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A Tomographic Method for the Reconstruction of
the Plasmasphere Based on COSMIC/

FORMOSAT-3 Data
Fabricio S. Prol and Mohammed Mainul Hoque

Abstract—A tomographic method has been developed for re-
constructing the topside ionospheric and plasmaspheric electron
density distribution using total electron content (TEC) measure-
ments from global positioning system (GPS) receivers aboard the
constellation observing system for meteorology, ionosphere, and
climate/Formosa Satellite Mission 3 (COSMIC/FORMOSAT-3).
Since the COSMIC/FORMOSAT-3 constellation has an orbit al-
titude of about 800 km, the integral TEC measurements obtained
from the topside GPS navigation data are rather small and imposed
relevant challenges to obtaining stable electron density reconstruc-
tions. However, the developed method can represent the natural
variability of the plasma ambient in terms of latitude, altitude, solar
activity, season, and local time when analyzing electron density
reconstructions during 2008–2013. The method employs indepen-
dent spatial grids for satellite rising and setting geometries and
imposes a set of constraints to stabilize the solution in the presence
of noise and ill-conditioned geometry. We further consider back-
ground ionosphere and plasmasphere models for electron density
initialization and filling data gaps. The quality assessment using
TEC and in-situ electron density measurements has shown that
the proposed method performs better than the background model,
with improvements of about 26% in TEC and 20% in terms of
electron density. Our investigation also reveals the necessity of
more accurate background electron density representations and
precise TEC measurements in order to have better plasmaspheric
specifications at high altitudes.

Index Terms—Algebraic reconstruction technique (ART),
constrained tomography, defense meteorological satellite program
(DMSP), global positioning system (GPS), total electron content
(TEC).

Manuscript received April 28, 2021; revised October 9, 2021 and Novem-
ber 24, 2021; accepted February 25, 2022. Date of publication March 3,
2022; date of current version March 16, 2022. This work was supported
in part by the Deutsche Forschungsgemeinschaft under Grant HO 6136/1-1,
and in part by the “Helmholtz Pilot Projects Information & Data Science II”
(Grant support from the Initiative and Networking Fund of the Hermann von
Helmholtz-Association Deutscher Forschungszentren e.V. (ZT-I-0022)), and
in part by the INdoor navigation from CUBesAT Technology (INCUBATE)
project, under the grant from the Technology Industries of Finland Centennial
Foundation and Jane and Aatos Erkko Foundation. (Corresponding author:
Fabricio S. Prol.)

Fabricio S. Prol is with the Institute for Solar-Terrestrial Physics of the
German Aerospace Center, 17235 Neustrelitz, Germany, and also with the
Department of Navigation and Positioning, Finnish Geospatial Research Insti-
tute, National Land Survey of Finland, 02431 Kirkkonummi, Finland (e-mail:
fabricioprol@hotmail.com).

Mohammed Mainul Hoque is with the Institute for Solar-Terrestrial Physics
of the German Aerospace Center, 17235 Neustrelitz, Germany (e-mail:
mainul.hoque@dlr.de).

Digital Object Identifier 10.1109/JSTARS.2022.3155926

I. INTRODUCTION

THE plasmasphere is a fully ionized region of the Earth’s
upper atmosphere dominated by H+ ions and free electrons

in the inner magnetosphere. The region has been the subject of
continued study in the last few decades due to its impact on radio
wave propagation, with particular interest in the ground-based
total electron content (TEC) measurements, contributing about
10% during daytime and 40%–60% during the nighttime [1],
[2]. The plasmasphere is also a focus region due to some open
questions related to the plasmaspheric internal dynamics [3],
boundaries [4], [5], and coupling processes with the magneto-
sphere [6] and ionosphere [7], in particular during space weather
events [8]. Given such interests, many instruments were used
in the last decades to derive measurements and explore the
plasmasphere. For instance, several studies have been carried
out using the measurements provided by the Global Navigation
Satellite System (GNSS) [9], [10], in-situ instruments [11], [12],
and extreme ultraviolet imagers [13], [14].

The availability of numerous medium Earth orbit satellites
developed by global positioning system (GPS), Globalnaja Naw-
igazionnaja Sputnikowaja Sistema, BeiDou, and Galileo navi-
gation satellite systems allows us to continuously monitor the
Earth’s ionosphere and plasmasphere. The use of multifrequency
GNSS signals provides an opportunity to estimate global and
continuous TEC values above the receiver altitude up to the
GNSS satellite. Good spatial and temporal data coverage can
be obtained utilizing a highly dense ground station network.
Therefore, GNSS-derived TEC is a very prominent source to
provide information related to the ionospheric and plasmas-
pheric electron density [15]–[17].

However, when using ground-based TEC data, the reconstruc-
tion of the topside ionosphere and plasmasphere requires the
separation of the bottomside ionospheric contribution, which is
a challenging task since it requires a complete characterization of
both parts. On the other hand, satellite-based TEC data obtained
from topside GNSS navigation measurements refer to integrated
electron density above LEO satellites and thus exclude the
ionospheric contribution below the LEO orbit height. In this
regard, many efforts were conducted to apply satellite-based
TEC observations and describe the electron density distribution
of the plasmasphere [18]–[20]. However, the development of
procedures to invert TEC into electron density distributions still
remains as a challenging task.

Tomographic algorithms are well-known inverse procedures
that enable the estimation of electron density values based
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Fig. 1. COSMIC coverage of the whole constellation (sat. C001, C002, C004,
C005, and C006) using two hours of data, from 09 to 11 h UT (universal Ttime),
of day of year 014 of 2013. Each point represents a footprint of the GNSS
receiver.

on TEC measurements. The technique requires solving
ill-conditioned inverse problems usually based on iterative
algorithms [21]–[23]. Definitely, one of the most prominent
methods to estimate the plasmaspheric electron density based
on GNSS data is to apply three-dimensional (3-D) tomographic
reconstructions considering the whole constellation of LEO
satellites capable of observing TEC measurements [24], [25].
Fig. 1, for instance, shows the constellation observing system for
meteorology, ionosphere, and climate/Formosa Satellite Mis-
sion 3 (COSMIC/FORMOSAT-3), in short COSMIC, coverage
on a global scale using 2 h of data. Five satellites were operating
in 2013 and a reduced number of COSMIC satellites were op-
erational in later years. Fig. 1 shows nearly a best-case scenario
with less data gaps using five satellites. However, relevant data
gaps are found, and the data coverage gradually decreases in
later years with the decrease of the number of available satellites.
This eventually decreases spatial resolution and increases the
possibility of relevant artifacts in the reconstruction.

An efficient method for overcoming the coverage problem
is to apply 2-D tomographic reconstructions using TEC mea-
surements from a single satellite. Heise et al. [26], for instance,
developed a tomographic reconstruction technique to represent
the 2-D plasmasphere based on TEC data derived from a single
CHAMP (Challenging Minisatellite Payload) satellite. CHAMP
had a near polar orbit with an inclination of 87.2° at about 450 km
height, which, for each orbital revolution, made it possible to
estimate a distinct 2-D plane at a specific meridional cross-
section. As a result, the reconstructions were capable of showing
2-D electron density distributions at the longitudinal section
above the satellite orbit. Despite the solution only provides
electron density information at the meridional cross-section of
the CHAMP orbit, it is less likely to produce artifacts and
consequently misinterpretations related to the plasmasphere.
Gerzen et al. [27] made comparisons between the CHAMP
reconstructed profiles and electron densities derived from the
IMAGE RPI instrument, indicating that an improvement can be
achieved through CHAMP TEC data assimilation into plasma-
spheric backgrounds.

It is relevant to notice that TEC data from COSMIC
may be even more useful in plasmasphere estimation than
CHAMP since, in most of the instances, the COSMIC satellite
flying above the 800 km height excludes a significant part of
ionospheric contribution below the LEO orbit. However, due to
a lower orbit inclination of 72°, the topside TEC measurements

obtained during a specific COSMIC revolution are distributed
over a larger longitudinal sector, which makes it hard to
reconstruct an approximated 2-D longitudinal section of the
plasmasphere.

More recently, Kim et al. [23] has estimated 2-D electron
density distributions based on Jason-1 plasmaspheric TEC mea-
surements using an iterative process named multiplicative alge-
braic reconstruction technique (MART). The results were found
to exhibit diurnal variation and annual anomaly characteristics.
However, as concluded by the authors, more TEC data are
needed to reconstruct the plasmasphere with sufficient accuracy.

In order to increase the data coverage, we hereby propose an
approach in which the 3-D grid is built in terms of local time
(LT), allowing the superimposition of TEC data obtained for 24
h, i.e., we are using a temporal resolution of 24 h. The proposed
method (Section III) has three main distinct features from the
previous estimates: 1) it is independent of the satellite orbit
inclination, so it can be applied to satellite data from COSMIC
mission or other missions flying at low inclination; 2) it is
imposing a set of new constraints in the simultaneous iterative
reconstruction technique (SIRT) [28]; and 3) the number of
signal cross-sections are increased since we include a whole
day of data in terms of LT. The obtained reconstructions are
validated against TEC data as well as in-situ electron density
observations from the defense meteorological satellite program
(DMSP). In this regard, Section IV shows the test results for 2
years of analysis at high and low solar activities, and Section V
shows the conclusions.

II. DATASET

A. COSMIC TEC

COSMIC is a joint Taiwan–U.S. project that has been ongoing
since April 2006 with a constellation of six microsatellites
on the low-Earth-orbit. Each COSMIC satellite is equipped
with dual-frequency GPS receivers designed to obtain topside
navigation data for precise orbit determination (POD) and bot-
tomside radio occultation measurements. The ionosphere and
plasmasphere have a frequency dispersive nature and therefore
the dual-frequency navigation data can be used for correction
in POD as well as for computing TEC along the ray paths
between GPS and COSMIC satellites. The ray paths during one
orbital revolution of about 100 min are nonuniformly distributed
depending on the visibility of GPS satellites. But, in general,
about 14 revolutions are performed per day and, consequently,
about 14 near-meridional planes can be created to represent the
plasmasphere on a specific day.

COSMIC data are constantly processed by the University Cor-
poration for Atmospheric Research and made available through
the COSMIC Data Analysis and Archive Center (CDAAC) at
the portal.1 In this article, level-1 TEC measurements from POD
instruments were obtained directly through the CDAAC portal.
Despite POD data allowing ionospheric remote sensing at ∼1
Hz, reconstructions were performed using TEC measurements
every 10 s, where the remaining TEC measurements were used to
perform an internal validation. A detailed review of the TEC esti-
mation procedure as well as its quality evaluation are provided by
Yue et al. [29]. The TEC precision is around 1–3 TECU (1 TECU

1[Online]. Available: http://cdaac-www.cosmic.ucar.edu/
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= 1016 el/m2) and mainly depends on leveling errors, multipaths,
and differential code bias (DCB) calibration. To ensure the data
quality of the TEC measurements in this article, all ray paths
with negative values of TEC and an elevation angle lower than
20° were excluded from the reconstructions. The exclusion of
negative TEC observations and usage of an elevation cutoff
reduces multipath and leveling errors, leaving DCB as the major
source of errors in the present article. According to Yue et
al., DCB precision lies around 0–3 TECU with an average of
0.7 TECU.

B. DMSP Electron Density

The DMSP from the U.S. Air Force has launched a series
of spacecraft to investigate the Earth’s environment since the
60’s. Several satellites were deployed in a Sun-synchronous
near-polar orbit with a rotation period of about 101 min at an
altitude around 800 km and inclination of 99°. Among the DMSP
missions, satellites F08 to F18 are equipped with an instrument
package of special sensors for ions, electrons and scintillation
(SSIES). The SSIES package includes a Faraday scintillation
cup, retarding potential analyzers, Langmuir probes, and ion
drift meters, capable of observing the ambient plasma at the
DMSP orbital altitude by measuring electron density, electron
temperature, ion density, ion temperature, ion drift velocity,
and scintillation. The most pertinent DMSP parameter to this
article is the electron density (Ne), which was obtained from
the Madrigal portal at.2

A statistical analysis, reporting the DMSP electron density
quality, was conducted by Garner et al. [30] when taking over
10 years of measurements covering all latitudes, longitudes, and
seasons of 1992 and from 1995 to 2005. In general, the natural
variability of the ambient plasma was well represented by DMSP
data in terms of solar activity, magnetic latitude, season, solar
zenith angle, and magnetic LT. However, poor-quality data may
occur due to instrumentation irregularities and telemetry failures
[30]. To ensure the quality of the DMSP data in this article, we
have adopted the threshold range of 2× 108 up to 2× 1012 el/m3

[30]. After applying the quality check, DMSP electron density
measurements from all satellites available in the dates of interest
were used as reference for the validation of the plasmaspheric
reconstruction method.

C. Case Study

The case study was conducted using two entire years of data:
2008 for evaluating the developed method at low solar activity
and 2013 for the analysis regarding the high solar activity. In
addition, a few days of the analyzed dataset were affected by
geomagnetic storms. A detailed view on the capabilities of the
developed method to analyze the plasmaspheric response due to
the geomagnetic storms is presented by Prol et al. [31]. On each
day, COSMIC TEC values were used to reconstruct electron
density values at the positions directly above the satellite alti-
tude; however, it was not possible to evaluate the plasmaspheric
reconstructions for all days of the year (DOYs) because the orbits
of COSMIC and DSMP, in many cases, are not coincident in
time and/or space. In order to choose DOYs and satellites with
good orbit coincidence, a visual inspection was carried out to

2[Online]. Available: http://cedar.openmadrigal.org/

Fig. 2. Top panel: example of day (DOY 28, 2008) with good match between
orbits from COSMIC (sat. number C001) and DMSP (sat. number F16). Bottom
panel: solar activity from all selected DOYs with good matches.

detect cases where both satellite paths are coincident in terms of
LT and geographic latitude (i.e., longitude may slightly differ).
Fig. 2 shows an example where both orbits are well connected,
despite the difference in the polar region due to distinct orbit
inclinations. After analyzing all DOYs for all combinations of
COSMIC and DMSP satellites, 315 matches were obtained,
where the respective years and solar flux indexes are shown
in Fig. 2 (bottom). In this article, many results are presented just
for single satellites, such as C001, C002, and C006. However,
general statistics (Figs. 9 and 14) were obtained after applying
the method to all available satellites as separate solutions.

III. BACKGROUND MODELS AND TOMOGRAPHY

A. Ionosphere and Plasmasphere Background Models

A background ionosphere model is required in data assimi-
lation to initialize the system and fill in areas where there are
no data. Furthermore, the quality of the background model is
important for the overall success of the assimilation; i.e., if the
background is poor, then even driving it with high-quality data
can still result in poor performance. Ideally, a background model
should be smooth and unbiased. To provide more accurate elec-
tron density specification, the background ionosphere model will
also need to include a plasmasphere model, since plasmaspheric
electron content is a significant contributor to the overall TEC
budget as discussed in the introduction.

A family of ionospheric parameter models has been devel-
oped during the last two decades at the German Aerospace
Center (DLR) in Neustrelitz. Global empirical models for the
ionospheric TEC, F2 layer peak density (NmF2), and corre-
sponding height (hmF2) have been developed for operational
use of space weather services. They are named as Neustrelitz
TEC Model (NTCM) [30], Neustrelitz Peak Density Model
(NPDM) [33], and Neustrelitz Peak Height Model (NPHM)
[34]. Although the number of model coefficients and parameters
is rather small, the NTCM, NPDM, and NPHM describe the
main ionospheric features with good quality as a function of

http://cedar.openmadrigal.org/
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Fig. 3. COSMIC orbit distribution in terms of latitude, longitude, and local time. The example is shown for DOY 14 of 2013 and satellite C001 in two instances:
when the satellite is rising (left panel) and setting (right panel). The unit of the color bar is in local time and black lines are equipotential lines in terms of local
time.

LT, geographic/geomagnetic location, and solar irradiance and
activity. As a background ionosphere model, we used Neustrelitz
Electron Density Model (NEDM), which is composed of 2-D
global models NTCM, NPDM, and NPHM describing iono-
sphere key parameters, such as TEC, NmF2, and hmF2. The
models are driven by the solar radio flux index F10.7 and the
3-D approach is realized by combining multiple Chapman layers
with a superposed exponential decay function describing the
plasmasphere. Using the parameters NmF2, hmF2, and TEC,
the Chapman layer can describe the basic structure of the iono-
sphere.

Recently, Jakowski and Hoque [35] added an empirical global
plasmasphere model to the family of Neustrelitz models called
Neustrelitz Plasmasphere Model (NPSM) for estimating the top-
side ionosphere and plasmaspheric electron density distribution.
The NPSM describes electron density distribution in the topside
ionosphere and plasmasphere by addressing not only McIlwain
L-shell dependencies of the electron density as has been done
in previous plasmaspheric models (e.g., Gallagher et al. [36]);
but also, by considering the coupling with the ionosphere and
altitude dependencies. The NPSM is a 3-D electron density
model which is optimized for an altitude above 1000 km up to the
GNSS satellite height (20 200 km). If the geographic latitude,
longitude, and altitude are known, the electron density values
can be calculated at any universal time (UT) for specific F10.7
values.

Here, the NPSM has been used as a background plasmas-
phere model together with the NEDM for ionospheric electron
density specifications. For this purpose, however, the existing
plasmaspheric electron density of NEDM needs to be replaced
by the NPSM specification. The first idea was to calculate the
electron density Ne values up to 1000 km altitude along the
receiver-satellite ray path using the NEDM and Ne for the
remaining ray path by the NPSM. However, since NEDM and
NPSM are independent, we may encounter a discontinuity of
Ne values below and above the 1000 km height. To avoid
this, we used a transition function depending on altitude h
and geomagnetic latitude (ϕm) based on the approach given
by Gallagher et al. [36]

Ne = NeI

(
0.5− 1

2
tanh

(
3.4534

h− hI

hs

))

+NeP

(
0.5 +

1

2
tanh

(
3.4534

h− hP

hs

))
(1)

where the scale height is hs = 2000 + 2000 · cos(ϕm) km and
the phase of the tangent function is hI = hP = 500 + 500 ·
cos(ϕm) km. NeI and NeP are electron densities obtained by
the NEDM and NPSM, respectively, and h is altitude in km.
Such a transition function results in a smooth integration of
the plasmaspheric model with the ionospheric model. Thus, it
seems that we can simply add both ionosphere and plasmasphere
models after multiplying with a certain weight obtained from the
transition function given by (1).

B. Tomographic Reconstruction

In order to develop a stable tomographic method which can
be applied to the COSMIC orbit inclination, it was crucial to
understand how the orbit changes with time and space. Fig. 3
shows a visualization of the COSMIC C001 orbit represented by
latitude, longitude, and LT for two cases: during a satellite rising
and setting phase in the left and right panels, respectively. In each
case, COSMIC orbit can cover the entire globe with repetitive
longitudinal shifts of approximately 25°. Another important
point is that the footprint of each rising, or setting track, covers
all latitudes (<78.2°) with a very repetitive pattern in terms of LT
during one specific day. Black lines represent equipotential lines
of LTs at 0.5, 2.7, and 4.8 LT for rising and 12.5, 14.6, and 16.8
LT for setting, showing that the LT repeats approximately at the
same latitude for each revolution. Therefore, distinct latitudes
refer to distinct times, where the LT at the polar region is varying
much faster than that in equator due to the fast longitudinal
transition of the orbit. In this regard, based on the repetitive
pattern of LT with latitude, we can conclude that it is possible
to superimpose the TEC data of the entire day and represent the
system geometry with two 3-D grids: one for rising and another
for setting, in which the LT of the voxels changes accordingly
with the latitude. This is a relatively new way of building a 3-D
grid for tomography, where the grid distribution is similar to
typical 3-D grids (latitude × longitude × altitude); however,
instead of performing the estimations for a specific time, we
are superposing measurements taken at distinct times in order
to obtain a constant LT with the longitudes. This grid geometry
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is essential for applying traditional tomographic techniques to
TEC data from a single COSMIC satellite.

Based on the orbital geometry of COSMIC, two scenarios of
daily 3-D grids (rising and setting) were defined with a spatial
resolution of 2°, 15°, and 50 km in latitude, longitude, and
altitude, respectively, and a temporal resolution of 24 h. The
global grids were defined to cover altitudes from 700 km up to
20 000 km, which results in 880 425 unknowns for each scenario.
Despite global, our method was not developed to show the 3-D
distribution with a specific time resolution, such as every hour.
We can only show the global distributions of the fixed LTs related
to the rising and setting hours of the single satellite. However,
when comparing Fig. 3 with Fig. 1, we can clearly see the
coverage benefits of using a single satellite instead of the whole
constellation. Indeed, when using the whole constellation, it is
not possible to carry out the LT superimposition within distinct
longitudes.

When describing the plasmaspheric pierce points with the
developed 3-D grid geometry, it is important to notice that each
voxel intersected by a slant GNSS signal is associated with a dis-
tinct LT. Therefore, the pierce points also need to be associated
with distinct LTs rather than keeping the same LT of the satellite
ground track. This leads to a bit more computational efforts,
but if we keep the same LT as the satellite, the measurement
geometry taken at distinct orbital revolutions would lead to
time inconsistencies, with a difference of a few hours in the
measurements. Therefore, the LT of each pierce point in this
article is not referred to the satellite ground track, only the UT.

The start altitude was defined as 700 km in order to assure the
grid will include voxels at altitudes of the COSMIC orbit during
instances after 2008. A low longitude resolution was defined due
to the longitudinal gaps between each revolution. However, the
15° longitude resolution was enough to guarantee a certain level
of intersections between signals from distinct orbital revolutions.
After building both grids, each cell was filled with an initial
estimate of the topside ionosphere and plasmasphere provided
by the background model. Then, tomography was applied in
order to update the electron density in each cell.

In general, a tomographic system can be expressed as follows:

y = Ax+ ε (2)

where y represents the TEC vector of measurements, x is an
electron density vector of unknowns, A is the Jacobian matrix
composed by the path length of each signal inside the boundaries
of the voxels, and ε stands for the measurement noises and errors.
Many tomographic techniques can be applied to solve (2) but
given the high number of unknowns in this article coupled with
the high amount of TEC observations that COSMIC can provide
for an entire day, a relative light solution is required.

Grid-based iterative reconstructions, such as the algebraic
reconstruction technique (ART) [37] or MART [38], are very
attractive for providing fast updates, since they do not require
the multiplication of large matrices. ART is the most classical
iterative algorithm and was defined as a basis for the least square
solution of the proposed method. However, some important
adaptations were required in the developed improved version in
order to stabilize the tomographic reconstruction, as explained
in the following.

Given the ith TEC observation, ART defines the unknown
electron density xk+1

j at iteration k + 1 and voxel j with the

Fig. 4. Coverage difference between using slant TEC observations (left panel)
and including VTEC observations (right panel). Computations were obtained
for satellite C001 at DOY 009 of 2013 during the setting phase. The color bar
represents the vertical integration of the number of voxels with at least one TEC
observation. The maximum value of 400 represents the number of layers used
to stratify the plasmasphere/ionosphere.

following expression:

xk+1
j = xk

j + γ

(
yi −

∑N
j Aijx

k
j

)
∑N

j A2
ij

Aij (3)

where yi stands for the ith TEC observation in vector y, Aij

is the corresponding i and j position in the Jacobian matrix,
γ is a relaxing parameter, and x0

j is the initial guess, i.e., the
electron density xk

j at the first iteration k = 0 obtained from
the background.

Usually, the unknown xj at iteration k + 1 is updated at
every instance when a TEC observation is analyzed. However,
as pointed out by Wei et al. [39], the traditional ART is affected
by the way the observation vector is sorted. To overcome this
problem, one can use simultaneous algorithms to compute the
electron density xj of iteration k + 1 after all TEC observations
are considered. The SIRT [28] was therefore used in this article,
where the final image is obtained by taking the average correc-
tion after the differences (yi −

∑N
j Aijx

k
j ) of all i signals have

been computed.
Instead of using only slant TEC observations, updates are per-

formed using the additional vertical TEC (VTEC) measurements
deduced for each slant ray path. Each slant TEC observation
is converted to VTEC using the mapping function developed
by Foelsche and Kirchengast [40] with a single-layer height of
1300 km, since it has presented one of the best performances
in recent studies for satellite-based TEC [41]. Therefore, the
VTEC integration is carried out along all layers of the pierce
point location. A combination of VTEC and slant TEC has
been used recently in a few tomographic approaches in regions
with low coverage of GNSS receivers, which has proven to
be a viable approach to reduce the number of nonilluminated
cells. The solution of the combination will incorporate errors
due to the mapping function approximation. However, as shown
by Prol et al. [22], the virtual VTEC observations will mainly
contribute at the voxels not illuminated by STEC measurements.
Therefore, the tomography will be applied with increased cover-
age, but with reduced TEC quality at the voxels not illuminated
by the STEC measurements. Fig. 4 (left panel) shows an example
of the number of voxels intersected by COSMIC signals when
only slant TEC observations are used. The right panel shows
the same, but also including VTEC cross-sections. From such
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images, it is clear the coverage benefits of including VTEC
observations in space-based tomography.

The direct application of (3) is significantly affected by the
inappropriate geometry provided by GNSS measurements. To
overcome this problem in ionospheric imaging, constrained
techniques have been constantly studied to represent the electron
density at altitudes from 50 to 2000 km [42], [43], [44]. The main
goal of using tomographic constraints in ionospheric imaging is
to stabilize the ill-conditioned solution in the presence of noises,
but also to reduce excessive dependence on prior information.
However, the electron density reconstruction of the topside iono-
sphere and plasmasphere at altitudes from 700 to 20 000 km is a
quite different scenario. The region of interest is much larger than
the ionosphere (up to about 1000 km altitude) and is composed
by very few electron densities at high altitudes; therefore, any
small TEC error or mismodeling given by the background can
effectively introduce artifacts.

As mentioned by Yue et al. [28], TEC values provided by
COSMIC at high elevation angles can be small, ranging from
1 to 2 TECU. Such magnitude is comparable with the TEC
accuracy itself due to the DCB errors and can severely impact the
reconstructions. In this regard, a certain level of dependence on
the background was necessary in order to not completely adapt
to the low TEC values. Therefore, in one way, the developed
improved version of SIRT is concerned with stabilizing the
ill-conditioned geometry, but in another way, it is important to
keep a significant dependence on the background in regions with
very low electron density. With this goal, we are proposing a new
relaxing parameter which adapts to the shape of the background,
acting as a constraint to the tomography. The illuminated voxels
by GNSS signals are updated based on the following relaxing
parameter:

γij = 0.2
(
x0
j/x

0
max

)wφm (4)

where wφm
is a weight factor dependent on the geomagnetic

latitude, x0
j is the electron density given by the background and

independently of the iterations, and x0
max is the maximum elec-

tron density considering all voxels illuminated by the signal i.
The relaxing parameter typically lies between 0 and 1 in order to
control the convergence of the iterations with a constant value.
Now, γ varies with each signal i and voxel j, different from
(3), where γ was constant. The multiplication by the constant
0.2 is defined to guarantee a certain control in the iteration
convergence. Similar constant values of 0.2 were adopted by
Pryse et al. [45] and Prol et al. [46].

The ratio (x0
j/x

0
max) is equal to 1 when j refers to the

background electron density peak of a given slant signal. With
the increase of voxel height, the ratio (x0

j/x
0
max) is reduced in

accordance with the same pattern given by the electron density
profiles of the background. Therefore, γij is dependent on how
fast the electron density of the background changes with the
altitude. At high altitudes, SIRT coupled to (4) will merely
update the background, which is reasonable since there are very
few electrons and any change based on the comparatively large
magnitude of TEC can abruptly modify the plasma ambient
incorrectly.

The variable w from (4) is a weight factor that varies from 1
to 2 depending on the geomagnetic latitude φm of voxel j. The
scale factor is defined as

wφm
= 1 + sin2 (φm) (5)

where wφm
= 2 at the poles and wφm

= 1 in the equator. The
constraint increases the dependence on the background as the
reconstruction approaches toward the poles. This was included
since the plasmasphere just extends to the regions of closed
magnetic field lines around ±45° of geomagnetic latitude [47].
Therefore, wφm

produces a relevant dependence on the back-
ground after ±45° of geomagnetic latitude in order to not let
tomography to freely adapt to the TEC observations at regions
outside the plasmasphere.

In the case of voxels without any ray passing through, three
functions are used to determine the amount of influence of the
nearby voxels, where two first equations are used to control
the horizontal variability with a interpolation similar to the one
proposed by Heise et al. [26] and the third one is used to keep
general characteristics from the background. In the proposed
approach, the electron density at a nonilluminated voxel j is
given by

xj =
1∑N
l Gl

N∑
l

Gl x
k+1
l (6)

where, for each voxel j of interest, l varies from 1 up to the
number of voxels (N ); therefore, all voxels in the grid are
analyzed to compute a specific electron density at voxel j, in
which G is given by the following equations:

Gl =
(
Gφ

l G
λ
lG

0
l

)1/3
(7)

with

Gφ
l = e−(d

2
l,φ/2σ

2
φ ) (8)

Gλ
l = e−(d

2
l,λ/2σ

2
λ ) (9)

G0
l =

{
x0
j/x

0
l , if x0

j > x0
l

x0
l /x

0
j , if x0

j < x0
l

(10)

where d stands for the distances between voxel j and each voxel
l, being counted along with the latitude φ and longitude λ. The
contribution G0

l represents the ratio, or its inverse, between the
background electron density of the voxel j of interest (x0

j ) and
the electron densities of the analyzed voxel l (x0

l ). The maximum
ratio is given as 1 at rows where l = j. The Gaussian half
widths are taken as σφ = 7◦ and σλ = 21◦ along the latitude
and longitude direction, respectively.

IV. RESULTS AND DISCUSSIONS

Results related to the case study are divided into two sections.
Section IV-A shows an internal assessment of the unused COS-
MIC TEC data and Section IV-B shows an external assessment
using DMSP electron density values as a reference. Both studies
were conducted in order to compute the quantitative perfor-
mance of the proposed reconstruction method in comparison
to the model used as background. The evaluation was also
performed in order to check if the proposed method is capable
of showing expected patterns of the topside ionosphere and
plasmasphere with space (latitude, longitude, and altitude) and
time (solar activity, seasons, and LT).

A. TEC Evaluation

Figs. 5 and 6 show VTEC maps of four daily reconstructions
during nighttime and daytime scenarios using the developed
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Fig. 5. Daily plasmaspheric VTEC maps obtained with tomographic recon-
struction based on COSMIC TEC measurements during satellite rising. The unit
of the color bar is TECU and the dashed line represents the geomagnetic equator.

Fig. 6. Daily plasmaspheric VTEC maps obtained with tomographic recon-
struction based on COSMIC TEC measurements during satellite setting. The
unit of the color bar is TECU and the dashed line represents the geomagnetic
equator.

tomography. The LT variability with longitude is approximately
constant for one day, so that the LT is represented by equipo-
tential and linear white lines. Despite the equipotential LT lines
are not exactly linear, as shown in Fig. 3, this approximation
on Figs. 5 and 6 were carried out to provide a better visual
aspect. Fig. 5 was obtained using TEC observations during
the rising phase (LT range from ∼0:00 to ∼9:00). The rising
phase is correlated with the nighttime, when observations in
the equatorial region were collected at around 01:00–03:00 LT.
Fig. 6 refers to the same days, but now for the setting phase (LT
range from ∼10:00 to ∼20:00), where daytime observations
were taken in the equatorial region at around 13:00–15:00 LT.
As expected, the reconstructions show daily variabilities, where

Fig. 7. Top panels show VTEC maps obtained with the background in DOY
176 of 2013 for sat. C002 at rising (left) and setting (right) phases. Bottom panel
shows the integrated number of voxels with at least one TEC observation.

the daytime has higher values of VTEC mainly in the equato-
rial region, which is a good correlation with the geomagnetic
equator. The reconstructions also reveal seasonal variabilities.
During the northern summer (DOY 173, 176), the northern
hemisphere, especially in high-latitude regions, shows slightly
higher TEC values compared to the southern hemisphere. The
opposite is true during the northern winter (DOY 14, 320).
This is related to the solar zenith angle, which moves through
the hemisphere, according to the equinoxes and solstices. The
seasonal differences are very subtle since we are analyzing the
TEC values above ∼800 km at high-latitudes, where there is
low solar ionization. In addition, the estimations follow the
solar activity, being higher in 2013 when the F10.7 index is
proportionally superior to 2008.

To understand the impact of the observations into the back-
ground specifications, we show background VTEC maps in
the top panels of Fig. 7 and the data coverage in the bottom
panels. This example was selected for DOY 176, 2013, satellite
C002, which corresponds to the bottom left panels of Figs. 5
and 6. Large differences can be seen between the background
and the tomographic results, varying from ∼16 (background)
to ∼14 (tomography) TECU during daytime in the equatorial
region and ∼9 to 6 TECU during nighttime in the equatorial
region. Also, despite a few data gaps in the coverage distribution,
the regularization process is capable to smoothly fill the VTEC
distributions by taking information from the neighboring voxels.

In order to make an internal evaluation of the tomographic
reconstructions, representative comparisons between VTEC val-
ues derived from tomography, background, and COSMIC obser-
vations are presented in Fig. 8. DOYs 009 and 174 were chosen
because they are related to southern and northern solstices,
respectively. We can again observe the daily and seasonal TEC
variations in the reconstructions, which are more pronounced
than the background. Additionally, the background has over-
estimated VTEC values in the equatorial region and presented
underestimated values near the polar region. Errors in the high-
latitudes are larger since we have included a higher dependence
on the background as the estimations approaches toward the
poles. It should be noticed that the tomography result is very
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Fig. 8. VTEC comparison between estimations from the background, tomog-
raphy, and COSMIC. Each line represents the average of all VTEC values
observed in the day. The average was computed with a latitude resolution of 2°.

Fig. 9. Top panels: daily values of RMSE in terms slant TEC for all analyzed
days of 2008 (left) and 2013 (right). Bottom panels: histogram showing the
occurrence of the slant TEC errors for all analyzed days of 2008 (left) and 2013
(right).

close to the background as we move toward high-latitudes. Such
pattern does not occur due to lack of data. As described in (4),
we have created a relaxing parameter which keeps a significant
dependence on the background in regions with very low electron
density, i.e., at high altitudes and latitudes. On the contrary,
the developed tomography is more loosely constrained in the
equatorial region, which makes it more susceptible to adapt to
the observations in the low-latitudes. Although this example
comprises four specific days, we have analyzed several days
from 2008 and 2013 with similar characteristics and the statistics
are presented in the following.

Fig. 9 shows the root mean square error (RMSE) of a time
series (top panels) with the aim of presenting an overview of the
tomography performance for all analyzed days, being

RMSE =

(
1

M

M∑
i

(sTECm
i − sTECo

i )
2

)1/2

(11)

where sTECo
i is the slant TEC given by COSMIC observations,

sTECm
i is the correspondent slant TEC given by the background

model or tomography, andM is the number of observations used
in the validation. Each point in the time series represents the daily
TEC RMSE, computed using (11) and all observations from the
corresponding day. In general, the tomography has presented an
improvement of 26% when compared to the background, where
the total RMSE was 2.59 and 3.49 TECU for tomography and
background, respectively, being better in 2008 due to the lower
solar activity.

The error frequency is provided by histograms (Fig. 9, bottom
panel), where the residual tomography error has revealed a
more Gaussian pattern in the histogram, which means that the
tomography was better at predicting the general TEC patterns.
However, a slight negative bias is observed in the TEC results of
the tomography, which is justified by the previously mentioned
tightest constraints at high-latitudes to the background. We can
conclude that the high-latitude region was dominant in the
computation of the average because, as shown in Fig. 8, these
regions have generally underestimated VTEC. If the influence
of low-latitudes were dominant, the general average of the
histograms would provide a positive bias. The total average of
the tomographic error during 2008 is slightly lower than that of
the background, but this is related to the non-Gaussian distribu-
tion of the background histogram, where the overestimation in
the low-latitudes and underestimation in the high-latitudes are
somehow balanced when just looking for the simple mean.

B. Electron Density Evaluation

Fig. 10 shows two typical meridional cuts obtained with the
proposed tomographic method during northern and southern
solstices in 2013. Here, the meridional cut represents one ap-
proximated longitude during the satellite rising (180°W) and the
opposite longitude for the satellite setting (0°E). To improve the
interpretation, white lines showing the LT of the COSMIC orbit
are included in the plots. The left side of each graph represents
the nighttime, in which TEC measurements near the equator
were collected between 01 and 02 h in LT. The right side of each
graph represents the daytime, where TEC measurements near
the equator were collected between 13 and 14 h in LT. The color
bar is shown in logarithmic scale for better visibility.

Both graphs from Fig. 10 show expected distributions of
the plasmasphere with the latitude, altitude, and time. We can
clearly observe the dependency of the natural electron den-
sity variability along the geomagnetic field lines, where the
plasmasphere extends up to a few radius Earth at the equator
and diminishes toward the poles. Such distributions are mainly
obtained due to the background. However, despite the corre-
spondent VTEC distributions of the background (Fig. 7) have
remarkably changed after tomography (Figs. 5 and 6), a few
visual changes are noticeable in the profiles when comparing
tomography (Fig. 10) with the used background (Fig. 11). The
merit of tomography was, therefore, the incorporation of TEC
observations without including unrealistic artifacts that could
impact the profile representations.

At lower altitude, nighttime electron density is much lower
than the daytime electron density, as expected. The seasonal
variation is visible in the reconstruction showing relatively
higher electron density in the northern hemisphere during the
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Fig. 10. Typical 2-D electron density slice of the plasmasphere reconstructed at the northern solstice (left) and southern solstice (right). Both meridional
cross-sections are approximations of COSMIC revolutions (C001 and C002) and white lines show the local time when TEC measurements were taken. The
meridional cut is set along 180°E for night side and 0°W for dayside. The color bar is in logarithmic scale and the unit is el/m3.

Fig. 11. Background slices used to run the tomographic results shown in Fig. 10. The color bar is in logarithmic scale and the unit is el/m3.

respective solstice (DOY 176/2013) and lower values in the
winter. Similarly, the electron density is found higher in the
southern hemisphere during the respective southern solstice
(DOY 014/2013). When comparing to the plasmaspheric profiles
given by NeQuick [48] and IRI-Plas [49], we have found sig-
nificant discrepancies in the general distributions (Fig. 12). On
one hand, the shape of the NeQuick profiles at high altitudes is
still impacted by the crests of the equatorial ionization anomaly.
On the other hand, IRI-Plas is representing the plasmasphere
as concentric distributions. The proposed method is the one
that best follows the geomagnetic field lines; however, a more

dedicated study is further required to check which model better
represents the plasmasphere.

The general distribution of the tomographic electron density is
highly dependent on the background. However, some differences
between the background and reconstructions can be clearly
observed. Fig. 13 shows four cases of assessment using DMSP
electron density as a reference. Again, we can observe a general
underestimation of the background in the high-latitudes for
all cases. On the other hand, the tomography is presenting a
better performance in the high-latitude region for the summer
solstice in both nighttime and daytime. It should be notice that
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Fig. 12. 2-D electron density slices of the plasmasphere seen by tomography, NeQuick, and IRI-Plas. The meridional cut is set along 180°E for night side and
0°W for dayside. The example is shown for DOY 14 of 2013 at 14 h UT. The color bar is in logarithmic scale.

Fig. 13. Electron density comparison between DMSP, background, NeQuick,
and tomography. The altitude is referred to the DMSP orbit around 800 km.
Each line represents the average of all electron densities observed during the
day. The average was computed with a latitude resolution of 2°.

there is a higher VTEC error of tomography at some instances
of the high-latitudes (Fig. 8). There are a few points that lead to
such inconsistency: 1) the tomography was capable to improve
the Ne at 800 km, but not the entire profile up to 20.000 (GNSS
orbit height); 2) the TEC measurements are less reliable in the
high-latitudes since there are larger mapping function errors;
and 3) the shape of the electron density profile given by the
background are not so realistic for the higher-latitudes, which
affects the overall reconstruction.

In general, the tomographic reconstruction overestimated val-
ues of electron density in the winter hemisphere, which is more
evidently noticed in the nighttime. This is mainly due to the
challenge of distributing the electron density within the altitudes
by tomography in instances with a few amounts of electrons. We
have found similar mis-specifications when comparing NeQuick
model with the DMSP data in Fig. 13.

When looking for the low-latitudes and equatorial region, the
background is presenting expected overestimated values in the
nighttime and unexpected underestimated values in the daytime.
The equatorial region in the daytime is a tricky scenario for
tomography because the comparison between the background
TEC and tomography TEC in low-latitudes during the daytime
have presented overestimated TEC in comparison to the obser-
vations. However, the corresponding electron density is being
underestimated. A plausible explanation is a mis-specification
of the background to describe the shape of the profiles at higher
altitudes of the plasmasphere. It is likely that the exponential
decay of the electron density is much stronger than the one
used in the background. Since the electron density given by
tomography is adapting to the COSMIC TEC observations, the
value is even further underestimated when compared to DMSP.
Nevertheless, when comparing the general description of the
electron density given by tomography versus the background, we
can see a general improvement of the electron density variation
with the latitudes, which has even correctly suppressed the
equatorial peak in the nighttime.

Although we only show an example of a few days, we have
detected very similar behavior in several days during 2008 and
2013. Results considering all analyzed days are shown in Fig. 14.
Top panels show the daily RMSE of electron density computed
on the basis of all data. Bottom panels show the correspondent
histograms of the electron density error. In general, tomography
has presented an improvement of 20% in the RMSE performance
when compared to the background, where the general RMSE
was 1.64 ∗ 1010 and 2.07 ∗ 1010 el/m3 for tomography and
background, respectively, being better in 2008 due to the lower
solar activity and consequent lower TEC levels.

Based on the histograms we conclude that, despite the good
Gaussian dispersion of the tomographic errors (smaller standard
deviations), the tomography has a nonnegligible positive bias.
It is worth mentioning that similar tomographic positive biases
were observed by Yang et al. [50] when comparing a GNSS
ground-based tomographic solution with DMSP in-situ electron
densities in China during 2011. We therefore confirm that sim-
ilar trends are observed by global satellite-based tomography.
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Fig. 14. Top panels: daily values of RMSE in terms of electron density for
all analyzed days of 2008 (left) and 2013 (right). The altitude is referred to the
DMSP orbit around 800 km. Bottom panels: histogram showing the occurrence
of the electron density errors for all analyzed days of 2008 (left) and 2013 (right).

As previously mentioned, the positive bias from tomography
occurs in almost all latitudes during nighttime and near the polar
region in daytime, when and where the plasma is less ionized.
Taking into consideration that the background is following sim-
ilar estimation patterns, coupled with the fact that the developed
tomography is imposing the main updates near the profile peak
(close to 800 km), it is reasonable to keep the observed bias.

V. CONCLUSION

A tomographic reconstruction method was developed to ob-
tain electron density distributions of the topside ionosphere and
plasmasphere. The developed method can perform reconstruc-
tions based on the challenging geometry given by COSMIC
TEC measurements, where a statistical analysis was conducted
taking 2 years of data from 2008 to 2013. In general, the natural
variability of the ambient plasma was well represented in terms
of latitude, altitude, solar activity, season, and LT. However,
poor-quality estimations occurred in nighttime at high-latitude
regions due to the ill-conditioned geometry, poor specification of
the background, and measurement errors in COSMIC TEC in the
order of a few TECU mainly associated with DCBs, which are
significant when producing reconstruction errors and artifacts
while estimating regions with very few electron densities. Due
to these facts, the developed method provided a negatively biased
solution for TEC validation. Additionally, the solution was found
to have a slightly positive bias in terms of electron density
estimation when compared to DMSP.

The following points can be outlined as challenges to the
quality of the reconstructions: 1) the number of electron density
observations is substantially limited for better empirical model-
ing; 2) the TEC geometry is limited to apply data inversion and
reconstruct the large region of the topside ionosphere and plas-
masphere; 3) the electron density in the plasmasphere is very low
and, consequently, the precision of the measurements severely
impacts the precision of the reconstructions. Summing up these
points, it is a huge challenge to create a model that completely re-
produces the plasmasphere/topside ionosphere electron density.

Despite these challenges, however, a general RMSE improve-
ment of 26% and 20% was obtained in TEC and electron density,
respectively, when compared to the values of the background,
indicating that improvements can be achieved by assimilating
COSMIC TEC data into plasmaspheric backgrounds.

The knowledge of plasmaspheric electron content above the
satellite height is necessary for improved ionospheric radio
occultation inversion. The proposed method exactly provides
such information for future applications. The future plan also in-
cludes the use of distinct LEO constellations, such as COSMIC-
2/FORMOSAT-7 satellites, as well as to improve background
representations using enhanced ionospheric models and obser-
vations. Improved DCB estimations, for instance, would highly
contribute to reduce the background dependency and, conse-
quently, will reduce the reconstructed TEC biases.
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