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ABSTRACT

Biases in Global Navigation Satellite System (GNSS) receivers can degrade satellite
signals used for ionospheric studies. In this work, we propose the receiver bias re-
moval using ionosonde data collected at 6.5 LT, when the ionosphere is supposed
to have minimal Total Electron Content (T EC') gradient along magnetic longitudes
of the South American sector. Also, the adapted a-Chapman function was used
in order to include the plasmaspheric contribution in the ionosonde-derived T EC'
(IONTEC) calculations. For each day, a function able to describe the vertical TEC
(VTEC) on magnetic latitudes IONTEC(Mp,:) was fitted on the ionosonde data
and used to calibrate the TEC obtained from the GNSS stations of the networks
Rede Brasileira de Monitoramento Continuo (RBMC), Instituto Nacional de Cién-
cia e Tecnologia — Tecnologia GNSS no Suporte a Navegagio Aérea (INCT GNSS-
NavAer), and Systéme d’Observation du Niveau des Eauz Littorales (SONEL). The
estimated biases where compared to the results from the University of Texas at Dal-
las (UTD) code for TEC' calibration and both have shown good agreement. Also,
the coherence of the method for three consecutive days, March 21-23, 2021, a period
with low solar activity, was analyzed and it has shown to be satisfactorily stable by
producing the average standard deviation of the receiver bias from the RBMC net-
work equal to 0.6376 T ECU; a distinct case occurred at Cachoeira Paulista Station,
which experienced large variation in its bias through the three days, even so, our
method was able to detect an estimate of the receiver bias, ensuring the continuity
of TEC' data. Finally, was generated the T"EC maps over the Brazilian sector and
neighboring regions using minimal curvature method for interpolation and the maps
were compared to the ones produced by the Laboratorio de Meteorologia Fspacial,
Atmdasfera Terrestre, Geodesia, Geodindmica, diseno de Instrumental y Astrometria
(MAGGIA laboratory). It was noticed that just the maps generated with our method
were able to detect properly Equatorial Plasma Bubble (EPB) signatures, such that
these signatures were also identified by All-Sky imager pictures and S4 data.

Palavras-chave: Receiver bias. Global Navigation Satellite System (GNSS).
Tonosonde. Ionosphere. Total Electron Content (TEC).
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CALIBRACAO DO GNSS-TEC USANDO DADOS DE IONOSSONDA
E GERACAO DE MAPAS DE TEC EM BAIXAS LATITUDES

RESUMO

Erros em receptores de Global Navigation satellite System (GNSS) podem corromper
sinais de satélites usados para estudos da ionosfera. Neste trabalho, nés propomos
a remocao de tendéncias de receptores usando dados de ionossonda coletados as
6.5, hora local, quando se supde que a ionosfera tem gradiente minimo no Con-
teido FEletronico Total (TEC) em longitudes magnéticas no setor Sul-americano.
Usou-se a fungao Chapman-a adaptada de tal maneira a incluir as contribui¢oes da
plasmasfera no calculo do TEC derivado de ionossonda (IONTEC). Para cada dia,
uma fungado capaz de aproximar o TEC vertical (VT EC) em latitudes magnéticas
(IONTEC(Mpq:)) foi ajustada nos dados de ionossondas e usada para calibrar os
valores de T'EC obtidos com as informagoes dos receptores GNSS da Rede Brasileira
de Monitoramento Continuo (RBMC); e, redes do Instituto Nacional de Ciéncia e
Tecnologia — Tecnologia GNSS no Suporte & Navegagio Aérea (INCT GNSS-NavAer)
e Systéme d’Observation du Niveau des Faux Littorales (SONEL). As tendéncias es-
timadas foram comparadas as obtidas pelo codigo University of Texas at Dallas
(UTD) de calibragao de TEC, onde ambos mostraram boa concordancia. Também
foi investigada a coeréncia do método para trés dias consecutivos de baixa atividade
solar, 21-23/03/2021, o qual se mostrou satisfatoriamente estavel com um desvio
padrao médio para as tendéncias dos receptores RBMC igual a 0.6376 TECU; um
caso peculiar ocorreu na estacao de Cachoeira Paulista, a qual experimentou grande
varia¢ao nas suas tendéncias nos trés dias analisados, mesmo assim, nosso método foi
capaz de detectar e estimar o valor correto, garantindo a continuidade dos dados de
TEC. Finalmente, foram gerados mapas de T EC' sobre o setor brasileiro e regodes
vizinhas através de interpolagao com método da curvatura minima e comparados
com os mapas do Laboratorio de Meteorologia Espacial, Atmaosfera Terrestre, Geo-
desia, Geodindmica, diseno de Instrumental y Astrometria (MAGGIA), onde apenas
os mapas gerados pelo nosso método foram capazes de detectar propriamente as-
sinaturas de Bolhas de Plasma Equatoriais (EPBs), onde tais assinaturas também
foram identificadas por imageadores All-Sky e dados de indice S4.

Palavras-chave: Erros de receptor. Global Navigation Satellite System (GNSS). Io-
nossonda. lonosfera. Contetido Eletronico Total (TEC).
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1 INTRODUCTION

Global Navigation Satellite Systems (GNSS) are high technology systems used for
positioning and also for ionospheric research. However, data provided by GNSS
receivers are often contaminated by biases, which can reduce the measurement ac-
curacy. According to Vierinen et al. (2016), these biases, also known as instrumental
effects, arise from dispersive hardware components in the transmitter and receiver,
causing signal delays, which are dependent on the frequencies. Another time delay
that occurs in GNSS signal broadcasting is due to the refractive property of the
region known as tonosphere. The ionosphere is the ionized part of the upper atmo-
sphere, which is composed of a significant number of free electrons and positive ions,
with negative ions predominant in its lower altitudes (HARGREAVES, 1992; PROLSS,
2012). The group delay and phase advancement due to ionosphere are in the same
magnitude and opposite sign between them; also, in a first approximation, both are
proportional to the electron summation between the receiver and satellite in one
square meter column and inversely proportional to the square of the transmission
frequency (HOFMANN-WELLENHOF et al., 2007; OTSUKA et al., 2002; PAJARES et al.,
2005). The previously mentioned summation is known as Total Electron Content

(TEC) and can be represented by the following integral:

satellite

TEC = Nds, (1.1)

receiver

where N is the electron density and ds is the infinitesimal distance between the
satellite and the receiver. As T EC can assume large values, it is better expressed in
TEC wnits (TECU), being 1 TECU = 10'®clectrons-m™2.

Several works have been published showing how the GNSS receiver bias can be re-
moved, e.g. Carrano and Groves (2006); Otsuka et al. (2002); Rideout and Coster
(2006); Themens et al. (2013); Vierinen et al. (2016). If the Global Positioning System
(GPS) constellation is considered, which transmits signals on three carrier frequen-
cies, L1, Lo, and Ls, also if the instrumental effects are correctly removed and a
sufficient number of satellites are viewed by the receiver, one can obtain information
about the ionosphere and accurate position by combining observables obtained from
Ly, Lo, and Ls. However, TEC' estimations in the equatorial ionosphere become a
challenge due to spatio-temporal density gradients and satellite signal scintillation
(CARRANO; GROVES, 2006). Also, according to Themens et al. (2013), these previ-
ous methods may not offer accuracy, at least in high latitudes, where some prior

conditions cannot be assumed.



In this work, we propose receiver bias removal using data from idonosondes. An
ionosonde is a device used for ionospheric sounding; it works like radar emitting
pulses into the vertically up direction and measuring the time of response. By sweep-
ing in a spectrum of frequencies, a vertical frequency profile is generated up to the
height (h,, F») where occurs the maximum ionospheric plasma frequency (f,,, F»). The
stored profile is named ‘onogram and it represents the ionospheric plasma frequency

in function of a virtual height.

The motivation of this study arises from the necessity of a precise TEC' database
for ionospheric research, GNSS navigation, and HF communication in the equatorial
and low latitude ionosphere, where a large response to extreme magnetic conditions,
strong spatio-temporal gradients, and several irregularities are found. Therefore, a
method for GNSS bias removal is worth studying. We have applied our method for
three consecutive days 21, 22, and 23 of March 2021, in a transition period from
geomagnetically moderate to calm. We collected data from ionosondes available at
Estudo e Monitoramento BRAsileiro de Clima Espacial (EMBRACE) at Instituto
Nacional de Pesquisas Espaciais (INPE) (2021) or at DIvision of Heliophysics, Plan-
etary science and Aeronomy (DIHPA) also at INPE; the TEC' from ionograms were
calculated using the adapted a-Chapman function (JAKOWSKI, 2005) to model the
top of the ionosphere; the ionosonde stations were tagged in magnetic latitudes and
the TEC latitudinal distribution was generated by polynomial fitting. Finally, we
produce the TEC' maps using the minimum curvature approach for interpolation
(PARKER, 1994; WESSEL; BECKER, 2008).

This work is divided into five chapters. In Chapter 2, we describe briefly the theory of
wave propagation through magnetoionic mediums, such as the ionosphere, discuss
some ionospheric properties like its topology, basic chemistry and dynamics, and

conclude with a description of the action of such region upon radio waves.

Chapter 3 is dedicated to the methodology with an emphasis on the radio techniques
used in this work for ionospheric probing: the Global Positioning System (GPS) and
the main features of an ionosonde/DIGISONDE. Further, some existing methods for
receiver bias removal are discussed in order to justify and illustrate our research.
The chapter is concluded with an explanation of our method for calibration and

T EC map generation.

In Chapter 4, we show our results and compare the receiver bias estimations with
the results from the UTD code for TEC' calibration, which was kindly provided by

Cesar Valladares, and the day-to-day variation of the measurements for the three



days are discussed. Consecutively, using the calibrated T'EC data, we show how an
interpolation function was applied to generate a distribution of T'"EC mainly over
the Brazilian sector to be compared with T'EC maps generated by Mendoza et al.
(2020) followed by a qualitative comparison with pictures of all-sky imagers available
at Instituto Nacional de Pesquisas Espaciais (INPE) (2021).

Finally, in Chapter 5, we conclude by summarizing our method and achievements;

also, some future improvements are listed.






2 WAVE PROPAGATION IN THE IONOSPHERE

In free space, an electromagnetic wave travels at velocity ¢ (the velocity of light).
However, if the signal crosses an ionized medium, the refractive index is no longer
1 and the wave suffers a delay in its velocity and advancement in phase. It is worth
noting that even if the phase travels faster than ¢, no information is carried, main-
taining the relativistic principles (HOFMANN-WELLENHOF et al., 2007; PAJARES et al.,
2005). According to Hofmann-Wellenhof et al. (2007), the refractive index depends
on water vapor, temperature, pressure, signal frequency, and the number of free
electrons. The ionosphere is a dispersive medium even at 1.5 GHz, thus, waves with
different characteristics have different phase velocities while crossing this region.

Therefore, it is a matter of interest to describe some general ionospheric properties.
2.1 The ionosphere

In the modern world, one of the most important space area worth studying is the
region called ionosphere. It is of good agreement that it is located mainly between
50 and 1000 km of altitude. Such region, sometimes referred as a layer, is com-
posed of positive ions and electrons, behaving as plasma. With the emergence of
the civilian operations of satellite technologies, the understanding and modeling of
the ionosphere are matters of great importance. In respect to the radio waves, or
electromagnetic waves in general, this atmospheric region can work as a dielectric

or a metallic reflector, depending on the radio wave frequency (PROLSS, 2012).

According to Rishbeth (1969), the existence of a conducting layer was suggested
previously to explain small daily variations in the geomagnetic field. Some authors
defend that C. F. Gauss in 1939 attributed these fluctuations to atmospheric cur-
rents. In 1901, G. Marconi did a successful experiment, which transmitted radio
signal across the Atlantic and showed that the waves were much more likely de-
flected than refracted. In the following year, 1902, A. E. Kennelly and O. Heaviside
suggested that this kind of reflective behavior would be due to free electric charges

in the upper atmosphere (RISHBETH, 1969).

The term, “ionosphere”, of course, refers to the high ion density in that region and,
assuming macroscopic neutrality, a similar electron density for each ion density pro-
file is obtained, which can vary from 10% to 10° cm™3. The previous assumption is
reasonable above 90 km altitude (PROLSS, 2012). The high ion-electron density in
this layer is strongly related to the solar-terrestrial interactions, also, it presents

a stratified behavior. The ionosphere subdivision is best represented by its verti-



cal plasma density variations in contrast to the neutral atmosphere which is more
conveniently characterized by its temperature distribution (KELLEY, 2009). Figure
2.1 represents typical values of the atmosphere in terms of temperature and plasma
density; the left side profile stands for the neutral atmosphere subdivision and the
right side graphic represents the plasma density during the daytime (solid line) and
nighttime (dashed line).

Figure 2.1 - Neutral and ionized atmosphere.
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Typical temperature and plasma density profile in the atmosphere.
SOURCE: Kelley (2009).

Prolss (2012) presented a subdivision, Table 2.1, related to the predominant ion
distribution as D, E; and F regions, which are, respectively, dominated by the cluster
and negative ions under 90 km; O3 and NO™ approximately between 90 — 170 km;
and OT between 170 — 1000 km. Above these layers (approx. over 1000 km), the

region dominated by HT is named plasmasphere.

The maximum electron density occurs in the F region and it is called Fy peak. A
subscript is used to split the F region into F; and F5 regions. The reason behind that

is because, in the daytime, another electron density peak (but not global) appears



Table 2.1 - Classification of the ionosphere according to composition.

D region h <90 km H3;0" - (Hy0),,, NO3~
Ionosphere  E region 90 < h < 170 km O3, NO*
F region 170 < A < 1000 km ot
Plasmasphere h > 1000 km HT

SOURCE: Adapted from Prolss (2012).

over the Fy peak. Also, a sporadic occurrence of the so-called F3 layer has been
noted and studied (BALAN; BAILEY, 1995; BATISTA et al., 2002). Still according to
Batista et al. (2002), the sporadic F3 layer would be formed due to E x B drift
around the magnetic equator combined with the magnetic meridional neutral wind,
which provides an upward plasma drift near and below the Fy peak, during noon

periods, as predictable by ionospheric models.
2.1.1 The ionization production and loss

The ionized region is nothing but the neutral upper part of the atmosphere which
received energy from the sun enough to decouple ion/positive-molecules and elec-
trons, whose dynamics (movements) are driven by neutral winds and controlled by
the magnetic field (BALAN et al., 2018). According to Hargreaves (1992), the concen-

tration of free electrons in the ionosphere is related in Equation 2.1,

ON.
ot

+V - (Nv)=¢q—L, (2.1)

which is the continuity equation for the electron density N, with dynamic changes
due to N.v, where v is the mean drift velocity and rates of production and loss given
by ¢ and L respectively. Three main factors contribute for the term ¢ in 2.1. The
absorption of solar energy in Extreme Ultra Violet (EUV) and X-ray band gener-
ates photoionization in the ionosphere, and it is called primary photoionization; the
secondary ionization process is related to photoelectrons and scattered or reemitted
radiation; the third process plays an important role in polar regions and it arises
from the precipitation of energetic particles (PROLSS, 2012). The main loss processes

are related to recombination, which can occur due to other several factors.

Some details about the main ionization production processes are:

o the primary photoionization, a nondissociative process represented as
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(PROLSS, 2012)
X +ph(A £ 100 nm) — X +e

where X™ is a molecule or atom, ph represents a photon with wavelength

A and e is the electron generated by the processes;

o the secondary ionization processes, which is due to photoelectrons released

in the primary ionization; and,

 the jonization by energetic particles. This ionization process is important in
high latitudes in celestial bodies whose magnetic fields have dipolar char-
acteristic (HARGREAVES, 1992; KIVELSON et al., 1995). This phenomenon
has the form (PROLSS, 2012)

X+e,(E212eV) — X +e, +e,

where E' is the energy of an precipitating electron, the index p is for the
primary precipitating electron and s is for the new (secondary) produced

electron.

In respect to the term L in 2.1, we can summarize the electron loses in the ionosphere
as (KIVELSON et al., 1995; PROLSS, 2012)

e the radiative recombination,

Xt 4+ e — X + ph;

e the dissociative recombination,

XY"+e —X+Y;

o the attachment,

Z+e—71;

being X, Y and Z atoms or molecules.
2.1.2 Electron density peak

The electron density peak occurs in the Fy region and has great importance in the

ionospheric analysis. To understand the formation of this maximum, consider the



simplest ionosphere modeling, which consists of the absorption of a monochromatic
radiation by a planar isothermal ionosphere, composed of single gas species, X. The
number of photons absorbed per units of volume and time is given by (PROLSS,

2012)
deh A h
= 2.2
where ¢Ph = ¢Phe~" is the photon flux, ¢#" is the photon flux outside of the Earth’s

atmosphere, 7 is the optical depth, nx is the X species density and o4 its absorp-

tion cross-section. The absorbed photons can also dissociate molecules or generate
excitation. Considering the fraction of photons that was responsible just for the ion-

ization nl (ionization efficiency), the volumetric and temporal rate variation of the

PI

«+, in 2.2 generated by primary ionization is

number of ions, ¢

gyt = nxognx ¢’ = oxnx ", (2.3)

where o, is the ionization cross-section. Figure 2.2 represents the behavior of the
main gas density, which decreases with height, and the solar radiation intensity,
increasing with height, both governing the primary ion production rate. At the h,,q.
altitude, the radiation is still enough to produce a large amount of ionization before
the concentration becomes too small; at this point, the peak of electron density

occurs.

Also, if we consider that the ionospheric model in 2.3 satisfies the additional following
properties: X has an exponential distribution with scale height constant and no
horizontal gradients, it is known as Chapman production function and can be written
as (HARGREAVES, 1992; KIVELSON et al., 1995; PROLSS, 2012; RISHBETH, 1969)

q=qmoexp(l —z —secy-e ?), (2.4)

where z = (hy,0 — h)/H is the reduced height for the neutral species, H is the scale
height, y is the zenith angle, h,,q is the height of maximum production for y = 0, and
Gmo is the production rate at h,,o. Figure 2.3 shows the behavior of the normalized
Chapman production function versus reduced height for various zenith angles. 2.4
will play an important role in our further discussions. The Chapman function and
its variations are often used to model topside ionosphere in ionosonde-derived data.
Such data are used for ionospheric research and are useful for several nowadays
applications. The ionosphere alters significantly the properties of an electromagnetic

wave passing through such a region. In the next section, we present some of those



Figure 2.2 - Tonization layer.
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effects.
2.2 Radio wave propagation in the ionosphere

Every electromagnetic wave crossing the ionosphere or any ionized medium under-
goes changes in its propagation direction, amplitude, and velocity. The study of
ionized medium and radio waves interaction is known as magnetoionic theory. In
general, the refractive index for an ionized medium is (HARGREAVES, 1992; RISH-
BETH, 1969)

X

n?=1-

(2.5)

127

. V2 YA
1 —iZ — [2(1—)?—1‘2)] + [4(1—XT—1‘Z)2 +Y7

where ¢ is the imaginary unity, X, Y and Z are dimensionless magnetoionic param-
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Figure 2.3 - Normalized Chapman function.
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Normalized Chapman function for various zenith angles.
SOURCE: The author.

eters given by

X = w /w?
Y =wp/w
Y, =wp/w
Yr =wr/w
Z=v/w

being wy, wg, wr, wr, w and v, respectively, the angular plasma frequency, the
electron gyro frequency, the longitudinal and transverse components of wg, the wave
angular frequency and the frequency of collision (HARGREAVES, 1992).

Equation 2.5 is known as Appleton-Hartree equation and neglecting the geomagnetic

field effects, considering that the absorption is small, 2.5 reduces to

(2.6)

where the subscript ph is to name this as phase refractive index. Still according to
the same assumption, the group refractive indez is given by ng,. = 1/n,, (SCOTTO et

al., 2012). It is easy to see that for wy > 0, ny, < 1 and ng, > 1, and both refractive

11



indexes are related the group and phase velocities vy, and v, as

c

, = 2.

Vg Mgr (2.7a)

v = . (2.7b)
nph

It means that for an electromagnetic wave crossing a plasma region like the iono-
sphere, the reflection will occur at the altitude where wy = w, i.e. where/when

ng- = 0. This property is used for vertical ionospheric sounding by ionosondes.

The aforementioned inequalities for the refractive indexes and the equations 2.7a

and 2.7b allow us to write

Ngr > 1> npp

<l<—
Tgr Tph (2.8)

<c< —

Vgr < € < Uppy.

Therefore, if the carrier frequency is larger than the maximum ionospheric plasma
frequency, the signal will not be reflected and will change according to the ionosphere
properties in such way that the signal will suffer a delay in group velocity and
advancement in phase velocity as seen in the last inequality of 2.8. Figure 2.4 shows
the behavior of the phase and group velocities in function of their angular frequency
w in an isotropic plasma, whose frequency is wy; note that the inequality 2.8 is
verified, and also, it is in agreement with the physical basis, because for extremely
high frequencies (w >> wy), even the electrons are not able to respond to an
oscillating electric field (BITTENCOURT, 2004), the refractive indexes tend to 1;

consequently, the group and phase velocities tend to c.

The equivalent ionospheric phase and group effects in the unity of meters are given
by (HOFMANN-WELLENHOF et al., 2007)

40.3 40.3
=~ [ Neds = ~ TEC (2.9)

IThe signal travels at group velocity.
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Figure 2.4 - Phase and group velocities in a plasma.
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SOURCE: Adapted from Bittencourt (2004).

4 4
- O3/N ds = ETEC (2.10)

The integral

satellite
TEC = N.ds (2.11)

receiver
is the total electron content in a circular column with a cross-sectional area of 1 m?
between the signal emitter and receiver; its geometry is schematically represented in
Figure 2.5, where the emitter is a satellite and the receiver is some GNSS antenna
over the Earth’s surface. Also, TEC is usually given in TECU (T EC unity), where

ITECU = 10'%electrons/m?.
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Figure 2.5 - Total Electron Content (TEC).

SOURCE: Adapted from Royal Observatory of Belgium (ROB) (2008).

As we mentioned before, the magnetoionic theory will help us to identify ionospheric
parameters and their behaviors in order to improve the understanding of such re-
gion. In the next chapter, we introduce the main concepts of the two techniques
used in this work for ionospheric sounding, the ionosonde technique and the Global

Positioning System (GPS), a particular Global Navigation Satellite System.
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3 METHODOLOGY
3.1 Radio techniques for ionospheric probing

In this work, we will concern with the ionospheric sounding via the Global Position-

ing System (GPS) and ionosonde of the DIGISONDE type.
3.1.1 The Global Positioning System

The Global Positioning System (GPS) is a constellation of at least 24 satellites
orbiting the Earth at about 20,200 km of altitude, transmitting continuous signals
for three-dimensional positioning, velocity, and time (PVT) determination (PAJARES
et al., 2005). If a satellite s and a receiver r are in the same reference system, the

geometric distance between them is given by

pr= 1P = p,ll, (3.1)

where p, is the receiver position (moving or fixed) and p® is the satellite position in

the considered system of reference.

To have a basic idea of (GPS) positioning, consider the illustrative two-dimensional
case in Figure 3.1. Assuming that we know the coordinates of a lighthouse emitting
acoustic signals in intervals of 1 min. Also, supposing that it starts to emit at 0
hours, 0 minutes, 0 seconds and a ship far away from the lighthouse with a perfect
synchronized clock detects this signal in a time interval different from a multiple
of 1 minute, for example, 20 sec later (¢ = n - 1m + 20s). Thus, these 20 seconds
are due to the propagation of the sound. The distance between the receiver (ship)
and the emitter (lighthouse) will be the time of propagation times the velocity of
sound. However, a circumference of ambiguity will appear, as presented in Figure
3.1. If there is another lighthouse, the ambiguity will reduce to two points, which is
the intersection of the two circumferences. Finally, the coordinate can be uniquely
determined if a third lighthouse is added (PAJARES et al., 2005). This example il-
lustrates the case of GPS. In the GPS system, the geometry is in three dimensions
and the propagating signal is an electromagnetic wave. In the previous example,
was supposed a synchronism between transmitter and receiver. In practice, it does
not occur (PAJARES et al., 2005). Figure 3.2 illustrates what happens when there is
no synchronization of clocks. The intersection of the three circumferences will not
occur in just a single point, but in a region of uncertainty, where the real position

must be.
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Figure 3.1 - Ambiguity in Position.
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SOURCE: Pajares et al. (2005).

To assure stability in the clock, the satellites contain an atomic oscillator with daily
stability of about 10713 (Af/f)! and the receivers are usually equipped with quartz
clocks with poorer stability (PAJARES et al., 2005).

Figure 3.3 shows an illustration of triangulation in three dimensions for a user view-

ing three satellites.

The GPS satellites transmit signals centered in two L band frequencies, which are
derived from a fundamental frequency f; = 10.23 MHz, generated by its atomic
clock (HOFMANN-WELLENHOF et al., 2007; PAJARES et al., 2005). The frequencies
are

L; =154 x 10.23 MHz = 1575.42 MHz

Ly =120 x 10.23 MHz = 1227.60 MHz,

and it allows to avoid the ionospheric refraction errors due to T"EC' in the ionospheric

free combination. Also, a third carrier frequency called Ls is broadcast by GPS

!The time required to this oscillator deviate 1 second is 300,000 years
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Figure 3.2 - Clock Error Effect.
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SOURCE: Pajares et al. (2005).

satellite; here, we just concern with L; and Lo, and their respective observables.
3.1.2 Observables

The most used observables for T EC' calculations are the code pseudorange P, modu-
lated on Ly and Ls; the coarse/acquisition code C'/A, modulated just upon Li; and,
carrier phase ® in respect to L, and Lo, measured directly from the received sig-
nal. P is referred to as pseudorange observable due to clock and propagation errors,
which alter the measured length between receiver and satellite. As shown in Figure
3.4, such errors are related to propagation in the atmosphere, relativistic effects,

multipath, etc.

According to Themens et al. (2013), also neglecting multipath effects and considering
that the relativistic corrections are done, the code (pseudorange) modulated on L

and Ly and carrier phase measurements for the receiver i and satellite j, in meters,
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Figure 3.3 - Triangulation.
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are

—dt)) + T + I, p + c(diy + d)) )
Py = pltc(d —dty) +T) + Iy p+ c(dip + dj) )

‘ —dt) + T+ I o+ (i + o)+ NN, (320)
—dt;)) +T) + Iy g, +c(di2 + ¢5) + AN/, (3.2d)

where c is the speed of light in vacuum, pg is the geometric distance between satellite
4 and receiver i, dt’ and dt; are, respectively, satellite and receiver clock errors, [ij LP
and I 1. are ionospheric code error for pseudorange and phase on L, and L, (as
defined in equations 2.10 and 2.9, respectively), Tij is the tropospheric error, d; 1,
and dj are receiver and satellite hardware errors in code on L; and Ly, ¢, and

7 are the same error for carrier phase measurements and, finally, A, and NZ . are,

respectively, the wavelength and phase ambiguity for L; and Ls.
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3.1.3 TEC from GPS observables

Taking the difference P '1 = P, — Py (the code ionospheric observable) in Equations
3.2a and 3.2b, as well as @M = ®; — &, (the phase ionospheric observable) in 3.2¢
and 3.2d, we cancel out all of the terms which do not depend on the frequencies.
We are left with

Ply = Iyp—1Iip+c(DCB + DCB) (3.3a)

(Dg,l = ]i];l,@ - Iij,2,‘1> +c¢(DPB’ + DPB;) + nl, (3.3b)

where

nl = AN/, — XN/,
DCB/ = d} — d]
DCB; = dz‘,2 - di,l
DPB’ = ¢| — ¢}
DPB; = ¢i,1 - ¢z‘,2~

In 3.3a and 3.3b, DCB and DPB are, respectively, for differential code bias and
differential phase bias in satellite j and receiver ¢. Note also that they have units of
seconds. The terms IZ L.p and [Z Lo are given in, Equations 2.10 and 2.9, as it was

mentioned before; that is,

; ; 40 3

i i,

Figure 3.4 - Errors in pseudorange measurements.
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SOURCE: Pajares et al. (2005).
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where we named L by f (in Hz) for simplicity and STEC' is the slant TEC, the
total electron content along the geometric distance between receiver and satellite,

represented in Figure 3.7. By combining 3.3a and 3.3b with 3.4, we obtain

‘ 2 f2 . .
P/, = 403 (f 1f2 j;f 2) STEC] + ¢(DCB’ + DCB;) (3.5a)
1J2
j . fl2 - f22 J J J
P, = 403 2 STEC! + ¢(DPB’ + DPB;) + nj. (3.5Db)
1J2

The STEC measured from pseudorange, Equation 3.5a, does not have phase am-
biguity but it is extremely noisy, whereas STFEC by 3.5b is more precise, even
it carriers the ambiguity term (CARRANO; GROVES, 2006; THEMENS et al., 2013).
Therefore, a process called phase leveling (THEMENS et al., 2013) is performed. Such
process levels the phase derived ST EC to the one derived from pseudorange. We

define the leveling constant as follows:

1 Nare i i
W = > (Pl =), (3.6)
Narc n=1 ’ ’

where N,,. is the total number of measurements in an arc of lock (the path of the

satellite viewed by the receiver in an epoch). Using Equations 3.5a and 3.5b into

3.6, one gets
1 Narc 3 . -
W = N Z [c(DCB’ + DCB;) — ¢«(DPB’ + DPB;) — n}]. (3.7)
arc p—=1

As in this work we interpret DCB;, DCB’, DPB;, DPB’ to be constants at least
in an arc; and also, if there are no cycle slips in phase (n{ = constant), 3.7 can be

rearranged as

— ¢(DPB’ + DPB;) —nl =W — ¢(DCB’ + DCB;), (3.8)

that is, as all of the terms in 3.8 are constants for each arc, the mean operator
1/Nyy. S fades away?.

2Actually, W is calculated in practice using directly the average of the values of the observable
differences (Equation 3.6); the algebraic maneuver in Equations 3.7 and 3.8 was just for finding an
equation as simple as possible like 3.9.

20



Finally, by isolating the STFEC' in 3.5b and combining it with 3.8, we cancel out the
ambiguity term and the differential phase biases; then the STEC will be given by
(THEMENS et al., 2013)

) 2 £2 ) )
STEC] = 03 ( f%f L _f ‘}22> (®],+ W — ¢DCB; — cDCBY). (3.9)

The differential code bias for satellites, DC'B’, are monthly available for download-
ing; they are calculated using the differences P, — P, and P; — C'/A, often shared in
ns. Therefore, to match our modelling on code (P, — P;), the downloaded DC' B’ on
P, — P, must be multiplied by minus one, and to convert it from ns unity to TECU

the following Equation was used:

DCB*[TECU] = = —2.8539DCBns),

1 < L33 ) ¢ DCB?[ns]
40.3 \ L? — L%) 1016 109
where L, and L, are the GPS frequencies previously mentioned. In this research,
we restrict ourselves to find receiver differential code biases on P; — P» for receivers
able to store P; information, and on C'/A — P, for receivers having just C'/A data
on L;3. It means that the term DCB; in 3.9 will follow the same logic as DCB’ to
become in T ECU; therefore, the terms of the receiver and satellite biases in 3.9 will

become positive after setting such equation in TECU.

In this work, we restrict the TEC analysis to satellites with elevation angle € greater
than 30° in order to avoid multipath effects and large errors due to mapping function.

Such function, also known as slant factor, is derived from the single layer ionosphere
model (SLIM) and it is given by

s(€) = cos x = cos (arcsin (ZZC_(ES;)) : (3.10)
where x is the zenith angle in the intersection of the satellite signal path with the
Tonospheric Pierce Point (IPP), Rg is the main radius of the Earth, h is the height
of the ionosphere, here assumed to be 400 km; the choice of the fixed ionospheric
height will be justified in the next Chapter. The function 3.10 is represented in
Figure 3.5 for an ionospheric height fixed at 400 km.

Figure 3.6 shows the elevation and azimuth angle for all GPS satellites in sight of

3The satellite bias on C/A — P, is obtained by the difference of the bias on (P; — P,) and
(P —C/A).
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Figure 3.5 - Slant factor.

)

Slant factor as a function of the satellite elevation angle for an ionospheric height fixed at
400 km.

SOURCE: The author.

Fortaleza station in Brazil on March 21, 2021. Notice that only orbits with elevation

greater than 30° degrees are shown by the figure.

The computation of the absolute STEC*, the cycle slip repairs, the satellite az-
imuths and elevations, and the coordinates of the IPPs were performed by the Uni-

versity of Texas at Dallas code for T EC calibration.

Using Equation 3.10, we can rewrite 3.9 in a compact way as (MA; MARUYAMA,
2003)
VTEC = (STEC — B®° — B,)s(e), (3.11)

where VT'EC is the projection of the STEC over the lonospheric Pierce Point
(IPP) schematically shown in Figure 3.7, B® and B, are, respectively, the satellite

and receiver differential code biases with appropriate unities.
3.2 The ionosonde

The ionosonde is the equipment able to generate vertical plasma frequency profiles
of the ionosphere. The ionosondes used in this work are of DIGISONDE type and the
data were offered by the DIvision of Heliophysics, Planetary sciences and Aeronomy
(DIHPA) and the Division of Space Weather, both at INPE. Basically, an ionosonde

4The slant TEC without any correction.
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Figure 3.6 - Sky Plot.
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GPS satellite sky plot for the Fortaleza station in Brazil on March 21, 2021 for whole 24
hours. The radial coordinate is for the elevation angle and the angular parameter means
the azimuth coordinate of the satellite in respect to the GNSS antenna.

SOURCE: The author.

is composed of a pulse transmitter and an arrangement of antennas, which by sweep-
ing from frequencies between 0.5 and 30 MHz, measures the time elapsed between
the transmitted pulse and the received echoes. Then, a vertical ionospheric profile up
to the height h,,F5 is generated, i.e, up to reach the maximum ionospheric plasma
frequency f,, F5. Such a profile is called ionogram, which represents the frequency in
function of the virtual height. The ionospheric plasma density is derived from the

simple formula

4reome o
N, = e g (3.12)
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Figure 3.7 - Vertical TEC.
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SOURCE: Adapted from Hein et al. (2016).

where €y, m,, e and f are, respectively, the permittivity of the free space, the electron

mass, the elementary charge and the signal frequency at which the wave is reflected.

The ionogram is plotted using the following equation

T = 2711,, (3.13)
being T the elapsed time and A’ the virtual height, that is, the altitude at which an
electromagnetic wave would be reflected if there were not free charges between the
equipment and the reflection location, taking into account 7. Actually, the waves
have traveled at group velocity (v, < c¢), overestimating the virtual height in com-

parison with the real (or actual) height h. To understand how the A" — h conversion
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can be performed, note that Equation 3.13 can be written as (SCOTTO et al., 2012)

/ T c
h :/ ar, (3.14)
0o 2

and the group velocity is related to the velocity of light as vy, = ¢/ng. (Equation
2.7a), where n, is the group refractive index. Also, ng, is related to n,, (known as

phase refractive index) by

4

df(nph)' (3.15)

Ngr = Npp + f

Equation 3.15 provides ng, = 1/n,;,, where n,, is given in Equation 2.6. By sub-
stituting the relation between c¢ and v, into 3.14 and taking into account that
vy = dh/dt, this Equation becomes (SCOTTO et al., 2012)

h
B = /0 ngrdh, (3.16)
where,
) 1
Mgr = T (3.17)

the terms wy(h) and w in 3.17 are respectively the angular plasma frequency at h
and angular wave frequency. The inversion of the integral Equation 3.16 provides
the real height h. The analysis of 3.16 was performed through the Standard Archive
Output Format (SAO-Explorer) software.

The topside of the profile is modeled using a Chapman function like 2.4. Figure 3.8
shows the ionospheric plasma frequency profile in MHz generated by ionosonde data
from Cachoeira Paulista station in Brazil on March 21, 2021, at 6.5 LT. The topside

model was derived from a Chapman function similar to 2.4.
3.3 Existing methods for receiver bias removal

In this section, we intend to illustrate two of the various methods for differential code
bias removal in order to introduce our work and justify it. If an incorrect receiver bias

is estimated, the corresponding VT EC will be in error (RIDEOUT; COSTER, 2006).
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Figure 3.8 - Electron plasma frequency from ionosonde.
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Vertical plasma frequency (MHz) profile generated by ionosonde data from Cachoeira
Paulista station in Brazil on March 21, 2021, at 6.5 LT. The topside model was derived
from a Chapman function.

SOURCE: The author.

Figure 3.9 shows an example of the VI'EC behavior with an estimated receiver
bias lower than the right value, top panel; correct value, middle panel, and higher
value, bottom panel. Additionally, according to the top panel of Figure 3.9, one can
notice that the diverging VI'EC' from the calculations of the satellites are mostly
manifested in the beginning and in the end of the arc of observations. That is
because the VI'EC given by Equation 3.11 has a proportional dependence on the
slant factor (Equation 3.10 and Figure 3.5); that is, for a period of an approximately
spatially uniform ionosphere, if the difference ST EC — B® — B, in 3.11 for various
satellites are taken using wrong biases, the errors will grow proportionally to s(e) as
¢ varies. Therefore, this Section is dedicated to discussing the task of correct bias
removal and by discussing the scalloping method (CARRANO; GROVES, 2006) and
the CADI-derived STEC (THEMENS et al., 2013).

3.3.1 The scalloping method

In this method, it is assumed that the STFEC is a function of elevation while the
receiver bias is not (CARRANO; GROVES, 2006). Therefore, in absence of spatio-
temporal gradients, the VI'EC for various PRNs (Satellites) should be the same.

Carrano and Groves (2006) used the time interval between 3 and 6 LT to compute
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Figure 3.9 - VI'EC with incorrect and correct receiver bias removed.
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Example of the VT'EC behavior with an estimated receiver bias lower than the right value,
top panel; correct value, middle panel, and higher value, bottom panel.

SOURCE: Rideout and Coster (2006).

the total variance, V(B,), of the calculated VT EC given by
V(B,) =Y _ Var[VTEC(B,);, (3.18)

where Var[]; notation indicated the i variance in a 12 minutes bin inside the win-
dow time interval 3-6 LT, and VT EC is given in Equation 3.11, with B previously
removed. The value which minimizes 3.18 is taken as the receiver bias. Figure 3.10
illustrates the procedure applied at Cuiaba station, Brazil on October 15, 2005. The
best estimative for B, was 22.3 TECU.

3.3.2 Receiver bias removal using CADI-derived STEC

Some assumptions used in the last method, for example, no spatio-temporal gra-
dients may not be maintained at high latitudes. Thus, Themens et al. (2013) pro-
posed the application of a bias removal method using Canadian Advanced Digital
Tonosonde (CADI) measurements. The idea is simple; a set of GPS ST EC and CADI
TEC are collected simultaneously, succeeded by the mapping of CADI TEC to be
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Figure 3.10 - Receiver bias via scalloping method.
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Total variance of VI'EC as function of B, for Cuiabé station in Brazil on October 15,
2005. The best estimative for B, was 22.3 TECU.

SOURCE: Carrano and Groves (2006).

equivalent to ST EC and subsequently, a linear regression is performed between the
CADI-derived STEC and GPS STEC. The y-intercept is taken as the receiver bias,
considering that By was appropriately removed before the regression calculations.
Figure 3.11 shows such analysis using data from Resolute Bay station for September

16-24, 2009. The bias was found to be 33.27 TECU.

Our method is somewhat similar to that presented by Themens et al. (2013) and we

will describe it in the next section.
3.4 Receiver bias removal using ionosonde-derived TEC

The method proposed in this work intends to use ionosonde data from Brazilian
sector to calibrate GPS T'EC'. Furthermore, considering that the significant space
variation in the South American ionosphere occurs in magnetic latitude in the early
hours of the day, we extended the method from the punctual coordinates, where
ionosondes are operating, to a fitted function on magnetic latitude to make the

approach applicable over whole Brazilian sector and some neighborhoods.

The method, basically, consists in choosing a local time for a set of ionosonde sta-
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Figure 3.11 - Receiver bias via CADI.

resc / Y-intercept: 33.27 £0.10
Slope: 1.343 / Correlation: 0.547

g KK

w
o
T

GPS TEC (TECU)
8
N

n
[=]

4 6 8 10
CADITEC (TECU)

CADI STEC versus GPS STEC data from Resolute Bay station for September 16-24,
2009. The bias was found to be B, = 33.27 TECU.

SOURCE: Themens et al. (2013).

tions when the ionosphere is supposed to vary slightly in time and with minimal
longitudinal gradients to calculate IONTEC (TEC derived from ionosonde data)
using the adapted a-Chapman function for the topside model; and, use the obtained
TIONTEC data set to adjust a curve and calibrate the GPS T EC' data derived from

a specific receiver.
3.4.1 Ionosonde-derived TEC (IONTEC)

After choosing a reference time, t, the ionogram for ¢ is edited and important param-
eters are extracted. The virtual height is converted into real height and the vertical
frequency profile is converted into electron density using Equation 3.12. After these
processes, we are left with the vertical electron density profile up to h,,, F5 where the
density peak is N ,,[F5. The next step consists in modeling the topside. Here, we
used the adapted a-Chapman function (JAKOWSKI, 2005) in order to include the
plasmasphere, for the satellites orbiting about 20,000 km. The model is given by
(KLIPP et al., 2020)

1 _
Nr(h) = Ny Fyexp (2(1 —z— e_z)) + Npexp <Hh> , (3.19)

where z = (h — h,,F»)/Hr is the reduced height for the ionosphere. The param-
eters Hy (Fy scale height), h,,Fy and N., [, are derived from ionograms. The
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plasmaspheric scale height, Hp, is defined as 10,000 km (JAKOWSKI, 2005) and
No =k - NeyFs, with k = 1/175 empirically determined by Klipp et al. (2020) for
the Bragzilian sector. Finally, the bottom ionosphere profile derived from ionosonde,
Np(h), is integrated and summed with the integration of Np(h) to give rise to
IONTEC, where the last integral is performed from h,,, F» until 20,000 km; that is,

20,000 km

hn P
[IONTEC = / " Np(h)dh + No(h)dh. (3.20)
0 hon P
Figure 3.12 is an illustration of the terms in Equation 3.20, being the black and red
profiles for Ng(h) and Np(h), respectively; and, the two distinct gray areas are for
the two integral in 3.20.

Figure 3.12 - Obtaining the IONTEC.
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Mlustration of the terms in Equation 3.20. The black and red profiles for Ng(h) and Np(h),
respectively; and, the two distinct gray areas are for the two integral in 3.20.

SOURCE: The author.

Assuming that the ionosphere does not have significant T'E'C' gradients on its mag-
netic longitudinal distribution at t=6.5 LT, it is possible to collect a set of IONT EC
data from the Brazilian ionosondes operating and fit a function on their magnetic
latitudes, IONT EC(M4). Table 3.1 shows the six ionosonde stations operating in
Brazil from the 215 to 23" of March 2021, as such as their code, geographic coor-

dinates, and magnetic latitude. For those stations, we performed 3.20 and fitted a
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polynomial function of degree 2°,
IONTEC (Myy)[TECU] = agMp, + a1 Ma; + ag, (3.21)

being M,,; the magnetic latitude, the coefficients a;s for the 6.5 LT of the three days
are shown in Table 3.2 and their functions are shown in Figure 3.13, where the red
circles and line are the data and fitted function for March 21, respectively; the green
circles and line are the same for March 22; and, the blue circles and line are for the
day 23. In the following subsection, we explain how we have used 3.21 to extract the
DC'B from the Brazilian GNSS receivers.

Table 3.1 - List of Digisonde stations used in this study.

Station Code GLat. GLon. MLat.
Boa Vista BVJ03 2.845°N  60.701°W  8.693°N
Sao Luis SAAOK 2.593°S  44.212°W  4.864°S
Fortaleza FZAOM 3.877°S 38.425°W  9.346°S

Campo Grande CGK21 20.466°S 54.662°W  14.691°S
Cachoeira Paulista CAJ2M 22.687°S 44.985°W  21.656°S
Santa Maria SMK29 29.719°S 53.716°W  21.983°S

Table 3.2 - IONTEC function Coefficients for 6.5 LT of March 21, 22, and 23, 2021.

day\ Coeft. as a; ao
21 -0.0036  -0.04407 6.91448
22 -0.00951 -0.09973 7.33796
23 -0.01224 -0.1342 7.57094

3.4.2 GPS-derived TEC calibration using IONTEC

Each satellite from the GPS constellation is labeled according to its PseudoRandom
Noise code (PRN) and their DCB can be downloaded at ftp://ftp.unibe.ch/
aiub/CODE/. Currently, 32 PRNs are operating and we will refer to each one by its
PRN series in the constellation, for example, the satellite number 25 of the GPS
constellation will be named PRN 25. To calibrate the data of all PRNs in sight, we

5Tt is worth mentioning that for the period of analysis, the solar activity was low and it aids the
choice of an simple polynomial fitting of degree 2. Such assumption may not hold for high solar
activity periods and a higher degree might be necessary.
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Figure 3.13 - Magnetic latitude versus IONTEC.
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Ionosonde data and fitted functions 3.21 for 6.5 LT of March 21, 22, and 23, 2021. The
red circles and line are the data and fitted function for March 21, respectively; the green

circles and line are the same for March 22; and, the blue circles and line are for the day
23.

SOURCE: The author.

use the Equation 3.11 for a fixed receiver r,

VTEC;(t) = (STEC;(t) — B* — B,)s(ex(t)), (3.22)
where ¢, and s=1,2,...,32 are for time and a specific PRN, respectively. As the satel-
lite DCB is known for each satellite as such as the set of uncalibrated STEC?(t), a
good measurement of VT EC?(t) for a specific time would make Equation 3.22 to be
a simple equation on B,; for this, we take the IONTEC(M,,;) as VT EC; also, we
tag the receivers by their magnetic latitudes and use the measurements of STEC?(t)
made at t=6.5 LT to match the fitted function. Thus, the DC B of a receiver with
magnetic latitude M;,; will be given by

IONTEC (M)

B, = B.(Mq;) = STEC;(6.5) — s(e3(6.5))

~ B’ (3.23)

As we are considering various PRNs seen by a receiver at t, we are left with a vector
B.., where its number of elements is equal to the number of PRNs in sight; the B,
components may differ due to several unmodeled factors. To minimize this, we take

B, as the average of the vector of estimated biases, < B, >. After this process, the
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Equation 3.22 is used to calibrate the VT EC.
3.4.3 Outlier removal

Whenever we are working with data, certain care must be taken. Several factors
might give rise to data which are behaving differently from the overall trend. Such
data points are often termed outliers. Outliers can occur in data collecting due to
unknown phenomena, human and/or instrumental errors in the data management.
In this work, without further discussions, we assume that these data do not contain
significant information and can be detected and discarded. For this, we implement
the Z-score treatment. Also, we assume that the unmodeled factors acting on our
system normally distribute our estimations about the mean value of B,.. Therefore,
the Z-score for the i*" sample, B,,, is given by
_ B,—<B,>

= OnT S P 2 24
z p— (3.24)

where op, is the standard deviation of B,. We establish 1 as the threshold at which
values of |z;| higher than this, imply discarding B,,. Table 3.3 shows the approach
applied once for the Brazilian station Coari on March 21, 2021, wherein the first
column we have the PRN code of the satellites used in this calculation, the second
column shows their elevation angles at 6.5 LT, the calculation of the bias determined
through each PRN using 3.21 and 3.23 are shown in the third column, and the
fourth column exhibits the Z-score of each estimation. Obviously, the bias calculation
performed using the PRN 10 was discarded. After this, the actual receiver bias is
taken as the average of the remaining components, that is, the mean value of the

components of B, that have Z-score between -1 and 1.

Table 3.3 - Z-score for outlier removal applied on Coari station for its bias calculation.

PRN ¢ B, [TECU] =z
10 64.0670 -100.3477 -1.4375
20 63.8960  -94.4010  0.9290
23 70.3380  -95.0066  0.6880
25 45.9863  -95.6063  0.4493
26 41.6398  -98.3152  -0.6287
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3.5 TEC map generation

Once calibrated the GNSS-derived TEC data, we are left with a set of k data,
TEC(t); with i« = 1,..,k, at an instant ¢ with latitude ¢(¢); and longitude A(t);;
the coordinates depend on ¢ because they represent the location of the IPP referent
to each pair satellite-receiver, which vary in time due to the orbital motion of the
satellites. However, for better visualization of some geospatial physical behavior, it
is worth using some reasonable technique to extend the coverage of the information

from punctual data observations to regional maps of the specific phenomenon.

Parker (1994) and Wessel and Becker (2008) applied interpolation on the unit sphere
for geomagnetic analyzes whereas Mendoza et al. (2020) and Oliveira et al. (2020)
applied similar procedures for T EC' gridding. In this research, we generated the T EC'
maps using interpolation with the minimum curvature solution (PARKER, 1994). Ac-
cording to Wessel and Becker (2008), the main advantages of using such an approach
are (1) the simplicity of implementation, (2) the capability of using surface gradients
as constraints, and (3) the freedom to use any configuration of input and output co-
ordinates, not necessarily uniformly spaced. The method presented by Parker (1994)

searches for a function f, such that,

di = f(&(pi, Ni)) = f(T5), (3.25)

where T(g;, ;) is the unitary vector mapping the data coordinates on the unitary
spherical surface, S?, and d;, (i = 1,...,k), is the set of observed (or measured)
data; to guarantee the smoothness of f, the following integral must be minimized
(PARKER, 1994; WESSEL; BECKER, 2008)

/S (VA (3.26)

As the interpolation is deduced on the unitary sphere, the Laplacian operator in

3.26 reduces as

10 0 1 0 0 1 0?
2 _ L O ,0 o (. ,0
Vs = r2 Or (r 87“) * r2sin § 00 (Sm88«9> + r2sin? 6 O\2 (3.272)
0? 0 1 09
= a2 %5 T oo (3.27b)

where 6 is the colatitude. An advantageous approach is to expand f in spherical
harmonics (SH), Y;(0,\) (degree [ and order m), owing to the fact that they are

eigenfunctions of V2,
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V2" = —1(1+1)Y;™ (3.28)
Parker (1994) analyzed the case by SH and Wessel and Becker (2008) used gener-
alized Green’s function, g, for the surface Laplacian operator, where both found a

solution in the form

k
_ 2\5/% + gt 1) (3.29)

where 3 is an arbitrary constant, a; are coefficients to determine and writing v as
the angle between t and t; (WESSEL; BECKER, 2008),

f(®)

1 .9
g(v) = 47lelog (sm 2), (3.30)

being dilog(z) the dilogarithm function given by the following integral equation
(ABRAMOWITZ et al., 1988)

T lnu

dilog(z) = — / du. (3.31)

1 u—1

We proceed in the map generation similar to Wessel and Becker (2008), setting
f =2y/m < TEC; > in a such way that Equation 3.29 becomes

k

i=1

also, the vector ATEC; = TEC;— < TEC; > is used to constrain the coefficients «;
([o;]=TECU) by solving the squared linear system (MENDOZA et al., 2020; WESSEL;
BECKER, 2008)

k

i=1
We can summarize the map generation procedure as follows: (1) obtaining the cal-
ibrated TEC data by means of the methods described in the previous section; (2)
averaging the data in cells of 1°x1° over the South American sector similar to Men-
doza et al. (2020) in order to reduce the noise in the data; (3) finally, 3.32 and
3.33 are evaluated by the MATLAB code provided by Dr. Wessel (Wessel and Becker
(2008)).

Mendoza et al. (2020) performed the averaging in cells with resolution 0.5°x0.5°,
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due to their better coverage of the South American GNSS stations and the imple-
mentation of various constellations, and cells with few observations were discarded.
Also, the TEC(t) from Mendoza et al. (2020) uses the method derived by Wessel
and Becker (2008), where a parameter called tension is introduced in the deductions
of the generalized Green’s function in order to prevent the interpolated function to
oscillate far from the data constrains. The TEC maps of Mendoza et al. (2020) are
available at https://www.maggia.unlp.edu.ar/articulo/2017/1/6/monitoreo_
ionosfera as products of the Laboratorio de Meteorologia Espacial, Atmdsfera Ter-
restre, Geodesia, Geodindmica, disenio de Instrumental y Astrometria (MAGGIA
laboratory). Figure 3.14 shows an example of a TEC map with IONEX® data from
the MAGGIA laboratory. From now on, we will refer to those maps as MAGGIA
maps. Also, the wide coverage of the MAGGIA map is owing to the fact that the
laboratory uses data from GNSS stations in Central America and in some islands
of the Atlantic Ocean, making it possible to extrapolate the map for the southern

parts of the North America and the western region of the African continent.

Figure 3.15 shows the three main steps for the TEC' map generation previously
described for March 21, 2021, 1 UT, using data from the RBMC network; in the
three sub Figures, the red line represents the magnetic equator, whereas in the left
side panel (3.15a) it is shown the calibrated TEC (VT EC) data by the adjusted
IONTEC function; the central panel (3.15b) shows the TEC' average per cell, each
one with resolution 1°x1°; and, 3.15¢ exhibits the final result, T EC(t) evaluated in a
grid with resolution 0.5°x0.5°. Of course, the interpolated function generated by 3.32
and 3.33 would be extended and evaluated over the whole globe. However, it should
not reflect the TEC' behavior in a reasonable way far from the data coordinates.
Therefore, we constrain TEC(r) to be evaluated solely in coordinates such that
their positions are less than 4° of angular distance from the closest IPP. Also, unlike
Mendoza et al. (2020), we do not discard the averaged cells with few observations

in order to investigate the small structures in the ionosphere.

5(IONosphere map EXchange) (SCHAER et al., 1998).
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Figure 3.14 - MAGGIA TEC map.
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TEC map made with data from MAGGIA laboratory for March 21, 2021, 16 UT. The
color bar is in TECU.

SOURCE: The author.
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Figure 3.15 - TEC map generation steps.

Three main steeps of the TEC map generation for March 21, 2021, 1 UT. The red line
represents the magnetic equator; the left panel (a) shows the distribution of the calibrated
TEC data, at the center, the averaged data within cells of 1°x1°, and the right panel
(c) shows the TEC(r) evaluated on cells of 0.5°x0.5° of resolution closer to the data
coordinates. All of the three color bars are in TECU.

SOURCE: The author.
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4 RESULTS AND DISCUSSIONS

As mentioned before, we have performed the method described in the last section
of Chapter 3 for March 21, 22, and 23, 2021 using ionosonde data from six stations
as listed in Table 3.1, with local time used for IONTFEC" calculation t=6.5. The
TEC data were obtained from RINEX files in 15 seconds of time resolution, down-
loaded from Instituto Brasileiro de Geografia e Estatistica (IBGE) (2021), whose sta-
tions compose the Rede Brasileira de Monitoramento Continuo dos sistemas GNSS
(RBMC); also, two more networks where attached in our analysis in order to improve
the coverage of our maps, they are from the Instituto Nacional de Ciéncia e Tec-
nologia — Tecnologia GNSS no Suporte a Navegagio Aérea (INCT GNSS-NavAer)
(MONICO et al.,, 2022) and Systeme d’Observation du Niveau des Eaux Littorales
(SONEL) (2022). The localization of each RBMC, INCT and SONEL networks re-
ceiver/station and the ionosondes (of DIGISONDE type) used for our calculations
are shown in Figure 4.1. Notice that there is a large gap of ionosonde stations in
Brazilian territory; this fact might become a problem to apply the method in periods

of high solar activity.

In the previous chapter, we have assumed that the ionospheric height, A, for our
purpose would be constant, fixed at 400 km. Its a reasonable assumption to simplify
the calculations. To make sure that the choice of a constant h does not make sig-
nificant influence on the bias calculations, we analysed what would happen to the
results if we vary h. Figure 4.2 allows a quantitative analysis; where we have the
bias estimation in the horizontal axis (in TECU) in function of the chosen iono-
spheric height, represented by the vertical axis in km. In Figure 4.2, the dashed
lines show the influence of the arbitrary choice of h on the bias inference of three
stations containing ionosonde devices and GNSS receivers, Sao Luis, Santa Maria,
and Cachoeira Paulista; and, the solid lines are for two stations just owing GNSS
antenna, Arapiraca and Coari, whose VT EC was obtained using the fitted function
IONTEC(M,4). It is sufficient to show that whatever is the choice of h (Between

250 and 450 km), no substantial discrepancy will be introduced into the results.

Also, the method was compared with an already existing code for TEC calibration
which uses the scalloping technique, previously discussed in Chapter 3. The code is
the University of Texas at Dallas (UTD) code for TEC calibration (private com-
munication with Cesar Valladares, 2022). Both methods are in good agreement as

shown in the first results indicated in Figures 4.3 and 4.4.

As the data are shared in UT, due to differences between Brazilian LT and UT,
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Figure 4.1 - Localization of the GNSS receivers from the networks RBMC, SONEL, INCT
and Digisondes.
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Positions of the RBMC stations (blue triangles), INCT stations (black triangles), SONEL
stations (purple triangles) and the DIGISONDES (red circles).

SOURCE: The author.

the graphics also show the ionospheric behavior for the last hours of March 20,
2021 (negative values in the horizontal axes). Note, also, that the stations Boa
Vista (4.3a), Fortaleza (4.3b) and Sao Luis (4.3¢) observed strong scintillation before
midnight LT. It is owing to the fact that they are in the north and northeast regions
of Brazil (see Figure 4.1) susceptible to observe the Equatorial lonization Anomaly

(EIA) as seen in the map generated in Figure 3.15.

For Figures 4.3a, 4.3b, 4.3c, 4.4a, and 4.4b, the left panel shows the T EC' calibrated
with ionosonde data, while the right panel is for the TEC calibrated with UTD
code. Also, the left panel of each station shows the receiver DC'B value inferred
via ionosonde data, the number of PRNs in such analysis, the time chosen for the
calibration, the standard deviation of the bias measurement, and the minimum ele-
vation used to approve a satellite data. In the right panel is shown the receiver DC'B

value inferred via UTD code, the name of the station, and its magnetic latitude.
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Figure 4.2 - Influence of the chosen ionospheric height, h, on the bias estimations.
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Bias estimation in the horizontal axis (in TECU) in function of the chosen ionospheric
height, represented by the vertical axis in km. The dashed lines show the influence of
the arbitrary chose of h on the bias inference for Sdo Luis, Santa Maria, and Cachoeira
Paulista stations. Whereas the solid lines are for Arapiraca and Coari.

SOURCE: The author.

In Figure 4.5, are shown the calibrated T EC' for Arapiraca and Coari stations in
the same way as in Figures 4.3 and 4.4; however, such stations do not have ionoson-
des operating simultaneously as the previously discussed stations. For those places,
the TEC calibrations were entirely performed by the IONT EC(M,,;) function. For
the Arapiraca station, Figure 4.5a, both methods found a very similar DC' B, where
IONTEC method found a bias of 46.1113 T ECU and the UTD code inferred 47.00
TECU. However, Figure 4.5b deserves some discussions. Note that in the calcula-
tions made by the UTD code (right panel of 4.5b), a PRN seems to diverge from
the others after 5 LT when it started to be observed by the station. This is the PRN
10, which was detected and removed in our calculations using the Z-score approach
shown in Table 3.3. Also, one can notice that the TEC calibrated by the ionosonde
data shows more uniform trends in the period of calm ionosphere, whereas the UTD
plot shows a more irregular behavior similar to the example shown by Rideout and

Coster (2006) in Figure 3.9, with incorrect biases estimation.

Receiver DC'Bs are usually expected to be approximately constant at least for a few
days, supposing that the physical properties of the whole receiver parts (antenna,

cable, plugs, or connections) do not change too quickly. To study the day-to-day
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variability of the bias calculations was built the Figure 4.6, which represents the
difference between the bias estimated in a specific day minus the bias estimated in
the previous day for each receiver from the RBMC network. Note that a receiver
has presented large variation (red line); it was the Cachoeira Paulista station and it
will be discussed latter. Also, the black line in Figure 4.6 shows the average change
from one day to the following one, for all of the receivers. Rideout and Coster (2006)
found in their biases calculation a standard deviation of 2 TECU for each receiver
when analysing the day-to-day variability. By analysing Figure 4.6, even though
some stations are showing variations greater than 2 TECU, the average standard
deviation of the day-to-day bias variability was 0.6376 TECU.

Now, we turn back to the discussions about the Cachoeira Paulista station. Figure
4.7a shows the slant TEC' (blue lines) for such station, the £'10.7 and the Ap index
during Mach 21, 22, and 23, 2021 whereas the horizontal red line is to show the
zero point in the T'EC scale. Note that a discontinuity occurs in the data of the
second day during the transition time, i. e., at 0 and 24 UT. Figure 4.7b exhibits the
TEC (also the blue lines) calibrated by our method for the same days showing the
variation in the bias seen in Figure 4.6, in which the bias estimated for the first day
was approximated 8 TECU, then, it decreases about 4 TECU and consecutively
increases to a value higher to the initial one. One explanation behind this is not a
subject for this research right now, but a possible reason would be a less controlled
environment for the station, which can provide daily variability on the receiver biases
(WILSON; MANNUCCI, 1993). However, notice that whatever happened to this station
during these days, our method was able to figure out and guarantee the continuity
of the TEC data series, as seen in Figure 4.7b.

Figures 4.8a, 4.9a, and 4.10a show the TEC' maps generated by the minimum cur-
vature method, discussed in the last section of Chapter 3, at 1:17 UT for March
21, 2021; 2:30 UT for March 22, 2021; and 3:00 UT for March 23, 2021. Also the
items b and c of the same figure show the All-Sky pictures from Instituto Nacional
de Pesquisas Espaciais (INPE) (2021) and MAGGIA maps for equivalent time. The
choice of these specific times follows the availability of All-Sky data. The All-Sky
imager aid to identify plasma structures in the ionized atmosphere due to the air-
glow emission of the atomic oxygen in an atmospheric layer of approximately 150
km thick, centered about 250 km of altitude. In Figure 4.8b, is shown the data
from the imager in Sao Jao do Cariri and it clearly exhibits dark structures, which
are also seen in the Figure 4.8a. These shapes are plasma depletions (also called

FEquatorial Plasma Bubbles (EPBs)) signed by the lack of airglow emission in this
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region similar to the ones noticed by Pimenta et al. (2003), where the authors de-
scribed them as depletion bands quasi-north-south aligned. Such behavior is not
shown in the MAGGIA map (Figure 4.8c), which shows a more smooth behavior of

the ionosphere.

For the following day, March 22, 2021, at 2:30 UT, we have Figure 4.9 with the
same characteristics as Figure 4.8. At this instant, one more imager was working
in Sao Martinho da Serra and the three maps are not showing EPB signatures.
However, the maps generated by our method (Figure 4.9a) and the MAGGIA map
(Figure 4.9¢) are showing differences in the ionospheric topology, where our map
shows more defined EIA crests. A possible explanation to this behavior is the high
level of smoothness applied by the MAGGIA method. Additionally, as said before,
the MAGGIA method does not maintain cells with few samples in the process of
spatial averaging of the calibrated TEC', where such data is used as input for the
interpolation function calculation. As the coverage of our maps is more restricted,
discarding cells will not be a compensatory choice in terms of computation; then,
keeping the whole data set will provide more detailed ionospheric information, mak-
ing the MAGGIA and IONTEC maps to diverge in some cases.

Figure 4.10, also with the same structure of Figures 4.8 and 4.9, shows the anal-
ysis at 3:00 UT for March 23, 2021, where 4.10a is showing EPB signatures. The
All-Sky data for this day and time is not clear enough to provide inference. Also,
again the MAGGIA map (4.10c) is diverging in geometry from the one provided
by our method, showing much more regular ionospheric behavior. However, Figure
4.10a shows interesting EPB features. The regions with low T'EC' values were also
reported by Kil et al. (2004): distinct reverse C-shaped dark bands, which extend
from the southern to the northern parts of the EIAs. Kil et al. (2004) found those
structures in a period of the year similar to the used in this work, March 22-23, 2002.
The MAGGIA method may did not detect these structures due to the sparse distri-
bution of GNSS stations in the regions EPB occurrence together with the discarding
cells process. To go further in the EPB analysis for those aforementioned days, we
collected the scintillation indexr S4 from Instituto Nacional de Ciéncia e Tecnologia
(INCT) (2022) and show them in Figure 4.11. Such Figure shows S4 > 0.15 from
the satellites with elevation angles > 20°. Figures 4.11a (for March 21, 2021), 4.11b
(for March 22, 2021), and 4.11c (for March 23, 2021) are coherent with the maps
generated by our method shown in Figures 4.8a, 4.9a, and 4.10a, where the S4 in-
dex data for the first and last day in discussion corroborate the EPB occurrences;

also, note that on March 22, no EPB signature was found in our map (4.9a), nor
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significant scintillation levels (4.11b).
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Figure 4.3 - TEC calibrated via ionosonde (left) and TEC calibrated via UTD for Stations
of Boa Vista, Fortaleza and Sao Luis.
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SOURCE: The author.
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Figure 4.4 - TEC calibrated via ionosonde (left) and TEC calibrated via UTD for Stations

of Cachoeira Paulista and Santa Maria.
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Figure 4.5 - TEC calibrated via ionosonde (left) and TEC calibrated via UTD for Stations
of Arapiraca and Coari.
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Figure 4.6 - Day-to-day variability of each receiver bias.
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Day-to-day variability of the estimated receiver biases for the stations used in this work.
The lines represent the stations, the vertical axis shows the difference between the bias
estimated at the specific day minus the one estimated in the previous day. Also, the black
line shows the average change.

SOURCE: The author.
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Figure 4.7 - Uncalibrated ST EC and calibrated T EC for the Cachoeira Paulista station
during the three days, 21, 22, and 23 of March, 2021.
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Figure 4.8 - TEC map generated by IONTEC method, all-sky imager and TEC by
MAGGTIA laboratory for Mach 21, 2021.

a b C

Maps for a qualitative comparison. The left panel (a) shows the TEC map obtained via
TIONTEC method for 1:17 UT; the map at the center gives the information of the all-sky
imager of Sdo Joao do Cariri, obtained from Instituto Nacional de Pesquisas Espaciais
(INPE) (2021) at the same time as (a); and the right panel shows the TEC map for 1:15
UT generated with data from MAGGIA laboratory (MENDOZA et al., 2020). The color bars
of a and ¢ are in TECU

SOURCE: (a) and (c), The author. (b), Instituto Nacional de Pesquisas Espaciais (INPE)
(2021).
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Figure 4.9 - TEC map generated by IONTEC method, all-sky imager and TEC by
MAGGTIA laboratory for Mach 22, 2021.

Maps for a qualitative comparison. The left panel (a) shows the TEC map obtained via
TIONTEC method for 2:30 UT; the map at the center gives the information of the all-sky
imager of Sdo Joao do Cariri, obtained from Instituto Nacional de Pesquisas Espaciais
(INPE) (2021) at the same time as (a); and the right panel shows the TEC map, also
for 2:30 UT generated with data from MAGGIA laboratory (MENDOZA et al., 2020). The
color bars of a and ¢ are in TECU

a b C

SOURCE: (a) and (c), The author. (b), Instituto Nacional de Pesquisas Espaciais (INPE)
(2021).
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Figure 4.10 - TEC map generated by IONTEC method, all-sky imager and TEC by
MAGGTIA laboratory for Mach 23, 2021.

a b C

Maps for a qualitative comparison. The left panel (a) shows the TEC map obtained via
IONTEC method for 3:00 UT; the map at the center gives the information of the all-sky
imager of Sdo Joao do Cariri, obtained from Instituto Nacional de Pesquisas Espaciais
(INPE) (2021) at the same time as (a); and the right panel shows the TEC map, also
for 3:00 UT generated with data from MAGGIA laboratory (MENDOZA et al., 2020). The
color bars of a and ¢ are in TECU

SOURCE: (a) and (c), The author. (b), Instituto Nacional de Pesquisas Espaciais (INPE)
(2021).
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Figure 4.11 - S4 indices for March 21-23, 2021.
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5 CONCLUSIONS

We have developed a method for the Brazilian GNSS receivers calibration using
ionosonde data. The approach consists in choosing a local time for ionosonde sta-
tions, at which the ionosphere is supposed to be approximately stable over each
station and to have negligible longitudinal gradient over the Brazilian sector; then,
an extrapolation criterion to complete the vertical electron density profile of the
ionosonde up to 20,000 km, applying the adapted a-Chapman function and the full
integration of such density to obtain the IONT EC', was used to calibrate the T EC
data from these GNSS stations. The method was applied to the RBMC network sta-
tions for the days March 21-23, 2021 and the results were compared with the values
obtained from the UTD code, where both showed good agreement. The impact of an
arbitrary choice of the ionospheric height on the estimations of the receiver biases
was analyzed. The results for heights of 250-450 km did not show relevant dependen-
cies. The receiver biases variability for the selected three days were also investigated
by calculating the average standard deviation; the obtained value is 0.6376 TECU.
The anomalous case occurred at Cachoeira Paulista station, where a larger variation
in the bias was noted and correctly detected by our method, ensuring the continuity

of the TEC' data series in a good way.

Also, the minimum curvature solution was employed in the calibrated T EC' data to
interpolate a function which describes the total electron content mainly over Brazil
and it allows a comparison with maps produced by the MAGGIA laboratory. It
is relevant to mention that our maps were able to identify ionospheric structures
like EPB, unlike the MAGGIA maps. Such detection was strongly evidenced by
fluctuations in the calibrated T EC plots, in All-Sky imager pictures, and scintillation

index S4 analysis for the days used in this work.

However, some improvements are needed in the analysis. (1) to have more accurate
results we need a more dense database, therefore, is necessary to expand the number
of constellations, frequencies and networks (consequently the number of receivers)
in order to cover a larger region. (2) The fitted JONT EC function must be studied
in different periods in order to investigate the possibility of building an empirical

model to describe this in function of the day of the year and the F'10.7 solar flux.

Some promising steps, which became feasible, after the development of this work
include: (7) the development of an operational system for near real-time TEC' cal-
ibration considering the receiver bias calculation every 24 hours or every 3 days,

depending on the measurement stabilities; (i7) the development of threat models
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used in air navigation applications, as well as an ionospheric background model for
the SBAS system (Satellite Based Augmentation System); and, (éit) the production
of IONEX (IONosphere map EXchange) (SCHAER et al.,, 1998) files. They are files
with TEC values in a specific format, which allow the calculation of the positioning

considering the single frequency signal.
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