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Abstract

Describing the current ionospheric conditions is crucial to solving problems of radio communication, radar, and navigation.
Techniques to update ionospheric models using current measurements found a wide application to improve the ionosphere
description. We present the results of updating the NeQuick and IRI-Plas empirical ionosphere models using the slant total
electron content observed by ground-based GPS/GLONASS receivers. The updating method is based on calculating the
effective value of the solar activity index, which allows minimizing the discrepancy between the measured and the model-
calculated slant TEC. We estimated the updating efficiency based on the foF2 observational data obtained by ionosonde
measurements. We calculated the data for 4 stations: Irkutsk, Norilsk, Kaliningrad, and Sodankyld. We analyzed 4 days
in 2014: March 22, June 22, September 22, and December 18. We found that, in some cases, upon updating, the IRI-Plas
underestimates the foF2, whereas NeQuick, on the contrary, overestimates it. We found a seasonal dependence of the updat-
ing efficiency of the ionosphere model using slant TEC. Possible causes of this dependence might be associated with the
seasonal dependence of the correctness of model’s reproduction of the latitude—longitude TEC distribution. In general, we
found the low level of the updating efficiency of the foF2 using slant TEC. This can be mainly explained by the fact that the
models describe the electron density vertical profile and ionospheric slab thickness incorrectly.
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Introduction

Determining the current ionospheric conditions is an
important problem for high-frequency (HF) radio, radar,
and navigation facilities to operate effectively. Zolesi and
Cander (2014) noted several problems in providing the infor-
mation for the ionospheric radio channel and a necessity
for predicting ionospheric conditions. They also proposed
some approaches to solve those problems. For applications,
empirical ionospheric models are used as a rule. The models
of such kind are climate based, and they cannot precisely
describe the current ionospheric conditions (space weather),
both under quiet and under disturbed conditions (Pignalberi
et al. 2018). To improve the precision of the description of
the ionosphere, one can use techniques of assimilating the
data obtained by various observational facilities: ground-
and space-based ionosondes, GNSS receivers, incoherent
scatter radars, and others.

One of the best-known projects in data assimilation is the
Tonosphere Real-Time Assimilative Model (IRTAM) (Galkin
et al. 2012). The IRTAM assimilates real-time data of the
ionosphere vertical sounding (VS) into the IRI empirical
model in real time. VS ionosondes enable measuring the
ionospheric characteristics of the F2 layer and below. These
measurements allow one to adjust the basic parameters for
the ionospheric model: F2 layer critical frequency (foF2)
and the corresponding F2 layer peak height (hmF2). Alter-
native techniques to estimate ionospheric conditions are
rather important issues due to the relatively low density of
ionosonde and due to the absorption of the vertical sounding
signal during severe heliogeophysical events.

GNSS has been widely used to monitor the ionosphere
(Hofmann-Wellenhof et al. 2008; Afraimovich et al. 2013).
Many stations are deployed globally, they are efficient and
inexpensive, easy to install and maintain. Another advantage
is the possibility to measure the total electron content (TEC)
at a high rate simultaneously in several directions for each
navigation satellite. A disadvantage of using the TEC is that
the latter is an integral value and involves no information on
the shape of the electron density vertical profile. As a result,
it is impossible to localize the disturbance region in space
and to obtain the electron density at a certain altitude. The
TEC data have been actively assimilated into empirical and
first-principles ionospheric models (Khattatov et al. 2005;
Komjathy et al. 1998; Hernandez-Pajares et al. 2002; Solo-
mentsev et al. 2013). A significant advance in developing the
global assimilation model by using various datasets, includ-
ing those derived from GNSS, is implemented in the Global
Assimilative Ionospheric Model (GAIM) (Wang et al. 2004)
and USU-GAIM (Schunk et al. 2003) models.

Most of the updating methods for empirical models
use effective indices of solar activity. Recently, Pignalberi
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et al. (2017) have reviewed updating the IRI model using
such indices. Komjathy and Langley (1996) studied the
improvement of the IRI-95 by using vertical TEC maps.
This method led to a 32.5% improvement in determin-
ing the TEC. Bilitza et al. (1997), while attempting to
improve the TEC description for a satellite altimeter, used
ionosonde data to calculate the regional and global iono-
spheric-effective solar indices. The index was selected so
that the foF?2 values in the IRI corresponded to the meas-
ured ones. The study showed that (a) the improvement is
several percentages and (b) using regional indices led only
to slight improvements.

Krankowski et al. (2007) used GPS observations to inves-
tigate a possibility to estimate the foF2 from TEC maps for
the European region. The authors obtained good agreement
between the recovered and the measured foF?2 values for
quiet and disturbed conditions. In this case, the root-mean-
square foF?2 error was 1.0—1.5 MHz for mid-latitude stations
in October 2003, within a period of significant geomagnetic
storms. Barabashov et al. (2006) studied the efficiency of
the IRI updating to improve the precision of foF2 and the
maximum usable frequency prediction. For this, they used
the data of the vertical TEC, recalculated from the slant
TEC. In general, the authors obtained some improvements
for mid-latitude stations, but not for all the cases addressed.
For example, for station Rome, there was an improvement
for June upon updating, but, for September there was dete-
rioration. Migoya-Orué et al. (2015) assimilated vertical
TEC from global maps into the IRI-2012 model. As a result
of comparing foF?2 observational and the model data, there
was on average an improvement of 0.9 MHz for high solar
activity. For low solar activity, the assimilation did not lead
to any significant improvement.

Nava et al. (2005) achieved about 50% efficiency when
correcting the NeQuick by means of vertical TEC maps by
selecting an effective value for the Az index related to the
F10.7 index. Later, Nava et al. (2006) studied possibilities
of correcting the NeQuick model using slant TEC data from
single- and multiple-GNSS receivers. The authors showed
that the TEC description considerably improved when using
the data from network of receivers. However, in terms of
foF2, using a network of GNSS stations did not exhibit an
essential difference as compared to using data from a single
station.

Maltseva (2018) showed that TEC may be used to calcu-
late the critical frequency of the F2-layer. The observational
median of the equivalent ionosphere thickness is a coeffi-
cient describing the synchronism between the TEC varia-
tion and the foF2. Wijaya et al. (2017) proposed an foF?2
computation method based on the vertical TEC data from
one GNSS receiver without using the ionosphere model.
The comparison between the foF2 obtained and the data
from three ionosondes within periods of high and low solar
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activities showed that the square-mean deviation for the foF2
discrepancy is within 0.6—1.4 MHz.

Yasyukevich et al. (2017) proposed various schemes to
remove the ionospheric error of radio systems, based on
the data from a single-GNSS station. Simultaneously, the
TEC data nowcasting may also be used to provide a way that
offers maximum utility for HF communication (Zolesi and
Cander 2014; Zhukov et al. 2018). According to Zolesi and
Cander (2014), one of the most important issues is how to
define ionospheric prediction and forecasting in a way that
offers maximum utility for guidance in practical radio com-
munication work. Ovodenko et al. (2015) proposed a tech-
nique to update the parameters of the ionospheric model by
means of the slant TEC data of a single receiver to improve
the accuracy of the UHF radar. The authors estimated the
efficiency of correcting the IRI-2007 model for 2 days of
the spring equinox in 2014, both for estimating the radar
errors and for recovering the foF?2. In both cases, the model
updating resulted in an increase in radar accuracy. With this,
there was a diurnal variation in updating efficiency. Further
application of the technique using slant TEC at a distance
of about 200—-400 km from the addressed ionosonde showed
that its operation efficiency for foF2 correction might nota-
bly depend on the season (Kotova et al. 2018).

Thus, the issue of the efficiency of using GNSS data in
terms of updating empirical ionospheric models has been
actively developed recently but requires further studies. Our
objective is to investigate the diurnal-seasonal dependency
of the efficiency of updating empirical ionospheric models,
viz. the possibility of defining the foF2 values upon updat-
ing the IRI-Plas and the NeQuick with the slant TEC data.
The practical relevance of this research is assessing the use
of slant TEC data to update foF2 values in near real time for
operational planning of HF broadcast modes.

Data and methods

Lunt et al. (1999) and Klimenko et al. (2015) showed that
the plasmasphere might contribute significantly to the
total electron content: up to 20% at daytime and up to
50% at nighttime. Because the updating method uses the
TEC data up to 20,000 km, the model used should take
into account the plasmasphere contribution to the TEC.
We selected two empirical models of the ionosphere:
NeQuick (Hochegger et al. 2000) and IRI-Plas (Gulyaeva
et al. 2002) that meet such a requirement. In the Inter-
national reference ionosphere (IRI) model (Bilitza and
Reinisch 2008), the height profile of plasma frequency
is based on maps for critical frequencies and for the cor-
responding heights of the maxima of the ionospheric
layers: foF2, foF1, and foE, hmF2, hmF1, and hmE. The
set of coefficients calculated according to data from the

global network of VS ionosondes is used in the model.
The plasmaspheric part in the IRI-Plas is empirically mod-
eled in order to fit the IRI standard profile at 400-600 km
(Gulyaeva et al. 2002). The electron density profile for
the ionosphere and the plasmasphere in the NeQuick is
described by Epstein half-layers with the half-thickness
parameters determined empirically (Hochegger et al. 2000;
Coisson et al. 2006). The values for the profile supporting
points foE, foF1, foF2 and for the M3000 (F2) parameter
are inferred by using the coefficients obtained from VS
data. Thus, both models are based on observational data
from the ionosonde network but differ in the formulas and
in the coefficients used to describe the electron density
in the ionosphere and in the plasmasphere. Both models,
i.e., NeQuick and IRI-Plas, extrapolate the vertical topside
electron density profile up to GPS and GLONASS orbit
altitudes, although the models were developed and tested
primarily with ionospheric data covering altitudes to about
3000 km. Indeed, more correctly, the distribution of elec-
tron density in the topside ionosphere and plasmasphere
should be described along magnetic field-lines (not verti-
cally) (Schunk and Nagy 2009.). A vertical extrapolation
is a fairly simple solution, but it does not represent phys-
ics and nature. Some examples of model disadvantages
concerning this issue were presented by Klimenko et al.
(2015) and Cherniak and Zakharenkova (2016).

To update ionospheric models, we used the TEC data
obtained with ground-based GNSS receivers. The GPS/
GLONASS dual-frequency phase or of the pseudorange
measurements enables the determination of the TEC along
the satellite-receiver beam (Hofmann-Wellenhof et al.
2008). Following Yasyukevich et al. (2015), to obtain
absolute slant TEC we used phase and pseudorange TEC
combination with a special procedure to solve for differen-
tial code bias. The TayAbsTEC and tec-suite (www.gnss-
lab.org) software was used for calculations.

The method to update the ionospheric model is based
on minimizing the target function (TF), which is the sum
of squares of residuals between the measured TECgzq and
the model TEC,,p, values for each observed satellite. For
our calculations, we select only the satellites with eleva-
tion angles greater than 45° in all azimuthal directions.
The variable parameter is the solar activity index Rz12:

TF(Rz12) = ) ATEC;

where ATEC; = ATECgg — ATEC,;op(Rz12) and i is the
TEC observation ordinal number of the total number of
observations used for correcting at a specified instant. The
Rz12 effective value is the solar activity index at which
the target function reaches its minimum. As initial condi-
tion, we used Rz12 predicted value for the respective month
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and year. We accumulate the measurements of the absolute
slant TEC over a 10-min interval. The middle of the inter-
val epoch corresponds to the correction time. This enables
elimination of random measurement errors and “abnormal”
measurements in data.

To validate the obtained results before and after the
updating procedure, we used the manually processed VS
data at mid-latitudes (Irkutsk, Kaliningrad) and high-lati-
tudes (Sodankyl4, Norilsk). Ionosondes enable one to obtain
the information on the critical frequency, as well as on the
height of the maximum for various ionospheric layers. The
selected VS stations are located near ground-based GNSS
receivers, whose data we used to update the models. The
stations Norilsk and Irkutsk are equipped with the DPS-4
ionosonde, the station Kaliningrad provides the data from
the PARUS-A ionosonde, and, in Sodankyld, the observa-
tions are taken by the “Alpha-Wolf” ionosonde (Enell et al.
2016).

Data analysis and results

For the analysis, we selected four geomagnetically quiet
days in 2014: spring (March 22) and autumn (Septem-
ber 22) equinox periods, summer (June 22) and winter
(December 18) solstice periods. December 18 was selected
instead of December 22, because, on the latter day the geo-
magnetic activity increased. The days correspond to four
seasons at medium solar activity. The updating method
described in the previous paragraph has then been applied
to four GNSS receivers: Sodankyla (67.37°N, 26.63°E)
and Norilsk (67.37°N, 26.63°E) in the sub-auroral region
and Irkutsk (52.17°N, 104.16°E) and Kaliningrad (54.4°N,

Fig. 1 Diurnal variations in

20.3°E) at mid-latitudes. At each location, the relevant
Rz12 .4 has been computed by adapting the NeQuick and
IRI-Plas to slant TEC data and the modeled foF?2 val-
ues have been retrieved. Subsequently, the comparison
between the modeled and the corresponding observed foF?2
data has been carried out. The results are illustrated below.

Figure 1 shows deviations between modeled and
observed values of the F2-layer critical frequency and the
slant TEC (STEC) at Sodankylé for NeQuick and IRI-Plas
before and after updating procedure. We used data from
satellites with elevation angles greater than 45° for STEC
calculation. The results are presented only for March 22
and for September 22, 2014, because there were no GNSS
data for June 22 and December 18, 2014. The ASTEC
decreased almost to zero which indicates a self-consist-
ency of the data ingestion method. The ASTEC reduction
leads to a stable decrease in the AfoF2 upon correcting
only for March 22, 2014. For September 22, 2014, the
stable ASTEC reduction upon correcting does not result
in the AfoF?2 decrease, except 16—18 UT for the IRI-Plas.

Figure 2 shows the deviation of the foF2 model values
from the observed ones at Norilsk. Although we analyzed
only magnetically quiet conditions in our study, there are
data gaps in this sub-auroral station. They are related to
signal absorption in the lower ionosphere. We may note
a trend: upon updating the NeQuick, the modeled foF?2
appeared greater than the measured one, and, inversely,
upon updating the IRI-Plas, the retrieved foF2 appeared
underestimated. This difference in the results is related
to the differences in how the models describe the verti-
cal electron density profile (peak parameters and slab
thickness), particularly in the topside ionosphere and
plasmasphere.

30 12 — N
the slant TEC deviations and —_ %8 18 n September 22, 2014 O 3
foF2 at Sodankyl4 for March 8 1(5) g _ . A 2 <
22 and September 22, 2014, for Hos | 3 loca A% -1 %
the NeQuick (top row) and the 3 _g 2 _8 7\,1%\/\/'}/@%‘;,\‘/\(5 0 :
IRI-Plas (bottom row). The dot- w-10 y - i, B QeeoeG{ : S Y '-lCS
ted black line shows the model t.'T) :%8 ﬁ :g — e T 25
slant TEC deviation from the < %5 - F -18 ] .3
observations before updating, 0 4 -1 AR
and the solid black line denotes 0246 81012141618202224 0246 81012141618202224
the same after updating. The
lines with hollow circles show 0— _ 12
the deviation of the modeled — %g 1. March 22, 2014 N 3 1
foF?2 from the observed one 8 15 _| -2 =
before updating, and the lines | 1% o -1 I 2 4
with the filled circles show the £ g | [ 0 =3 8
same after updating &J) 18] C 1 i )
b8 25 3
< :28: ®e000a, 4° F 3 _18 September 22, 2014 .3
-3 \‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\ -1 ‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\
024 6 81012141618202224 024 6 81012141618202224

UT (hours)

@ Springer

UT (hours)



GPS Solutions (2020) 24:25

Page50f12 25

Fig.2 Diurnal deviation of 3_]
the foF2 model value from -4 March 22, 2014
the observations at Norilsk for
March 22, June 22, September
22 and for December 18, 2014.
The dark blue color marks

the results obtained by the
NeQuick, and red color marks
the results obtained by the &
IRI-Plas. Hollow circles and
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June 22, 2014
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Fig.3 Diurnal deviation of

the foF2 modeled value from
the observations at Irkutsk for
March 22, June 22, Septem-
ber 22 and for December 18,
2014. Dark blue color denotes
the results obtained by the
NeQuick, and red color denotes
the results from the IRI-Plas. -2
Hollow circles and the dotted

March 22, 2014
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Figure 3 shows the diurnal variation of the foF?2 devia-
tions at Irkutsk. Practically, there are no data gaps in the
VS data for the addressed quiet conditions, except for 6 UT
on June 22, 2014. The update of the models was performed
with the data obtained by the GNSS receiver located at
Irkutsk. The foF2 model description after correcting the

L L L B B L B DL I
8 1012141618202224 0
UT (hours)

BRI
8 1012141618202224
UT (hours)

NeQuick improved only for March 22, 2014, and, after
correcting the IRI-Plas, it improved only for the summer
solstice. On other days, both models described the foF2
diurnal variation with the Rz12 predicted value before
updating better than after updating.
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Fig.4 Diurnal deviation of
the foF2 model value from the
observations at Kaliningrad for
March 22, June 22, Septem-
ber 22, and for December 18,
2014. Dark blue color shows
the results obtained by the
NeQuick, and red color shows
the results from the IRI-Plas.
Hollow circles and the dotted
line show the results obtained -3

1 June 22, 2014

3+

before correcting with a pre-
dicted Rz12. Filled circles and
the solid line present the results

o) —
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Figure 4 shows the results from the corrected model for
Kaliningrad. We updated the ionospheric models by using
a GNSS receiver located at Kaliningrad. From the figure,
one can see that on March 22, 2014, updating both models
results in improving the foF2 model description. The best
results were obtained for NeQuick, except those for night
hours (00-02 UT). The updating led to increasing of an error
of modeled foF2 for other days. For example, on June 22,
2014, the correction improved the model in the morning
and daytime (07-13 UT), particularly in the IRI-Plas. How-
ever, during the remaining time, the foF2 without the model
updating was closer to the measured values. For December
18, 2014, on the contrary, updating led to improvements in
the evening hours (19-24 UT), whereas in the afternoon
hours the updating impaired the foF?2 reproduction in both
models. For the autumn equinox (September 22, 2014), there
is a good reproduction of the foF?2 diurnal variation by the
IRI-Plas without updating. Upon updating, the foF?2 error
increased. For the NeQuick, there was an improvement of
the foF2 estimate for morning and afternoon hours (from 07
to 17 UT). Overestimating the results of the model calcula-
tions in the evening and night time led to an RMSE increase
as compared with the RMSE when using the predicted Rz12
(without updating).

The root-mean-square diurnal averaged deviation of
the foF2 model values from the observations without and
with updating of the models for the four cases described
above are presented in the supplementary material (Tables
SM1-SM4).

@ Springer
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The analysis of the results presented in Figs. 1, 2, 3, and 4
and Tables SM1-SM4 is given below. These data show that,
on average, the maximal deviation of the model foF2 from
the observed one was obtained for both models with the pre-
dicted Rz12 (without updating) during the spring equinox.
The minimal deviation was obtained for the summer solstice.
Updating the models led to improving the foF2 description
in both models for March 22, 2014. The maximum devia-
tion of the corrected foF?2 values from the observed one was
obtained for December 18, 2014. For that day, updating both
models resulted in significant degradation of the results as
compared with using the models without updating. The min-
imal error upon correcting the NeQuick was achieved for the
spring equinox conditions. Upon updating the IRI-Plas, the
above minimal error was achieved for the summer solstice.
Updating the NeQuick parameters resulted in overestimating
foF2 and updating the IRI-Plas, on the contrary, led to an
foF2 underestimation.

Discussion

The principal conclusion is the following. There is a sea-
sonal dependence for the efficiency of foF?2 for updating
the IRI-Plas and the NeQuick using STEC data by using
the effective Rz12 parameter. The question is why the foF?2
updating method is most effective at the spring equinox, and
it is less effective at the solstice? We subsequently address
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some aspects that may explain the foF?2 errors after updating
the models with the slant TEC data.

Using the TEC to correct the models may lead to an error
due to a mismatch between the model and the observed elec-
tron density profile along the “satellite-receiver” ray-path.
This error may be related to the problem of the model repro-
duction of the electron density latitude—longitude distribu-
tion in the ionosphere and in the plasmasphere of the earth.
To investigate this assumption, we used the TEC distribu-
tion data obtained by high-orbit radio tomography (HORT).
The HORT technique uses GNSS (GPS/GLONASS) radio-
signals recorded by networks of ground-based receivers
(IGS, UNAVCO, regional networks). The input data for the
HORT are measurements of the carrier phases at the two
operational frequencies. The problem of the unknown addi-
tive phase constant is solved through the phase-difference
approach. The main feature of the HORT inverse problems
from the GNSS data is their high dimensionality. A com-
paratively small angular velocity of GNSS satellite motion
makes it necessary to consider the ionospheric temporal var-
iability, i.e., to state the problem of four-dimensional (4D)
tomography (three spatial coordinates and time) (Kunitsyn
et al. 2010). The 4D problem makes input data incomplete-
ness particularly essential: the satellite-receiver rays do not
illuminate each point throughout the space but leave some
domains blank and, thus, produce data gaps in the regions
with few receivers. Also, the problem of non-uniqueness of
the solution exists. Nesterov and Kunitsyn (2011) proposed
an approach to overcome the non-uniqueness under the con-
ditions of incomplete data. This approach is based on select-
ing the smoothest solution by minimizing a Sobolev norm
for the required function. The HORT technique enables
obtaining spatial-temporal (4D) electron density distribution
in the ionosphere (both global and regional) with a spatial
resolution of about 70-100 km, and with 30—-60 min time
increments in the regions with sufficiently dense networks
of receiving stations. The HORT efficiency is corroborated
by the results of numerous comparisons with ionosonde data
(Kunitsyn et al. 2010, 2013).

For the addressed cases, we obtained HORT reconstruc-
tions of the electron density in the region of Europe based
on the data from 121 stations of the IGS network. The range
of geographic latitudes is —35° to 80°N, longitudes — 10°
to 60°. The step of a spatial-temporal grid for HORT recon-
structions is about 0.7° in longitude, about 0.6° in latitude,
62 km in height, and 1 h in time. Based on the HORT recon-
structions, we calculated the vertical TEC latitude—longi-
tude distributions (TEC maps). For the same spatial grid,
we simulated the TEC maps based on the IRI-Plas and on
the NeQuick. The preliminary comparison of HORT TEC
data with IRI-Plas and NeQuick model results obtained with
and without taking into account updating procedure reveals
that, in average, the model/data discrepancy decreases by

a factor of two after updating procedure. So this procedure
allows to strongly improve slant and vertical TEC represen-
tation in the nearest neighborhood of the GNSS receivers.
The same results were obtained by Nava et al. (2011). The
supplementary materials (Figs. SM2-SM5) show the com-
parison between the model and the observed TEC maps for
all the investigated cases. The qualitative analysis showed
that the empirical models reproduce the TEC latitude—lon-
gitude structure better in March and worst in June. To quan-
titatively estimate the quality of the TEC latitude—longitude
structure in the model, we calculated the Pearson correla-
tion coefficients (PCC) of the modeled and observed TEC
maps. The PCC was calculated for every hour of each of
the 4 days. The correlation calculation was performed for
the TEC spatial distribution functions: experimental, Fexp
(i); model IRI-Plas, Firi (i); model NeQuick, FNeQuick (i).
Here, i is put in the correspondence to the map cell num-
ber (“latitude”—*“longitude” couple). Here, we did not use
updating the models but would like to note that the updating
procedure insignificantly influences the modeled TEC longi-
tude—latitude structure. We addressed three longitude—lati-
tude regions: (1) 35°-80°N, — 10°-60°E; (2) 40°-70°N,
0°—40°E (the region around Kaliningrad with about 1500 km
radius); (3) 50°-80°N, — 10°-60°E (the region around
Sodankyld with about 1500 km radius). According to the
results presented in Tables SM5 and SM6 in the supplemen-
tary material, we can conclude that: (1) the best model-data
agreement of the TEC spatial distribution is obtained for
March 22, 2014, for the autumn equinox and winter solstice
the correlation appeared lower, and the least correlation was
obtained for the summer solstice; (2) the correlation coef-
ficients for the mid-latitude region is, on average, higher than
that of the high-latitude region; (3) the presented seasonal
dependence of the models being able to reproduce the TEC
latitude—longitude structure, correspondingly, may explain
the seasonal dependence of the efficiency of the updating
technique for foF2 determination over Kaliningrad and
Sodankyla. Note that in the situation when modeled TEC is
correct and modeled foF?2 is not correct, the slab thickness
problem may be one of the main issues that were shown by
Migoya-Orué et al. (2015) and Nava et al. (2011).

The joint data analysis showed that, in most of the
addressed cases, the IRI-Plas (upon updating) underesti-
mated the foF?2 values relative to the ionosonde data, and
the NeQuick, on the contrary, overestimated the foF2.
Cherniak and Zakharenkova (2016), from the measure-
ments of GPS signals onboard the GOCE and TerraSAR-X
satellites, showed that, within 500-20,000 km heights, the
IRI-Plas overestimates the TEC, whereas the NeQuick, on
the contrary, underestimates it. Okoh et al. (2018) also
drew a conclusion that the IRI-Plas usually overestimates
the GNSS VTEC, whereas the NeQuick usually underesti-
mates the latter. Gulyaeva and Gallagher (2007) detected
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overestimating the plasmaspheric electron content from
the IRI-Plas as compared with the Global Core Plasma
Model-2000. Thus, overestimating the electron content in
the upper ionosphere should result in underestimating the
foF2, when updating the IRI-Plas. And, inversely, under-
estimating the electron content in the upper ionosphere
should result in overestimating the foF2 when correcting
the NeQuick. These facts are corroborated in the bulk of
our results. Thus, we note the importance of the correct
model description of the plasmasphere while updating
the models using the slant TEC data by GNSS receivers.

To test the correctness of the model’s reproduction
of ionospheric electron content, we used the recovered
height profiles of the electron density from the iono-
sonde data at Irkutsk. We compared these profiles with
the model height profiles of the electron density. Figure 5
shows the results for four instants of March 22, 2014. The
plasma frequency profiles from observations were built as
high as the maximum of the F2 electron density. Appar-
ently, the F2 maximum height in the models is 30—40 km
higher on average than the actually observed one. Both
the shape and the half-thickness of the model ionospheric
layer differ from the observed values. The vertical struc-
ture is described equally incorrectly both for the spring
equinox conditions and for the other days addressed.
We obtained a similar result for Norilsk. Thus, no com-
mon relation was revealed between the diurnal-seasonal
dependency of the model correction efficiency and the
reproduction of the models of the ionosphere height struc-
ture. However, one may confidently assert that it is the
differences in the shape of the height profile that is one
of the principal reasons for the inefficiency of the used
updating technique to determine foF2.

Fig.5 Plasma frequency height

Conclusion

We analyzed the efficiency of updating method of the IRI-
Plas and NeQuick empirical models with the slant TEC data
for the purpose of real-time foF2 updating. For the analysis,
we used foF2 model data and foF2 measurements from VS
stations located near ground-based GNSS receivers. The
technique of updating the ionospheric models is based on
minimizing the discrepancy between the measured and the
modeled TEC by adjusting the effective index Rz12. The
preliminary analysis reveals that in average, the model/
data discrepancy decreases by a factor of two after updating
procedure. So, this procedure is strongly effective for TEC
improvement. Among the principal conclusions of our study,
we may note the following:

1. There is a common seasonal dependence of the effi-
ciency of updating the IRI-Plas and the NeQuick by
using STEC for mid-latitude and sub-auroral iono-
sondes. Of the four magnetically quiet days addressed
in 2014, our updating method operates best in terms of
JoF2 reproduction for equinox conditions and worst for
the solstice conditions. Here, the models using a pre-
dicted Rz12 had the maximal deviation of the foF2 from
the measured ones on March 22, 2014.

2. We studied a seasonal interrelation between the effec-
tiveness of model updating and the correctness of the
TEC latitude—longitude distribution by models. The IRI-
Plas and the NeQuick, generally, reproduce the latitude—
longitude structure of the TEC better during the equinox
but worse during the solstice.

3. Our results indirectly corroborated that the IRI-Plas
overestimates the electron content in the topside iono-
sphere and the plasmasphere, whereas the NeQuick
underestimates the electron content. As a result, the IRI-
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Plas (upon updating) underestimates the foF?2 values,
whereas the NeQuick, on the contrary, overestimates
them. Therefore, the efficiency of the foF?2 reproduc-
tion using the algorithm for updating the IRI-Plas and
the NeQuick varies. Hence, the result of correcting the
ionospheric model by using slant TEC depends on the
choice of climate-based model.

4. Studying the height distribution of the electron content
over Irkutsk showed that both models overestimate the
observed F2-layer peak height by 30—40 km, on average.
The models also describe the F2 half-thickness and the
electron density profile shape incorrectly. It is one of the
principal causes of the inefficient model updating with
the slant total electron content for foF2 reproduction.
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