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Abstract 

The Chinese BeiDou Navigation Satellite System has shown potential for precise positioning with a comparable accu-
racy to that of the Global Positioning System (GPS) at the centimeter level for the horizontal component and the sub-
centimeter level for the vertical component. However, a longer convergence time limits the performance of BeiDou 
precise point positioning (PPP) compared to the GPS PPP solutions. In this study, we applied the tropospheric delay 
information, derived from the European Centre of Medium-Range Weather Forecasts (ECMWF) analysis and predic-
tion data, into the simulated real-time BeiDou-only and BeiDou/GPS PPP to augment the solutions. Observations from 
stations in Southeast Asia, which are capable of tracking the BeiDou constellation from the International GNSS Service 
(IGS) Multi-GNSS Experiment and Pilot Project (MGEX) network, are processed with different strategies: the standard 
PPP and the introduced ECMWF-augmented PPP with analysis and prediction data, respectively. The positioning 
results demonstrate that the ECMWF-augmented BeiDou-only and BeiDou/GPS PPP methods using prediction data 
perform as well as those using analysis data. In the case of BeiDou-only PPP scenarios, remarkable advancements of 
80.6% for the convergence time are achieved by two ECMWF-augmented PPP solutions with respect to the standard 
PPP method. For the positioning accuracy, the two proposed augmented PPP methods attain 6.6 cm in three-dimen-
sional (3D) accuracy when the standard PPP solution get converged (10 cm), representing a remarkable improvement 
of 34%. As for the north/east/up component, improvements of 14.7 and 8% for positioning accuracy are obtained for 
the north and east components, respectively, while a remarkable improvement of 37.3% is achieved for the verti-
cal component. In terms of the BeiDou/GPS PPP solutions, the ECMWF-augmented PPP scenarios attain over 10% 
improvements in 3D accuracy in all processing session lengths. These improvements totally come from the vertical 
component, whereas almost no enhancements are obtained in two horizontal components.
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Introduction
The precise point positioning technique, utilizing undif-
ferenced carrier phase and code measurements and 
applying precise satellite orbit and clock corrections, is 
able to perform high-precision positioning with a sin-
gle Global Navigation Satellite System (GNSS) receiver 
(Zumberge et  al. 1997). In a standard PPP processing, 
the tropospheric delay parameters are usually estimated 

as unknowns with other parameters such as station coor-
dinates, receiver clock offsets, and ambiguity parameters 
(Kouba and Héroux 2001). However, the parameters 
estimated in the PPP processing are highly correlated. 
In particular, according to previous studies, the conver-
gence time for the PPP solution shows a high dependence 
on the estimation of the tropospheric delay parameters, 
which obstructs the fast convergence in PPP process-
ing (Li et al. 2011). Hence, it is important to improve the 
tropospheric delay modeling and estimation to speed up 
the solution convergence for the PPP technique.

To solve this problem, Li et al. (2011) utilized the trop-
ospheric delay information derived from a regional ref-
erence network to augment the real-time PPP (RT-PPP) 
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instantaneous ambiguity resolution, which turned out to 
be effective in improving the convergence for the solu-
tion to an adequate accuracy level. Hadas et  al. (2013) 
demonstrated the effectiveness of a regional tropospheric 
model for PPP in simulated RT-PPP as well. An enhance-
ment of several centimeters in the vertical component 
and a few minutes in convergence time was found in 
their research. In addition, a regional tropospheric model 
retrieved from a continuously operating reference station 
(CORS) network was also introduced to augment the RT-
PPP solution by Shi et al. (2014). However, nearby refer-
ence stations are required for the regional tropospheric 
model augmentation method. Moreover, the approach is 
difficult to apply on a global scale.

Recently, numerical weather models (NWMs) have 
been developing rapidly. Initially, the tropospheric infor-
mation derived from a GPS network was applied in the 
assimilation of NWM (Reigber et  al. 2001). In return, 
accurate tropospheric information can be obtained from 
an NWM. Chen et  al. (2011) evaluated tropospheric 
delays derived from the European Centre for Medium-
Range Weather Forecasts (ECMWF) and National Cent-
ers for Environmental Prediction (NCEP). Their results 
revealed the accuracy and feasibility of the tropospheric 
delays with ECMWF and NCEP data for navigation and 
positioning. Furthermore, Alves et  al. (2016) used Saas-
tamoinen model and numeric integration method to 
retrieve tropospheric delays from a regional NWM over 
South America and employed them in GPS PPP pro-
cessing. Their experiment manifested an improvement 
of 7.2 in 3D RMS compared to the standard model. Lu 
et  al. (2016) utilized the ECMWF data with a horizon-
tal resolution of 1° × 1° on 137 vertical model levels with 
the ray-tracing algorithm proposed by Zus et  al. (2014) 
to retrieve the tropospheric delay parameters and apply 
them in the GNSS processing. The convergence time 
was shortened by 20.0, 32.0 and 25%, and the position-
ing accuracy was improved by 2.5, 12.1 and 18.7% for the 
north, east and vertical components in their research.

The Chinese BeiDou Navigation Satellite System has 
been able to provide regional positioning, navigation and 
timing (PNT) since the end of 2012 and will provide full 
global navigation service by 2020, according to the offi-
cial announcement. The positioning accuracy of the Bei-
Dou PPP is considered to be comparable to that of the 
GPS PPP, according to previous studies (Li et  al. 2014, 
2015). However, compared to the GPS PPP solution, a 
significantly longer convergence time is required for the 
BeiDou PPP solution due to insufficient satellite visibil-
ity and limited spatial geometry (Li et al. 2015; Lu et al. 
2016). To solve the problem, Lu et al. (2017) utilized the 
NCEP data on 26 isobaric levels with a horizontal reso-
lution of 1° and the ray-tracing algorithm developed by 

Zus et al. (2014) to derive station-specific zenith delays, 
mapping function factors and other parameters. Their 
research showed a great improvement of 60 and 66.7% 
in the convergence time for the east and vertical compo-
nents, respectively, and an advancement of 40.1, 51.2 and 
39.4% is obtained in positioning accuracy for the north, 
east and up components, respectively. However, the cal-
culation procedures in their research, both the calcula-
tion of zenith delays by the ray-tracing algorithm and the 
estimation of mapping function factors, are quite com-
plex and time-consuming.

In this study, we did not apply the ray-tracing algorithm 
and the NWM pressure level data with many isobaric 
levels introduced by Lu et  al. (2016, 2017); instead, the 
Saastamoinen model is applied with the ECMWF surface 
level data, which only contains one level data related to 
the earth surface. The tropospheric delays derived from 
the ECMWF surface level data were then introduced into 
the PPP processing to augment the solutions. To verify 
the effectiveness of the introduced approach, both Bei-
Dou-only and BeiDou/GPS standard PPP and the intro-
duced ECMWF-augmented PPP scenarios over the same 
period and stations were processed. The augmentation 
performance is assessed in the case of convergence time 
and positioning accuracy.

In the following discussion, we first introduce the data 
used in our experiments in second section, including the 
ECMWF data and BeiDou observables. The experimental 
methodology is then described in third section. Fourth 
section presents the results and analysis and the sum-
mary and conclusion are given in final section.

Data collection
ECMWF data
The ECMWF data utilized in this paper are derived from 
ERA-Interim dataset, which is the latest global atmos-
pheric reanalysis produced by the ECMWF (Dee et  al. 
2011). The ERA-Interim provided gridded data, describ-
ing weather as well as ocean-wave and land-surface 
conditions. The gridded data is provided with a tempo-
ral resolution of 3  h for surface parameters and 6  h for 
upper-air parameters. For spatial resolution, the ERA-
Interim provides gridded data on surface level and up to 
60 vertical pressure levels with a horizontal resolution 
from 0.125° to 3°. Two types of data, in pressure level and 
surface level, are most commonly used to retrieve trop-
ospheric delays and applied in GNSS positioning. The 
pressure level data usually contains many measurements 
corresponding to the vertical pressure on a grid for one 
meteorological parameter, in contrast, only one measure-
ment is incorporated in the surface level data. Accord-
ingly, the pressure level data is more extensive than the 
surface level data. Moreover, the derivation algorithm for 
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tropospheric delays from the pressure level data is much 
more complicated and time-consuming than that from 
the surface level data (Zus et al. 2014). Consequently, two 
types of gridded data on surface level are utilized in this 
contribution. These data includes geopotential, pressure, 
2-m dew point temperature and temperature with a hori-
zontal resolution of 0.125° × 0.125° and different temporal 
resolutions. The analysis data is provided with a 6-hourly 
resolution and the prediction data with a 3-hourly resolu-
tion. In particular, the prediction data is available before a 
measurement starts and able to be applied in a real-time 
positioning scenario. The dew point temperature is used 
to compute relative humidity requisite for troposphere 
delay calculation, because no available relative humidity 
is provided in surface level data.

BeiDou data
Thanks to the MGEX campaign initiated by IGS, a multi-
GNSS service of tracking, data collection and analysis 
is enabled by merging all available systems and signals, 
including GPS, GLONASS, BeiDou, Galileo, QZSS, and 
the space-based augmentation system (SBAS) (Monten-
bruck et  al. 2017). As of March 2018, over 170 stations 
are capable of providing BeiDou observations in the 
MGEX network. 8 MGEX stations in Asia–Pacific area 
are selected in our experiment. They are capable of track-
ing more than 5 BeiDou satellites all day and providing 
BeiDou observables over the period from February 6 to 
March 8, 2016. The geographic distribution of the sta-
tions is shown in Fig. 1.

Orbit and clock products are available as part of the 
MGEX data analysis. Currently, three institutions pro-
vide orbit and clock products for the BeiDou constella-
tion, including Center for Orbit Determination in Europe 
(CODE), GeoForschungsZentrum Potsdam (GFZ) and 
Wuhan University. In this contribution, we adopted 
5  min MGEX ephemeris and 30  s clock products from 
GFZ (Deng et al. 2016; Uhlemann et al. 2015).

PPP and processing strategy
Standard PPP
In a standard PPP, ionosphere-free combinations are 
commonly utilized as the processing observations. The 
antenna phase correction offset (PCO), phase wind-up, 
solid tide, earth rotation and relativistic effects are cor-
rected by models (Kouba and Héroux 2001). The antenna 
phase correction variations (PCVs) are not corrected for 
BeiDou constellation owing to the absence of precise 
PCV correction model for BeiDou satellites. Ionospheric 
delays are eliminated by the ionosphere-free combi-
nations. In the case of tropospheric delays, the zenith 
hydrostatic delays (ZHDs) can be computed precisely 
by a tropospheric model, while the zenith wet delays 

(ZWDs) are difficult to be modeled and usually estimated 
as unknowns in the PPP processing. The observation 
equations can be expressed as follows:

where the superscript G is the satellite system (GPS/Bei-
Dou); �PC,�LC are the pseudo-range and phase obser-
vations of ionosphere-free combinations that remove the 
slant hydrostatic delays, respectively; ρ0 is the geometric 
range from receiver to satellite; δtr, δts denote the receiver 
clock bias and satellite clock bias, respectively; c is the 
light speed in vacuum; mw is the wet mapping function 
and ZWD is the zenith wet delay; BC is the ambiguity for 
ionosphere-free observations; εPC , εLC are pseudo-range 
and phase measurement noises, respectively. In a com-
bined processing of BeiDou/GPS observations, the inter-
system biases (ISBs) have to be estimated (Lu et al. 2016).

Accordingly, the estimated parameters for this PPP 
processing can be expressed as follows:

where �X represents the vector of receiver coordinate 
residuals with respect to the priori position which is 
adopted in linearization; ZWD is the zenith wet delay; 
ISB denotes the inter-system bias, δtr represents the 
receiver clock error and BC stands for the vector of 
ambiguities.

Specific processing strategy for a standard PPP will be 
described in “PPP processing strategy” section.

ECMWF‑augmented PPP
The zenith wet delays derived from ECMWF surface level 
data, were applied as a priori values to the PPP process-
ing and a corresponding constraint was added for the 
estimation of ZWD residuals. We term this PPP method 
as “ECMWF-augmented PPP”. In the following sections, 
the derivation approach for ZWDs from ECMWF mete-
orological parameters on surface level as well as the way 
they are applied in an ECMWF-augmented PPP process-
ing is described.

Tropospheric wet delay derived from ECMWF
The ERA-Interim data are gridded and provided with a 
3-hourly or 6-hourly resolution. Therefore, an interpo-
lation on time for these meteorological parameters is 
necessary to match the PPP sampling rate. Then, a com-
putation for the zenith delays above the grids is required. 

(1)
�PG

C = ρ0 + c
(

δtGr − δts,G
)

+mw · ZWD+ εPC

(2)
�LGC = ρ0 + c

(

δtGr − δts,G
)

+mw · ZWD+ BC + εLC

(3)Xe = [�X , δtr ,ZWD, (ISB),BC ]
T
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Moreover, a spatial interpolation or fitting should be 
implemented to acquire the station-specific zenith delays 
from the grids.

Firstly, a linear interpolation is implemented on the 
meteorological parameters above the grids from the 
ECMWF data available moments to the observable sam-
pling epoches. Secondly, the zenith wet delays above 
the grids are computed from these meteorological 

parameters using Saastamoinen model (Saastamoinen 
1972; Davis et al. 1985):

(4)ZWD =

0.0022768e
(

1255.0
T + 0.05

)

f (φ, h)

(5)e = rh · 6.112 · exp

(

17.62t

243.12+ t

)

Fig. 1 The geographic distribution of stations from the MGEX network



Page 5 of 12Zhu et al. Earth, Planets and Space  (2018) 70:112 

where e is the vapor pressure in millibar; T  and t are 
the surface temperature in K and °C, respectively (Jar-
raud 2008); φ denotes the latitude in °; and h is the alti-
tude above the ellipsoid surface in km; rh is the relative 
humidity in percent and can be computed by the dew 
point temperature and the temperature (Alduchov and 
Eskridge 1996):

where TD represents the dew point temperature; T  is the 
temperature in °C. It is noteworthy that these meteoro-
logical parameters provided in geopotential must be con-
verted to those in altitude before they are applied into the 
Saastamoinen model.

Thirdly, a spatial interpolation was implemented to 
obtain the zenith delays above the stations from the grids. 
These grids can be regarded as virtual reference stations 
which only provide zenith tropospheric information. A 
spatial interpolation model called H1QX1 was adopted. 
The H1QX1 model is considered to be more conveni-
ent for computation and its precision is equivalent when 
compared to another spatial interpolation model named 
MLCM or H1QM3, according to previous studies (Zhang 
et al. 2013; Li et al. 2011). Two regression parameters and 
height differences from stations to grids are adequate for 
the H1QX1 model. This model can be expressed as follows:

where Hn denotes the altitude differences from the refer-
ence grids to the station; an is the regression parameters. 
The equation can be expressed in vector form as follows:

The regression parameter vector a is determined by a 
least-squares estimation, which can be expressed by 
Eq. (10):

where P is the weight matrix, and the weights are deter-
mined by the anti-distance method according to the dis-
tances between neighbor grids to the station.

(6)f (φ, h) = 1− 0.00266 cos 2φ − 0.00028h

(7)rh = 100 ·
exp

(

17.625TD
243.04+TD

)

exp
(

17.625T
243.04+T

)

(8)
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(9)ZWD = H · a

(10)a =

(
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· P · ZWD

The station-specific ZWD can be computed by the fol-
lowing equation:

where e is a unit vector and can be written as 
[

1 0
]T.

The H1QX1 model performs best in terms of interpola-
tion precision when the number of reference stations is 
9 or 10 (Zhang et  al. 2013). Therefore, the ZWDs on 9 
neighbor grids were applied in the interpolation proce-
dure. Theoretically, the distances between these neigh-
bor grids to the station vary from 0.0 for the nearest to 
29.4 km for the furthest grid.

ECMWF‑augmented PPP method
The ECMWF-augmented PPP method is based on the 
traditional PPP method. Different from the traditional 
PPP, the ECMWF-augmented method introduces ZWDs 
from ECMWF parameters on surface level as virtual 
observations. The observation equations then can be 
expressed as follows:

where �ZWD is the residual of ZWD to estimate. 
Strictly, �ZWD in formula (14) should be set to the mean 
bias of the derived ZWDs compared to real values. The 
mean bias is about 0.1  mm for ECMWF-derived ZTDs 
according to previous studies and can be ignored (Chen 
et al. 2011). QZWDE is the stochastic model of ECMWF-
derived ZWDs and was given by Chen as well (Chen et al. 
2011). �PC,�LC are the ionosphere-free pseudo-range 
and phase observations that remove the slant hydrostatic 
delays and ECMWF-derived wet delays, respectively.

The ECMWF-derived ZWDs are introduced as a pri-
ori corrections on an epoch-wise basis; hence, the esti-
mated parameters in ECMWF-augmented PPP can be 
expressed:

Analysis and prediction data described in “ECMWF data” 
section, are introduced into the ECMWF-augmented 
PPP method. The prediction data was used to imitate the 
real-time PPP processing as the software for computing 
real-time BeiDou satellite orbits and clocks is still under 
development at this point. The analysis data are utilized 
to verify the PPP processing results.

(11)ZWDs = e
T
· a

(12)�PC = ρ0 + c
(

δtr − δts
)

+mw ·�ZWD+ εPC

(13)
�LC = ρ0 + c

(

δtr − δts
)

+mw ·�ZWD+ BC + εLC

(14)�ZWD = 0.0,QZWDE

(15)Xe = [�X , δtr ,�ZWD, (ISB),BC ]
T
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PPP processing strategy
PPPBox, a GNSS processing software based on GPS 
Toolkit, was modified and developed by the authors to 
process the multi-GNSS data in these aforementioned 
PPP approaches. For brevity, the ECMWF-augmented 
PPP using analysis data is simplified into “ECMWF-A 
PPP”, accordingly, the augmented PPP with prediction 
data is reduced to “ECMWF-P PPP”. The ZHDs for three 
PPP methods are given by the same exponential function 
from Niell troposphere model (Niell 1996). The ZWD is 
estimated as an unknown parameter in a standard PPP, 
while in the proposed augmented PPP approach, resid-
ual ZWD is under estimation in regard to a priori value 
derived from ECMWF. Then, an extra equation, work-
ing as a virtual observation with respect to the variance 
of derived ZWDs, is added to the observation equations. 
Niell Mapping Function (NMF) is adopted for the trop-
ospheric mapping function (Niell 1996). For the sake of 
brevity, other identical items are shown in Table 1.

Results and analysis
In this section, we compare the performance of the 
standard PPP method and ECMWF-augmented PPP 
methods using analysis and prediction data in the case of 
the convergence time and positioning accuracy. The con-
vergence time is defined as the 3D positioning accuracy 
achieves 10 cm.

The positioning error series of BeiDou-only PPP meth-
ods on station NNOR at February 15, 2016 (DOY 44 
of 2016) is taken as an example and displayed in Fig.  2. 
Blue represents the standard PPP solution, green and red 
stand for the ECMWF-augmented PPP solutions with 
analysis and prediction data, respectively.

The positioning error series of BeiDou-only PPP meth-
ods on station NNOR at February 15, 2016 (DOY 44) is 

taken as an example and displayed in Fig. 2. Blue repre-
sents the standard PPP solution, green and red stand for 
the ECMWF-augmented PPP solutions with analysis and 
prediction data, respectively.

In the north component, the positioning error curves 
for three PPP solutions coincide well with each other. 
Similar situation emerges in the east component, indicat-
ing that the convergence time and positioning accuracy 
are comparable for three PPP solutions in the horizon-
tal components. Specifically, it takes approximately 
0.5  h for the convergence of three PPP solutions in the 
horizontal component. For the vertical component, the 
fluctuation in the standard PPP positioning error curve 
is significantly larger than the two ECMWF-augmented 
PPP solutions at the beginning of processing. It takes 
approximately 1.5 h for the standard PPP solution to get 
converged, in comparison with 0.5  h required for the 
two ECMWF-augmented PPP solutions. The ECMWF-
A PPP solution achieves the highest positioning accu-
racy when all solutions get converged, then follows the 
ECMWF-P PPP solution, the standard PPP solution per-
forms the worst. In general, the augmented PPP solution 
using analysis data performs slightly better than the one 
using prediction data. In summary, remarkable improve-
ments can be noted in the two ECMWF-augmented PPP 
solutions compared to the standard PPP solution for 
the convergence time and positioning accuracy in verti-
cal component, while small improvements are observed 
in two horizontal components. This is attributed to the 
large correlation between ZTD and vertical coordi-
nate. The accuracy of vertical coordinate will definitely 
get improved because the wet delays are properly con-
strained in vertical, whereas for the two horizontal coor-
dinates, only small improvements can be attained.

Figures  3 and 4 illustrate the 3D RMS values of posi-
tioning results for BeiDou-only and BeiDou/GPS PPP 

Table 1 PPP processing strategies

Standard PPP ECMWF‑A PPP ECMWF‑P PPP

Sampling rate(s) 30

Cutting-off angles 10°

Observations Ionosphere-free combinations

Antenna igs08.atx

Estimator Forward-only Kalman filter

Ambiguity Float

Troposphere ZHD Niell model

Troposphere ZWD Estimation of ZWD [random 
walk process 10 mm/sqrt(h)]

ECMWF analysis data and estimation of 
residual ZWD [random walk process 
10 mm/sqrt(h)]

ECMWF prediction data and estima-
tion of residual ZWD [random walk 
process 10 mm/sqrt(h)]

Troposphere mapping function Niell mapping function

Multi-GNSS satellite clock and orbit MGEX clock and orbit from GFZ (Deng et al. 2016)
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solutions after the processing of different session length. 
The case is the same as it was mentioned earlier.

As can be noticed in two figures, the positioning 
accuracy for three PPP solutions is highly correlated to 
the session length. The positioning accuracy improves 
as the session length gets longer. In the BeiDou-only 
PPP solutions, it takes generally 2.7  h for the stand-
ard PPP solution to get converged to a 3D accuracy of 
10  cm, in contrast, only 32  min is required for the two 
ECMWF-augmented PPP solutions, representing a 
remarkable advancement of 80.6%. After a 2.7-h session 
length required for the standard PPP solution to get con-
verged, the positioning accuracy for the two ECMWF-
augmented PPP results are 6.6 cm, corresponding to an 
improvement of 34%. In addition, the 3D positioning 
accuracy for the two ECMWF-augmented PPP solutions 
are comparable in different session length. Regarding 
the BeiDou/GPS PPP results displayed in Fig.  4, higher 
positioning accuracy and shorter convergence time are 
attained in the BeiDou/GPS PPP solutions in contrast 
to the BeiDou-only PPP solutions, due to the increased 
satellites from an additional constellation. Nonetheless, 

-1

-0.5

0

0.5

1

N
(m

)
standard PPP
ECMWF Analysis PPP
ECMWF Prediction PPP

-1

-0.5

0

0.5

1

E
(m

)

0 0.5 1 1.5 2 2.5 3

Hours

-1

-0.5

0

0.5

1

U
(m

)

Fig. 2 BeiDou-only PPP solutions at station NNOR on February 15, 2016 [day of year (DOY) 44 of 2016]. Blue denotes the standard PPP solution, 
green represents the ECMWF-augmented PPP solution with analysis data, and red stands for the ECMWF-augmented PPP solution with prediction 
data

Fig. 3 The 3D RMS values of BeiDou-only PPP results after the 
processing of different session length (0.5, 1, 1.5, 2, 3, 4, 5, 6 h) from 
the MGEX stations exhibited in Fig. 1 over a sample period from 
February 6 to March 8, 2016. Blue denotes the standard PPP solution, 
green and red represent the ECMWF-augmented PPP solution with 
analysis and prediction data, respectively
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the improvements in positioning accuracy brought by the 
introduced augmented method in the BeiDou/GPS PPP 
results do not reveal as dramatic as that in the BeiDou-
only PPP solutions. Enhancements of over 10% on 3D 
positioning accuracy are obtained by the introduced aug-
mented approaches in the BeiDou/GPS PPP solutions, 
compared to over 30% in the BeiDou-only PPP case. The 
increased number of visible GNSS satellites and stronger 
satellite geometry strength are mainly responsible for 
this. Furthermore, the positioning accuracy is nearly sim-
ilar in two augmented BeiDou/GPS PPP solutions. The 
same case appears in the BeiDou-only PPP solutions as 
well.

To investigate the separate benefits on the improve-
ments of positioning accuracy for each component, the 
RMS values of the BeiDou-only and BeiDou/GPS PPP 
results for the north, east and up component after the 
processing of different session length. Same case has 
been mentioned earlier (Figs. 5, 6).

In the BeiDou-only PPP scenarios, one can notice that 
limited improvements are obtained by the two ECMWF-
augmented PPP solutions. Specifically, after a session 
length of 2.7  h, the positioning accuracy is 1.4  cm for 
the two ECMWF-augmented PPP solutions in the north 
component, in comparison with 1.7  cm for that of the 
standard PPP solution, revealing an improvement of 
14.7%. Meanwhile, a positioning accuracy of 2.3 cm can 
be achieved for the two augmented PPP solutions in the 
east component, in contrast to 2.5  cm for that of the 

standard PPP solution, an improvement of 8.0%. With 
respect to the vertical component, significant improve-
ments are obtained by the two augmented PPP solutions 
compared to the standard PPP solution at all session 
lengths. Moreover, after a 2.7-h session length, the posi-
tioning accuracy achieves 6.1 cm for the two augmented 

Fig. 4 The 3D RMS values of BeiDou/GPS PPP results after the 
processing of different session length (0.5, 1, 1.5, 2, 3, 4, 5, 6 h) from 
the MGEX stations exhibited in Fig. 1 over a sample period from 
February 6 to March 8, 2016. Blue denotes the standard PPP solution, 
green and red represent the ECMWF-augmented PPP solution with 
analysis and prediction data, respectively

Fig. 5 RMS values of BeiDou-only results for the north/east/up 
components after the processing of different session length (0.5, 1, 
1.5, 2, 3, 4, 5, 6 h) from the BeiDou stations in Fig. 1 over a sample 
period from February 6 to March 8, 2016. Blue denotes the standard 
PPP solution, green and red are the ECMWF-augmented PPP solution 
with analysis and prediction data, respectively
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PPP solutions in the vertical component, in comparison 
with 9.5 cm for that of the standard PPP solution, repre-
senting an improvement of 37.3%. When comparing the 
two augmented PPP solutions with each other, it dem-
onstrates that similar enhancements are realized with 
respect to the standard PPP solution in all components. 

Specific increased ratios of the two ECMWF-augmented 
PPP results in comparison with the standard PPP result at 
different session length are shown in Fig. 7. The improve-
ments in percentage for ECMWF-augmented PPP results 
using analysis and prediction data versus the standard 
PPP results are displayed in blue and red, respectively.

Fig. 6 RMS values of BeiDou/GPS PPP results for the north/east/
up components after the processing of different session length (0.5, 
1, 1.5, 2, 3, 4, 5, 6 h) from the BeiDou stations in Fig. 1 over a sample 
period from February 6 to March 8, 2016. Blue stands for the standard 
PPP solution, green and red denote the ECMWF-augmented PPP 
solution with analysis and prediction data, respectively

Fig. 7 Specific increased ratios of the two ECMWF-augmented 
PPP results compared to standard PPP results in BeiDou-only at 
different session length. The improvements in percentage for 
ECMWF-augmented PPP results using analysis and prediction data 
are displayed in blue and red, respectively
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In the BeiDou/GPS PPP solutions, few contribu-
tions are discovered in north and east components and 
almost all contributions to 3D positioning accuracy come 
from the up component. Explicit ratios are displayed in 
Fig.  8, as can be noted, less than 3% improvements in 
two augmented BeiDou/GPS PPP methods in different 
session length are realized in two horizontal compo-
nents in contrast to the standard BeiDou/GPS PPP sce-
nario. In vertical component, over 10% enhancement is 
obtained in different session length. It is noteworthy that 
the horizontal positioning accuracy is improved by the 

augmented approach in the BeiDou-only PPP scenarios, 
but the improvements are not distinct in the BeiDou/
GPS PPP cases. Similar case can be observed in the verti-
cal component: the increased ratios brought by the aug-
mented method in the BeiDou-only PPP cases are larger 
than that in the BeiDou/GPS PPP scenarios. As we all 
know, there is a large correlation between tropospheric 
delay, vertical coordinate and receiver clock. The corre-
lation is resolved much faster in a standard BeiDou/GPS 
PPP case than in a standard BeiDou-only scenario due to 
better geometry and additional satellites. The ZWD con-
strains actually accelerate the correlation resolving pro-
cess in the augmentation method. This explains why the 
augmentation method performs better in the BeiDou-
only PPP cases than in the BeiDou/GPS PPP scenarios. 
The positioning accuracy of two augmented BeiDou/GPS 
PPP methods are comparable in all directions, the same 
as can be observed in the BeiDou-only PPP approaches.

Summary and conclusion
In this study, the tropospheric information derived from 
the ECMWF analysis and prediction data were applied to 
the simulated real-time BeiDou-only and BeiDou/GPS 
PPP to augment the solutions. Two ECMWF-augmented 
PPP solutions are carried out in comparison with the 
standard PPP solution to evaluate the performance of the 
introduced ECMWF-augmented approach in terms of 
convergence time and positioning accuracy.

It takes approximately 2.7  h for the BeiDou-only 
standard PPP solution to get converged to a 3D accu-
racy of 10  cm, in comparison with only 32  min cost 
for the two ECMWF-augmented BeiDou PPP solu-
tions, representing a remarkable advancement of 80.6%. 
When the standard PPP solution gets converged, the 
two ECMWF-augmented PPP methods obtain a 3D 
accuracy of about 6.6 cm, corresponding to an enhance-
ment of 34%. As for the three separated components, 
only slight improvements for north and east compo-
nents can be realized. Specifically, after a 2.7-h session 
length, the positioning accuracy for the two ECMWF-
augmented BeiDou-only PPP solutions is 1.4 and 
2.3  cm in the north and east component, respectively, 
with respect to 1.7 cm and 2.5 for the standard BeiDou 
PPP solution, corresponding to improvements of 14 
and 8%, respectively. With respect to the vertical com-
ponent, the positioning accuracy improves from 9.5 to 
6.1 cm when comparing the standard PPP solution with 
the two ECMWF-augmented PPP solutions in BeiDou-
only scenario, exhibiting a significant improvement of 
37.3%. In addition to the BeiDou/GPS PPP solutions, all 
three PPP solutions get converged in a 30-min session 
length. The two augmented PPP solutions attain about 
10% higher 3D accuracy in the same session length. The 

Fig. 8 Specific increased ratios of the two ECMWF-augmented 
PPP results compared to standard PPP results in BeiDou/GPS PPP at 
different session length. Blue and red stand for the improvements in 
percentage for ECMWF-augmented PPP results using analysis and 
prediction data, respectively
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improvements totally come from the vertical compo-
nent, and no improvements are observed in the north 
and east component. The augmentation works more 
effectively in a BeiDou-only PPP scenario than in a Bei-
Dou/GPS PPP case because the correlation between 
tropospheric delay and vertical coordinate is resolved 
much faster in the BeiDou/GPS PPP case due to bet-
ter geometry and additional satellites. Meanwhile, the 
comparisons of two ECMWF-augmented methods in 
BeiDou-only and BeiDou/GPS PPP scenarios reveal 
that the one using prediction data performs as well 
as the one using analysis data. This indicates that the 
ECMWF prediction data is effective to be introduced in 
the real-time BeiDou-only and BeiDou/GPS PPP sce-
narios. In summary, the proposed ECMWF-augmented 
PPP approach is effective to improve the positioning 
accuracy and shorten the convergence time for the real-
time PPP application.
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