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Abstract. The troposphere plays an important role in a range
of weather and various climate changes. With the develop-
ment of the Global Navigation Satellite System (GNSS), the
zenith tropospheric delay (ZTD) retrieval using GNSS tech-
nology has become a popular method. Research on ZTD
accuracies of state-space representation (SSR) corrections
from different analysis centers derived from real-time pre-
cise point positioning (RT-PPP) is important for Earth ob-
servation correction, meteorological disaster forecasting, and
warning with the increasing abundance of state-space repre-
sentation (SSR) products obtained by the International GNSS
Service (IGS) analysis center. Therefore, accuracies and
availability of real-time orbits and clock errors obtained by
the Chinese Academy of Sciences (CAS), GMV Aerospace
and Defense (GMV), Centre National d’Etudes Spatiales
(CNE), and Wuhan University (WHU) are evaluated, and
the RT positioning performance and ZTD accuracies are an-
alyzed for Global Positioning System (GPS), Galileo (GAL),
and BeiDou Navigation Satellite System-3 (BDS3) satellites.
The results indicate that CAS has the higher satellite avail-
ability, providing SSR corrections for 82 GPS, Galileo, and
BDS3 satellites. The accuracies of GPS, Galileo, and BDS3
orbits are best at WHU, CAS, and WHU with values of
5.57, 591, and 11.77 cm, respectively; the standard devia-
tions (SDs) of clock error are all better than 0.22, 0.19, and
0.55 ns, and the root mean square errors (RMSEs) are better
than 0.54, 0.32, and 1.46 ns. CAS has the best signal-in-space
ranging errors (SISREs) followed by WHU, while CNE and
GMYV are worse. In the RT-PPP test, convergence times for

CAS and WHU are 14.9 and 14.4 min, respectively, with
3D positioning accuracy for both of around 3.3 cm, which is
better than for CNE and GMV. Among them, WHU SSR has
the higher accuracy of RT-PPP-derived ZTD, with an RMSE
of 6.06 mm and desirable availability with a completeness
rate of 89 %.

1 Introduction

Zenith tropospheric delay (ZTD) can be used for Earth obser-
vation error correction (Kinoshita, 2022; Xiong et al., 2019;
Zhu et al., 2022), including the Global Navigation Satellite
System (GNSS), very long baseline interferometry, interfer-
ometric synthetic aperture radar, and warning and forecasting
of extreme natural disasters (H. B. Li et al., 2022; Li et al.,
2021; S. Li et al., 2023; Yao et al., 2018). Besides, satellite
signals are affected by refraction during their pass through
the troposphere, causing delay errors (Gao et al., 2021). The
tropospheric delay can also be converted to obtain atmo-
spheric precipitation water vapor, facilitating the research on
scientific issues such as global atmospheric radiation, energy
balance, and water cycle (Edokossi et al., 2020; Lin et al.,
2018; Ma et al., 2021; Pipatsitee et al., 2023). Therefore,
real-time (RT) and high-precision ZTD can be used to pro-
vide rapid and accurate tropospheric correction services in
space geodesy while benefiting weather forecasting and cli-
mate change research (Crocetti et al., 2024; He et al., 2024).
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GNSS is an important means of water vapor detection
and is increasingly important in short-term and near-space
forecasting (Eugenia Bianchi et al., 2016; Li et al., 2023;
Li et al., 2015; Sha et al., 2024). GNSS-ZTD retrieval has
an excellent prospect for development due to the advantages
of all-weather, RT, and high-accuracy measurements (Hadas
et al., 2020; Li et al., 2023; Lu et al., 2016; Pan et al., 2024).
The double-difference algorithm through GNSS networking
and precise point positioning (PPP) is commonly used for
ZTD retrieval (Stépniak et al., 2022). PPP has a broader
range of applications, including timing, atmospheric model-
ing, and deformation monitoring, due to the lower cost and
one GNSS receiver (Ge et al., 2021; Liu et al., 2018; Wang
et al., 2023). However, the PPP technology relies on high-
precision GNSS orbit and clock error products, typically re-
leased as final precise post-processing products to the pub-
lic (B.-F. Li et al., 2022). A working group was established
by the International GNSS Service (IGS) analysis center to
study GNSS RT data, and it launched an RT data service
in 2013 for high-precision RT-PPP applications (Gu et al.,
2022). GNSS RT orbits and clock corrections are made avail-
able to users based on the Internet through the Networked
Transport of Radio Technical Commission for Maritime Ser-
vices (RTCM) via Internet Protocol (NTRIP) (Shu et al.,
2024; L. Wang et al., 2018; Z.-Y. Wang et al., 2018). The
orbit accuracy of IGS real-time products is better than 5 cm,
with a satellite clock error RMSE of approximately 0.15 ns,
which is about 10 times better than the predicted portion of
ultra-rapid clock deviations (Di et al., 2020). State-space rep-
resentation (SSR) products have led to a remarkable 50 %
improvement in RT-PPP positioning accuracy compared to
IGS ultra-fast products (Elsobeiey and Al-Harbi, 2016). SSR
products are becoming increasingly abundant with the rapid
development of computer arithmetic and the increasing de-
mand for real-time high-precision GNSS applications. X.-
X. Li et al. (2022) conducted a comprehensive evaluation of
SSR products from 10 analysis centers’ multi-GNSS and per-
formed RT dynamic PPP, which showed the most complete
and highest-quality products obtained by Centre National
d’Etudes Spatiales (CNE) and Wuhan University (WHU).
Furthermore, it has also been applied to RT deformation
monitoring, RT atmospheric detection, and other fields (R.-
H. Li et al., 2023). Capilla et al. (2016) applied RT-PPP to
deformation monitoring, demonstrated that the technique has
a monitoring accuracy of 2 cm, and proved that RT-PPP was
full of potential for deformation monitoring applications. Li
etal. (2015) investigated the ZTD solution and integrated wa-
ter vapor retrieval of multi-GNSS RT-PPP. They compared
RT-PPP-derived ZTD with data from concurrent radiosonde
stations and very long baseline interferometry, which demon-
strated that the performance of the multi-GNSS RT-PPP-
derived ZTD can reach the millimeter level and has potential
in the application of meteorology.

Researchers have assessed the accuracy of single-system
RT-PPP-derived ZTD and multi-GNSS RT-PPP-derived
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ZTD. Lu et al. (2015) found that the retrieval accuracy of
atmospheric water vapor can be improved by several mil-
limeters when a combined Global Positioning System (GPS)
and BeiDou Navigation Satellite System (BDS) solution is
used. Li et al. (2015) obtained RT-PPP-derived ZTD using
GPS, BDS2, Galileo (GAL), and GLONASS PPP, demon-
strating higher accuracy and greater ZTD availability than
a single-system PPP. Jiao et al. (2019) analyzed the results
of PPP and multi-GNSS PPP, noting that the positioning ac-
curacy and convergence were significantly improved with
the inclusion of the BDS3 satellite system. The accuracy of
BDS3-derived ZTD is improved by 20.5 % versus that of
BDS2. Alcay and Turgut (2021) compared the GPS, GPS-
GLONASS, and GPS-GLONASS-Galileo-BDS PPP solu-
tions and found that the ZTD difference between the three
schemes was less than 20 mm. Lu et al. (2017) compared the
accuracy of the RT-PPP-derived ZTD using the different SSR
products, and the multi-GNSS RT-PPP-derived ZTD based
on GFZC2 SSR products showed the highest accuracy.

The ongoing discussion primarily centers on the influence
of single- and multi-GNSS RT-PPP on the accuracy of RT
ZTD. Yet there is a limited discourse on the influence of
the different analysis-center-based SSR corrections on the
accuracy of RT ZTD. The quality of GNSS SSR products
has improved with the increasing abundance of SSR prod-
ucts provided by IGS. Most studies have focused on BDS2
(Lu et al., 2015; Pan and Guo, 2018), while BDS3 needs to
be sufficiently studied. Moreover, evaluating the influence of
different GNSS SSR products for the accuracy of RT-PPP-
derived ZTD is an important reference value for achieving
high-precision and high-availability in RT-PPP-derived ZTD
with the growth of SSR products. In this study, positioning
performance and ZTD accuracy are estimated using the RT-
PPP based on multi-GNSS from eight Interactive Gravity and
Magnetic Application System (IGMAS) stations from day
of year (DOY) 355 in 2023 to DOY 14 in 2024. Our pri-
mary objective is to compare the RT-PPP positioning perfor-
mance, RT-PPP-derived ZTD accuracy and availability based
on SSR products from different analysis centers. The find-
ings serve as a valuable reference for selecting SSR products
in RT-PPP-derived ZTDs and hold significant importance for
applications such as Earth observation correction and meteo-
rological disaster prediction.

2 The method of RT-PPP-derived ZTDs
2.1 Data collection

IGS was established to bolster geodetic and geodynamic re-
search, officially launching its operations on 1 January 1994.
IGS offers worldwide access to GNSS satellite observations
from various tracking stations and products, including satel-
lite ephemerides, clock errors, Earth orientation parameters,
and atmospheres,. (Geng et al., 2021; Griffiths, 2019). IG-
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MAS was established under the leadership of China in 2012.
Its primary purpose is establishing an information platform
equipped with data acquisition, storage, analysis, manage-
ment, and release functions for the global RT tracking net-
work of the four major satellite navigation systems with full
arcs and multiple coverage observations. The leading indica-
tors and operational status of GNSS are tested and assessed to
generate products such as high-precision ephemerides, satel-
lite clock errors, geotropic parameters, tracking station co-
ordinates and rates, and global ionospheric delays (Li et al.,
2022; Zhang et al., 2023).

The workflow of this study is shown in Fig. 1 and includes
three parts: verifying the performance of PPP, assessing dif-
ferent SSR products, and verifying the performance of RT-
PPP using the results obtained by post-processing PPP and
Positioning Racers to Image and Decipher the Earth (PRIDE)
PPP-AR, where AR stands for ambiguity resolution. PRIDE
PPP-AR is a multi-GNSS real-time PPP open-source soft-
ware developed by the PRIDE Laboratory at Wuhan Uni-
versity. The software supports the post-processing of multi-
system GNSS data and can be applied to various fields,
including geodesy, seismic analysis, photogrammetry, and
gravity measurement. In the first part, the position and ZTD
are estimated using the multi-GNSS post-processing PPP
technique from IGS stations in Asia—Pacific to verify the
performance of multi-GNSS post-processing PPP. A total of
20 stations are selected in countries such as Mongolia, Rus-
sia, Japan, India, and Thailand. The 14 IGS sites with the
highest availability are selected from the IGS sites for exper-
imental analysis according to the number of observation doc-
uments. In the second part, the accuracies of SSR products
from four analysis centers are evaluated. In the third part, the
position and ZTD are estimated using a multi-GNSS RT-PPP
technique from eight IGMAS stations in China. Data from
DOY 355 in 2023 to DOY 14 in 2024 are utilized. GPS,
Galileo, and BDS3 can be received at these stations simul-
taneously. The solutions obtained by PRIDE PPP-AR and
post-processing PPP are considered the reliable position and
ZTD to verify the performance of RT-PPP. Figure 2 displays
the distribution information of the selected IGS and IGMAS
sites in this study and the information of IGMAS stations is
shown in Table 1. It should be noted that “IGS” refers to all
IGS stations in China and the surrounding areas, while “IGS
stations for PPP validation” refers to the specific IGS stations
selected for study.

2.2 Recovering real-time products

IGS RT satellite orbit correction includes the position cor-
rectiondO = [ 60y 80, 60, ]T and velocity correction

— — — — 1T
dO=[ 80: 80, 80, | at the reference moment fo;
then, the orbital correction at moment ¢ is

§0=0+dO( —1). (D
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The orbital corrections from the spacecraft body-fixed sys-
tem should be transformed to the Earth-centered, Earth-fixed
system by means of a coordinate transformation. Since the
positioning is usually done in the Earth-centered, Earth-fixed
system, the following applies:

X:[ F o IXF T rxE ]60, )

where r = Xyqc refers to satellite positions from broad-
cast ephemeris. 7 = Xprde refers to velocity from broadcast
ephemeris. The X refers to precise satellite position, which
can be calculated by

Xpre = Xbrde — 6X. (3)

The RT correction of the clock error refers to the differ-
ence in precision clock error, 8pre versus broadcast clock er-
ror, Styede, Which is similar to RT orbital correction. However,
the SSR clock error correction is represented by co, c1, and ¢
of the reference time, f#y, unlike orbital corrections, and the
RT correction, §c, is obtained by fitting co, c1, and c¢2. The
RT correction, éc, of the clock error at moment ¢ is

8¢ =co+c1(t —tg) + ca(t — 19)*. 4)
Eventually, the precision clock error, 8fyre, is obtained by
8tpre = lbrde — 5C/Clighta &)

where tprde and Cighe refers to clock error from broadcast
ephemeris and speed of light.

2.3 PPP functional model

The impacts of satellite orbits and clock errors are miti-
gated by employing RT satellite orbits and clock errors re-
covered by SSR in the PPP technique. ZTD is solved as an
unknown parameter of the equation. The principle is to con-
struct two observation equations based on the ionosphere-
free (IF) combinations of pseudo-range and carrier-phase ob-
servation (Ju et al., 2022; Ke and Shuanggen, 2020). The ba-
sic observation equations can be expressed as follows:

Pli= p;;+ Ciight(dte —dt®) + I}, + T7° + by
bs. S,
. +Sr,1 +8r,P . . i s (6)
Lf,i = pt Clight(dtr —dt’) — Ir,i + T8+ )LiNr,i

. s s
+8r,1 - 81.’1 + &t

where s refer to the satellites. r refers to the receiver, and
i refers to the frequency. Lf’ i and Pf:j are the carrier-phase
and pseudo-range observation from receiver r to satellite S,
respectively. p refers to the satellite—receiver geometric dis-
tance. dt; is the receiver clock error, and dt® is the satellite
clock error. I is the ionospheric delay. 7;° refers to the tropo-
spheric delay. A is the wavelength. § and b denote the phase
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Table 1. Location information of IGMAS stations.

Stations  Longitude [°E] Latitude [°N] Height [m] Geographical area
BJF 115.89 39.61 75.4  North China
CHU 125.44 43.79 273.9  Northeast region
GUA 87.18 43.47 2029.3  Northwest China
KUN 102.80 25.03 1988.4  Southwest China
LHA 91.10 29.66 3630.2  Southwest China
SHA 121.20 31.10 20.9 East China

WUH 114.49 30.52 71.1  Central China
XIA 109.22 34.37 4494  Northwest China

459

delays and the code bias, respectively. N is the integer ambi-
guity. arsyp is the pseudo-range observation noise. ars’L is the
carrier-phase observation noise.

The dual-frequency IF combination model is constructed
and simplified from Eq. (6):

Pp=p—cdt+T’+e;,

Lip=p—cdt+ T} +)»1N1F+8rsy(p,

(N

where Ly is the carrier-phase observation. Pir is the pseudo-
range observation. The unknown parameters can be esti-
mated in IF-PPP as follows:

X=[x cdfy Z Np ] ®)

where x is the position of the receiver. cdf, refers to receiver
clock error. Z refers to the tropospheric delay. N TF refers to
the integer-phase ambiguity.

2.4 Accuracy evaluation

Two methods are used to evaluate the accuracy of RT-
PPP-derived ZTD at IGMAS stations. The first is our post-
processing PPP based on RTKLIB for secondary develop-
ment, and the other one is PRIDE PPP-AR from Geng et al.
(2021) of Wuhan University. The consistency between the
solution data and the IGS precision products is used to evalu-
ate the positioning and ZTD accuracy of post-processing PPP
for IGS stations. Gross errors and outages in the RT clock er-
ror products will lead to an unreliable accuracy assessment of
the RT clock error products. The accuracy statistics of clock
error may be affected if a single satellite’s clock error is used
as the reference. Therefore, the average satellite clock error
at the current epoch is used as a reference to eliminate sys-
tem errors in this study (Yao et al., 2017). The root mean
square error (RMSE), standard deviation (SD), and bias of
the differences are used to evaluate SSR products and posi-
tioning and ZTD of RT-PPP. The three metrics are calculated
as follows (Su et al., 2023):

RMSE =,/ 437 A2,
SD = /43 (A~ Awe)?, ©
BIAS= YV A,

https://doi.org/10.5194/angeo-42-455-2024

where N is the sample number. A is the difference of the
SSR products versus the IGS precision products. A,y is the
average A.

The Pearson correlation coefficient (R) is also used to
evaluate the consistency of reliable ZTD and RT-PPP-derived
ZTD. R is calculated as follows:

>, (zTDfer - ZTDE)
x (zTD{r — ZTD )

; (10)

—\ 2
L (ZTDger - ZTDg
—\ 2
x 3oL (zTDder - ZTDE)
where ZTDider is the PPP solution results and ZTDiref refers

to the tropospheric delay used as a reference. ZTDiCler and
ZTD{ef denote the mean of ZTDEler and ZTD{ef, respectively.

EsISRE

_ [RMSE(wr Arg — Ciight AC)]
| 4i ¢ {[RMSE(Arp)]* + [RMSE (Arc)?}

Y

where Egsisrg refers to the signal-in-space ranging errors
(SISREs); AC is the difference of the RT clock error ver-
sus the IGS precision products in each epoch; A, A,,, and
A, are orbital errors in the radial, along-track, and cross-
track (R, A, and C) direction in each epoch, respectively. wr
and a)iyc are weighting factors that convert the orbital errors
in the R, A, and C direction to the orbital errors in the line-of-
sight direction (Kazmierski et al., 2020). Different satellite
systems have different SISRE weighting factors, as shown in
Table 2.

3 Accuracy evaluation of SSR products

The stability of SSR streams can be influenced by various
factors, including the receiving software, network stability,
and broadcasting organization. In this study, RTKNAVI soft-
ware is used to receive the SSR products in the same net-
work environment from the mount points of SSRCO0CASO,

Ann. Geophys., 42, 455-472, 2024



460 W. Yao et al.: Multi-GNSS real-time tropospheric delay retrieval

X
~
>
e * CAS
= 1 e CNE
E WHU
= v _GMV
>
<
GO1 G06 Gll G16 G21 G26 G31
PRN
X
e
ey ¢ CAS
= 1 e CNE
= WHU
= v GMV
<
>
K \
I I I I ' I L I | I I ‘ I H_‘_._’_‘_‘_‘ I I 1 I H I | ‘ I I *
E01 E06 Ell El6 E21 E26 E31 E36
PRN
100 {WWW‘,‘W‘W 00000000000 0000 0O U 00000
’ 4
X 50 ® 4 B
2 |
= 60 ® T e cas
= 1 e CNE
'.c-: 40 ] WHU
S
o = ]
& & A T SO O SO R R —— T R WO IS T N R
Col €06 Cll1 Cl6 21 €26 C31 C36 C41 C46
PRN
Figure 3. Epoch availability of SSR corrections during the experiment.
Table 2. Weight factors of SISREs. 3.1 SSR product availability

The SSR product completeness rates for the four analysis
centers are assessed for 26d, from DOY 355 in 2023 to
GPS 0.98  1/49 DOY 14 in 2024, as illustrated in Fig. 3. Notably, this study

Galileo 098 1/61 excludes the unhealthy satellite GOl from consideration.

Egg g\ggg) GEO) 832 1/11/;2 Since SSR corrections for 31 GPS satellites, 24 Galileo satel-

’ ) lites, and 27 BDS3 satellites can be obtained, the Chinese

Academy of Sciences (CAS) has the higher satellite avail-

) ability. WHU offers SSR corrections for 31 GPS satellites, 23

SSRCOOCNEO, SSRCOOGMVO0, and SSRCOOWHUO. Since Galileo satellites, and 27 BDS3 satellites. CNE demonstrates

the real-time data from other analysis centers are incomplete lower availability, providing 30 GPS satellites, 22 Galileo

during the DOY 355 in 2023 to DOY 14 in 2024, the SSR satellites, and 27 BDS3 satellites. GMV Aerospace and De-

data from four analysis centers are used in this study. The fense (GMV) provides SSR corrections for 31 GPS satellites

SSR product information for each subsystem center is shown and 23 Galileo satellites. BDS SSR products obtained by

in Table 3. GMYV are unavailable due to software decoding issues with
GMYV SSR products during the experimental data period of
this study, which resulted in pseudo-random noise and issue
of data ephemeris errors for its BDS satellites. Although the
variation of epoch availability for GPS, Galileo, and BDS3
SSR corrections from different analysis centers is different,
the average epoch availability of the SSR products provided
by the four analysis centers is above 97.5 %.

Satellite system WR wi’ c
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Table 3. RTCM SSR mount point description. CoM stands for center of mass.

Analysis center  Name of institution Mount point Supported systems Update interval ~ Update interval ~ Reference

of orbit [s] of clock [s]  point

CAS Chinese Academy of Sciences SSRCO0CASO GPS, GLO, GAL, BDS 5 5 CoM

CNE Centre National d’Etudes Spatiales ~ SSRCOOCNEOQ GPS, GLO, GAL, BDS 5 5 CoM

GMV GMYV Aecrospace and Defense SSRCOOGMVO0O  GPS, GLO, GAL, BDS 5 5 CoM

WHU Wuhan University SSRCOOWHUO  GPS, GLO, GAL, BDS 5 5 CoM

Table 4. The mean accuracies of GPS, Galileo, and BDS3 RT precise products from different analysis centers (in cm).

R A C 3D R A C 3D

CAS  GPS 2.07 4.68 3.08 597 | CNE GPS 3.82 5.28 4.80 8.09
GAL 191 4.67 3.09 591 GAL 692 570 5.02 10.28

BDS3 6.67 1032 7.08 14.18 BDS3 550 1257 9.02 1642

GMV  GPS 2.82 440 3.54 6.31 | WHU GPS 220 406 3.13 5.57
GAL 2.18 6.59 3.61 7.82 GAL 273 531 420 7.30

- - - - - BDS3 530 841 631 11.77

3.2 Accuracy of SSR products

IGS precision products are chosen as references to evaluate
different SSR products. The RMSEs of GPS RT orbits in the
R, A, and C directions for the four analysis centers are shown
in Fig. 4. The average RMSEs of GPS, Galileo, and BDS3
RT orbits in the R, A, and C directions are shown in Table 4.
Figure 4 and Table 4 show that the RMSEs of orbit products
in the R direction are mostly smaller than in the C direc-
tion, with the RMSEs of orbit products in the R direction be-
ing the largest due to the observation being mainly centered
around the R direction. The accuracies of GPS, Galileo, and
BDS3 RT orbits from different analysis centers are individ-
ually evaluated. The accuracies of GPS RT orbits from four
analysis centers reach the centimeter level, and WHU has the
best accuracy followed by CAS and GMV. GPS RT orbits
from CNE are relatively worse with 8.09 cm. Galileo RT or-
bits from CAS exhibit the lowest error followed by WHU
and GMYV, with CNE showing relatively worse accuracy of
10.28 cm. The accuracies of BDS3 RT orbits from four anal-
ysis centers are better than 17 cm. The accuracy of BDS3
RT orbits from WHU is the best; CAS is the second with
14.18 cm, and the products from CNE are worse at 16.42 cm.
Overall, Galileo RT orbits from CAS display the best accu-
racy at 5.91 cm, while WHU has the best accuracies of GPS
and BDS3 RT orbits of 5.57 and 11.77 cm, respectively.
Figure 5 displays the RMSEs and SDs of GPS RT clock
errors from four analysis centers. Table 5 shows the RMSEs
and SDs of GPS, Galileo, and BDS3 RT clock errors. The
RT clock errors in GO3 provided by CNE and WHU are ex-
cluded from this study due to their gross errors. The remain-
ing GPS satellites are commonly used. The mean SDs of GPS
RT clock errors from CAS, GMYV, and CNE are 0.16, 0.19,
and 0.14 ns, respectively, with the largest SD from WHU be-

https://doi.org/10.5194/angeo-42-455-2024

Table 5. The mean accuracies of GPS, Galileo, and BDS3 RT pre-
cise products from different analysis centers (in cm).

RMSE  SD | RMSE  SD

CAS  GPs 038 0.16 | CNE  GPS 041 0.19
GAL 0.17 0.1 GAL 032 0.17

BDS3 103 041 BDS3 176 0.84
GMV  GPS 038 0.14 | WHU GPS 054 022
GAL 021 0.19 GAL 024 0.14

- - - BDS3  1.02 039

ing 0.22 ns. For Galileo, CAS RT clock errors display the best
accuracy, with a mean SD of 0.11 ns. For BDS3, WHU RT
clock errors have the best accuracy with SD of 0.39 ns. Over-
all, the mean SDs of GPS, Galileo, and BDS3 from the three
analysis centers are better than 0.22, 0.19, and 0.55 ns, re-
spectively, and the mean RMSEs of GPS, Galileo, and BDS3
from these analysis centers are better than 0.54, 0.32, and
1.46 ns, respectively.

3.3 Accuracy of SISREs

Table 6 shows the average SISREs of GPS, Galileo, and
BDS3 from four analysis centers. For GPS, the order
of magnitude of SISREs for different analysis centers is
WHU > CNE > GMV > CAS. For Galileo, CAS and WHU
have the better SISREs of around 5cm, and CNE has the
worst SISRE with 9.80 cm. For BDS3, the SISREs of CAS
and WHU are significantly better than the SISRE of CNE,
and they are 29.11, 29.98, and 57.48 cm, respectively. Over-
all, CAS has the best SISREs of GPS, Galileo, and BDS3
followed by WHU as the second, while CNE and GMV ex-
hibit the worst accuracy.

Ann. Geophys., 42, 455-472, 2024
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Figure 4. The RMSE values in R, A, and C directions of GPS RT orbit from different analysis centers.

Table 6. Mean SISRE of GPS, BDS, and BDS3 satellite of SSR
products from different analysis centers (in cm).

SISRE | SISRE
CAS  GPS 950 | CNE GPS  11.06
GAL 4.91 GAL  9.80
BDS3  29.11 BDS3  57.48
GMV  GPS 10.44 | WHU GPS 1255
GAL 6.64 GAL 493
- - BDS3  29.98
4 Result

4.1 Performances of multi-GNSS PPP at IGS stations

IGS post-processed precise position and ZTD products are
used to evaluate the multi-GNSS post-processing PPP per-
formance at 14 IGS sites in and around China. The aver-
age convergence time of all stations is less than 20 min. The
station coordinates from the IGS SINEX files and the ZTD
from the IGS ZPD files are used as references. Positioning
performance and ZTD accuracy of post-processing PPP are
shown in Fig. 6. The RMSEs of horizontal and vertical er-
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rors are within 15 mm for all sites. The RMSEs of ZTD
are within 10 mm for most sites, with an average RMSE
of 7.4mm. The abovementioned results suggest that post-
processing PPP demonstrates good performance in both po-
sitioning and ZTD and can be used to verify the performance
of RT-PPP.

4.2 RT-PPP with SSR products from different analysis
centers in the IGMAS station

4.2.1 Convergence time of RT-PPP

To assess the accuracy of four SSR products, the eight IG-
MAS stations are selected for RT-PPP after verifying the per-
formance of post-processing PPP. The testing period spans
from DOY 355 in 2023 to DOY 14 in 2024. The LHA station
is excluded due to a low number of observations among the
eight IGMAS stations. The IF model is used. A larger cut-
off elevation than the usual cutoff angle can be used when
using multi-system PPP (Teunissen et al., 2014). Therefore,
the 10° is selected as the cutoff elevation in this study. The
Kalman filter is used to estimate parameter, and additional
positioning strategies are presented in Table 7.

The convergence time, positioning, and ZTD accuracies
for multi-GNSS RT-PPP are assessed based on the differ-
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Figure 5. The RMSEs and SDs of GPS RT clock errors from different analysis centers.

Table 7. Strategies for RT-PPP.

Items Correction model or estimation strategy
Estimator Kalman filter

Observations IF code and phase combinations
Sampling rate 30s

Cutoff elevation 10°

Phase windup effect Corrected

Tropospheric delay Saastamoinen

Estimated as a random-walk noise process

Ionospheric delay Eliminated by IF combination

Relativistic effects Corrected

Antenna phase center igsl4.atx

Orbit and clock product ~ SSR corrections added to broadcast
ephemeris

Phase ambiguities Float

ent SSR products. The convergence time is the initial epoch,
where the errors in horizontal and vertical direction are both
less than 10 cm, holding for 20 epochs. Figure 7 shows multi-
GNSS RT-PPP positioning errors in the 3D direction using
the SSR products from the four analysis centers at seven
stations on DOY 12, 2024. The results of RT-PPP from dif-
ferent analysis centers are represented by distinct colors, re-
spectively, and the seven sub-figures represent the seven IG-
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MAS sites, respectively. The sub-figures are set with the
same range of vertical axes for comparison, and the X di-
rection is the hour since the start of the solution. The average
convergence time of four analysis centers is less than 30 min,
and the 3D positioning accuracies of four analysis centers are
better than 10 cm after completing the convergence process.

The convergence time for seven stations over 26d from
four analysis centers is counted. Figure 8 shows box plots
of the convergence time, including the median, 25 % quan-
tile, and 75 % convergence time. Table 8 provides a detailed
breakdown of convergence time statistics for four analysis
centers. The average convergence time at all sites based on
CAS, WHU, and CNE is less than 20 min, while the one
based on GMV is 22.8 min. The discrepancy in the conver-
gence time from GMV and other analysis centers may be be-
cause RT-PPP based on GMV SSR products only uses GPS
and Galileo, with fewer satellites than the other analysis cen-
ters. The average convergence time for CAS and WHU is
similar with 14.9 and 14.4 min, respectively, and for CNE,
it is 17.4 min, which is slightly longer than CAS and WHU
because CNE has fewer satellites available than CAS and
WHU.

Ann. Geophys., 42, 455-472, 2024
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Figure 6. RMSEs and SDs of the positioning performance and ZTD accuracy of post-processing PPP, respectively.

Table 8. The max, min, and mean of the convergence time derived from RT-PPP of different analysis centers (in min).

Analysis center ~ Stations Max Min Mean | Stations Max Min Mean

CAS BJF 40.0 6.5 19.4 | CHU 45.0 3.0 13.0
GUA 31.0 3.0 10.7 | KUN 45.0 55 11.7
SHA 43.5 35 17.1 | WUH 35.0 6.5 19.4
XIA 40.5 5.0 13.3 | Mean 40.0 47 14.9

CNE BJF 39.5 6.0 20.0 | CHU 26.0 3.0 15.5
GUA 25.5 35 12.0 | KUN 46.0 6.5 18.7
SHA 380 155 22.0 | WUH 39.5 6.0 16.5
XIA 31.0 3.0 17.0 | Mean 35.1 6.2 17.4

GMV BJF 40.0 12.0 26.1 | CHU 39.0 14.0 19.8
GUA 370 50 239 | KUN 305 110 19.3
SHA 36.0 135 245 | WUH 46.0 13.0 24.0
XIA 355 140 21.7 | Mean 377 118 22.8

WHU BJF 240 5.0 13.0 | CHU 26.5 35 12.5
GUA 20.5 3.0 11.5 | KUN 33.0 35 15.0
SHA 275 11.0 18.3 | WUH 26.0 6.0 14.8
XIA 30.5 5.0 16.0 | Mean 26.9 53 14.4
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Figure 8. Box plot of the convergence time of different analysis centers at IGMAS stations.

4.2.2 Positioning accuracy of RT-PPP

The positioning accuracies of RT-PPP for each analysis cen-
ter at the seven IGMAS stations are evaluated. Figure 9
shows the positioning accuracies in horizontal, vertical, and
3D directions. CAS exhibits the highest accuracy, with 2.1,
2.4, and 3.2cm in three aspects, respectively. Then, WHU
shows a 3.3 cm accuracy in the 3D direction, which is simi-

https://doi.org/10.5194/angeo-42-455-2024

lar to the positioning accuracy of CAS. Since the RMSEs of
the SSR products from CNE are higher than those of CAS
and WHU, the PPP performance based on CNE is unsatis-
factory compared with CAS and WHU. The positioning ac-
curacy with GMYV is the worst compared with other analysis
centers. The positioning performances of RT-PPP based on
GMV SSR products are 3.2 cm in horizontal directions and
4.2 cm in vertical directions. The mean RMSE of 3D posi-
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Figure 9. The positioning accuracies in horizontal, vertical, and 3D directions of different analysis centers at seven IGMAS stations.

Table 9. The accuracies of RT-PPP-derived ZTDs from different analysis centers at seven IGMAS stations (in mm).

Analysis center ~ Station RMSE SD Bias R

Analysis center ~ Station RMSE SD Bias R

CAS BJF 7.01 6.57 244 094 | CNE BJF 7.92 7.04 3.62 092
CHU 3.25 3.21 049 0.98 CHU 5.04 4.75 1.68 0.95
GUA 4.01 3.49 1.97 098 GUA 5.62 5.57 0.73 0.93
KUN 7.23 7.08 —147 097 KUN 9.73 9.17 326 0091
SHA 9.2 7.14 58 094 SHA 13.03 11.1 6.82 0.93
WUH 9.96 8.65 —495 097 WUH 11 1038 —-3.65 096
XIA 7 5.99 3.61 0098 XIA 8.02 7.83 1.71  0.97
Mean 6.80 6.01 1.12  0.96 Mean 8.62 7.97 2.02 0.93
GMV BJF 10 10 0.27 091 | WHU BJF 4.98 4.46 221  0.96
CHU 6.75 6.19 2.69 0.96 CHU 3.58 3.35 1.26 098
GUA 8.09 6.7 453 0.95 GUA 3.79 3.45 1.57  0.97
KUN 9.12 9 146 091 KUN 6.4 6.38 0.51 0.95
SHA 1347 11.03 7.73  0.94 SHA 8.94 7.49 491 097
WUH 1278  12.69 —1.47 095 WUH 7.42 701 =242 098
XIA 1195 11.93 0.61 0.94 XIA 7.33 6.68 3.02 098
Mean 10.30 9.64 226 093 Mean 6.06 5.54 1.58 097

tioning accuracy exceeds 5 cm, which is higher than those of
the remaining three analysis centers. Therefore, the combi-
nation with the BeiDou satellite can improve the positioning
performance of RT-PPP.

Ann. Geophys., 42, 455-472, 2024

4.3 Accuracy of RT-PPP-derived ZTDs

4.3.1 Accuracy of RT-PPP-derived ZTDs obtained by
different SSR products

RT-PPP-derived ZTDs based on four analysis center SSR
products are compared with post-processing PPP and PRIDE
PPP-AR-derived ZTDs, respectively, to verify the accuracy

https://doi.org/10.5194/angeo-42-455-2024
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Figure 10. RT-PPP, post-processing PPP, and PRIDE PPP-AR-derived ZTDs at IGMAS stations.

Table 10. The availability of RT-PPP-derived ZTDs from different analysis center products at IGMAS stations (in %).

Analysis center BJF CHU GUA KUN SHA WUH XIA Sum
CAS 91 99 97 83 74 72 79 85
CNE 83 95 92 71 57 69 80 78
GMV 75 87 80 77 51 58 62 70
WHU 97 99 98 90 77 85 82 89

of RT-PPP ZTD retrieval. Figure 10 shows timing diagrams
for RT-PPP-derived ZTDs obtained by WHU SSR products
alongside those of PRIDE PPP-AR and post-processing PPP-
derived ZTDs. RT-PPP, post-processing PPP, and PRIDE
PPP-AR-derived ZTDs have a similar trend. Table 9 shows
the differences of RT-PPP-derived ZTDs versus PRIDE PPP-
AR-derived ZTDs for each analysis center at the seven IG-
MAS stations. The GUA station lacked observation data
from 07:00LT on DOY 360 to 07:00LT on DOY 361 in
2023. And the XIA station lacked observation data from
13:00LT on DOY 1 to 05:00LT on DOY 11 in 2024. The

https://doi.org/10.5194/angeo-42-455-2024

“breakpoints” in Fig. 10 are caused by occasional discon-
nections between the local network and the mount point,
which result in data loss. RT-PPP-derived ZTD accuracies for
GMV can reach the centimeter level. Furthermore, the aver-
age accuracies of RT-PPP-derived ZTDs for CAS, WHU, and
CNE reach the millimeter level. RT-PPP-derived ZTDs based
on WHU have the highest ZTD accuracy, with an RMSE
of 6.06 mm. CAS and WHU exhibit similar ZTD accura-
cies with 6.80 mm. The accuracy of RT-PPP-derived ZTDs
based on GMV SSR products is the worst with 10.30 mm.
The accuracy of RT-PPP-derived ZTDs based on GMV is

Ann. Geophys., 42, 455-472, 2024
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Figure 11. The difference distribution of RT-PPP-derived ZTDs compared with post-processing PPP and PRIDE PPP-AR-derived ZTDs.

worse than that of the other analysis centers, probably be-
cause GMV does not provide BDS3 SSR products. The SDs
of each analysis center are similar to the RMSEs, with WHU
being the best, CAS being slightly inferior, and GMV being
the worst. The bias of four analysis centers exhibits mini-
mal differences at around 2.30 mm. The average R of four
analysis centers exceeds 0.9, with values of 0.96, 0.93, 0.93,
and 0.97 for CAS, CNE, GMV, and WHU, respectively, in-
dicating that RT-PPP-derived ZTD strongly correlates with
PRIDE PPP-AR-derived ZTD. The result of RT-PPP-derived
ZTD versus post-processing PPP-derived ZTD is similar.
The order of RMSEs and SDs for different analysis centers is
GMYV > CNE > CAS > WHU. The average R of four analy-
sis centers also exceed 0.9 with 0.96, 0.95, 0.91, and 0.97,
respectively. In summary, the accuracy of RT-PPP ZTD re-
trieval obtained by WHU SSR products is the best.

The differences of RT-PPP-derived ZTD versus PRIDE
PPP-AR and post-processing PPP-derived ZTD are counted
separately to further analyze the ZTD consistency. Figure 11
shows the difference distribution of RT-PPP compared with
PRIDE PPP-AR and post-processing PPP-derived ZTDs, re-
spectively, where the bar graph shows the difference fre-

Ann. Geophys., 42, 455-472, 2024

quency distribution and the curve shows the difference cu-
mulative frequency. The difference frequency of RT-PPP-
derived ZTDs versus PRIDE PPP-AR and post-processing
PPP-derived ZTDs at the seven stations are normally dis-
tributed, respectively. The bias of RT-PPP-derived ZTDs at
all stations is nearly 0 mm. The difference distribution of RT-
PPP-derived ZTDs based on the other analysis centers are
also counted, and the bias is nearly O mm. Figure 12 shows
the error distribution for the four analysis centers. It is ev-
ident that the error distributions of ZTD inversion from all
four centers follow a normal distribution, with the SDs of
the ZTD derived from WHU being notably smaller than that
of the other centers. Therefore, the measure of the disper-
sion of RT-PPP-derived ZTDs based on WHU is lower than
CAS, CNE, and GMV. RT-PPP-derived ZTD-based WHU
SSR products have the best ZTD retrieval accuracy. The re-
sult is consistent with the conclusion of Sect. 4.2.1.

4.3.2 RT-ZTD availability

The availability of RT-PPP-derived ZTD is assessed. RT-
PPP-derived ZTD in the epoch is considered unavailable if

https://doi.org/10.5194/angeo-42-455-2024
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Figure 13. The availability of RT-PPP-derived ZTDs from WHU SSR products at seven IGMAS stations (in %).

the differences of RT-PPP-derived ZTD versus PRIDE PPP-
AR and post-processing PPP-derived ZTD in arbitrary epoch
are more than 10 mm, respectively. The daily availability of
RT-PPP-derived ZTD based on WHU SSR products is cal-
culated (Fig. 12). Daily ZTD availability of sites with less
ZTD variation can be maintained at more than 95 %, such as
BJF, CHU, and GUA. Daily ZTD availability of sites with
large ZTD variations can basically be maintained at more
than 80%. A similar result also appears in the compari-
son between RT-PPP-derived ZTD and post-processing PPP-
derived ZTD. Table 10 shows the availability of RT-PPP-
derived ZTD for the four SSR products at the seven stations
using PRIDE PPP-AR-derived ZTD as references. RT-PPP-
derived ZTDs based on WHU SSR products have the highest

https://doi.org/10.5194/angeo-42-455-2024

availability, with an average availability of 89 % at all sta-
tions. The ZTD availability of CAS is slightly lower at 85 %,
and CNE is lower than CAS and WHU at 78 %. GMV shows
the worst availability at 70 %. The ZTD availability is posi-
tively correlated with the SISRE of SSR products from dif-
ferent analysis centers. Therefore, the SSR products provided
by WHU effectively support high-precision RT-PPP ZTD re-
trieval.

5 Conclusions

Evaluating the accuracies of RT-PPP-derived ZTD based
on SSR products from different analysis centers is crucial

Ann. Geophys., 42, 455-472, 2024
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in warning and forecasting extreme natural disasters and
Earth observation error correction. In this study, the accu-
racies of GPS, Galileo, and BDS3 RT satellite orbit and
clock error products from four analysis centers are evalu-
ated. Then, the positioning performance and ZTD accura-
cies for multi-GNSS RT-PPP are assessed. The following
conclusions are obtained. The average epoch availability of
SSR corrections provided by four analysis centers exceeds
97.5%, and CAS SSR products have the highest satellite
availability. CAS has the best SISREs of GPS, Galileo, and
BDS3 followed by WHU, while CNE and GMV exhibit the
worst performance. The results of multi-GNSS RT-PPP in-
dicate that WHU achieves the shortest average convergence
times with 14.4 min followed by CAS and CNE. The av-
erage convergence time of GMV is 22.8 min, significantly
lower than other analysis centers. The accuracies of RT-PPP-
derived ZTD obtained by four analysis centers are better than
11 mm, and RT-PPP-derived ZTD is in good conformity with
PRIDE PPP-AR-derived ZTD. Among the four analysis cen-
ters, WHU has the best accuracy of RT-PPP-derived ZTD
with an average RMSE of 6.1 mm, and RT-PPP-derived ZTD
based on WHU SSR products has the highest availability
with 89 %. This study is essential for selecting SSR products
from different analysis centers for RT-PPP ZTD retrieval.
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