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Abstract

The ionospheric mapping function (MF) for Global Navigation Satellite System (GNSS), a mutual projection method for the
slant total electron content (STEC) and vertical total electron content, is one of the significant factors affecting the performance
of ionospheric models. The commonly used MF assumes isotropic TEC variations and takes into account only the satellite
elevation angle, which may result in significant ionospheric projection errors, especially at low elevation angles. Based on
the single-layer model, we propose an additional azimuth parameter mapping function (APMF). The APMF was estimated
and evaluated by the NeQuick model during the periods of January 2014 and January 2022 from the aspect of simulation
and measured STEC during the periods of 2014 and 2022 from the aspect of actual measurements over China, respectively.
Compared to the modified single-layer model mapping function (MSLM-MF), the experimental results indicate that (1) The
APMEF can significantly reduce the ionospheric projection error, and the fluctuation in errors with different azimuth angles is
small. (2) According to the evaluation based on the NeQuick simulation during the TEC peak time, when the ionosphere is
quite active, the upper and lower quartiles of the absolute projection error boxplot of the APMF relative to the MSLM-MF
in January 2014 are reduced by 56.1% and 60.0%, respectively, and in January 2022, they are reduced by 67.7% and 65.2%,
respectively. Similarly, the upper whiskers in the boxplot are reduced by 54.7% and 67.5% in January 2014 and January 2022,
respectively; the APMF performance in terms of the root mean square error (RMSE) is improved by 47.0% in January 2014
and 58.3% in January 2022. (3) According to the evaluation based on the measured STEC from GNSS raw data during the
TEC peak time, the upper and lower quartiles of the absolute mapping error boxplot of the APMF relative to the MSLM-MF
in 2014 are reduced by 48.9% and 46.9%, respectively, while in 2022, they are reduced by 48.3% and 41.2%, respectively.
The upper whiskers in the boxplot are reduced by 41.8% and 35.2% in 2014 and 2022, respectively; the APMF performance
in terms of RMSE is improved by 44.6% in 2014 and 39.2% in 2022.
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1 Introduction has been prevalent in the GNSS field (Feltens et al. 2011,

Herndndez-Pajares et al. 2009; Jakowski et al. 2011; Kom-

The ionosphere has a severe impact on the performance of
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jathy 1997; Li et al. 2020; Schaer 1999). GNSS ionospheric
modeling errors mainly originate from the fitting error of the
TEC mathematical function, the differential code bias (DCB)
of satellite and receiver hardware, the quality of GNSS data,
and the mapping function error, including the ionospheric
thin-layer assumption. In the last few decades, researchers
have carried out a series of studies and proposed differ-
ent TEC modeling methods, including the use of spherical
harmonic function and polynomial function (Schaer 1999),
generalized trigonometric series (Yuan et al. 2007; Yuan and
Ou 2004), a spherical cap harmonic function (Liu et al.
2010), two-layer and multilayer tomography (Juan et al.
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1997; Kong et al. 2016), and regularized estimation of verti-
cal total electron content (Arikan et al. 2003). The methods
of estimating GNSS satellite and receiver hardware DCB
include a “two-step method” (Li et al. 2013, 2012), a “one-
step method” that estimates DCB simultaneously with TEC
model coefficients (Lanyi and Roth 1988), and an auxiliary
method based on the Global Ionospheric Map (GIM) TEC
(Montenbruck et al. 2014). The commonly used methods for
extracting GNSS STEC include the carrier-phase smoothing
code method (Mannucci et al. 1998) and the precise point
positioning method (Liu et al. 2019; Zhang et al. 2012).
Studies of the ionospheric thin-layer assumption include ana-
lyzes of the influence of thin-layer height on TEC modeling
(Birch et al. 2002; Brunini et al. 2011; Sakai et al. 2009;
Xiang & Gao 2019) and the effect of the Earth’s oblateness
on GNSS TEC maps (Hobiger et al. 2007). The ionospheric
mapping function (MF) converts the line-of-sight (LOS) slant
total electron content (STEC) into the vertical total elec-
tron content (VTEC), and there are different ionospheric MF
models, including the single-layer model MF (Wilson and
Mannucci 1993), modified single-layer model MF (Schaer
1999), Klobuchar MF (Klobuchar 1987) and Fanselow MF
(Sardén et al. 1994).

However, most of the current MFs are related only to
the satellite elevation angle and do not consider the impact
of different azimuth angles on the MF. It is assumed that
the VTEC of the ionospheric pierce point (IPP) at different
azimuth angles for the same elevation should be transformed
into equal STEC. In fact, in low-latitude regions with more
active ionospheric activity, there is a significant difference in
TEC horizontal gradients (Nava et al. 2007; Rao et al. 2006),
which leads to a larger ionospheric mapping error (IME) for
MFs related to satellite elevation angles only (Brunini et al.
2011; Hoque and Jakowski 2013; Sakai et al. 2009). Hoque
et al. (2014) showed that the standard deviation error caused
by thin-layer mapping function conversion at low elevation
angles is approximately 10-20 TECu at different latitudes.
Jiangetal. (2017) showed the impact of ionospheric TEC gra-
dients on IME and revealed that IME exhibits regular changes
with the solar activity season; the maximum error can reach
20 TECu in low-latitude areas during high solar activity.

Considering the limitations of common MFs, several
researchers have explored methods for improving thin-layer
MFs. Lyu et al. (2018) devised a climate prediction pattern
for estimating the TEC shape parameters of the top iono-
sphere via polynomial functions and proposed the BIMF
method. The experiment proved that the IME was effectively
reduced in mid-latitude areas of the Northern Hemisphere.
Zus etal. (2017) used the ionospheric electron density field of
the IRI empirical model to establish a grid MF table incorpo-
rating the time, position, elevation angle and azimuth angle.
Hoque and Jakowski (2013) estimated the ionospheric TEC
by introducing the normal distribution error function and
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Chapman function. Yuan et al. (2020) developed a multilayer
MF based on inequality constraints to weaken the impact
of errors from existing MFs. Chen et al. (2022a; b) pro-
posed an MF that takes into account the local time and date
using empirical orthogonal functions and demonstrated the
effective applicability of proposed MF in the mid-latitude
areas of the Northern Hemisphere. Chen et al. (2022a; b)
proposed a mapping function named the SGG-MF. The SGG-
MF considers the influence of the azimuth and is divided
into vertical and horizontal parts with a correcting parame-
ter. Ionospheric mapping error has been a prevalent issue that
many researchers have been diligently addressing in recent
years. And the mapping function error is also a major chal-
lenge in further for the improvement of GNSS TEC modeling
to meet the growing demands of GNSS users (especially in
low-latitude regions) for fast and precise positioning services
(Li et al. 2013; Minkwitz et al. 2014).

In this study, we propose an additional azimuth parame-
ter MF (APMF) considering the variation in the ionospheric
TEC with azimuth and local time. The key difference between
the APMF and SLM projection functions is the addition of
trigonometric function terms for the azimuth and local time.
As the variation in the ionospheric TEC is relatively minor
in the east—west direction, the APMF simplifies to the SLM
when the azimuth angle is 90° or 270° which corresponds to
VTEC projections in the east—-west direction. In addition, the
performance of the APMF algorithm is evaluated using both
the NeQuick model and GNSS measurement data.

2 The mapping function for GNSS TEC

2.1 Single-layer model and modified single-layer
model MF

In the field of GNSS TEC modeling, it is usually assumed
that all ionospheric free electrons are concentrated within an
infinitely thin sphere at a specific height (such as 450 km).
The intersection of the LOS between the GNSS receiver and
the satellite in the thin layer is called the IPP, and all the
ionospheric VTEC information in the vertical zenith direc-
tion is concentrated in the IPP. The STEC on the LOS can
be obtained through the conversion of the VTEC and the
thin-layer MF: STEC = VTEC/SLM, where SLM is the
single-layer model MF (Wilson and Mannucci 1993).

SLM = sin(E’) (D

where E’ is the satellite elevation angle at the IPP and
E =a cos(%); E is the elevation angle at the GNSS

receiver, and R and H are the Earth’s radius and the height
of the ionospheric thin layer, respectively.
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Based on the classical single-layer model MF, the Centre
for Orbit Determination in Europe (CODE) proposed a mod-
ified single-layer model mapping function (MSLM-MF):

2
MSLM = \/1 - (%Hopt sin(a(% - E))) )

where Hype= 506.7 km and o = 0.9782.

Therefore, we will use the MSLM-MF as a reference for
analysis, discussion and comparison with the APMF pro-
posed in this study.

2.2 Additional azimuth parameter MF (APMF)

The SLM MF is related only to the satellite elevation angle,
while the APMF in this study introduces the GNSS satellite
azimuth angle, reflecting the anisotropic variation charac-
teristics of the ionospheric TEC in terms of azimuth. The
expression of APMF is:

APMF(E', o, t) = sin(E’)
nmax
+1{Ep+ Z[El,n cos(nw) + Ea,  sin(no)|
=1
Mmax ’
+ Z [E3,m cos(mt) + E4 p sin(mt)]
m=1

cos(E’) cos(w) 3)

where E’ is the satellite elevation angle at the IPP; w is the
azimuth angle of the GNSS satellite; ¢ is the local time at
the IPP; Eo, E1.5, E2.5n, E3.m, E4, m are the estimated coef-
ficients of the APMF; n and m are the orders of the APMF
coefficients; and n,,,, and m,,,, are the maximum orders of
the coefficients.

A comparison of Eq. (1) with Eq. (3) reveals that the dif-
ference between the APMF and SLM lies in the terms other
than sin(E’). Compared with the SLM MF, the APMF con-
siders ionospheric variations at different azimuths and local
times.

3 Data

Since GNSS-measured data cannot provide STEC and VTEC
data at arbitrary satellite elevations and azimuthal angles
for a given IPP, it is challenging to represent the varia-
tion in projection error with respect to azimuthal angle at
a particular location, aiming to represent different typical
characteristics of projection errors in different spatial direc-
tions. Here, simulation studies are presented that examine the
azimuthal variations in the projection errors of ionospheric
mapping functions at different specified locations using the
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Fig. 1 Distribution of the GNSS stations, where the simulation data of
the ionospheric VTEC and STEC were generated by using the NeQuick
model (the blue dots represent the locations of the reference stations
for calculating the APMF coefficients, while the red dots represent the
locations of the monitoring stations for evaluating the performance of
the APMF)

NeQuick model, which enables the generation of realistic
yet controlled ionospheric scenarios for the evaluation of the
projection errors that are produced when different mapping
functions are used to replicate those scenarios. In addition,
GNSS-measured observations from the Crustal Movement
Observation Network of China (CMONOC) were used to
evaluate the error and accuracy of the different mapping func-
tions. In summary, the coefficients (Eo, E1,n, E2.n, E3.m,
E4 ) of the APMF are calculated by the NeQuick model
and measured by the STEC from the GNSS raw data over
China. Subsequently, the IME and RMSE accuracies of the
MSLM-MF and APMF are analyzed and discussed, and the
effectiveness of the APMF is evaluated.

3.1 NeQuick TEC data

Compared with the two-dimensional ionospheric TEC
model, the NeQuick model can describe the three-
dimensional structure of the ionospheric electron density and
directly derive the zenith VTEC and STEC information on
the LOS without using an MF (Radicella 2009). In this paper,
we use the NeQuick model to simulate daily VTEC and
STEC data collected in January 2014 and January 2022 at
50 GNSS stations by the CMONOC. The distribution of sta-
tions is shown in Fig. 1, where 40 reference stations (blue
dots) are used to calculate the APMF coefficients and 10
monitoring stations (red dots) are used to evaluate the IME
and RMSE accuracy of the APMF.

3.2 TEC data from GNSS
In this study, we refer to the method presented by Nava et al.

(2007) and apply the precise point positioning (PPP) tech-
nique to extract high-precision ionospheric TEC data from
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satellite,

station,
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Fig.2 Diagram of the CPP method

GNSS observations. In addition, we analyze and discuss the
TEC conversion performance of the MSLM-MF and APMF.
The method is shown in Fig. 2 and briefly described as fol-
lows: if the relationship between the latitude and longitude
of two ionospheric piercing points, IPP; (A1, ¢1) and IPP;
(X2, ¢2), satisfies Eq. (4), where the satellite elevation angle
corresponding to IPP; is greater than 70° and the satellite
elevation angle corresponding to IPP; is less than 40°, the
two “high—low” paired pierce points can be considered coin-
ciding pierce points (CPPs). Assuming that the TECs of two
LOSs at the CPP are STEC; and STEC;, and that the IME can
be considered negligible when the elevation angle is greater
than 70°, the VTEC; (= STEC; x MSLM-MF) obtained
from STEC; can be considered the VTEC at the CPP. On
this basis, we convert VTEC; to the LOS of satellite; by
means of the MSLM-MF and APMF to obtain STECysim
and STECapmr, respectively. By comparing STECysp.m and
STECapmr with STEC,, the IME and RMSE of the MF can
be obtained.

M _d o “4)
costgn) — costn) | < 04

{m —¢al< 0.4°

It should be noted that the CPP method relies on a rela-
tively dense network of regional GNSS monitoring stations;
without such a network, it is difficult to obtain sufficient
ionospheric STEC information through “high-low” CPP
at the same epoch. Additionally, the densely distributed
GNSS monitoring stations from the CMONOC provide the
opportunity to analyze and discuss the application effects of
ionospheric MFs over China.

In this study, we use data from approximately 240 GNSS
monitoring stations over China during the period of the year
2014 and 2022 to evaluate the IME and RMSE accuracies
of different MFs. Figure 3 shows the distribution of CPPs in
China for January 19, 2014, and January 19, 2022. It should

@ Springer

be noted that in the next section, only the data obtained at
the CPP that were not used in the calculation of APMF coef-
ficients were utilized for evaluating the application effect of
MFs.

The blue dots represent the distribution of the CPPs used
to calculate the coefficients of the APMF, while the red dots
represent the distribution of the CPPs used to evaluate the
APMF and MSLM-MF. The left subgraph shows the distri-
bution of CPPs on January 19, 2014, and the right subgraph
shows the distribution of CPPs on January 19, 2022.

4 The APMF based on the NeQuick model

4.1 The calculation of the APMF based
on the NeQuick model

The MF value (MFV) at an IPP can be obtained by using the
NeQuick model, which can be expressed as:

h
_ _ S N (@ipps Xipps h) - dh
STEC /72 N(@ipps hipps E. A, r) -dr

&)

where ((pipp, Aipp> hion) gives the latitude, longitude and
geodetic height at the IPP. E and A are the elevation and
azimuth angles of the LOS. The ionospheric height coverage
range is h, = 60km,h; = 20000km. N (h) represents the
electron density at any point with height 4. N (r) represents
the electron density along the r-ray direction. The VTEC
and STEC passing through the IPP ((pipp, Aipp> hion) can be

ho 2
expressed as [ N((pipp, Aipps h) -dh and f N(gl)ipp, Aipp> E,
hy 1

A, r)dr, respectively.

The STEC and VTEC under different elevations and
azimuth angles can be calculated by using the NeQuick
model; then, the MFV can be calculated according to Eq. (5),
and the following formula can be obtained by substituting the
MFV into the APMF of Eq. (3):

MFV — SiIl(E/) Nmax
————— =Eo+ Ei , cos + E» , sin
cos(E") cos(w) 0 Y;[ Ln (nw) 2.n (na))]

Mmax

+ Z [E3,m cos(mt) + Eg4 p sin(mt)]
m=1

6)

where nmax = mmax = 12. For convenient APMF applica-
tion, six latitudinal zones are constructed at intervals of 5°
(the latitude range is 20°-50°N), as shown in Fig. 1. In differ-
ent latitudinal zones, the NeQuick model is used to simulate
ionospheric VTEC and STEC data at the GNSS reference
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Fig. 3 Distribution of GNSS ionospheric CPPs

stations (blue dots), and the VTEC and STEC data are substi-
tuted into Egs. (5) and (6). The APMF coefficients Ey, E1 ,,
E> n, E3 ., E4,, in different latitudinal bands can then be
calculated using the least-squares technique to finally obtain
the APMF values. In this paper, the positions of the GNSS
monitoring stations (red dots) in Fig. 1 are back-substituted
into the APMF coefficient to obtain the corresponding MF
values, and the IME and RMSE accuracy evaluations are
carried out with the NeQuick model.

4.2 The analysis and evaluation of the APMF based
on the NeQuick model

The “true” reference values of STECngq and VTECNgqQ
are calculated by the NeQuick model, and the VTECNgq
values are converted into STECyspm and STECapmre by
using the MSLM-MF and APMEF, respectively. Figure 4
shows the variations in three STECs (STECngq, STECMsLMm
and STECapmp) with the azimuth angle at GXNN (22.6°N,
108.2°E) under different elevation angles (10°/20°/30°/40°)
at LT = 12:00 on January 19, 2014.

Figure 4 shows that when the elevation angle is greater
than 30°, the differences among STECngqg, STECmsLm and
STECapMmr are small (when the elevation angle is 40°, the
maximum mutual difference among STECngq, STECyvsLm
and STECppmr is 3.0 TECu), indicating that the differ-
ence between the MFs decreases with increasing elevation.
When the elevation angle is less than 30°, the difference
between STECyspm and STECapMmp with respect to the
reference value STECngq is obvious (when the elevation
angle is 10°, the maximum difference between STECngq and
STECwmsi.m canreach 24.2 TECu, while the maximum differ-
ence between STECNgqg and STECapwmr is only 8.6 TECu).
In addition, the variations in STECngq and STECapmr with
the change in azimuth are quite consistent.
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Fig.4 Variation in the STEC with azimuth angle under different eleva-
tions at station GXNN for LT = 12 on January 19, 2014: a elevation
angle = 10°, b elevation angle = 20°, c elevation angle = 30° and d ele-
vation angle = 40° (the black line represents the true reference value
of the STEC calculated by the NeQuick model; the blue line and red
line represent STECpsp v and STECapmr, respectively, converted by
the MSLM-MF and APMF based on VTECnEqQ)

To show and discuss the variation in the STEC mapping
error of the MSLM-MF and APMF for different azimuth
angles more clearly, the next section discusses and ana-
lyzes only the IME and RMSE accuracy of STECysLm
and STECapwmr relative to the reference value of STECngg
within the range of 10°-30° elevation.

4.2.1 The analysis of STEC projection error

The absolute STEC projection error of an MF based on the
NeQuick model in this section is defined as follows:

DSTEC = |STECngq — VTECNEQ/MF| )

@ Springer
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Fig.5 For January 19, 2014 (left column), and January 19, 2022 (right
column), at LT = 12:00, variation in the absolute conversion error value
(DSTEC) for the MSLM-MF and APMF with different azimuth angles
for the GXNN, FIWY, BJFS and NMAL stations at different elevations
(10°/20°/30°) is shown. (The solid line indicates the result for an ele-
vation angle of 10°, the dashed line indicates the result for an elevation
angle of 20° and the dotted line indicates the result for an elevation
angle of 30°)

where MF can be either the MSLM-MF or the APMF.
STECngq represents the true STEC value calculated by
NeQuick, while VTECNgq represents the true VTEC value
calculated by NeQuick. DSTEC represents the absolute IME
for STEC conversion.

Figure 5 shows the variation in DSTEC of the MSLM-MF
and APMF with varying azimuth angle at different locations
(GXNN (22.6°N, 108.2°E), FIWY (27.6°N, 118.0°E), BJFS
(39.6°N, 115.9°E) and NMAL (43.9°N, 120.1°E)) at differ-
ent elevation angles (10°/20°/30°) at LT = 12:00 on January
19, 2014, and January 19, 2022.

The left column of Fig. 5 indicates that in 2014, rela-
tive to the true reference value of STECNgq, the IME of the
MSLM-MF and APMF increased gradually with decreasing
elevation angle. On January 19, 2014, at 12:00 LT (left col-
umn of Fig. 5), at an elevation angle of 10°, the projection
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error (DSTEC) of the APMF (red line) relative to the MSLM-
MF (blue line) is reduced by a maximum of 15.6 TECu and
13.4 TECu, while the average projection error is reduced by
8.9 TECu and 8.7 TECu for the GXNN and FJIWY stations,
respectively, which are greatly affected by the ionospheric
TEC gradient. The APMF projection error is reduced by a
maximum of 7.2 TECu and 6.9 TECu, while the average
projection error is reduced by 9.0 TECu and 8.0 TECu at
the mid-latitude BJFS and NMAL stations, respectively. On
January 19, 2022, at 12:00 LT (right column of Fig. 5), the
maximum projection error of the APMF function is reduced
by 7.8 TECu and 6.3 TECu, while the average projection error
is reduced by 6.1 TECu and 5.3 TECu for the low-latitude
GXNN and FIWY stations, respectively. The maximum pro-
jection error of the APMF function is reduced by 5.6 TECu
and 4.5 TECu, while the average projection error is reduced
by 7.0 TECu and 6.1 TECu at the mid-latitude BJFS and
NMAL stations, respectively.

It is worth noting that, compared with the projection error
results of the MSLM-MF algorithm, the APMF algorithm has
less fluctuation in different directions, effectively mitigating
the phenomenon of high variation in the ionospheric STEC
projection error with respect to the azimuth angle.

Furthermore, in this study, the NeQuick model was used to
simulate the STEC and VTEC data at different stations (the
evaluation stations are marked with red dots in Fig. 1, and
the locations of the stations are shown in Table 1) during the
periods of January 2014 and January 2022. The conversion
errors (DSTEC) of the MSLM-MF and APMF are calculated,
and boxplots are generated to analyze the statistical results
of the DSTEC at different stations over the entire day (LT
= 0-24), during daytime (LT = 8-17) and during the TEC
peak time (LT = 12-16), as shown in Fig. 6. The blue boxplot
represents the statistical results of the MSLM-MF projection
error, and the red boxplot represents the statistical results of
the APMF projection error. The upper boundary line of the
boxplot represents the 75th percentile of the statistical results
from small to large, and the lower boundary line represents
the 25th percentile of the statistical results from small to
large. The distance between the upper quartile and the lower
quartile is the interquartile range (IQR). The middle line of
the boxplot indicates the median of the statistical results.
The upper limit of the error is the maximum value of the
statistical results extended to 1.5 times the IQR from the
upper boundary line of the boxplot (the “whisker” extends
to the upper quartile, 1.5 times the IQR), and the lower limit
of the error is the minimum value of the statistical results
extended to 1.5 times the IQR from the lower boundary line
of the boxplot (the “whisker” extends to the lower quartile,
1.5 times the IQR). The data values between the upper and
lower limits of the error are approximately 99.3% of all the
statistical results (Krzywinski & Altman 2014).



A novel ionospheric TEC mapping function with azimuth ...

Page70f14 13

Table 1 Latitude and longitude

distribution of the 10 evaluation Station Lat(°N) Lon(°E) Station Lat(°N) Lon(°E)

stations
GXNN 22.6 108.2 XJIYT 36.4 92.0
YNYL 25.9 99.4 NXZW 37.6 105.2
FIWY 27.6 118.0 BJFS 39.6 1159
HBES 30.3 109.5 NMAL 43.9 120.1
QHGE 36.2 94.8 XJDS 44.3 84.9

(a) Jan 2014 LT:00:00--24:00 results, compared with the MSLM-MF, the APMF signifi-
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Fig. 6 Boxplot of the absolute STEC projection error (DSTEC) of the
MSLM-MF and APMF based on the NeQuick model for different time
periods. a—c Results in January 2014; d—f Results in January 2022. (The
blue and red boxplots represent the DSTEC results of the MSLM-MF
and APMEF, respectively, with the latitude of the ten monitoring stations
increasing gradually from left to right.)

As shown in Fig. 6, the APMF is significantly better than
the MSLM-MF at different time periods and various stations
(from low latitudes to middle latitudes). During the TEC
peak time, when ionospheric activity is greater, in January
2014, the Q3 and Q1 of the APMF relative to those of the
MSLM-MF are reduced by 56.1% and 60.0%, respectively;
in January 2022, the Q3 and QI of the APMF are reduced
by 67.7% and 65.2%, respectively. As indicated from the

cantly reduces the mapping error, and Q3 and Q1 of the IME
boxplot are reduced by more than 55%. In addition, the height
of the IME boxplot of the MSLM-MF is obviously greater
than that of the APMF, which reflects that the STEC mapping
error of the APMF fluctuates less; that is, the mapping error
of the APMF fluctuates less with azimuth and time, which is
similar to the results of Fig. 5.

As demonstrated in Fig. 6, the APMF outperforms the
MSLM-MF at different time periods and stations (from low
to mid-latitudes). During the TEC peak time in January 2014,
a period of heightened ionospheric activity, the upper and
lower APMF quartiles are reduced by 56.1% and 60.0%,
respectively, in comparison with those of the MSLM-MF.

As shown in Fig. 6, in January 2022, the upper and
lower quartiles of the APMF values decreased by 67.7% and
65.2%, respectively, compared to those of the MSLM-MF.
The results indicate that the APMF significantly reduces the
projection error of the ionospheric STEC compared to that of
the MSLM-MEF. The upper and lower quartiles of the APMF
in the DSTEC boxplot are reduced by more than 55%. Addi-
tionally, the height of the DSTEC boxplot of the MSLM-MF
is significantly greater than that of the APMF, which is sim-
ilar to the results in Fig. 5. The boxplot also suggests that
the APMF has a smaller fluctuation in the STEC projection
error, which means that the projection error of the APMF has
a smaller fluctuation with the variation in the azimuth angle
and time.

Since the upper whisker of the DSTEC error in the boxplot
presents the maximum value of the IME statistical results,
Table 2 shows the average statistical results for the upper
whisker of the MSLM-MF and APMF projection DSTEC
error boxplots at 10 monitoring stations in January 2014 and
January 2022 during the entire day (LT = 0-24), daytime
(LT = 8-17) and TEC peak time (LT = 12-16). The results
from table show that the DSTEC error upper whisker of the
STEC projection error obtained by the APMF is significantly
smaller than that of the MSLM-MF in different time periods.
Moreover, during the TEC peak time, the upper whisker of
the errors of the APMF relative to that of the MSLM-MF is
reduced by 54.7% and 67.5% in January 2014 and January
2022, respectively. The statistical results in Table 2 also show
that, compared to the MSLM-MF, the APMF reduces the
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Table 2 Statistical table of the ] ] ]

mean upper whisker values of the Year Entire day Daytime TEC peak time

DSTEC boxplot of th

: oxplototthe MSLM-MF APMF MSLM-MF APMF MSLM-MF APMF

ionospheric STEC projection

error for all stations according to

the MSLM-MF and APMF 2014 7.9 3.8 14.2 6.2 15.9 7.2

during different time periods in 2022 54 22 11.0 3.7 12.6 4.1

January 2014 and January 2022

(Unit: TECu)

upper whisker of the error of the STEC projection by more  (g) ®* MSLM (ASTEC/RMSE: 47/83)
Jan 2014 e

than 50%. o ’L APMF (ASTEC/RMSE: -1.8/4.4)

4.2.2 The analysis of STEC projection accuracy 0.08

In this section, the RMSE of the projection accuracy of the
ionospheric STEC from the MF based on NeQuick is defined

by Eq. (8):

RMSE =

\/ > | (STECkpq — VTECkyo/MF)’ "

n

where n (i = 1, n) represents the number of data values used
to calculate the statistics.

The projection error ASTEC of the ionospheric STEC
from the MF based on NeQuick and the average projection
error ASTEC are defined by Eq. (9) and Eq. (10):

ASTEC = STECngqg — VTECNEQ/MF ©)

311 (STECkgq — VTECkgq/MF)

n

ASTEC =

(10)

Figure 7 shows the histogram of the ASTEC statistical
results of the STEC projection error during the TEC peak
time in January 2014 and January 2022 for all the monitor-
ing stations. The horizontal axis represents the STEC error,
and the vertical axis represents the normalized error occur-
rence probability. In January 2014, the average ionospheric
STEC conversion errors for the MSLM-MF and APMF are
4.7 TECu and — 1.8 TECu, respectively, while the RMSE
accuracies are 8.3 TECu and 4.4 TECu, respectively. The
conversion accuracy of the APMF is improved by 47.0%.
In January 2022, the average STEC conversion errors of the
MSLM-MF and APMF are 1.6 TECu and 1.1 TECu, respec-
tively, and the RMSE accuracies are 6.9 TECu and 4.4 TECu,
respectively. The STEC projection accuracy of the APMF is
improved by 36.2%. Compared to the MSLM-MF, the APMF
improves the RMSE projection accuracy of the ionospheric
STEC by more than 35% for January 2014 and January 2022.
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Fig. 7 Statistical histogram of the STEC conversion error ASTEC for
all stations. a Results in January 2014; b results in January 2022

5 The APMF based on the TEC from the GNSS
raw data

5.1 The calculation of the APMF based on the TEC
from the GNSS raw data

Following the descriptions in Sects. 3.2 and 4.1, the APMF
coefficient is derived by the measured GNSS data for the
TEC. First, the high-low CPP is determined, and the iono-
spheric STEC; corresponding to the piercing point with a
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GNSS satellite elevation angle greater than 70° and the iono-
spheric STEC, corresponding to the piercing point with a
GNSS satellite elevation angle less than 30° are obtained.
Second, the projected VTEC in the zenith direction obtained
by projecting the ionospheric STEC is taken as the zenith
VTEC “true” reference value at the CPP. Finally, the projec-
tion value can be determined for each CPP.

VTEC
STEC,

MFV =

Y

In this paper, six latitudinal bands are constructed at inter-
vals of 5° (the latitude range is 20°-50°N). The corresponding
calculated MFVs for different elevations, azimuth angles and
times are obtained by using CPPs that satisfy “high—low”
conditions within different latitudinal bands. Referring to
the method for calculating the APMF coefficient based on
the NeQuick model, the calculated value of Eq. 11 is back-
substituted into Eq. 6 with ny3x = mmax = 12 to obtain the
maximum order of the APMF coefficient. The APMF coef-
ficients of different latitudinal bands are calculated using all
available CPPs in the region via the least-squares method.
Finally, the STEC projection errors are analyzed and eval-
uated by using other CPPs that are not included in the
coefficient estimation of the APMF.

5.2 The analysis and evaluation of the APMF based
on the TEC from GNSS raw data

5.2.1 The analysis of the STEC projection error

In this section, the discussion of ionospheric STEC projection
is carried out using high—low CPP values that are not involved
in the calculation of APMF coefficients. According to Fig. 2,
the ionospheric TECs passing through the ionospheric pierce
points IPP; and IPP, obtained by GNSS satellites and the
receiver LOS are STEC; and STEC,;, respectively. Referring
to Sect. 3.2, the absolute value of the STEC conversion error
based on the GNSS TEC mapping function in this paper is
defined as follows:

DSTEC = |STEC, — VTEC; /MF] (12)

where MF can be either the MSLM-MF or the APMF. VTEC,
is converted by the MF based on the STEC of the CPP with
an elevation angle greater than 70°. STEC, represents the
STEC of the CPP with an elevation angle ranging from 10°
to 30°, and DSTEC represents the absolute STEC projection
error of the MF.

To analyze the projection errors of different MFs for STEC
based on GNSS TEC data, boxplots are generated to ana-
lyze statistical DSTEC results in different regions during the
entire day (LT = 0-24), daytime (LT = 8-17) and TEC peak

(a) § ol T - 2014 LT:00:00--24:00
(=i : T : H _ _
@ 20 E| - - B . i ; 1
[ | | T
: DobHobdoHogzgs
3 |+ 2014 LT:08:00--17:00
®) E‘“” T H
o : : : -
w20 - T T . _ : - - |
Eo_gggugggé@égé
5 [
© '@40* - 2014 LT:12:00--16:00
Sl - o o+ 7 _
EOE%—S@@;@%;%Q.%
d 3%+ - - 2022 LT:00:00--24:00
e s 1 T -
g0 _ i - ; : T
w ; ] - - 1 N : B
EO_EE@@EE@EQE@E
(e) §4°’T _ 2022 LT:08:00-17:00
= 3 H T
Q 20— _ ! _ : : T - 1
w - i — !
tF HiBoHinsoeoa
() gzoi | T - Vzozz LT:12:00--16:00
: DoHoBHodss oo g
20 25 30 35 40 45 50
Latitude(®)

Fig. 8 Boxplots of the absolute STEC projection error (DSTEC) for the
MSLM-MF and APMF during different periods. a—c¢ Results for 2014;
d—f results for 2022 (the blue boxplots and red boxplots represent the
DSTECsS of the MSLM-MF and APMEF, respectively)

time (LT = 12-16). As shown in Fig. 8, in 2014 and 2022,
at different time periods and regions, the median, upper and
lower quartiles of the APMF in the DSTEC boxplots are sig-
nificantly smaller than those of the MSLM-MF. During the
TEC peak time, a period of heightened ionospheric activ-
ity, the upper and lower quartiles of the APMF relative to
the MSLM-MF in 2014 are reduced by 48.9% and 46.9%,
respectively, while the upper and lower quartiles of the APMF
relative to the MSLM-MF in 2022 are reduced by 48.3%
and 41.2%, respectively. Compared with the MSLM-MF, the
APMF significantly reduces the projection error of the iono-
spheric STEC. The upper and lower quartiles of the APMF in
the DSTEC boxplot are reduced by more than 40%. In addi-
tion, the height of the DSTEC boxplot for the MSLM-MF is
significantly greater than that for the APMF, which suggests
that the STEC projection error of APMF has a smaller fluctu-
ation with the variation in azimuth angle and time, similar to
the simulation analysis results based on the NeQuick model
in Sect. 4.2.1.

Table 3 shows the average statistical results of the upper
whisker values of the MSLM-MF and APMF projection error

@ Springer
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Table 3 Statistical table of the

mean upper whisker values of the Year Entire day Daytime TEC peak time
1]\)/1851115\/?1]\340}: b L(gs;g;/}l};e during MSLM-MF APMF MSLM-MF APMF MSLM-MF APMF
different time periods in all

regions in 2014 and 2022 (unit: 2014 25.7 12.6 24.9 12.4 19.4 11.3
TECu) 2022 22.6 12.1 224 12.2 17.9 11.6
(DSTEC) boxplots for different latitude bands in 2014 and (a) oo o1s. MSLM (SSTEC)RMSE: 5.0/108)
2022 during the entire day (LT = 0-24), daytime (LT = 8-17) APMF (ASTEC/RMSE: 0.1/5.7)
and TEC peak time (LT = 12-16). The results in Table 3 002 .
indicate that during the TEC peak time when the ionosphere

is more active, the upper whisker error of the APMF relative 0015 |
to that of the MSLM-MF decreases by 41.8% and 35.2% in 2

2014 and 2022, respectively. The statistical results in Table 3 *z-,

show that, compared with the MSLM-MF, the APMF reduces
the average upper whisker error of STEC projection by more
than 35%.

5.2.2 The analysis of STEC projection accuracy
On the basis of Eq. 12, the STEC projection accuracy

(RMSE) of the MF based on the measured GNSS TEC data
is defined as follows:

S, (STEC) — VTEC! /MF)’
n

RMSE =

13)

where n (i = 1, n) is the total number of IPPs involved in the
STEC assessment.

The projection error ASTEC of the STEC from the MF
based on GNSS-measured TEC data and the average projec-
tion error ASTEC are defined as follows:

ASTEC = STEC, — VTEC, /MF (14)

> (STEC), — VTEC, /MF)

n

ASTEC =

(15)

Figure 9 shows the histogram distribution of the ASTEC
statistical data for all CPPs of the monitoring points at the
peak TEC time in 2014 and 2022. The X-axis represents
the STEC error, and the Y-axis represents the probability of
normalized error occurrence. As shown in Fig. 9, the aver-
age ionospheric STEC projection errors of the MSLM-MF
and APMF in 2014 are 5.0 TECu and 0.1 TECu, respec-
tively, while the RMSE accuracy values are 10.8 TECu and
5.7 TECu, respectively. The APMF projection accuracy is
improved by 47.2% compared to that of the MSLM-MF. In
2022, the average STEC projection errors of the MSLM-MF
and APMF are 4.8 TECu and 0 TECu, respectively, while
the RMSE accuracy values are 9.0 TECu and 5.4 TECu,
respectively. The STEC projection accuracy of the APMF
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Fig. 9 The statistical histogram of the STEC projection conversion error
ASTEC from the CPP of the monitoring stations. a Results in 2014;
b results in 2022

is improved by 40.0%. Compared to that of the MSLM-MF,
the RMSE of the ionospheric STEC projection obtained by
the APMF is improved by more than 40% in 2014 and 2022.

To more effectively illustrate the differences between the
APMF and MSLM-MF based on the analysis of the RMSE
of the STEC, we introduce dRMS and rdRMS for accuracy
verification. And the formulas are as follows (Chen et al.
2022a, b):

dRMS = RMSEpmr — RMSEymsim (16)
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Fig. 10 Time series diagrams of the RMSE, dRMS and rdRMS of the
MSLM-MF and APMF in 2014 and 2022 within the latitude range of
20°-50°and satellite elevation angle range of 10°-30° (the blue line
indicates the MSLM-MF calculation result, and the red line indicates
the APMF calculation result)

RMSEAPMF — RMSEMSLM
RMSEwMmsim

x 100%

rdRMS = (17)

where RMSEapvr and RMSEwsim denote the RMSEs of
the APMF and MSLM-MEF, respectively, with the GNSS-
based TEC.

Figure 10 shows the time series of the RMSE, dRMS
and rdRMS values of the MSLM-MF and APMF calculated
within the latitude range of 20°-50°and satellite elevation
angle range of 10°-30° by the GNSS-based TEC in 2014
and 2022. From the RMSE time series shown in the upper
subgraph, the RMSE results of the APMF in 2014 and 2022
are lower than those of the MSLM-MF. From the dRMS
time series shown in the middle subgraph, compared to the
MSLM-MF in 2014, the maximum RMSE difference of the
APMF is 12.5 TECu, and the average difference is 6.0 TECu;
in 2022, the maximum RMSE difference is 8.6 TECu, and
the average difference is 4.5 TECu. From the rdRMS time
series shown in the lower subgraph, compared to the MSLM-
MF in 2014, the maximum RMSE gain of the APMF reaches
58.5%, and the average gain is 44.6%. In 2022, the maximum
RMSE gain reaches 52.9%, and the average gain is 39.2%.

The above results suggest that the yearly average gains
calculated by the RMSE in 2014 and 2022 are basically con-
sistent with the results shown in Fig. 9 (both of which are
above 40%).

6 Conclusion and outlook

To address the issue of substantial ionospheric projection
errors associated with the traditional GNSS TEC thin-layer

mapping function (MSLM-MF), we propose a new GNSS
TEC mapping function (APMF) that incorporates azimuth
parameters and takes into account the spatiotemporal varia-
tion in the ionospheric TEC in different directions, exhibiting
commendable performance in terms of STEC projection. The
results can be summarized as follow:

(1) The STEC projection error of the APMF is significantly
lower than that of the MSLM-MEF, and the variation in
the APMF projection error at different azimuth angles
is minor, which effectively mitigates the high variation
in the MSLM-MF mapping error with the azimuth.

(2) Theevaluation results using the NeQuick model indicate
that in January 2014 and January 2022, the upper and
lower quartiles of the projection error boxplot results of
the APMF are reduced by more than 55% compared to
the STEC projection error of the MSLM-MF. The upper
whisker error of the boxplot results decreases by more
than 50%, and the projection accuracy is improved by
more than 45%.

(3) The evaluation results using GNSS-measured TEC data
show that in 2014 and 2022, the APMF significantly
outperforms the MSLM-MEF. Compared with the STEC
projection error of the MSLM-MF, the upper and lower
quartiles of the ionospheric projection error boxplot
results of the APMF are reduced by more than 40%. The
upper whisker error of the boxplot results is reduced by
more than 35%, and the projection accuracy is improved
by more than 40%.

(4) The evaluation results using GNSS-measured TEC data
suggest that in 2014, the gain accuracy (rdRMS) of the
APMF reaches 58.5%, and the average gain accuracy
(rdRMS) is 44.6% relative to that of the MSLM-MF.
In 2022, the maximum gain accuracy (rdRMS) reaches
52.9% and the average gain accuracy (rdRMS) is 39.2%.

The APMF was established using regional observation
data in China, and preliminary research was conducted. The
data span is relatively short compared to the 11-year periodic
solar variation activity. The results are preliminary and are
intended to demonstrate the feasibility of the new method.
The next step will be to use more data from IGS stations to
consider the applicability of the APMF in different years and
regions, which is the focus of future research.
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Table 4 Coefficients of APMF

mapping function on day 78 in Coeffs  Lats

year 2022 20-25°N 25-30°N  30-35°N 35-40°N 40-45°N 45-50°N
Ey 0.062546  — 0.090809 0.008378 0.070282 0.074700 0.064062
Eiq 0.186599  0.163419 0.037765 0.111596 0.091307 0.072351
Ei 2 —0.125803  0.087756 —0.024254  —0.108573 —0.052929  —0.042784
E3 —0.126059  —0.117851 — 0.047057 —0.111890 —0.095143 —0.021903
Ei4 0.035645  — 0.050651 0.011412 0.029754 0.010581 — 0.040820
Eis 0.099691  0.099817 0.064461 0.065071 0.042611 —0.006321
Ei6 —0.023798  0.018128 0.013878 —0.060766  — 0.040013 0.028170
Ev7 —0.083599  — 0.089900 — 0.046872 — 0.044004 — 0.029758 —0.031428
Eig 0.039549  0.002449 — 0.021606 0.052149 0.021755 —0.019781
Eio 0.005252  0.044988 0.013724 0.026049 0.013282 0.029475
Ei 10 —0.064012  — 0.046257 — 0.000592 —0.016779 —0.047591 0.024614
Er —0.005872  — 0.030909 —0.012813 — 0.006362 0.026648 — 0.046615
Ei 12 0.042549  0.005342 —0.018196 0.026805 —0.003783 0.030865
Ej 1 0.034295  —0.049639  — 0.032520 0.002512  — 0.027973 0.110050
E>» —0.041935 —0.012809 0.045249 0.003854 —0.033126 —0.119249
E> 3 —0.070420  — 0.035335 — 0.015827 — 0.006935 0.036526 0.006741
E> 4 0.013400 —0.008784  —0.056516  — 0.016727 0.007929 0.020201
E>s 0.072560  0.055333 0.008780 0.016092 —0.002530 0.040055
Ere —0.011771  0.034681 0.061575 0.031703 —0.025037 —0.025294
E» 7 —0.095976  —0.060280  — 0.009665 —0.044164 0.008106  — 0.007800
Er g 0.009313  —0.015341 — 0.048783 — 0.042755 0.002138 0.015842
E> o 0.072185  0.056522 —0.016321 0.024691 —0.011538 0.019130
E> 10 —0.015588  — 0.009795 0.019882 0.030118 —0.003077  —0.051635
E> 11 —0.028881 —0.022177 0.011225 —0.021461 0.030189 0.059755
E> 2 —0.036870 — 0.010941 —0.013011 —0.011206 —0.011274 —0.003106
Es —0.105008  — 0.041507 — 0.007566 0.079963 0.110187 0.123077
E3» 0.013055  0.004576 0.001305 —0.009892  —0.013088 — 0.028734
E3;3 —0.000012  0.010268 —0.011572 — 0.003986 — 0.008915 — 0.008716
Es 4 —0.013503  0.008740 —0.012879 —0.000428 0.010866 0.022249
E3 s —0.016521  —0.007505 —0.002761 0.005232 —0.002774 0.012562
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Table 4 (continued)

Coeffs  Lats
20-25°N 25-30°N 30-35°N 35-40°N 40-45°N 45-50°N

Es6 0.016401  — 0.029461 0.009185 0.009547 — 0.003346 — 0.024925
E3 7 0.003028 —0.021452 0.003682 — 0.002059 —0.023654 — 0.056200
E3 g —0.031192  0.016478 0.014063 — 0.000262 —0.015119 —0.013013
E3 o —0.005454  0.012750 0.000424 0.009425 0.009214 — 0.000325
E3 10 0.017398  0.004436 0.016161 0.022352 0.009822 0.009819
E3 11 0.002007  — 0.022855 0.011241 0.001770 0.009094 0.021014
E3 12 0.010884  0.013011 0.002739 0.005386 0.002415 0.008706
E4 —0.020903  0.030564 0.006260 0.046814 0.035660 0.058107
E4p 0.062659  0.003699 —0.019912 —0.014851 —0.023168 —0.003617
E4 —0.017255  0.009533 0.018106 0.003448 — 0.000830 — 0.022566
E4 4 —0.012980  0.004234 — 0.008506 — 0.001663 0.007987 0.004243
Ey4s 0.010826  0.001568 —0.019787 0.019298 0.007687 0.004079
Es6 0.015435  — 0.000897 — 0.002698 — 0.007753 — 0.003392 0.018936
E47 0.024877  —0.010231 —0.012102 —0.021699 0.006513 0.003847
E4g 0.000770  —0.016244 — 0.016694 0.003408 0.000278 — 0.000613
E49 —0.019332 - 0.031093 —0.010839 —0.003037 —0.022624 0.009073
Es4 10 —0.021872  0.004759 0.012108 0.003192 — 0.002579 0.015383
E4 1 0.016897 — 0.008613 0.005530 — 0.004091 — 0.003287 0.009131
E4 12 0.034361  — 0.025952 —0.009251 0.009950 0.009191 0.000265
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