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Abstract

Using vertical total electron content (VTEC) measurements obtained from GPS satellite signals the capability of the NeQuick 2 and
IRI Plas models to predict VTEC over the low latitude and South American sector is analyzed. In the present work both models were
used to calculate VTEC up to the height of GPS satellites. Also, comparisons between the performance of IRI Plas and IRI 2007 have
been done. The data correspond to June solstice and September equinox 1999 (high solar activity) and they were obtained at nine sta-
tions. The considered latitude range extends from 18.4�N to �64.7�N and the longitude ranges from 281.3�E to 295.9�E in the South
American sector. The greatest discrepancies among model predictions and the measured VTEC are obtained at low latitudes stations
placed in the equatorial anomaly region. Underestimations as strong as 40 TECU [1 TECU = 1016 m�2] can be observed at BOGT sta-
tion for September equinox, when NeQuick2 model is used. The obtained results also show that: (a) for June solstice, in general the per-
formance of IRI Plas for low latitude stations is better than that of NeQuick2 and, vice versa, for highest latitudes the performance of
NeQuick2 is better than that of IRI Plas. For the stations TUCU and SANT both models have good performance; (b) for September
equinox the performances of the models do not follow a clearly defined pattern as in the other season. However, it can be seen that for the
region placed between the Northern peak and the valley of the equatorial anomaly, in general, the performance of IRI Plas is better than
that of NeQuick2 for hours of maximum ionization. From TUCU to the South, the best TEC predictions are given by NeQuick2.

The source of the observed deviations of the models has been explored in terms of CCIR foF2 determination in the available iono-
sonde stations in the region. Discrepancies can be also related to an unrealistic shape of the vertical electron density profile and or an
erroneous prediction of the plasmaspheric contribution to the vertical total electron content. Moreover, the results of this study could be
suggesting that in the case of NeQuick, the underestimation trend could be due to the lack of a proper plasmaspheric model in its topside
representation. In contrast, the plasmaspheric model included in IRI, leads to clear overestimations of GPS derived TEC.
� 2017 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The ionosphere is the part of the Earth’s upper atmo-
sphere where ions and electrons are present in quantities
sufficient to affect the propagation of radio waves
(Rishbeth and Garriot, 1969).

The ionosphere of middle latitudes has been the most
explored and is the best understood. There, the ionization
is produced almost entirely by energetic ultraviolet and
X-ray emissions from the Sun, and is removed again by
chemical recombination processes that may involve the
neutral atmosphere as well as the ionized species. The
movement of ions, and the balance between production
and loss, are affected by winds in the neutral air
(Hunsucker and Hargreaves, 2003).

The above mentioned processes are also present at low
latitudes, but in that region additional physical processes
take place and generate the equatorial ionization anomaly
(EIA). The EIA is characterized by a trough in the ioniza-
tion concentration at the equator and crests at about 15� in
magnetic latitude (Appleton, 1946) in each hemisphere and
has been described as arising from the electrodynamics at
the equator. Since an electric field (E) is established perpen-
dicular to the magnetic field (B), the plasma over the equa-
tor is lifted to higher altitudes with a drift velocity given by:

v ¼ E ^ B=B2 ð1Þ
Then it diffuses along the magnetic field lines under the
gravitational and pressure gradient forces. As a conse-
quence, the plasma is redistributed forming two ionization
crests on both sides of the equator.

Above the ionosphere is the plasmasphere, a torus of co-
rotating plasma, surrounding the Earth out to 3–7 times its
radius. Above 1000 km height neutral atmosphere densities
are so small that they have little effect on the charged par-
ticles motion, governed by electric and magnetic fields
(Davies, 1990). The positive ions are predominantly pro-
tons and the plasmasphere is practically synonymous of
the protonosphere. In addition, some ionic diffusive pro-
cesses take place from the ionosphere to the plasmasphere
on nighttime when the plasma densities decrease.

The presence of the charged particles in the ionosphere
brings about the possibility of radio communication over
large distances by making use of one or more ionospheric
reflections.

For radio communication, it is essential to predict the
behaviour of the ionosphere region that will affect a given
radio communication circuit. Such a prediction will iden-
tify the time periods, the regions and the sections of high
frequency bands that will allow or disrupt the use of the
selected high frequency communication circuit. This need
for prediction leads to modeling the ionosphere.

Moreover, the ionosphere produces several effects on
transionospheric radio waves. Most of these effects are pro-
portional to the number of free electrons in a cylinder of
unit cross section extending from the ground to the top
of the ionosphere, (total electron content, TEC). TEC is
an important magnitude of the ionosphere and plays a vital
role in the performance of the satellite-based communica-
tion and navigation systems. The highest vertical TEC
(VTEC) values in the world occur at the crests of the EIA.

The ionospheric corrections to be applied to accurately
determine the satellite position are proportional to the
TEC along the radar-to-satellite path (Hartman and
Leitinger, 1984). Thus, for ionospheric corrections, TEC
estimations from ionospheric models represent a useful
tool.

Several physical, empirical and semiempirical models
(e.g. Anderson,1973; Llewellyn and Bent, 1973; Chiu,
1975; Bent et al.,1976; Anderson et al.,1987; Bilitza,1990;
Ezquer et al.,1992,1994; Scidá et al., 2016 among others)
have been developed to predict the behaviour of iono-
spheric magnitudes. Empirical models are wide spread
tools to describe ionospheric conditions. Nowadays these
models are used, not only for the long term predictions,
but for the real time description of ionospheric conditions,
as the IRTAM model (Reinisch et al., 2014)

One of the most widely used empirical models is the
International Reference Ionosphere (IRI) (Rawer et al.,
1978; Bilitza, 1990, 2001; Bilitza and Reinisch, 2008;
Bilitza et al., 2014). A working group of about 50 interna-
tional ionospheric experts is in charge of developing and
improving the IRI model. Over time as new data became
available and new modeling techniques emerged, steadily
improved editions of the IRI model have been published
(Bilitza et al., 2014). The model’s capability for predicting
the ionospheric behaviour is continuously checked by the
scientific community (Ezquer et al., 1994; Mosert et al.,
2004; Buresova et al., 2006; Migoya Orué et al., 2008;
Bilitza, 2009; McKinnell and Oyeyemi, 2009; Ezquer
et al., 2014; among many others).

Several authors compared the IRI VTEC predictions
with GPS VTEC measurements (Mosert et al., 2007;
Bhuyan and Borah, 2007; Scidá et al., 2009; Chauhan
and Singh, 2010; Aggarwal, 2011; Bhuyan and Hazarika,
2013; Akala et al., 2013; Asmare et al., 2014; Tariku,
2015; Leong et al., 2015; Okoh et al., 2015; Kumar, 2016;
among others) However, these comparisons have a limita-
tion because the GPS VTEC is a measure of electron con-
tent from the ground to the height of the GPS satellites
(20,200 km), while the IRI model only calculates the TEC
up to 2000 km. The plasmaspheric electron content
between 2000 km and 20,200 km is not considered by the
model.

Taking into account that:

TECIRI = ionospheric electron content (electron content
up to 2000 km of height).
TECGPS = ionospheric electron content + plasmas-
pheric electron content (electron content up to 20,200
km of height),

when a comparison of both TEC is done the possible
results are:
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(a) TECIRI > TECGPS. This result indicates that the
model overestimates the ionospheric electron density.

(b) TECIRI = TECGPS. Also this result indicates that the
model overestimates the ionospheric electron density
or that the plasmaspheric contribution is not
relevant.

(c) TECIRI < TECGPS. This would be an expected result
but it is not possible to know if the model gives a
good prediction of the ionospheric electron density
because it is compared with a measurement made
up to the height of satellites.

The IRI extended to Plasmasphere (IRI Plas) (Gulyaeva
et al., 2002), has been proposed as one of the possible can-
didate models for the plasmasphere extension of the IRI
model (Gulyaeva and Bilitza, 2012). With IRI Plas is pos-
sible to calculate VTEC up to the height of the GPS satel-
lites. The plasmasphere extension of IRI, IRI-Plas, is based
on the Russian Standard Model of the Ionosphere (SMI),
an empirical model derived from many years of measure-
ments designed to represent typical conditions as a func-
tion of geomagnetic and solar activity (Chasovitin et al.,
1998). It presents global vertical analytical profiles of elec-
tron density smoothly fitted to IRI electron density profiles
at an altitude of topside half peak density (400–600 km)
and extended towards the plasmapause (up to 36,000 km).

Recently, the performance of IRI Plas has been assessed
by some researchers. For example, Zakharenkova et al.
(2015) found that this model does not represent correctly
the VTEC variations over European mid latitudes and
mainly overestimates GPS VTEC especially for low and
moderate solar activity. Maltseva et al. (2015) compared
the performance of IRI Plas and the Neustrelitz Global
Model (NGM) in predicting VTEC in different geographi-
cal areas. They found that in middle and high latitude areas,
VTECNGM and TECIRI Plas provide better results than
VTECIRI. Moreover their results show that IRI Plas model
is better than NGM except for winter months. In low lati-
tudes areas, the NGM model has shown advantages.

The NeQuick is another globally recognized empirical
model. The NeQuick 2 (Nava et al., 2008) is the last
released version of the family of the Trieste–Graz iono-
spheric ‘profilers’ (Di Giovanni and Radicella, 1990;
Hochegger et al., 2000; Radicella and Leitinger, 2001).
NeQuick was specifically designed to calculate the electron
concentration as a function of geographic position, height,
solar activity and time for trans-ionospheric applications.
In this model, as in the case of IRI, the F2 region peak val-
ues are calculated using the ITU-R coefficients (former
CCIR coefficients) (International Radio Consultative
Committee CCIR 1967a,b). The model is able also to com-
pute the TEC along vertical and slant ground-to-satellite
ray paths by numerical integration. NeQuick 2 model has
been adopted by the International Telecommunication
Union, Radiocommunication Sector (ITU-R) Recommen-
dation P. 531-9 as a suitable method for TEC modeling
(Radicella, 2009 and references therein).
It is noteworthy that NeQuick2 model has the advan-
tage of calculating the total electron content up to the
height of the GPS satellites. The topside of NeQuick is a
simplified approximation to a diffusive equilibrium, with
an increase with height of the electron density scale height
used.

The performance of NeQuick has been assessed by sev-
eral workers. For example, Coı̈sson et al. (2004), compared
VTEC and slant TEC (STEC) computed with different
empirical models, among them, IRI and NeQuick, using
Global Ionospheric Maps (GIM) data from CODE and
STEC obtained from some North American and European
GPS stations. They noted that NeQuick was the model
with a more stable behaviour in terms of space and time
with respect to IRI and Klobuchar (1987) models.
Bidaine and Warnant, 2010 made a comparison with
NeQuick (first and second model versions) adapted to
ionosonde parameters and TEC data from three European
mid-latitude GPS stations. They conclude that the second
version of NeQuick presents evident improvements and
highlighted the importance of the new topside formulation.
Mahrous et al., 2014 compared VTEC values obtained with
NeQuick 2 and GNSS derived TEC data from two Egyp-
tian stations (HELW and ALEX2) during different months
of years 2010–2013. The model showed a better representa-
tion of VTEC values during the year of low solar activity
(2011) especially during daytime hours.

Some comparison studies about the assessment of the
performance of IRI and NeQuick in different regions have
been published. For example, Leong et al., 2015 analyzed
how TEC from these models are correlated with GPS
TEC from a Malaysian station during the ascending phase
of 24th solar cycle. They found a high correlation among
both models and GPS values particularly on solstice. The
greatest disagreements have been found during post sunset
hours and in equinox. Similar results have been reported by
Venkatesh et al., 2014, who analyzed the period 2010–2013
with GPS derived and IRI, NeQuick modeled VTEC under
a meridian on the Brazilian region.

In order to extend VTEC studies to other latitudes, but
focusing in the complex region around the EIA, in the pre-
sent work we compare the NeQuick 2 and IRI Plas models
predictions with the GPS-derived VTEC data obtained at
nine stations in the west South American sector during
1999, a year of high solar activity. It has to be noted that
in Scidá et al. (2012) a comparative study with the same
configuration of GPS stations has been done with IRI
2007 model. The cases of underestimations of the model
obtained have been attributed to the contribution of the
plasmasphere, so in the present work we attempt to analyze
that hypothesis.

2. Data and results

The location of the considered GPS stations is given in
Table 1 and Fig. 1.



Table 1
GPS receiver stations listed from North to South.

Stations Latitude Longitude Geomag. Lat. Geomag. Lon. DIP

PUR3 (Puerto Rico) 18.4 292.9 24.8 3.0 46.44
MARA (Maracaibo) 10.7 288.3 22.1 358.9 38.43
BOGT (Bogotá) 4.6 285.9 16.5 355.5 30.20
RIOP (Riobamba) �1.6 281.3 9.7 351.0 20.16
AREQ (Arequipa) �16.4 288.5 �5.0 358.4 �7.14
TUCU (Tucumán) �26.8 294.7 �15.5 4.1 �25.38
SANT (Santiago) �33.1 289.3 �21.7 359.2 �33.01
RIOG (Rı́o Grande) �53.8 292.2 �42.4 1.6 �51.13
PALM (Palmer) �64.7 295.9 �53.3 4.1 �58.55
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The data correspond to June 1999 (Rz12: 93.0) and
September 1999 (Rz12: 102.0). The observed monthly
mean Ap index values were around 7 and 18 for the months
of June and September 1999, respectively. The month of
September presented a couple of moderate geomagnetic
events with Dst of �60 and �91 nT. However, in the pre-
sent work we consider monthly median values of VTEC
with a twofold objective, first because the empirical models
used here are designed to represent median and quiet con-
ditions of the ionosphere, and also because it has the
advantage of being less affected by large deviations in the
ionospheric characteristics that can occur during magnetic
storms.

Hourly time interval resolution was considered for the
diurnal variation.

The ‘‘La Plata Ionospheric Model” (LPIM) was used to
obtain VTEC from single GPS station observations.
Briefly, VTEC is calculated using the so-called geometry
– free linear combination of both L1 and L2 GPS carrier
phase observations:

/1 � /2 ¼ aSTECþ sr þ ss þ t ð2Þ
where /1 and /2 are the observations, STEC is the slant
total electron content along line of sight, sr and ss are the
L1-L2 inter-frequency electronic delays produced in the
hardware of the receiver and the satellite (expressed in linear
Fig. 1. Map of GPS (circles) and ionosonde (triangles) stations used in the
study. Lines of Modip are also indicated.
units), a is a constant to convert linearly in TEC units and t
is the L1-L2 combined measurement error.

The thin layer ionosphere approximation was used in
connection with the mapping function that relates STEC
and VTEC at the ionospheric penetration point (IPP):

VTECIPP

STEC
ffi cos zIPP ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� R

Rþ H

� �2

cos2ðzÞ
s

ð3Þ

where R is the mean Earth’s radius, H (350 km in this
work) is the height of the thin layer above the Earth’s sur-
face and z and zIPP are the satellite zenith distance at the
observation point and at the IPP respectively.

Further, the spatial and temporal variability of the
VTECIPP is represented by means of a bi-linear expansion
on the IPP coordinates with time dependent coefficients:

VTECIPP ¼ a00ðtÞ þ a10ðtÞðkIPP � kÞ cosðuÞ þ a01ðtÞðlIPP � lÞ
ð4Þ

where t is the Universal Time, k and u are the geographic
longitude and latitude of the IPP and the receiver, and l
the corresponding modip latitude (Rawer, 1984). The
time-dependent coefficients were represented with the step-
wise function ai;jðtÞ ¼ ai;j;k; ai;j;k being a constant for the
interval ½tk; tk þ DtÞ and Dt (5min in this work) being the
refreshing interval.

A set of 3� 1440=Dt (864 in this work) ai;j;k parameters
per day were estimated applying the Least Square method
to the observations collected by each GPS receiver. Simul-
taneously, the inter-frequency electronic delays of the satel-
lites and the receiver where also estimated and used, in
connection with Eqs. (2) and (3) to compute VTECIPP from
the observed data:

VTECIPP ¼ cos zIPP
a

½/1 � /2 � sr � ss� ð5Þ

Lastly, the VTECIPP with ZIPP � 25� values were retained,
and from this subset of data hourly mean VTEC values
were computed for each station. The angular aperture of
the cone around the zenith of the station was set at 25�
to optimize the representation of the VTEC at the station
site (VTECIPP values near the zenith and better operation
of the mapping function). The price paid for that was to
have fewer observations. The latter is the cause of the
bumps that appear for some hours and in some sites.
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The sampling interval of observation was 30 s. A more
detailed explanation of the model is described by Brunini
et al. (2001).

The modeled values presented here were obtained using
the web pages: www.ionolab.org, for the IRI Plas predic-
tions and https://t-ict4d.ictp.it/nequick2/nequick-2-web-
model for the NeQuick ones. Both models have been run
up to the height of GPS satellites, R12 as solar activity
index and with CCIR option for foF2 and M3000
parameters.

The relative deviation between model predictions and
VTEC measurements was calculated as:
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Fig. 2. Modeled and experimental VTEC and D%. Low latitude
D% ¼ ½ðModel prediction

�measured valueÞ=measured value� � 100 ð6Þ

The results for PUR3, June, are shown in Fig. 2 (top
panel). The VTEC is in TECU (1016 m�2). It can be seen
that both models show a similar daily variation to that
observed in the measurements but, NeQuick2 underesti-
mates the electron content for all hours of the day. The
greatest relative deviation is observed at 0 LT (�43%).
At hours of maximum ionization (14 LT) the NeQuick2
underestimation reaches a value close to 14 TECU.
Regarding to IRI Plas a very good agreement is observed
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from last hours of the night to the maximum VTEC value
and few cases show deviations greater than 20%.

Similar results are observed for MARA in the middle
panel of Fig. 2. There, it can be seen that for 16 LT the
NeQuick2 prediction is 20 TECU lower than the obtained
measurement and that the underestimation of the other
model is close to 9 TECU. For BOGT, both models under-
estimate VTEC for almost all hours of the day as can be
seen in the bottom panel of Fig. 2. At time of maximum
ionization the deviation reaches �40% and �20% for
NeQuick2 and IRI Plas predictions, respectively.
NeQuick2 underestimates the VTEC in 33 TECU at 13
LT and IRI Plas give good predictions for the hours
around of the minimum VTEC.
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Fig. 3, June solstice, shows the models behaviours for
the southern low latitude stations. We can notice that, in
general, both models underestimate VTEC over RIOP
and AREQ for maximum ionization hours. Moreover,
for RIOP it can be seen that the daily variation given by
both models is different to that observed in the measure-
ments. The rate of increasing ionization after sunrise given
by the models is lower than that observed in measurements
and the maxima electron content values are predicted for
later hours than those observed in the GPS VTEC values.
The relative deviation for hours of maxima ionization
obtained with NeQuick2 reaches values greater than 40%
(almost 50%) for NeQuick2 and 30–35% for IRI Plas. In
the panel for AREQ we can observe a good agreement
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between IRI Plas predictions and measurements from 0 to
9 LT while NeQuick2 underestimates VTEC in few TECU
(close to 4 TECU). For hours of maximum VTEC the
underestimations obtained with the considered models
are close to 30% and 40%.

The best predictions are given for TUCU station. The
absolute value of D% (|D%|) obtained with both models
is lower than 20% for most hours of the day.

From Figs. 2 and 3 we can see that in the Northern
Hemisphere the highest VTEC measurements were
observed at BOGT, placed near the Northern peak of the
EIA, while they were observed at Arequipa instead of
Tucumán, in the Southern Hemisphere. These results
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suggest that the Southern peak of the EIA moved equator
ward during this period.

In top panel of Fig. 4, June solstice, the results for the
station SANT are displayed. In general, good predictions
are observed. In most of the cases the deviations between
models predictions and measured values are equal or lower
than 4 TECU. The high values of D% observed in some
cases are produced by the low values of measured VTEC.
For RIOG station, we can see that NeQuick2 underesti-
mates VTEC in about 1–3 TECU from 0 to 6 LT. More-
over, overestimations for hours of maximum ionization
and good predictions for 7, 8, 20, 21, 22, 23 LT are
obtained with this model. On the other hand, IRI Plas gives
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good prediction from 0 to 6 LT and overestimates VTEC
for the rest of the day reaching a difference of more than
10 TECU in hours of maximum ionization. The VTEC val-
ues obtained with IRI Plas are greater than those obtained
with the other model. In the case of PALM the results are
similar to those of RIOG.

In Figs. 5–7 the results for the September equinox are
displayed. The top panel of Fig. 5 shows good NeQuick2
predictions for hours close to maximum VTEC over
PUR3. The relative deviation obtained with this model
from 8 LT to 23 LT, in general, is lower than 10%. For this
station, it can be seen an overestimation obtained with IRI
Plas for daylight hours with D% close to 40% for 10 LT.
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Fig. 5. Modeled and experimental VTEC and D%. Low latitude, st
The results for MARA, displayed in the middle panel of
Fig. 5, show that NeQuick 2 underestimates the electron
content for most hours of the day and gives good predic-
tions after 20 LT, while IRI Plas overestimates VTEC for
several hours of the day.

Strong underestimations obtained with NeQuick2 are
observed from 12 to 21 LT for BOGT (see bottom panel
of Fig. 5) where D% reached -40%. For 15 LT, NeQuick2
prediction is 44 TECU lower than the measurement. In
general, good NeQuick2 predictions are obtained for the
rest of the day. Regarding to IRI Plas, it can be seen that
this model also underestimates VTEC over BOGT for
hours of maximum ionization but, its predictions are closer
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Fig. 6. Modeled and experimental VTEC and D%. Low latitude stations RIOP, AREQ and TUCU. September 1999 (Rz12: 102).
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to the measurements than those given by NeQuick2. For
the rest of the day IRI Plas overestimates VTEC.

In the top panel of Fig. 6 it can be seen that, for RIOP
from 10 to 22 LT, both models give VTEC values lower
than the measurements. The underestimation obtained
with NeQuick2 is stronger than that obtained with the
other model. For 17 LT, NeQuick2 underestimates VTEC
in 43 TECU.

For AREQ (middle panel of Fig. 6), NeQuick 2 gives
good predictions for the last hours of the night and under-
estimates VTEC for hours of highest VTEC values. IRI
Plas overestimates the electron content from 1 to 11 LT
and underestimates it for the rest of the day. Here again,
the underestimation obtained with NeQuick2 is stronger
than that obtained with the other.
The modeled values obtained with NeQuick2 are better
for TUCU, where they are close to the measured VTEC
values from 3 to 11 LT (bottom panel of Fig. 6). In general,
IRI Plas overestimates VTEC. For 12 LT this model gives
a value which is 16 TECU greater than the measured one.

Fig. 7, top panel, shows the results for SANT. It can be
seen a good NeQuick2 prediction except from 21 to 2 LT.
Moreover, IRI Plas overestimates VTEC for all hours of
the day. For RIOG station, middle panel of Fig. 7, both
models overestimates the electron content for hours
around the maximum reaching a relative deviation close
to +30% and +60% with NeQuick2 and IRI Plas,
respectively. Similar situation is observed for PALM but
the maximum relative deviations for daytime conditions
are +20% and +60%. It should be noted that low
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Fig. 7. Modeled and experimental VTEC and D%. Middle and high latitude, stations SANT, RIOG and PALM. September 1999 (Rz12: 102).
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GPS-VTEC values obtained for RIOG and PALM cause
the relative deviation reaches high value even though the
absolute deviation is low (around 3 TECU in the case of
NeQuick2)
2.1. Statistical analysis

In order to compare performance of the NeQuick (NeQ)
and IRI-Plas models a statistical analysis has been con-
ducted. The aim of this analysis is to contrast the beha-
viour of both models for different seasons and latitudes,
to guide the convenience of using each model for a given
scenario. Fig. 8(a) and (b) displays a scatter plot of the full
sample of predicted values against observed data for NeQ
and IRI Plas respectively. In general, the fitting in both
models is quite similar with an R-squared of approximately
85%. However, in Fig. 8(a) dispersion appears to be differ-
ent than in Fig. 8(b). To assess this observation and statis-
tically compare forecasting errors of the models, we also
calculate the respective Root Mean Square Error (RMSE).
Based on the RMSE measure, forecast dispersion of NeQ
model is higher than that of IRI Plas (11.96 versus 8.85,
respectively). This implies that, in general, the IRI Plas
model forecasts are more accurate than those from the
NeQ.

To further investigate potential differences, a study of
the residuals has been done. The residuals are defined as:

Residuals ¼ Modeled value�Measured value ð7Þ



Fig. 8. Scatter plots of predicted vs observed TEC values corresponding to (a) IRI Plas model and (b) NeQuick 2 model. R2 value is indicated.

Fig. 9. Residual plots vs observed TEC for equatorial stations: PUR3, BOGT, MARA, RIOP and AREQ, panels (a) solstice and (b) equinox; low latitude
stations: TUCU and SANT, panels (c) solstice and (d) equinox and high latitude stations: RIOG and PALM, panels (e) solstice and (f) equinox. Residuals
for IRI 2007 are also included.
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The stations have been separated by regions of different lat-
itudes. Residuals are plotted against observed data in
Fig. 9. The left panel corresponds to June while the right
panel to September. Fig. 9(a) and (b) presents the compar-
ison of residuals for the equatorial region (PUR-AREQ),
which combines data from the stations PUR3, BOGT,
RIOP, and AREQ. Fig. 9(a), shows that while, overall,
both models underestimate in the solstice period, the
amount of underestimation is higher for the NeQ model.
In Fig. 9(b), for equinox, dispersion is higher and the pat-
terns are not as clear as in Fig. 9(a). It can be observed that
the NeQ model mostly underestimates, while the IRI-Plas
does not display a well-defined pattern. Fig. 9(c) and (d)
presents the comparison of residuals for the low latitude
region, i.e., TUCU and SANT stations. Fig. 9(c), for sol-
stice, shows slight deviations for both models, with NeQ
mostly underestimating and IRI-Plas mostly overestimat-
ing. In contrast, Fig. 9(d) shows a more significant overes-
timation for IRI-Plas. Also, some underestimations for the
maximum VTEC values from part of NeQ are observed.
Finally, Fig. 9(e) and (f) displays the comparison for high
latitudes corresponding to the RIOG and PALM stations.
For high latitudes at RIOG and PALM stations, panel (e)
of Fig. 9 (solstice) shows a better performance for NeQuick
than IRI Plas which gives greater overestimations. This
result is also valid during equinox in Fig. 9(f). As expected,
larger deviations correspond to higher measured VTEC
values.

In summary, although the correlation coefficients of
both models are practically the same, IRI-Plas provides
better forecasts for the equatorial region while the NeQ is
more suitable for low and high latitudes. In general, both
models’ performances are better for the low latitude region
than for the other regions studied.

Comparing the residuals of IRI 2007 with those of IRI
Plas, it is generally observed that the underestimates of
the previous version of IRI model are greater than those
of IRI Plas. In cases where overestimations are observed,
those of IRI Plas are greater than those of IRI 2007, except
for June in high latitudes (RIOG - PALM) where the resid-
uals of both models are comparable.

3. Discussion and complementary analysis

This work studies the performances of NeQuick2 and
IRI Plas models as predictors of VTEC over the low lati-
tude and South American region extending from 18.4�N
to �64.7�N for high solar activity. Good agreements and
strong discrepancies among predicted and measured VTEC
are observed.

For both considered seasons, it is observed that for
times of maximum ionization the NeQuick2 behaviour
goes from underestimations (as seen in Figs. 2, 3, 5 and
6) to overestimations (Figs. 4 and 7) as we move from
the North to the South. This behaviour is also observed
for the IRI Plas predictions but only for June solstice.
For the September equinox IRI Plas overestimates VTEC
for the stations located north of the Northern peak of
the equatorial anomaly and then goes from underestima-
tions to overestimations as we move from RIOP to the
South.

The comparison of the performance of both models
shows that:

(i) For June solstice, the IRI Plas gives better predictions
than NeQuick 2 from PUR3 to AREQ, particularly
for hours around of minimum VTEC and the rising
part of VTEC for PUR3, MARA and AREQ where
a good agreement between IRI Plas predictions and
measurements is observed. For the stations placed
between the Northern peak and the valley of the
equatorial anomaly both models underestimate
VTEC for hours around the maximum ionization
but the performance of IRI Plas is better because
the underestimations obtained with NeQuick2 are
stronger than those obtained with IRI Plas. The bet-
ter predictions given by both models correspond to
TUCU and SANT. For the two stations with the
highest latitude both models overestimate the elec-
tron content around the maximum VTEC but the
modeled values obtained with NeQuick2 model are
closer the measurements than those given by IRI
Plas. Summarizing, for June solstice, in general the
performance of IRI Plas for low latitude stations is
better than that of NeQuick2 and, vice versa, for
highest latitudes the performance of NeQuick2 is bet-
ter than that of IRI Plas. For the stations TUCU and
SANT both models have good performance.

(ii) For September equinox, the NeQuick2 gives good
predictions for PUR3 and SANT and its performance
is better than that of IRI Plas for both stations. For
MARA, during hours around the maximum ioniza-
tion, IRI Plas overestimates VTEC while NeQuick2
underestimates this parameter. For stations placed
from the Northern peak to trough of the equatorial
anomaly the predictions of NeQuick2 are better than
those given by the IRI Plas for hours close to the
daily minimum and the ascending part of VTEC,
while, on the contrary, for hours of maximum VTEC
IRI Plas has a better performance. As for June sol-
stice, the predictions of NeQuick 2 for RIOG and
PALM are better than those given by IRI Plas. The
performances of the models do not follow a clearly
defined pattern as in the other season. However, it
can be seen that for the region placed between the
Northern peak and the valley of the equatorial anom-
aly, in general, the performance of IRI Plas is better
than that of NeQuick2 for hours of maximum ioniza-
tion. From TUCU to the South, the best predictions
are given by NeQuick2.



Fig. 10. Modeled (CCIR) and experimental monthly median foF2 values
corresponding to June 1999 (solstice) for the stations of Ramey, Jicamarca
and Port Stanley.
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3.1. Comparison using foF2 values

The accuracy of an empirical model depends on the
availability of reliable data for the specific region and time.
An important data source for the ITU-R coefficients used
in NeQuick 2 and IRI Plas to calculate NmF2 is the world-
wide network of ionosonde stations that has monitored the
ionosphere. CCIR maps are most accurate in Northern
mid-latitudes because of the high density of stations in this
part of the globe. Due to the physical processes mentioned
in the introduction of this work, at low latitudes the iono-
spheric magnitudes show particular behaviours, requiring a
high sounding stations density to record and monitor the
highly variable ionosphere. Unfortunately low latitude
region has rather sparse ionosonde coverage and as a result
the models predictions could be less accurate.

To investigate more this point we compare CCIR foF2
values with measurements obtained from the only available
ionosonde stations in the region for that period: PRJ18,
(18.5�N, 292.9�E; Ramey, Puerto Rico), JI91J, (�12�N,
283.2�E; Jicamarca) and PSJ5J, (�51.6�N, 302.1�E; Port
Stanley). Location of the ionosonde stations can be seen
in Fig. 1 marked with a triangle.

Even though the ionosondes of Jicamarca and Port
Stanley are not exactly in the same location as the GPS sta-
tions used in this study, they could give an indication of
how the CCIR are determining the frequency peak in that
region. Fig. 10 shows the comparison of ionosonde derived
monthly median foF2 values in red1 circles and those
obtained with CCIR in blue squares, corresponding to
June 1999. Puerto Rico’s foF2 values have been manually
validated since the automatic scaling presented some differ-
ences with the ionograms. It is evident from this figure, that
for the station of Puerto Rico, CCIR underestimates con-
stantly ionosonde values by around 1–1.5 MHz, during
the available hours. For the station of Jicamarca, the
underestimation of CCIR takes place from 7 to 21 LT.
In the case of Port Stanley instead, CCIR tends to overes-
timate during some hours, especially in nighttime. The
behaviour shown for June Solstice in terms of foF2 corre-
sponds fairly well to the performance of the models in
terms of TEC. In the panels corresponding to PUR3 and
AREQ of Figs. 2 and 3 respectively, it can be seen that
both models underestimate GPS TEC values, being the
NeQuick values the lowest. For southern stations the situ-
ation is the reverse, both models overestimate GPS TEC
values which correspond to the overestimation of CCIR
foF2 values during night hours. However, the overestima-
tion also takes place during day time even though CCIR
gives to the models good estimations of foF2 from 10 to
12 LT.

Fig. 11 exhibits foF2 measured and modeled values for
the case of September 1999. Comparing the top panels of
1 For interpretation of color in Fig. 10, the reader is referred to the web
version of this article.
Figs. 11 and 5 that correspond to Puerto Rico stations,
one can observe that NeQuick gives generally good TEC
estimates despite the overestimation of about 1 MHz in
foF2 from part of CCIR. For the case of Peru stations,
even if they are in very different position with respect to
the EIA, it can be observed that the NeQuick strong under-
estimation of TEC values during maximum ionization time
corresponds to the underestimation during some hours
between 7 to 18 LT from part of CCIR at Jicamarca.
For the case of Port Stanley, CCIR overestimates foF2



Fig. 11. Modeled (CCIR) and experimental monthly median foF2 values
corresponding to September 1999 (equinox) for the stations of Ramey,
Jicamarca and Port Stanley.
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values during night hours, but when compared with RIOG
station the overestimation of NeQuick in TEC is from 8 to
16 LT. It has to be noted that IRI model shows a marked
overestimation in all these cases, with exception of AREQ
where it underestimates TEC values from 13 LT on. At the
stations of Jicamarca and Port Stanley the differences in
local time with respect to GPS stations are more evident
for this month.
Taking into account that the modeled VTEC is obtained
by integrating the vertical electron density, N(h) profile, the
observed high discrepancies between predictions and mea-
surements may also be attributed to the inaccurate predic-
tion of the shape of the N(h) profile.

Another possible cause that produces the mentioned dis-
crepancies could be the erroneous prediction of the plasma-
spheric contribution to the vertical total electron content.
Latitudinal and longitudinal variations of the plasmas-
pheric contribution to the GPS-VTEC have been reported
(Lunt and Kersley, 1999; Balan et al., 2002; Klimenko
et al., 2015). The contribution of the plasmasphere to the
GPS VTEC is greater at equatorial latitudes than in other
latitudes because of the longer path length through the
plasmasphere in the equatorial region compared to other
latitudes (Yizengaw et al., 2008; Klimenko et al., 2015).
Moreover, it has been reported that the plasmaspheric con-
tribution to electron content decreases with increasing lat-
itudes (Lunt et al., 1999).

The overestimations of IRI Plas have been also
reported by Cherniak and Zakharenkova (2016). These
authors compared NeQuick and IRI Plas models with
GPS TEC measurements derived from LEO satellites at
different heights. Their results showed that IRI Plas over-
estimates topside electron densities while NeQuick showed
the opposite behaviour during low and moderate solar
activities.

In 2014, Venkatesh and collaborators made a compar-
ison of GPS TEC at seven stations around the EIA and
IRI and NeQuick empirical models from 2010 to 2013 in
the Brazilian sector, and concluded that both models pro-
vide comparable simulated values showing underestima-
tion during daytime hours and overestimation during
nighttime hours in increased solar activity conditions.
Some overestimations from part of IRI were reported for
equinox and summer months by these authors. This could
be suggesting that the addition of the plasmasphere model
in IRI would be causing or accentuating a problem in its
topside formulation.

In general, the results of this study suggest that the best
calculation of the total electron content over the region
placed between the Northern peak and the valley of the
equatorial anomaly is obtained with IRI Plas model.
While, from TUCU to the highest latitudes, NeQuick 2
gives the best TEC values. For the above exposed, the good
performance of IRI Plas around the EIA could be due to a
sort of compensation of the integrated density value caused
by the plasmasphere adding to the topside or a not smooth
enough bond of IRI and SMI models. Concerning to the
comparison of both IRI versions, it is generally observed
that IRI 2007 gives lower VTEC values than IRI Plas.
The contribution of plasmaspheric content, which is not
foreseen in the calculations of the IRI 2007 model, could
be one of the causes of the underestimations observed in
a previous work (Scidá et al., 2012).
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4. Conclusions

The performance of NeQuick 2 and IRI Plas models in
predicting VTEC up to 20,200 km of altitude for high solar
activity over the South American sector has been checked.
The obtained results show that: (a) for June solstice, in gen-
eral the performance of IRI Plas for low latitude stations is
better than that of NeQuick2 and, vice versa, for highest
latitudes the performance of NeQuick2 is better than that
of IRI Plas. For the stations TUCU and SANT both mod-
els have good performance; (b) for September equinox the
performances of the models do not follow a clearly defined
pattern as in the other season. However, it can be seen that
for the region placed between the Northern peak and the
valley of the equatorial anomaly, in general, the perfor-
mance of IRI Plas is better than that of NeQuick2 for
hours of maximum ionization. From TUCU to the South,
the best predictions are given by NeQuick2. A residual
analysis showed in general a comparable performance of
both models. Residuals separated by regions indicate that
models have more problems in predicting TEC values in
the stations around the crests of the EIA and better perfor-
mance at low and high latitudes.

An insight of CCIR foF2 determination confronted with
ionosonde derived values could explain with a good approx-
imation the general behaviour and divergence of the mod-
els, especially during hours of maximum ionization. The
other causes of the differences found could be attributed
to (1) an unrealistic shape of the vertical electron density
profile and (2) an erroneous prediction of the plasmaspheric
contribution to the vertical total electron content; or a com-
bination of these causes, for the considered region and solar
conditions. Moreover, in the case of NeQuick, the underes-
timation trend can be also due to the lack of a proper plas-
maspheric model in its topside representation. In contrast,
the plasmaspheric model included in IRI, brings on clear
overestimations of GPS derived TEC.

Moreover, this study also shown that IRI Plas, in gen-
eral, gives greater VTEC values than IRI 2007, as expected.
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