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Abstract A new tomographic method was developed with the main goal of mapping the
ionosphere in the Brazilian region. The ionospheric background was estimated based on
ionosonde and radio-occultation measurements to overcome the lack of data of climatological
models in low-latitude regions. A new way of performing iterations of the conventional
Multiplicative Algebraic Reconstruction Technique (MART) was also used in order to avoid
non-illuminated cells and improve the spatial resolution. The quality assessment using
independent ionosonde data during two weeks during 2013 showed a better performance of
the proposed method in comparison to the International Reference lonosphere, providing an
improvement of 31% for the F-layer peak height and 24% for the ionospheric peak of
electron density . The tomographic technique was also evaluated in the estimation of the
Total Electron Content (TEC) and in the single-frequency Precise Point Positioning (PPP).
An improvement of 59% in TEC and 31% in the single-frequency PPP was obtained in
comparison to the results derived from Global lonospheric Maps. In addition, a better daily
description of the ionosphere was obtained with the proposed method, where it was possible
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to detect the strong elevations of the peak height associated to the pre-reversal enhancement
of the vertical plasma drift that occurs near sunset hours. The results reveal that the modified
form of the MART tomographic technique can be considered a useful tool to technical and
scientific  communities involved in Space Weather, Spatial Geodesy and

Telecommunications.

Keywords MART, GNSS, EIA, 3D lonosphere, pre-reversal enhancement ExB drift, Radio-

Occultation.
Introduction

lonospheric tomography systems have been extensively used in the last decades to
retrieve valuable information of the electron density distributions (Austen et al. 1988;

Raymund et al. 1994; Pryse et al. 1998; Howe et al. 1998; Hernandez Pajares et al., 1998;
Mitchell and Spencer 2003; Bust and Mitchell 2008; Kunitsyn et al. 2011; Prol et al. 2017).
Despite considerable progress of the tomographic algorithms in the last years (Wen et al.
2012; Yao et al. 2013; Seemala et al. 2014; Zheng et al. 2015; She et al. 2017; Ghaffari Razin
and Voosoghi 2017; Yin et al. 2017), the accuracy of the three-dimensional (3D) ionosphere
reconstruction still presents a continuous challenge for many applications. One of the main
issues is the description of certain particularities of the actual ionosphere at the most
challenging conditions of the tropical region (Prol et al. 2016). The peculiarities of the
ionosphere at tropical latitudes are characterized by the presence of several ionospheric
events, such as plasma bubbles (Ely et al. 2012; Haase et al. 2011), Equatorial lonization
Anomaly (EIA) (Tulasi Ram et al. 2009; Materassi and Mitchell 2005), layered structures,
for instance the sporadic E-layer (Zhao et al. 2011; Batista et al. 2008; Rishbeth 2000), and
strong vertical drifts upwards during the evening pre-reversal enhancement (Batista et al.

1996; Abdu et al. 2008). Consequently, ionospheric tomography methods, specially
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developed to describe the tropical region, may contribute to many studies related to the
ionospheric dynamics and morphology.

Despite the relevance of better understanding the physical processes of the electron
density distributions, the ionosphere still remains as a significant obstacle to the accuracy of
the Global Navigation Satellite Systems (GNSS) positioning in the single-frequency Precise
Point Positioning (PPP). The ionospheric models developed to improve the GNSS
positioning in the Brazilian longitudinal sector, the region analyzed in this work, were based
on two-dimensional representations of the Vertical Total Electron Content (VTEC) (Camargo
et al., 2000; Aguiar and Camargo, 2012; Machado and Fonseca Jr, 2013). However,
unavoidable errors degrade the GNSS positioning using these models due to the
approximation of the ionosphere as a thin shell with constant height. In order to mitigate such
errors, the ionospheric tomography allows performing the estimation of the ionospheric delay
considering the ionosphere as a set of layers. Therefore, the ionospheric tomography might
improve the traditional GNSS positioning due the possibility of estimating the ionospheric
delay without the need of using an unrealistic mapping function to convert VTEC into the
slant direction.

Previous works have already used tomographic reconstruction methods to map the
ionosphere at the Brazilian region. For instance, Muella et al. (2011), used the four-
dimension Multi Instrument Data Analysis System (MIDAS) algorithm to analyze the
seasonal and hourly accuracy of the F2-layer peak density () in the maximum period of
the solar cycle 23. Also, Prol et al. (2016) have checked the accuracy of the Multiplicative
Algebraic Reconstruction Technique (MART) to the estimation of and the Total Electron
Content (TEC) during the maximum of the solar cycle 24. However, according to the authors
the lack of data due to an inappropriate geometrical coverage can be considered to have a

major impact in the accuracy of tomographic reconstruction. In order to overcome part of the
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problem, this work presents a tomography algorithm specially developed considering the real
scenario of data for the Brazilian tropical region. In addition, a pioneering analysis is
presented to check the accuracy of the ionospheric tomography results to correct the
ionospheric delay in the single-frequency PPP and the estimation of the peak height ().

Two main points have been considered in the development of the proposed method.
Firstly, the algorithm should represent relatively small structures in order to detect high
ionospheric variabilities. Secondly, the formulation should consider the lack of data derived
from GNSS stations over Brazil, which had about 100 GNSS stations to cover the entire
region during the year 2013. Indeed, the lack of data in the Brazilian region discards the
possibility of using the most prominent constrained tomographic algorithms (Seemala et al.
2014), which requires a large dataset. It seems, therefore, reasonable to apply tomographic
algorithms based on a priori information of the ionosphere, i.e., a background model. This is
usually retrieved from climatological models, such as the International Reference lonosphere
(IRI) (Bilitza et al. 2014). However, due the lack of data in low-latitude regions, such
climatological models usually do not describe certain particularities of the actual ionosphere
in the most challenging equatorial conditions. In this respect, a new way to generate the
ionospheric background has been developed by including actual data in the equatorial region.
The new background formulation is based on lonosonde and Radio-Occultation (RO)
measurements, which gave us a well distributed global coverage of the ionosphere.

With the impulse of the results obtained by Prol et al. (2016), the MART technique
has been chosen to update the background in a tomographic reconstruction of the Brazilian
area. Indeed, Prol et al. (2016) applied the conventional MART with a low spatial resolution
of 4° x 4° in latitude by longitude, which avoided issues of many non-illuminated cells.
However, this is a low resolution for representing the ionospheric variability in the Brazilian

region. In order to use a spatial resolution that was enough for showing small structures and,
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at the same time, avoid non-illuminated cells, we also included VTEC observations.
Therefore, a slight different method than the conventional MART has been developed, which
enabled to take the maximum advantage of the GNSS observations available in the region.
The next sections show the developed formulation in details. Also, the following section
shows result and discussions of the method when assessed in terms of the peak height, the
electron density peak, TEC and single-frequency PPP. Then, we present the conclusions

about the new method as applied to the Brazilian region.

lonospheric Background

The main goal of the ionospheric background in this work is to give an initial guess of
the actual ionosphere with reasonable performance in the estimation of the shape of the
ionospheric profiles, peak height and electron density at the peak. In this respect, the
ionospheric profile measured by RO techniques and ionosondes were used to retrieve six
parameters that define the ionospheric background. For the ionospheric peak, were obtained
the peak height and the peak electron density  ; for the topside, the two parameters
were the scale height at a reference height (e.g. at the peak)  and its gradient ; and
for the bottomside ionosphere, were obtained the thickness parameter  and scale factor

The topside of the ionospheric background was estimated using the following

equations that describes a linear Vary-Chap function:

with

where  stands to the electron density at the height and s the varying scale height. The
scale height  and its gradient were estimated with a linearized Least Square fitting of Eq.

(2), linked to Eq. (2) and using all electron density observations above
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The bottomside was estimated based on the formulation proposed by Ramakrishnan

and Rawer (1972) and implemented in IRI, which is given by the following equations:

with

where measurements of ~ were used to retrieve  and  parameters by a linearized Least
Square fitting procedure. Despite the F1, E and D layers are important in describing several
dynamics of the ionosphere, they were neglected in the background estimation due to their
comparative lower electron densities. At lower heights the accuracy of the RO is reduced and,
therefore, only the F2 layer was considered for the representation of the bottomside.

After applying the estimation procedure given by the fitting of Egs. (1) and (3) for
each ionospheric profile, the values of , , , and  were recorded with
the horizontal position related to the coordinates of the peak height. In order to process the
spatial interpolation of them and obtain global maps of the background at a given day,
ionosonde measurements obtained in one day coupled with 60 days of data retrieved from RO
were superimposed in a sun-fixed reference frame. Figure 1 (top) shows the location of the
ionosonde stations, where data derived from the Space Physics Interactive Data Resource
(SPIDR) were automatically processed and the data obtained by the Instituto Nacional de
Pesquisas Espaciais (INPE) were manually retrieved. The INPE ionosondes are located in
Brazil and corresponds to Sdo Luis (SAAOK: 2.3°S, 44°W; magnetic lat. 0.8°S), Boa Vista
(BVJ03: 2.8°N, 60.7°W; magnetic lat. 12.9°N) and Fortaleza (FZAOM: 3.8°S, 38.0°W;
magnetic lat. 5.5°S). Also, Figure 1 (bottom) shows the spatial distribution superimposed
with 60 consecutive days of RO data in terms of Local Time (LT) and magnetic latitude. The

RO ionospheric profiles were derived from the FORMOSA Satellite Series No.
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3/Constellation Observing System for Meteorology, lonosphere, and Climate (FORMOSAT-
3/COSMIC) and processed by the University Corporation for Atmospheric Research

(UCAR). The location of each estimated is represented by one point in the map and

converted in the critical frequency by

0 SAAOK @ BVJO3 8 FZAOM ® SPIDR
N

Latitude (°)
o

-180 -90 0 90 180

Hour (LT)

Fig. 1 Location of the ionosonde stations of the global network of SPIDR and from the
regional network of INPE (top panel) and 60 superimposed days of data derived from
the COSMIC Data Analysis and Archive Center (CDAAC) (bottom panel) with the central

day in DOY (Day Of Year) 312 of 2013. The unit of the color bar is MHz.

Given the values of , , , and in LT and magnetic latitude, a
spatial interpolation was performed. Figure 2 shows an example of the estimated spatial
distributions during DOY 312 of 2013 when applying a linear interpolation. RO and

ionosonde measurements were used together for the estimation of and only RO data
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was used for the estimation of , and . As can be seen, the estimated values
show the expected global patterns of , such as a clear daily variation and the
representation of the two crests associated with the Equatorial lonization Anomaly (EIA).
Also, the estimated distributions are higher in the equatorial region due to the electron
density distribution driven by the resulting force of the electric and geomagnetic fields in the
ionosphere. In addition, the spatial distributions of and were estimated with
similar behavior than reported in previous works (e.g., Olivares-Pulido et al., 2016,
Hernandez-Pajares et al. 2017). It is noticed here at the equatorial region a spatial
anticorrelation between 30 km and 100 km for ~ and -0.1 and 0.1 for . In the case of
the bottomside, no previous work has calculated and  values with the RO ionospheric
profiles to compare with the obtained distributions. However, as can be seen in the bottom
panels, the magnitude and spatial distribution of and  seems reliable when comparing to

the representations obtained from the International Reference lonosphere 2012 (IR1-2012).
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Fig. 2 Global estimation of , , and  to be used to generate a background

for the ionospheric tomography in DOY 312 of 2013. The bottom panels show the  and

distributions computed with IRI-2012.

Once calculated the distributions of , , , and in the sun-fixed
reference frame, the global maps were converted in an earth-fixed reference frame in the
regional area of Brazil. In this direction, the magnetic latitudes have been converted into
geographical latitudes and the LT maps were projected along with the geomagnetic lines to
create a set of maps in Universal Time (UT). Therefore, it was possible to obtain regional
mapsof , , , and  for a specific time and then to calculate the electron
density at any height in the Brazilian region to be used as background for the regional

tomography.
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Regional Tomography

The main goal of the regional tomography in this work was to update the ionospheric
background using TEC measurements of regional GNSS networks. The regional stations used
to obtain TEC observations were selected from GNSS networks of 1GS, RBMC (Rede
Brasileira de Monitoramento Continuo), LISN (Low-latitude lonospheric Sensor Network),
RAMSAC (Red Argentina de Monitoreo Satelital Continuo) and CALIBRA (Countering
GNSS High accuracy Applications Limitations due to lonospheric Disturbances in Brazil).
The location of the GNSS stations is presented in the left panel of Figure 3. Also, the right
panel shows the stations used for the evaluation of the regional tomography, where none of
these stations were used in the tomographic reconstruction, i.e., they provided independent
reference data. It is important to mention that the independent stations were selected in order

to cover the most active ionosphere in the Brazilian region, i.e., the south crest of EIA.

20

0

@

©

=

7 20 RBMC
IGS
RAMSAC

-40 CALIBRA
LISN
-90 -70 -50 -30 -90 -70 -50 -30
Longitude (°) Longitude (°)

Fig. 3 Location of the GNSS stations used in the tomography (left panel) and GNSS station
used in the assessment with independent data (right panel). The dashed line represents the

magnetic equator.
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The ionospheric information derived from GNSS measurements was obtained using a
calibration method. A bias term over one arc of data with no cycle slips was first estimated by
the weighting mean difference of the GNSS carrier phase measurements minus the TEC

retrieved by Global lonospheric Maps (GIMs), as:

with

where is the frequency (Hz) of the carrier, is the wavelength (m) in L1 and L2, is the
carrier phase measurement of GPS (in cycles), is the bias term (m), is an elevation

dependent weighting parameter for each and is the number of observations in an

arc with continuous data. information is derived from the UQRG GIMs produced by

Universitat Politécnica de Catalunya (UPC, see Hernandez-Pajares, 1999), presently one of
the bests or the best behaving IGS GIM (see Roma-Dollase et al. 2017). Also, the weighting
parameter is based on the standard deviation of TEC derived from the root mean square
maps available in GIM files, such as used by Prol et al. (2018).

Once calculated the bias for all the continuous arcs, TEC in a single epoch was
directly calculated using the following equation:

where only arcs with a minimum of 5 minutes of continuous data and with a cut-off angle of
10° were used.

In addition to the TEC measurements, VTEC observations were included in the
regional tomography. The VTEC observations were derived by applying the standard
mapping function to convert the observed TEC using Eq. (7) into VTEC with the following

equation:
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where is the zenithal angle of the GNSS signal path, is the mean earth radius and is
the peak height, considered as equal to 450 km for this simplified mapping function.

Given TEC and VTEC observations from the regional networks, a 3D grid over the
Brazilian region was constructed in order to update the background model by performing
regional tomography. The spatial resolution of the 3D grid was set with 1.5° in latitude and
1.5° in longitude. The vertical resolution of the 3D grid was constructed with distinct step
sizes in order to reduce the number of cells and improve the time process. Considering that
the F2 layer has the highest variability, which decreases with height, the vertical resolution
was set with a 50 km step size in the region between 50 km and 200 km in height, 25 km step
size from 200 km up to 550 km, again 50 km step size but from 550 km up to 700 km, and
then a 100 km step size from 700 km up to 1000 km, 200 km step size from 1000 km up to
1600 km, 400 step size from 1600 km up to 2000 km, and 500 km stepsize from 2000 km up
to 3000 km. A total of 75000 cells were then created to represent a unique 3D grid in the
Brazilian region, which covered the longitudes of -91.5°W and 18°W and latitudes of 51.5°S
and 22°N. The spatial coverage includes not only the Brazilian areas, but also the South
America, in order to increase the geometry of the GNSS signals used in the ionospheric
tomography. A temporal resolution of six minutes was also defined, where the electron
density was set to be constant within each cell in such time interval, generating 241 grids to
represent a given day.

Each cell of the 3D grid has been filled with the initial guess of the electron density
given by the background model. MART was applied then to update the electron density in
each cell. In fact, when applying the traditional MART algorithm in the proposed area, many
cells of the 3D grid remain non-illuminated. To overcome this problem, Prol et al. (2016)

used a spatial resolution of 4° in latitude and 4° in longitude. However, this is a low
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resolution for representing the ionospheric variability in the Brazilian region. In order to use a
smaller spatial resolution of 1.5° by 1.5°, and therefore obtain a better representation of the
ionospheric variability in Brazil, a small change has been incorporated in the most usual
MART algorithm. The updated electron density in cell is calculated with the following

expressions:

and

where is the electron density obtained from iteration , K is varying with a stepsize
of 2 due to the VTEC updates, and are the observed TEC and VTEC of the

GNSSsignal , s the path length of the GNSS signal inside the boundaries that intersect
the cell , is the largest path length of the respective signal , the term is

equivalent to a scan through each cell of the ionospheric grid that calculates TEC or VTEC
from the background and is a weighting parameter that control the convergence of the

algorithm. The difference when using VTEC observations is that ~ and are related to
the vertical distance, which are represented by  and . The same configurations of Prol

et al. (2016) were adopted for the MART reconstruction, i.e., we used an iterative process
that cycles through all ray paths 70 times and a weighting parameter of =0.2, being both
optimal parameters empirically obtained.

Following equations (9) and (10), it can be seen that for each GNSS signal, two
observations are used. TEC observations are used to update a set of cells corresponding to a
slant direction and VTEC observations are used to update a column of cells in the 3D grid.

VTEC values are affected by the single-layer mapping error, which seems contradictory to
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the main propose of the tomographic algorithm. However, the incorporation of VTEC values
does not significantly affect the slant TEC estimative. Taking one cell as example, it will be
illuminated by a unique observation of VTEC. On the other hand, in the areas with a good
tomographic geometry coverage, many observations in the slant direction will be used to
update the electron density, which will make the slant observation the most important in the
correspondent cells. Figure 4 shows an example of the residuals obtained with the proposed
tomographic method, which confirms the method fits better to the slant TEC than the VTEC.
The important contribution of VTEC is therefore when there are few or none slant
observations, in the way that the use of both measurements (slant TEC and VTEC) generates
a tomographic reconstruction with an increased number of illuminated cells without
significantly affecting the slant TEC estimations. Thus, even with a significative lack of
GNSS signals for the tomographic reconstruction, it is possible to take the maximum

advantage of the GNSS observations.

STEC residual VTEC residual

—_
o

[8)]

TEC Residual (TECU)
& o

N
o

1 2 3
Number of observations «10%

Fig. 4 Slant TEC (STEC) and VTEC residuals obtained with the proposed tomographic

algorithm at 18 hours UT in DOY 312 for all GNSS stations.

Figures 5 and 6 shows an example of the tomographic reconstruction of the peak

height and the critical frequency when TEC and VTEC observations are used to
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update the background. The cells without any observation were removed from the
tomographic reconstruction, generating the blank spaces on the maps. It is worth mentioning
that some artifacts could appear in the reconstruction tomography due to the poor geometry
of the GNSS signals. However, no extremely large values of the peak height and critical
frequency are obtained, even when looking to results of several days of the tomographic
reconstruction, which indicates that the proposed approach is not so susceptible to create
artifacts in the reconstructed ionosphere. This can be explained due to the incorporation of
VTEC observations that enlarge the number of illuminated cells.

In general, a bigger variance is obtained from the reconstruction method, in
comparison to the background. This is mainly because the peak height and critical frequency
are retrieved considering the vertical resolution of 25 km while the background is obtained by
direct interpolation of and measurements. Also, as expected, the peak height
estimated with the tomography presented a similar behavior to the background peak height.
On the contrary, the critical frequency has presented a reasonable variation at instants with
higher values of the electron density. In the example of 02 UT, the tomographic
reconstruction has presented the crests of EIA with more intensity. In fact, the tomographic
representations at 02 UT seem more realistic than the background because an intensification
of the vertical drift is known to occur at such instants (22.5 LT in the central area 50°W),
which increases the electron density in the EIA crests. It is typically observed that the upward
vertical drift occurs with more intensity in the Brazilian equatorial region in comparison to
the other longitudinal sectors. Therefore, considering that the background was obtained
gathering global observations in a sun-fixed reference frame, it is expected that the EIA was
smoothed at 02 UT in comparison to the tomographic results. On the other hand, at 12 UT
and 18 UT, the spatial distribution of EIA in the Brazilian region has similar patterns in

comparison with other sectors of the global equatorial ionosphere. Then, it was reasonable to
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obtain the spatial distribution of the critical frequency of the background similar to the
tomographic solution at 12 UT and 18 UT. Also, higher values of the critical frequency at 18
UT for the tomography are expected because the background is showing a smoothed solution
gathering 60 days, while the tomography is updating the background using actual data of
DOY 312. Therefore, despite the differences between the background and the tomographic
reconstruction, the obtained results presented reasonable justifications, which inspired us to

evaluate the quality of the proposed method.

Background Tomography
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Fig. 5 Peak height maps estimated by the background and the ionospheric tomography for

DOY 312 of 2013. The unit of the color bar is in km.
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Fig. 6 Critical frequency maps estimated by the background and the ionospheric tomography

for DOY 312 of 2013. The unit of the color bar is in MHz.

Assessment of the Height and Electron Density at the Peak

A total of 14 days was selected to evaluate the proposed method during the south
hemisphere Summer solstice (hereinafter solstice) and during the south hemisphere Spring
equinox (hereinafter equinox) of 2013. The days selected for analysis were DOY's between
229 and 235 for equinox and between 308 and 314 for the solstice. Such DOYs do not
coincide exactly with the equinox and solstice, but they were chosen because of the higher
amount of data available from the ionosondes installed in Brazil that were scaled manually.
At least, three Brazilian ionosondes had available data for the chosen DOYs. Also, the year of
2013, which was close to the maximum in the solar cycle 24, was selected in order to
evaluate the method in an epoch with high ionospheric variability but with no intense

scintillations.
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Figure 7 shows the values of and estimated by the proposed method, IRI-
2012 and observed by the SAAOK ionosonde. Indeed, the SAAOK measurements were not
used in the background modeling neither in the tomography, which makes the validation
reliable. It can be seen that the tomographic and IRI results show a similar daily behavior in
comparison to the reference values. The magnitude of the estimated and observed values of

is varying between 3 MHz and 13 MHz in the equinox, with an increasing during the
solstice and reaching a maximum near 16 MHz. The magnitude of the estimated and
observed values of is varying between 200 km and 450 km in the equinox, with an
increasing during the solstice and reaching a maximum near 550 km. In general, a slight
better performance can be visually seen by the tomographic method in comparison to IRI for
both and , which is more evident in the solstice and mainly during the daytime.
After the daytime, specifically during the transition from the daytime to the nighttime, a peak
of and is observed from the ionosonde and even better estimated by the
tomographic algorithm. At such instants, the resultant force of the electric field intensifies the
vertical drift of the ionosphere upwards, increasing the peak height and displacing the plasma
to higher altitudes, in the way that the proposed method was capable of showing the

ionospheric enhancement called as the pre-reversal period.
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Fig. 7 Critical frequency and peak height  observed in ionosonde SAAOK and

estimated with IRI-2012 and the tomographic method (Tomao.).

Figure 8 shows the absolute error of the estimated values of and  and also the
average of the errors (colored lines) in terms of LT. Despite BVJ03 and FZAOM data are
used in the background modelling, we can see a similar magnitude of the error when
comparing BVJ03 and FZAOM data with the independent data of SAAOK station. This is
important because it shows that no constraints have been incorporated to fix the ionosonde
observations in the proposed method, which means that RO and GNSS data also played an
important role to the estimation of the ionosphere in the location of the ionosondes. In terms
of the daily variation, the larger errors are noticed between 18 and 24 LT, as expected,
because it is coincident with the pre-reversal enhancement of the ionospheric vertical plasma
drift. In addition, it can be seen a larger maximum error for IRI, reaching up to 6 MHz for

and 200 km for  , as well as a smaller average error of the proposed method given by

the red lines.
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Fig. 8 The absolute error of the critical frequency and peak height obtained with IRI and the

tomographic reconstruction (dots) and average of the absolute errors (colored lines).

Table 1 shows the RMSE (Root Mean Square Error) for all ionosondes in the equinox

and solstice. The total RMSE obtained in the equinox was 0.85 MHz ( ) and 32.07 km

() for the proposed method and 1.35 MHz ( ) and 47.34 km () for IRI. Also, the

total RMSE in the solstice was 1.54 MHz ( ) and 31.45 km () for the proposed

method and 2.10 MHz ( ) and 43.87 km () for IRI. This indicates that the

tomographic reconstruction presented an improvement in the equinox of 37% for and

32% for . At the solstice, the improvement seems to be a bit lower, but also significative,

achieving 26% for and 28% for . The improvement is quite similar, but a bit lower,

when looking only to the independent data of the SAAOK station (in bold), reaching 26%

( )and 29% () in the equinox and 22% ( ) and 33% () in the solstice.

Table 1 — RMSE of and  for the analyzed Equinoxes and Solstices periods. Units of

in MHz and units of in km.

: Equinox Tomo. Equinox IRI Solstice Tomo. Solstice IRI
Station Il Il Il Il
SAAOK 1.02 // 38.53 1.36 // 53.94 1.31// 29.52 1.68 // 44.17
BVJ03 0.62 // 28.27 1.29 // 45.69 1.71// 29.02 2.50// 37.47
FZAOM 0.87 /1 28.30 1.39// 41.55 1.58 // 35.42 2.03//49.20

All 0.85// 32.07 1.35//47.34 1.54// 31.45 2.10// 43.87

Based on the results of the entire section, it can be said that the proposed method
better estimated the ionosphere at the analyzed ionosondes in many aspects when compared
to the IRI solutions. In addition to the statistical improvements, the main important
improvement of the proposed method was the peak height estimation at the post-sunset pre-
reversal period. The strong vertical drift upwards during the pre-reversal peak is an important

event in the Brazilian region that, as it can be noticed, is not represented by IRI. The
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proposed method, therefore, can be a useful tool for several studies related with the pre-
reversal enhancement of the F-region vertical drift, which has been a continuous challenge to
analyze with empirical models. In fact, the general daily variation of the ionosphere seems to
be Dbetter represented by the tomography. Despite IRI is a climatological model, such
improvements and representations are not so easily obtained by regional methods. For
instance, previous works using tomographic reconstruction in Brazil (Prol et al. 2016) have
also presented a better estimation of . However, it was overestimated in the nighttime due
to problems with mapping the topside coupled to the fact that the background was directly
derived from IRI. Now, the background is based on actual data and using a new formulation
for the topside, which played an important role in the obtained results. Prol et al. (2016) also
found problems in mapping the ionosphere at the edge of the 3D grid. At that time, the
ionosonde located in Fortaleza (FZAOM) presented a lower performance in comparison to
IRI. But now, the geometry of the reconstruction was not so problematic in the edges of the
grid due to the better background modelling and the use of VTEC together with the

tomography.

Assessment of TEC and PPP

The TEC and single-frequency PPP assessment has been performed using the same
tomographic results of the previous sections and covering the same two weeks of data during
the equinox and solstice of 2013. The main point here was to evaluate the quality of the
proposed method in terms of the ionospheric delay. Therefore, an evaluation has been made
to check the quality of the tomographic reconstruction compared with results derived from
most usual products for GNSS applications, i.e., the GIMs provided by IGS. The UQRG
GIMs were selected for the comparison because it has shown better results in particular for

the low-latitude ionosphere in comparison to other GIMs (see for instance Orus et al. 2016)
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and also due to the temporal resolution of 15 minutes, while other products from IGS have a
temporal resolution of one or two hours.

Figure 9 shows histograms of the TEC error calculated for the analyzed two weeks
and six GNSS stations not included in the tomographic reconstruction, where the reference
values of TEC were obtained in the slant direction using the calibration procedure presented
in equations (5) and (7). In general, both ionospheric models presented the TEC error
centered at zero, which means that both methods provided an unbiased solution. Also, most
of the TEC errors appear between -10 TEC Units (TECU, being 1 TECU=10" el/m?) and 10
TECU, showing a similar good performance of both models. However, the TEC error close to
zero is observed more often for the tomographic reconstruction. The frequency of the TEC
errors closer to zero is sometimes twice for the tomography, indicating a clear better solution,
except in the SPCA observatory, which the improvement was not so evident. Indeed, SPCA
station is located in the region with the highest variability of TEC, so it is reasonable that this
was the most difficult region to map in the south crest of the EIA. Despite not being so
evident in the histogram, the RMSE of SPCA given in Table 2 shows a clear better
performance for the tomographic method. The RMSE in SPCA was 1.72 TECU for the
tomographic method and 4.88 TECU for the UQRG GIM, showing an improvement of 64%.
Also in terms of the RMSE, the worst TEC error of the tomography is observed for the site of
BRAZ. This occurred because the closest station from BRAZ during the equinox was about
300 km far when performing the tomographic reconstruction. Thus, the ionospheric mapping
over the BRAZ station was considered a difficult task. However, when looking for the error
of all stations, the RMSE was 1.88 TECU for the tomographic method and 4.59 TECU for

the UQRG GIM, which show a general improvement of 59%.
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Fig. 9 Set of histograms showing the frequency (Freq.) of the TEC errors during the analyzed

two weeks using the tomographic method (Tomo.) and the UQRG maps.

Table 2 —- TEC RMSE obtained with the UQRG GIM and the tomographic reconstruction
method. Units in TECU.

Station Tomography UQRG GIM
BRAZ 3.03 3.97
ONRJ 1.51 4.35
MGMC 1.96 5.01
SSA1l 1.28 5.39
CEFT 1.10 3.72
SPCA 1.72 4.88

All 1.88 4.59

In order to analyze the performance of TEC as applied to the GNSS positioning, some
adaptations have been implemented in RTKLib (Takasu and Yasuda, 2009) for the
calculation of the ionospheric delay based on 3D grids. As far as the authors have found, this
is the first time that three-dimensional grids with high resolution are directly applied at low
latitudes in the single-frequency GNSS positioning without the need of mapping functions to

convert VTEC into the slant direction, where the main goal here was devoted to the use of
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GNSS positioning techniques to assess the quality of the TEC retrieved from the tomographic
method. In this regard, the single-frequency PPP in the kinematic mode has been chosen for
the quality checking. The kinematic single-frequency PPP direct applies the modeled
ionospheric delay to correct the GNSS observation epoch by epoch. Therefore, it seems a
good option to provide a straightforward information about the performance of the
ionospheric model, also because the majority of other effects are mitigated, such as the
tropospheric refraction, earth tides and others.

In general, three modes of PPP are analyzed: (a) using the ion-free observation
(PPP/ionf); (b) using L1 and ionospheric delay from UQRG GIMs (PPP/uqrg); and (c) using
L1 and TEC estimated through the tomographic method (PPP/tomo). Among the PPP
configurations, we used the following: (1) combined solution obtained by forward and
backward filters; (2) cut-off angle of 10°; (3) earth tides corrections; (4) estimation of
tropospheric delay during PPP; (5) precise ephemerides (sp3) and satellite clock corrections
(clk_30s) acquired from IGS products; (6) only GPS constellation; (7) correction of the Phase
Center Variation (PCV) of the antenna; (8) phase wind up corrections; (9) no strategy for
ambiguity solution; and (10) corrections of the differential instrumental bias between the civil
and precise codes (C1-P1) when P1 was not available.

Figure 10 shows the 3D errors of PPP/ionf, PPP/ugrg and PPP/tomo during the
equinox. The 3D error was computed by taking the RMSE of all solutions in terms of LT.
The reference coordinates were obtained from the final solution of SIRGAS (Sistema de
Referencia Geocentrico para las AméricaS), at epoch 2013, and a time update was performed
to make the reference coordinates consistent with the epoch of the PPP solutions. The good
results of the ionfree indicate that almost all errors were efficiently mitigated. Also, the
PPP/tomo solution was close to the ionfree in the beginning of the day for almost all stations,

showing that the PPP/tomo algorithm was capable to mitigate several errors. The remaining
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errors, therefore, were mainly related to the accuracy of TEC retrieved from the tomographic
model. In this respect, it is expected a worsening of the PPP/tomo accuracy during the
daytime and near 15 LT due to the daily variability of the ionosphere. Despite a lower
accuracy of PPP/tomo during the daytime, even at such times, a better performance of
PPP/tomo was obtained in comparison to PPP/ugrg for almost all stations. Only in the BRAZ
station that PPP/uqgrg performed better. Indeed, when looking for the location of the stations
used in the ionospheric tomography, the closest station to BRAZ was more than 300 km far.
So, it is difficult to represent the ionospheric variability in the region near the BRAZ with the
tomographic reconstruction. In addition, the UQRG maps were obtained using the BRAZ

observations, enhancing its better accuracy to describe the ionosphere in the region.
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Fig. 10 RMSE of the three-dimensional error for all analyzed stations in the equinox of 2013.

Figure 11 shows the 3D errors, giving in terms of RMSE and LT, of PPP/ionf,
PPP/ugrg and PPP/tomo during the solstice of 2013. Now, the PPP/tomo solution presented a

better performance in comparison to PPP/uqrg for all stations. PPP/tomo presented an even
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better accuracy in the BRAZ station. Indeed, now the closest station from BRAZ was ~100
km far, improving the representation of the ionospheric variability around the region. In
comparison to the equinox, a general worst performance was obtained for all PPP methods
due to the higher values of TEC in the solstice. In addition, the most significative errors are
noticed after 18 LT, when the ionospheric irregularities were more effective to impact the
GPS observations. At such instants, the uplifted ionosphere generates high vertical gradients
due to the pre-reversal drift. It is believed that these gradients set the preconditions for a
plasma instability, which controls the generation of ionospheric irregularities driven by the
gravitational Rayleigh-Taylor mechanism. The change of the GPS phase observations
imposed by the ionospheric irregularity results in the amplitude and phase scintillation, which
degrades the PPP solution. Therefore, the ionospheric irregularities causing scintillations
were the main cause of the worst results of PPP/ugrg, PPP/tomo and PPP/ionf during the
solstice. It is interesting to notice that even with the elimination of the first-order ionospheric

delay in PPP/ionf, it was not enough to mitigate the scintillation impact in the GPS signals.
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Fig. 11 RMSE of the three-dimensional error for all analyzed stations in the solstice of 2013.
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Table 3 shows the total RMSE obtained for each station, where the data with
scintillations were excluded from the statistics. The differences between the equinox and
solstice are not so evident, except for the PPP/tomo and the station BRAZ due to the already
mentioned lack of data during the equinox. When looking at the general results, while the
ionfree solution remains within a centimeter accuracy around 0.05 m, we can see that the
PPP/tomo solution presented a decimeter accuracy around 0.83 m and that the PPP/uqrg
showed a metric accuracy around 1.21 m. The total improvement of PPP/tomo in comparison
to the PPP/ugrg is about 31%, which indicates that the proposed method seems to be efficient
to represent the ionospheric delay with enough accuracy to improve the GNSS positioning in

comparison to one of the most traditional methods.

Table 3 — RMSE of PPP for the equinox and Summer solstice of 2013. Units in meters and
hours with scintillations were excluded.

Station _PPP/ionf _ _PPP/tomo _ _PPP/uqrg _
Equinox // Solstice  Equinox // Solstice  Equinox // Solstice
BRAZ 0.04//0.05 1.57 1/ 0.63 0.95//1.03
ONRJ 0.06 // 0.04 0.65//0.80 1.44//1.16
MGMC 0.05//0.05 0.75//0.72 1.31//1.12
SSAl 0.06 // 0.05 0.80//0.69 1.41//1.31
CEFT 0.05//0.07 0.45//0.58 0.93//1.01
SPCA 0.05// 0.05 0.77//1.01 1.57 // 1.06
All 0.05//0.05 0.92//0.75 1.30//1.12
Conclusions

A new tomographic algorithm was successfully implemented and assessed in the
Brazilian region. The performance of the proposed method was evaluated for the estimation
of , and TEC and a pioneering application checked the performance of the
tomographic algorithm when used to correct the single-frequency PPP. The experimental
results using independent ionosonde data as reference presented an improvement of about
24% for

and 31% for in comparison to IR1-2012. In terms of the ionospheric delay,
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the tomographic reconstruction showed an improvement of 59% for TEC and 31% for the
single-frequency PPP when compared with the one corrected with the UQRG GIM in six
GNSS stations that were not used in the tomography. This indicates that the proposed method
seems efficient to represent the ionospheric morphology given by and TEC at the
Brazilian region and also to estimate the ionospheric delay with enough accuracy to improve
the GNSS positioning in comparison to the conventional methods. Therefore, it can be
considered a useful tool for several applications of Space Weather, Telecommunications and
Spatial Geodesy in the Brazilian region.

Another relevant finding is that the proposed method was capable of showing the
upward vertical drifts associated with the post-sunset electric field pre-reversal enhancement,
which has been a continuous challenge for empirical methods. At such instants, the uplifted
ionosphere is probably the main reason for the generation of ionospheric irregularities, which
results in amplitude and phase scintillations. Despite the ionospheric tomography is capable
of showing the ionospheric vertical drift, the PPP solution has been significantly affected
during the pre-reversal enhancement. However, no vertical information of the ionosphere is
used together with the ionospheric delay to mitigate the scintillations. It is therefore
suggested to check the possibility of using the vertical information given by the proposed
method to predict the impact of ionospheric irregularities in GNSS signals. Then, would be
relevant to check if this information could improve the accuracy of the single-frequency PPP

even during the most challenge conditions of ionospheric scintillations.
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