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Abstract

®
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GPS has been widely used to monitor ionospheric total electron content (TEC) variations.
However, GPS-derived TEC contains ionospheric horizontal gradient information due to
the motion of GPS satellites. As a result, the temporal and spatial variation information is
mixed. With the advent of the geostationary earth orbit (GEO) of the BeiDou navigation
satellite system (BDS), observations from BDS GEO satellites provide a new opportunity
for independent research on the temporal and spatial variations of the ionospheric TEC.
Furthermore, the GEO satellite also enables continuous and long-term TEC monitoring. Due
to its higher orbit, the BDS GEO-derived TEC also contains more plasmaspheric electron
content. In this study, the temporal and spatial variation characteristics of the ionospheric
TEC derived from the BDS GEO satellites over the Asia-Pacific area are investigated. The
achievable TEC theoretical accuracy from the BDS GEO measurements is first deduced.
The TEC time series at 26 BDS stations over the Asia-Pacific area is then analyzed. Results
acquired from the vertical TEC (VTEC) observations in 2017 indicate obvious periodic
variations and spatial variations with a semi-annual anomaly. Through an analysis of the
VTEC series over a span of five years, it is revealed that the long-term TEC variations are
quite dependent on the solar activity intensity in terms of the F10.7 index. Besides, the
BDS GEO-derived VTEC variation trend is consistent with those acquired from the global
ionospheric map (GIM) and the NeQuick model. However, significant biases exist at some
stations due to uneven accuracy of the two global ionospheric models. The maximum RMS
discrepancies reach 4.3 TECU and 9.9 TECU for the GIM and NeQuick, respectively.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The ionosphere plays an important role in fields where trans-
ionospheric electromagnetic wave signals are used such as
satellite navigation, radio communication and radar detection.
Understanding the ionospheric temporal and spatial variation
characteristics is vital for precisely modeling and forecasting
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of the ionosphere. As the ionosphere is a dispersive media,
the global navigation satellite system (GNSS) signal refrac-
tion depends on its frequency. Utilizing this property, the GPS
dual-frequency signal has been broadly applied to monitor the
ionospheric total electron content (TEC) due to its advantages
of high accuracy, low cost, all weather and all time. However,
the GPS-derived TEC contains ionospheric horizontal gra-
dient information due to the moving ionospheric pierce points
(IPPs) caused by the motion of GPS satellites. As a result,
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the acquired TEC time series comprises mixed temporal and
spatial variation information. With the advent of the quasi-
invariant geostationary earth orbit (GEO) of the BeiDou navi-
gation satellite system (BDS), measurements from the BDS
GEO satellites offer a condition to investigate the temporal
and spatial variations of the ionospheric TEC separately.
Furthermore, the geostationary orbit also enables continuous
and long-term TEC monitoring with even a single GEO satel-
lite, facilitating the analysis and understanding of its detailed
variation characteristics. Besides, the BDS GEO-derived TEC
also contains more plasmaspheric electron content due to its
higher orbital altitude.

In recent decades, the GNSS technique has been widely
used as an important means to investigate ionospheric TEC
variations [1-6]. The temporal variations of the ionospheric
TEC exhibit different scales. Liu analyzed the 11-year TEC
data acquired from the Jet Propulsion Laboratory (JPL) global
ionospheric map (GIM) from 1998 to 2008 and found that the
TEC data had strong solar cycle, annual/semi-annual and 27 d
variations [7]. Wu investigated both the temporal and spatial
variations of the ionospheric TEC in Victoria using GPS dual-
frequency data over a period of two years and stated that it
was challenging to precisely represent the behavior of the
ionosphere due to its complexity [8]. Tariku analyzed the
diurnal, monthly and seasonal variations of the GPS-derived
vertical TEC (VTEC) over low-latitude regions during low
and high solar activity phases [9]. Sentiirk and Cepni ana-
lyzed the diurnal, monthly, seasonal and annual variations of
VTEC values derived from the Center for Orbit Determination
in Europe (CODE) GIM data [3]. GNSS network measure-
ments are a powerful tool for studying the global pattern
and evolution process of the ionospheric TEC variations [1].
By detecting and analyzing ionospheric responses, the GPS
observations can be used for investigating various natural
phenomena such as earthquakes, geomagnetic storms, solar
eclipses and solar flares [10-14].

The existing research work is mostly based on the GPS.
With the rapid development of the BDS, five BDS GEO sat-
ellites have been operational in orbit so far. The unique fea-
ture of the BDS GEO satellites attracts increasing attention
in ionospheric study. Yang compared the precision of the
VTEC derived from the BDS GEO B,/B,, B{/B3 and B,/B;3
dual-frequency observations and results indicated that the
phase-smoothed B /B, code observations achieved the highest
precision [15]. Jin pointed out that the BDS GEO observa-
tions became an important data source to observe ionospheric
responses to geomagnetic storms [16]. In summary, the availa-
bility of the BDS GEO observations provides a new means for
monitoring the ionospheric TEC. In this study, the BDS GEO
satellites are utilized to independently investigate temporal
and spatial variation characteristics of the ionospheric TEC
over the Asia-Pacific area by taking advantage of the unique
features of the GEO satellites. The observations collected
from all available BDS GEO satellites at 26 stations spanning
five years are used for this study. In view of the higher acc-
uracy of the real measured TEC from the BDS GEO satellites,
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Figure 1. Station distribution, ground track of BDS GEO satellites
and location of IPPs over the Asia-Pacific area.

the BDS GEO-derived TEC is also applied to assess the GIM
and NeQuick models.

2. Absolute ionospheric TEC retrieval from BDS
GEO observations

Generally, dual-frequency code observations can be used to
calculate the ionospheric TEC. In view of the larger noise
level of code observations, the carrier phase smoothed code
observations are used to obtain the TEC, as follows [17]:
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where STEC is the slant TEC along the satellite-receiver line
of sight, ¢ and ¢, represent the measured carrier phase on B
and B, frequency bands of BDS GEO satellites, respectively,
i represents a BDS GEO satellite, f; and f, are the carrier
phase frequencies, A; and )\, are the carrier phase wavelengths
on B; and B,, respectively, b* and b, represent the differential
code bias (DCB) at satellite and receiver ends, respectively,
Np is a linear combination of carrier phase and code observa-
tions, which can be depicted by (2), P; and P, represent code
observations on B and B,, respectively and m is the number
of epochs for smoothing code observations. Prior to com-
puting the TEC, cycle slips were detected and corrected by
jointly using a forward and backward moving window aver-
aging algorithm and a second-order, time-difference phase
ionospheric residual algorithm [18]. In order to acquire the
absolute ionospheric TEC, it is necessary to make the DCB
corrections to remove the b* and b, [17]. The DCB correction
data is available from the International GNSS Service (IGS).
In (1), the precision of the STEC is dominated by the preci-
sions of determining the Nu, b® and b,, since the carrier phase
observation has a noise level of one or two millimeters [19].
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Figure 2. Diurnal ionospheric VTEC variations derived from different data sources on the three consecutive days from 31 May to 2 June

2017.

Following the error propagation law, the standard deviation of
the STEC can be expressed below after neglecting the errors
of the carrier phase observations and assuming no correlation
among the N, b* and b,.

fifs 03 + 6%+ 6}
40.28 x (f2 —f2)V Nm B Tbe
where Oy, , d5s and dj, are the standard deviations of the Np, b°

and b,, respectively. For BDS GEO satellites, f; = 1561.098
MHZ and f, = 1207.14 MHZ, equation (3) can be rewritten

as,
dsteC = 8.998 \/m

Following the error propagation law, the standard deviation of
the Ny, in (2) can be expressed below after assuming that the
code observations on B and B, have an equal noise level of

dp in unit of meters,
/2
Oy =1/ =d2.
Nn m'P

Substituting dy, into (4), the following (6) can be obtained as,

2
dsteC = 8.9981/ =0 + 05 + 5 .
m T

The DCB products provided by the IGS have an accuracy of
better than 0.5 ns [20-22]. The noise of the BDS GEO code
observations is typically at a level of 0.2 m [19]. Suppose that
the carrier phase observations of at least 12 epochs are used
for smoothing the code observations, the dsrgc can achieve
an accuracy of 2 TECU according to (6). Such accuracy is
comparable to that derived from the absolute GPS TEC [23].
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Figure 3. Ionospheric VTEC variations at GMSD and XMIS on
four days of different seasons in 2017.

The STEC can be further converted into VTEC via a pro-
jection using the following mapping function [24]:

F(Z) = {1 _ [Mr}—os’

(7N
RE + Hion

where F(Z) is the projection function, R is the Earth’s radius,
the ionosphere is hypothetically condensed into a thin shell at
an altitude of 300-450 km [25], H,, is the altitude of the
ionospheric thin shell and Z is the zenith distance of the satel-
lite relative to the receiver.
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3. Data description

In order to analyze the temporal and spatial variation charac-
teristics of the ionospheric TEC, BDS GEO data sets collected
at a total of 26 multi-GNSS experiment (MGEX) stations over
the Asia-Pacific area are used. These stations are distributed in
a latitude range from 60° S—60° N and a longitude range from
20° E-180° E. In such an area, more BDS GEO satellites can
be observed, since their orbits are located vertically above the
equator. The station distribution, ground track of BDS GEO
satellites and locations of IPPs are shown by triangle, square
and circle markers with different colors in figure 1, respec-
tively. The observations have a sampling interval of 30s. The
satellite mask elevation angle is set to 10°. Daily BDS DCB
products for both the satellite and receiver provided by the
CODE are used for DCB corrections to obtain absolute TEC
values.

In addition to the BDS GEO satellites, the ionospheric
TEC can still be obtained via the GIM and NeQuick. The
CODE-generated GIM products are derived based on a spher-
ical harmonic assumption of the ionosphere at a thin-shell
height [26]. The GIM contains VTEC in a globally-distributed
grid, covering a latitude range from +87.5° to —87.5° with a
resolution of 2.5° and a longitude range from —180° to +180°
with a resolution of 5°. The TEC map is updated at an interval
of one or two hours. The NeQuick is a 3D and time-dependent
ionospheric electron density model, which can be used to cal-
culate the electron concentration at any given location in the
ionosphere. Thus, the TEC at a global scale may be derived by
means of numerical integration along the receiver-to-satellite
ray path. The NeQuick model has been adopted by the Galileo
system for ionospheric delay corrections [27].

4. Temporal variation of ionospheric TEC

4.1. Diurnal variation of ionospheric VTEC

Due to their quasi-invariant geostationary orbits, the BDS
GEO satellites can be used to consecutively monitor the
ionospheric TEC variations at almost the same spatial loca-
tion. Figure 2 shows diurnal ionospheric VTEC variations on
three consecutive days of 31 May-2 June 2017 at the GMSD
and XMIS stations using the BDS GEO satellites as well as
the GPS satellites, GIM and NeQuick for comparison. The
GSMD and XMIS stations are located in the middle-latitude
area of the northern hemisphere and the low-latitude area of
the southern hemisphere, respectively. Observations from the
GEO satellites C01, C03 and C04 at GMSD and CO1, C02
and CO3 at XMIS are available during the three consecutive
days. At both stations, the satellite elevation angles of these
GEO satellites are over 40°. The left panels show the VTEC
time series derived from all observed GPS satellites whereas
the right panels show the VTEC acquired from the three BDS
GEO satellites as well as the GIM and NeQuick. In the left
panels, different colors of curves represent the TEC time
series measured from different GPS satellites. It is explicit
that multiple GPS satellites are required to depict a complete
diurnal variation of the ionospheric VTEC, since a single GPS
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Figure 4. Monthly average ionospheric VTEC at GMSD and XMIS
in 12 months of 2017.

satellite is only visible over a few hours. Furthermore, the
depicted diurnal variations are coarse due to an effect of the
simultaneous spatial variations. By contrast, the BDS GEO-
derived VTEC time series is continuous, as can be seen from
the red curves in the right panels, since the GEO satellites
are almost stationary, which enables the VTEC diurnal varia-
tion to be depicted with even one GEO satellite. Besides, the
TEC derived from the BDS GEO satellites contains electronic
content up to a height of 36000 km whereas the TEC derived
from the GPS contains electronic content up to the height of
20200 km. As a result, the BDS GEO-derived TEC includes
more contribution from the plasmasphere.

The blue and green curves represent the GIM- and
NeQuick-derived VTEC time series at the IPPs, respectively.
It is obvious that the GIM and NeQuick models cannot exhibit
detailed variation of the VTEC well when compared with
the real measured VTEC from the BDS GEO satellites. The
NeQuick-derived VTEC obviously deviates the measured
VTEC from the BDS GEO satellites, since the NeQuick is
only a semi-empirical model. At XMIS, a maximum discrep-
ancy reaches 15 TECU at 14:00 on 31 May 2017. By contrast,
the GIM-derived VTEC values are closer to those acquired
from the BDS GEO satellites since the GIM is generated on
the basis of measured TEC. In summary, all these data sources
exhibit a consistent diurnal variation trend of the ionospheric
VTEC.

4.2. Seasonal variation of ionospheric VTEC

Ionospheric TEC has been well known to exhibit seasonal
variation behavior [7]. Generally, a year may be divided into
four seasons. They are spring (March, April and May), summer
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Figure 6. Geographical distribution of yearly average VTEC (A) at
different stations at daytime in 2017.

(June, July and August), autumn (September, October and
November) and winter (December, January and February) in
the northern hemisphere [8]. In the southern hemisphere, the
seasons have perfect symmetry. To understand seasonal varia-
tion characteristics, figure 3 shows the diurnal variations of
the ionospheric VTEC derived from the BDS GEO satellites
of CO1 at the northern hemisphere GMSD station and CO3 at
the south-hemisphere XMIS station on four days of different
seasons in 2017, namely the vernal equinox, summer solstice,
autumnal equinox and winter solstice. The two satellites are
chosen due to their highest elevations among all visible BDS
GEO satellites. As observations are incomplete at GMSD on
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Figure 7. Geographical distribution of relative magnitudes (A,/A})
at different stations at daytime in 2017.

the exact days of the vernal equinox, summer solstice and
autumnal equinox, data sets on adjacent days i.e. March 21,
June 23 and October 01 are used as a substitute. The iono-
spheric VTEC curves on the four different days are plotted
with different colors to reflect the diurnal variations in the four
different seasons. It can be seen that the VTEC curves have
larger variation amplitudes at XMIS due to its lower latitude
in comparison to the GMSD station. At both stations, the daily
VTEC peak values on the vernal equinox or autumnal equinox
are larger than those on the summer solstice or winter solstice,
indicating an obvious seasonal variation. Figure 3 also shows
that the ionospheric VTEC values at GMSD are higher on the
summer solstice than those on the winter solstice, but it is the
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Table 1. Annual variation phase D; and semi-annual variation phase D, at different stations (DOY).

CUTO DYNG GMSD HARB JFENG KIRI KRGG MAL2 MRO1 SEYG SIN1 XMIS
DI 1 166 165 363 142 2 359 7 365 363 8 361
D2 110 94 91 92 95 99 98 90 93 90 90 100
opposite at XMIS. This is because the two stations are located 100

in two different hemispheres and the seasons are the opposite
in the two hemispheres.

To further analyze the seasonal variations, figure 4 shows
the monthly average ionospheric VTEC at GMSD and XMIS
in the entire year of 2017. The statistics are based on the VTEC
values at the local time (LT) of 14:00 of each day. In order
to clearly depict the seasonal variation, six-order polynomial
fitting curves are displayed with orange colors. It is explicit
that the ionospheric VTEC at both stations exhibits an obvious
seasonal variation. At GMSD, the maximum value of the iono-
spheric VTEC appears at 38 TECU in September whereas the
minimum value appears at 14 TECU in December. A similar
phenomenon occurs at XMIS where the maximum monthly
average VTEC value appears at 40 TECU in November
whereas the minimum VTEC takes place at 16 TECU in July.
At both stations, the peak of the VTEC variations emerges
in spring/autumn whereas the trough of the VTEC variations
takes place in summer/winter, which indicates an occurrence
of a semi-annual anomaly phenomenon [28]. The ionospheric
TEC in the summer is higher than that in the winter at both
stations, and no winter anomaly phenomenon is found.

4.3. Semi-annual and annual variations of ionospheric VTEC

To analyze semi-annual and annual variations of the iono-
spheric TEC, the daily VTEC time series can be mathemati-
cally expressed in three terms, namely the average, annual
and semi-annual components, based on the Fourier analysis
method as follows [29]:

VEQiﬂ:M@+AmNm¥M—DMH
+Amn%%w—mmL ®)

where d is day of year (DOY) and T (T = 365.25) is number
of days in a year, ¢ is LT, A is yearly average value of VTEC
time series, A and A, are amplitudes of the VTEC annual and
semi-annual components, respectively, and D and D, are the
corresponding phases, denoting the days when the maximal
VTEC values appear. By comparing coefficients A; and A,
with Ay, the annual and semi-annual variation intensities can
be acquired.

The BDS GEO data sets at 12 stations with different lati-
tudes are used to analyze the annual and semi-annual vari-
ations of the VTEC. Figure 5 shows the daily ionospheric
VTEC variations at daytime in the entire year of 2017. The
VTEC value at LT 14:00 is used to represent the daily VTEC at
each station. The VTEC time series derived from the GIM and
NeQuick at the IPPs at the same moment is also displayed for
comparison . The blue, green and pink dots represent the daily
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Figure 8. Long-term variations of ionospheric VTEC based on
BDS GEO satellites.

VTEC from the BDS GEO, NeQuick and GIM, respectively.
In order to reflect the variation trend, the corresponding fitting
curves based on the equation (8) are also displayed. As can be
seen from the fitting curves, the peaks appear twice, indicating
apparent semi-annual variations. The two peak days are close
to vernal equinox and autumnal equinox, respectively.

The GEO-, GIM- and NeQuick-derived VTEC time series
have a consistent varying trend. However, the green curves
significantly deviate from the blue curves at some stations
such as GMSD, JENG, KIRI, MAL2, MRO1 and XMIS, indi-
cating that the NeQuick-derived VTEC values have relatively
larger errors in the low-latitude area. Using the real meas-
ured VTEC from the BDS GEO satellites as references, the
station-averaged RMS discrepancies for the NeQuick- and
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namely the vernal equinox, summer solstice, autumn equinox and winter solstice in 2017.

GIM-derived VTEC are 6.2 TECU and 2.5 TECU, respec-
tively. The maximum RMS for the NeQuick-derived VTEC
reaches 9.9 TECU at XMIS. By contrast, the GIM-derived
VTEC values are closer to the reference values. The maximum
RMS is 4.3 TECU at SINI. According to previous analysis,
the GEO-derived TEC has an accuracy of 2 TECU. The larger
discrepancies at some stations indicate a nonuniform accuracy
of the NeQuick and GIM in the Asia-Pacific area.

To further investigate the annual and semi-annual varia-
tions of the ionospheric VTEC over the Asia-Pacific area, the
Fourier analysis method, as shown in (8), is applied and then
the coefficients of Ay, A; and A, can be obtained. The Ay is
the yearly average value of the VTEC, while the A; and A,
denote the amplitudes of the annual and semi-annual comp-
onents, respectively. Figure 6 shows the yearly average value
of the VTEC at different stations at daytime in 2017. The circle
marker at the station location represents the Ag acquired from
the BDS GEO observations whereas the adjacent triangle and
square markers indicate the Ay derived from the NeQuick and
GIM, respectively. The Ay remains within 40 TECU. In addi-
tion, the Ay is significantly larger in the low-latitude area than
those in the middle and high-latitude areas. On the whole, the
yearly average value of the VTEC derived from the GEO satel-
lites, NeQuick and GIM agree well. The yearly average values
of the NeQuick-derived VTEC differ obviously, at the JFNG,
GMSD, XMIS and KIRI stations, from the GEO-derived
VTEC, suggesting larger errors of the NeQuick-derived
VTEC at these stations. The maximum difference of the yearly
average values reaches 7.1 TECU at JENG. By contrast, the

yearly average values from the GIM-derived VTEC are closer
to those acquired from the GEO-derived VTEC. Their max-
imum difference is 2.7 TECU at XMIS.

Figure 7 shows the geographical distribution of the relative
magnitudes of Ay/A; at different stations at daytime in 2017.
The ratios are larger than 1 at most stations, which indicates
that the semi-annual variation of the ionospheric VTEC over
the Asia-Pacific area in 2017 is dominant, as opposed to the
annual variation. The semi-annual variation amplitudes are
much larger than their annual variation amplitudes at JENG
and GMSD in the northern hemisphere, since their ratios of
A,/A| reach 4. But at the stations of HARB, MRO1 and CUTO
in the southern hemisphere, the ratios of A,/A; are lower
than 0.5, indicating a dominant annual variation at the three
stations.

Table 1 shows the annual variation phase D; and semi-
annual variation phase D, at different stations. The phase
represents the day of the year when the VTEC reaches its
maximal value. It is found that D, is close to the summer sol-
stice at the northern hemisphere stations of DYNG, GMSD
and JFENG whereas D, is close to the winter solstice at the
other stations located in the southern hemisphere or near the
equator, which suggests that the maximum VTEC value in
the annual variation appears in the local summer season after
taking the season symmetry into account. Differing from the
annual variation, the semi-annual variation phase appears in
the local spring or autumn seasons, indicating an occurrence
of the semi-annual anomaly. This confirms once again the
existence of the semi-annual anomaly phenomenon.
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Figure 10. Spatial distribution of ionospheric VTEC derived from BDS GEO satellites over the Asia-Pacific area on four days of different

seasons.
4.4. Long-term variation of ionospheric VTEC

To analyze long-term variations of the ionospheric VTEC, the
VTEC time series is derived from the BDS GEO satellites of
CO01 at GMSD, CO03 at SIN1 and CUTO over a span of five
years from 2013-2017. Again, the VTEC value at LT 14:00 of
each day is used to represent the daily VTEC. The three sta-
tions are located close to the north latitude of 30°, the equator
and south latitude of 30°, respectively. Figure 8 shows the daily
ionospheric VTEC time series with green plus markers. The
discontinuity of the VTEC time series at all three stations is
caused by the lack of observations. The daily VTEC values are
fitted with six-term sine functions to indicate their variation
trends, as can be seen from the black curves. It is noted that
the VTEC time series has a large varying amplitude at all three
stations before June 2015. Afterwards, the VTEC series fluctu-
ates moderately. The stations of GMSD in the northern latitude
and SINI1 near the equator exhibit larger VTEC values than
the station of CUTO in the southern latitude. In order to gain

insight into the reasons for the long-term variations, the solar
activity index F10.7, sunspot number and geomagnetic index
are provided in the middle and bottom panels to indicate the
solar activity intensity and the level of geomagnetic activity.
The long-term VTEC variation has a strong correlation to the
solar activity intensity in terms of the indices of F10.7. Their
correlation coefficient reaches 0.7 at GMSD, 0.3 at SIN1 and
0.6 at CUTO. The relatively weaker correlation at SINT reflects
that the ionosphere is more complex near the equator. By con-
trast, the long-term VTEC variation is less correlated to the
geomagnetic index AP since their correlation coefficient is
smaller than 0.1 at all three stations. In summary, the long-term
VTEC variation is mainly dependent on solar activity intensity.

5. Spatial variation of ionospheric VTEC

Generally, the ionospheric VTEC varies with different
spatial locations. In order to investigate spatial variation
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characteristics of the ionospheric VTEC over the Asia-Pacific
area, figure 9 shows the diurnal variations of the ionospheric
VTEC derived from the same GEO satellite at different sta-
tions on four days of different seasons in 2017, namely vernal
equinox, summer solstice, autumnal equinox and winter sol-
stice. Data sets collected at twelve stations with different
latitudes are used for this spatial variation analysis. These sta-
tions are located in both southern and northern hemispheres
with a latitude span of around 84°. The GEO satellite CO1
is commonly visible at these stations owing to its relatively
higher satellite elevation angles. The VTEC curve at each sta-
tion is plotted with a different color. Due to the lack of data
at some stations, the number of the actually plotted VTEC
curves is less than twelve on all four days, except for autumnal
equinox. The maximum VTEC difference at the same moment
among different stations is close to 20 TECU on the summer
solstice and winter solstice and over 30 TECU on the vernal
equinox and autumnal equinox. This phenomenon is caused
by the solar intensity differences at different latitudes and
LTs. The diurnal variations of the VTEC are obvious in most
stations. However, the peaks of the VTEC curves appear at
a different time for different stations. The peak times differ
by several hours since the LTs are different for stations with
different longitudes. Generally, the intensity of incident solar
ray reaches its maximum value at noon of LTs. As a result, the
diurnal VTEC peaks in this period.

Figure 10 shows the spatial distribution of the ionospheric
VTEC derived from the BDS GEO satellites over the Asia-
Pacific area by interpolating the VTEC at all 26 stations with
a three-order polynomial fitting approach. The diurnal VTEC
variations are displayed every two hours from universal time
(UT) 2:00-12:00 on four different days of the vernal equinox,
summer solstice, autumn equinox and winter solstice. The red
dots represent the locations of the IPPs. As can be seen from
these panels at an interval of two hours, the diurnal VTEC
variations are obvious and the larger VTEC appears during
the period of 4:00-10:00 of the center area. The VTEC vari-
ations at the low-latitude area are more active than the other
areas. The maximum VTEC up to 50-60 TECU appears on
the vernal equinox and autumn equinox. By contrast, the max-
imum VTEC values are slightly lower at around 35 TECU on
the summer solstice and winter solstice. The maximum spatial
difference at the same moment reaches 51 TECU, 39 TECU,
59 TECU and 30 TECU on the vernal equinox, summer sol-
stice, autumn equinox and winter solstice, respectively. This
reveals significant spatial difference over the Asia-Pacific area.

6. Conclusions

BDS GEO satellites can be tracked to monitor ionospheric
TEC continuously. By taking advantage of their almost sta-
tionary satellite orbits, this study separately investigates the
temporal and spatial variation characteristics of the iono-
spheric VTEC over the Asia-Pacific area based on the BDS
GEO satellites. Following the error propagation law, the abso-
lute TEC derived from the BDS GEO satellites has an acc-
uracy of 2 TECU. By analyzing the BDS GEO-derived VTEC

time series over the Asia-Pacific area in 2017, obvious diurnal,
seasonal and semi-annual variations are found. According to
the analysis of the monthly average ionospheric VTEC, it is
revealed that the peak value of the VTEC variations emerges
in spring/autumn whereas the trough of the VTEC variations
takes place in summer/winter, indicating an occurrence of a
semi-annual anomaly phenomenon. Based on the Fourier
analysis results, it is found that the semi-annual variations
of the ionospheric VTEC are dominant at most stations. The
BDS GEO-derived VTEC variation trend is consistent with
those acquired from the GIM and NeQuick model. However,
significant biases exist at some stations. The maximum RMS
discrepancies for the GIM- and NeQuick-derived VTEC reach
4.3 TECU and 9.9 TECU, respectively, indicating an uneven
accuracy distribution of the two global ionospheric models.
Based on the analysis using data sets spanning from 2013-
2017, the long-term VTEC variations are quite dependent on
solar activity intensity in terms of the index of F10.7 with a
maximal correlation coefficient of 0.7.

The BDS GEO data sets at all 26 stations in this area are
used to investigate the spatial variation characteristics of the
ionospheric VTEC. Results indicate that the maximum spatial
difference at the same moment reaches 51 TECU, 39 TECU,
59 TECU and 30 TECU on the vernal equinox, summer sol-
stice, autumn equinox and winter solstice, respectively. This
reveals a significant spatial difference over the Asia-Pacific
area. In summary, the BDS GEO satellites provide a new
means for ionospheric TEC monitoring. With the forthcoming
full deployment of the BDS system, a broader application
prospect can be expected.
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