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Abstract

The BeiDou-3 system uses the BeiDou Global broadcast Ionospheric delay correction Model (BDGIM) to describe global
vertical total electron content (VTEC) distributions and provide ionospheric delay mitigations in single-frequency position-
ing. The transmission of BDGIM correction parameters in the navigation message of BeiDou-3 started in mid-2015. The
limited coverage of BeiDou-3 transmitted BDGIM parameters inhibits the evaluation of model performance during different
levels of solar conditions. As such, we present a method to re-estimate BDGIM correction parameters and generate model
parameters during the period 2010-2017 using a small global network of 20 global navigation satellite system (GNSS) sta-
tions. Tests covering the eight years demonstrate that BDGIM can reduce the ionospheric error to less than 25% for 98%
of the examined samples when compared to global ionospheric maps (GIMs) provided by the International GNSS Service
(IGS), and for 90% when compared to the observed VTECs from Jason-2/3 altimetry missions. Overall, BDGIM reduces
residual ionospheric delays by 10-20% compared to the ionospheric correction algorithm (ICA) of the global positioning
system (GPS), the empirical International Reference Ionosphere (IRI) 2016, and our fitted NeQuick-C model. The root-
mean-square (RMS) error of BDGIM increases by 32 and 21% in comparison with GIM-derived and Jason-2 observed
VTECs during the geomagnetic storm in March 2015, indicating the significant degradation of model performance during
the disturbed geomagnetic period.

Keywords Global navigation satellite system (GNSS) - Ionospheric correction algorithm (ICA) - BeiDou global
ionospheric delay correction model (BDGIM) - NeQuick-G

Introduction

The application of space-based radio systems in L-band,
like the Global Navigation Satellite System (GNSS), is
severely affected by the signal propagation error induced by
the earth’s ionosphere. While the first order of ionospheric
range error can be mitigated by forming the ionospheric-free
linear combination of simultaneous GNSS measurements
at two or more frequencies due to the dispersive nature of
the ionosphere, a large number of single-frequency GNSS
applications are reliant on the prior ionospheric information
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to correct the ionospheric path delay. Among them, iono-
spheric correction parameters transmitted in the navigation
message of the Global Positioning System (GPS), Galileo
and BeiDou are commonly used for the ionospheric error
mitigation in single-frequency positioning (Klobuchar 1987;
Prieto-Cerdeira et al. 2014; Yuan et al. 2019).

GNSS broadcast ionospheric delay correction model
is designed to provide a global description of ionospheric
total electron contents (TEC), or even direct electron density
distributions, using a limited set of transmitted parameters
(Hoque and Jakowski 2015). The first category of iono-
spheric correction algorithm (ICA) is based on a thin-shell
ionospheric approximation to estimate the vertical TEC
(VTEC) of the ionospheric pierce point (IPP). The line-of-
sight ionospheric delay is then calculated by multiplying
an elevation-dependent mapping function. As an example,
GPS ICA describes the diurnal variation of the vertical iono-
spheric delay as a half positive cosine wave plus a constant
offset based on an assumed ionospheric layer at the height of
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350 km (Klobuchar 1987). The eight ionospheric parameters
of GPS ICA are selected from a sub-set of model coeffi-
cients, which were predetermined through the Bent empiri-
cal model (Klobuchar 1987). Since GPS ICA only corrects
about 50% of the ionospheric range error, different methods
have been proposed to improve the correction capability of
GPS ICA by refining the original model coefficients (Yuan
et al. 2008; Wang et al. 2019a) or extending the model struc-
ture (Wang et al. 2016a, b, 2019b) using the high-quality
ionospheric TEC data derived from a global network of
GNSS receivers. The second category of ICA provides a
direct description of the time- and location-dependent elec-
tron densities. The slant TEC (STEC) can be determined
by integrating the electron densities along the line of sight
between the receiver and the GNSS satellite. Galileo is the
first and presently the only system that adopts a three-dimen-
sional model, i.e., the NeQuick-G, for single-frequency ion-
ospheric corrections (Prieto-Cerdeira et al. 2014). For the
transition from a climatological to a nowcast model with
real-time ionospheric correction capability, the dependency
on solar activities in the original NeQuick-1 and NeQuick-2
is substituted in NeQuick-G by three effective ionization
level parameters that are routinely determined by the Gali-
leo ground segment and transmitted to Galileo users (Nava
et al. 2008; Orus-Perez et al. 2018). The three-dimensional
nature of the NeQuick-G enables the computation of STEC
for arbitrary user locations without the height limitation,
and thus, in support of applications from the near-earth to
space users (Montenbruck and Gonzalez 2019). The assess-
ment covering the period of solar maximum and minimum
conditions shows that the NeQuick-G model can reduce the
residual ionospheric slant error to less than 30% of the total
STEC for more than 85% of the examined observations in
both tests of terrestrial and space users (Orus et al. 2018;
Montenbruck and Gonzalez 2019).

Since the pseudorange-based dual-frequency positioning
significantly suffers from the increased noise level of the
ionospheric-free combination, the positioning error of the
dual-frequency solution might be larger than that of the ion-
ospheric-model-corrected single-frequency solution, in case
the amplified pseudorange noise exceeds the residual iono-
spheric model error (Orus-Perez 2016). As such, efforts have
been made on the reconstruction of alternative ionospheric
models with increased correction capability and reduced
computational complexity for the emerging GNSS. Based
on the empirical Neustrelitz TEC global model (NTCM-GL,
Jakowski et al. 2011), a broadcast version of the NTCM-
GL model, i.e., NTCM-BC (Hoque and Jakowski 2015), is
proposed by the German Aerospace Center (DLR) to miti-
gate ionospheric errors for single-frequency GNSS applica-
tion. The NTCM-BC contains nine ionospheric broadcast
parameters, which can be continuously updated using the
global GNSS station network on a daily basis. Tests have
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demonstrated that NTCM-BC enables significant error miti-
gation compared to GPS ICA, and a comparable correction
performance compared to NeQuick-G with a pronounced
reduction in the computation time (Hoque and Jakowski
2015). As GNSS users have no access to the model param-
eters of NTCM-BC in the operational environment, the
evaluation of using GPS and Galileo broadcast ionospheric
parameters to drive the original NTCM-BC model was also
performed for fast ionospheric corrections at the processing
level of GNSS receivers (Hoque et al. 2017, 2019).

For BeiDou, different correction models are designed
for single-frequency users of the regional BeiDou-2 and
global BeiDou-3 systems. BeiDou-2 adopts a Klobuchar-
like model, which resembles GPS ICA but is formulated in
a geographic coordinate system, to provide ionospheric cor-
rection service in the Asia-Pacific region (Wu et al. 2013).
The evaluation in the China region has shown that BeiDou-2
ICA can mitigate more than 65% of the ionospheric delay
error and reduce about 5% in single-frequency positioning
errors compared to GPS ICA (Wang et al. 2018). BeiDou-3
employs a newly designed correction model, i.e., BeiDou
Global Ionospheric delay correction Model (BDGIM), to
describe the two-dimensional distribution of global VTECs
under a thin-shell ionospheric assumption (CSNO 2017a,
2017b). BDGIM is developed based on the spherical har-
monic expansion with a reduced degree in model parameters
to enable a reduction in model computation load. The nine
broadcast parameters of BDGIM are determined by the Bei-
Dou ground segment and updated every 2 hours in the Bei-
Dou navigation message (Yuan et al. 2019). The transmis-
sion of BDGIM ionospheric correction parameters started in
April 2015 with the construction of BeiDou-3 demonstration
system (BeiDou-3S). Performance assessment of BDGIM
during the BeiDou-3S phase was first presented in Yuan
et al. (2019). It was reported that BeiDou-specific BDGIM
can achieve an overall correction capability of 80% in the
China region and reduces the residual ionospheric error by
12 and 17% in comparison with BeiDou-2 and GPS ICAs,
respectively. Tests during the preliminary service phase
of BeiDou-3, using the global ionospheric map (GIM) as
VTEC reference, show that BeiDou-specific BDGIM can
correct 65-80% of the ionospheric delay on global scales
with a high dependence on the geographic locations (Zhu
et al. 2019; Yang et al. 2020).

Obviously, the performance of BDGIM had only been
evaluated during the recent low solar activity period. While
ionospheric correction parameters of BDGIM have been
transmitted in the navigation message of BeiDou-3S and
BeiDou-3 satellites since mid-2015, these parameters are
not publicly available as they, by the end of January 2020,
are not recorded in the header of RINEX navigation files
collected by the multi-GNSS network of the International
GNSS Service (IGS) or other agencies. This can be partly
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attributed to the missing definition of BDGIM ionospheric
parameters in the latest RINEX v3.04 standard. To assess
the correction capability of BDGIM before the coming
solar maximum condition of cycle 25, we focus on the
model parameter estimation and performance evaluation of
BDGIM during the past solar cycle 24. Considering the dif-
ficulty of the BeiDou ground segment in the maintenance of
a global tracking network, the estimation of BDGIM correc-
tion parameters is only based on a small set of global GNSS
receivers. Following this introduction, the model structure
of BDGIM is briefly described, and the method is presented
to determine BDGIM correction parameters. The data sets
and processing strategies are then provided, followed by
the analysis of model performance in comparison with the
independent TEC references provided by the IGS-GIM and
Jason-2/3 altimetry satellites. Finally, a summary and con-
clusions are given.

BDGIM description and model parameter
estimation

BDGIM is a two-dimensional ionospheric correction
model, which describes the global VTEC distribution on
an assumed ionospheric thin shell at an altitude of 400
km (CSNO 2017a, 2017b). The model was developed by
the Institute of Geodesy and Geophysics (IGG), the Chi-
nese Academy of Sciences (CAS) in Wuhan (Yuan et al.
2019). Before the adoption of BDGIM as a broadcast iono-
spheric model of BeiDou-3, an empirical global TEC model
called IGG Spherical Harmonics (IGGSH) was proposed
to describe the climatological behavior of the global iono-
sphere based on the spherical harmonic expansion up to
degrees 15 (Yuan et al. 2005). The reconstruction of IGGSH
model relies on modeling each SH coefficient using har-
monic expansion with identified periodicities. Given that
ionospheric parameters of the broadcast model need to be
continuously updated to describe changes of the ionosphere,
BeiDou Spherical Harmonics (BDSSH) was proposed for
real-time ionospheric error mitigation by the adaption of the
empirical IGGSH model (Yuan et al. 2014). The first nine
SH parameters in the BDSSH model, which contribute to the
majority of the derived total ionospheric delay, can be esti-
mated using ground GNSS receivers. The remaining model
structure of IGGSH is kept but with a simplified periodicity
for the computation of predicted SH parameters from degree
4 to 15. In this way, the nine ionospheric parameters in
BDSSH can be routinely updated using the real ionospheric
observation and transmitted to single-frequency GNSS users
in the operational environment.

BDGIM can be considered as a simplified version of
BDSSH with a reduction in model computational complex-
ity. The model describes the global VTEC distribution in a

sun-fixed geomagnetic reference frame using the spherical har-
monic expansion. The vertical ionospheric delay 7, in TEC unit
(TECU) in BDGIM is described as the sum of an estimation
part, which needs to be continuously updated through the nine
broadcast parameters, plus a prediction part, which comprises
an empirical model depending on the time, user location and
periodicity of the ionospheric behavior.

Hy Hy
I, = zl @A + Zl ﬂij (1)
= J=

using a; for broadcast SH parameters transmitted as part
of the navigation message of BeiDou-3,5; for predicted SH
parameters determined by the time- and periodicity-dependent
harmonic expansion,y; and y, for the number of transmitted
and predicted parameters equaling to 9 and 17, respectively,
A; and B; for the normalized Legendre polynomial depend-
ing on the geomagnetic longitude and latitude of the IPP in a
solar-fixed reference frame. Since BDGIM is a vertical delay
model, an elevation-dependent mapping function is used for
converting TEC from the vertical to the slant direction. For
details on the model structure of BDGIM, as well as the com-
parisons between GPS ICA, NeQuick-G and BDGIM, we refer
to Yuan et al. (2019).

Similar to BDS-2 ICA, the update interval of BDGIM
broadcast parameters is 2 hours, which is higher than that of
NeQuick-G (12 hours, Orus et al. 2018) or GPS ICA (few
days, Klobuchar 1987). The estimation of BDGIM broadcast
parameters is based on a 24-hour sliding window of STEC
observations generated at individual BeiDou tracking stations
maintained by the BeiDou ground segment (Yuan et al. 2019).
Given that the correction parameters of BDGIM are presently
not available from the public data repository, e.g., the IGS, a
method is presented to re-estimate BDGIM parameters using
a small network of global GNSS receivers. Since the total
ionospheric delay in BDGIM comprises a continuously updat-
ing part estimated through broadcast SH parameters and an
empirical predicting part through predicted SH parameters, the
observation equation in the estimation of BDGIM parameters
can be written in the matrix form as follows,

Xbrd
Zstec = [P;?rd [;ﬁx ] ;éXI
nXpyp X, fix 2
nx(uy+) X1 2
Xﬁx = Xﬁx

using Z.. for the matrix of observed STECs, X4 and Xj,
for the vector of broadcast and predicted SH parameters in
BDGIM as explained in (1),F, 4 and Fy, for the correspond-
ing design matrix, and Xﬁx for the prior value of predicted
parameters that are determined by a time- and periodicity-
dependent empirical model.
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In the case STEC observations are derived from a global
network of GNSS receivers, the least-squares adjustment can
be used to estimate the desired model parameter of BDGIM

Xiwa = Nt FI PL
brd FF " brd
2071
D;(brd =0 N
_ T
Nep = FpgPFoy
L=Z, —F X

stec brd

3

where X, , denotes the model parameter estimate which
provides the best overall fitting between modeled and
observed STECs,D % is the covariance matrix of the derived
model parameters,P denotes the weight matrix, which
describes the noise level of STEC observations and o2 is the
posterior variance of the least-square solution.

Other than the GPS and Galileo, it is difficult for the Bei-
Dou ground segment to maintain a global tracking station
network. As the estimation of global ionospheric param-
eters requires stations globally distributed for the genera-
tion of STEC observations, a limited set of GNSS stations
outside of China are selected together with those located in
mainland China to determine the correction parameters of
BDGIM in the present study. Model parameters of BDGIM
are estimated every 2 hours using a sliding window of
24-hour STEC observations to keep in proper accord with
the processing strategy employed within the BeiDou ground
segment.

Data sets and processing

A total of 20 GNSS stations were selected to generate the
required STEC observations for BDGIM parameter esti-
mation. As depicted in Figure 1, nine of them are located
outside of China, which are part of the IGS network. The
remaining stations are within China and belong to the Crust
Movement Observation Network of China (CMONOC).
The selected ground stations are expected to provide STEC
observations covering different latitudes of the global
ionosphere.

STEC is derived from the L1-L2 difference of code-
leveled carrier phase observations of GPS and GLONASS
systems. The derived STEC suffers from differential code
biases (DCBs) in satellite and receiver parts, which need to
be removed to obtain the bias-free STEC. As an Ionosphere
Associate Analysis Center (IAAC) of the IGS, multi-GNSS
DCBs are routinely generated by CAS using observation
data from the IGS and its multi-GNSS networks (Wang
et al. 2020). Here, satellite DCBs of GPS and GLONASS
are fixed to CAS DCB products. While receiver DCBs of
those IGS stations are compensated by CAS DCB solu-
tions (Wang et al. 2016a, b), receiver DCBs of CMONOC
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Fig. 1 Distribution of the selected GNSS receivers for the estima-
tion of BDGIM correction parameters. The yellow squares and blue
dots denote CMONOC and IGS stations, respectively. The dotted line
denotes the geomagnetic equator

stations are estimated as part of the station-specific VTEC
modeling as described in Li et al. (2012). To reduce the
uncertainty in satellite and receiver DCB estimates, we
employ an automatic bias realignment method to generate
the three-day aligned DCBs (Wang et al. 2019c¢), which then
provide the compensation for satellite and receiver DCBs in
the observed STEC. Given the different noise levels of STEC
values obtained from GPS and GLONASS, separate weights
are applied to the individual constellation aside from the use
of a satellite-elevation-dependent stochastic model in the
least-squares adjustment (Wang et al. 2019a). The estimation
of BDGIM correction parameters is based on STEC obser-
vations of all selected stations with a 15-degree elevation
mask and a 24-hour sliding window. The routine genera-
tion of BDGIM correction parameters was implemented at
IGG/CAS in Wuhan. The re-estimated BDGIM parameters
are provided in files in RINEX v3.04 format and publicly
available from CAS repository (ftp:/ftp.gipp.org.cn/produ
ct/brdion/).

The performance evaluation of BDGIM was presented
during an 8-year period (2010-2017), which covers solar
maximum and minimum conditions of cycle 24. The
comparison was first performed by analyzing the model-
based and IGS-GIM-derived VTEC values to evaluate the
performance of BDGIM on global scales. IGS GIM is a
weighted combination of GIMs generated independently
by individual TAACs, which provides a good reference of
the global ionosphere with an overall accuracy of 2.0-8.0
TECU depending on different levels of solar activities
and geographic locations (Roma-Dollase et al. 2018).
In addition, model-based VTECs are also compared to
the reference VTECs obtained from Jason-2/3 altimetry
satellites over the global ocean. Jason-series altimeters
operate on a mean orbit altitude of about 1330 km with
a Ku-band primary frequency and a C-band auxiliary
frequency, which can provide TEC observations in the
vertical direction between the ocean surface and altimeter
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orbit altitude. The raw data were smoothed by applying a
smoothing procedure as described in Hernadndez-Pajares
et al. (2017). Due to the lower orbit altitude of altimetry
satellites, altimeter observed TECs should be smaller than
GNSS-derived TECs, since the latter one also contains
the contribution of plasmaspheric electron content up to
the height of about 20,000 km. The observed VTECs from
altimetry satellites have a systematic bias in the order of
a few TECU, particularly at low-latitude and equatorial
regions (Orus-Perez et al. 2002). As such, the analysis of
standard deviations of the differences between model-
based VTECs (e.g., GIM-VTECs) and VTECs obtained
from dual-frequency altimeters is preferred (Hernandez-
Pajares et al. 2017; Roma-Dollase et al. 2018). Note that,
the evaluation is presented in terms of VTEC errors by
comparison with IGS-GIM and Jason-2/3 reference val-
ues. Residual ionospheric model errors in slant direction
should increase by a factor of 2-3 because of the VTEC-
to-STEC mapping under the single-layer ionospheric
assumption (Hoque et al. 2017).

The comparison between BDGIM-based and IGS-GIM-
derived VTEC values for the March equinox in 2017 (low
solar condition) and 2014 (high solar condition) is depicted
in Figure 2. Green, blue and pink colors identify data
points within high (57.5°N-85°N and 57.5°S-85°S), mid-
dle (27.5°N-55°N and 27.5°S-55°S) and low (25°S-25°N)
latitudinal regions in both cases. BDGIM-based VTEC
shows a good agreement with GIM-derived VTEC in the
low solar activity condition since a mostly balanced data
distribution around the symmetry line is observed in the
top panel. In the case of the high solar activity condition,
as shown in the bottom panel, BDGIM appears to under-
estimate the reference VTEC on the selected day. The per-
formance of BDGIM during high solar conditions will be
examined and presented in the subsequent sections with
more observation data. Note that, model-based and GIM-
derived VTECs are shown with a minimum value of 2.0
TECU here. Since minus VTEC value might appear in the
year of low solar activities, in particular for high-latitude
regions, it is suggested to calculate the minimum vertical
ionospheric delay (Z, ,,;, in TECU) in BDGIM through the
following relation

v,min

max (ay/10, 1,) ay > 35

;o Jmax (ap/8.1,) 20<a,<35
M) max (ag/6, 1) 12 < g <20 ®
max (ay/4, 1,) others

where @ denotes the first transmitted parameter of BDGIM,
and [, is the vertical ionospheric delay referring to (1).
BDGIM-based VTEC estimate is finally determined based
on (1) and (4).
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Fig.2 Comparison of model-based and GIM-derived VTECs on
March equinox of 2017 (top) and 2014 (bottom). Green, blue and
pink colors distinguish the result of high, middle and low latitudinal
regions, respectively

Results and discussion

This section starts with the performance evaluation of dif-
ferent ionospheric models by comparison with IGS-GIM
VTEC:, followed by a comparison with Jason-2/3 observed
VTECsS covering the time 2010-2017. Model performance
under different geomagnetic conditions is finally presented
during the selected disturbed (DOY 71-85) and quiet (DOY
140-154) periods in 2015. In addition to the BDGIM of
interest, the involved correction models also include GPS
ICA, our fitted NeQuick-C (Wang et al. 2017) and Interna-
tional Reference Ionosphere 2016 (IRI-2016, Bilitza et al.
2017). Among them, GPS ICA uses the eight ionospheric
coefficients transmitted in the navigation message of GPS,
whereas the correction parameters of BDGIM and NeQuick-
C are computed using a global network comprising of 20 and
25 GNSS stations, respectively.
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Comparison with 1GS-GIM VTEC

Before the long-term evaluation of BDGIM, the per-
formance of the Galileo specific NeQuick-G, our fitted
NeQuick-C and BDGIM, as well as the empirical IRI-2016
model, was first evaluated in the fourth quarter of 2014
and 2017. Figure 3 depicts RMS (root-mean-square) dif-
ferences of the above four correction models relative to
GIM VTECSs during the selected period. Comparable per-
formance is observed between BDGIM and NeQuick-C in
both time spans. During the period of low solar activities,
RMS error of the IRI-2016 model is at the same level
as BDGIM and NeQuick-C, while during the high solar
activity condition, a notably large RMS error is found for
IRI-2016. NeQuick-G exhibits worse performance in the
comparison of NeQuick-G and NeQuick-C models. The
correction parameters of NeQuick-G were retrieved from
the navigation files collected by the IGS network in 2017,
and by the international GNSS Monitoring and Assess-
ment Service (iIGMAS) network for the year 2014. Note
that, NeQuick-G parameters are estimated using Galileo-
derived STEC observations from 16 to 20 Galileo sensor
stations (Prieto-Cerdeira et al. 2014), whereas NeQuick-C
parameters are generated using GPS STEC data derived
from a global network of 25 IGS receivers (Wang et al.

20
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Fig.3 RMS error of different correction models in comparison with
the IGS-GIM in the fourth quarter of 2017 (top) and 2014 (bottom)
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2019a). The difference in the performance of NeQuick-G
and NeQuick-C largely relates to the different data sets
and processing strategies used in the computation of the
respective correction parameters.

To check the time-dependent variation of model errors,
we show in Figure 4 the monthly bias and standard devia-
tion (STD) of differences between model-based and GIM-
derived VTECs from 2010 to 2017. Top, middle and bottom
plots correspond to the result of GPS ICA, NeQuick-C and
BDGIM, respectively. The three correction models appear
to underestimate the ionospheric VTEC, especially in the
years of high solar activity. Biases of GPS ICA mainly vary
within the range of —13 to 2 TECU, which are more scatted
than those of BDGIM and NeQuick-C. The index of STD
indicates the performance of different correction models in
reproducing changes in the ionosphere while neglecting the
bias. It is found that the STD index of BDGIM and NeQuick-
C is at the same magnitude, which is notably smaller than
that of GPS ICA across the entire period. Overall, STD
errors of different correction models in high solar activity
years are larger by a factor of 2-3 than those during a low
level of solar conditions.

Using the daily RMS error of GPS ICA (RMS,,) as a
reference, performance improvement or degradation (in per-
cent) of different correction models in comparison with GPS
ICA is defined through the relation

mod el

RMS,,, — RMS 00
RMS x 0% ®)

2ps

per =

in which RMS, 4. denotes the RMS error of other
involved correction models compared with the reference
VTECs. The generated daily percentage improvements are
averaged for each calendar month and plotted in Figure 5.
BDGIM enables a 24%—-51% reduction in RMS errors com-
pared to GPS ICA. There is no significant degradation in
the model performance of BDGIM during different levels
of solar conditions. While RMS errors of GPS ICA are sig-
nificantly reduced in most of the examined time span after
applying NeQuick-C and IRI-2016 for the ionospheric path
delay correction, a notable drop in the index of percentage
improvement is observed in 2016. Compared with GPS
ICA, BDGIM can achieve an overall percentage improve-
ment of 38.4% across the 8-year period, and the improve-
ments of NeQuick-C and IRI-2016 reach 38.1% and 22.6%,
respectively.

The index of relative correction capability was used in
Prieto-Cerdeira et al. (2014) to assess the performance of
NeQuick-G, which is designed to provide a targeted error
of less than 30% of the total STEC or 20 TECU with a 68%
probability over all observations. This index was also modi-
fied in the NeQuick-G performance evaluation for space-
borne applications. Here, we follow the definition of relative
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model error as described in Montenbruck and Gonzalez

(2019)
£=RSS< )

to evaluate the correction capability of BDGIM on a sta-
tistical basis. The index is defined as the root sum square
(RSS) of the relative error of model-based VTEC estimates
over all observed/reference VTECs, based on the desired
target that BDGIM can reduce the residual ionospheric ver-
tical error to less than 25% or 8 TECU. The 32 TECU limit
is selected to scale the relative error to 25% at 8 TECU, to
avoid the inflated relative errors caused by small reference
VTEC values during the period of low solar activities. The
complementary value, i.e., | — €, provides a description of
the relative correction capability of different models to miti-
gate the ionospheric path delay.

The cumulative distribution of relative model errors
generated by comparison with IGS-GIM VTECsS, covering
the whole test period, is depicted in Figure 6. It shows that
BDGIM can achieve the desired relative error of less than
25% in more than 98% of the reference VTECs. The rela-
tive error of less than 25% is achieved in 99% of observed
samples for NeQuick-C, 83% for IRI-2016 and 51% for GPS

VTEC ,,.q — VTEC
max (32, VTEC,)

ref

(6)
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Fig.6 Cumulative distribution of different correction model errors
by comparison with the IGS-GIM covering the year 2010-2017. The
vertical line corresponds to the targeted 25% error index

ICA. The correction capability of BDGIM is about two times
better than that of GPS ICA. In this case, our fitted correc-
tion parameters are used to drive BDGIM.

Comparison with Jason-2/3 VTEC

Altimeter VTEC observations provide an independent
performance evaluation of different ionospheric mod-
els over the oceanic region. Based on the daily mean bias
and standard deviation computed from the differences
between model-based and Jason-derived VTECs (i.e.,
VTEC, 0461V TECy40n.2/3), We present in Figure 7 the bias
and STD distributions of different correction models in com-
parison with Jason-2/3 VTECs during 2010-2017. BDGIM
and NeQuick-C present narrower bias distributions than GPS
ICA and IRI-2016. Except for NeQuick-C, the other three
correction models exhibit notably negative bias deviations
compared with Jason-2/3 observed VTECs. The mean biases
are 0.15 TECU for NeQuick-C, -1.21 TECU for BDGIM,
-2.08 TECU for IRI-2016 and -3.66 TECU for GPS ICA
during the test period. Since altimeter observations do not
include total electron contents present in the upper region
of the ionosphere and plasmasphere, there exists a system-
atic bias in the order of a few TECU in altimeter-derived
VTECs (Orus-Perez et al. 2002). If such a bias component
was taken into account, those ionospheric models presenting
higher negative biases here should have larger bias devia-
tions, in particular in low-latitude and equatorial regions.
As for the distribution of standard deviations, the mostly
centered values are 5.86, 6.47, 6.64 and 8.06 TECU for
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Fig.7 Normalized histogram of the bias (top) and STD (bottom)
errors between model-based and Jason-2/3 reference VTECs during
2010-2017

BDGIM, IRI-2016, NeQuick-C and GPS ICA, respectively.
The smaller STD error of BDGIM indicates a slightly bet-
ter consistency between BDGIM-based and Jason-derived
VTECs while neglecting the pronounced biases in Jason-
derived VTEC data.

Figure 8 depicts the latitudinal variation of model STD
errors in a low (2017) and high (2014) solar activity year
by comparison with Jason-2 observed VTECs. Obviously,
model performance largely depends on the level of solar
activities. STD errors of different correction models in 2014,
a high level of solar condition, are 2-3 times larger than
those in 2017, a year of low solar activity. Degraded model
performance is observed in low-latitude regions compared
with other regions. The inferior performance of different
correction models in low-latitude and equatorial regions
can be attributed to the pronounced ionospheric variation
in the corresponding region as well as the inadequacy of
model structure itself, e.g., the single-layer assumption, in
the presence of large latitudinal gradients. The latitudinal
gradient also affects the quality of NeQuick-C and IRI-2016
in low-latitude regions regardless of the three-dimensional
nature of the two models. The hemispheric asymmetry in
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Fig.8 Latitudinal variation of standard deviations of model-based
VTEC estimates minus Jason-2 observed VTECs in 2017 (top) and
2014 (bottom). Results are generated from the daily STD value within
each individual 3° latitudinal bin and averaged for the individual year

the latitudinal variation of RMS errors is recognized, in par-
ticular during the high solar activity period. It indicates the
higher consistency between model-based and Jason-derived
VTEC:S in the northern hemisphere than that in the south-
ern hemisphere. Overall, BDGIM presents a comparable
performance in middle-latitude regions and slightly better
performance in low-latitude regions than NeQuick-C and
IRI-2016 models.

As defined in (6), the index of relative model error is also
used to evaluate the quality of different ionospheric models
relative to Jason-2/3 VTECs. Note that, the 29.6 TECU limit
is selected in this case, considering the orbit altitude dif-
ference between Jason-2/3 altimetry and GNSS satellites.
We show in Figure 9 the cumulative distribution of rela-
tive model errors obtained by comparison with Jason-2/3
observed VTECs. For BDGIM, a relative error of less than
25%, or equivalently a 75% correction, is achieved for 90%
of observed samples during 2010-2017. The relative error
within the desired 25% target is obtained in 80, 75 and 40%
of the observations for NeQuick-C, IRI-2016 and GPS ICA,
respectively. The correction capability of BDGIM increases
by a factor of 2.25 compared to the Klobuchar model of
GPS.
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o
I
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Error index [%]

Fig. 9 Cumulative distribution of different correction model errors by
comparison with Jason-2/3 reference VTECs covering the year 2010—
2017. The vertical line denotes the targeted 25% error index

The comparison of different ionospheric models to IGS-
GIM- and Jason-2/3-derived VTECs is summarized in
Table 1. The result is generated based on 8 years of data
from 2010 to 2017. The relative RMS error here is calcu-
lated referring to the mean value of reference VTECs, i.e.,
RMS,, o4ref/ VTEC, ;. The four correction models appear to
underestimate the vertical ionospheric delay when compared
to IGS-GIM-derived VTECs on global scales. As expected,
GPS ICA exhibits the worst performance with a 47.5%
relative RMS error. The relative RMS error is 29.1% for
BDGIM, which is about 1.3% worse than NeQuick-C but
4.8% better than IRI-2016. When compared to Jason-2/3
observed VTECs over the ocean, no significant bias devia-
tion is found for NeQuick-C, whereas the remaining three
models present negative biases. BDGIM and GPS ICA show
the best and worst performance in this case, with relative
RMS errors of 29.6 and 41.3%, respectively. As for three-
dimensional models, relative errors of NeQuick-C and IRI-
2016 are around 1.9 and 4.1% larger than that of BDGIM.
BDGIM enables a significant error reduction compared to
GPS ICA and comparable performance with NeQuick-C.
Overall, BDGIM can achieve a better than 75% correction
capability for 98% of the observed samples compared to
IGS-GIM VTECs and 90% compared to Jason-2/3 VTECs.

Performance during the geomagnetically disturbed
period

Two separate periods were selected to assess the model per-
formance under different levels of geomagnetic conditions,
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Table 1 Analysis results of

‘ ; . Reference TEC Ionospheric models ~ Bias [TECU] STD [TECU] RMS [TECU] Rel. RMS
different correction models in error [%]
comparison with IGS-GIM
wdbﬁTWEmmeVﬂif 1GS-GIM GPS ICA -2.52 7.89 8.71 475
across the entire test perio
(2010-2017). IRI-2016 —-3.09 5.21 6.38 33.9

NeQuick-C —1.47 4.80 5.07 27.8
BDGIM —-1.07 498 5.30 29.1
Jason-2/3 GPS ICA —3.66 8.06 9.21 41.3
IRI-2016 —2.08 6.47 7.30 33.7
NeQuick-C 0.15 6.64 6.98 31.5
BDGIM —-1.21 5.86 6.29 29.6
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Fig. 10 Variation of F10.7 and Kp index during the selected disturbed
(DOY 71-85) and quite (DOY 140-154) periods in 2015

as shown in Figure 10. The first one corresponds to March
12-26, 2015, or DOY 71-85, during which period the F10.7
solar radio flux at 10.7 cm wavelength in solar flux unit (sfu,
1 sfu = 1002Wm™2 Hz™") varies between 108 and 137 sfu
and the geomagnetic activity proxy Kp index exceeds the
4.0 threshold for two times indicating a disturbed geomag-
netic condition. The second one also covers 15 days in 2015
from May 20 to June 3, or DOY 140-154, during which
period F10.7 changes within the range of 95-121 sfu and Kp
index does not exceed 2.0, indicating a quiet geomagnetic
condition.

We first present in Figure 11, the analysis of different
ionospheric models during the geomagnetically disturbed
period, in terms of RMS errors compared with IGS-GIM and
Jason-2 VTECs. A notably increased RMS error is observed
in DOY 076 and 077, which keeps in proper accord with
the date of Kp index exceeding the 4.0 threshold. In both
comparisons, it is interesting that GPS ICA shows significant
RMS errors on DOY 076, whereas IRI-2016 on DOY 077.
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Fig. 11 RMS difference of different correction models compared with
IGS-GIM (top) and Jason-2 (bottom) VTEC values during the dis-
turbed geomagnetic condition in 2015

The peak of RMS errors appears on DOY 077 for BDGIM
and NeQuick-C in comparison with IGS-GIM VTECs,
whereas compared to Jason-2 VTECs, the peak appears
on DOY 076. Based on the results of three days ahead and
after the geomagnetic event, i.e., DOY 53-75 and 78-80,
the performance degradation of different models during the
geomagnetic storm is examined. In the IGS-GIM VTEC
assessment, the RMS error increases by 5% for GPS ICA,
15% for IR1-2016, 18% for NeQuick-C and 32% for BDGIM.
In the case of the Jason-2 VTEC assessment, an increase of
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10, 29, 15 and 21% is noticed in the RMS error of GPS ICA,
IRI-2016, NeQuick-C and BDGIM, respectively.

In the comparison of model performance during the two
test periods, RMS difference of different models under dis-
turbed conditions is more significant than that under quiet
conditions. The model RMS error increases on average from
9.4 to 13.3 TECU for GPS ICA, 6.6 to 10.2 TECU for IRI-
2016, 5.4 t0 9.8 TECU for NeQuick-C, and 5.2 to 8.4 TECU
for BDGIM. The magnitude of model RMS errors increases
roughly by 42, 55, 83 and 60% for the respective models.

A global network of 50 IGS stations, which covers the
high, middle and low latitudinal regions, are selected to
evaluate the performance of different ionospheric mod-
els in single-frequency standard point positioning (SPP)
solutions. For details on the implementation of GPS SPP
solution based on L1 C/A code pseudoranges with dif-
ferent ionospheric corrections, we refer to Wang et al.
(2018). We present in Figure 12 the dependence of 3D
RMS position errors on the local time in GPS L1 C/A
code-based SPP solutions. The results are generated from
all test stations and averaged within each 30-minute bin
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Fig. 12 GPS single-point positioning accuracy using L1 C/A code
pseudoranges with different ionospheric correction models dur-
ing disturbed (top) and quiet (bottom) periods. The 3D RMS posi-
tion errors are computed from all involved test stations and averaged
within each 30-minute local time bin

for the disturbed (top panel) and quiet (bottom panel)
conditions of geomagnetic activities, respectively. With-
out ionospheric correction, the positioning error shows a
similar variation with the diurnal VTEC, which exhibits
the largest errors around the local noon. The positioning
errors significantly drop after applying ionospheric correc-
tions, and the errors during the disturbed period are nota-
bly larger than those during quiet period. The positioning
performance with BDGIM and NeQuick-C corrections is
at a comparable level, which performs better than GPS
ICA in both quiet and disturbed conditions.

A comparison of SPP errors during the quiet and dis-
turbed periods is shown in Figure 13. The positioning
errors are calculated from the daily RMS position errors
for each ionospheric model. Compared to GPS-ICA-cor-
rected SPP solution, the positioning error is reduced by
10.7% for IRI-2016, 16.0% for NeQuick-C and 18.1% for
BDGIM during the disturbed period. The RMS position
errors are almost the same for IRI-2016, NeQuick-C and
BDGIM during the quiet period, which is about 17.2%
smaller than that of GPS ICA. In the comparison of model
performance during the two test periods, the 3D position-
ing error under disturbed conditions increases by 17.3,
23.1, 18.2 and 16.9% for GPS ICA, IRI-2016, NeQuick-C
and BDGIM, respectively.
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Fig.13 3D RMS position errors of GPS single-point positioning
using L1 C/A code pseudoranges with different ionospheric correc-
tion models during quiet and disturbed geomagnetic conditions
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Summary and conclusions

Other than the modified Klobuchar model used in the
regional BeiDou-2 system, the broadcast model called
BDGIM is employed in BeiDou-3 to provide global iono-
spheric corrections. BDGIM is developed based on a sim-
plified spherical harmonic expansion, which factorizes the
vertical ionospheric delay into the product of a continuously
updating part depending on the nine broadcast parameters,
and a predicting part through time-, location- and periodic-
ity-dependent empirical model. Given the limited cover-
age of BDGIM parameters routinely transmitted as part of
the navigation message of BeiDou-3, a method for the re-
estimation of BDGIM correction parameters was presented
within the present study. A small set of global stations com-
prising of 20 GNSS receivers was selected to determine the
model parameters. The performance of the derived BDGIM
was assessed during the period of 2010-2017, which cov-
ers solar maximum and minimum conditions of cycle 24.
BDGIM can achieve an overall correction capability of bet-
ter than 75% for 98% of all observed samples compared to
IGS-GIM VTECs and 90% compared to Jason-2/3 VTECs.
In comparison with GPS ICA, BDGIM enables a 10-20%
reduction of residual ionospheric errors. As for the involved
three-dimensional models, BDGIM exhibits a comparable
performance with our fitted NeQuick-C model and about 5%
better than the empirical IRI-2016 model. In the analysis of
BDGIM performance under disturbed and quiet geomagnetic
conditions, the model RMS error increases by 60% in GIM/
Jason-2 VTEC assessment, and the 3D positioning error
increases by 17% in GPS SPP assessment. A pronounced
degradation of model performance is confirmed during the
geomagnetic storm period. Since the transmitted parameters
of BDGIM are merely estimated from a regional tracking
network maintained by the BeiDou ground segment, it is
of interest to compare the model performance of BDGIM
driven by BeiDou transmitted and our fitted parameters,
which is the work we are focusing on.
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