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Abstract

Ionosphere total electron content (TEC) from global ionospheric maps (GIM) is widely applied in both ionospheric delay
correction and research on space weather monitoring. Global ionospheric modeling based on multisource data is an effec-
tive method to improve conventional GIM accuracy and reliability. In this study, a global ionospheric model is constructed
from multi-GNSS (here, GPS/GLONASS/BDS), satellite altimetry and Formosat-3/COSMIC (F3/C) observations using a
spherical harmonic (SH) function. The results show that compared to the conventional GIM derived from GPS/GLONASS
data, the combined GIM performance from multisource data improves significantly; the RMS versus external data decreases
from [2, 5] to [2, 3] TECU, and the BIAS decreases from [— 3, 1] to [— 1, 1] TECU. Specifically, BDS observations improve
the IPP distributions, especially over the region of Australia; compared with GPS-based ionospheric TEC. Our calculated
GIM with BDS data has better performance than that without BDS data. By combining JASON 2 and GPS/GLONASS
data, the residual distribution is more concentrated, and the RMS is improved effectively in mid-high latitudes of the south-
ern hemisphere and in the equatorial region. F3/C TEC also exhibits relatively minor improvements on GIM; the standard
deviation reduces from 2.89 to 1.92 TECU, and the BIAS regarding extra F3/C data decreases from —2.02 to —1.71 TECU.

Keywords Global ionospheric maps (GIM) - Total electron content (TEC) - Multi-GNSS - Satellite altimetry - Formosat-3/

COSMIC (F3/C) occultation

Introduction

With the rapid development of global navigation satellite
system (GNSS) technology, GNSS-based global ionospheric
monitoring and modeling have become popular subject of
research (Yuan et al. 2008; Li et al. 2012; Alizadeh et al.
2011; Chen et al. 2017; Roma-Dollase et al. 2017). Cur-
rently, the International GNSS Service (IGS) ionospheric
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working group consists of seven Ionospheric Associate
Analysis Centers (IAACs), namely, the Centre for Orbit
Determination in Europe (CODE), Jet Propulsion Labora-
tory (JPL), European Space Agency (ESA), Polytechnic
University of Catalonia (UPC), Natural Resources Canada
(NRCan/EMR), Chinese Academy of Sciences (CAS/IGG),
and Wuhan University (WHU). Among these IAACs, the
approaches for providing global ionosphere products are
different. The GIM from CODE, ESA, NRCan/EMR, and
WHU is developed using a 15 X 15 spherical harmonic func-
tion model, with some differences in their processing details
(Schaer 1999; Feltens 2007; Zhang et al. 2013). JPL’s tech-
nique is based on a linear composition of bi-cubic spline
interpolation within 1280 spherical triangular tiles that tes-
sellate the ionosphere, corresponding to 642 vertices (Man-
nucci et al. 1998). UPC independently computes the TEC
with a multi-layer tomographic model and an interpolation
scheme (Hernandez-Pajares et al. 1999; Orts et al. 2003).
The CAS approach for GIM relies on integrating the spheri-
cal harmonic and the generalized trigonometric series func-
tions on global and local scales, respectively (Li et al. 2015).
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The final GIM from IGS is obtained from the independently
computed ones by different IAACs which are combined with
the corresponding weights (Hernandez-Pajares et al. 2009).

Conventional ionospheric modeling is usually based on
GPS measurements or GPS/GLONASS measurements; it
should be noted that with the development of multi-GNSS,
especially the BeiDou system (BDS), more GNSS observa-
tions will be available, helping to increase the spatial cover-
age of IPPs and improve ionospheric modeling accuracy.
Tang et al. (2014) focused on the performance of ionosphere
monitoring using the measurements from a BeiDou CORS
network. Zhang et al. (2015) also analyzed the influence of
BeiDou on ionospheric modeling and found that the GPS/
BDS dual system could improve both the ionospheric model
over the China sector and the accuracy of differential code
bias (DCB) determination. Xue et al. (2016) constructed a
global ionospheric model based on BDS/GPS dual-system
observations and provided a detailed analysis of the stability
of the resulting BDS DCB estimates.

However, the IPPs from multi-GNSS measurements
mainly improve the spatial distributions over continental
regions, whereas few effective GNSS measurements are
available over oceans. This results in a limited accuracy of
GIMs in ocean areas and some other areas where GNSS
sites are uneven and sparse. To improve the accuracy of the
GIM, especially over ocean areas, some studies have been
done based on multisource data in recent years. For example,
Dettmering et al. (2011) introduced a method to compute
the regional ionospheric model based on the International
Reference Ionosphere (IRI), GPS observations, radio occul-
tation data and radar altimetry measurements, as well as very
long baseline interferometry (VLBI) data, which together
helped to improve the VTEC maps and derive improved ion-
ospheric corrections. Alizadeh et al. (2011) investigated the
global ionosphere modeling from GNSS, satellite altimetry,
and F3/C data, and showed that the RMS of the combined
GIMs decreased by approximately 0.1 TECU for an entire
day. Zhang et al. (2013) proposed an inequality-constraint
algorithm, which can eliminate unwanted negative VTEC
values, and results were highly consistent with the final IGS
products. Chen et al. (2015, 2017) constructed GIMs by
integrating GNSS, satellite altimetry, radio occultation and
DORIS data, while considering systematic biases among
different data sets, and found that the accuracy of final the
GIM improved significantly, especially over ocean areas.
Sun et al. (2017) constructed near-real-time GIMs from
GNSS measurements and F3/C GPS occultation data; results
showed the F3/C TEC had an improvement on the GIM of
approximately 15.5%, especially over ocean areas.

It now appears that the most effective way to improve the
accuracy of the GIM is to increase the number of effective
observations for ionospheric modeling. In our study, we will
construct a global ionosphere model based on multisource
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data, namely, multi-GNSS (GPS/GLONASS/BDS), satellite
altimetry, and F3/C data. Specifically, the contribution of
BDS observations to ionosphere modeling will be consid-
ered, especially in the Asia-Pacific region. The influence of
satellite altimetry TEC data, which directly provide high-
accuracy TEC and can compensate for insufficient GNSS
coverage in ocean areas, and F3/C TEC data, which can
obtain well-distributed ionospheric information over the
globe, on GIMs will also be examined.

lonosphere observations acquisition
from multisource data

Due to the dispersive characteristics of the ionosphere, the
ionospheric TEC from multi-GNSS (GPS/GLONASS/BDS),
satellite altimetry and F3/C data can be estimated from dual-
frequency measurements.

lonospheric observables from multi-GNSS data

For multi-GNSS, by forming the geometry-free linear com-
bination from the pseudorange and carrier observations,
high-accuracy TEC can be obtained by leveling carrier to
code algorithms. As shown below, we have expressions for
the VTEC, STEC, and mapping function (MF):

VTEC = MF - STEC

STEC = a - ( P 4:j+ DCBy ;i + DCBZ}[)

R +RHion > Sin(aZ)>

where STEC is the line-of-sight (LOS) ionospheric TEC
along the propagation Sath from satellite to receiver,

ay = 1212 [ [403(f2 = 12 )], £, and f, ave the GNSS signal

frequencies, Py; ; 1s the GNSS code-leveled carrier phase
measurements of frequency f; and f;; DCB,, ;; and DCB‘;;‘.t
are the differential code biases (DCB) of GNSS receivers
and satellites, respectively; MF is the modified single-layer
model (MSLM) MF, used for converting STEC to vertical
TEC (VTECQ), z is the satellite zenith angle at the station,
and R is the earth’s radius and it is set to 6371 km. Further,
H,,, =506.7 km, and @ = 0.9782, which are consistent with
the values used by the CODE analysis center. When all of
the satellites in multi-GNSS systems are observed, the
resulting normal equations matrix exhibit a rank deficiency
since the DCB common to all satellites cannot be distin-
guished from the corresponding DCB common to all receiv-
ers. This rank deficiency is removed by imposing a

(D
MF = cos <arcsin <
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zero-mean condition on all satellites DCB estimates of each
satellite system.

lonospheric observables from satellite altimetry

As to satellite altimetry, by measuring range on two dif-
ferent frequencies fi, = 13.575 GHz andf. = 5.3 GHz, the
TOPEX/JASON (T/J) altimeter can provide a direct VTEC
over the oceans up to the T/J orbit altitude of 1336 km. If
Ku band ionospheric range correction is calculated as pre-
sented by Brunini et al. (2005), the VTEC can be expressed
as follows:
2

VTEC R Q)
403

where dR is the Ku band ionospheric range correction, and
Sxu 18 the Ku band frequency in GHz. Similar to the process
suggested by Imel et al. (1994), the T/J VTEC used in our
analysis is averaged over a 21-s smoothing window to reduce
the inherent noise effects of the altimeter.

lonospheric observables from Formosat-3/COSMIC

For radio occultation data Formosat-3/COSMIC (F3/C),
the ‘ionPrf” products from CDAAC (http://cdaac-www.
cosmic.ucar.edu/cdaac/) provide VTEC at the location of
maximum electron density for each occultation event. They
include ionospheric electron density from the ionospheric
bottom up to the F3/C satellite orbit height, as well as the
extrapolation from F3/C satellites to GPS satellites orbit
height, namely,

VTEC = VTEC, + VTEC,, 3)

where VTEC, is the VTEC under the F3/C satellite orbit,
obtained through the application of an aided Abel inversion.
VTEC, is the plasmaspheric electron content above the F3/C
satellite orbit (LEO to GPS altitude), which is calculated
using extrapolation technique. For more details, see Liou
et al. (2010).

Combining Egs. (1), (2) and (3), the following formula
can be obtained:
Lonss = MF - a - <P4’,. ,+DCB,,; + DCB;“;‘)

ICV,ij

L £2
Ku

LT/J = —W + Bias

where Lgnss, Lpsc and Ly denote the VTEC derived from
multi-GNSS, F3/C and satellite altimetry, respectively. Bias

denotes the systematic bias between GNSS and T/J VTEC
measurements, which is modeled as unknown and estimated.

Construction of global ionospheric maps

The VTEC obtained by different space-geodetic observa-
tion techniques is fitted by the spherical harmonic (SH)
model with a degree and order of 15. The SH function can
be expressed as (Schaer 1999):

n max

GIM(p, 1) = Z P, (sing) - (A,, cos(md) + B,, sin (m4)),

n=0,m=0

&)
where @ and A are the geomagnetic latitude and sun-fixed
longitude of the IPP, GIM(g, 1) is the VTEC at the IPP
obtained from different observation techniques, nyax is
the maximum degree of SH function, which is npax = 15
in this study. P, (sin @) denotes the normalized associated
Legendre function with degree 7 and order m, and A, and
B,,, are the SH coefficients to be estimated. In our data pro-
cessing, the SH coefficients are estimated by least squares
algorithms every 2 h on a global scale. To guarantee the con-
tinuity of the ionospheric TEC model between two neigh-
boring sessions and days, we use piece-wise linear (PWL)
functions to establish connections of VTEC from different
sessions. Consequently, the observations from 22:00 UT of
the previous day to 02:00 UT of the next day are used for
estimating 15 sequential groups of SH coefficients in 1 day.
The normal equations are added for each type of

observation:

N = Ngnss + Narr + Nezie

AT T T
= AgnssPAcnss T AprrPAALT + Aps e

(0)
PAgyc,

where N is the normal equation matrix, A is the design
matrix, and P is the weight matrix shown in formula (7).

The temporal resolution of the model is 2 h, with a spa-
tial resolution of 2.5° in latitude and 5° in longitude. The
parameters to be solved by least-square adjustment are the
spherical harmonic coefficients, receivers DCB and satel-
lites DCB, as well as the systematic bias between GNSS and
T/J VTEC measurements. To improve operation efficiency,
the relevant normal equation stacking is adopted, and only
nonzero elements are considered.

Within this study, due to different VTEC sources in
the various ionospheric techniques, variance component
estimation (VCE) is used to determine the final weight.

In this procedure, an individual variance factor 02_,
;

i = {GNSS, ALT, F3/C}, for each observation group is intro-
duced to enable different weighting. The weight matrix is
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where the square matrices PGNSS, P LT and PF3/C of size

ngnsss Mary> and npy,c are the original weight matrix
from multi-GNSS, satellite altimetry and F3/C obser-
vations, respectively, and they are used for evaluating
the initial precision of three ionospheric techniques;
n = ngNss + ALt + ME3/cs Masss Macr and ngs e represent
the numbers of three types of observation. Since no real-
istic variance—covariance matrix for any of the data types
is available, no weighting within the observation groups is
done and no correlations are introduced.

In an iterative approach, each 0'3‘_ can be computed from

the observation group residuals,

, VIR,
6= — ®)
o n,—tr(N-IN,)

where V; is the residual vector of size n; for each group n;,
i = {GNSS, ALT, F3/C}, and &g_ is the a posteriori variances.

In accordance with Eq. (8), the weight matrix can be
obtained according to the following formula:

const
= P,

i A i 9
52 ©

i

P

where const is a constant, which is usually selected from one
of the &5_. The P, and P; are the posterior weight matrix and

the priori weight matrix of size n;, respectively. The new
weight matrix is then used to re-adjust the observation equa-
tions, and again the posterior variances and new weight
matrix are calculated. These processes are repeated until the
variances of unit weight of the various observations are

equal, namely 6; =6; =6, . The detailed iterative
GN 3/C

SS OALT OF,

calculation process of VCE can be found in Koch and Kusche
(2002), Dettmering et al. (2011) and Chen et al. (2015).

Validation and analysis

The GIMs using GPS/GLONASS, GPS/GLONASS/BDS,
GPS/GLONASS plus satellite altimetry, GPS/GLONASS
plus F3/C, and finally GPS/GLONASS/BDS plus satellite
altimetry plus F3/C data are investigated. This study utilized
the multisource data from 2014 to improve the accuracy of
GIMs. GNSS data are selected from IGS tracking stations
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and MGEX networks, with a sampling rate of 30 s and a
cutoff elevation angle of 15°. The original sampling rate
of JASON 2 is 1 s. To reduce the inherent noise effects of
the altimeter, a 21-s smoothing window along the track is
adopted. The F3/C VTEC below LEO satellites was directly
measured, and the electron density above the LEO satellites
is computed through extrapolation.

BIAS and RMS are used to qualify the GIM performances
with respect to CODE-derived GIM, GPS-based TEC, and
JASON TEC. The formula is as follows:

N
BIAS = ; (VTEC, gy — VTEC, )

b (10)
RMS = % (VTEC, gy — VTEC, )’

2

M=

J

where VTEC, gy is the TEC obtained from GIM and
VTEC, . is the reference TEC derived from CODE-derived

GIM, GPS-based TEC, or JASON TEC; N is the total num-
ber of ionospheric VTEC from the GIM in 1 day.

GIM: GPS/GLONASS data

The conventional GIM in this study, called SGG temporar-
ily, is calculated from global GPS/GLONASS observations.
To validate the SGG GIM products accuracy, we calculated
the RMS and BIAS of different GIMs (JPL, UPC, ESA, and
SGG) with respect to CODE. The number of IGS stations

w

BIAS (TECU)
AN N

o

200 205 210 215 220 225 230

200 205 210 215 220 225 230
DOY (2014)

Fig.1 BIAS and RMS of GIM for JPL, UPC, ESA and SGG with
respect to CODE from DOY 200-234, 2014
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used in SGG GIM computation is appropriately 220, which
is a little lower than that used by CODE.

The statistical results with respect to CODE during DOY
200-234, 2014 are presented in Fig. 1. The figure shows
that the BIAS for UPC, ESA, and SGG are within 1 TECU,
which are in good agreement with each other, while the
JPL BIAS with respect to CODE is nearly 2.2 TECU, and it
seems that there is a systematic bias between JPL GIM and
CODE GIM. The RMS of GIM for JPL, UPC, ESA, and
SGG with respect to CODE are approximately (3-3.5, 2-3.6,
2-3.3, and 1.3-2.6) TECU, respectively; and it is shown that
the ionospheric products of UPC, ESA and SGG agree well
with CODE GIM,

The DCB is determined simultaneously with the calcula-
tion of GIM and is the most serious error that affects the
estimated TEC accuracy. Therefore, the DCB can be used
for evaluating the GIM accuracy. Here, the estimated GPS
satellite P1-P2 DCBs are compared with the daily DCBs
provided by CODE, JPL, UPC and ESA. The BIAS and
RMS of the GPS satellites DCB with respect to CODE are
shown in Fig. 2. It can be seen that the daily values for JPL,
UPC and ESA are within 0.2 TECU, indicating a fairly good
agreement, while the BIAS and RMS of SGG are mostly
within 0.1 TECU. Therefore, it is obvious that the SGG
DCB estimates are reliable compared with the products of
CODE.

According to the performance of GIM-derived VTEC and
P1-P2 DCB, it is clear that the SGG GIM has similar accu-
racy as the CODE GIM. Therefore, the SGG GIM is reli-
able. But considering the different data sources contributed
to SGG and CODE, we compare our results with the SGG
(GPS/GLONASS) GIM in the following sections.

0.4 T T T T
R —©—JPL —©&—UPC ESA —5—SGG
D 0.2
O @
Ll
Z o )
2 Y
o 0.2

1.3 56 7 9 11 13 15 17 19 21 23 25 27 29 31
GPS satellites P1-P2 DCB

0.25 T T T T T T T T T
=)
O
Ll
E
(2]
=
[i4

GPS satellites P1-P2 DCB

Fig.2 BIAS and RMS of DCB (P1-P2) for JPL, UPC, ESA and SGG
with respect to CODE from DOY 200 to DOY 234, 2014

~ 60 120 180 -120 -

@GPS/GLONASS A BDS % VALID

Fig.3 GNSS sites’ distribution (DOY 200, 2014)

GIM: GPS/GLONASS and BDS data

The GNSS site distribution is shown in Fig. 3. GPS/GLO-
NASS indicates locations from IGS and MGEX networks,
BDS indicates locations from MGEX, and VALID repre-
sents locations from IGS that do not participate in iono-
spheric modeling. The magenta curves represent BeiDou
satellites IPPs. The GIM is generated using data from about
280 GNSS stations of the IGS and MGEX networks, while
the DCBs of the GPS/GLONASS/BDS satellites and the
receivers are estimated.

Figure 4 depicts the difference of GIMs computed with
GPS/GLONASS/BDS and GPS/GLONASS at different peri-
ods. The VTEC changes by approximately + 1 TECU after
adding BeiDou data, and the most significant VTEC changes
occur mainly over ocean areas. These changes are attributed
to the fact that BDS observations increase IPP distributions.

To validate the improvement of GIM accuracy after add-
ing BDS observations, the observations from VALID sta-
tions in Australia are used as external reference. It should be
noted that these VALID stations are involved in the genera-
tion of CODE GIM, but not used for our GIM. The BIAS
and RMS can be calculated by the following formulas (10)
and (11):

VTEC, s = STEC; gps/ MF;
hif;

STEC; gps = ———2—
O 4032 - 1)

(P4 gm — cDCBpg oy — cDCBOPS-) ’

an

where STEC; gpg is the ith STEC obtained from GPS data
in each VALID station; f; and f, are the frequencies;
DCBpg oy and DCBPS=* are the GPS receiver and sat-
ellite P1-P2 DCBs from CODE, respectively; P, g, is the
observation from the phase-smoothing pseudorange method;
¢ is the speed of light in a vacuum; MF, is the MF used in
Eq. (1). To reduce the error from the MF and multipath, the
elevation cutoff is selected as 30°.
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Fig.4 GIM difference between UT 02:00 UT 06:00
those modeled with GPS/GLO- T ———
NASS/BDS and those modeled 751 =R S
with GPS/GLONASS (DOY Iv»_f;f;”%g%%g\gv”w ,
200, 2014) 500 g
i 1.5
1
0.5
- 1o
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Table 1 RMS and BIAS of

. VALID stations
the calculated GIM, with and

RMS (no BDS)

RMS (with BDS)  BIAS (no BDS)  BIAS (with BDS)

without BDS data, validated by DARW 2.1941
eight IGS stations CoCo 35105
CEDU 1.4708
KoucC 1.9625
MOBS 1.6924
BAKO 3.4334
NIUM 1.7396
ASPA 1.9340
Mean value 2.2422

2.0717 0.6958 0.7401
3.0422 —2.8668 —-2.5183
1.4358 —0.3499 -0.2116
1.9150 —0.2455 0.2958
1.6624 —0.2452 —0.0305
3.2302 —2.5715 —2.4407
1.7177 0.6166 0.696

1.7288 —0.1092 —0.0935
2.1005 —0.6345 —0.4454

The validation of the calculated GIM using GPS-based
ionospheric TEC from eight VALID stations are shown in
Table 1. It can be observed that the calculated GIM with
BDS data has better performance than the GIM without BDS
data: the mean BIAS improves from —0.63 to —0.44 TECU,
and the mean RMS decreases from 2.24 to 2.10 TECU. This
is due to the contribution of BDS data over this area on the
calculated GIM. The improvement is small, which may be
attributed to limited BDS observations.

@ Springer

As a by-product of TEC calculation, the DCBs of satel-
lites and receivers can reflect the accuracy and reliability of
the GIM to a certain extent. Currently, multi-system DCB
products are released by the Chinese Academy of Sciences
(CAS) and the German Aerospace Center (DLR). In this
study, the BDS DCB products published by CAS/DLR are
regarded as a reference, and we take BDS satellite DCB
C2I-C7I as an example, here C2I and C71 are two BDS code
observation types. Figure 5 shows the satellites’ DCB com-
parison between our results (WHU) and CAS/DLR products.
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Fig.5 BDS satellite DCB (C2I-C7I) results from CAS, DLR, and
WHU, as well as differences among them (DOY 200, 2014)

In this case, the WHU DCBs are in a rather good agree-
ment with the CAS and DLR products, and the difference is
mostly within 0.2 ns. This indicates that the DCB products
of WHU and CAS/DLR achieve the same level of accuracy.
From Figs. 3, 4 and 5, we can conclude that BDS observa-
tions increase the spatial coverage of IPPs, especially over

Fig.6 GIM difference between
those modeled with GPS/GLO-
NASS data and those modeled
with GPS/GLONASS and
JASON 2 data (DOY 200, 2014)

UT 00:00

Australia, East Asia, and Europe. Thus, our results show
that the contribution of BDS observations on model RMS
is evident in the region of Australia.

GIM: GPS/GLONASS and altimetry data

As shown in Fig. 6, the VTEC changes greatly over ocean
areas and regions that lack IGS stations. The most signifi-
cant differences are exactly located at areas along JASON 2
footprints, and the maximum difference 15 TECU, whereas
there is little VTEC change for densely GNSS monitored
areas with minor difference within 1 TECU.

To further illustrate the effectiveness of combining GPS/
GLONASS data and JASON 2 data for ionospheric mod-
eling, some measured VTEC data of JASON 2 not involved
in modeling are selected as reference values to validate the
external accuracy of GIM performance. During calculation,
it should be noted that VTEC from GIM is interpolated to
the altimetry satellite footprint location through a bivariate
spatial interpolation scheme and linear time interpolation
between two consecutive GIMs.

The statistical results (residuals, BIAS and RMS) of
two GIMs with respect to the reference values are shown
in Fig. 7. It can be seen that by combining JASON 2 altim-
etry satellite data, the residual distribution is much more

UT 04:00

-180 -120 -60 ¢
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8 —before,BIAS/RMS: -0.524/3.209 —after,BIAS/RMS: 0.208/2.450
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Residual interval distribution (TECU)

Fig. 7 Residual distribution for GIM with respect to JASON 2 VTEC
(not used for the generation of GIM), DOY 200, 2014. GPS/GLO-
NASS (red) and GPS/GLONASS and JASON 2 (green)

6 T T T T T T T T T T T
——&— before
—O— after

(4]
T

RMS (TECU)
N w S
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Fig.8 RMS statistics over different latitudes for GIM (GPS/GLO-
NASS) and GIM (GPS/GLONASS and JASON 2) compared to
JASON 2 VTEC (not involved in modeling), DOY 200, 2014

concentrated; The BIAS reduces from —0.52 to 0.21 TECU,
and RMS reduces from 3.21 to 2.45 TECU.

Figure 8 shows the RMS statistics of each latitude zone
with respect to some extra JASON 2 observations. After the
introduction of JASON 2 data, the RMS has been reduced at
various latitudes, and the entire RMS improvement is more
than 10%. The RMS improvement is especially obvious in
mid-high latitudes of the southern hemisphere and in the
equatorial region, where the RMS is generally improved by
20-35%. It should be pointed out that these statistical results
only denote the improvement of the GIM over the ocean
and not over the land. The reason is that there are only a
few GNSS stations in these areas but abundant JASON 2
data coverage. The latter, without any doubt, improves the
GIM accuracy in these areas. Furthermore, the ionospheric
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Fig. 10 Influence on modeling after adding F3/C data (DOY 200,
2014)

mapping function error at the equator for conventional
GNSS-based modeling is high, but the mapping function
and its associated error are perfectly avoided in deriving
JASON 2 VTEC observations.

GIM: GPS/GLONASS and F3/C data

Figure 9 shows the global distribution of F3/C radio occul-
tation data. There are approximately 700 occultation events
for all satellites (C001, C004, C005 and C006) in DOY 200,
2014, and they are evenly distributed around the globe.
Figure 10 shows the impact of adding F3/C data on the
modeling results. Compared to the GIM modeled with GPS/
GLONASS data, adding F3/C VTEC data improves the GIM
accuracy: The correlation coefficient between GIM and
F3/C increases from 0.92 to 0.96, while standard deviation
and BIAS show minor improvements, i.e., standard devia-
tion reduces from 2.89 to 1.92 TECU, and BIAS decreases
from —2.02 to — 1.71 TECU. The accuracy enhancement is
not that significant, mainly because, even though the F3/C
occultation events evenly distributed around the globe, the
F3/C data available are much less than that of GNSS data.
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Hence, F3/C has some contribution to GIM, but it is not that
significant. With the future development and upgrading of
COSMIC-2, much more contribution of COSMIC data to
GIMs can be expected.

GIM: GPS/GLONASS/BDS, JASON 2, and F3/C data

The GIMs based on multi-GNSS, JASON 2, and F3/C data
are shown in Fig. 11. The equatorial anomaly area can
be clearly seen at low latitudes, which is consistent with

Fig. 11 GIMs calculated by
multi-GNSS, JASON 2, and
F3/C data (DOY 200, 2014)

Fig. 12 Difference maps
between those modeled with
GPS/GLONASS data and those
modeled with GPS/GLONASS/
BDS, JASON 2 and F3/C data
(DOY 200 2014)

180 -120 -60 O

UT 06:00

ionospheric diurnal variation. Figure 12 illustrates the dif-
ference between GIM including GPS/GLONASS-only data
and that including multisource data. As expected, the dif-
ference, approximately +2 TECU, in the northern hemi-
sphere is a result of a large number of GNSS receivers, and
the contribution of BDS, JASON 2, and F3/C. It should be
noted that the VTEC difference in the southern hemisphere
is particularly obvious and can reach more than 4 TECU.
These larger discrepancies are mainly caused by the contri-
bution of JASON 2 data, which is widely distributed over

UT 10:00
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Fig. 13 RMS (top) and BIAS (bottom) statistics over different lati-
tude bands for GIM (GPS/GLONASS) and GIM (GPS/GLONASS/
BDS, F3/C, and JASON 2) compared to JASON 2 VTEC (not
involved in modeling), DOY 200, 2014

oceans of the southern hemisphere. In addition, the conven-
tional GIMs based on global basis expansions, such as the
SH expansion, are more affected by the unbalanced amount
of GNSS observations, although much less at the southern
hemisphere than the combined GIM models. The uneven
IPPs distribution in space distorts the inverted SH coeffi-
cients and thus is expected to affect the conventional GIM
product performance.

To further validate the GIM improvement based on multi-
source data, some extra JASON 2 VTEC values are regarded
as reference values. Then, the RMS and BIAS of two kinds
of GIMs (before: GPS/GLONASS:; after: GPS/GLONASS/
BDS, JASON 2, and F3/C) are calculated for an external
assessment of performance. The RMS and BIAS of the two
GIMs in different latitude bands are shown in Fig. 13. The
RMS decreases from [2, 5] to [2, 3] TECU, and the RMS
improvement percentage is 20-35% in mid-high latitudes of
the southern hemisphere and in the equatorial region. The
BIAS decreases from [— 3, 1] to [— 1, 1] TECU, with evident
BIAS improvement in the middle and high latitude regions of
the southern hemisphere.

Figure 14 shows the BIAS and RMS of the ionospheric
VTEC for the CODE GIM, the SGG GIM and the combined
GIM, where extra JASON 2 VTEC from DOY 200 to 235,
2014, is considered as a reference value. Compared with
the VTEC of the JASON 2 satellite footprint, the VTEC
from CODE and SGG has similar accuracy, which agrees
well with the aforementioned validation in Fig. 1. In terms
of RMS and BIAS, the combined GIM from multisource
data has better performance than that from SGG and CODE.
The SGG GIMs and CODE GIMs are more affected by the
unbalanced amount of GNSS observations, but much less at
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Fig. 14 Statistical results of the CODE/SGG/combined GIM vali-
dated by extra JASON 2 VTEC from DOY 200-235, 2014

the southern hemisphere than the combined GIM models.
For example, the uneven IPP distribution in space distorts
the inverted SH coefficients and thus is expected to affect
the conventional GIM products performance. However, our
combined GIM has the big advantage of improving global
ionospheric modeling performance. Because the satellite
altimetry and F3/C VTEC data can compensate the insuf-
ficient GNSS coverage in ocean areas, which improves GIM
accuracy in these areas.

Conclusions

The combined GIM constructed from multisource data
(GPS/GLONASS/BDS, JASON 2, and F3/C data) is fitted
by the SH expansion with a degree and order of 15. It is
shown that global ionospheric modeling based on multi-
source data can improve the GIM accuracy and reliability
globally, especially over ocean areas. The VTEC difference
between conventional GIM (from GPS/GLONASS data)
and combined GIM (derived from multisource data) var-
ies around the globe. The difference is small and approxi-
mately +2 TECU in the northern hemisphere, whereas
the difference is much larger in the southern hemisphere.
In different latitude bands, the RMS of the combined
GIM decreases from [2, 5] to [2, 3] TECU, and the BIAS
decreases from [—3, 1] to [— 1, 1] TECU. From the statis-
tical results of the CODE/SGG/combined GIM, validated
by extra JASON 2 VTEC over long periods, it is obvious
that the combined GIM from multisource data has a much
better performance.
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Specifically, BDS observations help to increase the spa-
tial coverage of the IPPs, especially in the region of Aus-
tralia. Compared with GPS-based ionospheric TEC, our cal-
culated GIM with BDS data has better performance than that
without BDS data: the mean BIAS improves from — 0.63
to —0.44 TECU, and the mean RMS decreases from 2.24
to 2.10 TECU. On the other hand, the BDS DCB is the by-
product of TEC calculation and must be estimated accurately
for high-precision ionospheric modeling. Our results show
that the BDS DCBs (C2I-C7I) are in a good agreement with
CAS/ DLR products. By combining JASON 2 and GPS/
GLONASS data, the residual distribution is much more con-
centrated, and the VTEC accuracy improves significantly
over ocean areas with JASON 2 data footprint coverage.
The RMS is generally improved by 20-35% in mid-high
latitudes of the southern hemisphere and in the equatorial
region. This is due to there being few GNSS stations in these
areas but abundant JASON 2 data coverage, which undoubt-
edly improves GIM accuracy in these areas. F3/C VTEC
results into minor improvements on the GIM; the correla-
tion coefficient between two GIMs and F3/C increases from
0.92 to 0.96, the standard deviation reduces from 2.89 to
1.92 TECU, and the BIAS decreases from —2.02 to —1.71
TECU.

With the development of multi-GNSS (especially BDS
and Galileo), satellite altimetry and COSMIC-2, as well
as other ionospheric sounding techniques, much higher-
precision GIMs are expected in the future. On the other
hand, considering the limitation of the current SH order and
degree, we will focus on increasing higher SH degree and
order to reduce GIM errors in our further study.
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