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Abstract

Ionosphere Associate Analysis Centers (IAACs) of the International GNSS Service (IGS) independently produce global
ionosphere maps (GIMs) of the total electron content (TEC). The GIMs are based on different modeling techniques, resulting
in different TEC levels and accuracies. In this study, we evaluated the accuracy and consistency of the IAAC GIMs during
high (2014) and low (2018) solar activity periods of the 24th solar cycle. In our study, we applied two different evaluation
methods. First, we carried out a comparison of the GIM-derived slant TEC (STEC) with carrier phase geometry-free com-
bination of GNSS signals obtained from 25 globally distributed stations. Second, vertical TEC (VTEC) from GIMs was
compared to altimetry-derived VTEC obtained from the Jason-2 and Jason-3 satellites and complemented for plasmaspheric
TEC. The analyzed GIMs obtained STEC RMS values reaching from 1.98 to 3.00 TECU and from 0.96 to 1.29 TECU dur-
ing 2014 and 2018, respectively. The comparison to altimetry data resulted in VTEC STD values that varied from 3.61 to
5.97 TECU and from 1.92 to 2.78 TECU during 2014 and 2018, respectively. The results show that among the IAACs, the
Center for Orbit Determination in Europe global maps performed best in low and high solar activity periods. However, the
highest accuracy was obtained by a non-IGS product—UQRG GIMs provided by Universitat Politecnica de Catalunya. It
was also shown that the best results were obtained using a modified single layer model mapping function and that the map

time interval has a relatively small influence on the resulting map accuracy.
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Introduction

For over two decades, one of the most important GNSS
applications has been the remote sensing of the ionosphere.
The ionospheric total electron content (TEC) derived from
dual-frequency measurements is used to obtain global iono-
sphere maps (GIMs). GIMs are applied to a wide range of
applications, like precise GNSS positioning and navigation.
For example, single-frequency precise point positioning
(PPP) is often supported by GIMs (van Bree and Tiberius
2012; Cai et al. 2017). GIMs are also used in relative posi-
tioning to derive double-differenced ionospheric corrections
(Grejner-Brzezinska et al. 2007). Since the ionosphere is
the region of the atmosphere that is directly affected by
solar activity, the GIMs are also applied to space weather
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and climate analysis (Jin et al. 2017). Additionally, space
weather studies use empirical ionosphere models, such as
NeQuick 2 or the International Reference Ionosphere (IRI),
which are often updated/validated using GIMs (Nava et al.
2011; Liu et al. 2019).

Therefore, the International GNSS Service (IGS) has pro-
vided ionosphere products since 1998, when the Ionosphere
Working Group was established (Hernidndez-Pajares et al.
2009). Currently, there are seven Ionosphere-Associated
Analysis Centers (IAACs), which produce their own GIMs.
Each center applies different datasets and modeling tech-
niques, resulting in different levels of GIM accuracy. Given
that these ionosphere models serve as a reference for the
actual state of the ionosphere, it is important to model them
reliably. Therefore, there is a need to evaluate their empirical
accuracy levels.

There are several methods of assessing the GIMs accu-
racy. Some authors have investigated the quality of GIMs
against reference TEC derived from GPS data (Li et al.
2015; Chen et al. 2020). However, one has to keep in mind
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that the reference GPS TEC is usually based on carrier-to-
code leveled (CCL) observations presenting the accuracy of
2-10 TECU depending on station latitude and solar activity
(Ciraolo et al. 2007; Brunini and Azpilicueta 2010). Other
authors have evaluated GIMs in positioning applications.
For instance, Rovira-Garcia et al. (2020) have studied their
own fast-PPP ionosphere model together with IGSG (IGS
global maps) and UQRG (global maps from Ion-SAT group
based on kriging) in a single-frequency PPP application. A
similar approach was used by Ghoddousi-Fard and Lahaye
(2016), who have analyzed IAAC GIMs during the selected
nine quiet and stormy days of 2014 and 2015. It should be
noted that this is a unique study, which also evaluates the
influence of the commonly used ionospheric mapping func-
tions. Another approach to validation of the GIM accuracy is
the comparison to precise ground GNSS data. This approach
is often called self-consistency analysis (Oras 2005). It is
based on precise carrier phase measurements and accord-
ing to Feltens et al. (2011), its typical accuracy is about
0.1 TECU. The self-consistency analysis is divided into
two similar techniques. The first one is based on slant TEC
time differences (dASTEC) between two observations with
a similar elevation in the phase-continuous data arc (Orts
et al. 2005). The second, which is a more popular technique,
calculates differences with respect to a reference observation
having the highest elevation in the analyzed arc (Feltens
et al. 2011). In this contribution, however, we apply our own
version of the self-consistency analysis, which is based on
carrier phase data fitting into GIM STEC and post-fit resid-
ual analysis (Krypiak-Gregorczyk et al. 2017).

Another popular and independent validation method is
the comparison with vertical TEC (VTEC) derived from
dual-frequency altimeters (here: ALT_VTEC). Hernandez-
Pajares et al. (2017) have compared both self-consistency
analysis and altimetry-based validation methods confirm-
ing that these approaches are consistent, and therefore,
they highly recommend using both approaches simultane-
ously. One example of applying both methods is the study
published by Roma-Dollase et al. (2018). The authors of
that study evaluated all IAACs & UQRG GIMs focusing
on the comparison between classic, new and resumed
IAACs. Their investigation was made against 15 years of
altimetry measurements and four selected days of GPS
observations. UQRG accuracy has been additionally evalu-
ated with respect to altimetry data using different map
intervals, i.e., 15, 60 and 120 min. Another example is
the study published by Ren et al. (2019), who made com-
parisons of GIMs including dSTEC and ALT_VTEC data,
focusing on the evaluation of the newest real-time GIMs
during the low solar activity period.

However, none of these studies combines consistent
analysis of JAAC GIMs with respect to different solar
conditions, geographical regions, mapping functions
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and map interval using the same dataset and methodol-
ogy. Therefore, in our study, we verify the accuracy of
ionosphere maps addressing the above-mentioned factors
and using the two most popular evaluation methods—self-
consistency analysis and comparison to altimetry TEC
data. However, we modified both approaches to make the
investigation more reliable. For the self-consistency study,
we carefully selected GNSS tracking stations uniformly
covering the globe, which were not used in generating
any GIMs (based on the information provided in IONEX
files). In comparison with VTEC derived from altimetry
missions, we used Jason-2 and Jason-3 satellite data. How-
ever, probably for the first time, the observed ALT_VTEC
was complemented with model-derived plasmaspheric
TEC. Both methods were applied during the full years of
2014 and 2018. These periods were chosen to analyze the
GIM accuracy during both solar maximum and minimum
conditions and its annual variation. In our investigation,
we evaluated all TAAC GIMs and also UQRG GIM. In
addition, we analyzed the influence of the applied mapping
functions and GIM interval.

Analyzed global ionosphere maps

In our study, we tested the final GIMs, providing grids of
vertical TEC values with a spatial resolution of longitude
5° and latitude 2.5°, respectively. Their temporal resolu-
tion ranged from 15 min to 2 h, depending on the model
used (Table 1). The following GIMs provided by seven IGS
IAACs were investigated:

e CASG GIM from the Chinese Academy of Sciences (Bei-
jing, China);

e CODG GIM from the Center for Orbit Determination in
Europe (Bern, Switzerland);

¢ EMRG GIM from the Natural Resources Canada
(Ottawa, Canada);

e ESAG GIM from the European Space Agency/European
Space Operations Centre (Darmstadt, Germany);

e JPLG GIM from the Jet Propulsion Laboratory (Pasa-
dena, United States);

e UPCG GIM from the Polytechnic University of Catalonia
(Barcelona, Spain);

e WHUG GIM from Wuhan University (Wuhan, China).

In addition, we investigated the UQRG GIM provided
by the Ion-SAT group from the Polytechnic University of
Catalonia (UPC) because of its higher temporal resolution
(15 min) and the final combined IGS product. All of these
models are described in more detail below.

The Chinese Academy of Sciences (CAS) joined the
IGS as an Ionosphere Associate Analysis Center in 2016.
They generate global ionosphere maps using the Spherical
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Table 1 Summary of the

; . GIM ID Method Shell model Time resolution

different global ionosphere

maps (GIMs) assessed in this CASG Spherical harmonics plus generalized ~ Single-layer 2h/0.5 h®

work trigonometric series
CODG Spherical harmonics Modified single-layer 2h/1h°
EMRG* Spherical harmonics Single-layer 1h
ESAG Spherical harmonics Single-layer 2h
IGSG Weighted mean Combined 2h
JPLG Spherical triangles with splines Three-shell model 2h
UPCG Tomographic with splines 2-layer voxel model 2h
UQRG® Tomographic with kriging 2-layer voxel model 15 min
WHUG Spherical harmonics and inequality- Single-layer 2h

constrained least squares

The superscripts have the following meaning: *‘EMRG is available since April 2015; "UQRG is not an offi-
cial International GNSS Service (IGS) product; “year 2014/2018

Harmonics function plus generalized Trigonometric Series
(SHPTS). In this approach, the GIM product is generated
using the following two steps. Firstly, the variation of iono-
spheric TEC is modeled using the Spherical Harmonic (SH)
function on a global scale and the Generalized Trigonometric
Series function on a regional scale. In the following step, the
GIM product is calculated using the improved DADS (dif-
ferent areas, different stations) method. The SHPTS method
adopts a single-layer model with a layer height of 450 km.
CAS provides ionospheric products in the IONosphere map
EXchange (IONEX) format (Schaer et al. 1998), consisting
of 49 maps with a 30-min temporal resolution (Li et al. 2015).

The CODE has been a member of the Ionosphere Work-
ing Group since its inception in 1998. To generate daily
VTEC maps, it uses GPS/GLONASS data from about 300
globally distributed stations. SH expansion is used to param-
eterize vertical TEC in a solar-geomagnetic frame. Slant
TEC is converted into VTEC using a modified single-layer
model mapping function.t approximates the JPL extended
slab model mapping function. The final CODE GIM results
correspond to the results for the middle of the day of a
3-day combination analysis. In the combination 73 x 256,
or 18,688 VTEC parameters and 3 daily sets of differential
code bias (DCB) constants are solved. In this way, discon-
tinuities at the borders of the day can be minimized. The
CODE ionospheric product is based on double-difference
data, and it is provided in the [IONEX format. Each IONEX
file includes 25 VTEC maps with a time spacing of 1 h
(Schaer 1999).

The Canadian Geodetic Survey (CGS) of Natural
Resources Canada (NRCan) was a member of the Iono-
sphere Working Group from its inception until 2003, and it
resumed the provision of ionosphere products in April 2015.
The global ionosphere maps are generated on a daily basis
using GPS data (from 2016, also GLONASS). The TEC is
modeled with SH up to a degree and order of 15, adopt-
ing a single-layer model in a geomagnetic reference frame.

Every day, twenty five hourly maps are derived from the
data recorded by about 350 IGS stations (Ghoddousi-Fard
etal. 2011).

The IGS Analysis Centre of the European Space Agency
(ESA) is located at the European Space Operations Centre
(ESOC) in Darmstadt, Germany. The ESA/ESOC, which
has been involved in the Ionosphere Working Group since
its establishment in 1998, develops its global ionospheric
maps using a single-layer approach (layer height 450 km)
in a solar-geomagnetic reference frame. The vertical TEC
is modeled by spherical harmonics in combination with a
daily receiver and satellite DCBs. Ionosphere products are
delivered in the final mode with a 2-h time resolution and
rapid mode with 2-h and 1-h time resolutions. In 2013, the
ESOC ionosphere processing software IONMON (Iono-
sphere Monitoring Facility) became an integral part of
ESOC NAPEOS (Navigation Package for Earth Orbiting
Satellites) software. Since then, GLONASS data have been
processed in combination with GPS data (Feltens 2007).

The Jet Propulsion Laboratory (JPL) in Pasadena (USA)
has been part of the Ionosphere Working Group since 1998.
The global ionosphere maps are produced using GPS data. In
the IONEX format, ionosphere products consist of 13 VTEC
maps with a 2 h temporal resolution. At the beginning of
the twenty-first century, a three-shell model was introduced
instead of a common single-shell model. In this model, the
layers are placed at fixed altitudes of 250, 450, and 800 km.
However, single-shell maps are provided to the IGS. The
JPL product is a data-driven model that uses a Kalman filter-
based approach to fit slanted TEC observables derived from
GPS data into the model (Mannucci et al. 1998).

The Polytechnic University of Catalonia (UPC) has contrib-
uted to the Ionosphere Working Group since its inception in
1998. Ionosphere maps are generated using Tomographic Ion-
osphere model software (TOMION) with spline interpolation.
Instead of a single-layer approximation, the UPC uses a 2-layer
voxel model. To derive raw information from GNSS signals,
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they use only carrier phase observables, whose ambiguities
are estimated with a Kalman filter. IONEX products consist of
thirteen 2-hourly ionosphere maps (Hernidndez-Pajares et al.
1999). UPC also provides an additional UQRG high-resolution
model, which uses kriging interpolation instead of splines. It
contains 97 TEC maps with a time spacing of 15 min. UQRG
is not an official IGS product, but it was also evaluated in this
study (Orts et al. 2005).

Wuhan University is the second new contributor to the Ion-
osphere Working Group since 2016. They provide ionosphere
products containing rapid and final GIMs (labeled WHRG and
WHUG). To represent global ionospheric maps, they use SH
expansion. The global ionospheric maps are based on a single-
layer model. Wuhan University uses a new algorithm, called
inequality-constraints least squares adjustment, to reconstruct
VTEC models. Each IONEX product with thirteen 2-h iono-
sphere maps is provided in IONEX format (Zhang et al. 2013).

Finally, the final IGS product is a combination of individual
products provided by IAACs (Hernindez-Pajares et al. 2009).
However, IGS IONEX files provided for 2014 are based on
CODE, JPL, and ESA GIMs only, and for 2018, they are based
on CODE and JPL GIMs.

Comparison with GPS STEC data: self-consistency
analysis

One of the methods to evaluate the quality of GIMs is the
direct comparison to ground GNSS observations. The compu-
tation process is based on the extraction of slant TEC (STEC)
data from the geometry-free linear combination of carrier-
phase observables:

+ BX

LfGF = Llf - LZ:'( = _‘):GFAI;{ iGF ey

B?GF = ’1le1 - ’12N5f2 - (blil - bliz) — (b —bni) @

where k and i are the satelli}e and receiver indexes, respec-
verts the ionospheric delay (AI¥) at the L, signal to the
delay related to L1; f1, f2 are the L1 and L2 signal frequen-
cies; Bf.‘GF is the carrier phase bias; 4, and 4, are signal
wavelengths; N stands for the carrier phase ambiguities; and
b denotes hardware delays.

As it was already mentioned, in this study, we used
our own approach for the self-consistency analysis, as
presented by Krypiak-Gregorczyk et al. (2017). In this
method, GIMs were used independently to calibrate the
carrier phase bias (BfGF) for each continuous carrier phase
observational arc. As the raw STEC values from GNSS
measurements are biased by unknown carrier phase bias,
the bias has to be removed by the following STEC calibra-
tion procedure (see Fig. 1):

tively; égrp =1 —¢&=1—"2% = —0.647 is a factor that con-

e Geometry-free linear combination of carrier phase obser-
vations (LY ) was formed for each continuous data arc
(red line in Fig. 1-left panel);

e VTEC values from each GIM were interpolated for each
data arc using the method recommended in the technical
note by Schaer et al. (1998);

e Interpolated VTEC data were converted to STEC
(denoted GIM_STEC, blue line in Fig. 1-left panel) val-
ues using the single-layer model (SLM) mapping func-
tion presented by Schaer (1999);

e Carrier phase bias was estimated by fitting carrier phase
data (Lsp) into GIM_STEC, which resulted in the deter-
mination of calibrated STEC data (denoted GNSS_
STEC, red line in Fig. 1-middle panel);

Lﬁsr K ing i
: Ligr after fitting into GIM ;
(cc?antgn:%s GIM_STEC (GNSS_STEC) STEC Tsudums
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Fig.1 Scheme of the LfG 1 data fitting into GIM_STEC (GNSS_STEC calibration procedure)
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e Then, post-fit residuals were used to calculate RMS,
which served as a consistency metric (blue line in Fig. 1-
right panel).

Since GNSS_STEC values are based on real GNSS
observations, they precisely reflect actual ionospheric STEC
variations and, therefore, may serve as a reference for GIM_
STEC. However, one has to note that the absolute level of
GNSS_STEC is driven by the TEC level from a particular
GIM used for calibration.

In order to validate GIMs by GNSS_STEC, 25 globally
distributed stations were selected (Fig. 2). The geographical
distribution of the stations enabled the analysis of the accu-
racy of GIMs in three geomagnetic regions: a low-latitude
region (from 30° S to 30° N), a mid-latitude region (from
30° to 60° in both hemispheres), and a high-latitude region
(from 60° to 90° in both hemispheres). In the analysis, GPS
carrier phase L1 and L2 observables with 30-s intervals and
25° elevation cut-off were used.

The RMS values of post-fit residuals between GIM_
STEC and GNSS_STEC were calculated for each PRN, sta-
tion, and day. Some examples of GIM_STEC, GNSS_STEC,
and post-fit residuals for IGSG and UQRG for a quiet day
are shown in Figs. 3 and 4 (January 5, 2014, max Kp=10).
Two stations, ABOO and KATO, were selected, correspond-
ing to low-latitude and mid-latitude regions, respectively.
Continuous GPS data arcs observed by both stations were
selected for the same time of day, roughly between 8:00 and
14:00 local time. A significant difference in residual values
between the two selected stations located at the abovemen-
tioned regions can be observed. For station KATO, residu-
als did not exceed +2 TECU, while at ABOO station, they
reached up to+ 10 TECU.

It is known that the TEC level is driven by the solar activ-
ity level and geomagnetic conditions. Hence, Fig. 5 presents
another example under the most difficult conditions, such as
a low-latitude region (ABOO station), a high solar activity
period (year 2014), and the most geomagnetically disturbed
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Fig.2 Distribution of GNSS-tracking stations used for self-consist-
ency analysis
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Fig.3 Example GNSS_STEC for PRN27 (red line), GIM_STEC
(blue line) (left) and post-fit residuals (right) for low-latitude ABOO
station (January 5, 2014)

day (February 19, 2014, max Kp=6). This resulted in very
high residuals reaching almost 30 TECU. Since 1 TECU
causes 0.162 m of L1 signal delay, a bias of 30 TECU may
cause a bias of over 4.5 m in ionospheric corrections.

The daily RMS values in the two analyzed years, 2014
and 2018, are presented in Figs. 6 and 7, respectively. In
2014, eight models were tested. Since EMRG resumed its
TAAC activity in 2015, nine models were tested in 2018.
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Fig.4 Example GNSS_STEC for PRN32 (red line), GIM_STEC
(blue line) (left) and post-fit residuals (right) for mid-latitude KATO
station (January 5, 2014)
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Fig.5 Example GNSS_STEC for PRN17 (red line), GIM_STEC
(blue line) (left) and post-fit residuals (right) for low-latitude ABOO
station (February 19, 2014)

Fig.6 F10.7 index and daily

During the high solar activity period (2014), the daily RMS
for each GIM ranged from approximately 1.0 to 4.5 TECU.
Based on daily RMS, a mean annual RMS was calculated for
each GIM (Table 2). Among all analyzed models, the lowest
annual RMS, and the only one below 2 TECU, was derived
for the UQRG model, while among the TAAC models,
the lowest RMS was obtained for the CODG model (2.44
TECU; see Table 2). The highest annual RMS was obtained
for the ESAG model (3.00 TECU). For any tested GIMs,
the highest daily RMS values were observed around the
beginning of March and October (about 60 and 300 DOY,
respectively), which may be related to the equinox periods.
Similar behavior was observed by Orts-Pérez (2019), who
studied the accuracy of the Galileo NeQuick model over the
whole year of 2017. It is worth noting that the UQRG model,
even at these two RMS peaks, did not exceed 3 TECU with
few exceptions.

In 2014, the daily solar flux F10.7 index ranged from 89
to 253 sfu. As shown in Fig. 6, there is a significant correla-
tion between the GIM accuracy and F10.7 index. It can be
seen that the daily RMS is correlated with ~30-day Solar
rotation period. On the other hand, there is no clear depend-
ency between the RMS and geomagnetic conditions. During

2014
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Table2 Annual RMS [TECU]

h GIMs Mapping func-

for all analyzed GIMs in 2014 tion

obtained with the use of SLM

and MSLM mapping functions SLM MSLM
CASG 249 241
CODG 244 236
EMRG* - -
ESAG 3.00 295
IGSG 254 244
JPLG 280 2.64
UPCG 262 257
UQRG" 1.98 193
WHUG 250 243

UQRG® 2h) 230 224

The superscripts mean: “‘EMRG
is available since April 2015;
PUQRG is not an official Inter-
national GNSS Service (IGS)
product

the three most geomagnetically disturbed days in 2014—
DOY 50 with Y Kp=340; DOY 159 with Y Kp=33o;
DOY 51 with ) Kp=32——the average daily RMS from
all GIMs amounted to 3.34, 2.02 and 3.15 TECU, respec-
tively. However, the average daily RMS exceeded 3.50
TECU thirteen times during this year, reaching its highest
value of 3.83 TECU on a geomagnetically quiet day (DOY
95, Y Kp=19-). This is because the daily RMS is a global
indicator, and the most disruptive storm effects usually have
a regional character. Moreover, the duration of storms also
has an impact on RMS. For example, if a storm starts in the
evening, its influence on the daily RMS is less pronounced.
In our study, we also examined the impact of the most
popular ionospheric mapping function on the self-consist-
ency analysis results. The mapping function used to convert
VTEC into STEC values was derived from Schaer (1999):

1

where z is the zenith distance at the receiver’s location; R
is the mean earth radius; H is the height of the single layer;
and a is a correction factor.

The standard SLM mapping function applies R=6371
km, H=450 km, and a=1, while the Modified Single
Layer Model (MSLM) mapping function applies R=6371
km, H=506.7 km, and a=0.9782 (Feltens et al. 2018).
Most of the IAACs, e.g., CODE, ESA, and NRCan, use the
MSLM mapping function, which is the best fit to extended
slab model mapping function used by JPL (Coster et al.
1992). The SLM mapping function is used by only a few
IAACs, e.g., CAS, but UPC also recommends it for both

F(z) =

GIMs — UQRG and UPCG. On the other hand, all IAACs
define H=450 km in the IONEX headers. In our opin-
ion, this suggests using the SLM mapping function for
IAAC GIMs. Nevertheless, we additionally calculated the
self-consistency analysis with GIM_STEC derived using
the MSLM mapping functions. As shown in Table 2, for
any tested GIMs, the MSLM mapping function results in
lower annual RMS. The most noticeable improvement
in the annual RMS was obtained for JPLG GIM—5.5%,
while the smallest one being 1.9% was achieved for ESAG
GIM. In the study by Ghoddousi-Fard and Lahaye (2016),
the MSLM mapping function also performed better in a
single-frequency PPP solution supported by various IJAAC
GIMs.

Another factor that may affect the GIMs accuracy is their
temporal resolution. The IAAC GIMs provide their [ONEX
files with a varied interval, which has changed over the years
and currently ranges from 15 min to 2 h (see Table 1). There-
fore, in order to analyze the impact of GIMs interval, we
reduced the time resolution of each higher-resolution GIM
to 2 h. In 2014, only UQRG GIM was provided with 15-min
interval. As shown in Table 2 UQRG GIM in their original
form performed the best among all tested GIMs. Although
reducing the interval worsened the annual RMS by about
16%, UQRG GIM still has the lowest annual RMS (Table 2,
last row), indicating that the underlying methodology has a
greater impact on the GIM accuracy. This confirms findings
presented by Roma-Dollase et al. (2018).

In the second analyzed year, corresponding to the solar
minimum, the daily and annual RMS values were clearly
lower (Fig. 7). The daily RMS for each model ranged from
approximately 0.7-1.6 TECU. Similar to 2014, there were
increased RMS values around equinox periods, but this phe-
nomenon was less pronounced. In 2018, in turn, the UQRG
model was characterized by the lowest annual RMS value,
but the CODG GIM also performed very well (Table 3).
These two models were the only ones reaching annual RMS
no higher than TECU, amounting to 0.96 and 1.00 TECU,
respectively. The highest RMS value of 1.29 TECU was
derived for the EMRG maps.

In 2018, the daily solar flux F10.7 index ranged from 65
to 85 sfu, presenting much lower amplitude than in 2014.
Therefore, during the solar minimum, the correlation with
RMS is less pronounced (Fig. 7). There is also no clear
dependency of the RMS on geomagnetic conditions. For
example, the average daily RMS from all GIMs amounted
to 1.31 TECU on the most disturbed day (August 26 with
Y Kp=42+), while the highest average RMS of 1.44 TECU
was obtained on May 6 (3 Kp=30-). However, the second
highest RMS was obtained on the second most disturbed day
(April 20). This shows that in some cases, strong geomag-
netic disturbances affect the accuracy of GIMs, but this is
not the general rule.
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Table 3 Annual RMS

[TECU] for all analyzed O'MS Mapping function

GIMs in 2018 obtained SLM MSLM

with the use of SLM and

MSLM mapping functions CASG 1.10 1.09
CODG 1.00 0.98
EMRG* 1.29 1.28
ESAG 1.25 1.23
IGSG 1.12 1.08
JPLG 1.24 1.16
UPCG 1.15 1.13
UQRG" 0.96 0.93
WHUG 1.12 1.10

CASG (2h) 1.12 1.11
CODG (2 h) 1.09 1.07
EMRG* (2 h) 1.38 1.37

The superscripts mean:
“EMRG is available since
April 2015; PUQRG is not

an official International b
GNSS Service (IGS) prod-  UQRG’ (2h) 1.06 1.04
uct

Similarly to the 2014 case, the application of the MSLM
mapping function increases the accuracy of STEC from all
analyzed GIMs. The improvement ranged from 1.0% for
CASG and EMRG to 5.9% for JPLG (Table 3). For all GIMs
except JPL, this improvement was slightly lower compared
to the 2014 results.

In 2015 CAS, CODE and NRCan started to provide
IONEX files with higher temporal resolution (see Table 1).
Therefore, these GIMs were analyzed with their interval
reduced to 120 min to match the other maps. Reducing the
interval increased the annual RMS by around 2%, 9%, 7%,
and 11% for CASG, CODG, EMRG, and UQRG, respec-
tively. Considering the tests with 2-h temporal resolution,
UQRG and CODG still performed the best, similarly to their
higher resolution versions.

To analyze the performance of GIMs over different geo-
magnetic regions, we have also evaluated the annual RMS
for each of the three distinctive regions (Fig. 8). In both
2014 and 2018, the analyzed models reached quite similar
levels of RMS in the mid- and high-latitude regions. How-
ever, in 2014, most GIMs have slightly higher RMS in the
high-latitude region than in the mid-latitude region. This is
because dense networks of GNSS stations cover the mid-
latitude region, and also, the ionosphere is the most stable
there (Hunsucker and Hargreaves 2002). As expected, RMS
values in the low-latitude region were significantly higher.
These differences were greater during the solar maximum
period, reaching about 1.5 TECU. One can observe that the
modeling in low-latitude region is still a challenging task
due to the highest TEC level being present around the equa-
torial anomaly and also due to the large ocean areas with
less dense GNSS station networks. Again, for each of the
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analyzed regions, the UQRG model presented the highest
accuracy.

A summary of the RMS analysis is given in Fig. 9. The
results confirm a clear RMS dependency on different peri-
ods of the solar activity cycle. By comparing the RMS val-
ues of each model for the two analyzed years, we found a
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Fig.9 Summary of the annual RMS values based on a comparison
with ground GNSS observations for all analyzed GIMs in 2014 and
2018. The superscripts mean: *EMRG is available since April 2015;
PUQRG is not an official International GNSS Service (IGS) product
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significant deterioration of model accuracy during the high
solar activity period (2014). In each of the available mod-
els, the level of RMS differed between 2014 and 2018 by
approximately 1-2 TECU. Comparing to 2014, the annual
RMS in 2018 was lower by more than 50%.

Table 4 presents the relative accuracy of the analyzed
GIMs, based on the ratio of the residuals to the analyzed
GIM STEC level. It can be observed that the overall rela-
tive STEC accuracy ranged from 5.9% (UQRG) to 10.7%
(WHUG) in 2014. In 2018, due to the generally much lower
TEC level, the relative error ranged from 7.9% (UQRG) to
23.9% (ESAG). In the case of ESAG, this error increased
almost threefold. This increase is caused by generally very
low TEC level, often under 1 TECU, at northern high-lati-
tudes in Winter months in ESA GIMs. In general, our rela-
tive errors are clearly lower than those provided by Roma-
Dollase et al. (2018), where the authors reported errors of
20-30%. Note, however, that in our study, better results
come from a different approach to self-consistency analy-
sis. Nevertheless, the rank of the GIMs is consistent in both
studies.

Comparisons with altimetry-derived VTEC

Nowadays, several altimetry satellites are equipped with
dual-frequency radar altimeters that scan almost the whole
ionosphere in the nadir direction. Using two frequencies
enables the determination of the ionospheric signal delay
below the satellite orbit. Therefore, the ionospheric delays
in the range can be used for TEC determination by a reverse
formula:

dR - f?

TEC? =
c 40.3

“
where f is the frequency in Hz and dR is the ionospheric
range correction.

Altimetric VTEC measurements are limited to sea/ocean
areas. Therefore, altimetry-derived TEC (ALT_VTEC) is an
important source of validation for GNSS TEC models over
oceans, where the number of GNSS stations is limited. TEC
values from different global models (GIM_VTEC) can then
be compared with ALT_VTEC over the oceans. However,
TEC values derived from altimetric ranging are affected by
significant noise, and a smoothing process has to be applied.

The random character of the noise and its size result in the
accuracy typically being slightly worse than 1-2 TECU, so
a filter based on the median is often sufficient (Hernandez-
Pajares et al. 2017). This study applied data from Jason-2
and Jason-3, which carry Poseidon-type dual-frequency
radar altimeters that emit pulses at two frequencies: 13.6
and 5.3 GHz. Both missions operate at an altitude of around
1340 km. An example of a daily ground track of Jason-2 is
presented in Fig. 10.

Since altimetric measurements provide VTEC data
only up to satellite orbital height, i.e., slightly over 1300
km, direct ALT_VTEC data do not include plasmaspheric
TEC values. On the other hand, each of the IAACs pro-
vides GIM_VTEC data up to the GPS satellite orbit (20,200
km). This difference in the upper boundary between ALT_
VTEC and GIM_VTEC can significantly affect the analysis
results. Therefore, in our investigation, we complemented
the observed ALT_VTEC data with model-derived plasmas-
pheric TEC data to achieve consistency with GIM_VTEC.
Here, plasmaspheric TEC values were derived from the
NeQuick 2 model, which is the latest version of the NeQuick
ionosphere electron density model (Nava et al. 2008).
According to the NeQuick 2 model, TEC values above the
altimeter orbit vary from 0.2 TECU to 4.7 TECU for the
analyzed data.

To validate the analyzed GIMs, we calculated the differ-
ences between ALT_VTEC and GIM_VTEC data. Then,
we calculated the daily mean bias, RMS, and STD val-
ues of the differences. Since ALT_VTEC data are also
affected by unknown instrumental bias, we focused our
analysis on the STD parameter. This approach has also

Fig. 10 Daily ground track of Jason-2 on January 1, 2014

Table 4 Relative accuracy of Year ~CASG CODG EMRG* ESAG IGSG JPLG UPCG UQRG® WHUG
all analyzed GIMs based on a

comparison with ground GNSS 2014 72 9.4 - 9.7 6.8 6.7 6.6 5.9 10.7
observations [%] 2008 139 173 1Ll 239 95 84 88 7.9 192

IEMRG is available since April 2015. The superscripts mean: "UQRG is not an official International GNSS

Service (IGS) product
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Fig. 11 Example of ALT_VTEC and GIM_VTEC comparison (orbit
#171, January 1, 2014)

been recommended by Roma-Dollase et al. (2018). An
example of a comparison of ALT_VTEC from orbit #171
to GIM_VTEC derived from four selected GIMs is pre-
sented in Fig. 11.

During the year of 2014, corresponding to the solar
maximum, daily and annual STDs with respect to the
Jason-2 VTEC are presented in Fig. 12 and Table 5,
respectively. The resulting STD for all analyzed models
is clearly higher than the RMS in the GNSS_STEC analy-
sis. The daily STD of all GIMs ranges from about 2 to
nearly 12 TECU. Despite the greater variation, the distri-
bution of the daily STD is very similar to that provided in
Fig. 6 with even more evident peaks around the equinox
periods. Again, the UQRG model performed best. This
is the only model that obtained an annual STD below 4

Fig. 12 Daily GIM_VTEC STD

distribution based on a compari- 12 T : .

son with the Jason-2 data for all
analyzed GIMs in 2014

STD [TECU]
(3] 2] 5

N

TECU. The ESAG model differed significantly from the
other GIMs. This model obtained the highest annual STD
value of almost 6 TECU, while the other models did not
exceed 5 TECU.

The results presented in Table 5 show that the addition
of the plasmasphere to raw ALT_VTEC data results in an
improvement in the consistency with GIM_VTEC data
(STD) by 1-6%. A clearer improvement was observed in
the bias that ranges from — 2.1 TECU (JPLG) to 0.8 TECU
(ESAG). It should be noted that CASG, UPCG and UQRG
have bias even close to 0 TECU. The bias with no plas-
maspheric correction, however, ranged from — 3.9 TECU
(JPLG) to — 1.0 TECU (ESAG). As we already mentioned,
ALT_VTEC consists of an altimeter hardware bias of a few
TECU. Hence, zero bias with respect to GIM_VTEC does
not necessarily means the highest accuracy. In such com-
parisons, STD is still the most important indicator of GIM
quality.

The GIM_VTEC accuracy was also analyzed with respect
to the map interval (see Table 5, last row). When reduc-
ing the temporal resolution to 120 min, the annual STD for
UQRG increased by around 5%, and negligible differences
were observed in the bias level. Despite reducing the inter-
val, UQRG still performed best.

During the solar minimum (2018), the same study was
performed. However, we processed data from two altimetric
satellites: Jason-2 and Jason-3 (Fig. 13). Note that for the
Jason-2 satellite, there were some data gaps due to orbital
changes related to the end of the mission. Nevertheless,
there was a high level of consistency between the results
of the two analyzed satellites. There were STD peaks at the
same periods of the year for both satellites, similar to the
results from 2014. The daily STD of each analyzed model
for Jason-2 as well as Jason-3 ranged from approximately
1.5 to 4 TECU, with a few exceptions. In terms of the annual
STD, among IAAC members, the UPCG model obtained
the best result—2.04 TECU for Jason-2 and 2.20 TECU for

2014 - Jason-2
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Table5 Annual mean bias and STD [TECU] from comparisons to
Jason-2 data for all analyzed GIMs in 2014

GIM Bias  Bias (no plasmas- STD  STD (no plasmas-
phere correction) phere correction)

CASG 0.00 -1.77 466 4.88

CODG 0.17 -1.59 487 5.09

EMRG* - - - -

ESAG 080 —-0.97 597 6.04

IGSG 051 -227 464 4.86

JPLG 2.14 -390 476 5.05

UPCG 0.13 —-1.89 445 449

UQRG" 001 -1.76 3.61 3.73

WHUG 041 —1.36 471 4093

UQRG" (2h) 0.00 -1.77 381 3.92

The superscripts mean: “EMRG is available since April 2015;
YUQRG is not an official International GNSS Service (IGS) product

Fig. 13 Daily GIM_VTEC STD

Jason-3 (see Tables 6, 7). However, once again, the UQRG
model reached the lowest annual STD from all the analyzed
maps, which amounted to 1.92 and 2.09 TECU for Jason-2
and Jason-3, respectively. Similar to the UPCG and UQRG
GIMs, all analyzed models reached slightly higher annual
STD values for Jason-3 than for Jason-2. For both altimeters,
the highest annual STD was obtained for the ESAG model.

Again, the plasmaspheric corrections reduced STD for
all GIMS by around 0.2-0.3 TECU for both Jason-2 and
Jason-3 (from 7% for UPCG to 11% for JPLG). However, in
2018, adding the plasmaspheric corrections to Jason-2 data
resulted in increased bias between ALT_VTEC and GIM_
VTEC by around 0.8 TECU for all GIMs. On the other hand,
adding these corrections to Jason-3 data reduced the bias
on average by 0.9 TECU, with ESAG bias being close to 0
TECU. Interestingly, the bias between Jason 2 and Jason 3
VTEC data is around 2.25 TECU.

During the low solar activity period, four higher-resolu-
tion TAAC GIMs were analyzed with the interval reduced to
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Table 6 Annual mean bias and STD [TECU] from comparisons to
Jason-2 data for all analyzed GIMs in 2018

GIM Bias Bias (no plasmas- STD STD (no plasmas-
phere correction) phere correction)
CASG 2.05 1.25 226 2438
CODG 1.89 1.09 222 244
EMRG?* 1.57 0.77 242 248
ESAG 2.16 1.36 2.64 2.83
IGSG 0.90 0.10 2.17 242
JPLG -028 -1.07 2.26 2.53
UPCG 1.17 0.37 2.04 2.18
UQRG" 1.20 0.40 1.92 2.10
WHUG 1.91 1.11 230 2.51
CASG (2 h) 2.04 1.25 225 247
CODG (2 h) 1.89 1.09 223 245
EMRG? (2 h) 1.58 0.78 240 246
UQRG® (2 h) 1.20 0.40 195 2.12

The superscripts mean: EMRG is available since April 2015;
bUQRG is not an official International GNSS Service (IGS) product

Table 7 Annual mean bias and STD [TECU] from comparisons to
Jason-3 data for all analyzed GIMs in 2018

GIM Bias Bias (no plasmas- STD STD (no plasmas-
phere correction) phere correction)
CASG -025 -1.15 244 2.69
CODG -038 -129 237 262
EMRG* -053 —-144 257 2.64
ESAG -0.07 -0.97 278 3.01
IGSG -141 -231 234 261
JPLG —-2.62 —-353 245 273
UPCG -1.02 -193 220 237
UQRG® -1.03 -193 2.09 230
WHUG -037 -127 246 270
CASG(2h) -025 -1.16 244 2.68
CODG (2h) —-0.37 -1.28 239 2.64
EMRG*(2h) —-0.52 -143 255 262
UQRG®(2h) —1.02 —1.93 212 232

The superscripts mean: “EMRG is available since April 2015;
YUQRG is not an official International GNSS Service (IGS) product

120 min. The results for both Jason-2 and Jason-3 satellites
are shown in Tables 6 and 7, respectively. For Jason-2 satel-
lite, the application of 2-h interval increased the annual STD
by only 0.3%, 0.6%, 0.8% and 1.3%, whereas for Jason-3 by
0.1%, 1.0%, 0.5% and 1.5% for CASG, CODG, EMRG and
UQRG, respectively. In comparison to 2014, the increase of
STD was much lower. Again, GIM interval had negligible
impact on the bias.
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Fig. 14 Annual GIM_VTEC STD values for low-, mid-, and high-
latitude regions for all analyzed GIMs based on comparisons with
the Jason-2 satellite data for 2014, and with the Jason-2 and Jason-3
data for 2018 (from top to bottom). The superscripts mean: *‘EMRG
is available since April 2015; bUQRG is not an official International
GNSS Service (IGS) product

Altimetry data were also evaluated with respect to the
three selected geomagnetic regions (Fig. 14). In both 2014
and 2018, the highest STD value occurred in the low-
latitude region for all GIMs. In 2014, the annual STD for
the low-latitude region amounted to 4.6—7.1 TECU, and it
was ~90% higher than that for mid-latitudes. However, in
2018, it amounted to 2.2-2.9 TECU and was higher than that
for mid-latitudes by around 20%. STD for the high-latitude
region was the lowest for both 2014 and 2018. Comparing to
the GNSS_STEC RMS analysis, the STD at the high-latitude
area are clearly lower than at mid-latitudes. This may be
caused by the fact that altimeter footprints reach only + 66°
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latitude, while selected GNSS stations spread from — 86°
to+ 80°, and therefore, GNSS probes more varied higher-
latitude ionosphere. Again, in 2014, the lowest annual STD
value for the three geomagnetic regions was obtained with
the UQRG model. In 2018, the annual STD for the low-
latitude region was also the lowest for the UQRG GIMs.
However, for the mid- and high-latitude regions, the UPCG
product obtained the best or the same results as UQRG.

A summary of the annual STD data for both Jason-2 and
Jason-3 is given in Fig. 15. Comparing the data from two
analyzed years, we can observe a significant increase in the
annual STD during the high solar activity period (2014).
Between 2014 and 2018, the annual STD differed by around
1.5 to 3.3 TECU. For each analyzed GIM, the annual STD
value obtained from the new Jason-3 satellite was slightly
greater than that from the Jason-2 satellite.

Summary and conclusions

This study validated the GIMs provided by seven IGS
TAACs, IGS combined products, and UQRG high-resolu-
tion maps provided by the UPC. The study was performed
during high (2014) and low (2018) solar activity periods
with the use of two different approaches. First, we compared
GIM_STEC to GNSS_STEC derived from 25 globally dis-
tributed GNSS-tracking stations. In this approach, we also
evaluated GIMs using the two most popular ionospheric
mapping functions—SLM and MSLM. Second, GIM_VTEC
was compared with the altimetry-derived and plasmasphere-
complemented ALT_VTEC data from Jason-2 and Jason-3
satellites. The GIM comparisons to both GNSS_STEC and
ALT_VTEC were carried out with respect to three geomag-
netic regions. In addition, we analyzed higher-resolution
GIMs with a reduced interval to 120 min.
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Fig.15 Annual GIM_VTEC STD values for all analyzed GIMs
based on comparisons with the Jason-2 and Jason-3 data for 2014 and
2018. The superscripts mean: *EMRG is available since April 2015;
YUQRG is not an official International GNSS Service (IGS) product

We observed a good consistency between different GIMs
(Figs. 9, 15). Furthermore, there was a good agreement in
terms of the rank of the models, whether GIMs were com-
pared to GNSS_STEC or to ALT_VTEC. In both com-
parisons, the results confirm a clear dependency of model
accuracy on the 11-year solar activity cycle. In general, the
accuracy of GIMs was found to be around two times lower
during the high solar activity period compared with the low
activity one. The validation with GNSS data showed that
the annual RMS varied from 0.96 to 1.29 TECU during the
low solar activity period and from 1.98 to 3.00 TECU during
the high solar activity period. In comparison with altim-
eter data, the annual STD varied from 1.92 to 2.78 TECU
and from 3.61 to 5.97 TECU during the solar minimum and
maximum periods, respectively. It is interesting to see that
the application of MSLM mapping function always provided
more accurate results. This suggests that MSLM may be
recommended to be used with IAAC IONEX data over the
standard SLM mapping function.

Increasing map interval increased the annual RMS by
2% to 16% for CASG in 2018 and UQRG in 2014, respec-
tively. In comparison to ALT_VTEC data, increased GIM
interval also increased the resulting STD, but to a lesser
extent—from 0.1 to 5.5%. Note that in the case of UQRG
we reduced the GIM temporal resolution eightfold, but the
resulting accuracy is reduced up to 16% only. In the case of
CASG, reducing map resolution has a very small impact on
the results. Moreover, the CASG maps provided for 2018
have the second-highest temporal resolution (30-min), but
their results were not better than those of, e.g., CODG pro-
vided with 60-min resolution. This suggests that the underly-
ing methodology has a greater impact on the map accuracy
than the map interval.

When the performance of the GIMs was considered in
relation to the three geomagnetic regions, it was shown that
the low-latitude region was modeled with the lowest accu-
racy. Modeling in this region is still a challenging task due
to the higher TEC over the equatorial anomaly as well as
the limited amount of data due to ocean areas. GNSS_STEC
comparisons showed that the GIM_STEC RMS value for the
low-latitude region is usually two times higher than that for
mid- or high-latitude ones, regardless of the solar activity. In
the case of GIM_VTEC, the low-latitude region presented
an STD value around 90% higher than that of other regions
during periods of high solar activity. However, during the
low solar activity period, the annual STD value was only
around 20% higher for this region.

The highest accuracy level for both GNSS and altim-
etry comparisons was obtained for UQRG, even with the
increased interval, which may indicate some advantage of
the stochastic approach (kriging). From the IAAC GIMs,
usually, the best results were obtained with the CODG prod-
uct. Since, currently, the final IGS maps do not include all
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IAAC GIMs, it may be expected that future inclusion of the
remaining GIMs into the final IGS GIM will improve their
accuracy.
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