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Abstract: Using Global Navigation Satellite Systems (GNSS) observation data for developing a high-
precision ionospheric Total Electron Content (TEC) model is one of the essential subjects in ionospheric
physics research and the application of satellite navigation correction. In this study, we integrate the
Empirical Orthogonal Function (EOF) method with the TEC data provided by the Center for Orbit
Determination in Europe (CODE), and observed by the dense GNSS receivers operated by the Crustal
Movement Observation Network of China (CMONOC) to construct a regional ionospheric TEC model
over China. The EOF analysis of CODE TEC in China from 1998 to 2010 shows that the first-order EOF
component accounts for 90.3813% of the total variation of the ionospheric TEC in China. Meanwhile,
the average value of CODE TEC is consistent with the spatial and temporal distribution characteristics
of the first-order EOF base function, which mainly reflects the latitude and diurnal variations of
TEC in China. The first-order coefficient after EOF decomposition shows an obvious 11-year period
and semi-annual variations. The maximum amplitude of semi-annual variation mainly appears
in March and October, which is closely associated with the variation in geographical longitude,
the semi-annual change of the low-latitude electric field, and the ionospheric fountain effect. The
second-order coefficient has an evident annual variation, the minimum amplitude mainly occurs in
March, August, and September, and the amplitude values in the high solar activity years are more
significant than those in the low solar activity years. The third-order coefficient mainly shows the
characteristics of annual variation, and the fourth-order coefficient shows the noticeable semi-annual
and annual variations. The third and fourth-order coefficients are both modulated by the solar activity
index F10.7. The ionospheric TEC model in China, driven by CMONOC real-time GNSS observation
data, can better reflect the latitude, local time and seasonal variation characteristics of ionospheric
TEC over China. In particular, it can clearly show the spring and autumn asymmetry of ionospheric
TEC in the low latitudes. The root mean square error of the absolute error between the model and
the actual observation is mainly distributed around 2.45 TECU (1 TECU = 10'° electrons/m?). The
values of the TEC model constructed in this study are closer to the actual observed values than those
of the CODE TEC in China.

Keywords: total electron content; ionospheric model; empirical orthogonal function

1. Introduction

The total electron content (TEC) is a key parameter for studying the morphology,
structure, and change of the ionosphere [1-3]. With the continuous development of Global
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Navigation Satellite Systems (GNSS), GNSS provides an opportunity to efficiently detect
ionospheric TEC [4-6]. How to use GNSS data to construct the high-precision ionospheric
TEC model has traditionally been one of the focal issues in the research fields of ionospheric
physics and geodetic surveying.

At present, the methods of constructing regional ionospheric TEC model using GNSS
data mainly include trigonometric series, polynomial, spherical cap harmonic, spherical
harmonic function, empirical orthogonal function (EOF), and so on [7-14]. The EOF
decomposition is a classical data analysis and modeling method. The most important
feature of this method is that the base function is not given artificially in advance, but is
naturally generated by the observation data itself during the calculation process, which can
better reflect the characteristics of the inherent variation in the data and demonstrates a
good convergence speed [15,16]. Based on the characteristics of the EOF method, in recent
years, some scholars have applied this method to analyze the ionospheric observation
data [17-27]. Zhao et al. [17] applied the EOF method for a statistical analysis of the total
ion density in the topside ionosphere from 1996 to 2004. The analysis results indicate that
extreme ultraviolet radiation is the major factor in controlling the change of the total ion
density in the topside ionosphere. Zhang et al. [28] conducted an analysis of the TEC
data over North America during 2001-2012 by the EOF method. The results demonstrate
that the first-order EOF component mainly reflects the average state of ionospheric TEC,
and the second-order EOF component reflects the effect of geomagnetic declination in
the mid-latitude ionosphere. Based on the Global Ionosphere Map (GIM) data of the Jet
Propulsion Laboratory (JPL) for about 15 years, Yao et al. [29] compared and analyzed the
variation characteristics of ionospheric TEC in East Asia and North America using the EOF
method, and pointed out that the variation characteristics of the first three components
in the two regions are in good agreement. Chen et al. [30] utilized the EOF method to
analyze the spatial and temporal variations of TEC in North America. They verified the
EOF method’s effectiveness in data analysis.

In the modeling by the EOF method, Liu et al. and Zhang et al. [18,19] utilized the
EOF method to construct single-station and global empirical models for the ionospheric
propagation factor M(3000)F2. A single-station empirical model of foF2 was constructed
using the EOF method and the observational data of three ionosonde stations in Japan
from 1971 to 1987 [31]. The results show that the first-order EOF coefficient mainly reflects
the characteristics of the components with solar cycle, annual, and semi-annual variation.
Based on the EOF method, Yu et al. [32] constructed the empirical models of ionospheric
foF2, M(3000)F2, hmF2, and foE over China by 24-ionosonde observations and adjacent
areas from 1964 to 1976. Based on multiple TEC observation data and the International
Reference Ionosphere (IRI) 2012 model, She et al. [24] combined the spherical harmonic
function and EOF method to construct a global model for ionospheric electron density. The
model results are closer to the observed results than those of the IRI-2012 model. Some
scholars have constructed climatological models of TEC in Wuhan and China using the
EOF method and observational data from the Wuhan station and the Crustal Movement
Observation Network of China (CMONOC) [33,34]. Utilizing JPL-GIM data from 1998
to 2010, Wan et al. [35] constructed a global ionospheric empirical model of TEC using
the EOF method and spherical harmonic function. This model can accurately reflect the
temporal and spatial variations of the global ionospheric TEC. Based on the GIM data of
the international GNSS service, Li et al. [36] extracted the spatial and diurnal variation
characteristics of the ionospheric TEC over China and adjacent areas from 2007 to 2016
through a two-layer EOF analysis. The EOF-based model can demonstrate temporal and
spatial variation characteristics of ionospheric TEC and obtain minor modeling errors more
effectively than the IRI-2016.

The continuous increase of GNSS observational data in China provides an opportunity
for constructing a regional ionospheric TEC model over China with high spatial and
temporal resolution and high precision. In this paper, we intend to use the TEC data of
the Center for Orbit Determination in Europe (CODE) to analyze the spatial and temporal
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variation characteristics of ionospheric TEC in China by the EOF method [37,38]. On this
basis, the dense GNSS observation data in China are used as a driving source to construct a
regional ionospheric TEC model over China.

2. Data and Methods

The data used for this study include the CODE TEC GIMs from 2 June 1998 to 31
December 2010, with spatial ranges of 10°S~60°N and 60°E~150°E. The CODE GIM is a
global TEC product with resolutions of 5° x 2.5° x 2 h (longitude x latitude x Universal
Time), which is interpolated 1 h in the time resolution between 00:00 and 23:00 Universal
Time (UT) in this study. The TEC at the Ionospheric Pierce Point (IPP) is retrieved from the
Receiver Independent Exchange Format files recorded by the dense ground-based GNSS
receivers operated by the CMONOC [39]. The TEC data are at a time resolution of 30 s and
in units of TECU (1 TECU = 10 electrons/m?). The corresponding retrieving method of
TEC can refer to the relevant literature [37,40]. Figure 1 shows the distribution of CMONOC
GNSS stations on 20 March 2016, where the black pentagram indicates the stations that did
not participate in the modeling during the model accuracy test. In addition, the TEC with a
time resolution of 1 h in 2016 released by CODE is used for comparative analysis and error
test of the model.
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Figure 1. Distribution of CMONOC’s GNSS stations on 20 March 2016.

The EOF method is used for the analysis and modeling of the ionospheric TEC in this
study, which is expressed as:

N
TEC(DOY,UT, Lon, Lat) = MeanTEC(UT, Lon, Lat) + Z Ar(DOY)E,(UT, Lon, Lat) (1)

k=1

Here, TEC is the vertical TEC at the IPPs, which varies with DOY, UT, Lon, and
Lat. DOY is the date number of a year, UT is the Universal Time, Lon is the geographical
longitude, Lat is the geographical latitude, mean TEC is the average vertical TEC on UT,
Lon, and Lat. K is the order, N is the maximum value of the order, A; and E; indicate the
coefficients and the orthogonal basic functions after EOF decomposition, respectively. In
the process of constructing the ionospheric TEC model over China, the CODE TEC data
over China from 1998 to 2010 are used to take the average value according to UT, Lon, and
Lat. Then, the CODE TEC is used to subtract the average value, and then the CODE TEC
without mean TEC is decomposed into the sum of the product of the coefficient and the base
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function by the EOF method. The coefficient part mainly reflects the change with DOY, and
the base function part mainly reflects the variations with UT, Lon, and Lat. After the EOF
decomposition of the historical CODE TEC from 1998 to 2010, some order base functions are
selected and combined with the real-time TEC data observed by CMONOC dense stations
in China to fit the real-time coefficients. In the process of fitting the real-time coefficients,
we first select the TEC observation data of CMONOC from the first 15 min to the current
time, and use the historical average values and base function values to interpolate the
corresponding average values and base function values on the UT, longitude, and latitude
of the selected TEC data from CMONOC. With the TEC from CMONOC, the interpolated
average values, and the interpolated base function values, we use least squares fitting to get
the real-time coefficients by Formula (1). To obtain the real-time coefficient A, we use only
15 min of data instead of a full day’s data. Therefore, the obtained coefficient will vary with
UT. Finally, the real-time ionospheric TEC model in China is constructed by combining the
real-time coefficients with the historical base functions and TEC average values. Figure 2
illustrates the specific modeling process.

CODE-TEC over China
from 1998 to 2010

TEC(DOY,UT, Lon, Lat) =
N
MeanTEC(UT, Lon, Lat)+;Ak(DOY)Ek(UT, Lon, Lat)

\i x - Real-time TEC

A, (DO E(UT, Lon, Lat) (- observed by
[ +DOD J [ ﬁ ) CMONOC

[ Fitting real-time 4,(DOY)

7S

J

| [ MeanTEC (UT, ]
Lon, Lat)

Real-time ionospheric TEC
map over China

Figure 2. Flow chart of real-time TEC model construction in China.

3. Results
3.1. Results of EOF Decomposition of CODE TEC

Based on the TEC modeling process in Figure 2, an EOF decomposition is performed
on the CODE TEC data in China from 1998 to 2010. Table 1 gives the distributions of
contribution and cumulative contribution rates for the first 16-order coefficients and base
functions resulting from the EOF decomposition of the CODE TEC without mean TEC.
Table 1 indicates that the first-order EOF component accounts for 90.3813% of the total
variation of TEC, the cumulative contribution rate of the first to third-order EOF compo-
nents accounts for 95.0358% of the total variation of TEC, and the contribution rate of
the 14th and above orders to the total variation of TEC is less than 0.1000%. To perform
further analysis of the variation features of base functions and coefficients in different EOF
components, Figures 3-5 show the distributions of the mean value of CODE TEC and the
first to third-order EOF-decomposed base functions with latitude and longitude for the
periods of 00:00, 06:00, and 12:00 UT in China from 1998 to 2010, respectively. Figure 6
demonstrates the distributions of the solar activity index F10.7 and the first to fourth-order
coefficients derived from the EOF decomposition of the CODE TEC in China from 1998
to 2010.
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Table 1. The distributions of contribution and cumulative contribution rates for the first 16 EOF
components derived from the CODE TEC without mean TEC.

Rank Contribution Rate (%) Cumulative Contribution Rate (%)
1 90.3813 90.3813
2 3.4580 93.8393
3 1.1965 95.0358
4 0.7834 95.8192
5 0.5544 96.3736
6 0.4669 96.8405
7 0.3672 97.2077
8 0.2428 97.4505
9 0.2095 97.6600
10 0.2023 97.8623
11 0.1473 98.0096
12 0.1205 98.1301
13 0.1027 98.2328
14 0.0911 98.3239
15 0.0824 98.4063
16 0.0746 98.4809
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Figure 3. The spatial distributions of the mean TEC and the first three EOF modes derived from
CODE TEC in China from 1998 to 2010 at 00:00 UT.

It can be seen from Figures 3-5 that the spatial and temporal distribution characteristics
of the mean value and the first-order EOF base function are relatively consistent, which is
consistent with the result in Figure 2 reported by Wan et al. [35]. The spatial distribution
mainly reveals the latitude variation features of the ionospheric TEC. The TEC in the
Equatorial Ionization Anomaly (EIA) area is the strongest, followed by the near-equatorial
area, and the minimum value is in the mid-latitude area [34,36]. The temporal distribution
mainly reflects the variation of ionospheric TEC with local time (LT). The amplitude of
TEC at 06:00 UT (about 14:00 LT) is significantly larger than that at 00:00 and 12:00 UT. The
diurnal variation of ionospheric TEC is mainly controlled by the photochemical processes
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that change with the Solar Zenith Angle (SZA), showing daily periodic fluctuations. Due

to the delay effect of the ionosphere, TEC values typically reach their maximum at around
14:00 LT and minimum near 4:00 LT [38,40].
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Figure 4. The spatial distributions of the mean TEC and the first three EOF modes derived from
CODE TEC in China from 1998 to 2010 at 06:00 UT.
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Figure 5. The spatial distributions of the mean TEC and the first three EOF modes derived from
CODE TEC in China from 1998 to 2010 at 12:00 UT.
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Figure 6. The distributions of the solar activity index F10.7 and the first four EOF coefficients derived
from CODE TEC in China from 1998 to 2010.

Figure 6 shows the distributions of the first to fourth-order EOF-decomposed coeffi-
cients with DOY from 1998 to 2010. As shown in Figure 6, the amplitude of the coefficient
A1 corresponding to the first-order EOF base function demonstrates an evident semi-annual
variation, with the maximum amplitude mainly occurring in March and October. At the
same time, comparative analysis with the solar activity index F10.7 in Figure 6 shows
that the amplitude of the first-order coefficient Al increases with the increase of solar
activity and has an obvious 11-year cycle. The correlation coefficient between the first-order
coefficient Al and the F10.7 index is 0.8880, which is significantly higher than other-order
coefficients. The correlation is consistent with the result reported by Mao et al. [33] at
Wuhan. The second-order EOF component contains the secondary main variation of TEC,
accounting for 3.4580% of the total variation of ionospheric TEC in China. It can be seen
from Figures 3-5 that the second-order EOF base function is positive in the low latitudes
and negative in the middle latitudes. Figure 6 shows that the second-order EOF coefficient
A2 has evident annual variation, and its amplitude is smaller than that of the coefficient
Al, with the minimum amplitude mainly occurring in March, August, and September.
Additionally, the magnitude of A2 is larger in the high solar activity years than in the low
solar activity years [32]. The third and fourth-order EOF components account for 1.1965%
and 0.7834% of the total variation of ionospheric TEC in China, respectively. It can be seen
from Figures 3-5 that the third-order EOF base function mainly reflects the redundant
information retained after the second-order EOF component is extracted. Since EOF is only
a mathematical process, the high-order EOF components still retain some redundant infor-
mation in the process of decomposition. Accordingly, the spatial distribution characteristics
of the third-order EOF base function cannot be well explained physically [29]. Figure 6
clearly shows that the third-order EOF coefficient A3 mainly exhibits the characteristics
associated with annual variation, while the fourth-order EOF coefficient A4 mainly shows
the characteristics of semi-annual and annual variations, and both are modulated by the
solar activity index F10.7. The amplitudes of A3 and A4 are larger in the high solar activity
years than in the low solar activity years.

To quantitatively understand the periodic distribution of the first to fourth-order EOF
component coefficients, Figure 7 illustrates the periodic spectra of the first to fourth-order
EOF component coefficients derived from the fast Fourier transform. In order to show the
distribution of the small period more clearly, the logarithm of the X axis is taken in Figure 7.
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The horizontal red line in Figure 7 represents a confidence level of 95.00%, and the black
vertical dotted lines represent 11.21, 5.61, 1.00, and 0.50 years from left to right, respectively.
It can be seen from Figure 7 that the first-order coefficient Al is dominated by 11-year and
semi-annual cycles, the second-order coefficient A2 is dominated by annual variation, the
third-order coefficient A3 is dominated by 5.61-year and annual cycles, and the fourth-order
coefficient A4 is dominated by 11-year, annual, and semi-annual variations. The main
cycles observed in each coefficient of different orders are not completely consistent.

4

0.6+

0
10,000

1000

100 10 1 100
Period(day) Period(day)

Figure 7. The period distributions of the first four EOF coefficients derived from CODE TEC in China
from 1998 to 2010. The horizontal red line represents the confidence level of 95.00%, and the black ver-
tical dotted lines from left to right represent the period of 11.21, 5.61, 1.00, and 0.50 years, respectively.

3.2. Results of lIonospheric TEC Model over China

The real-time GNSS observation data in China can obtain the vertical TEC at the
ionospheric IPP through a certain inversion algorithm, which is referred to as IPP TEC. The
IPP TEC shown in the figures are derived by the GNSS data of CMONOC from the first
15 min to the current time. Furthermore, the base functions and coefficients of different
orders can be obtained by decomposing CODE TEC in China from 1998 to 2010 through
the EOF method. We first select the IPP TEC data of CMONOC from the first 15 min to
the current time, and use the historical average value and base function to interpolate the
corresponding average values and base function values on the UT, longitude, and latitude
of the selected IPP TEC from CMONOC. With the IPP TEC from CMONOC, the interpolated
average values, and the interpolated base function values, we use least squares fitting to
get the real-time coefficients by Formula (1). Then, the real-time Chinese Ionospheric Map
(CIM) can be built by combining the real-time coefficients with the historical base functions
and TEC average values, called EOF CIM. EOF CIM can obtain the corresponding TEC at
IPP by interpolation, which is called EOF TEC. In order to test the accuracy of the model,
the CODE TEC in China is called CODE CIM and is used for comparative analysis with
EOF CIM.
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Figure 8 illustrates the distribution of EOF CIM (70°E-140°E, 10°N-60°N) during
00:00-23:00 UT on 20 March 2016. Figure 8 clearly displays the diurnal variation of iono-
spheric TEC in China that the TEC enhances at sunrise, and which reaches the maximum
near 14:00 LT. The latitude range of the EIA area in the spatial distribution can also be
clearly shown in Figure 8. Therefore, the regional ionospheric TEC model, which was
constructed based on dense GNSS observations combined with the EOF method, can better
reflect the temporal and spatial variation characteristics of ionospheric TEC in China [12].

EOF-CIM @UT 2016-03-20 00:00:00 @UT 01:00:00 @UT 02:00:00 @UT 03:00:00

@UT 19:00:00

@UT 20:00:00

90 110
Longitude/(°)

@UT 21:00:00 @UT 22:00:00 @UT 23:00:00

130 90 110 130 70 90 110 130 70 90 110 130
Longitude/(°) Longitude/(°) Longitude/(°)

0

Figure 8. The distribution of EOF CIM from 00:00 to 23:00 UT on 20 March 2016.

To validate the precision of the constructed Chinese regional ionospheric TEC model
(EOF CIM), we compared IPP TEC with EOF TEC, and CODE CIM with EOF CIM in
different seasons and UTs. Figures 9-12 show the distributions of IPP TEC, EOF TEC,
CODE CIM and EOF CIM at 01:00, 06:00, 11:00, and 16:00 UT during the spring equinox,
summer solstice, autumn equinox, and winter solstice in 2016. Through the comprehensive
comparison of the four figures, it can be seen that the TEC near noon (06:00 UT) is the
largest, followed by after sunset (11:00 UT), then after sunrise (01:00 UT), and near midnight
(16:00 UT), which is the smallest. In the seasons, the TEC at the spring equinox in 2016 is the
largest, followed by the autumn equinox and the winter solstice, and the smallest value of
TEC appears in the summer solstice. In the spatial distribution, the latitude and longitude
distribution characteristics of IPP TEC, EOF TEC, CODE CIM, and EOF CIM are relatively
consistent, especially in the latitude range of the EIA area. However, in the amplitude of
TEC in the EIA area, the TEC values of CODE CIM are significantly different from those
of IPP TEC, EOF TEC and EOF CIM. The TEC value of CODE CIM in the EIA area near
noon (06:00 UT) in Figures 9-12 is significantly smaller than those of IPP TEC, EOF TEC
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and EOF CIM. The difference between CODE CIM and IPP TEC mainly distributes in 0-15
TECU near noon and around 3 TECU in other periods.
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Figure 9. The distributions of IPP TEC, EOF TEC, CODE CIM, and EOF CIM at 01:00, 06:00, 11:00,
and 16:00 UT on 20 March 2016.
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Figure 10. The distributions of IPP TEC, EOF TEC, CODE CIM, and EOF CIM at 01:00, 06:00, 11:00,
and 16:00 UT on 21 June 2016.
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Figure 11. The distributions of IPP TEC, EOF TEC, CODE CIM, and EOF CIM at 01:00, 06:00, 11:00,
and 16:00 UT on 22 September 2016.
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Figure 12. The distributions of IPP TEC, EOF TEC, CODE CIM, and EOF CIM at 01:00, 06:00, 11:00,
and 16:00 UT on 21 December 2016.

In order to quantitatively analyze the accuracy of the Chinese regional ionospheric
TEC model based on dense GNSS observations combined with the EOF method, Figure 13
shows the absolute error distributions between EOF TEC and IPP TEC, EOF CIM and
CODE CIM during the spring equinox, summer solstice, autumnal equinox and winter
solstice in 2016. It can be seen from Figure 13 that the absolute error between EOF TEC
and IPP TEC distributes in —3.50~3.50 TECU, and the root mean square error (RMSE) is
around 2.45 TECU. The error analysis shows that EOF CIM is consistent with the actual
observations. On the basis of a Kalman filter data assimilation and the GNSS data from
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CMONOC and International GNSS Service, Aa et al. [12] constructed a regional TEC model
over China and adjacent areas. The RMSE between the Madrigal TEC and the TEC obtained
from data assimilation has an average amplitude of 2.52 TECU for geomagnetic quiet
condition and 3.51 TECU under geomagnetic disturbed condition. The RMSE between
EOF TEC and IPP TEC is equivalent to that of the Madrigal TEC and the assimilated TEC
in the literature [12]. The absolute error between EOF CIM and CODE CIM distributes in
—5.00~5.00 TECU, with RMSE of about 4.49 TECU. The RMSEs in the spring and autumn
equinoxes are 6.10 TECU and 4.61 TECU, respectively. A previous study shows that
the RMSE between the CODE TEC and the assimilated TEC is around 4.00 TECU under
geomagnetic quiet and disturbed conditions [12]. The RMSE between EOF CIM and CODE
CIM is slightly larger than between the CODE TEC and the assimilated TEC, reported by
Aa et al. [12]. The value of EOF CIM is larger than that of CODE CIM, which is consistent
with the distributions of EOF CIM and CODE CIM in the EIA area in Figures 9 and 11. The
comprehensive comparative analysis of errors shows that the values of EOF CIM are closer
to the observed values in China than those of CODE CIM.

Absolute error between EOF-TEC and IPP-TEC ~ Absolute error between EOF-CIM and CODE-CIM
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Figure 13. The absolute error distributions between EOF TEC and IPP TEC, EOF CIM and CODE
CIM during the spring equinox, summer solstice, autumn equinox, and winter solstice in 2016.

To further examine the model’s accuracy when the observation data is not involved in
the modeling, we first selected the observation data from 4 GNSS stations in the east, south,
west, and north directions of China that are not participating in the construction of the EOF
CIM. Then, we compared the results obtained from EOF CIM with the observation results
of four GNSS stations to analyze the applicability and accuracy of the EOF CIM in different
regions of China. The location distribution of the four GNSS stations is shown in the black
pentagram in Figure 1, and the relevant station names, along with the geographic latitude
and longitude information, are presented in Table 2.

Table 2. The station names, geographical latitude, and longitude used for model accuracy test and
the error distribution for IPP TEC of EOF TEC at each selected station.

The Error of a Station Not The Error of a Station

Station Name C];;iggriiﬂgzc Gigﬁiz%};lc Involved in Modeling Participating in Modeling
RMSE (TECU) NRMSE (%) RMSE (TECU) NRMSE (%)
jsnt 120.89° 31.95° 1.46 12.08 1.48 11.95
ynxp 101.91° 24.10° 1.05 15.00 0.94 13.59
XZgzZ 84.07° 32.29° 1.12 15.75 1.12 15.71
nmej 101.06° 41.96° 0.98 11.97 0.98 11.47
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Figure 14 shows the absolute and relative error distributions between IPP TEC of EOF
TEC at four GNSS stations (jsnt, ynxp, xzgz, and nmej) in China that are independently not
involved in the modeling during the spring equinox, summer solstice, autumnal equinox,
and winter solstice in 2016. It can be seen from Figure 14 that the RMSE and the normalized
RMSE (NRMSE) [12] between the IPP TEC and EOF TEC for those not involved in the
modeling are typically 0.98~1.46 TECU and 11.97~15.75%, respectively. In the west, due
to the relatively limited number of observation stations, when the observation data of
the western station (xzgz) are not involved in the model construction, the NRMSE is
significantly higher compared to the other three stations. Table 2 provides a comparison of
error when one of the four GNSS stations is excluded from and included in the modeling
process, respectively. Through the comprehensive analysis of Table 2, it can be seen that
the accuracy of the model when the observation data of each station are involved in the
modeling is higher than that for the non-participant modeling. The model accuracy at the
south station (ynxp) shows a significant improvement compared to the other three stations
after being included in the modeling.
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Figure 14. The distributions of absolute and relative errors of IPP TEC and EOF TEC at four GNSS
stations in China during the spring equinox, summer solstice, autumn equinox, and winter solstice
in 2016.

4. Discussion

Figure 6 shows that the amplitude of the coefficient Al presents an evident semi-annual
variation, which is correlated with the geographical longitude. In the same geographical
latitude regions, the sectors remote from the magnetic pole are called ‘far-from-polar’
sectors [41]. The semi-annual variation in the ‘far-from-polar” sectors is affected by the
combined effects of the SZA, the high-latitude atmospheric circulation, and the resulting
changes in O/N2. In the ‘far-from-polar’ sectors, the geographical latitude where the
downwelling air flow appears is relatively high. The SZA in this region approaches 90°, the
corresponding generation rate is very small, and it is very sensitive to the SZA. Even if the
downwelling produces a large O/N2, it still cannot produce substantial electrons [29,42].
Therefore, in China, which belongs to the ‘far-from-polar’ sectors, the production rate is
very small in the winter and increases with the increase of the zenith angle in the spring
equinox. The O/N2 decreases in the summer, which leads to two peaks of TEC in March
and October, resulting in the semi-annual variation of coefficient Al. In addition, the
analysis of the ionospheric theoretical model [43] shows that the semi-annual variation
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of the low-latitude electric field strengthens the semi-annual variation of the ionospheric
parameters in the EIA region [44]. In addition, some studies show that the semi-annual
variation of the diurnal tide in the thermosphere can strengthen the semi-annual variation
of the equatorial electrojet, which enhances the semi-annual variation of the ionosphere in
the low latitudes through the dynamic effect [29,45].

Figures 9-12 show that the asymmetry of the ionospheric TEC between spring and
autumn equinoxes is more noticeable in the low-latitude region [46,47]. Liu et al. [48]
indicated that the ionospheric TEC in the low-latitude region at 14:00 LT of low solar activity
is weaker in September than in March. Their result is consistent with the distribution of the
TEC in the low-latitude region near noon (06:00 UT) in the spring and autumn equinoxes
of 2016, as shown in Figures 9 and 11, which is mainly due to the fact that the phase of the
annual variation component of the TEC is located in January, and the amplitude is larger at
low latitudes. Figures 9 and 11 show that the TEC after sunset (11:00 UT) of the autumn
equinox exceeds that near the midday of the autumn equinox or after sunset of the spring
equinox, which is obviously different from the asymmetric distribution of the ionospheric
TEC at 18:00 LT in the spring and autumn equinoxes under low solar activity, as shown in
Figure 9 of Liu et al. [48].

5. Conclusions

In this study, the EOF method is first applied to analyze the CODE TEC in China
from 1998 to 2010. Then, the real-time coefficients of the EOF components are fitted by
the real-time intensive GNSS observation data of CMONOC. Subsequently, the real-time
ionospheric TEC model EOF CIM in China is constructed by combining the real-time
coefficients, base functions, and the historical TEC average value. Finally, the results of EOF
CIM are compared with IPP TEC and CODE CIM. The specific findings are summarized
as follows:

(1) The spatial and temporal distribution characteristics of the average value of CODE
TEC in China from 1998 to 2010 are consistent with that of the first-order base function
after EOF decomposition, which mainly reflects the latitude and diurnal variation char-
acteristics of TEC in China. The second-order EOF base function is positive in the low
latitudes and negative in the middle latitudes. The first four EOF components account
for 90.3813%, 3.4580%, 1.1965%, and 0.7834% of the total variation of ionospheric TEC in
China, respectively.

(2) The amplitude of the first-order EOF coefficient A1 demonstrates an evident semi-
annual variation, and the maximum amplitude mainly appears in March and October. This
is mainly attributed to the change of geographical longitude, the semi-annual variation of
the low-latitude electric field, and the ionospheric fountain effect. Additionally, A1 also has
a clear cycle of about 11 years, and the correlation coefficient with the F10.7 index is 0.8880.
The amplitude of the second-order EOF coefficient A2 has an obvious annual variation,
and its amplitude is smaller than the amplitude of the coefficient Al. The minimum value
of the amplitude mainly occurs in March, August, and September. At the same time, the
amplitude of A2 in high solar activity years is larger than that in low solar activity years.
The third-order EOF coefficient A3 mainly shows the characteristics of annual variation,
while the fourth-order EOF coefficient A4 mainly shows the characteristics of annual and
semi-annual variations, and A3 and A4 are both modulated by the solar activity index
F10.7. The period spectrum analysis of the fast Fourier transform shows that the periods of
11.21, 5.61, 1.00, and 0.50 years are evident in the first to fourth-order EOF coefficients.

(3) The ionospheric TEC model EOF CIM, driven by the real-time GNSS observation
data of CMONOC, can well reflect the latitude, LT, and seasonal variation characteristics of
ionospheric TEC in China. The model results show that the TEC after sunset of the autumn
equinox exceeds that near the midday of the autumn equinox, or after sunset of the spring
equinox. This is obviously different from the asymmetric distribution of the ionospheric
TEC at 18:00 LT in the spring and autumn equinoxes under low solar activity in previous
reports. The model’s comparative analysis and error test show that the RMSE between EOF
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TEC and IPP TEC is mainly distributed around 2.45 TECU, and the RMSE between EOF
CIM and CODE CIM is typically around 4.49 TECU. A previous study indicates that the
RMSE between the assimilated TEC and the Madrigal TEC is 2.52 TECU under geomagnetic
quiet conditions, and the RMSE between the assimilated TEC and the CODE TEC is around
4.00 TECU under geomagnetic quiet and disturbed conditions. The results of the EOF CIM
model are closer to the actual observation in China than those of the CODE CIM model.
Furthermore, the comparative analysis results show that the increase of GNSS observation
data involved in modeling is advantageous for improving the accuracy of the ionospheric
TEC model in China.

The above research shows that the Chinese ionospheric TEC model EOF CIM, con-
structed by the EOF method combined with dense real-time GNSS observation data, can
quickly give the real-time distribution of ionospheric TEC in China. The spatial and tem-
poral distributions of EOF CIM are consistent with the distributions of the observed IPP
TEC. The high-accuracy ionospheric TEC model can provide important technical support
for the study of ionospheric regional characteristics in China and the correction of satellite
navigation radio waves.
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