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ABSTRACT

Ionospheric dynamics over low latitudes, especially in Brazil, are highly active, with several phenomena resulting
from the complex interaction between space weather and atmospheric elements. These phenomena may cause disruptions
to aviation communications, navigation and surveillance systems. Motivated by the issues posed by the ionosphere to
the operation of ground-based augmentation of global navigation satellite systems (GNSS) in Brazil, this review paper
presents fundamental physical aspects of space weather and low-latitude ionospheric dynamics to show how and why the
ionosphere over Brazil is much more challenging for satellite-based positioning technologies. Solar influence, geomagnetic
field configurations under quiet and storm periods, and the ensuing ionospheric dynamics over low latitudes occasionally
lead to the development of structures known as equatorial plasma bubbles. These structures can produce strong plasma
gradients within the ionosphere and cause scintillation on transionospheric signals. The consequences of these structures
for GNSS users are specifically addressed.
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INTRODUCTION

In the first of this two-part series of survey papers, the main aspects of ground-based augmentation system (GBAS) technology
and the influence of the ionosphere on its performance were presented, with emphasis on integrity. In addition, efforts towards
implementation of GBAS in Brazil and the main findings regarding the ionospheric threat space were presented and discussed.
Since ionospheric effects create major operational and safety-related impacts on GBAS in Brazil, it is vital to describe the most
critical mechanisms of low-latitude ionosphere in detail. This paper is devoted to providing an explanation of the low-latitude space
weather dynamics that cause such a strong influence on global navigation satellite system (GNSS)-based technologies, like GBAS.
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In aviation, space weather events in general affect not only air navigation. Besides affecting the performance of GNSS-based

systems, several issues with communication and the avionics electronics may occur. Motivated by this concern, the International
Civil Aviation Organization (ICAO) has recently published the first edition of Doc 10100 (ICAO 2019) to enable operators to
make informed decisions concerning space weather impacts. The document lists the most relevant impacts on civil aviation
in terms of potential hazards and recommends space weather indicators to be published by air navigation service providers.
It is worth mentioning that in the cited document, ICAO encourages the creation of the so-called space weather centers and
states that each civil aviation authority (CAA) is responsible for integrating space weather considerations into existing aviation
operations and planning.

As pointed out in ICAO (2019), a detailed understanding of space weather phenomenology and ionospheric dynamics may not
directly benefit operators within or contracted by a CAA, since it is outside their normal area of expertise. However, it is expected
that specialists who support operators and decision makers will have a more complete knowledge of space weather phenomena
based on publications such as this one.

The term “space weather” is typically employed to refer to a set of phenomena caused by the Sun-Earth interaction. Depending on
the theme to be explored, the contribution from external sources, such as cosmic rays, may also be referred to as a space weather
phenomenon. However, the Sun is the primary driver of nearly all space weather phenomena affecting the Earth. The solar
influence over the Earth is regulated by Earth’s magnetic field (geomagnetic field). Solar radiation and Earth’s geomagnetic field
generate a set of currents and electric fields that are formed in a region mostly located from 50-1000 km of altitude that is named
the ionosphere. The interaction between these elements is very complex and depends upon a large number of variables, some of
which are key to GNSS impacts and are discussed in more detail throughout this paper.

In the second section of this paper, basic information about the solar influence on ionospheric environment formation is
presented. The third section is devoted to introducing the geomagnetic field configuration and its interaction with solar elements,
such as solar wind, coronal mass ejections (CMEs), and solar flares. Idiosyncrasies within the Brazilian region are also discussed.
The fourth section presents low-latitude ionospheric morphology and phenomenology. The discussion includes plasma drift, the
fountain effect and the equatorial ionization anomaly (EIA), the pre-reversal enhancement of the electric field, equatorial plasma
bubbles (EPBs) and subsequent events such as ionospheric scintillation and enhanced plasma gradients. The fourth section also
introduces examples of the impact of plasma bubbles on GNSS applications and GBAS systems, demonstrating that interactions
between the space weather elements must be considered for any application performed in low-latitude environment. The last

section presents the final remarks of this paper.

THE SOLAR INFLUENCE ON SPACE WEATHER

As mentioned earlier, the Sun is the primary driver for most space weather phenomena affecting the Earth. Solar radiation is
responsible for ionizing atoms and molecules in Earth’s atmosphere, generating the region known as the ionosphere. Several wavelengths
contribute to this ionization by being absorbed when penetrating the atmosphere. Extreme ultraviolet (EUV) wavelengths in the
range 170 <A <911 A (1 A = 1 angstrom = 1 x 10"'° m) are mainly absorbed in the upper portion of the atmosphere (i.e., altitudes
higher than 150 km), while EUV with wavelengths of 911 < A < 1027 A ionizes the atmosphere around 80-150 km of altitude.
At these altitudes, x-rays with 10 < L <170 A also play an essential role in the ionization process, together with Lyman-B (A= 1026 A)
radiation. The lower portion of the atmosphere with substantial ionization is located around 50-80 km of altitude. This ionization
is mainly produced by the influence of Lyman-a (A = 1216 A) and x-rays (1<A<10 A) radiation (Rishbeth and Garriott 1969).

Solar energy is also responsible for causing temperature gradients that drive winds in the upper atmosphere. The particles
transported in this flow have distinct motions according to their cross-sections, collision frequencies, and other parameters. As a
result, positively/negatively charged particle (ion/electron) movements establish electric fields and currents depending on the

conductivity of the ambient environment (Prolss 2011).
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Besides radiation, the Sun expels a continuous stream of solar material towards the interplanetary medium. This flux of plasma
of solar nature is named “solar wind” (Parker 1958). Aside from this flux of material, large bursts of radiation and solar material
occur sporadically. These eruptions are known as solar flares and coronal mass ejections, respectively. These extreme solar events
are usually classified according to the x-ray (1 <A < 10 A) peak flux, in W-m, following an increasing sequence of letters A,
B, C, M, and X associated with a number between 0 and 9. An event of class M (or larger) is capable of triggering considerable
terrestrial impacts and radio blackouts (Knecht and Davies 1961; Tsurutani et al. 2009).

Due to the influence of these solar features, an intrinsic relationship between solar activity and Earth’s environment
is believed to exist (Abdu ef al. 1985; Sahai et al. 1999). Therefore, solar activity is usually inspected by evaluating the
number of sunspots as a measure of the intensity of solar activity. For more general purposes, an index named F10.7 is often
employed. The F10.7 index measures the solar flux at a wavelength of 10.7 cm at a distance from the Sun corresponding
approximately to Earth’s orbit. Its units, referred to as solar flux units (s.f.u.), are given in terms of 10 W-m=>Hz, and its
values are highly correlated with the sunspot number. An example of solar flux measurements and their relationship with

the sunspot number is shown in Fig. 1.
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Source: Elaborated by the authors using data from NASA (2004).

Figure 1. Solar flux records along five decades. (a) Solar flux described by the F10.7 index along the years 1963-2020
(available dataset); (b) Sunspot number, F10.7, and the relationship between these quantities during 1963-2020.

The dataset presented in the panels of Fig. 1 covers the years 1963-2020 and may be accessed at the website available at NASA
(2004). Figure 1a shows the F10.7 index data (solid black line) and a smoothed version of this index (solid red line) over this
period. A cyclic pattern is clearly visible. This pattern repeats approximately every 11 years and is often referred to as the solar
cycle. Note that the peak of solar activity (i.e., the F10.7 peak) varies considerably from one cycle to another.

In Fig. 1b, a comparison between the sunspot number and the F10.7 index is shown. A nearly linear relationship between
these quantities (R? = 0.88) is observed. This is one of the reasons why, for most practical applications, the F10.7 index is used
without loss of generality. For instance, global positioning system (GPS) single-frequency users depend on this quantity because
the coefficients in the GPS message are generated based on the F10.7 index value (Feess and Stephens 1987; Klobuchar 1987).
Hence, any scientific study about the Earth space environment or technological application based on satellite communication

must consider solar flux behavior in its analysis.
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THE GEOMAGNETIC FIELD AND GEOMAGNETIC STORMS

As mentioned earlier, the solar wind continuously flows towards Earth, whose geomagnetic field lines surrounding the planet
act as a natural shield. This external envelope of geomagnetic field lines is known as the magnetosphere. The solar wind is a fully
ionized plasma and, when reaching the magnetosphere, its particles are deflected according to their charges, creating an electrical
current surrounding the Earth (Parker 1957a). The solar wind plasma also carries “frozen-in” magnetic fields, and, depending on
the direction of this interplanetary magnetic field, a phenomenon known as magnetic reconnection may happen (Alfvén 1958;
Parker 1957b). When reconnection happens, solar material penetrates through some of the geomagnetic field lines, and these
particles drift along the inner field lines according to their respective pitch angles, eventually reaching the poles, heating the region
and causing auroras. This situation may alter the electrodynamics of the low-latitude ionosphere in at least two distinct ways: (1)
introducing a prompt penetration electric field, and (2) changing the winds (and electric fields due to the dynamo effect) after
few hours as a result of Joule heating (current increase) at the poles.

A pictorial representation of this situation is presented in the panels of Fig. 2. The components of the geomagnetic field lines
(solid black lines) around the equator are approximately directed northward, as indicated by the arrows (By). In Fig. 2a, the solar
wind velocity component (V) directed towards the Earth, the interplanetary magnetic field (Bg,,) is directed northward, and the
electric field is generated by these two quantities (Eg,,,= -V, X Bg,,) is directed westward (as seen from Earth). The direction of
By, is parallel to B, and there is no reconnection on the dayside. The solar wind compresses the Magnetosphere on its sunward

side and stretches the opposite side, imposing a form similar to a tail.

Source: Elaborated by the authors.

Figure 2. Pictorial representation of the magnetic reconnection process. (a) Ordinary magnetospheric configuration
under a northward Bg,,; (b) Magnetic reconnection development process under southward By, ; (c) Later stage of
the magnetic reconnection depicting the closure of the field lines in the opposite side (tail) of the magnetosphere.
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Figure 2b depicts a different situation with By, directed southward (hence, Eg;,, is directed eastward). In this case, By, and
B, have opposite orientations, and a process between the magnetic fields occurs, causing an effect analogous to opening the
geomagnetic field lines.

Figure 2c depicts a later stage of magnetic reconnection when the geomagnetic field lines reconnect in the other side (tail) of the

magnetosphere. During these events, E,,, causes convection of the magnetospheric tail in the sunward direction (V = Eg,,, x By),

SW
giving rise to the so-called “Region 2” currents near the equatorial plane in the ionosphere and creating a partial dusk-to-dawn
electric field that tends to shield the near-Earth region opposing the convection in the inner magnetosphere. These shielding electric
fields immediately alter the electrodynamics over low-latitude regions significantly (Abdu et al. 2009a; 2012; 2016; Fejer et al. 2021;
Kelley et al. 1979a; Kikuchi et al. 2008; Peymirat et al. 2000). This aspect must be considered every time a space weather evaluation
is carried out but may be taken into account indirectly through other parameters to be discussed later.

The second consequence brought by these events is auroral heating, creating winds moving equatorward. Because of the Earth
rotation, these winds acquire a westward component changing the electrodynamics over low latitudes. This condition is commonly
referred to as a disturbance dynamo. It typically occurs a few hours after the magnetic reconnection set up and has long-lasting effects
(Blanc and Richmond 1980). When the Earth’s environment is under such conditions, it is said that a geomagnetic storm (or substorm)
is underway. Geomagnetic storms are more likely to occur during extreme solar events, such as coronal mass ejections, while solar
wind changes primarily drive substorms (brief geomagnetic disturbances mainly caused by sudden changes in the magnetotail region).

For practical purposes, several geomagnetic indexes have been proposed to quantify a geomagnetic storm disturbance. The most
widely used and of most interest for the present discussion are the disturbance storm-time (Dst) index (Sugiura 1964; Sugiura and
Kamei 1991) and the planetary K (Kennziffer) (Kp) index (Bartels 1938; Bartels et al. 1939). The Dst index measures the magnetic
signature of magnetosphere currents (ring, tail and Chapman-Ferraro currents) that usually cause a steep decrease in the horizontal
component of the geomagnetic field during the disturbed period. The geomagnetic storm level, according to the Dst index, may
be classified as weak (Dst < -30 nT), moderate (Dst < -50 nT), strong (Dst < -100 nT), severe (Dst < -200 nT) and exceptional
(Dst < -350 nT) (Loewe and Prolss 1997).

The Kp index measures the disturbances in the horizontal component of the magnetic field based on information from
midlatitude stations and has been calculated since 1932. The geomagnetic activity, in terms of Kp index, may be classified as
quiet (Kp < 4), active (Kp = 4), minor storm (Kp = 5), and major to severe storm (Kp > 5) (Tan et al. 2018). Another index worth
mentioning is the auroral electrojet (AE) index (Davis et al. 1966), primarily used to evaluate substorm processes, but its usage is
beyond the scope of the present discussion.

An example of a geomagnetic storm measured through Dst (solid black line) and Kp (red bars) indexes is presented in Fig. 3.
The dataset used in this figure covers October 27, 2003 to November 3, 2003 and can be accessed at the website available at NASA (2004).

Source: Elaborated by the authors using data from NASA (2004).

Figure 3. Geomagnetic storm measured by the Dst (solid black line) and Kp (red bars) indexes. The
red dashed line indicates the Kp threshold level above which the geomagnetic activity begins.
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On day of year 301 (October 28, 2003), small fluctuations in the Dst and Kp values larger than 4 suggest a minor storm, but

after day 302 (October 29, 2003), the geomagnetic indexes revealed a massive geomagnetic storm (Dst < -350 nT and Kp = 9).
A very similar storm trend may be verified by comparing the two indexes. Furthermore, this event caused strong responses over
low-latitude regions (Abdu et al. 2007), and this is generally the case (Abdu et al. 2012). Therefore, any user of systems depending
on satellite communication should keep track of these two indices.

Besides these events, the configuration of the geomagnetic field lines around the planet is also essential to understanding the low-latitude
phenomenology. At least two aspects deserve special attention when analyzing the low-latitude ionosphere: the declination component and the
geomagnetic field intensity. Declination plays a determining role in wind dynamo electric fields through Lorentz force and the configuration of
the circuit closure between the low-latitude and equatorial ionosphere (Abdu et al. 1981; 1992). Geomagnetic field intensity has a region
of intense decrease known as the south Atlantic magnetic anomaly (SAMA), which is currently concentrated along the Brazilian/Atlantic
coast. In this region, the precipitation of particles is enhanced, and the movement of plasma is different from other locations.

The Brazilian territory has the largest declination and steepest decrease in geomagnetic field intensity among the equatorial region.
Therefore, its near-space phenomenology is peculiar, and satellite system applications suffer from a stronger and more diverse scenario.

An example of the current geomagnetic field configuration is presented in the panels of Fig. 4. Figure 4a and b show the
geomagnetic declination and intensity, respectively, according to the International Geomagnetic Reference Field (IGRF), considering
an ionospheric reference altitude of 350 km.

On Fig. 4a, one can observe that, considering equatorial (black dashed line) and low-latitude regions, the most pronounced
declination is around Brazilian territory (highlighted by the western red dashed line). In addition, Fig. 4b, which shows the
geomagnetic intensity, clearly presents a steep decrease (darker blue region within white dashed contours) around Brazilian
territory, characterizing the SAMA. These plots indicate that the ionospheric environment over the Brazilian region is one of
the most difficult to predict and hard to handle for satellite-dependent purposes due to its varied and unique features. The IGRF
model used to produce the figure may be accessed at the website IAGA (2019).

Source: Elaborated by the authors using data from IAGA (20189).

Figure 4. Distribution of the declination and intensity of the geomagnetic field along the globe. (a) Geomagnetic
field declination component, the Brazilian territory is the low-latitude region with a more pronounced
declination (red dashed lines); (b) Geomagnetic field intensity. The SAMA (white dashed lines) is
concentrated in low latitudes across the Brazilian region. In these panels, the black
dashed lines correspond to the geomagnetic equator.
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As previously mentioned in this paper, the primary interest of space weather investigations for satellite-based applications is
the solar and geomagnetic influences acting over the Earth’s plasma environment, called the ionosphere. In the next section, low-

latitude Earth ionosphere phenomenology is discussed in more detail.

IONOSPHERIC MORPHOLOGY AND PHENOMENOLOGY OVER LOW-LATITUDE REGIONS

Earth’s atmosphere has a distribution of neutral elements that tends to exponentially decrease with altitude under the action

of gravity following the hydrostatic equation:
1)

where N, kj, T, m , g and h corresponding to neutral density, Boltzmann constant, neutral temperature, neutral mass, gravity
and altitude, respectively. In contrast, the photoionization produced by solar radiation increases significantly with altitude.
The conjunction between these two profiles gives rise to a region of weakly ionized plasma between 50 and 1000 km called the
ionosphere.

The ionosphere is often divided into three main regions: D, E, and E. In the D region (~50-85 km), particle momentum is
controlled by the neutral atmosphere, hence the geomagnetic field has a secondary role. Let v, be the ion/electron-neutral

collision frequency and let 2, , be the ion/electron gyrofrequency, then:
2

where g = elementary charge, B = geomagnetic field intensity and m = element mass. The ratio between the ion/electron-neutral

collision frequency and the ion/electron gyrofrequency is expressed by:
3)

In the D region of the ionosphere, ki’e << 1. The neutral atmosphere still controls the ion dynamics in the E region (~ 85-150 km).
However, electrons are dominated by the geomagnetic field (i.e., k; << I, but k, >> 1); hence, currents and electric fields are formed
depending on the ionospheric ambient conductivity. This change is mainly caused due to the steep decrease of the neutral density.
In the F region (> 150 km), the geomagnetic field dominates the dynamics (i.e., k; , >> 1), and the plasma density reaches its peak.
Thus, the low-latitude E and F regions and the equatorial F region are where the phenomenology of interest for satellite-dependent
systems is primarily concentrated.

The evaluation of the ionospheric plasma density (N) is commonly done considering the electron density (N,) instead of the
individual ion densities (N,) because of the quasi-neutrality condition (XN, = N, = N). Figure 5 shows one example of a typical
electron density vertical profile over a low-latitude region during a summer season and high solar F10.7, as obtained through
the International Reference Ionosphere (IRI) (CCMC 2000) model (Bilitza et al. 2017). The IRI is the official standard model
for the ionosphere according to the International Standardization Organization (ISO), the International Union of Radio Science
(URSI), the Committee on Space Research (COSPAR), and the European Cooperation for Space Standardization (ECSS), and it
is available online at the website CCMC (2000).

In Fig. 5, one can observe that the plasma density varies greatly with altitude and is concentrated in the E and F regions. In the
upper D and E regions, the dominant ions are NO* and O,", while in the F region, the plasma is mainly composed of O* and H*
ions (Johnson 1969). Moreover, the momentum dominance, related to the ki)e ratio, also changes considerably. The variation in
electron and ion densities, in the ratio k; , and in the geomagnetic field are directly related to ionospheric conductivity. Therefore, a

significant change with altitude is expected. The conductivity tensor (6) in the low-latitude region may be expressed as:
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Op Oy 0
o= -0 Op 0 (4)
0 0 O'H

where 0, Oy and o) are the Pedersen, Hall and parallel components. These components are, respectively, equivalent to those

expressed in Eq. 5:

N ( k, k;
op—— 7t
qB \1+k;, 1+k;

N (kK
H qB ]+k5 ]+k,—2 ©)

N
O-||:q_B(ke+ki)

Source: Elaborated by the authors using data from CCMC (2000).

Figure 5. Electron density (N,) vertical profile across the D (red shaded area), E (green shaded area) and F regions.
Please notice that the plasma density exhibits a large variation with altitude and is mostly concentrated in the E and F regions.

Considering the perpendicular components of the conductivity (op and 0y,), the E region has the largest ionospheric conductivity,
being the Hall component the more pronounced due to the larger k. Hence, currents flow more efficiently in this region. In the F

region, the Pedersen component of conductivity dominates, but it is smaller. Therefore, electric fields endure longer in these altitudes.

Plasma drifts, Fountain Effect and the EIA

Over the equatorial and low-latitude regions, ionospheric phenomenology is rich and has a large variability depending on
several parameters presented in the previous equations. During the daytime, the E region controls its electrodynamics. Atmospheric
tides (neutral motions generated by temperature gradients and gravity forcings) are responsible for generating electric fields in
this region, where the large conductivity establishes a system of currents. Electric fields generated in the daytime equatorial F
region are short-circuited to the low-latitude E region due to the large parallel conductivity (0)) along the geomagnetic field
lines. After dusk, the photoionization ceases, the chemical recombination consumes the ionization from below, and the D and E
regions vanish. As a consequence, the F region controls the electrodynamics while depending on features such as thermospheric
winds. It is worth noticing that the most drastic phenomena over the equatorial and low-latitude regions occur after dusk and

are, therefore, mainly related to F region electrodynamics.
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In the case of any force (F) acting over a plasma, a velocity component in the following form will occur (Eq. 6).

FxB
y- B ©)

B’
Due to the electric fields (E) residing in the F region, the plasma in these altitudes exhibits a velocity given by Eq. 7, which is

usually referred to as plasma drift velocity or electromagnetic plasma drift.

y=—" (7)

This expression shows that a zonal/vertical electric field generates a vertical/horizontal component of plasma drift in the
equatorial and low-latitude ionosphere. The prevalent zonal (eastward) electric field during the daytime causes an upward plasma
drift over the equatorial region. This movement is independent of charge; hence, the plasma bulk is transported collectively.
As the plasma drifts upward, it faces opposite forcing from gravity (g) and pressure gradients (Vp), and, due to the large parallel
conductivity (a”), it flows along the field lines to oft-equator latitudes. This movement of plasma being elevated over the equator
and transported to lower altitudes within the low-latitude region is known as the fountain effect (Anderson 1973; Hanson and
Moftet 1966; King 1968). As a result of the fountain effect, the plasma density distribution, which is expected to be larger over the
equator (due to the more significant solar incidence), is anomalously concentrated over the low-latitude region. This distribution
is known as EIA.

Figure 6 shows one example of the formation of the Equatorial Ionization Anomaly (EIA) due to the fountain effect using the
numerical model SAMI2 (Huba et al. 2000). The panels in Fig. 6 exhibit a time sequence of electron density profiles in the latitude/
altitude plane over the Brazilian region. As the solar incidence starts in the early morning (05:00-09:00 LT), photoionization
increases the electron density (N,). The concentration of N, is initially over the equatorial region. However, due to the fountain
effect, the plasma is redistributed along the geomagnetic field lines and forms two crests over low-latitude regions, as shown in
the Fig. 6a for 13:00 LT. This plasma flow is intensified along the day, reaching its maximum in early nighttime (in the Fig. 6d and
e for 17:00 and 21:00 LT). Later in the night, due to chemical recombination and decreasing vertical plasma drift, the EIA density
decreases substantially, lasting up to a few hours after 00:00 LT.

Source: Elaborated by the authors.

Figure 6. Example of the fountain effect and EIA formation obtained through numerical simulation. Along the
panels (Fig. 6a—f), one arbitrary line of the geomagnetic field (red dashed line) is highlighted to illustrate
the process, and transparency is used as a visual tool corresponding to the intensity
of the upward drift over the equator and strength of the EIA.
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Prereversal vertical drift, EPBs and scintillation

In the dusk region (i.e., twilight zone), a significant ionospheric conductivity gradient is present across the solar

terminator. The steep conductivity decrease changes the currents in the E region and, consequently, the electric fields
in the equatorial F region. The thermospheric winds (W) in the equatorial dusk F region originate a downward electric
field (E = -W x B). These equatorial downward F region electric fields are mapped to the low-latitude E region.
Considering the Ohm’s law, J = 6-E in the E region, this electric field drives a downward Pedersen current and a westward
Hall current. However, because of the steep decrease in conductivity, positive/negative charges pile up in the downward/
terminator boundaries due to these currents. The accumulation of charges in the lower limit of the E region gives rise
to an upward electric field that tends to counterbalance the downward electric field mapped from the F region. As a
result, the eastward/westward electric field generated in the dayside/nightside of the ionosphere by the westward current
and the conductivity gradient across the terminator is mapped back to the equatorial F region. In combination with the
northward component of the geomagnetic field, this causes an abrupt upward/downward drift in the dayside/nightside
ionosphere. This mechanism was reported in Farley ef al. (1986) and is known as prereversal enhancement (PRE) of the
electric field or vertical drift (PRVD).

Figure 7 shows the vertical component of the plasma drift over a typical summer day over the Brazilian region during high
solar flux and quiet geomagnetic conditions (i.e., not a storm/substorm period) as obtained from the IRI 2016 model. During the
daytime (blue shaded area), the chiefly eastward zonal electric field causes dominant upward plasma drift. In the nighttime (red
shaded area), the westward zonal electric field has the opposite effect, i.e., it causes a downward plasma drift. In the terminator

region (cyan shaded area), a steep increase in the vertical drift is clearly evident.

Source: Elaborated by the authors using data from CCMC (2000).

Figure 7. Vertical component of the plasma drift over a day. During daytime/nighttime
period, the eastward/westward electric field causes upward/downward vertical plasma drift
with a steep enhancement around dusk. This enhancement (highlighted in cyan)
is known as the prereversal enhancement of the vertical drift.

The PRE strongly influences the nighttime phenomenology over low latitudes, but it has a very complex configuration if a long
spatial extent is considered (Sousasantos et al. 2018; 2020). It elevates the ionosphere to higher altitudes, where the neutral density
decreases substantially. Thus, chemical recombination and the collision frequency are also reduced such that the geomagnetic
field has a more decisive role in the plasma dynamics.

Moreover, in the early nighttime, the progressive absence of photoionization and ionization loss steepen the plasma
bottom-side gradient upward. This steep gradient is opposite the gravity force (downward), and, under this configuration,
the ionosphere is in an unstable equilibrium similar to the classical Rayleigh-Taylor instability description, first noticed
by Dungey (1956).
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As previously mentioned, a force exerted over a plasma will give rise to a velocity, according to Eq. 6. When gravity is the force
into consideration, F is written as mg in Eq. 6. Since now the result depends on the charge, a gravity-driven current is established.
Over the equatorial region, this current is eastward due to the orientations of g and B.

If a seeding source disturbance is available in the early nighttime unstable scenario, an instability condition begins and
may evolve progressively. It is widely accepted that gravity waves of tropospheric origin typically provide these seeding sources
(e.g., Abdu et al. 2009b; Kelley et al. 1981; Kherani et al. 2009). Along the equatorial region, and specifically across the Brazilian
territory, the intertropical convergence zone (ITCZ) is a system of wind circulation that seems to fit this description in creating
troposphere-generated gravity waves (Rottger 1981). When these waves reach the F region bottom-side in the early nighttime
scenario, the gravity-driven current encounters fluctuations in the plasma density. Consequently, polarization (eastward)
electric fields are formed in the bottom-side of the ionospheric F region. Because of the geomagnetic field, these electric fields
cause an upward drift of the low-density plasma, enhancing the local perturbation. This process may evolve up to a buoyant
stage in which the low-density plasma from the bottom-side reaches the topside. This plasma density (N) instability is known
as generalized Rayleigh-Taylor instability, and its linear growth rate (y) under the action of the electric field and gravity may

be expressed as:

(8)
where the bottom-side vertical (h) gradient scale length is:

©)

The electric field is the main driver to start and control instability development in the bottom-side, while gravity contributes
to the buoyant rise up to the topside F region (Kelley et al. 1979b). As plasma depletions reach high altitudes, structures similar
to bubbles are formed. These structures are commonly referred to as Equatorial Plasma Bubles (EPB). These events are closely
related to aspects mentioned earlier in this work, namely solar activity, geomagnetic conditions, and seasonal period (Sobral
et al. 2002). Equatorial plasma bubble dimensions typically are hundreds of kilometers both in zonal (Clemesha et al. 1964) and
vertical directions (Woodman and La Hoz 1976). However, a cascading process during EPB evolution generates instabilities in
progressively smaller sizes inside the structure, reaching meter scale (Haerendel 1973).

As EPBs rise over the equator, they propagate through the geomagnetic field lines and reach low-latitude regions. The level of
depletion caused by these EPBs also varies depending on the background plasma density. Over the low-latitude region, this level
of depletion is intensified because the background density was previously enhanced due to the fountain effect.

An example of an optical register of EPB structures as captured by an all-sky imager (6300 A filter) is presented in Fig. 8.
The panels show a sequence of images in consecutive hours captured over the low-latitude station of Bom Jesus da Lapa, Brazil
(13°15' S, 43°25' W, LT ~ UT-3) during the night of December 14, 2020. The data may be accessed at INPE (2021). The green/
blue colors indicate larger/lesser concentrations of plasma (O*), and the coverage of the image reaches a diameter of ~1100 km.
In Fig. 8a (22:30 UT), the concentrated plasma in the lower boundary of the field of view (south) corresponds to the EIA southern
crest (green). In the top (north), one can observe that EPB structures (darker blue) seem to be entering the field of view, penetrating
southward (highlighted by the red arrows). In addition, these structures are drifting eastward, which also indicates the influence
of a downward electric field (or, equivalently, an eastward thermospheric wind).

The subsequent panels of Fig. 8 (22:40-23:48 UT) show that the EPBs penetrate increasingly southern regions (highlighted
by the red arrows). This movement is the equivalent to EPB ascension over the equatorial region, i.e., higher altitudes over the
equator cause more southward extension in the north-south direction due to the geomagnetic-field-aligned propagation of the
structures. As these depleted structures spread along the geomagnetic field lines, strong density gradients are formed, especially
over the regions with more background plasma density, as in the EIA region. This is a critical parameter when considering
transionospheric-propagating signals (Yeh and Liu 1982).

J. Aerosp. Technol. Manag., Sdo José dos Campos, v13, e4821, 2021



Sousasantos J, Marini-Pereira L, Moraes AO, Pullen S

Source: Elaborated by the authors using data from INPE (2021).

Figure 8. Optical register of the development of EPB structures over Bom Jesus da Lapa, Brazil, captured by an all-sky
imager (6300 A filter). Green/blue regions indicate larger/lesser plasma concentrations, and red arrows indicate EPB
penetrations. The EPB structures (dark blue) penetrate progressively southward, eventually reaching the region
of the EIA and causing a significant level of depletion (or equivalently a large plasma density gradient).

As mentioned earlier, the EPB process is turbulent, producing a broad spectrum of instability ranges. Considering the GNSS
L-band carrier frequencies, assuming an ionospheric pierce point (IPP) altitude of 350 km (IPP is the intersection between the
signal path and an ionosphere modelled as a thin shell at a given height) and a zenith satellite elevation of 90°, density irregularities
with scale sizes of approximately 365 to 423 m will cause severe amplitude fluctuations in the signals. These signals may also suffer
phase shifts. When signals suffer such variations, this is commonly called ionospheric scintillation (Kintner et al. 2007; Yeh and
Liu 1982). A widely used parameter for practical applications is the S, index, which measures amplitude scintillation. The S, index

is defined as the normalized variance of the intensity (I) of the signal over a period (typically 60 s), i.e.:
(10)

where < > represents the average value for 60 s, I = A% where A is the amplitude of the signal.

To illustrate the relationship between EPB events and amplitude scintillation in the GNSS signals, data from a scintillation monitor
deployed at Salvador station in Brazil (13°S, 38°31' W, LT ~ UT-3) on the same night presented in Fig. 8 is exhibited in Fig. 9. This station
islocated at approximately the same geographic latitude as the all-sky imager station (Bom Jesus da Lapa) and is only 4.92° eastward. Only
data from satellites with elevation angles larger than 20° were considered to avoid extensively long ray paths traversing the ionosphere.

The time when EPB structures of equatorial origin reach the field of view in the images in the panels of Fig. 8 is highlighted
by a black dashed rectangle in Fig. 9.

In general, alevel of S, larger than 0.2 is considered to be the minimum capable of degrading transionospheric signals (Kintner
et al. 2007), making S, occurrences below this threshold negligible. As can be observed from Fig. 9, as soon as EPB structures reach

the region covered by the all-sky imager (~22:30 UT), the level of amplitude scintillation (S,) increases steeply, attaining large values
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corresponding to a scenario of severe scintillation and strong signal degradation. The S, remains large up to ~04:00 U, fully agreeing
with the EPB occurrence registered through the all-sky imager (not shown here). Therefore, for GNSS-based applications, EPB events

like this one are significant adverse due to the scintillation and consequent severe signal degradation caused by these structures.

Source: Elaborated by the authors.

Figure 9. Amplitude scintillation (S,) registered at Salvador station, Brazil (13°S, 38°31' W, LT ~ UT-3),
close to Bom Jesus da Lapa, on the same night presented in Fig. 8. The scintillation index increases as
soon as the EPB event reaches this region (black dashed rectangle) attaining large values.

Consequences of EPBs for GNSS users and GBAS systems

The discussion presented in the previous sections shows that space weather phenomenology over low latitudes often leads to
the generation of EPBs, and these structures in turn can severely affect GNSS signals, including GBAS performance. Figures 10
and 11 display examples of the effects of EPBs on GBAS operation. The three panels of Fig. 10 illustrate the flow of events resulting
from EPB phenomena over low-latitude regions at the night between November 21 and 22, 2014. The Fig. 10a shows a total electron
content (TEC) map representing the spatial distribution (longitude and latitude) of ionospheric plasma over the Brazilian region
at 21:25 local time. The regions with more significant TEC concentrations (in red) are the EIAs, as indicated in Fig. 6. Equatorial
plasma bubble structures are the north-south depleted regions (elongated streaks) and are identified by light blue arrows. The solid
red line corresponds to the geomagnetic equator, and the white thicker dashed line in the southeastern region highlights bounds
where spatial changes (gradients) of at least 10 TECs over a few hundreds of km were observed. The white thicker dashed line
surrounds the Sdo José dos Campos (green dot) station, indicating the presence of significant TEC gradients due to EPB equatorial/
meridional development as EPBs propagate across the EIA region during this night. The location of the Rio de Janeiro International
Airport is also shown (magenta dot) in order to convey the significance of these results (Fig. 11). For more details regarding TEC
definitions, map construction, validation and use of TEC maps, please refer to Oliveira et al. (2020) and Marini-Pereira et al. (2020).

The Fig. 10b shows the temporal profile of the S, index over this night. A receiver deployed at Sao José dos Campos, close to
the EIA region, provided this data. In the early nighttime, the data exhibits noticeable scintillation activity (S, > 0.4 is typically
assumed to be a considerable event), suggesting that multiple satellite links were affected by EPBs. According to Moraes et al.

(2014), the tracking error variance oy of the GPS carrier tracking loop is expressed by:
(11)

where o;s is the phase scintillation error component, U;T is the thermal noise component, which is directly influenced by the scintillation

amplitude, and ¢

Josc 1S related to the receiver oscillator noise. Because amplitude and phase scintillation are correlated events, the p
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parameter is the correlation coefficient between errors due to amplitude and phase scintillation. According to Humphreys et al. (2010),

for a receiver with g% < 14.3° the tracking loop operates in a linear regime. When this threshold is exceeded, the receiver loses phase
lock and cannot demodulate GNSS navigation data or provide reliable observables. Loss of lock events are more likely to happen as
S, increases, i.e., during more severe ionospheric scintillation scenarios. Vani et al. (2021) showed that, under a strong scintillation
scenario, there is a probability of roughly 4% that at least three satellites will be affected simultaneously. Multiple-channel degradation
of this sort is even worse for GNSS-dependent applications, as it is more likely to cause unavailability and impaired position estimation.

Another aspect of performance degradation during scintillation is what is known as a “cycle slip”. In a cycle slip event, the phase
tracking loop jumps from one integer (or half-integer) level to another on one or more signals, causing the standard deviation of receiver
phase error to increase. Errors of this nature sometimes are not immediately noticed, leading to accumulated errors or momentary
unavailability of GPS carrier-phase observables. Humphreys et al. (2010) established a relationship between the bit error probability for
binary differential phase-shift keying (DPSK) and the occurrence of cycle slips for a GPS receiver under scintillation effects. Later, Moraes
et al. (2018) used fading coefficients (a statistical property of scintillation) to show that aspects of signal propagation orientation about
EPBs may result in more cycle slips. Recently, Portella et al. (2021) showed, through simulations, that amplitude fading events deeper
than —15 dB are critical for the receiver operation due to the high probability of cycle slips. Therefore, strong scintillation occurrences,
such as the event shown shown in Figl0b, are likely to limit the availability of the GPS receiver in terms of producing high-quality

range measurements to all satellites in view, which is very important to GBAS and other precise GNSS operations.
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Figure 10. Illustration of EPB events and their consequences for GBAS users. (a) TEC distribution over Brazilian territory
exhibiting multiple EPBs (depletions) extending from equatorial to low-latitude region along geomagnetic field lines. (b)
amplitude scintillation index (S,) registered by the Sao José dos Campos station during the EPB events. (c) large
ionospheric gradients |VI| formed due to EPB propagation across the EIA region. The calculation used
the station-pair method based upon measurements from two ground stations in Sdo José dos Campos.
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Figure 10c shows the ionospheric spatial gradients calculated using the station-pair method (Datta-Barua et al. 2010)

using measurements from two ground stations 10.22 km apart and deployed at Sao José dos Campos, Brazil. In this panel,

slant ionospheric gradients, |VI|

, reach values much larger than 400 mm-km™, which is the upper limit of the conterminous
United States (CONUS) ionospheric threat model for GBAS. While existing GBAS is designed to mitigate gradients within
this threat model, gradients significantly exceeding this model potentially threaten the integrity of GBAS, or if GBAS is
redesigned to also mitigate these more extreme events, its availability for precision approach operations would be significantly
degraded (Yoon et al. 2019).

Figure 11 exhibits the effects on GBAS accuracy determined by an independent ground monitor station (at a known, pre-
surveyed location) under a strong ionospheric gradient scenario similar to that presented in Fig. 10. This dataset was obtained
at the Rio de Janeiro International Airport (magenta dot in Fig. 10) for the night between November 18 and 19, 2011. While
it does not belong to the same night of the EPB event shown in the previous figure, it depicts the entire chain of EPB effects,
from plasma instability processes in the equatorial and low-latitude nighttime ionosphere up to fading and disruption of

transionospheric signals affecting GBAS and other GNSS users.
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Figure 11. Example of GBAS errors measured by an independent ground receiver under a severe
EPB/ionospheric gradient scenario. The dataset was obtained at the Rio de Janeiro International
Airport in 2011. (a) Horizontal error (in meters). (b) Vertical error (in meters).

Figure 11 shows the actual horizontal/vertical errors at the independent ground monitor station after applying corrections
provided by the nearby GBAS. A color scheme is used along the curves as a tool to visualize when certain critical error levels
were reached. The blue color, from darker to lighter, corresponds to true error magnitudes below 40 and 10 m for horizontal and
vertical components. Colors from white to red represent values with magnitudes larger than 40 and 10 m for the horizontal and vertical
components, which are beyond the alert limits stablished for category I operations at the minimum decision height of 200 ft.
At certain times, the error increases substantially above typical values of less than 1 m and eventually breaches the tightest vertical
alert limits for category I (CAT I) operations.

The results presented in Figs. 10 and 11 indicate that EPBs may damage GNSS performance in at least two ways: through
scintillation, due to the cascading process throughout the turbulent development of the instability, or as a result of the large

spatial plasma gradients, which are notably enhanced when EPB depletions reach the EIA region. Both of these usually occur

when EPBs are present.
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FINAL REMARKS

This article is the second of a two-part series of survey papers that provide an overview of GBAS technology and
the main challenges to GBAS operation in low-latitude regions, specifically in Brazil. Due to the strong influence of the
ionosphere on GNSS signals, space physics concepts underlying ionospheric behavior were discussed in this part two
of this series.

The content presented in this paper is designed to demonstrate the connections between solar activity, geomagnetic
configuration, and ionospheric electrodynamics. The relationships between solar activity, the geomagnetic conditions and the
geometry of the geomagnetic field, neutral winds, electric fields and currents, ionospheric background plasma density, plasma
drifts, and the instability development make up the framework of the space weather phenomena that affect GNSS applications.
The prominent phenomenon of interest are EPBs structures due to their marked impact on GNSS signals in low-latitude regions.
When this chain of interrelated physical events leads to EPB formation, GNSS and GNSS augmentation systems such as GBAS
may be severely affected. Therefore, applications of GNSS in low-latitude regions must consider these physical aspects and the
consequences they can lead to.

Understanding the main aspects described in this paper provides an improved perspective of the challenges involved in
operating a safety-critical GNSS-based system for air navigation applications in the low-latitude ionospheric environment.
This knowledge is important for service providers and operators of GNSS-based systems in low latitudes. Further understanding
of space weather behavior, observance and warning of EPB formation and propagation in near-real-time, and modernization of
GNSS and its augmentations will contribute to improving availability and integrity for GNSS-dependent users in these regions

over the next couple of decades.
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