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Highlights

What are the main findings?

• Using GRACE-A data (400 km in 2016), the monthly stabilities (STDs) of GPS satellite
differential code biases (DCBs) and low-earth-orbit (LEO) satellites receiver DCBs
using the EP (epoch parameter)-topside vertical electron content (VEC) method are
better than those using the SH (spherical harmonic)-topside VEC method. For JASON-
2 data (1350 km), the STDs of GPS DCBs using the SH-topside VEC method are
slightly superior to those using the EP-topside VEC method, and LEO DCBs using
the two methods have similar STD results. However, the root mean square (RMS)
results for GPS DCBs using the SH-topside VEC model relative to the Center for Orbit
Determination in Europe (CODE) products are slightly superior to those using the
EP-topside VEC method.

• Due to the difference in orbital altitude, the results and distributions of the GRACE-
topside VECs differ from those of the JASON-topside VECs, with the former being
more consistent with the ground-based results, indicating that there may be different
height structures in the LEO-topside VECs. Meanwhile, we applied the IRI-GIM (Inter-
national Reference Ionosphere model–Global Ionosphere Map) method to compare the
LEO-topside VEC results. The results indicate that the accuracy of GRACE-A-topside
VECs using the EP-topside VEC method is better than that using the SH-topside VEC
method, whereas for JASON-2, the two methods have similar accuracy. The temporal
and spatial resolutions of the SH-topside VEC model are higher than those of the
EP-topside VEC method, and the former has a wide range of usability and predictive
characteristics.

What is the implication of the main finding?

• At present, there is no research to analyze and compare the effects of the two topside
VEC processing methods on DCB estimates and LEO-topside VEC extraction. It is
essential to obtain more accurate global navigation satellite system (GNSS)/LEO DCBs
and LEO-topside VEC parameters, particularly in future scenarios with an increase in
LEO satellites, which can serve next-generation GNSS and LEO positioning.

• For GNSS/LEO DCB estimates, different evaluation criteria yield different results. The
STD results are related to the heights of LEO receivers, whereas the RMS results are
not. The accuracies of the LEO-topside VEC results are related to the heights of LEO
orbits. Meanwhile, the temporal and spatial resolutions of the SH-topside VEC model
are higher than those of the EP-topside VECs, and the former have a wide range of
usability and predictive characteristics.
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Abstract

Global navigation satellite system (GNSS) differential code bias (DCB) and topside iono-
sphere vertical electron content (VEC) can be estimated using onboard data from low-
earth-orbit (LEO) satellites. These satellites provide the potential to make up for the lack
of ground-based stations in the oceanic and polar regions and establish a high-precision
global ionosphere model. In order to study the influences of different LEO-topside VEC
processing methods on estimates, we creatively analyzed and compared the results and
accuracy of the DCBs and LEO-topside VEC estimates using two topside VEC solutions—
the SH-topside VEC (spherical harmonic-topside vertical electron content) and EP-topside
VEC (epoch parameter-topside vertical electron content) methods. Some conclusions are
drawn as follows. (1) Using GRACE-A data (400 km in 2016), the monthly stabilities (STDs)
of GPS satellite DCBs and LEO receiver DCBs using the EP-topside VEC method are better
than those using the SH-topside VEC method. For JASON-2 data (1350 km), the STD
results of GPS DCBs using the SH-topside VEC method are slightly superior to those using
the EP-topside VEC method, and LEO DCBs using the two methods have similar STD
results. However, the root mean square (RMS) results for GPS DCBs using the SH-topside
VEC model relative to the Center for Orbit Determination in Europe (CODE) products
are slightly superior to those using the EP-topside VEC method. (2) The peak ranges of
the actual GRACE-A-topside VEC results using the SH-topside VEC and EP-topside VEC
methods are within 42 and 35 TECU, respectively, while the peak ranges of the JASON-2-
topside VEC results are both within 6 TECU. Additionally, only the SH-topside VEC model
results are displayed due to the EP-topside VEC method not modeling VEC. Due to the
difference in orbital altitude, the results and distributions of the GRACE-topside VECs
differ from those of the JASON-topside VECs, with the former being more consistent with
the ground-based results, indicating that there may be different height structures in the
LEO-topside VECs. In addition, we applied the IRI-GIM (International Reference Iono-
sphere model–Global Ionosphere Map) method to compare the LEO-based topside VEC
results, which indicate that the accuracy of GRACE-A-topside VEC using the EP-topside
VEC method is better than that using the SH-topside VEC method, whereas for JASON-2,
the two methods have similar accuracy. Meanwhile, we note that the temporal and spatial
resolutions of the SH-topside VEC method are higher than those of the EP-topside VEC
method, and the former has a wide range of usability and predictive characteristics. The
latter seems to correspond to the single-epoch VEC mean of the former to some extent.

Keywords: GPS satellite differential code bias (DCB); LEO receiver DCB; LEO-based
topside ionosphere vertical electron content (VEC); SH-topside VEC method; EP-topside
VEC method; accuracy

1. Introduction
Differential code bias (DCB) is a significant error source that must be corrected for

global navigation satellite system (GNSS) positioning and ionospheric modeling [1–5]. DCB
refers to the difference in time delay caused by the signal traveling through the hardware
of the satellite or receiver. The fewer ground observation stations in the ocean and the
poles limit the improvement of space atmospheric monitoring to some extent. The use
of low-earth-orbit (LEO) satellites onboard GNSS observation data to determine DCB
and topside ionospheric vertical electron content (VEC) can compensate for the lack of
observation stations in the oceanic and polar regions, as well as establish a high-precision
global ionosphere and broadcast ionosphere models, which can serve next-generation
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GNSS and LEO positioning. Meanwhile, LEO observation data could be a contributor to
the multisource data to integrate, promoting an increase in vertical total electron content
(VTEC) precision [6,7]. The Center for Orbit Determination in Europe (CODE) and other
GNSS data processing facilities simultaneously estimate DCBs along with either global or
local ionospheric models owing to high correlation [8–13]. Some factors could affect the
precision of DCB and VTEC estimates, including the number of ground stations, station
distribution, receiver type, data quality, and the ionosphere total electron content (TEC)
modeling method. For example, CODE bases its estimates on over 200 ground stations [1,8].
LEO satellites can be considered mobile space-based stations to estimate GNSS satellite
DCBs with uniform onboard receiver types. The onboard GNSS data from a small number
of LEO satellites can be used to achieve similar results to those derived from a large number
of ground-based observations. Additionally, the completed BeiDou satellite navigation
system is intended to use fewer observation stations outside China to achieve the product
service of positioning, such as the calculation of time group delay (TGD) parameters. The
LEO satellites used to determine DCB and LEO-based topside VEC could play a significant
role in improving future positioning, navigation, and timing (PNT) service systems [14–16].

In recent years, some studies have focused on LEO-based DCB and topside ionosphere
VEC estimation. References [17,18] took the GPS satellite and LEO receiver DCBs as
unknown parameters. Wautelet [19] used a least square adjustment to simultaneously
estimate GPS satellite and JASON-2 receiver DCB, using VEC parameters as the epoch
parameter. Some scholars [20,21] have estimated GPS satellite DCB and corresponding
VEC using LEO onboard observations from the Fengyun-3C/-3D satellites. Some studies
have estimated receiver DCB and LEO-based topside VEC by introducing the GPS satellite
DCB [22–24]. Currently, some scholars use VEC as the epoch parameter in simultaneous
estimation of LEO-based DCB and VEC parameters [19–21], and other studies adopt
the spherical harmonic function to model LEO-based topside VEC [25–27]. For the TEC
mapping function, reference [28] pointed out that the geometric mapping function proposed
by Foelsche and Kirchengast [29] (referred to as the F&K function) was suitable for LEO-
based TEC conversion when using LEO data. Hence, in this study, we used the F&K
mapping function to convert the TEC results. Currently, there are two VEC processing
methods: (1) expressing topside VEC as the epoch parameter (EP-topside VEC method) and
(2) expressing topside VEC as the spherical harmonic function (SH-topside VEC method).
At present, there is no research to analyze and compare the influences of the two topside
VEC models on DCB and LEO-based topside VEC estimates. It is essential to obtain more
accurate DCB and LEO-based topside VEC estimates, particularly in future scenarios with
an increase in LEO satellites.

In this study, in order to study the influences of two LEO-topside VEC processing
methods on estimates, we analyzed and compared the results and accuracies of GPS/LEO
DCB estimates and LEO-topside VEC results using two VEC processing methods—the
SH-topside VEC and EP-topside VEC methods. First, we present the two VEC methods for
estimating DCBs and LEO-topside VEC parameters simultaneously. Second, we compare
the accuracies of the GPS and LEO DCB estimates obtained using the two VEC methods.
Third, we display the LEO-based topside VEC results and applied the International Ref-
erence Ionosphere (IRI) model and Global Ionosphere Map (GIM) method (IRI-GIM) to
evaluate them. Finally, we draw our conclusions on the effects of two LEO-topside VEC
modeling methods on estimating DCBs and LEO-topside VEC extraction.

2. Methods and Strategies
This section depicts the two LEO-based topside VEC modeling methods and the

validation methods of parameter estimates.
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Because more cycle slips occur in LEO onboard GNSS phase data than in ground phase
observations, the carrier-to-code leveling method may introduce larger errors. Hence, we
utilized LEO code observation data processed by iteration screening of LEO carrier phase
observations and precise orbits, which were derived from the preprocessing strategy of
LEO precise orbit determination, and we can obtain clearer code observations [27,30,31].

The geometry-free (GF) combination estimation method comprises a simpler calcu-
lation that does not require additional information. Therefore, we used GF combinations
of pseudo-range observations to estimate DCB and LEO-based topside VEC parameters.
Dual-frequency onboard GPS code observations are commonly expressed as shown in
Equation (1). The GF combinations observations used to estimate DCB and LEO-based
topside VEC parameters are expressed as shown in Equation (2) [12,32] as follows: Ps

r,1 = ρs
r + c·(dtr − dts) + α1·STEC + c·(bs,1 + br,1) + εs

r,1 , α1 = 40.28
f 2
1

Ps
r,2 = ρs

r + c·(dtr − dts) + α2·STEC + c·(bs,2 + br,2) + εs
r,2 , α2 = 40.28

f 2
2

(1)

Ps
r,GF = Ps

r,1 − Ps
r,2 = α·STEC + DCBs + DCBr + εs

r,GF, α = 40.28·
(

1
f 2
1
− 1

f 2
2

)
(2)

where the superscript s and superscript r represent the navigation satellite and LEO on-
board receiver, respectively, and 1 and 2 represent the frequency number; symbols f1 and f2

represent the GPS L1 and L2 frequencies; ρs
r denotes the geometric distance of observations

in meters; c is the light speed in vacuum; dtr, ts represent the receiver and navigation
satellite clock offsets, respectively; STEC is the slant total electron content of the topside
ionosphere or plasmasphere in units of TECU; bs,i,br,i (i = 1,2) are the instrument delays in
units of ns from navigation satellite s and onboard receiver r at two frequencies, respec-
tively; αi (i = 1,2) and α are the coefficients of the STEC in units of m/TECU that relate
to GPS L1 and L2 frequencies; Ps

r,1 and Ps
r,2 are the code observations in meters at GPS

L1 and L2 frequencies from the navigation satellite s to the LEO satellite r; Ps
r,GF is the

GF combination of pseudo-range observations in meters; DCBs and DCBr denote DCB
values of the navigation satellite s and receiver r in units of meters, respectively; and
εs

r,i , εs
r,GF represent noises from code observations and corresponding GF combination

observations, respectively.
The slant electron content (SEC) is the product of the VEC and the mapping function.

The expected height of maximum electron density is called the ionospheric effective height
(IEH) [28]. The F&K mapping function is a thick-layer model with an IEH layer thickness
above the receiver, and that was originally developed for slant-path atmospheric water
vapor conversion and was later applied to the LEO-based TEC conversion [33]. The LEO-
based topside VEC can be expressed as epoch parameters (EP-topside VEC) or the spherical
harmonic function (SH-topside VEC) of geomagnetic latitude and sun-fixed longitude. The
GPS antenna of the JASON satellite is tilted by 15◦ with respect to the X/Z plane [19,34]
with a minimum elevation angle of 0 ◦C reduced the multipath error and measurement
noise to some extent. Thus, to take full advantage of the maximum number of observations
to improve the accuracy of DCB and LEO-based topside VEC estimation, an elevation angle
of 15 degrees was adopted.
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The relationship between SEC and VEC based on the EP-topside VEC and SH-topside
VEC methods [1,28,29,35] can be expressed as shown in Equations (3) and (4) as follows:

SEC = m fF&K·VEC
m fF&K = 1+(RE+hIEH)/RLEO

cos z+
√

(RE+hIEH)2/RLEO
2−(sin z)2

hIEH = (0.0027F107 + 1.79)hLEO − 5.52F107 + 1350
VEC = as epoch parameter

(3)



SEC = m f F&K·VEC
m fF&K = 1+(RE+hIEH)/RLEO

cos z+
√

(RE+hIEH)2/RLEO
2−(sin z)2

hIEH = (0.0027F107 + 1.79)hLEO − 5.52F107 + 1350

modeled VEC =
nmax
∑

n=0

n
∑

m=0
P̃nm(sin φ)·(Ãnm cos(mλ) + B̃nm sin(mλ))

(4)

where SEC and VEC represent the slant and vertical total electron contents of the topside
ionosphere or plasmasphere in units of TECU, respectively; m fF&K represents the F&K
mapping functions; z represents the zenith angle of the slant ray path; RE represents the
earth radius in kilometers; hIEH represents the IEH in kilometers; hLEO denotes the orbit
height of the LEO satellite above the Earth’s surface in kilometers; and F107 represents the
solar radio flux at 10.7 cm. In Equation (3), LEO-based topside VEC values are estimated as
epoch parameters, while in the expression of modeled VEC in (4), P̃nm is the normalized
associated Legendre functions of degree n and order m; Ãnm,B̃nm are the estimated TEC
coefficients of the spherical harmonic function; symbols φ and λ are the geomagnetic
latitude and the sun-fixed longitude, respectively; and nmax is the maximum degree of the
spherical harmonic expansion. Assuming that the modeling spacing is m and degree and
order is d for the SH-topside VEC method, respectively, the number of SH-topside VEC
modeling parameters is (d + 1) × (d + 1) × (24/m + 1), the number of DCB parameters is
32 + 1 = 33, and the number of total unknown parameters of the SH-topside VEC method on
one day is (d + 1) × (d + 1) × (24/m + 1) + 33. Meanwhile, for the EP-topside VEC method,
assuming that the number of observation epochs is n, the number of VEC values equals the
number of observation epochs according to the assumption of spherical symmetry [24,33],
and the number of total unknown parameters of the EP-topside VEC method on one day
is n + 33. It is worth noting that the number of estimated parameters on one day for the
EP-topside VEC method (about 3000) is much larger than for the SH-topside VEC method
(about 600 in this paper).

Because of the close correlation between the GPS satellite and receiver DCB, resulting
in a normal matrix rank deficiency, the DCB datum was defined by a zero-mean condition
imposed on satellite bias estimation for decorrelation. The zero-mean condition [36] can be
written as shown in Equation (5) as follows:

Smax

∑
s=1

DCBs = 0 (5)

where Smax refers to the total number of observed GNSS satellites.
In this study, we used two different topside VEC processing methods—EP-topside

VEC and SH-topside VEC methods—to estimate LEO-based topside VEC and daily DCB
parameters of GPS satellites and LEO receivers. Using the SH-topside VEC method, the
LEO-based topside VEC values were modeled using a spherical harmonic expansion
of up to the degree and order of 8 in the solar geomagnetic reference frame [37]. The
temporal modeling mode was set to a dynamic status, and the cadence used to estimate
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TEC coefficients was set to 4 h. The corresponding strategies for the DCB and LEO-based
topside VEC estimation using LEO data are presented in Table 1.

Table 1. Estimation strategies based on low-earth-orbit (LEO) satellites data.

Option/Parameter Selection/Description

Data preprocessing

Observations Code and phase observations of the ionosphere-free combination
Data interval 10 s

Satellite ephemeris and clock Center for Orbit Determination in Europe (CODE) precise products
Cut-off elevation angle 7◦

Attitude
GPS antenna phase center (APC)

Attitude files
Corrected

LEO receiver APC Corrected
LEO receiver clocks Estimated

LEO satellite orbits Introduced as priori orbits, calculated by reduced dynamic
precision orbit determination

Screening solutions Residuals and root mean square (RMS) screening iteratively

Differential code bias (DCB)
estimation

Observations Code observations of the geometry-free (GF) combination
Cut-off elevation angle

Data interval
15◦

30 s
GPS satellite DCBs Daily constants for P1–P2
LEO receiver DCBs Daily constants for P1–P2
Mapping function+ F&K + EP-topside VEC: F&K function + epoch parameters in daily solution

Vertical electron content (VEC) F&K + SH-topside VEC: F&K function+ spherical harmonic modeling:
degree and order of 8, dynamic parameter spacing of 4 h

Datum Zero-mean condition for all observation satellite DCBs

After DCB estimation, the daily DCB estimates were realigned by applying a shift from
non-all satellite DCB values, which can be calculated using a common set of satellites over
the period of study [27]. Specifically, this shift can be considered as a mean bias computed
using all common satellite DCBs, which is added to all satellite DCBs and subtracted
from the receiver DCBs [19]. After the alignment [38], we evaluated the accuracy of the
DCB estimates produced by the two methods, using their stability to represent internal
agreement in the form of standard deviation (STD) and comparisons with CODE products
to represent external agreement in the form of mean differences and RMS.

Currently, there are no external reference products for LEO-topside VEC. Thus, we
designed and applied the IRI and GIM method (IRI-GIM) to evaluate the LEO-topside VEC
results using the two VEC methods, which is the validation of the difference between the
summed TEC of the LEO-based topside VEC and the IRI 2016 model results and the CODE
GIM results. We adopted the IRI model to calculate the TEC results from ground to LEO
satellites and used the CODE GIM to obtain the TEC results from ground to GNSS satellites,
respectively. In the IRI 2016 model, the IRI_Shubin model was added and built using
the observation data from three occultation missions (CHAMP/GRACE/COSMIC) and
global observation from 62 ionosondes from 1987 to 2012 [39]. We selected the IRI_Shubin
model for ionosphere F2 peak height calculation and the URSI model for F2 peak density
calculation in our study. Meanwhile, the estimated LEO-topside VEC values are the results
from LEO to GNSS satellites. The general calculation method of the IRI-GIM is as follows.
Firstly, we added the estimated LEO-topside VECs and the results from the IRI 2016 model.
Then, we compared the above summed VTEC with the CODE GIM and analyzed the
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reliability of the estimated LEO-topside VECs. We also described the calculation method in
reference [27].

3. Results
In this section, we discuss the parameter estimation results of the two LEO-topside

VEC methods using data from two LEO satellites at different altitudes (GRACE-A and
JASON-2 satellite) with different heights for the period day of year (DOY) 214~244 (August)
in 2016. The GRACE-A satellite is located at altitudes of approximately 400 km, and the
orbits of JASON-2 above the ionosphere are at altitudes of 1350 km. We conduct the
estimation of the GPS satellite DCBs, LEO receiver DCBs, and LEO-based topside VEC
parameters using two different VEC processing methods (EP-topside VEC and SH-topside
VEC methods), and present the evaluation results of corresponding estimates. The F&K
function is used as the LEO-based TEC mapping function in this study. According to
Equations (3) and (4), the priori IEH heights based on the F&K mapping function for
GRACE and JASON satellites are set at 1500 and 3500 km, respectively. Hence, an elevation
angle of 15◦ is adopted for the LEO data with a sample interval of 30 s. For DCB estimates,
internal and external agreements usually apply the monthly stability (STD) and RMS of the
difference between DCB estimates and CODE products. For LEO-based topside VEC, the
IRI and CODE GIM (IRI-GIM) method is applied to validate and compare the results of
two LEO-topside VEC processing methods.

3.1. Comparison and Precision Evaluation of GPS DCB Estimates

The daily GPS satellite DCB estimates based on the EP-topside VEC and SH-topside
VEC methods are shown in Figure 1, where the GPS DCB estimates range between −10 and
10 ns. They are relatively stable and have small differences. DCB values for G04, G20, and
G22 using GRACE-A data were not estimated due to a lack of observations. In Figure 1a,
the time series of the GPS DCB estimates with GRACE-A data using the EP-topside VEC
method are slightly smoother than those using the SH-topside VEC method. In Figure 1b,
there is no significant difference between the time series of GPS DCBs with JASON-2 data
using the two VEC methods.

Figure 2 shows the monthly stability (STD) comparison of GPS DCBs using the SH-
topside VEC and EP-topside VEC methods and different LEO data during August 2016,
and the corresponding monthly STD mean results of GPS DCBs using the two solutions
are displayed in Table 2. In Figure 2, the monthly STDs of GPS DCBs with GRACE-A data
using the SH-topside VEC method are worse than those using the EP-topside VEC method.
However, for the JASON-2 data, the monthly stabilities of GPS DCBs with the SH-topside
VEC solution are superior to those using the EP-topside VEC solution. According to Table 2,
the monthly STD mean values of GPS DCBs using the SH-topside VEC method for GRACE-
A and JASON-2 satellites are 0.117 and 0.114 ns, respectively; the average monthly STD
results using the EP-topside VEC method for two LEOs are 0.050 and 0.131 ns, respectively.
We also note that the monthly STDs of GPS DCBs using the SH-topside VEC method do
not change much with the LEO data at different heights, whereas the monthly stability
performance of GPS DCBs using the EP-topside VEC method is related to the LEO receiver
heights. This requires further investigation in future studies.

Daily CODE DCB products were used as reference products for external evaluation [1,8].
The mean and STDs of the differences between GPS DCB values estimated using the two
modeling methods and CODE products for two LEO satellites are depicted in Figure 3.
Figure 4 and Table 3 show the corresponding RMS and RMS mean values of GPS DCBs
using the two methods. In Figure 3, the mean differences between GPS DCB estimates and
CODE products range between −0.6 and 0.6 ns. The variation range in the mean differences
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between GPS DCB estimates and CODE products using JASON-2 data is less than that
using GRACE-A data. The STDs of differences compared with CODE products using the
SH-topside VEC and EP-topside VEC methods are within 0.16 and 0.20 ns, respectively,
and mean STDs are all within 0.11 ns. The RMS values of the difference between the GPS
DCB estimates and CODE products are mostly below 0.6 ns. According to statistics in
Table 3, the RMS means of the difference between GPS DCB estimated using the SH-topside
VEC method and CODE products for GRACE-A and JASON-2 data are 0.219 and 0.241
ns, respectively, while those obtained using the EP-topside VEC method for two LEOs are
0.221 and 0.256 ns, respectively. These results illustrate that the RMS values of GPS DCB
estimates using the SH-topside VEC method are slightly better than those obtained using
the EP-topside VEC method.

 
(a) GPS DCBs based on the SH-topside VEC (left) and EP-topside VEC (right) methods using GRACE-A data. 

   

 
(b) GPS DCBs based on the SH-topside VEC (left) and EP-topside VEC (right) methods using JASON-2 data. 

Figure 1. Daily GPS DCB estimates using GRACE-A and JASON-2 data during August 2016. (a) Rep-
resents the daily GPS DCBs based on the two modeling methods using GRACE-A data, respectively;
(b) denotes the GPS DCBs with the two methods using JASON-2 data, respectively.

Table 2. Monthly stability (STD) statistics of GPS DCBs (in ns) using the SH-topside VEC and
EP-topside VEC methods using two LEO datasets.

LEO SH-Topside VEC EP-Topside VEC

GRACE-A 0.117
0.114

0.050
0.131JASON-2
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Figure 2. Monthly stability of GPS DCBs based on the SH-topside VEC and EP-topside VEC solutions
during August 2016. The blue and pink columns represent the monthly stability obtained from the
two solutions, respectively.

Figure 3. Mean and STD results of the difference between GPS DCB estimates and CODE products
using data from GRACE-A and JASON-2 satellites during August 2016. Green and purple dots
denote the SH-topside VEC and EP-topside VEC methods, respectively.
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Figure 4. RMS results of the difference between GPS DCB estimates and CODE products using data
from two LEO satellites during August 2016. Green and purple dots denote the SH-topside VEC and
EP-topside VEC methods, respectively.

Table 3. RMS statistics of GPS DCBs (in ns) using the SH-topside VEC and EP-topside VEC methods
using two LEO datasets.

LEO SH-Topside VEC EP-Topside VEC

GRACE-A 0.219
0.241

0.221
0.256JASON-2

3.2. Comparison Between LEO Receiver DCB Estimates

Based on the aforementioned results, this section only presents the LEO receiver DCB
estimates. The time series of LEO receiver DCBs with the SH-topside VEC and EP-topside
VEC methods using GRACE-A and JASON-2 data are displayed in Figure 5, and Table 4
presents the mean values and STD results for two LEO receiver DCB estimates using two
VEC methods. Figure 5 shows that the differences between GRACE-A DCB estimates
using the two modeling methods are within 1.0 ns, while the corresponding JASON-2
DCB values are similar to each other for the two methods. The statistics presented in
Table 4 show that the differences in LEO receiver DCB means between the two methods
are 0.567 and 0.034 ns for the two LEOs, respectively. There appears to be a difference of
0.5 ns in the mean of GRACE-A DCB estimates between the two methods. As the other
factors are the same under the two methods, the main reason remains the difference in the
LEO-topside VEC processing methods. Compared to the GPS satellite DCB estimates, the
LEO-topside VEC has a greater impact on the LEO receiver DCB estimates. The STD results
of GRACE-A and JASON-2 receiver DCBs using the SH-topside VEC and EP-topside VEC
method are 0.138 and 0.065 ns and 0.078 and 0.075 ns, respectively. These results illustrate
that GRACE-A receiver DCBs derived from the EP-topside VEC method are more stable
than those obtained from the SH-topside VEC method, whereas JASON-2 receiver DCBs
have similar results for the two VEC methods.
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Figure 5. Time series of two LEO onboard receiver DCBs during August 2016. The blue and pink
lines represent the LEO receiver DCBs using the SH-topside VEC and EP-topside VEC methods,
respectively.

Table 4. Mean values and STD statistics for two LEO receiver DCBs using the two methods [ns].

Receiver
SH-Topside VEC EP-Topside VEC

Mean STD Mean STD

GRACE-A −20.793 0.138 −20.226 0.065
JASON-2 −3.446 0.078 −3.412 0.075

3.3. Comparison and Evaluation of LEO-Based Topside VEC Modeling Results

In this section, we present the actual estimated LEO-based topside VEC results using
the SH-topside VEC and EP-topside VEC methods during August 2016, and these results
are compared. Additionally, the SH-topside VEC model results are displayed. We give the
IRI-GIM method to validate and compare the LEO-based topside VEC results.

3.3.1. Comparison of LEO-Based Topside VEC Results

Figures 6 and 7 present the actual LEO-based topside VEC scatter distribution corre-
sponding to the Ionosphere Pierce Points (IPPs) using the SH-topside VEC and EP-topside
VEC methods for two LEOs during August 2016. The peak ranges of the GRACE-A-topside
VEC results using the SH-topside VEC and EP-topside VEC methods are within 42 and
35 TECU, respectively, while the peak ranges of the JASON-2-based VEC results using the
two models are both within 6 TECU. As plotted in Figure 6, peak GRACE-A-topside VEC
values using the SH-topside VEC method are concentrated in the ranges of 12:00–16:00
local time (LT), and peak values for JASON-2 are in the range of 12:00–20:00 LT. In Figure 7,
compared with the SH-topside VEC method, the EP-topside VEC method exhibits fewer
scatter distribution and estimates, because LEO-topside VEC values are estimated as epoch
parameters. And the peak GRACE-A-based VEC values correspond to 13:00–18:00 LT,
while those for JASON-2 are concentrated in the range of 13:00–20:00 LT. The results in
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Figures 6 and 7 are the actual computed LEO-topside VEC results corresponding to the
IPPs, not the modeling results, so there are some blanks in the figures due to only using one
month of data. The peak values of the EP-topside VEC methods start at 13:00 LT because
the number of IPPs and resolutions of the EP-topside VEC method using the same data
period is less than those of the SH-topside VEC, and some areas are not covered.

Figure 6. LEO-based topside VEC scatter distribution using the SH-topside VEC method for GRACE-
A (left) and JASON-2 (right) during August 2016, considering the local time as the x-axis.

Figure 7. LEO-based topside VEC scatter distribution using the EP-topside VEC method for GRACE-
A (left) and JASON-2 (right) during August 2016, considering the local time as the x-axis.

The peak values of the LEO-topside VEC for two LEO satellites are concentrated near
the magnetic equator at latitudes between approximately −20◦S and 30◦N, which is a
weaker ionospheric equatorial ionization anomaly (EIA) phenomenon. The EIA crest is
generally symmetrical about the geomagnetic equator during spring and autumn, but in the
Northern Hemisphere summer, it shows a stronger presence in the Northern Hemisphere
and a weaker one in the Southern Hemisphere, while the opposite occurs in the Northern
Hemisphere winter [40,41]. Due to the study period being in the Northern Hemisphere
summer, there is a phenomenon of the EIA crest moving towards the north and higher
latitudes. In contrast, the EIA phenomenon of the GRACE-based VEC results is more
obvious than that of the JASON-based VEC results due to the lower orbits of the GRACE-
A satellite and closer proximity to the ground. Additionally, using the SH-topside VEC
method, LEO-topside VEC are modeled as the spherical harmonic function, and the number
of LEO-topside VEC values for each epoch is consistent with the number of GNSS satellites
observed in each epoch. For the EP-topside VEC method, LEO-topside VEC values are
estimated as the epoch parameters, with only one VEC value for each epoch. Thus, the
temporal and spatial resolutions of the LEO-topside VEC estimates using the SH-topside
VEC method are greater than those obtained using the EP-topside VEC method.

Figures 6 and 7 depict the actual estimated LEO-based topside VEC results using
the two methods. In addition, the VEC model map results can be displayed. We must
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note that the EP-topside VEC method cannot present the VEC model map, as its VEC
is estimated as epoch parameters directly rather than being modeled. In contrast, the
SH-topside VEC method models the VECs, and its VEC model maps can be displayed.
Thus, we only present the VEC model maps of the SH-topside VEC method, which has
high-resolution spatiotemporal characteristics. In Figures 8–10, we show the CODE GIM,
GRACE-A-topside, and JASON-2-topside VEC model maps with 4 h cadence on DOY 214
in 2016, respectively. Therefore, each map has six different subfigures corresponding to
different UTCs. Similar to Figure 6, Figure 9 also exhibits the EIA phenomenon. Figure 10
is similar to Figure 7, but due to the higher orbits of JASON-2, its EIA phenomenon is
not significant. In Figure 9, the peak positions and TEC distributions of GRACE-based
GIM and CODE GIM are similar on DOY 214 due to the low orbit of the GRACE satellite.
And the peak differences between GRACE-based GIM and CODE GIM are about 10 TECU.
In Figure 10, the peak positions of JASON-2-topside VEC maps differ from those of the
GRACE-A-topside VEC and CODE GIM maps, and there are two peaks in the JASON-2-
based VEC on DOY 214. This two-peak phenomenon in the JASON-2-topside VEC maps is
temporary and may be related to the amount of data. We can roughly compare Figure 6
(JASON-2 on the right) and Figure 10. Figures 6 and 10 show the actual extracted VECs for
one month and the model maps for one day using the SH-topside VEC method, respectively.
In the case of a small amount of data, the result of Figure 10 may temporarily show two
peaks. When using one month of data, it becomes like Figure 6. And we noted that the
longitudinal widths of the LEO-topside VECs are smaller than those of the CODE GIM,
which is also related to the amount of data and satellite orbit altitude. We displayed the
model maps of SH-topside VEC for one day; the results for Figure 6 (using one month
of data) are much better. Even though they are both LEO satellites, the higher JASON-2
orbit leads to a smaller VEC, whose widths are also not as good as GRACE VECs. In
addition, we believe the main reason for the different peak positions in Figures 9 and 10 is
the higher orbits of JASON-2 (at 1350 km) and smaller VECs (≤5 TECU), which leads to the
JASON-based VECs not following the characteristics and distribution of ground-based TEC.
In contrast, the similarity of VEC distributions between GRACE-based GIM and CODE
GIM is higher than that of JASON-2-based GIM due to the lower LEO orbits (only 400 km
in 2016). Hence, to some extent, the GRACE-based VECs follow the characteristics and
distribution of ground-based TECs. These results indicate that the LEO-topside VECs and
EIA may have different altitude structures.

Figure 8. CODE Global Ionosphere Map (GIM) on DOY 214 in 2016 (unit: TECU).



Remote Sens. 2025, 17, 3550 14 of 18

Figure 9. GRACE-A-based GIM on DOY 214 in 2016 (unit: TECU).

Figure 10. JASON-2-based GIM on DOY 214 in 2016 (unit: TECU).

3.3.2. Evaluation of LEO-Based Topside VEC Results

The STD for the differences between the sum TEC of LEO-topside VEC and IRI 2016,
and the CODE GIM, during August 2016, are depicted in Figure 11. The STD values
of the differences between the sum TEC of the LEO-based topside VEC and IRI VTEC
and the CODE GIM fluctuate below 5 TECU. For GRACE-A, the STDs of the differences
using the EP-topside VEC method are better than those using the SH-topside VEC method.
According to statistics, the STD means of the SH-topside VEC and EP-topside VEC methods
for GRACE-A using the IRI-GIM validation method are 4.2 and 2.2 TECU, respectively.
There is a roughly 2 TECU difference between the two VEC methods in the verification
results of GRACE-A-topside VECs. Additionally, there appear to be some differences in
the mean of GRACE-A DCB estimates between the two methods in Table 4. Although the
IRI is an empirical climatological model and it has model and prediction errors [42], these
results also seem to have a certain degree of self-consistency. This further demonstrates
that, compared to the GNSS satellite DCB, the two LEO-topside VEC processing methods
have a greater impact on the stability of the LEO-topside VEC and LEO DCB estimates. For
JASON-2, the two LEO-based topside VEC modeling methods have similar STD results,
and the STD means using the two VEC methods are 2.9 and 2.6 TECU, respectively. In
summary, for GRACE-A, the validation results using the EP-topside VEC method are
superior to those using the SH-topside VEC method, while for JASON-2, the two VEC
methods have similar validation results.
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Figure 11. STD for differences between the summed TEC of the LEO-based topside VEC and
International Reference Ionosphere (IRI) 2016 model, and the CODE GIM, using GRACE-A and
JASON-2 data during August 2016. The blue and green dots represent the STDs of differences using
the SH-topside VEC and EP-topside VEC methods, respectively.

4. Discussion
For GRACE-A at an altitude of 400 km, the validation results using the EP-topside

VEC method for DCB STDs and VEC results are better than those using the SH-topside
VEC method. But for JASON-2 at an altitude of 1350 km, STDs for LEO DCBs and the
LEO-based topside VEC results using two VEC methods have similar validation results,
and the STDs for GPS DCBs using the SH-topside VEC are slightly superior to those using
the EP-topside VEC method. However, the RMS results of the difference for GPS DCBs
using the SH-topside VEC model relative to CODE products are slightly superior to those
using the EP-topside VEC method. We must note that the temporal and spatial resolutions
of the SH-topside VEC model are higher than those of the EP-topside VEC method, and the
former has a wide range of usability and predictive characteristics. Due to the difference in
orbital altitude, the results and distributions of the GRACE-topside VECs differ from those
of the JASON-topside VECs, with the former being more consistent with the ground-based
results, indicating that there may be different height structures in the LEO-topside VECs.

5. Conclusions
In this study, in order to study the influences of two topside VEC processing methods

on estimates, we performed two LEO-based topside VEC modeling methods—the EP-
topside VEC and SH-topside VEC methods—using two different LEO satellite data to



Remote Sens. 2025, 17, 3550 16 of 18

simultaneously estimate GPS satellite DCB, LEO receiver DCB, and LEO-based topside
VEC. After evaluating and comparing the results of DCB and LEO-based topside VEC
using the two VEC methods, the following conclusions can be drawn:

(1) Using GRACE-A data obtained at an altitude of 400 km, the DCB estimates for GPS
satellites and LEO receivers using the EP-topside VEC method are more stable than
those using the SH-topside VEC method. In contrast, using the JASON-2 data at a
height of 1350 km, the monthly stabilities of estimated GPS DCBs using the SH-topside
VEC method are better than those using the EP-topside VEC method, while LEO
receiver DCB stabilities derived from the two VEC solutions are similar to each other.
The monthly stabilities of GPS and LEO DCB estimates obtained using the EP-topside
VEC method are related to LEO receiver altitude. Using both GRACE-A and JASON-2
data, the RMS results of the difference for GPS DCBs using the SH-topside VEC
method relative to CODE products are more accurate than those using the EP-topside
VEC method. The stability and accuracy of LEO-based DCB estimates are similar to
those using ground-based results.

(2) The peak ranges of the GRACE-A-topside VEC results using the SH-topside VEC
and EP-topside VEC methods are within 42 and 35 TECU, respectively, while the
peak ranges of the JASON-2-topside VEC results using the two models are both
within 6 TECU. The study period coincides with summer, and the EIA region moves
northward. In contrast, the EIA phenomenon of the GRACE-topside VEC results is
more obvious than that of the JASON-topside VEC results due to the lower orbits of
the GRACE satellite and closer proximity to the ground. Additionally, the SH-topside
VEC model maps are only displayed due to the EP-topside VEC method not modeling
VEC. The results and distributions of the GRACE-topside VECs differ from those of
the JASON-topside VECs due to the difference in orbital altitude, with the former
being more consistent with the ground-based results, indicating that there may be
different height structures in the LEO-topside VEC. The LEO-based topside VEC
results are validated using the IRI-GIM method. For GRACE-A at an altitude of 400
km (in 2016), the validation results using the EP-topside VEC method for DCB STDs
and VEC results are better than those using the SH-topside VEC method, while for
JASON-2 at an altitude of 1350 km, the results using the two VEC methods have
similar validation results.

We must note that the temporal and spatial resolutions of the SH-topside VEC model
are higher than those of the EP-topside VEC methods. The former may have a wider
availability, and the latter seems to correspond to the single-epoch VEC mean of the former
to some extent. The LEO observation data can be used to estimate DCBs and extract
LEO-topside VECs to establish GNSS and LEO high-precision global ionosphere and
broadcast ionosphere models in the future, which can serve next-generation GNSS and
LEO positioning.
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