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Abstract

When using predicted total electron content (TEC) products to generate preliminary real-time global ionospheric maps
(GIMs), validation of these ionospheric predicted products is essential. In this study, we evaluate the accuracy of five pre-
dicted GIMs, provided by the international GNSS service (IGS), over continental and oceanic regions during the period
from September 2009 to September 2015. Over continental regions, the GPS TEC data collected from 41 IGS continuous
tracking stations are used as a reference data set. Over oceanic regions, the TEC data from the JASON altimeter are used for
comparison. An initial performance comparison between the IGS combined final GIM product and the predicted GIMs is
also included in this study. The evaluation results show that the predicted GIMs produced by CODE outperform the other
predicted GIMs for all three validation results. The accuracy of the 1-day predicted GIMs, produced by the IGS associate
analysis centers (IAACs), is higher than that of the 2-day predicted GIMs. Compared to the 2-day UPC predicted GIMs,
the 2-day ESA predicted GIMs are observed to have slightly worse performances over ocean regions and better positioning
performances over continental regions.
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Introduction

Single-frequency (SF) global navigation satellite system
(GNSS) users need additional corrections to remove signal
degradation caused by the ionosphere since the ionospheric
delay errors can be as much as tens of meters in the zenith
direction (Komjathy and Langley 1996; Leick et al. 2015).
The existence of the worldwide international GNSS service
(IGS) permanent network of dual-frequency receivers makes
the computation of global ionospheric maps (GIMs) of total
electron content (TEC) feasible (Yuan et al. 2015). Cur-
rently, the IGS associate analysis centers (IAACs) generate
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three types of ionospheric products—final, rapid and pre-
dicted GIMs—using the ionosphere map exchange format
(Hernandez-Pajares et al. 2017). The final and rapid GIMs
are systematically produced on a daily basis with latencies
of 1-2 weeks and 1 day, respectively (Hernandez-Pajares
et al. 2009). A number of studies evaluating the accuracy
of the final GIMs have shown that the final GIMs are able
to provide not only highly accurate but also highly reliable
ionospheric TEC data (Feltens 2003).

Ionospheric predictions are of considerable impor-
tance for certain scientific and technological applications
(Krankowski et al. 2005). Specifically, ionospheric predic-
tions can be used as background models to generate pre-
liminary real-time GIMs (Garcia-Rigo et al. 2011). Predict-
ing the conditions in the earth’s ionosphere is among the
major tasks of the fields of solar-terrestrial physics and space
weather (Cander 2003; Zolesi and Cander 2014).

At present, there are three IAACs that together generate
five types of predicted ionospheric products: the 1- and 2-day
vertical TEC (VTEC) maps produced by CODE (Center for
Orbit Determination in Europe, University of Berne, Swit-
zerland) (named C1PG and C2PG), the 1- and 2-day VTEC
maps produced by ESA/ESOC (European Space Operations
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Center of ESA, Darmstadt, Germany) (named E1PG and
E2PG), and the 2-day VTEC maps produced by UPC (Tech-
nical University of Catalonia, Barcelona, Spain) (named
U2PG). These predicted GIMs provided by the IAACs have
been available to the public since September 2009 via the
Crustal Dynamics Data Information System (CDDIS; ftp://
cddis.gsfc.nasa.gov/gps/products/ionex/). According to
previous studies, these predicted products are computed by
either extrapolation methods or models that are based on a
physical concept. For example, the CODE predicted product
is based on the extrapolation of spherical harmonic coeffi-
cients (Schaer 1999), and the UPC ionospheric VTEC pre-
diction model is based on linear regression and the discrete
cosine transform (Garcia-Rigo et al. 2011).

It has been recognized that real-time ionospheric models
are required for near real-time products based upon current
ionospheric specifications (Gulyaeva et al. 2013). However,
no real-time GIM is available from the IAACs at present.
Fortunately, if the predicted IGS GIMs are validated to
have high precision, they can be used to provide TEC cor-
rections for mass market SF receivers, instead of real-time
ionospheric models, in applications such as automobiles,
personal navigation and logistics. Since the predicted GIMs
from the different IAACs are computed based on different
processing strategies, their accuracy performances tend to
be different. Thus, it is necessary to assess the performance
of the predicted GIMs from different IAACs in terms of cor-
recting the ionospheric delay. However, limited knowledge
is available regarding the performance validation of pre-
dicted GIMs. Although Garcia-Rigo et al. (2011) compared
the accuracy of the CODE, ESA and UPC 2-day predicted
products against JASON data, their studies were based on
the period of day of year (DOY) 184-355, 2010. Analysis
of long periods of predicted GIMs from different IAACs
based on multiple evaluation methods has not yet been sys-
tematically studied. Thus, the main goal of this research is
to present a comparison and analysis of the accuracy of a
long time series of predicted GIMs from the three IAACs
(CODE, UPC, and ESA). We believe that our analysis results
can provide SF GNSS users with some practical suggestions
or valuable references on how to choose a suitable iono-
spheric predicted product to satisfy the need to estimate real-
time ionospheric GIMs for real-time positioning.

Extensive studies have already been carried out regard-
ing the performance of GIMs (Orus et al. 2002). The rep-
resentative assessment methods can generally be classified
into three categories: (1) comparison between the VTEC
predictions in GIMs with TOPEX or JASON data, which
provide an independent and precise TEC determination over
the oceans (Brunini et al. 2005); (2) comparison between the
VTEC predictions in GIMs with the measured ionospheric
TEC using GNSS data (Wang et al. 2017); and (3) valida-
tion against the IGS combined final products (designated
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IGSG). In this study, three schemes based on the method
listed above are adopted for a comprehensive accuracy
assessment of predicted GIMs. GNSS TEC data generated
from 41 IGS GNSS receivers worldwide and TEC data from
the JASON altimeter are used for comparison. In addition,
the IGS combined final product is also used as a reference to
validate the performance of the predicted GIMs.

Data sets and methodology

In order to present a statistically representative result, we
examined the accuracy of all accessible predicted IGS GIMs
based on the methods mentioned above over a time period
of 6 years, from the initiation of predicted IGS ionospheric
production on September 1, 2009, to September 30, 2015.
The selected period includes conditions of both low and
high solar and geomagnetic activity. According to the stud-
ies of Wang et al. (2016) and Hoque et al. (2017), the GPS
broadcast model in the navigation message can mitigate the
ionospheric delay range from 49.5 to 55%. Therefore, the
predicted GIM was regarded as invalid in this study when its
accuracy was lower than that of the GPS broadcast model.
Additionally, the predicted GIM was marked as unavail-
able in the case it cannot be downloaded from the main IGS
server. Also note that days on which any one of the pre-
dicted IGS products was marked as invalid or unavailable
were discarded in the assessment. An invalid ionospheric
grid point whose TEC value is set to 999.9 TECU is not
used in the performance assessment. The daily statistics for
a specific predicted GIM file is computed based on the valid
ionospheric grid points only.

Note that the sampling time of the IGS GIMs is 1 or 2 h,
whereas the VTEC values derived from the JASON data
and GNSS observations are presented as a function of time,
latitude and longitude. Therefore, when the IGS GIMs are
compared with the altimeter and GNSS measurements, the
GIM TEC predictions should be interpolated to the same
GNSS or JASON footprint locations and times by adopting
a bivariate spatial interpolation scheme in a solar-fixed refer-
ence frame and a linear time interpolation between two con-
secutive GIMs (Schaer 1999). The VTEC differences thus
obtained are used to compute different kinds of statistics,
including mean daily offsets and related root mean square
(RMS) values, for each IAAC product.

Validation against JASON TEC

The onboard radar altimeter of the JASON satellite, operat-
ing at a mean orbital height of approximately 1330 km (Orus
et al. 2007), has dual-band emission with a Ku-band main
frequency and a C-band auxiliary frequency (Lambin et al.
2010). Thus, JASON TEC can be derived from the dual-
frequency radar altimeter signals along the ray path from the
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satellite to the sea surface (Azpilicueta and Brunini 2009).
As shown in Fig. 1, the ground tracks of JASON observa-
tions cover most of the global ocean between the latitudes
66°N and 66°S within 1 day. Therefore, as an independent
and reliable source of VTEC, the JASON TEC data can be
used as a reference to validate the performance of the pre-
dicted IGS GIMs over the ocean (except in polar regions)
where there are few GNSS stations.

Note that the JASON TEC measurements have a sys-
tematic bias of approximately 2-5 TEC units (TECU, 10'°
electrons/m?) above the real ionospheric TEC values (Jee
et al. 2010). Additionally, the missing plasmaspheric elec-
tron content (PEC) in the computation of JASON TEC can
be neglected at high latitudes but can reach 8 TECU at the
equator (Orus et al. 2002; Lee et al. 2013). Even so, the
JASON observations are still known to be one of the most
accurate TEC data sets currently available and have been
used to validate IGS GIMs in difficult conditions, over the
ocean, and typically far from receivers (Hernandez-Pajares
et al. 2009, 2017). Therefore, JASON TEC measurements
are used to assess errors in the different predicted GIMs in
this study.

Validation against GPS TEC

In order to evaluate the quality of different predicted GIMs
over continents, the GNSS dual-frequency derived iono-
spheric TEC values are compared to the corresponding TEC
values interpolated from the predicted IGS GIMs on a point-
by-point basis.

In general, the validation of predicted IGS GIMs against
GPS TEC comprises four main steps. First, extract iono-
spheric observables, i.e., the sum of line-of-sight TEC and
satellite-plus-receiver differential code biases (DCBs), from
geometry-free linear combinations of undifferenced GNSS
pseudorange and carrier phase measurements at each moni-
toring station (Brunini and Azpilicueta 2009). Because

Fig. 1 Ground tracks of JASON satellites on June 13, 2013

pseudoranges leveled by carrier phases are free of ambigui-
ties and have lower noise and fewer multi-path effects than
pseudoranges (Li et al. 2017), we use the carrier-to-code lev-
eling process for an individual satellite in consecutive arcs
to obtain ionospheric information (Mannucci et al. 1998).

Second, we determine the actual slant TEC (STEC) by
separating the satellite- and receiver-specific DCBs from the
original ionospheric observables, which reads,

A-STECf =P, —c-B'—c- B +¢ (1)

where STECf is the line-of-sight ionospheric TEC
along the signal propagation path from a GPS satel-
lite k to a receiver i, ignoring higher-order contributions;
A= 4031 x 10" x (f72 = f;?) (/TECU); f; and f, are
the frequencies of the GNSS satellite carrier phase obser-
vations; i’fi cr represents the geometry-free combination of
carrier phase ionospheric observable “leveled” to the code-
delay ionospheric observable; B and B; denote the satellite-
and receiver-specific DCBs, respectively; c is the speed of
light; and € represents the unmodeled errors, such as obser-
vational noise and multi-path effects (Komjathy et al. 2005).

Third, the STEC is converted into VTEC using the map-
ping function

STEC = VTEC - MF(2)
MF(z) = [1 — sin®z - R2/(R, + Hi,2171/2 2)

under the single layer model (SLM) assumption (Wielgosz
et al. 2003), where MF is the mapping function; z is the
satellite zenith distances at the observation point; H,, is the
altitude of the ionospheric thin-layer shell, which is set to
450 km in this study; and Ry represents the mean radius of
the earth (Yuan et al. 2008).

Fourth, compare the GPS TEC and the GIMs-interpo-
lated TEC. In this study, the satellite and receiver DCBs
are obtained from the monthly DCB products provided by
CODE (Keshin 2012).

The precision of the GPS TEC obtained from the lev-
eled carrier phase ionospheric observable is affected by sig-
nificant intraday variations in receiver DCBs and leveling
errors, produced by code delay noise and multi-path effects
through the leveling procedure. Ciraolo et al. (2007) found
that leveling errors vary from + 1.4 to +5.3 TECU and that
intraday variation in receiver code delay DCB range from
+1.4 to +8.8 TECU. The study of Brunini and Azpilicueta
(2010) showed that during periods of high solar activity,
the accuracy of the estimated STEC reaches approximately
of +10 TECU for low geomagnetic regions and that during
periods of low solar activity, the accuracy can be assumed
to be on the order of +2 TECU.

Considering most GNSS users are operating low-cost,
SF receivers, the performance of the predicted TEC on SF
precise positioning accuracy (PPP) is also analyzed using
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post processing data from selected static IGS stations.
When implementing SF PPP, the receiver positions were
calculated using only the observations on the L1 frequency
and the satellite elevation mask angle set to 7°. The zenith
tropospheric delays were estimated as piece-wise constants
with an update rate of 2 h. The IGS final products were
used to determine the satellite position and clock offset.
The zenith-referenced standard deviation is set as 60 cm
for the code and 0.3 cm for the phase. The monthly satel-
lite P1P2 DCB products provided by CODE are applied in
the SF PPP processing. Corrections for solid earth tides,
ocean tide loading and sub daily pole and nutation motions
were also considered. The estimated coordinates based on
ionospheric correction computed from different predicted
GIMs are compared with the external coordinates obtained
through the IGS weekly combination.

The locations of the selected 41 IGS stations over con-
tinental regions are shown in Fig. 2. The stations are dis-
tributed evenly across the globe and can represent well the
ionospheric conditions at high, middle and low latitudes.

Validation against the IGS combined final GIM
product

The IGS combined final TEC maps, which are computed
as the weighted mean of the individual GIMs produced
by different IAACs, have been generated without inter-
ruption since 1998 (Feltens et al. 2011). Previous work
has validated that the IGS combined final GIM product
has an estimated accuracy of 2—8 TECU and is slightly
better that any of the individual TAAC maps (see http://
www.igs.org/products). Therefore, the IGS combined final
GIM product, which has been acknowledged as the most
accurate post-processed TEC products, have been used as
a reference in the performance assessment of the predicted
GIMs.
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Fig.2 Map showing the distribution of selected IGS receivers
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Statistical indices

Five statistical indices are used to quantify the performance
of the predicted GIMs provided by the different IAACs:
the bias, standard deviation (STD), RMS of the differences
between interpolated VTEC values from IGS GIMs and the
reference TEC values, the relative STD (STD_,;,\.) and
RMS (RMS,.iive) €rror with respect to the reference TEC
values (Luo et al. 2013). The equations are as follows:

Bias = (TEC, — TEC, )
Std = \/ ( (TEC, - TEC, - bias)”)
Rms = \/< (TEC, - TEC,)" )

Stdrelarive = Std/ (TEC0>
Rmsrelalive = rms/(TECD)

3

where TECg is the TEC obtained from predicted GIMs;
TEC, is the reference TEC derived from GPS, JASON sat-
ellites, or the combined final GIMs; and the symbol (.) is the
expectation operator for the given time span.

Results and discussion

The predicted IGS GIMs from different IAACs (the compar-
ison data) are compared to the TEC observations provided
by the JASON altimeter and the measured ionospheric TEC
collected by the receivers shown in Fig. 2 for the test period.
For comparison, the validation results of the IGS combined
final GIMs against JASON and GPS TEC observations are
included as a reference. In addition, as a third validation of
the results, the consistency between predicted GIMs and the
IGS combined final GIM products are also validated.

Validation against JASON TEC

Table 1 shows the bias, STD, RMS, mean VTEC, relative
STD and relative RMS of the differences between IGS GIMs
and JASON TEC for the test period. Note that since the
TEC value of 999.9 TECU is defined as unavailable in the
GIM file, there are slight differences between the numbers
of JASON observations used for different predicted GIMs
validation. Compared to the predicted GIMs, more observa-
tions have been used in the performance assessment of the
IGS combined final GIM product.

As summarized in Table 1, the IGS combined final GIM
product shows the best match with JASON TEC data, and
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Table 1 Statistics of the differences between final and predicted IGS GIMs (IGSG, C1PG, C2PG, E1PG, E2PG and U2PG) and the JASON ref-

erence data, including bias, STD, RMS, mean VTEC, relative STD and RMS for the test period

BIAS (TECU)  STD(TECU) RMS(TECU)  VTEC(TECU)  STD/VTEC (%) RMS/VTEC (%)  Number of
observations
IGSG 142 4.07 431 21.77 18.68 19.78 3,130,177
CIPG 039 5.55 5.56 21.36 25.97 26.03 2,330,377
C2PG 049 5.65 5.67 21.36 26.45 26.55 2,330,384
EIPG  0.54 7.19 7.21 21.37 33.65 33.75 2,324,291
E2PG 0.6 7.87 7.89 21.37 36.81 36.92 2,321,806
U2PG 139 6.12 6.28 21.36 28.65 29.38 2,330,623
Table2 Mean value of daily Year IGSG CIPG C2PG EIPG E2PG U2PG
RMS of the differences between
the IGS GIMs and the JASON 2009 2.52 3.42 3.43 3.63 3.86 3.03
TEC by year (units: TECU) 2010 291 425 425 4.40 493 3.58
2011 3.94 5.18 5.30 6.00 6.57 5.65
2012 4.57 6.04 6.13 7.15 7.74 7.16
2013 457 5.80 5.83 7.06 7.75 6.09
2014 5.17 6.56 6.69 8.99 9.75 7.27
2015 4.73 6.11 6.31 8.19 8.94 7.12

their RMS and STD values are the lowest in most cases. All
predicted IGS GIMs have a mean TEC value larger than or
similar to the JASON data, which is compatible with the
existence of the PEC. The averaged RMS results show that
the performance of the 1-day predicted GIMs from a given
TAAC (C1PG or E1PQG) is better than the corresponding
2-day predicted GIMs (C2PG or E2PG). In addition, the
CODE predicted GIMs (C1PG and C2PG) match the JASON
TEC data better than the ESA and UPC predicted GIMs. In
general, the results of the comparison against the JASON
TEC data indicate that the order of performance of the pre-
dicted GIMs is C1PG, C2PG, U2PG, E1PG and E2PG.

In Table 2, the RMS values for the years 2009-2015 are
shown for the differences between IGS final and predicted
GIMs and JASON data. First, the changes in the RMS val-
ues obtained from the IGS final and predicted products over
time are quite similar. The results show that the level of
solar activity exerted a strong influence on the performance
of the final and predicted GIM products. In particular, the
RMS values increase gradually as the solar activity changes
from low in 2009 to high in 2014. The 2-day UPC predicted
product shows a better RMS performance compared to the
CODE and ESA predicted products during low levels of
solar activity (2009 and 2010), whereas the CODE predicted
product yields slightly better results than the UPC and ESA
predicted products during medium and high levels of solar
activity (from 2011 to 2015).

To study the latitudinal behavior of the performance of
predicted GIMs from different IAACs and the IGS combined
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Fig.3 Bias and STD values of the differences between the predicted
and final GIM products and the JASON data. The assessed values
were in two-degree geomagnetic latitude bins for the test period

final GIM product, the bias and STD of the differences
between IGS GIMs and the external JASON data for multiple
geomagnetic latitude bins (with bin widths of two degrees in
this work) during the test period are shown in Fig. 3. A typi-
cal (inverted) U shape in terms of the geomagnetic latitude
is seen in the figure, except for the 2-day UPC predicted
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GIMs. The latitudinal dependence of the performance of
IGS GIMs is in accordance with the findings of previous
studies (Garcia-Rigo et al. 2011). The positive discrepancies
between the IGS GIMs and the JASON data in the equato-
rial and low-latitude regions represent the PEC between the
orbital altitude of GPS satellites (20,200 km) and that of
JASON satellites (1336 km). However, the IGS GIMs show
lower TEC values than the JASON TEC in northern high-
latitude and southern middle- to high-latitude regions. This
pattern might be considered a fundamental limitation of the
GNSS-based IGS GIMs and may be attributed to the scarcity
of GNSS ground stations in data-poor regions, which are
primarily oceans (Jee et al. 2010). Furthermore, the STDs of
the differences for both final and predicted IGS GIMs with
respect to the JASON data show a clear correlation with the
effect of the Appleton-Hartree (equatorial) anomaly; STD
values are found to be higher in the Southern Hemisphere
than those in the Northern Hemisphere. Figure 3 also shows
that the IGS combined final GIM product is always signifi-
cantly better than all the predicted GIMs and that the 1- and
2-day ESA predicted GIMs feature larger STD values than
the other TAAC predicted GIMs. Compared to the 2-day
UPC predicted GIMs, the 1- and 2-day CODE predicted
GIMs show slightly better performance at low latitudes and
slightly worse performances at middle and high latitudes.
In order to identify whether predicted GIMs can provide
correct predicted VTEC values during a geomagnetic event,
taking the intense geomagnetic storm of March 17, 2015,
as an example, we computed the RMS values of the dif-
ferences between JASON observations and different IGS

GIMs. Obvious discrepancies among the TEC obtained
from different sources are found, and the relative RMS of the
TEC errors with respect to the JASON TEC data for IGSG,
CIPG, C2PG, U2PG, E1PG and E2PG is 23, 70, 61, 68, 70
and 63%, respectively. Thus, the ability of all predicted IGS
GIMs to model the ionospheric TEC during the geomagnetic
event was not very good and needs to be further improved by
accounting for the TEC disturbance induced by geomagnetic
storms and other impulsive events to achieve better results
during disturbed days. Note that the test results shown above
during the geomagnetic event have been regarded as invalid
and are not included in the statistics above.

Validation against GPS TEC

Figure 4 shows the time series of the bias and STD series
for the final and predicted IGS GIMs compared to GPS TEC
data. The bias and STD of each day are calculated based
on the differences between the GIMs-interpolated TEC data
and the GPS-derived TEC observations at all stations. The
bias results show that the 2-day predicted UPC GIM has
noticeable biases in the year 2012. Concerning the statistical
results of the STD series in Fig. 4 and the RMS in Table 3,
the IGS combined final GIM product has the best TEC value
agreement with the GPS-derived VTEC data, and the CODE
predicted GIMs have overall better accuracies than the other
TAACs predicted GIMs.

In Table 4, the RMS values are shown by year for the
differences between the GIMs and GPS data. Similar to
the results of the comparison with JASON data, a strong
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Fig.4 Bias (top) and STD (bottom) of the differences between the predicted IGS GIMs and the ionospheric observations from GNSS stations for

the test period
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Table 3 Statistics of the RMS IGS CIP C2P EIP E2P U2pP

of ionospheric TEC obtained

from IGS GIMs with respect Mean 2.11 3.38 3.47 3.95 453 457

to GPS TEC data for the test .

period (units: TECU) Maximum 4.26 9.03 8.41 8.95 9.78 11.65
Minimum 1.24 151 1.52 1.7 2.1 1.77

Table 4 Mean value of daily Year IGSG CIPG C2PG EIPG E2PG U2PG

RMS of ionospheric TEC

Obtg%ﬂeddflrgrg gff;/l[ and . 2009 1.70 2.09 2.13 2.58 3.26 2.59

pre 1cte S wit

respect to GPS TEC in cach 2010 1.86 2.64 2.64 3.09 3.54 3.02

year (units: TECU) 2011 2.12 3.24 3.38 3.68 421 4.54
2012 225 3.80 3.90 423 4.84 5.37
2013 2.24 3.76 3.87 432 491 479
2014 231 4.17 4.30 5.02 5.69 5.98
2015 221 3.77 3.92 4.65 5.34 5.86

0.8 T T T T T T T

0.6

0.4

3D RMS [m]

E)
0.2

-80 -60 -40 -20 0 20 40 60 80

0

Geographic latitude [Degree]

Fig.5 3D RMS values of the differences between the estimated coor-
dinates using different ionospheric corrections and the 1GS-provided
coordinates at the individual test stations for the test period. The sta-
tions are aligned by geographical latitudes on the horizontal axis

dependence on the level of solar activity is evident in the
performance of the final and predicted GIM products.

In order to evaluate the performance of the predicted TEC
in terms of SF PPP, we compare RMS statistics in the north,
east, up and three-dimensional (3D) coordinate components
based on the position solution errors within the last 4 h of
the day. For comparison, the positioning results based on
TEC corrections computed by the Klobuchar coefficients
(named KLO) broadcasted in the navigation message are
also presented. All the accessible stations listed in Fig. 2
were used in the verification. To compare the performance
of the predicted GIMs at different latitudes, the averaged 3D
RMS values for the test period are calculated for each indi-
vidual station and plotted in Fig. 5. The averaged positioning

errors for different ionospheric correction cases at different
latitudinal bands are also summarized in Fig. 6. The aver-
aged RMS values for all selected stations for the test period
are summarized in Table 5.

The positioning accuracies at stations located at mid- and
high-latitude regions are much higher than those at stations
located at low-latitude regions, as expected. The differences
in the impacts of ionospheric corrections on positioning
accuracy between different latitude bands are related to the
latitudinal effect of the ionospheric activity level. Figures 5
and 6 show that the highest and lowest positioning accu-
racy can be obtained from the IGS combined final GIM
product and the Klobuchar model, respectively. The results
also show that the UPC 2-day predicted GIMs have slightly
worse positioning performance compared to the other pre-
dicted GIMs. In summary, the comparison results in terms
of SF PPP indicate that the order of performance of the pre-
dicted GIMs is C1PG, C2PG, E1PG, E2PG and U2PG.

Validation against the IGS combined final GIM
products

The RMS, bias and STD series of the predicted GIMs from
different IAACs with regard to the IGS combined final GIM
product for the test period are shown in Figs. 7 and 8. The
statistics of the differences, including the averaged bias, STD
and RMS, are summarized in Table 6.

The CODE predicted GIM products systematically provide
better results than the ESA and UPC products. The maximum
RMS values among the different predicted IAACs GIMs
occur on DOY 059 during the solar maximum peak, reaching
values as high as 12.52 TECU in the U2PG GIMs, and the
minimum RMS values occur on DOY 262 during the solar
minimum peak, reaching values as low as 1.35 TECU in the
C1PG GIMs. Similar to the results of the comparisons with
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Fig.6 Averaged positioning accuracy of SF PPP for selected stations
located at different latitudes. The latitudinal bands for northern high
latitudes, northern middle latitudes, northern low latitudes, southern

Table 5 Averaged positioning
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low latitudes, southern middle latitudes, and southern high latitudes
are represented as NH, NM, NL, SL, SM, SH, respectively

. IGS C1pP Cc2p ElP E2P U2p KLO
accuracy at selected stations
obtained with different North 0.34 0.41 0.42 0.45 0.48 0.60 0.92
ig;";epﬁzgc(;‘l’; r:eg;‘)’ns forthe  pagt 0.51 0.88 0.90 1.02 1.09 1.07 171
Up 1.60 1.61 1.63 1.67 1.70 1.96 2.06
3D 1.72 2.01 2.04 2.17 224 2.47 3.04
15 : : . . the JASON and GPS data, a strong dependence on the levels of
solar activity is observed in the performance of the predicted
12} " C1PG ] GIM products in Table 7, which shows larger averaged RMS
values for high levels of solar activity than for low levels of
§ ol i solar activity. Regarding the bias, note that although the aver-
= aged bias for U2PG against IGSG is only 0.02 TECU for the
g 6l | test period, larger fluctuations exist in the bias time series than
I in the other IAAC predicted GIMs. In general, the comparison
results against the IGS combined final GIMs indicate that the
3r ’ order of performance of predicted GIMs is C1PG, C2PG,
E1PG, U2PG and E2PG.
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Year

Fig.7 RMS series of predicted GIMs from different IAACs with
regard to the IGS combined GIM product for the test period
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Fig.8 Bias and STD series of predicted GIMs from different IGS IAACs with regard to the IGS combined GIM product for the test period

Table 6 Statistics of the differences between the predicted GIM
VTEC data from the different IGS IAACs and the IGS combined
final GIM product reference data, including bias, STD and RMS for
the test period (units: TECU)

CIPG C2PG E1PG E2PG U2PG
BIAS 0.51 0.52 0.98 0.98 -0.02
RMS 3.58 3.71 4.40 4.98 4.90
STD 3.27 3.31 4.06 4.53 4.44

Table 7 Mean value of daily RMS of differences between the pre-
dicted GIMs TEC from different IAACs and the IGS combined final
GIM product reference data in each year (units: TECU)

CIPG C2PG E1PG E2PG U2PG
2009 1.94 2.03 2.04 2.36 222
2010 2.72 2.75 2.71 3.08 3.06
2011 3.34 3.51 3.83 4.41 5.01
2012 4.27 4.41 4.89 5.64 5.98
2013 3.92 4.04 4.93 5.54 5.06
2014 4.39 4.57 6.49 7.18 6.70
2015 4.26 4.45 6.02 6.75 6.38

Conclusions

In this context, the accuracy of predicted GIMs produced
by three different IAACs (CODE, UPC and ESA) has been
evaluated. The goal was to provide information to SF GNSS
users or related researchers to improve decision-making
with respect to predicted GIM applications, such as real-
time positioning. This experiment was performed through
comparison with external TEC data sources provided by the
JASON and GPS sources, as well as with the final combined
GIM product, over both continental and oceanic regions
from September 2009 to September 2015.

In general, although all of the predicted GIMs obtained
from different IAACs can reliably reproduce the spatial and
temporal variations in the TEC, there are significant discrep-
ancies among these IAAC products. Mainly, the differences
among the centers may depend on the different methods of
computation and the differences among the mapping func-
tions used in the TEC computation. This study shows that
the CODE predicted GIMs exhibit better performance than
the UPC and ESA predicted GIMs. The performance of the
1-day predicted GIMs from a given IAAC (C1PG or E1PG)
is better than that of the corresponding 2-day predicted
GIMs (C2PG or E2PG). The 2-day ESA and UPC predicted
GIMs are found to have comparable performances. In addi-
tion, the UPC predicted GIMs show different performances
for receiver-covered and ocean regions. Over ocean regions,
compared to the 1- and 2-day CODE predicted GIMs, the
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2-day UPC predicted GIMs show slightly worse perfor-
mance at low latitudes and slightly better at middle and high
latitudes. Over continental regions, the UPC predicted GIMs
show slightly worse positioning performance than the other
predicted GIMs. It is recommended that the CODE predicted
GIMs be given first priority for the ionospheric prediction.

In accordance with the findings of previous studies, the
dependence of latitude and of solar activities on the perfor-
mance of predicted IGS GIMs has been determined in this
study. Nevertheless, all of the predicted products show large
relative errors above 60% with respect to JASON TEC data
during a geomagnetic event; thus, these predictions need to
be further improved by taking into account TEC disturbance
information in order to achieve better performance on dis-
turbed days.

Currently, the IAACs are attempting to improve the qual-
ity of their predicted TEC maps; thus, the results presented
in this work are only based on the previous products. We
believe that improvements to the predicted maps will have
a positive impact on the final estimation of real-time iono-
spheric maps.
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