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Abstract

Most ionospheric models can calculate vertical total electron content (VTEC) predictions, but only a few are suitable for calculating
slant total electron content (STEC). This ionospheric magnitude is generally measured for electron content determinations, with VTEC
particularly corresponding to an elevation of 90�. This is generally obtained by applying a mapping function to STEC measurements,
which leads to important calculation errors. Moreover, the equatorial region has unique characteristics, such as the fountain effect
and the equatorial electrojet, which lead to significant errors in the model’s calculations. In this paper, the Tucumán ionospheric model
(TIM) is presented as a novel alternative for calculating the STEC in low-latitude regions (�24 to 24 dip latitude). The model is based on
spatial geometry where the considered trajectory is segmented, and the corresponding electron density calculations for the resulting seg-
ment end points are determined using the semi-empirical low-latitude ionospheric model (SLIM) with reference to their corresponding
magnetic coordinates and height. Finally, the electron density values are integrated along the path to obtain the STEC. This work
describes the TIM and tests their STEC predictions for five ray paths around the world (totaling 16 cases under study), which are
compared with experimental data from satellites and with those calculated by the NeQuick model. Moreover, the TIM performance
for VTEC predictions is also checked and compared with VTEC data obtained from Global Positioning System (GPS) signals, IRI
model, and NeQuick model predictions, for six GPS receiver stations during the equinox and solstice (totaling 12 cases studied).
Comparisons of the TIM predictions with experimental data show that 53% of the calculation has, in general, deviations <30%. For
the considered cases, TIM reproduces the experimental data better than the other models.
� 2016 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The effect of ionospheric plasma on the propagation of
electromagnetic (EM) waves depends on the number of free
electrons found in the propagation path of the wave. This
is well represented by the slant total electron content
(STEC), which is the number of free electrons in a cylinder
of 1-m2 cross section extending from the ground to the top
of the ionosphere along the ray path. The interaction of

http://dx.doi.org/10.1016/j.asr.2016.05.005
mailto:lscida@herrera.unt.edu.ar
mailto:rezquer@herrera.unt.edu.ar
mailto:rezquer@herrera.unt.edu.ar
mailto:mcabrera@herrera.unt.edu.ar
mailto:jadur@unsa.edu.ar
mailto:asfer@herrera.unt.edu.ar
mailto:asfer@herrera.unt.edu.ar
http://dx.doi.org/10.1016/j.asr.2016.05.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.asr.2016.05.005&domain=pdf
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free electrons with EM waves has been widely studied and
modeled (Komjathy, 1997; Abdu, 2005; Bilitza and
Reinisch, 2008; Migoye Orue et al., 2015, among others).
Although the ionosphere is hundreds of kilometers thick,
with a height of around 50–2000 km, most of the free
electrons are concentrated in a thin layer (�100 km thick)
centered approximately 400 km above the earth’s surface
(Hanbaba and Zolesi, 2000). Accordingly, attempts to
model the TEC are usually based on a simplified version
of a 2-D homogeneous ionosphere surrounding the earth
at some specific radius (Smith et al., 2008). The use of such
a model in the presence of important vertical and
horizontal structures leads to significant TEC calculation
errors. The action of the dynamo zonal electric field in
the equatorial and low-latitude ionosphere causes a vertical
plasma drift derived in electron density gradients, which
lead to the main errors in the 2-D layer model.
1.1. The equatorial ionospheric anomaly

The Chapman theory describes the ionosphere
(Chapman, 1931) as cold plasma where the ionization is
controlled by the intensity of solar radiation and zenith
angle. Any ionospheric phenomena that cannot be
explained by the Chapman theory are called ‘‘anomalies.”
Early studies of these anomalies were conducted by
Berkner et al. (1936). At low-latitude and equatorial
regions, the most remarkable phenomenon is the well-
known equatorial ionization anomaly (EIA) or equatorial
anomaly (EA). The EIA is characterized by the occurrence
of a throat in the ionization concentration at the equator,
which crests at about 15� in magnetic latitude (Appleton,
1946) in each hemisphere. The EA has been described as
arising from the electrodynamics at the equator. Martyn
(1947) and Duncan (1960) proposed a theory based on
EM drift. This theory assumes the existence of a daytime
eastward electric field in the equatorial region, resulting
in an upward vertical plasma drift. This electric field is
established perpendicular to the magnetic field, and the
ionization vertically drifts upward during the day and
downward at night with a velocity of E � B/B2. The
upward motion of ionization during the day is termed as
the equatorial fountain, as ionization rises above the mag-
netic equator until pressure forces become appreciable. As
a result, the ionization slows down, moves along the field
lines under the force of gravity, and is deposited at higher
tropical altitudes. The resulting ionization enhancement at
tropical latitudes and a throat in ionization concentration
at the magnetic equator is termed as the EIA.
Fig. 1. Ionospheric shell layer geometry for TEC calculation.
1.2. The 2-D ionospheric shell model

Many attempts to model the ionospheric TEC have
begun with the assumption that the ionosphere is a
two-dimensional (2-D) layer surrounding the earth at some
specific radius. The impact of using such a model and the
presence of vertical and horizontal gradients lead to
nonnegligible calculation errors (Smith et al., 2008).

The most common techniques for TEC determination
are based on the phenomenon of Faraday rotation, the
Doppler effect, and the time delay of two frequencies from
geostationary satellites (GSATs), global navigation satellite
systems (GNSSs) such as Global Positioning System (GPS)
and GLONASS constellation, and each one has its
peculiarities (Ezquer, 1990; Warnant and Jodogne, 1998;
Gulyaeva, 1999; Reinisch, 2000; Panda et al., 2015;
Cesaroni et al., 2015).

In general, the total electron content, the STEC, is
defined as follows:

STEC ¼
Z htop

hbase
Ne � ds ð1Þ

In this equation, hbase (�50 km) and htop (�2000 km) are
the ray path boundaries, Ne is the electron density
(assumed constant throughout the thickness of the layer),
and ds is the differential distance traveled by the wave.
STEC is expressed in m�2, but the most common unit used
is the TECU equivalent to 1016 m�2. The vertical total
electron content (VTEC) is a particular case of STEC,
where the signal travels through the ionosphere along the
earth’s radial direction, and it can be calculated from
STEC via the mapping function.

The most common mapping function used seems to be
the trigonometric function:

VTEC ¼ STEC � cos z0 ð2Þ
The z0 angle is formed by the beam and the normal to

the earth’s direction, which are intercepted on a point of
the shell (�400-km height).This point is usually called the
ionospheric pierce point (IPP) defined as ‘‘the point where

the line of sight between the satellite and the ground receiver

intersects the shell layer.” The geometry and other details of
this subject are shown in Fig. 1.

The most obvious error associated with this mapping
function is due to the representation of the ionosphere as
a thin shell at the pierce point. Further, the simple mapping
function used in Eq. (2) fails to address the curvature of the
actual ionosphere, which leads to a second systematic
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error, from a purely geometric standpoint. Such errors can
reach as high as 14% on days of no strong ionosphere
activity. In the low-latitude and equatorial ionosphere,
we can expect a significant increase in these errors due to
horizontal gradients in the electron density (Cabrera,
2003; Smith et al., 2008, among others). Das Gupta et al.
(2002) found some evidence on the errors produced when
a simple mapping function is used in the EIA region.

1.3. The SLIM model

The semi-empirical low-latitude ionospheric model
(SLIM) (Anderson et al., 1985) takes into account the
vertical plasma drift caused by E � B Lorentz forces in
low-latitude regions, which appreciably thickens both the
base profile and the top, consequently leading to higher
values of TEC (Namara, 1984). However, the calculations
of the theoretical electron density profiles require consider-
able processing time even in a modern computer. Another
alternative is theoretically calculating the electron density
as a function of latitude and local time and then generating
coefficients that reproduce these profiles. These coefficients
are tabulated and stored and can be used to quickly
generate more accurate electron density profiles for the
low-latitude F region. This last concept was used in the
SLIM formulation in order to finally calculate VTEC.

We can summarize the main features of the SLIM model
as follows:

(i) The changes in electron density caused by the vertical
E � B drift is incorporated in the Chapman model.

(ii) The enhancement in electron density due to the
vertical E � B drift contribution boosts the base
and top electron density profiles; consequently, the
calculated TEC is greater.

(iii) The SLIM model calculates the electron density as a
function of height and local time, by numerically
solving the time-dependent continuity equation of
the ion O+, as follows:

@Ni

@t
þrðNiV iÞ ¼ P i � Li ð3Þ

where Ni: O
+ numerical density; Pi: O

+ production rate;
Li: O

+ loss rate; Vi: O
+ transport velocity.

When the coordinates are transformed to a system
parallel and perpendicular to the geomagnetic field lines,
Eq. (3) can be written as follows:

@Ni

@t
þ V i? � rNi ¼ P i � Ni �rðNiV iÞ== � Ni � rV i? ð4Þ

where Vi is given by E � B/B2 and Vi includes the effects of
plasma diffusion and neutral winds. The set of coefficients
for the ion continuity equation is obtained from models
of neutral composition, ion and electron temperatures,
and production, loss, and diffusion rates as well as E � B

drift and neutral wind models (Anderson et al., 1985).
The calculations of the SLIM model are performed

based on a modified Chapman function type by modeling
some parameters:

NeðhÞ ¼ Nmaxexp½cð1� z� e�zÞ� ð5Þ
where

z ¼ h� hmax

A
ð6Þ

There are four different coefficients c and A, both for the
base (subindex lo) and for the top (subindex top) electron
density profiles, that is, cLo, cup, ALo, and Aup, plus the
characteristic peak values Nmax and hmax.

In summary, six parameters are used to estimate Ne and
thus represent the electron density profile in the SLIM
model:

Nmax; hmax; cLo; cup; ALo; Aup

In the SLIM model table, the following ionospheric
magnitudes are given:

– The electron density at height h, calculated with the
modified Chapman Ne(h).

– The peak maximum electron density Nmax.
– The peak height of the maximum electron density hmax

[km].
– The four coefficients of the modified Chapman function
Alo, clo, Aup, and cup.

According to Anderson et al. (1985), these coefficients
are suitable for regenerating electron density profiles.
These values, as noted previously, are tabulated for each
local time in a latitude range from �24� to 24� dip
latitude in increments of 4�. The tables are grouped by
maximum and minimum solar cycle and within each solar
cycle by seasons such as equinox, June solstice, and
solstice December, for heights ranging from 180 to
1800 km. The D region contribution can be neglected
because the electron density in this region is around one
order of magnitude lower than that corresponding to
the F region; it also has a relatively small thickness.
The TEC plasmaspheric contribution ranges between 2
and 10 TECU and represents almost 50% and 10% of
the total electron content for nighttime and daytime con-
ditions, respectively (Roelofs, 1980). Furthermore, when
measuring STEC using the Faraday rotation technique,
the plasmaspheric contribution can be neglected as this
phenomenon is effective below a height of 2000 km. In
relation to VTEC comparisons, and given that the height
of the GPS satellites’ orbit is 20,200 km and that the
considered models extend up to about 2000 km in height,
an expected fair model prediction would yield
VTECmodel < VTECGPS; otherwise, the model prediction
would be considered an overestimation.
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2. Data and analysis method

2.1. The Tucumán ionospheric model

Considering that most of the satellite–ground ray paths
are oblique, STEC is the main magnitude to be calculated
in order to predict the ionospheric effects on the propaga-
tion of radio waves. Accordingly, a model to predict the
Fig. 2. TIM fl

Table 1
Receiver–GSAT trajectories analyzed for STEC comparisons (the data source

Trajectory Rec. Geog. coo

PALEHUA–ATS6 (21.4 N, 201.9 E
TUCUMÁN–ATS3 (26.9 S, 294.6 E
LEGON–ATS3 (5.6 N, 359.8 E
RAJKOT–ETS2 (22.2 N, 70.5 E
LUNPING–ETS2 (25.2 N, 122.2 E

Table 2
GPS Receiver Stations from the SIRGAS service, used for VTEC comparison

Station Geog. lat. Geog. long.

MARA (Maracaibo) 10.7 288.3
BOGT (Bogotá) 4.6 285.9
RIOP (Riobamba) �1.6 281.3
AREQ (Arequipa) �16.4 288.5
TUCU (Tucumán) �26.8 294.7
SANT (Santiago) �33.1 289.3
STEC directly has been developed (Scidá, 2013) termed
as the ‘‘Tucumán ionospheric model” (TIM). It is based
on the previous models CHO (Ezquer, 1990) and CHOEA
(Cabrera, 2003). In order to improve the TIM performance
as a STEC predictor in low-latitude and equatorial regions,
the modeled values from the IRI model and calculations
from the SLIM model have been included. TIM is based
on a spatial geometry in which the satellite–receiver path
owchart.

s are labeled in the corresponding figure captions).

rdinates Sat. Geog. coordinates

) (0, 220 E)
) (0, 255 E)
) (0, 290 E)
) (9.3 N, 130 E)
) (9.3 N, 130 E)

s.

Geomag. lat. Geomag. long. Dip Lat

22.1 358.9 21.64
16.5 355.5 16.23
9.7 351.0 10.40
�5.0 358.4 �3.58
�15.5 4.1 �13.34
�21.7 359.2 �18.00



PALEHUA 

(a) F10.7=90

(c) F10.7=169.5 

Fig. 4. Modeled and experimental monthly median values of STEC for the P
(Roelofs, 1980).

Fig. 3. TIM desktop view (Appendix).
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is segmented into sections of 20 km and the projections of
those points on the ground form the set of auxiliary sta-
tions (ASs).

The electron density of each AS at the corresponding
height on the ray path is calculated using the SLIM model;
finally, the electron densities of the points on the ray path
are integrated to calculate the STEC. Fig. 2 shows the
flowchart of TIM where the inputs and main calculations
are indicated (a view of the model’s desktop is shown in
Fig. 3 in the Appendix).

The electron densities over the AS, for the coordinates
not included in the SLIM table, are calculated by assuming
a linear interpolation of the electron density from the four
neighboring coordinates, at the corresponding height. This
assumption can be considered a good approximation to the
real electron density profile, taking into account the
quasi-linear variation of this magnitude, in a 4� dip latitude
grid, as shown in Fig. 12 in the Appendix.

The SLIM model data tables are modified and
converted in spreadsheet programs to allow different input
sources for the STEC determination. The dip latitude is
also calculated by the TIM from a database plus a linear
annual variation model of the magnetic dip.
(b) F10.7=141

(d) F10.7= 182 

alehua–ATS6 path during equinox (b), (d) and solstice (a), (c) for 1978
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2.2. STEC model calculations

In order to evaluate the capacity of TIM to predict
STEC, comparisons with experimental data determined
by Faraday rotation from GSAT signals were performed.
These measurements from GSAT signals are based on the
rotation of the polarization plane of the satellite’s radio
wave due to the interaction of the signal’s electric field with
the free electrons when it crosses the ionizated plasma, a
phenomenon known as Faraday rotation .The STEC is
determined from Faraday rotation by (Davies, 1980)

STEC ¼ f2

Kf �M400

ðXF � X0 � npÞ ð7Þ

where f: radio beacon frequency; Kf: 2.363 constant in SI
units;M400 = B�cos h is the component of the magnetic flux
in the ray path direction at a height of 400 km (h is the
angle between B and the ray path); Of: Faraday rotation
angle in radians; O0: Initial angle of the polarization plane
of the antenna.

Further details are available in the study by Davies
(1980).

The predictions were compared with NeQuick calcula-
tions (Radicella and Leitinger, 2001). The geographic coor-
dinates of the corresponding trajectories used for STEC
studies are shown in Table 1. The data references are
TUCUMAN 

(a) F10.7=152                         

(c) F10.7=220 

Fig. 5. Modeled and experimental monthly median values of STEC for the T
(Tucumán Ionospheric Station, UNT, 1982).
labeled in the corresponding figure caption. The following
acronyms are used in this work: experimental data, Exp;
NeQuick model, NeQ; and TIM model, TIM.

2.3. VTEC model calculations

The VTEC can be considered a special case of STEC

where the elevation angle is 90�. In order to test the perfor-
mance of TIM in calculating VTEC, the model results were
compared with the measurement data obtained from GPS
signals from the Geocentric Reference System for the
Americas (SIRGAS) for 1999, a year with high solar
activity. Another study was conducted to evaluate the
TIM performance compared with the IRI and NeQuick
model predictions.

Table 2 shows the GPS stations considered with their
corresponding geographic and magnetic coordinates, and
dip latitude.

TheVTECcalculationswere obtained using the ‘‘LaPlata
ionospheric model” (Brunini et al., 2001). The sampling rate
of observationwas 30 s and the elevation cutoffmask was set
to 20�. To reduce errors due to the obliquity factor, only
observations with a zenithal distance lower than 25� were
considered. All datawere processed daily and then an hourly
median VTECwas computed for every station. The data are
further explained by Ezquer et al. (2004).
(b) F10.7=220 

(d) F10.7=149 

ucumán–ATS3 path during equinox (a), (d) and solstice (b), (c) for 1982,



LEGON  

(a) F10.7=73.4                        (b) F10.7=74.1 

(d) F10.7=122(c) F10.7=139.5

Fig. 6. Modeled and experimental monthly median values of STEC for the Legon–ATS3 path during equinox (a), (b) and solstice (c), (d) for different
years (Koster and Beer, 1975).
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3. Results and discussion

3.1. STEC calculations

Note: The following acronyms are used in this section
for satellites: Application Technology Satellite (ATS) and
Engineering Test Satellite (ETS). The studied trajectories
are shown in Fig. 9.
3.1.1. ATS6–Palehua
Fig. 4 presents the STEC data obtained from geosyn-

chronous satellite signals versus TIM and NeQuick models,
for the ATS6–Palehua ray path during the equinox and sol-
stice for 1978 (F10.7 ffi 135). The TIM reproduces the STEC
values better during daytime than in the nighttime. The
most significant discrepancy to the experimental STEC is
observed for the March equinox in Fig. 4b, particularly
between 0500 and 1200 UT, where the deviations are close
to 40 TECU. For the remaining seasons, the deviation pat-
tern is similar but less pronounced. For the June solstice,
Fig. 4c shows the better STEC prediction of the TIM,
showing errors around 10 TECU. The TIM shows greater
deviations than the NeQuick model for almost all hours.
3.1.2. ATS3–Tucumán
Fig. 5 shows the modeled and experimental STEC for

the trajectory ATS3–Tucumán for different seasons in
1982. Fig. 5(a)–(c) represent the STEC variation during
the equinox well, with overall discrepancies <20 TECU.
For the September equinox, Fig. 5(d) shows some
disagreements during nighttime and before sunrise
(10:00 UT) closer to 50 TECU, and a better fitting for
the remaining hours. Compared with the NeQuick model,
TIM calculations show less deviation to the experimental
data for all seasons, except for nighttime and pre-sunrise
hours during the September equinox.

3.1.3. ATS 3–Legon

Fig. 6 shows the daily variation in the experimental and
modeled STEC for the trajectory ATS3–Legon for different
seasons and solar activities. In the top panel of Fig. 6
(a) and (b) for the equinox and low solar activity, the TIM
predictions show a good reproduction of the STEC satellite
data where the disagreements are <10 TECU, in both cases.

In the left bottom panel, for the solstice and high solar
activity, Fig. 6(c) show an overall fair fitting to the
experimental data with some important deviations before
sunrise (from 00:00 to 04:00 UT) and less overestimation
in hours of high ionization. The right panel, for the solstice
and a slightly higher solar activity, shows more important
deviations reaching 40 TECU both for nighttime and
around the maximum ionization hours. Compared with
the NeQuick model, TIM, in general, gives us more
accurate values and a better fitting to the experimental data
shape, particularly for maximum ionization hours.



RAJKOT and LUNPING

(a) F10.7=218 (b) F10.7=220

(c) F10.7=194.5 (d) F10.7=149

Fig. 7. Modeled and experimental monthly median values of STEC for: (a), (b) Rajkot–ETS2 path (Iyer et al., 1996) and (c), (d) Lunping–ETS2 path
(Namara, 1984), for different seasons and years.
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3.1.4. ETS2–Rajkot, ETS2–Lunping
For the Asian sector, Fig. 7(a) shows the predictions and

measurements for the ETS–Rajkot pathway for the solstice
and high solar activity. The TIM shows reasonable fitting
to the satellite measurements, giving deviations <20 TECU
around the maximum ionization hours. For the equinox
and high solar activity, Fig. 7(b) shows a similar fitting
to the experimental data. However, in this case, the major
disagreements are in the afternoon, reaching values up to
50 TECU. Compared to NeQuick model predictions, it
can be clearly seen that TIM shows a better fitting almost
for all hours with less absolute deviations.

Fig. 7(c) illustrates the observed and calculated STEC

for the ETS2–Lunping trajectory for the solstice on solar
maximum. No major discrepancy is seen between the
TIM predictions and the observed values for the early
morning hours from 01:00 to 06:00UT and after sunset
from 12:00 to 23:00 UT. Greater deviations are found
around the ionization maximum hours from 07:00 to
12:00 UT, when the discrepancies are close to 20 TECU.
The TIM predictions underestimate the measured data
around the ionization maximum, whereas NeQuick calcu-
lates STEC more accurately. The situation is reversed in
nighttime, from 13:00 to 19:00 UT, where TIM reproduces
the experimental data better than NeQuick. Thus, we
conclude that both models show, in general, similar devia-
tions. For the equinox at high solar activity, Fig. 7 (d)
shows a strong deviation from noon to before sunset
(04:00 to 12:00 UT) and a fair fitting for the remaining
hours. The TIM predictions show less deviation than
NeQuick from early morning to noon (21:00 to 04:00 UT).

3.2. VTEC calculations

Fig. 8 shows the IRI and NeQuick VTEC calculations
and experimental VTEC data for the stations described
earlier, for the solstice and equinox in 1999.

For MARA, in June, Fig. 8(a) shows a good fitting of
the model’s predictions to the measured values during
nighttime, with deviations <2 TECU. After 05:00 LT, the
discrepancies increase reaching sub-estimations as large
as 10 TECU around the maximum hours. Overall, the
TIM calculations are superior to the IRI and NeQuick
models for almost the entire day, particularly during the
night. For the equinox, as seen in Fig. 8(b), the deviations
in nighttime are greater than those observed during the sol-
stice, with similar sub-estimations during the day and a
slight overestimation at maximum hours (from 12:00 to
15:00 LT). These large deviations from experimental data
could be interpreted considering the proximity of the



(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 8. Modeled and experimental monthly median values of VTEC for: (a) and (b) Maracaibo; (c) and (d) Bogota; (e) and (f) Riobamba; (g) and (h)
Arequipa; (i) and (j) Tucumán; (k) and (l) Santiago, during solstice and equinox for 1999 (F10.7 � 160).
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Fig. 9. Slant TEC trajectories analyzed in red lines, and isoclines +24 to �24 lat dip in white spots (limits of validity of the TIM). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

(i) (j)

(k) (l)

Fig 8. (continued)
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Table 3
Distribution of the deviations of the STEC relative model: green (dark grey) 0–30% (57% cases); yellow (light grey) 31–50% (16% cases); red (grey) >51%
(27% cases).

Fig. 10. Scatterplot of Experim versus TIM for all cases. Fig. 11. Scatterplot of residuals versus fitted values for all cases.

Table 4
Sample size, p-value, and R-squared for TIM, NeQuick, and IRI models.

Data N p-value R2

TIM 876 <0.0001 0.77
NEQ 876 <0.0001 0.72
IRI 276 <0.0001 0.82
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station BOGT (Geomag. lat 16.5�) to the north peak of the
EA, located approximately 15� geomagnetic. Thus, the
model’s calculation underestimates the contribution of
the plasma fountain effect (Martyn, 1947).

Fig. 8(c) shows the monthly median of VTEC for the
BOGT station, for the June solstice. A good reproduction
of the experimental values from sunset until dawn is
observed. Since then (06:00 LT) and for the rest of the day-
light hours, the model underestimates with errors close to 25
TECU (from 11:00 to 13:00 LT). Later, the deviations
decrease closer to sunset. All of the model’s calculations
are close to each other for all hours, showing similar consid-
erable errors from 06:00 to 18:00 LT. For the equinox, Fig. 8
(d) shows a good reproduction of the experimental values
from 05:00 to 10:00 LT. Around noontime, some overesti-
mations with errors reaching up to 20 TECU close to the
maximum ionization hours can be observed. In nighttime,
the TIM deviations are greater than those of the other two
models. These situation is reversed during the day, from
10:00 LT to sunset, where TIM shows less deviations from
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Fig. 12. Latitudinal variation of the maximum electron density (Nm)
during solstice and high solar activity (December).
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the experimental data than IRI and NeQuick. Fig. 8(e)
shows the hourly monthly median of VTEC for the RIOP
station for the solstice. The experimental values from the
afternoon until sunrise hours (17:00 to 06:00 LT) are well
reproduced. Around noontime and up until sunset (11:00
to 20:00 LT), the model underestimates, showing errors
close to 30 TECU. Overall, the TIM predictions are better
than those of IRI and NeQuick for all hours. For the equi-
nox, Fig. 8(f) shows that the model overestimates during the
late evening and in nighttime (from 18:00 to 04:00 LT)
reaching up to 50 TECU at 00:00 LT. During daytime
hours, the model results are fitted to the experimental data
shape with absolute errors close to 10 TECU. Compared
with the IRI andNeQuick, the TIM results are better during
all daylight hours. For the RIOP station, during the solstice,
Fig. 8(e) shows a good agreement in nighttime and before
sunrise and underestimations during daylight hours with
absolute errors <20 TECU. For the equinox in Fig. 8(f),
the opposite is observed: considerable disagreements in
nighttime and a better fitting from 05:00 to 18:00LT with
overall underestimations close to 10 TECU. For both the
solstice and equinox, TIM shows better predictions than
IRI and NeQuick. For the AREQ station during the
solstice, we find an overall good fitting with some underesti-
mations <10 TECU from 06:00 to 13:00 LT and similar
overestimations for the remaining hours of the day.

For the TUCU station, during the solstice, Fig. 8(i) shows
a good fitting to experimental data since 00:00 to 14:00 LT
with deviations < 10 TECU, increasing close to the maxi-
mum hours and later with errors around 15 TECU. More-
over, the shape of the hourly experimental data is again
well represented by the TIM. From 00:00 LT to 15:00 LT,
the TIM predictions are similar to those calculated by the
IRI andNeQuickmodels, except for a few hours in the after-
noon, starting at 16:00 LT, where the TIM overestimates.

During the equinox, Fig. 8(j) shows that the model
overestimates for almost all hours, with deviations
reaching values close to 40 TECU at maximum ionization.
Minor deviations are observed for predawn hours and until
10:00 LT with errors close to 5 TECU. Compared with IRI
and NeQuick, the TIM, in this case, shows larger
deviations from 10:00 LT to nearly sunrise.

For the SANT station, during the solstice, Fig. 8(k)
shows a good agreement with experimental data, with
overestimations close to 10 TECU around the maximum
ionization hours and less deviations in nighttime. In this
case, IRI and NeQuick give more accurate predictions
for all hours.

For the equinox, a similar situation can be observed in
Fig. 8(l) with greater deviations for almost all hours.
3.3. Model deviations

Table 3 summarizes the model relative percentage
deviations calculated by

D% ¼ ðSTECTIM � STECExpÞ=STECExp � 100 ð8Þ
They are presented in three ranges: 0–30%, 31–50%, and
>50%. It can be observed that the minor deviations, from
0% to 30%, are located in the center of the table and
represent 57% of the cases studied. In the next range,
31–50%, the deviations are slightly scattered, accounting
for 16% of the cases. Finally, the range >50% represents
27% of the full cases; these deviations are primarily located
close to the post-sunset and pre-sunrise hours, and during
nighttime.

Minor deviations are found for moderate and low solar
activity, that is, Legon 1972/12, 1975/03/06/09/12, except
for Palehua 1978/01.

The model’s deviations observed for VTEC are very
similar to those for STEC, showing slightly better results
in general. Here, the range for deviations <30% is 60% of
the studied cases; the calculations with errors in the range
between 30% and 50% are around 18% of the analyzed
cases; and the worst predictions, that is, deviations >50%,
account for 22% of the cases.

3.4. Statistical analysis of the model

We conduct a statistical analysis to assess the predictive
power of the TIM. The aim of this analysis is to determine
whether the values predicted by TIM describe the experi-
mental data sufficiently well. Fig. 10 displays a scatterplot
of the full sample of observed data (Experim) against the
TIM values. To evaluate how well the model follows the
observed experimental data, we fit a linear regression line
using the ordinary least squares (OLS). The results show
that the model is statistically significant (R2 = 0.76 and
p-value < 0.0001). More specifically, the TIM explains
76% of Experim variability. A scatterplot of the residuals
is shown in Fig. 11. It can be observed that about 97.5%
of the residues calculated after adjustment are between
�50 and 50, and only 2% of the residuals are greater. These
larger deviations could be caused by the nighttime and
pre-sunrise significant model errors mentioned previously.
Similar analyses were performed for NeQuick and IRI
models, and the results are gathered in Table 4. In both
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OLS regressions, TIM is statistically significant, with high
R-squared and low p-values. In comparison to NeQuick,
TIM shows a slightly better fitting to measured data.

In summary, the results suggest that we cannot reject the
TIM as a STEC calculator.

4. Conclusions

A model for STEC predictions in low-latitude and
equatorial regions, the TIM, has been developed. It is used
to calculate the STEC between any two points in space, or
between a ground station and a point in space for
low-latitude and equatorial regions. In terms of the perfor-
mance of all models, the TIM is most appropriate for STEC
calculations in equatorial and low-latitude regions. This is
mainly because the model’s calculation structure takes into
account the features of the low-latitude electrodynamics in
the ionosphere, and the effect of the horizontal gradients.

The main contributions of the TIM can be summarized
as follows:

– It calculates STEC directly without using VTEC and
mapping functions for any spatial configuration ray
path.

– It improves the accuracy of satellite positioning systems.
– It improves the accuracy of the STEC–VTEC mapping
functions.

– It enhances the piercing-point height modeling.
– Other ionospheric magnitudes such as NmF2, hmF2,
elevation and azimuth angles for a given spatial
trajectory, magnetic dip, dip latitude, and solar flux
F10.7 can be obtained by a ‘‘click” from the model
calculations.

The model has been tested in different satellite-to-
ground trajectories worldwide by comparing its calcula-
tions to direct measurements obtained by Faraday rotation
techniques using GSAT signals, and GPS data for VTEC
comparisons.

The results show that the model performs better during
daytime than in nighttime for most of the studied cases.

In general, a good approximation of the model
calculations to the experimental values is observed, which
generally follows the shape of the hourly variation of the
monthly STEC median, where 57% of the values show
deviations <30%.

Furthermore, the inspection of the residuals supports
the validity of the model. Similar conclusions were
obtained when a separate OLS analysis was conducted
for high and low solar activity.

In some cases, different deviations can be observed for
the March equinox (EM) from those for the September
equinox (ES), which can be attributed to the effects of
the equinoctial asymmetry. A similar interpretation based
on the annual anomaly can be applied to understand the
differences between the model errors for June and
December solstices for a considered year.
For VTEC calculations, the model reproduces the mea-
sured data showing similar deviations to those described
for STEC predictions, that is, almost 60% of cases being
<30% and 18% of cases ranging between 31% and 50%.
Only the remaining 22% of the studied cases have shown
deviations >51%. Overall, the model’s deviations increase
from north to south.

Compared with the NeQuick model, the TIM better
reproduces the STEC hourly profile shape, showing more
suitable results. Due to this, the slant trajectories cross the
EIA structures with different elevations and azimuth angles;
the model discrepancies also differ, as expected. However, a
better fit is observed during the solstices than on equinoxes,
and even better estimations for low than for high solar
activity. Nevertheless, the TIM fairly reproduces the STEC
measured data with disagreements <30% almost for 60% of
the studied cases. Considering some important deviations
observed during nighttime, these calculations must be
improved by studying the anomalies caused by the electro-
dynamics, the recombination, and transport processes car-
ried out after sunset and before sunrise hours. The most
important nighttime processes are as follows: (a) the well-
known vertical drift driven by the zonal electric field in
the F region, generated by the polarization phenomena
developed due to the thermospheric wind and the sharp gra-
dients in the E region (Abdu, 2005); (b) the neutral winds
due to pressure gradients, leading to vertical currents and
polarization fields on both sides of the solar terminator
(Rishbeth, 1971; Farley, 1959); and (c) the sudden down-
ward excursion in the vertical plasma drift around local
sunrise time followed by an upward turning, observed in
the equatorial ionosphere (Prabhakaran Nayar et al., 2009).

Future research should aim at improving the TIM calcu-
lations by modeling the coefficients used in the modified
Chapman equation, particularly for nighttime, to obtain
more accurate STEC predictions.
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Appendix A

Fig. 3 shows the TIM desktop view. The data inputs are
year, month, UT or LT, geographic coordinates and height
of the two ends of the trajectory, and segmentation length.
The model’s output gives us F10.7 solar flux, local time
(or universal time), STEC values between the mentioned
points, and STEC versus LT or UT plot as an option. It
also allows the user to record the coordinates and height
of the two points and their corresponding name.



834 L.A. Scidá et al. / Advances in Space Research 58 (2016) 821–834
References

Abdu, M.A., 2005. Equatorial ionosphere-thermosphere system: electro-
dynamics and irregularities. Adv. Space Res. 35 (5), 771–787.

Anderson, D.N., Mendillo, M., Herniter, B., 1985. A Semi-Empirical Low
Latitude Model, Project 2310. Air Force Geophysics Laboratory,
USA.

Appleton, E.V., 1946. Two anomalies in the ionosphere. Nature 175, 691.
Berkner, L.V., Wells, H.V., Seaton, S.L., 1936. Characteristics of the

upper region of the ionosphere. Terrest. Magn. Atmos. Electron. 41,
173–184.

Bilitza, D., Reinisch, B.W., 2008. International reference ionosphere 2007:
improvements and new parameters. Adv. Space Res. 42 (4), 599–609.

Brunini, C., Meza, A., Diaz, A., 2001. Regional vertical total electron
content using GPS observation. IAG Scientific Assembly.

Cabrera, M.A., 2003. Modelado de la distribución electrónica en la
ionósfera - Modelado del contenido electrónico total oblicuo (Ph.D.
dissertation). Universidad Nacional de Tucumán.

Cesaroni, C., Spogli, L., Alfonsi, L., De Franceschi, G., Ciraolo, L., et al.,
2015. L-band scintillations and calibrated total electron content
gradients over Brazil during the last solar maximum. J. Space Weather
Space Clim. 5, A36.

Chapman, S., 1931. The absorption and dissociative or ionizing effect of
monochromatic radiation in the atmosphere on a rotating earth. Proc.
Phys. Soc. London 43, 26.

Das Gupta, A., Paul, A., Ray, S., 2002. Ionospheric Total Electron
Content and WAAS in the Indian Zone. Institute of Radio Physics and
Elec., University of Calcutta.

Davies, K., 1980. Recent progress in satellite radio beacon studies with
particular emphasis on the ATS-6 radio beacon experiment. Space Sci.
Rev. 25, 357–430.

Duncan, R.A., 1960. The equatorial F-region of the ionosphere. J. Atmos.
Terrest. Phys. 18, 89–100.

Ezquer, R.G., 1990. Estudio del comportamiento del contenido electró-
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