S; Dip: -2.6°), from
December 2017 to December 2018. The characteristics and statistical occurrences
rate of spread-F were investigated to reveal the monthly and seasonal variation of
the RSF and FSF and their dependence on solar activity and magnetic activity is
being discussed thoroughly.

The solar minimum 2018 was characterized by a solar flux F10.7 mean at =~ 69 SFU,
where 1SFU = 1072 Wm™2s~!. Intense or severe geomagnetic storms are not much
expectable to occur in 2018. However, some weak-to-moderate geomagnetic storms
were observed, mostly associated with the occurrence of High-Speed Solar Wind
Streams, HSSWSs (Vsw > 400 km/s) and Corotating interactions regions, CIRs.

Figure 5.1 shows, from top to bottom panels: Vsw: Solar Wind Speed, in km/s,
|B|: Interplanetary Magnetic Field, |B|, in nT; Sym H: the Ring Current index, in
n'T; Kp: global geomagnetic Kp index taken from measurements at L1 point, at 1
AU, by the satellite ACE and available in https://omniweb.gsfc.nasa.gov/ and
Earth “s magnetometer. Several events of HSSWSs can be seen as increases of Vsw
over than 400 km/s, associated with the enhanced bulk magnetic field, |B|. The
only intense storm was observed in August 2018 and it was associated with ICME
events, for which SymH attained a value of ~ -224 nT. The dotted horizontal blue
lines highlight the average Vsw (400km/s); the moderate storm inferior limit, ~ -50
n'T; the disturbed kp, ~ 4 and the mean solar flux, F10.7 in 2018, is ~ 69 SFU.
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Figure 5.1 - Solar and Geomagnetic Activity in 2018.
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In order to investigate the Brazilian Equatorial spread-F during solar minimum 2018
and the possible influence of geomagnetic storms on their features, a statistical study
of spread-F was performed. The first step was to identify by means of ionograms
visual analyses, the occurrence, the pattern, the start time, and the end time of
spread-F for each night in 2018. Figure 5.2 presents a sequence of ionograms with
the main patterns of spread-F observed over the equatorial region, in Belém (dip
lat: ). Note that, as explained in chapter 3, there are two main patterns of spread-F:
Range and Frequency, being Mixed spread-F a composite of both. Oblique spread-F

refers to directional reference, and can include the former ones.
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Figure 5.2 - Ionograms registered over the equatorial region at Belem showing different
spread-F patterns of spread-F: A) range B) frequency; C) oblique echoes; D)
mixed.

A) Range Spread F B) Frequency Spread F

C) Oblique Spread F D) Mixed Spread F

After carefully analyzing hundreds of ionograms, the most important information
was registered. Table 5.1 shows the necessary information to perform the statistics
of spread-F occurrence. It is shown the total interval of spread-F occurrence (in
minutes), the whole interval of Digisonde operation/observation; and the percentile

calculated from these data.
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Table 5.1 - The time interval for each type of spread-F (RSF and FSF, in minutes) from
November 2017 to December 2018.

Total time Total time gcl(ilurrﬁr}llce ratef%
of Spread-F Observation | of Observation g ' 3 F(?Eurs ©
Months (R, F) of Digisonde preaf ypef
(21:00 - 09:00 UT) | /- of hours o
(minutes) (minutes) Operation X 100%
(R, F)
November Range = 8960 24 x 720 52
Frequency = 4030 = 17280 23
December Range = 9550 28 x 720 47
Frequency = 5480 = 20160 27
January Range =7850 21 x 720 52
Frequency = 1350 = 15120 09
February Range = 5160 28 x 720 26
Frequency = 6010 = 20160 30
Range = 4970 30 x 720 23
March Frequency = 8020 = 21600 37
. Range = 5000 28 x 720 25
April
Frequency = 6210 = 20160 31
May Range = 4260 27 x 720 22
Frequency = 2120 = 19400 11
June Range = 1310 22 x 720 08
Frequency = 3830 = 15840 24
July Range = 2660 30 x 720 12
Frequency = 2250 = 21600 10
Angust Range = 2190 15 x 720 20
Frequency = 800 = 10800 07
September Range = 2300 12 x 720 26
Frequency = 3650 = 8640 42
Range = 2490 19 x 720 20
October | o uency — 6560 — 13680 48
November Range = 3400 13 x 720 36
Frequency = 3050 = 9360 33
December Range = 1570 8 x 720 27
Frequency = 1520 = 5760 26

5.2 Monthly Spread F occurrence rate

Figure 5.3 presents the monthly occurrence rate of spread-F over Belem in 2018. top

panel, in black: Range spread-F: Bottom panel, in red: Frequency spread-F.
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Figure 5.3 - Occurrence rate for Range spread-F (top panel in black), and Frequency
spread-F (bottom panel in red).
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The highest occurrence rate for RAnge Spread-F was observed in January at ~
52%, followed by November at ~ 36% and least in June at 8%. On the other hand,
the Frequency spread-F occurrence has peaked during October at 48%, followed
by September at &~ 42%. The lowest occurrence rate was recorded in August, at
~ T%. Range Spread-F occurrence rate was maximum in Summer and Equinoctial
months. The minimum was observed in Winter Solstice. Spread-F signatures were
seen to appear in almost all the months with a strong seasonal variation. Here,
although there are several spread-F but this present work focus more on RSF. The
statistics analysis deducted above clearly showed that highest spread-F peak was
generally centered on RSF. It is generally agreed that large scale plasma depletions
are initially generated in the F region bottom side by the action of the gravitational
Rayleigh Taylor instability mechanism in conjunction with some other disturbance

sources such as gravity waves (Kelley et al. (1981) ), zonal winds (Kelley (1985),
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electric fields (Hansom et al. (1986)) and vertical winds (Raghavarao et al. (1987)).
Furthermore, according to MA (2001) post-sunset spread-F are generated under the
favorable sunset electrodynamics conditions of the ambient ionosphere, of which
the most basic requirement is the evening uplift of the F-layer produced by the
action of enhanced zonal (eastward) electric Field, widely known as the Prereversal

enhancement, PRE.

Plasma irregularities, restricted to the F-layer bottomside, below the F-layer peak
height, are called bottomside spread-F. If they reach the topside, they are referred as
Equatorial Plasma Bubbles, EPBs. Spread-F is the generic term used by the authors
to describe F-region irregularities. Range spread-F generally appear at the lowest
edge of F-layer trace and are Preceded by a satellite trace. Frequency spread-F
appear at the highest frequency edge and are associated with smaller scales irregu-
larities. The Frequency spread-F generally appears as the latter development of the
F-region irregularities. They are also believed to be associated with patches of ion-
ization propagating eastward MacDougall et al. (1998). The magnitude of the day-
time electric field is determined by the winds in the E-region, in the night E-region
vanishes, F-region controls the electrodynamics of the ionosphere. In other words,
F layer traces that show spread in range/height is range type spread-F (RSF), are
known to be associated with developing, or developed, plasma bubble event, whereas
the spread-F in frequency observed near the critical frequency of the layer, known as
frequency type spread-F (FSF) are associated with narrow-spectrum irregularities
that occur near the peak of the F layer, and not due to an unstable, or a potentially
unstable, flux tube. The database used to achieve the results in Figure 5.3 included
all days of observations and as such, it contains both quiet days and magnetically
disturbed intervals. Note that there were missing data in some of the month. The
Digisonde sounds the ionosphere using pulsed electromagnetic waves, from 1 to 20
MHz, registering the reflected echoes. The data was taken at 10 or 15 minutes time
resolution. The morphological features of post-sunset equatorial spread-F have been
extensively studied, including its dependence on solar and magnetic activities, sea-
son, day-to-day variability, longitude, latitude, and local time Abdu et al. (1981),
Abdu et al. (1983), Li et al. (2011). During the spread-F season in Brazil, between
October and March, the evening pre-reversal enhancement in the zonal electric field,
and the F-layer vertical drift attains large values and range type spread-F is observed
in equatorial ionograms, followed by their appearance at the crest region of the Equa-
torial ionization anomaly, EIA Abdu et al. (1998). The poor alignment between the
sunset terminator and the magnetic field lines during the June solstice in Brazil

is responsible for the low occurrence rate of post-sunset spread-F/EPBs since the
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vertical plasma drifts are very weak. Also empirical representation of the equato-
rial spread-F (ESF) statistics using IRI model during quiet-time in the Brazilian
longitude sector (Fortaleza and low latitude site Cachoeira Paulista) indicated that
plasma bubble occurrence attain larger values in summer months (centered around
December) than in equinoctial months (March and September) and minimum in win-
ter months Abdu et al. (2003). Studies by Sobral et al. (2002) indicated that over
Cachoeira Paulista EPBs shows a maximum rate of 86% in January and 11% in
May and in addition presented that seasonal pattern shows up as broad a maximum
and a minimum centered around the summer and winter months, respectively. Dur-
ing high-solar activity the maximum extends from September to April and for the
low-activity period extends from October to March. To verify the seasonal behavior
of the Equatorial spread-F, it was performed a statistical analysis considering the
South Hemisphere: Summer solstice (Dec-Jan), Autumn Equinoxes (March-April),
winter solstice (May-August), and Spring Equinox (September-October). Table 5.2
shows the statistical interval of spread-F; RSF and FSF (in minutes), the total num-
ber of hours of observation of the Digisonde, and the percentage occurrence rate in

each respective season.

Table 5.2 - Seasonal Occurrence rate of spread-F.

Total time
Total number of Observation Oceurrence
Seasons | Months of Spread F in of Digisonde rate%
minutes( R, F) (21:00 - 09:00 UT) 0
minutes
Nov,Dec B 17280 + 20160+
Summer | (2017) & | ange =18100 15120 + 12240 25
Solstice | Jan,Feb _
(2018) Frequency =9920 — 79790 14
Autumn | Mar & Range = 9970 21600 + 20160 23
Equinox | Apr Frequency = 14230 | = 41760 34
B 19440 + 15840 +
Winter | May,Jun | 208 = 10420 21600 + 10800 15
Solstice | Jul& Aug -
Frequency = 9000 — 67680 13
Spring | Sept & Range = 4790 8640 + 13680 22
Equinox-| Oct Frequency = 10210 | = 22320 46
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Figure 5.4 The seasonal occurrence rate of the spread-F over Belem from November
2017 to December 2018. The top black panel: Range spread-F and bottom red panel:
Frequency spread-F.

Figure 5.4 - Seasonal Occurrence Rate of spread-F in 2018. Top panel: Range spread-F,
Bottom panel: Frequency spreas-F.
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Figure 5.4 shows the seasonal percentage occurrence rate obtained for RSF and
FSF from November 2017 to December 2018. The highest occurrence rate of Range
spread-F occurs in Summer Solstice, 25% and the lowest occurrence rate of spread-F
was observed during the winter solstice, at 15% thus, the occurrence rate was 25%
for the Summer followed by Autumn equinox at 23% and the lowest occurrence
rate in winter at 15%. On the other hand, the Frequency spread-F occurrence rate
presents the highest occurrence rate at 46% during equinoxes, followed by Autumn
equinox at 23% and least at 13% for Winter solstice. From the figure, it can be
noticed that; The result obtained for summer solstice, especially in FSF is observed

to have a low rate, for the reason being that during the period of observation, most
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of the events appeared to be range and limited data gathered. In most of the month,
it was incapable to identify the trace of FSF. The statistics of ESF occurrence are
known to present significant variation with the season and such variation is known
to be controlled by longitude-dependent geomagnetic declination angle as was first
pointed out by Abdu et al. (1981). The seasonal variation of spread-F occurrence
revealed in these results, as a minimum of occurrence in winter months (that is, May-
August) with a broad maximum centered around equinoctial and summer months
(that is, from October to March), is consistent with that obtained by Abdu et al.
(1981) and Sobral et al. (2002) respectively. In addition, agrees with the statistical
results obtained from extensive ionosonde data over Cachoeira Paulista investigated
by (Abdu et al. (1998). This seasonal behavior is well explained in terms of the
alignment of the solar terminator with the magnetic meridian. This relationship
was also studied by (TSUNODA, 1985).

Equatorial spread-F in the Brazilian longitudinal sector is characterized by a large
negative magnetic declination and has high occurrence rates during the local Sum-
mer and equinoctial months Abdu et al. (1981). Chandra et al. (2003) analyzed the
spread-F occurrences rate at Cachoeira Paulista in Brazil and indicated that max-
imum RSF in Summer during low-sunspot years. Furthermore, Abdu et al. (1983)
performed a comparative study of the occurrence of spread-F over Fortaleza and
Cachoeira Paulista during maximum solar activity epoch. They observed very low
probabilities of frequency type spread-F and no Range type spread-F occurrence dur-
ing June solstice without the respective Spread F types at the equatorial site. Also,
Chapagain et al. (2009) reported the very low occurrence of spread-F/plumes over
Jicamarca during June solstice using coherent and incoherent scatter radar data.
Furthermore, Dabas et al. (2007) also stated high occurrence rate of RSF occurred
mostly in equinoxes and at post-sunset. It is observed that the Range spread-F

presents a higher occurrence rate in Summer solstices and lower during winter.

(TSUNODA, 1985) also observed that Frequency spread-F shows a higher occurrence

rate in spring equinox and lower in winter Solstice.

The results obtained in this work seem to agree with these authors. It is worth noting
that the statistics of ESF occurrence rate are known to present significant seasonal
variation patterns being different for different longitude sectors of the globe. Such
seasonal variation is known to be controlled by longitude-dependent geomagnetic
declination angle as was first pointed out by Abdu et al. (1981). The behavior of

irregularities in Summer and Winter can be explained in terms of the late time
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of reversal of PRE at the dip equator. According to (FEJER et al., 1999) the later
(earlier) time of reversal of the PRE which occurs in the local summer (winter) at the
magnetic equator favors (inhibits) the occurrence of irregularities. The generation of
RSF over the magnetic equator requires three conditions as suggested by (RASTOGI,
1980): (i) a large plasma gradient in the ionosphere, a nighttime condition, (ii) an
eastward electric horizontal electric field, basically extension of daytime condition,
and (iii) maintenance of the two above conditions for a period of about half an hour
or more and under these conditions, he explained the abnormal seasonal variation

of the occurrence of equatorial spread-F in the American zone.
5.3 Omnset time of spread-F occurrence rate duration during 2018.

In order to investigate the spread-F features during solar minimum 2018, it was

performed an analysis of the Spread F onset time for each day of each month.

Table 5.3 The statistical study of spread-F start time occurrence rate. These was
performed by observing the spread-F start time for every 60 minutes on the iono-

grams.

Table 5.3 - Spread F start time.

18:00- | 19:00- | 20:00- | 21:00- | 22:00- | 23:00- | 00:00-
Months 18:59 | 19:59 | 20:59 | 21:59 | 22:59 | 23:59 | 06:00

1) | @) | @r) | @r) | @r) | @r) | @)
January 2 4 5) 13 0 0 0
February | 0 3 2 9 1 0 4
March 0 2 4 6 0 0 1
April 0 2 4 7 2 0 2
May 0 0 0 6 1 1 1
June 1 3 0 3 0 0 0
July 0 2 0 5 3 1 2
August 3 0 0 5) 0 1 0
September | 0 3 0 3 0 1 1
October 0 6 2 5 0 0 4
November | 1 7 1 8 0 0 0
December | 0 3 0 4 0 0 3

The distribution of time occurrence percentiles was plotted as a function month for
different local times of spread-F, starting from 18 LT to 06:00 LT. Each time bin is
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defined as the interval of spread-F observation, from post-sunset to pre-dawn/dawn
(18:00 - 06:00 LT). The calculation of the percentage (P) is mathematically expressed

as:
P=(NT/TM) x 100;
where NT = number of occurrences in each time bin in each month

TM = total number of spread-Fs in that month at any time

Figure 5.5 - Distribution of spread-F start time of Belem 2018.
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It is observed that the spread-F start time is mostly distributed between 19:00 and
22:00 LT with the most cases occurred at around 21:00 LT (except in October),
followed by the interval 19:00 to 20:59 during the first months of the year (January
to April). Post midnight onset times are seen during Equinoxes and Summer and
less frequent during Winter Solstice. Between September and

December, the onset time around 19:00 - 19:59 is comparable to most common, at
21:00 LT. The postmidnight irregularities in summer solstice are attributed to late
R-T instability and strong upward drift capable of lifting the F layer. The equatorial
F region evening vertical drift, due to pre-reversal electric field enhancement, is an

important condition for the spread- F/plasma bubble irregularity generation, which
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is more frequent during summer-equinoctial months over South America Abdu et al.
(1981). They are generally much weaker and much less frequent than the post-sunset
events. The post sunset spread-F are generally thought to be associated with the
evening prereversal enhancements (PRE) of vertical drift velocity Fejer et al. (1999).
Under the action of the PRE, the ionosphere is rapidly elevated to higher altitudes,
where collision frequencies are low, favoring the growth of the irregularities by the
R-T instability mechanism. PRE is an enhancement in the eastward electric field
in the E-region of the ionosphere that is caused by a high conductivity gradient
across the day-night terminator during the post-sunset hours Farley et al. (1986).
This enhancement occurs just before the reversal of eastward electric field during the
daytime to westward during nighttime around 20:00 LT (TSUNODA, 1985). On the
other hand, Post midnight was less frequent in the equatorial region during June
Solstice. Also, Li et al. (2011) showed that the post-midnight spread-F for June
months over Jicamarca reached a peak near 03:00 hrs LT. MA (2012) showed that
during December solstice, the post-midnight spread-F occurrence rate increases from
high solar flux to low solar flux years, being 50% and 90% respectively near 03:00 hrs
LT. The post-midnight irregularities occur, in general, more frequently during solar
minimum years than during solar maximum years. Candido et al (2011) observed
PMSF at low latitudes occurred ~80% of the nights during solar minimum. MA
(2012) showed that during solar maximum, the irregularity development begins in
the early post-sunset hours near 19:00-20:00 hrs LT, which is generally tied to the
pre-reversal vertical drift that usually has large amplitudes, and the irregularities
peak around 22:00 hrs LT.

5.4 Equatorial spread-F probability: observations and international ref-

erence Ionosphere IRI modeling.

In this section, we compare the Brazilian Equatorial spread-F observations with the
spread-F probability provided by the International Reference Ionosphere, IRI model.
IRI is an empirical standard model of the ionosphere, based on all available data
sources in the world: The major data sources are the worldwide network of ionoson-
des, the powerful incoherent scatter radars, topside sounders, satellites, etc. For a
given location, time, and date https://ccmc.gsfc.nasa.gov/modelweb/models/
iri2012_vitmo.php, IRI provides monthly averages of the electron density, electron
temperature, ion temperature, and ion composition in the altitude range from 50
km to 2000 km. Additionally, parameters given by IRI include the Total Electron
Content (TEC; a user can select the starting and ending height of the integral), the

occurrence probability for spread-F and also the Fl-region, and the equatorial ver-
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tical ion drift. The same hourly time was considered for both IRI model and Spread

F occurrence percentage features for each month.

Table 5.4 shows the observed spread-F cases number for each hour in each month.
The spread-F probability is obtained with the model of Abdu et al. (2003) based
on ionosonde measurements from the Brazilian longitude sector. Since the spread-F

occurs from evening to the morning we chose distribution at I-hour interval between
18 and 06 LT.

Table 5.4 - Monthly observed Spread F datasets values in each time.

Observed Datasets
Months (18 - 06 LT)

1811912021 1(122(23(24]01]02]03]041]05]06
January 0 |1 |12(25]16|16|16|14|10|10|8 |2 |2
February 1 |1 |5 | 1713|119 |11|7 |7 |5 |2 |1
March O |1 |8 |14|12|10|11]10]9 |9 |8 |8 |6
April O |1 |8 |13{10|9 (9 |9 |9 |8 |1 |1 |4
May O |0 |1 (1111|109 |9 |6 |4 |4 |4 |2
June O 1 {3 |6 (3 |3 |2 ]2 1 ]01]01]0 10
July 0|1 |6 |8 |8 |8 |9 |8 |4 |1 |0 |00
August 0O |3 |5 |10|6 |7 |7 |2 |0 |0 |0 |]O |O
September [0 [0 [2 |5 |3 |4 |4 [4 [3 |3 |2 |1 |1
October 0O |0 |6 [12]/6 |4 |5 |4 |3 |4 |3 |2 |2
November |2 | 1922|2321 |17|23]21 1919|128 |3
December |3 |14 25242423 |25(25(19 (17104 |5

The spread-F probability was performed mathematically as;

Number of spread-F cases in each time/Number of ionograms of the whole month for
each time. IRI model running request as input data: the year initial time, the F10.7
monthly average, and date. The observed spread-F was only run once in each month
using the IRI model. As a reference, day 15 was selected as the representative day for
each month to infer the Spread-F Probability. The analysis was done by considering
the data of Belem from November 2017 to October 2018. This period was considered
due to the availability of data. Figure 5.6 shows the nocturnal local time occurrence
rate of spread-F probability observed and predicted by IRI model each time in each
month. The spread-F probability by IRI is based on Abdu’s model, who in his turn

performed a statistical study using 13 years of Digisonde data.
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Figure 5.6 - Spread F probability comparison between IRI model and observed Spread F
for the equatorial region, Belém, in 2018.
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The solar flux F10.7 was observed to vary from each respective month but in gen-
eral, the mean value was taken to be &~ 69 SFU, indicating minimum solar activity
conditions. In general, observed probability took from Digisonde data and IRI model
presents a similar trend. However, IRI can overestimate or underestimate the spread-
F occurrence in some times. The same hourly time was considered for both IRI model
and Spread F occurrence percentage features for each month. In each month, the
occurrence rate from a low value of 18LT increases rapidly to reach a pre-midnight
maximum. However, the local time of the maximum is the same for each month, at
around 21:00 L'T. The monthly spread-F occurrence rate was higher in summer and
equinoctial months and least recorded in winter months. However, observation in
November and December present a unique pattern with high spread-F probability

as compared to the other month. This is due to different periods thus, those months
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are considered to be under solar maximum conditions. The results seem to agrees
with Abdu et al. (2003) which stated that spread-F season extends from September
to March for low solar flux values and for high solar flux values the season is a
bit more extended to include the months of April and May as well. According to
Batista e Abdu (2004) at the equatorial station, the most striking difference was on
the location of the annual maximum (equinox— summer in the data, winter in the
IRI model). In addition, the winter months show a short duration small percentage
of occurrences close to post-sunset hours. The onset of spread-F over Belem occurs
mostly from 19 to 21 LT.

5.5 Day-to-day variability of Equatorial spread-F — the role of geomag-

netic storms during solar minimum

In previous Figure 5.3 and figure 5.4 it was discussed the long-term variability of the
spread-F, such as its seasonal dependency, with maximum occurrence rate during
December solstice and minimum during June Solstice. It was also addressed that the
ionospheric conditions determined by the electrodynamics are of great importance
on the development of spread-F /plasma irregularities over the equatorial region. In
this section, it is analyzed the short-term day-to-day variability of equatorial spread-
F during solar minimum 2018. The short-term day-to-day variability observed in the
equatorial spread-F has been investigated by many authors and can be attributed to
several factors: upward atmospheric gravity waves propagating at F-region, Prompt
Penetration Electric Field, PPEF, and Disturbance Dynamo Electric Fields, DDEF
associated to distinct phases of geomagnetic disturbances and time occurrence, as
well as to disturbed transequatorial winds (Abdu (2019). In this work, we analyze
the possible influence of geomagnetic storms in 2018 on the equatorial spread-F in
Brazil. Table 5.5 presents a list of geomagnetic storms during 2018, their intervals,

strength, Kp max, and the driving mechanism.

65



Table 5.5 - Moderate-to-intense geomagnetic storms during 2018.

Recovery
Storm SymH min | phase .
Months Interval lovel n% I]Sura tion Kp max | Forcing
days
January * - - - -
February | * - - - -
March 14-20 Moderate -50 2d 6 CIR/HSS
April 20-25 Moderate -84 5d 6 CIR/HSS
May 05-13 Moderate -60 8d 6 CIR/HSS
June 25-28 Moderate -49 2d 6 CIR/HSS
July * - - - - .
August 25-31 Intense -174 6d 7 ICME
September 10-14 Moderate -63 3d 6 CIR/HSS
21-23 Moderate -50 2d 5 CIR/HSS
October 07-13 Moderate -53 7d 5 CIR/HSS
November | 04-08 moderate -50 4d 6 CIR/HSS
December | * - - - - -

It is noticed for each month there is at least one moderate storm, except for January
and February (weak disturbances), August (intense/CME storm), and December
(weak storm). It is also observed that the recovery phase of the storms can last for

many days. The main source of these storms is believed to be CIR/HSSs.

Figure 5.7 and Figure 5.8 present the SymH, F10.7, kp, the day-to-day occurrence,
onset time, and duration of equatorial spread-F (Range: in blue and Frequency, in
orange) during each month of 2018. It is possible to observe weak and moderate

geomagnetic storms and the geomagnetic disturbance through kp.
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Figure 5.7 - Geomagnetic and solar indices, SymH, F10.7 and kp, and spread-F occurrence
and duration; Blue: Range spread-F; Red: Frequency spread-F; Black: Mixed
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The solar flux, F10.7, is on average around 70 SFU, and some intensifications are

also observed.
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Figure 5.8 - Geomagnetic and solar indices, SymH, F10.7 and kp, and spread-F occurrence
and duration; Blue: Range spread-F; Red: Frequency spread-F; Black: Mixed
spread-F (July to December).
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In general, it is noticed that both Range and Frequency spread-F (in blue) can oc-
cur during quiet and geomagnetic disturbed days, especially from January to April,
which is strongly related to the seasonal variability discussed in the previous section.

Additionally, spread-F duration is variable, being shorter during Winter Solstice. It
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is observed that in some phases of the storms the spread-F is not observed. For
instance, in the main phase of the storms on March 10 and April, 21 there are no
spread-F occurrence. On the other hand, spread-F can be observed for some days
during the long geomagnetic storm in May 2018, a month out of the spread-F season
in Brazil (October-March). Notice, Figure 5.6 that the probability of spread-F oc-
currence predicted by IRI Model underestimated the observed spread-F probability
in May, Unfortunately, during the second part of the year, there are long gaps of
Digisonde data at the equatorial region in Belem, as seen in the graphs, and it was

not possible to analyze the occurrence or not of spread-F for some periods.

In order to better understand the influence of a moderate geomagnetic storm on the
Brazilian equatorial spread-F during solar minimum, its was selected the geomag-

netic storm which occurred on May 05-13.

Figure 5.9 shows, from top to bottom panel, the solar wind speed, Vsw (km/s); the
proton density, Np (s13); the interplanetary magnetic field, |B| (nt); the horizontal
geomagnetic field component, the geomagnetic index, kp; and the solar flux index,
F10.7 (SFU), in GSM coordinate systems for May 05-08, 2018. Vsw, Np, |B|, F10.7
were provided by the measurements on probes onboard ACE satellite at 1 AU,
and available on OMNI web NASA website in: https://omniweb.gsfc.nasa.gov/
form/dx1.html. It is observed that Vsw is around 600 km/s for many days, which
is the signature of a HSSs event. Np peak is the signature of a CIR, a narrow region
of compressed plasma created by the interaction of slow-high speed streams in the
interplanetary space. B magnitude is around 15 nT. The initial phase of the storm
was on May 05 ~ 10:00 UT; the main phase lasts from May 05 at 16:00 to May
06 at ~ 01:50 UT, when SymH reached its minimum, at ~ -56 nT. The recovery
phase is from 01:50 UT May 06 to 18:00 UT May 13 (shown Figure 5.7). Kp was on

average 4 (disturbed) for many days, and 6 during the main phase.
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Figure 5.9 - Solar, Interplanetary, and geomagnetic indices and parameters variation dur-
ing 05-08 May 2018.
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The ionospheric response to this geomagnetic storm can be seen in Figure 5.10 From
the top to the bottom panel are presented: 1-min SymH, Bz (nT) and Ey(mV/m),
and the ionospheric parameters taken from the Digisonde at Belem: the virtual F-
region height, A/F (km); F-layer peak height, hmF2 (km), and the plasma critical
frequency, foF2 (MHz) taken from Digisonde measurements. Data were carefully
manually processed using SAO Explorer. The average of the five quietest days, 5QD
(based on the kp index provided at http://wdc.kugi.kyoto-u.ac.jp/qddays/)
of each ionospheric parameter was also calculated for comparison. It is noticed a
sudden F-region uplift at ~ 22:00 UT (19:00 LT) which peak at ~ 02:00 LT, for
both A'F and hmF2, followed by a decrease of foF2 in comparison to their 5QD
average. Indeed, the foF2 average is lower than 2 MHz after local midnight, as

indicated in Figure 5.10.
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Figure 5.10 - Geomagnetic, interplanetary, and ionospheric parameters and indices during
a moderate geomagnetic storm in May 2018.
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For completeness, Figure 5.11 presents a sequence of Directograms for the main
phase and two recovery phase days of the storm. A Directogram is one of the
Digisonde recording modes and is a graph of the space/time distribution of the
spread-F reflected echoes Reinisch et al. (2005). The horizontal axis is the zonal
West-East distance from the station, Belem, being the vertical echoes not present.
It is observed the occurrence of spread-F echoes from irregularities at distances up
to around 600 km at west or east of the instrument location. As expected, spread-
F is firstly observed at equatorial region, in Belem, and has a short duration in
the first night (main phase). Additionally, the spread-F is observed at around the
north crest of EIA, at Boa Vista. This means that the spread-F reached the topside
equatorial ionosphere and traveled to low latitudes, at Boa Vista. The well-defined
reflected echoes at Boa Vista are probably associated with the higher plasma den-
sities in the region (crest of EIA). It is important to address that is expected the
irregularities/spread-F is developed first at Belem (located at the east of Boa Vista)
and then propagates eastward. In this way, the spread-F observed at Boa Vista
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can have developed at a equatorial location at west of Belem. This “unexpected”
spread-F /Plasma Bubbles occurrence in May, can be favored by the sudden F-region
uplift during a probable PPEF in the main phase of the storm (Bz < 0 and Ey >0).
Spread-F was also observed during some days of the recovery phase, as seen in the
Directograms. Notice that the parameters hmF2 and h’F were higher than the 5QD
in the recovery phase of the storm, which can be caused by disturbance dynamo
electric fields, DDEF, during the recovery phase of the storms or by new and less
intense PPEF (to be studied in a further investigation). Finally, it is observed that

daytime foF2 was also intensified in the recovery phase shown in Figure 5.10.

As extensively studied by Fejer et al. (1999), the pre-reversal enhancement is absent.
However, during geomagnetic storms, the vertical drifts can be strengthened by the
action of prompt penetration electric fields at the equatorial region. Moreover, during
the nighttime downward vertical drifts under solar minimum conditions, even a small
disturbance can reverse and be favored. Becker-Guedes et al. (2004) indicated that
the geomagnetic activity acted as an inhibitor during high SF occurrence months and
as an initiator during low SF occurrence months. With these analyses we observed
that a moderate geomagnetic storm caused by CIR/HSS can favor the occurrence
of spread-F during periods out of the spread-F season in Brazil or at late night for
several days, leading to the development of topside plasma irregularities, or plasma
bubbles. It is possible that even the low occurrence of EPBs can be due to the
influence of moderate geomagnetic disturbances. These results can be of interest for

Space Weather prediction centers.
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Figure 5.11 - Directograms for Belem and Boa Vista from 5 to 8 May 2018: Main phase
(day 5-6) and the recovery phase (day 6-8) during geomagnetic storm.
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6 CONCLUSION

This work presented a study of the Brazilian equatorial spread-F during solar min-
imum 2018 using Digisonde data. A statistical study was performed based on the
analysis of thousands of ionograms registered in Belem, PA. The spread-F proba-
bility observed and calculated by International Reference Ionosphere Model, IRI,
was compared. Besides, the day-to-day variability was analyzed for each month. A
case study was performed to investigate the role of a moderate geomagnetic storm
on the equatorial spread-F. The main findings and conclusions of this study are

summarized as follow:

o The main patterns of equatorial spread-F are Range and Frequency, fol-

lowed by Mixed spread-F, a combination of both previous spread-F types;

o The Brazilian equatorial spread-F occurrence rate during solar minimum
has a strong seasonal dependency with peaks in Summer Solstice and

Equinoxes and minimum at June solstice;

o The spread-F onset time during solar minimum was mostly at around 21:00

LT;
o Post midnight equatorial spread-F occur mainly in December solstice;

o Equatorial spread-F duration is variable, lasting for tens of minutes to
several hours, except in June Solstice, when the plasma density can be

severely reduced with no reflected echoes in some pre-dawn intervals;

o Equatorial spread-F during solar minimum also presents a day-to-day vari-
ability, which can be caused by many factors. In this work, it was analyzed
and noticed that moderate geomagnetic storms driven by CIR/HSS can
influence the spread-F occurrence in a short-term variability, possibly asso-
ciated with Prompt Penetration Electric Fields and Disturbance Dynamo
Electric Fields;

o An intensified ExB vertical drift during a moderate geomagnetic storm
can lead to the development of spread-F and Equatorial Plasma Bubbles,
which can be observed at low latitudes, such as Boa Vista, around the

north crest of EIA, even during a non-spread F season month;

o During the recovery phase of a moderate geomagnetic storm, plasma fre-

quency /density can be intensified, probably due to the effects of DDEFs,
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which may maintain the F-layer at higher altitudes, where the recombina-

tion rates are lower.

The occurrence rate from a low value of 18LT increases rapidly to reach
a pre-midnight maximum in all months. However, observed probability

obtained from Digisonde data and IRI model present a similar trend.

This work contributes to understanding space weather events during solar
minimum and has the potential to be of interest for Space Weather studies

and prediction centers.
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