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Abstract

Vertical total electron content (VTEC) global ionospheric maps (GIM) are commonly used to correct the ionospheric delay
of global navigation satellite system (GNSS) signals for single-frequency positioning and other ionospheric studies. The
measurements observed by inhomogeneously distributed ground reference stations are the only data used to generate the
GIMs. Thus the accuracy of the GIMs over ocean and polar regions is relatively poor due to the lack of measurements over
these regions. In this study, space-borne VTECs obtained from ocean-altimetry and GNSS radio occultation measurements
are incorporated into the modelling process. Since the three types of VTEC data have different qualities, the weight for each
type of data is determined using the Helmert-variance component estimation (Helmert-VCE) method. In addition, unlike the
traditional weighted least squares (WLS) estimation method in which the design matrix of observation equations is fixed, in
this study, the design matrix, especially those elements in design matrix that are derived from the coordinates of either tangent
point or ionospheric pierce point, are considered to be inaccurate. Thus they are adjusted together with the unknown coefficient
parameters of the fitting model using the fast-weighted total least squares (fast-WTLS) technique. The proposed approach,
named Helmert-WTLS, was tested using the data in the period of day of year (DOY) 217-224, 2016 and validated using
GIMs produced by the research team for ionosphere and precise positioning based on BDS/GNSS (GIPP) at the Academy
of Opto-Electronics, Chinese Academy of Sciences (CAS). Comparison results showed that the GIMs (with a 2 h temporal
resolution) generated using the new approach can improve the determination of ionospheric TEC by 0.28 TEC units (TECU)
over those from the Helmert-VCE-aided WLS approach (w.r.t CAS references, respectively) and by 1.61 TECU better than
those from WLS, in terms of the mean of all root-mean-squares errors of all 2 h time slots in the 8-day testing period.
In addition, in comparison with out-of-sample Jason-3 observations, results from the proposed method also outperformed
Helmert-VCE-aided WLS, CAS and CODE models by 1.5, 2.4 and 2.4 TECU, respectively.

Keywords Global navigation satellite system (GNSS) - Radio occultation - Satellite altimetry - VTEC - GIM - WTLS -
Helmert-VCE

1 Introduction

51 Andong Hu The ionosphere is a region of the Earth’s upper atmosphere in
andong.hu@rmit.edu.au the altitude range of 60—1500 km above the mean sea level,
B Kefei Zhang where free electrons interfere with the propagation of electro-
Kefei.Zhang @rmit.edu.au magnetic waves, such as GPS signals (Hajj et al. 1994; Wang

etal. 2016). The ionospheric delay is proportional to the total
electron content (TEC) along the ray path and inversely pro-
portional to the frequency of the signal squared. It is one of
the major errors in GNSS measurements, which affects the
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or mitigated. Since the ionosphere is a dispersive medium,
the ionospheric delay can be largely mitigated using the dif-
ferential approach—a linear ionosphere-free combination of
simultaneous dual-frequency GNSS measurements. How-
ever, for single-frequency measurements, the ionospheric
delay cannot be mitigated through the differential approach.
In this case, an ionospheric model can be used to correct
the ionospheric delay at the user’s location. The ionospheric
model, which can be global-scale or regional-scale depend-
ing on the coverage of the data, can be derived from a network
of GNSS reference stations where dual-frequency receivers
are deployed. The vertical TEC (VTEC) values over all the
network stations are often used to establish a VTEC model
for the region covered.

Several types of global empirical VTEC models have been
developed, e.g. the Global Assimilative Ionospheric Model
(GAIM) (Scherliess et al. 2004; Schunk et al. 2004), and
empirical models such as NeQuick (Hochegger et al. 2000;
Radicella and Leitinger 2001) and the International Refer-
ence lonosphere (IRI) (Bilitza 1997,2001; Bilitza et al. 1990;
Bilitza and Reinisch 2008). In addition, several different
global ionosphere maps (GIMs) are produced by a number
of IGS data processing centres, including European Space
Agency (ESA), the EMRG from Canadian Geodetic Survey
(CGS), Centre for Orbit Determination in Europe (CODE),
etc. All of these GIMs are near real-time ionospheric prod-
ucts using a similar approach (i.e. spherical harmonic (SH)
models with a 2 h temporal resolution). Detailed comparison
among the current GIMs can be found in Herndndez Pajares
et al. (2016).

Traditionally, TEC data used for producing GIMs are
obtained from ground-based GNSS measurements collected
at global IGS stations. In a 2-h period, the number of mea-
surements can reach one million, which is regarded to be
sufficient for generating a high-accuracy GIM (Hernandez-
Pajares et al. 1999, 2009; Mannucci et al. 1998]. Li et al.
(2015) estimated GIMs by an innovative approach—spher-
ical harmonic plus generalised Trigonometric Series func-
tions (SHPTS) and the data from the BeiDou-2 system were
also used in the modelling. However, due to the lack (or low
number) of IGS stations in some regions, especially over the
oceans, the GIMs produced may not perform well across the
entire globe.

In order to improve the performance of GIMs, Todor-
ova et al. (2008) established another GIM by incorpo-
rating VTECs derived from GNSS measurements with
satellite altimetry (e.g. Jason-1) measurements mainly for
compensating insufficient data over the oceans. The per-
formance of the GIMs showed significant improvements,
but the inhomogeneous distribution of the satellite altime-
try data over the oceans still limited the model’s perfor-
mance. To overcome this problem, Alizadeh et al. (2011)
took into consideration an additional data source—VTECs
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retrieved from radio occultation (RO) of the Constellation
Observing System for Meteorology Ionosphere and Climate
(COSMIC/FORMOSAT-3) satellites into global ionospheric
modelling and the accuracy of the VTEC GIMs over the
ocean regions were further improved. The combined GIMs
of VTEC show a maximum difference of 1.3—1.7 TECU with
respect to the GNSS-only GIMs in the whole day (Alizadeh
etal.2011). Dettmering etal. (2011) computed regional mod-
els of VTEC based on the IRI 2007 and observations from
ground GNSS stations, radio occultation data from low earth
orbiters, dual-frequency radar altimetry measurements and
data obtained from Very Long Baseline Interferometry. Reli-
able VTEC maps with high resolution and accuracies better
than 2 TECU can be achieved by using this method.

When the VTEC data used in the least squares estimation
for the optimal coefficient estimates of the ionospheric model
have different precisions or qualities, the use of appropriate
weights plays an important role in getting good estimates.
Therefore, instead of using the a priori variance (or covari-
ance) of the observations to determine the weights, Chen
et al. (2015) applied a Helmert-variance component estima-
tion (VCE) method to estimate the variance of each type of
observations, and the results showed further improvement to
the GIMs.

In addition, each element in the design matrix of the
observation equations is usually a fixed value derived from
the approximate coordinates of the ionospheric pierce point
(IPP) for each of the VTECs derived from ground-based
GNSS and Jason observations. However, for each RO-
derived VTEC, the coordinates for the tangent point (similar
to the IPP for a GNSS observation) of the RO event change
during the event, which can last 1-2 min. Thus, the tan-
gent point coordinates are no longer fixed values and can
move up to 10° in the geomagnetic coordinate frame. This
means that neglecting the uncertainty in the elements of the
design matrix may not be appropriate. In this study, the fast-
weighted total least squares (fast-WTLS) method (Golub and
Van Loan 1980; Schaffrin and Wieser 2008; Shen et al. 2011)
was adopted instead of using the conventional least squares
estimation. In addition, the uncertainty of the elements in the
design matrix was also taken into account in this approach.
Moreover, for reducing the large computational load of the
model estimation process, the sequential technique was also
used rather than the conventional batch processing approach.

The outline of the paper is as follows. In Sect. 2,
three sources of VTEC data used to generate the GIMs
for this study are briefly introduced, together with the
detailed methodology and procedure of the traditional GIM
modelling. Section 3 elaborates the Helmert-VCE-aided fast-
WTLS (Helmert-WTLS) method. This is followed by a
performance assessment of the GIMs generated using the
above three sources of data as well as various other GIM
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modelling approaches presented in Sect. 4. Section 5 out-
lines conclusions.

2 Data sources

Global VTEC information can be obtained using a num-
ber of different techniques. In this study, VTECs obtained
from IGS, COSMIC and Jason-3 data (denoted as ground-
based GNSS data, GNSS-RO data and satellite altimetry data,
respectively) were used to construct GIMs. It should be noted
that TOPEX/Poseidon data have a +3 TECu bias in com-
parison with the GIM (Azpilicueta and Brunini 2009; Imel
1994). TOPEX/Poseidon was succeeded by Jason-1, Jason-2
and later Jason-3 (Dumont et al. 2016). The details for each
of the three types of data used in this study are presented
below.

2.1 IGS data

The absolute slant TEC (STEC) of a GNSS signal can
be retrieved from dual-frequency observations collected at
ground GNSS stations as follows:

2 r2
STEC = i/ )(Pz—P1+bk+b5) (1

40.28(f% — f3

where P and P are the simultaneous pseudo-range obser-
vations on the two frequencies 1 and f, respectively; by and
b? are the differential code biases (DCBs) of the satellite and
receiver, respectively (Ciraolo et al. 2007; Mannucci et al.
1998).

DCBs determination is essential for the absolute TEC
derivation, and in this study, the DCBs were precisely esti-
mated using IGGDCB method proposed by Li et al. (2012).
It was demonstrated by Li et al. (2012) that the accuracies of
the IGGDCB-based DCB estimates perform at the level of
about 0.13 and 0.10 ns during periods of high (2001) and low
(2009) solar activities, respectively. Different from the tra-
ditional method, IGGDCB determines DCBs in two steps:
the first step is to individually estimate the sum of satel-
lite and receiver DCBs at each station using the regional
ionospheric model and the second step is to separate the
satellite and receiver DCBs by introducing a zero-mean refer-
ence imposed on the DCBs of all the satellites. The standard
derivation of the DCBs can be obtained during step two as
well.

The VTEC used in the GIM modelling are obtained from
the STEC using a mapping function which is under spherical
symmetry assumption. The intersection of each signal path
and the single ionospheric layer (assumed to be, e.g. 350 km

height) is called the signal’s IPP. The most commonly used
trigonometric projection function is:

VTEC = STEC - cos 7/ (2)

where 7’ is the zenith angle of the satellite at the IPP.

Furthermore, DCBs and 7z’ were also used to determine
the weight of each GNSS signal/observation in the modelling
process as:

2 2
0 fl f2 / 2 52
0168 = ————5——> *COS 2’ x4,/ Ab; + Ab°", 3
165 ™ 40.28(2 - 12) k )

where Ab; and Ab? are the standard deviation of DCBs of
the satellite and receiver, respectively, and Eq. (3) can be
derived from Egs. (1) and (2).

2.2 COSMIC data

The Constellation Observing System for Meteorology Iono-
sphere and Climate (COSMIC/FORMOSAT-3) is a six-
satellite radio occultation mission that was launched in
mid-April, 2006 (Schreiner et al. 2007). The COSMIC satel-
lites orbit at approximately 850 km altitude, allowing them to
measure the electron density under 850 km using RO. COS-
MIC’s designed mission lifecycle was 2006-2010, and it was
estimated that approximately 2000 (ionospheric) RO events
could be measured every day during that period (Anthes
et al. 2008; Schreiner et al. 2007). Some COSMIC satel-
lites are still collecting RO data; however, currently it can
only provide about 400-500 global (ionospheric) RO events
per day. Its RO measurements have high accuracy, high ver-
tical resolution and global coverage (Alizadeh et al. 2011).
The “ionprf” product from the COSMIC Data Analysis and
Archive Centre (CDAAC) provides the VTEC at the posi-
tion of the maximum electron density of every RO event.
The equation is (Sokolovskiy and Rocken 2006):

VTEC_RO = VTECO + VTECI 4

where VTECO and VTEC] are the VTEC under and above the
LEO satellite orbit, respectively. VTECO is obtained by inte-
grating the derived electron density along the path of all the
tangent points, and VTECI is obtained from an extrapolation
of a model which can be an empirical/physical ionospheric
model (e.g. Chapman-«, exponential model (Sokolovskiy
and Rocken 2006), even though the extrapolated VTEC is
unlikely to be as accurate as observed ones.

In this study, the weight of each RO observation is deter-
mined based on its maximum altitude of the satellite orbit
(i.e. the boundary between the observed and the extrapolated
ranges) because the VTEC below the orbit of the satellite is
measurable (i.e. Ugo = 1/(0.6% (2000 — hmax)+ 1 *hmax),
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where hmax equates to the maximum altitude of the Ne pro-
file and they were extracted from the ionPrf file directly.

2.3 Jason-3 data

The Jason-3 mission is one of the latest altimetry satellite
missions and can provide global coverage VTEC data, mostly
over the ocean. The Jason-3 satellite is mainly used to mea-
sure the variation of the sea level and to obtain fundamental
information for tides. With a 66° orbital inclination and a
1336 km altitude, the trajectories of the satellite cover the
latitudinal range from 66° N to 66° S; the polar regions are
not measured. There are two bands used in Jason-3 measure-
ments: Ku-band (main band, frequency is 13.575 GHz) and a
C-band (auxiliary band, frequency is 5.3 GHz). The VTEC is
mostly derived from Ku-band measurements (Dumont et al.
2016).
VTEC can be calculated by

dR - 2

VTEC = — ,
40.28

&)

where f is the frequency of the Ku-band and dR is the Ku-
band ionospheric range correction provided by the output of
Jason-3 directly. Due to the 1336 km altitude of the satellite,
the VTEC above this altitude is neglected in this study.

The onboard radar altimeters can directly access the dif-
ferential ionospheric delay of the transmitted signals which
can be used as an ionospheric correction dR. The error or
uncertainty is usually no larger than 2-3 TECu. Each Jason-
3 measurement is considered having equal quality in this
study; their initial sigma crgson was set to 3.

3 GIM generation using Helmert-VCE-aided
fast-WTLS approach

In this study, in addition to the Helmert-VCE (Chen et al.
2015), fast-WTLS is also applied in GIM establishment in
order to minimise the uncertainty of the design matrix from
the uncertainties of the tangent points of the events. The
detailed procedures of the purposed approach are presented
below.

3.1 Spherical harmonics (SH)

The most commonly used global ionospheric model is a SH
function. For example, a SH function of 15 x 15 order is
adopted by most IAACs to generate GIMs:

N n

VTECB,5) = 3 3 Pun(sin ﬁ)(énm cos(ms) + Sum sin(ms)) (6)
n=0m=0
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where 8 and s are the latitude and longitude of the IPP under
a sun-fixed geomagnetic coordinate frame; N is the max-
imum degree of the function expansion; f’nm (sin B) is the
normalised Legendre function of degree n and order m,; and
C wm and S‘nm are the unknown coefficients of the SH model.

The temporal resolution of the model is 2 h, and the spatial
intervals of the global grids in the latitudinal and longitudinal
directions are 2.5° and 5°, respectively.

3.2 Weighted least squares (WLS)

The WLS is a traditional method that is based upon spherical
harmonics. It can be formulated as following:

—1
x= (ATPA) AT Py, )

where x is the cluster of the unknown coefficients (in this
study, C wm and S’,,m), and y is the measurements of dependent
variables (in this study, VTECs).

The normal equation for the traditional WLS for estimat-
ing the unknown coefficients in this study is:

2 2 2
NcomB = 0Gnss VGNss + oA NALT + 0o NRO

2 T
= OGNSS (AGNSS PGNSSAGNSS)
z (AL, ParrA
+0arr | AaLT PALTAALT

2

where N is the matrix of all the normal equations; A is the
design matrix of the observational equation system; P is the
weight matrix of the observations; and o is the standard error
of an observation of unit weight.

In addition, the sizes of different types of data sets are
largely different, e.g. the amount of IGS data is hundreds
of times larger than the other types of data. Therefore, the
quantity of each type of measurements is used to determine
its initial weight:

where i denotes the type of the data: IGS, JASON, COSMIC;
Y ={01.02,...,0....,0mum}, and is the index of mea-
surements from this data source; and num is the quantity of
the data.

3.3 Helmert-variance component estimation

In order to determine a set of appropriate weights for the three
sources of VTECs, Chen et al. (2015) applied the Helmert-
VCE method to adjust the variance factor (weight) of each
type of the data. It was a recursive process starting from a
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extract latitude, longitude
and VTEC of IPP

A
initialise
P;

A

estimate unknown
coefficients of SH model by |«

WLS
Y
calculate Vl.TP,- Vi
A
— update: P; = P;
calculate 6}, P; using Egs.
(9) and (10) A

abs(al - 02) <a&

if abs(c3 —03) < a&

abs((r3 - "1) < a?

Fig. 1 Procedure of Helmert-VCE (a is a pre-set threshold and a = 103
TECU? in this study)

set of initial a priori values, as shown in Fig. 1 in which
131, 132, and 133 denote the final weights of IGS, RO and
altimetry data, respectively. In addition, “update: A = B”
in flowchart means “to set A equal to B”, and all the equa-
tions involved in the calculation have been listed in the figure.

It is noted that, theoretically, the Helmert-VCE process is
very complicated and involves a considerable computational
load (CL) due to high-dimensional matrices to be computed.
Thus in practice simplified formulas, as expressed as below,
are often used (Xu et al. 2006):

vIpV;
67 =17 9)
ni
A c
P = Zapo (10)

where ¢ can be any constant value but usually one of the 612
values is assigned to it; the subscript i denotes the index of
the data type.

3.4 Fast-WTLS

The weighted total least squares (WTLS) method is applied in
this study to mitigate the error caused by the uncertainty of
independent variables (e.g. linearised nonlinear functions).
It differs from the traditional least squares in that the errors
in the elements of the design matrix of the observational
equations are also taken into account. It can be applied to
both linear and nonlinear models.
The WTLS model is expressed as

y+tey, =(A+EpX, (11)

wherey € RN *1 s the vector of observations; ey is the vector
of the random noise/error of the observations; A € RVN*M
and E 4 are the design matrix and its random error matrix,
respectively; and X € R™*! is the vector of the unknown
coefficient parameters.

Specifically, in this study, y is the VTEC value as an obser-
vation; A is the coefficients C‘,,m and S'nm as expressed in
Eq. (4); and N and M are the numbers of the VTEC obser-
vations and coefficients of the SH model (I + 1)? (I is an
assumed maximum degree of the SH model).

It is noted that P4 (i.e. the vectorisation of E A) needs
to be estimated before the fast-WTLS process can be
performed. P, (ﬁle, I3Ro, and ﬁjason) is determined by the
aforementioned Helmert-VCE process. The fundamental
equations for the fast-WTLS solution can be expressed as
(Golub and Van Loan 1980; Schaffrin and Wieser 2008; Shen
et al. 2011):

-1
X0 = (ATPyA) ATPy, (12)
X =x+%, (13)
-1
f=(aToppa) ATy w, (14)

where W = y — AXY and:

Qvy = KQveC( ) (15)
and K = [L -X""®Iy], K € RV*NM*N) and
-\ € RIVM+N)x(NM+N)
vec G
ey, EA11 “Eay
, (16)
eyy EANl o Eayy
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extract latitude

/VTEC (i.e. y/ /
IPP

initialised
Py

P; determined by
Helmert VCE (Fig.1)

and longitude of

use Eqn. (6) to

calculate matrix A

-

y

estimate initial X0 using Eqn. (12)

y
obtain X, % and Qvyy using Egs. (13)-(15) |<——
l update: X0 —= X

Fig. 2 Procedure for the fast-WTLS

where N and M are the number of the observations and
unknown coefficients to be estimated; and the kronecker
product ® and vector operator vec() are defined in Henderson
and Searle(1981) and Zehfuss (1858).

The procedure for the fast-WTLS is shown in Fig. 2.

Although the above simplified formulas are used, the
fast-WTLS still needs a large computational effort. Hence
the sequential adjustment method was adopted in this study
because all the VTEC observations are considered indepen-
dent.

It is noted that Qvec(é) can be simplified for improving
computational efficiency because it is diagonal, and the same
is true for Qyy. In summary, the whole procedure of the
proposed method is:

1. Select VTEC data from IGS, satellite altimetry and RO
databases;

2. Use the fast-WTLS approach and weights of the three
data sources to solve the coefficients;

3. Apply the Helmert-VCE approach to adjust the weight of
each type of the VTEC data (ﬁIGs, ﬁRo, and ﬁjason). If
the differences of the RMS among the three data sources
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If norm(X)< threshold?

SH model
solution

are larger than the threshold (manually set), go to step
(2); otherwise, go to step (4);

4. Use the current values of unknown coefficient parameters
for the final solution of the VTEC model for GIM.

4 Experiments
4.1 Data selection

The datasets selected for tests were VIEC from all the
478 IGS tracking stations, COSMIC/FC-3 ionprf (level 2a,
COSMIC real time data—cosmicrt) and Jason-3 IGDR data
during the period of DOY 217-225, 2016. Over this period,
solar and geomagnetic activity levels were mostly rather
quiet. The F10.7 index varied between 80 and 100 solar flux
units, and the Kp index was predominantly below 4 which
constitutes quiet/stable ionospheric conditions.

The distribution of each of the three types of data on DOY
217, 2016 is shown in Fig. 3. We can see that the three data
sources together cover the land and oceans globally well and
the COSMIC RO data cover the polar regions where there
were no Jason-3 measurements.
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Fig. 3 Distribution and coverage of each source of data on DOY 217, 2016 a IGS tracking stations; b ocean-altimetry-satellite-derived VTECs; and
¢ COSMIC ionospheric occultation events
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4.2 Model performance

In order to assess the improvement of the new approach, the
latest GIM developed by the GIPP of the Chinese Academy
of Sciences (hereinafter called “CAS”) (Li et al. 2015; Yuan
etal. 2015) is used as a reference. The CAS model was based
on SHPTS and validated using several data sources. This
includes the ionospheric TECs retrieved from global GPS
data, the GIMs released by the other Ionospheric Associate
Analysis Centers (IAACs), the TOPEX/Poseidon satellite
and the DORIS, etc. According to Li et al. (2015), the CAS
model could achieve an accuracy of approximately 2—6 TECu
over areas without GNSS observations, and its performance
is similar to those of other models released by IAACs. To fur-

Fig.4 Snapshots (every 2 h on

DOY 224, 2016) of the global 50
distribution of the difference

(unit: TECU): a between the 0
VTECs obtained from

Scheme-1 and Scheme-2; and
b between Scheme-2 and
Scheme-3. The two axes are the
sun-fixed geomagnetic latitude
and longitude (equivalent to
local time) with a resolution of
2.5°%x5°

50

Latitude/deg
8 o

-100 0 100

50

Latitude/deg
g o

-100 0 100
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ther validate the accuracy of the new model, out-of-sample
Jason-3 measurements are also used as an external reference
in this study.

4.2.1 In comparison with other models

Three schemes, named “Scheme-1", “Scheme-2” and
“Scheme-3”, were used to test the performance of WLS,
Helmert-aided WLS and Helmert-aided WTLS models,
respectively. Results of comparisons between the three
schemes on DOY 224 are shown in Fig. 4.

Figure 4 reveals that, compared with the WLS, both the
Helmert and WTLS approaches can significantly affect the
GIM results (see yellow and blue shadings). To investigate

10

o

400 0 100 -100 0 100 -100 O 100
Longtitude/deg

(a)

-100 0 100 -100 0 100

Longtitude/deg
(b)

-100 0 100
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Fig.5 Time series of the RMS (every 2 h time slot) of global grids’
VTECsS in the period of DOY 217-224, 2016 (the reference is CAS)

Table 1 Mean and STD of RMSs of global grids’ VTECs of all 2-h time
slots for each scheme shown in Fig. 5 (unit: TECU, the best performance
is shown in bold)

Scheme Reference: CAS
Mean STD
4.98 342
3.37 0.41
3.09 0.34

if the proposed Helmert-WTLS approach can improve the
accuracy of VTEC modelling, the aforementioned GIM pro-
vided by the GIPP of the CAS was selected to represent
the near real-time VTEC model. As a result, the difference
between the model and the reference was used to measure the
accuracy of the VTEC SH model. Figure 5 shows the time
series of the root-mean-square (RMS) of all global grids’
VTEC:s of every 2 h in the 8-day test period. Table 1 lists the
mean and standard deviation (STD) of the time series results
shown in Fig. 5 for the overall accuracy of the period.

The top subfigure in Fig. 5 indicates that, generally, the
results of Scheme-2 (red) are better than Scheme-1 (green)
and the bottom panel shows Scheme-3 (blue) is better than
Scheme-2. In addition, an anomaly from Scheme-1 is shown
in the top subfigure (in the morning of DOY 224). This is
likely to be caused by the inappropriate weights used for
the different types of the VTEC data, especially in the case

that some outliers exist. The fact that this anomaly does not
exist in the results of the other two schemes implies that the
proposed approach is better in outlier resistance. The outlier
(large anomaly) is excluded in the calculation of the statistical
results shown in the table below to avoid the statistics of the
top subfigure in Fig. 5 from being distorted.

It can be seen that the last row, i.e. Scheme-3, achieved the
best performance. Compared to Scheme-2, an improvement
of 8% (w.r.t CAS outputs) has been achieved. Compared to
Scheme-1, an improvement of 32% has been achieved.

Figure 6 shows the variations in the RMS of the above
VTECs from the same time slot but different days which are
extracted from Fig. 5 results. These results indicate that both
Scheme-2 and Scheme-3 consistently and significantly out-
performed Scheme-1 in all the 12 time slots (1-23 UT), and
the majority of the Scheme-3 results outperformed Scheme-
2.

4.2.2 A comparison with out-of-sample IGS and Jason-3
observations

In order to further assess the performance of the three
schemes, especially over ocean regions (which is the weak-
ness of the traditional models), out-of-sample (i.e. those
samples which have not been considered in modelling, nor-
mally 15% of the whole sample set) IGS (over continents) and
Jason-3 observations (over oceans) are used as the reference
(i.e. ground truth) for continents and oceans to investigate
the differences among three schemes.

IGS data were a traditional reference for GIM assessment,
and the Jason-3 data were selected due to the following two
primary considerations.

1. Both the Jason and RO measurements cover most ocean
areas (as Fig. 3b), which is the essential region where
performance needs to be improved. However, the number
of RO measurements during the 2-h period is too few to
extract enough measurements as a test dataset.

2. The VTECs from other two data sources (IGS and RO)
are under the assumption of spherical symmetry (the error
caused from the assumption can be mitigated by WTLS).

The results are shown in Fig. 7, where x- and y-axes denote
the DOY and absolute error, respectively. Figure 7a shows
that Scheme-3 (whose mean absolute error is 4.39 TECU)
outperformed the Scheme-2 (5.24 TECU) and Scheme-1
(5.39 TECU), as well as CAS and CODE (6.79 and 6.87
TECU, respectively) in most occasions during this period
when Jason-3 is taken as the test dataset, which reflects that
the WTLS can improve the performance of the model over
ocean regions. Figure 7b shows that the performances of the
three schemes in reference to IGS measurements (mostly in
continent regions) are all close to 2 TECU; Scheme-2 (2.05
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TECU) is slightly better than Scheme-1 (2.08 TECU) and
Scheme-3 (2.10 TECU).). These results are similar to cur-
rent GIMs (Li et al. 2015). This result indicates that all of the
proposed models can perform equally well over land due to
the thorough coverage of IGS stations.

5 Conclusion

In this study, an innovative approach—Helmert-aided fast-
WTLS, was proposed to enhance global VTEC modelling.
Three VTEC data sources including ground-based GNSS,
satellite altimetry and RO data were used to establish a global
SH model for generating a GIM. Test results showed:

1. Thefast-WTLS approach can improve the accuracy of the
GIMs by around 5% since the uncertainty of the design
matrix of the observation equations of the SH model has
been taken into account;

2. The accuracy improvements were more pronounced
when the GIMs provided by GIPP (i.e. CAS) was selected
as the reference (roughly 8%);

3. Theimprovement of the proposed model over oceans was
validated by using out-of-sample Jason-3 measurements
as reference and about 20% improvement (mostly over
the ocean) was achieved.

In the future, with the launch of the COSMIC-2 constella-
tion on the horizon, more and more RO data will be available
and the accuracy of GIMs will be improved by the use of
these additional data.
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