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Abstract: GNSS precise point positioning (PPP) plays an important role in retrieving atmospheric
water vapor values and performing numerical weather prediction. However, traditional PPP relies on
real-time orbits and clocks, which require continuous internet or satellite communication. Improved
broadcast ephemerides of GNSSs offer new opportunities for PPP with broadcast ephemerides (BE-
PPP) instead of using precise ephemeride products. Therefore, we investigated the feasibility of
utilizing BE-PPP for retrieving zenith tropospheric delay (ZTD) and precipitable water vapor (PWV)
data. We processed the GPS/Galileo observations from 80 IGS stations during a 30-day experiment
to retrieve ZTD values using both real-time PPP (RT-PPP) and BE-PPP solutions. Then, we processed
observations from 20 EUREF Permanent GNSS Network (EPN) stations to retrieve PWV data. The
IGS final tropospheric products were used to validate the ZTD, and radiosonde (RDS) and ERA5
data were used to validate the PWV. The results show that the real-time ZTD from BE-PPP agrees
well with that from RT-PPP: the standard deviation (STD) of the ZTD is 1.07 cm when using BE-PPP
and 0.6 cm when using RT-PPP. Furthermore, the STD of the PWV is 1.69 mm when using BE-PPP,
and 0.96 mm when using RT-PPP, compared to the ERA5-PWV. Compared to the RDS-PWV, the
STD is 3.09 mm when using BE-PPP and 1.39 mm when using RT-PPP. In conclusion, the real-time
ZTD/PWV products obtained using the BE-PPP solution are consistent with those of RT-PPP and
meet the requirements of NWP, so this method can be used as an effective complement to RT-PPP to
expand its application potential.

Keywords: real-time; precise point positioning (PPP); broadcast ephemerides; zenith tropospheric
delay (ZTD); precipitable water vapor (PWV)

1. Introduction

Analyzing the temporal and spatial distribution of water vapor, the most important
natural greenhouse gas in the atmosphere, is especially important in the investigation
of climate change [1]. Besides radiosondes (RDSs) [2], numerical weather prediction
models (NWPs) [3,4], and water vapor radiometers (WVRs) [5–7], the global navigation
satellite system (GNSS) technique has been demonstrated to be a useful tool for measuring
atmospheric water vapor [8–10]. Compared with these methods, precise point positioning
(PPP) has the advantages of being usable in all weather conditions and in real time, has a
high resolution, and is a widely adopted processing approach for achieving accurate zenith
tropospheric delay (ZTD) as well as precipitable water vapor (PWV) measurements.

PPP post-processing can obtain high-precision zenith total delay (ZTD) measure-
ments [11]. With the development of the PPP technique and the establishment of major
GNSSs, many scholars have conducted several experiments on the retrieval of PWV values
using PPP [12–14], the results of which confirm the high accuracy, as well as the temporal
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and spatial resolution characteristics, of such a method [15]. High-precision ZTD/PWV
products can provide powerful supporting data for heavy rainfall forecasting [16] and
drought monitoring [17]. Meanwhile, thanks to the real-time service (RTS) of the Interna-
tional GNSS Service (IGS) [18], PPP real-time atmospheric parameter retrieval can help
meet the accuracy requirements of time-critical meteorological applications [19].

Based on PPP, high-accuracy real-time ZTD values can be obtained by applying high-
accuracy real-time satellite clock and orbit products [20]. Hadas et al. retrieved the ZTD
based on PPP float ambiguity solutions, and the accuracy varied from 5.4 mm to 10.1 mm
across different stations [21]. ZTD accuracy is further improved under the fixed ambiguity
solution, with a root mean square (RMS) value of 7 mm compared to the post-processed
GPS ZTD product [13]. Zhao et al. proposed a real-time linear and nonlinear ZTD (RLNZ)
model, and the accuracy of the ZTD estimated by directly using the models is better than
that obtained with the Global Pressure and Temperature 3 (GPT3) model and also better
than the positioning accuracy of real-time PPP (RT-PPP) [22]. RT-PPP also performs better
when retrieving PWV data. The real-time GPS PPP method can obtain PWV data with a root
mean square error (RMSE) of less than 3 mm [23]. Using the RDS PWV as a reference value,
the RMS of the real-time PPP PWV is less than 2.4 mm [24], and using the fifth-generation
ECMWF (European Center for Medium-Range Weather Forecasts) reanalysis (ERA5) PWV
as a reference, the RMS is 2.63 mm [25]. However, the retrieval of real-time ZTD/PWV data
requires the continuous communication of real-time orbits and clocks via internet links,
which can be affected by signal outages.

To address this issue, Li et al. [26] developed a method to utilize IGS ultra-rapid orbits
and establish clock corrections. Upon applying this method to the real-time retrieval of
ZTD/PWV data, the RMS of only GPS, only Galileo, and only BDS-3 ZTDs are 2.20 cm,
3.07 cm, and 4.21 cm, while the PWVs are 3.42 mm, 4.57 mm, and 6.66 mm, respectively, for
a 10 min interruption. This method effectively mitigates the impacts of communication in-
terruptions and meets the accuracy requirements of general numerical weather forecasting,
but it does not consider the case where the communication interruption time is more than
1 h. In addition, Yang et al. [27] and Xu et al. [28] proposed a real-time water vapor data
retrieval method based on the BDS-3 PPP-B2b signal. This method yields a real-time ZTD
product with an accuracy of 2.64 cm and a real-time PWV product of less than 4 mm. This
method utilizes the high-precision RT-PPP service provided by the BDS-3 PPP-B2b signal
without relying on internet communication for data reception, but the disadvantage is that
global service is not possible. Notably, Carlin et al. [29] and Chen et al. [30] proposed a
PPP with the broadcast ephemerides (BE-PPP) method, which provides a new opportunity
for real-time PPP to cope with communication outages. In terms of positioning accuracy,
BE-PPP performs well. The 3D direction positioning accuracy of the GPS + Galileo static
BE-PPP solution is about 10 cm, while it is 8.6 cm for the BDS-3 + GPS + Galileo static
BE-PPP solution.

To explore the potential of BE-PPP in the retrieval application services of ZTD/PWV,
this study investigated water vapor inversion using the GPS/Galileo BE-PPP method to
evaluate the bias and stability of real-time ZTD/PWV. The water vapor data from nearby
RDS stations and the ERA5 were used in the PWV comparison. The processing strategy
of BE-PPP and the ZTD/PWV retrieval algorithm are described in detail in Section 2. The
results and a discussion of the ZTD/PWV retrieval experiments are presented in Section 3.
The summary and conclusions are presented in Section 4.

2. Data and Methods
2.1. Datasets

The GPS/Galileo observations from 100 globally distributed stations (80 IGS stations
and 20 EUREF Permanent GNSS Network (EPN) stations) were processed for 30 days
(Figure 1) in 2022. The 20 EPN stations are close to the RDS stations [31,32]. The reference
frame for the GPS broadcast ephemerides is WGS 84 [33], and the Galileo reference frame
is GTRF [34].
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Figure 1. Distribution of selected IGS stations (red dots) around the world, EPN stations (blue
triangles), and RDS stations (black pentagons) in Europe.

The BE-PPP algorithm is implemented based on the open-source software GAMP [35],
and the detailed processing strategies are shown in Table 1. In addition, the RT-PPP
algorithm uses real-time orbit and clock products from the Wuhan University (WHU)
analysis center in China, and the processing strategies are all the same as those used in
BE-PPP, but a satellite antenna offset needs to be applied.

Table 1. Details of the implementation of the BE-PPP procedure.

Items Description

Observations Ionospheric-free combinations of GPS/Galileo carrier phase and
pseudorange, 30 s sampling, 7-degree cutoff elevation

Satellite orbits and clocks Only broadcast ephemerides
Pseudorange noise G: 5 mm; E: 5 mm

Phase noise G: 1 m; E: 0.5 m
Filter Backward–forward KF

Tropospheric delay
Prior value from Saastamoinen and the global mapping function

(GMF), and remaining errors estimated as random walk
noise; σ0 of 0.6 m, σp of 6 mm, τ of 3600 s

Ionospheric delay First order was eliminated by ionospheric-free combination, and
higher orders ignored

Receiver clock Estimated as white noise with σ0 and σp of 60 m
Inter-system bias Estimated as white noise with σ0 and σp of 60 m

Ambiguity Float ambiguity is estimated as a time constant with a σ0 of 10 m

Signal-in-space error (SISE)
Priori constraint of 0.5 m, estimated as random walk noise; σ0:

GPS of 0.5 m, Galileo of 0.2 m; σp: GPS of 10 mm, Galileo of 3 mm,
τ of 30 s [30]

Tide models Solid earth tide, polar tide model (IERS Conversion 2010), ocean
tide model (i.e., FES2004)

Receiver antenna
phase center IGS absolute phase center calibration (i.e., igs20.atx)

Satellite antenna
phase center None [29]

Other corrections Relativistic effect, Sagnac effect, satellite antenna phase
wind-up corrections

The initial standard deviation σ0, standard deviation σp, and time constant τ are listed for both processing strategies.
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2.2. Technological Route

The flowchart for retrieving ZTD and PWV data using BE-PPP is shown in Figure 2.
The whole process is divided into two parts. The first part is the BE-PPP algorithm for
solving the ZTD, which first constructs the observation model based on the pseudorange
and carrier observations of GPS and Galileo, corrects the errors, then estimates the parame-
ters to be estimated using Kalman filtering, and finally outputs the ZTD. It is important
to note that the use of broadcast ephemeris causes errors, which need to be modeled by
a random wandering process as the parameters to be estimated. The second part is the
PWV inversion. Due to the absence of real barometric pressure and temperature, the ZWD
estimated in the first part is not directly used to invert the PWV, and we use the ZTD. With
the barometric pressure and temperature provided by the ERA5 data, we interpolate to the
station positions and compute an accurate ZHD value based on the Saastamoinen model,
which in turn yields an accurate ZWD. Then, we compute the transformed parameters,
and the PWV can be accurately retrieved. RDS and ERA5 are the external checks used
to evaluate the accuracy of the PWV data, and the accuracy of the ZTD data is evaluated
using the ZPD product of the IGS. Also, this method was compared with the conventional
RT-PPP to assess the difference between the two.
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2.3. GNSS ZTD/PWV Retrieval Based on BE-PPP

(1) ZTD estimation: Based on the carrier and pseudorange raw observation equations,
the ionosphere-free combined BE-PPP raw equation can be obtained in the following
form [29]:

{
pIF = ρ + c · dt + ϕ · T + ISB + sise + ε
φIF = ρ + c · dt + ϕ · T + ISB + N + sise + ξ

(1)

where pIF and φIF are the ionosphere-free pseudorange and carrier phase combinations; ρ
is the geometric range including corrections, such as the relativistic effect in Table 1; c is
the speed of light; dt is the receiver clock; ϕ is the tropospheric mapping function; T is the
tropospheric delay; ISB is the inter-system bias; N is the ionosphere-free ambiguity; sise is
the SISE of the broadcast ephemerides; and ε and ξ are the pseudorange and carrier-phase
noise, respectively.

The formula for the ZTD is as follows:

ZTD = m fw · ZWD + m fh · ZHD (2)
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where ZWD and ZHD are the zenith wet delay (ZWD) estimated with Kalman and the
zenith hydrostatic delay (ZHD), and m fw and m fh are their mapping functions. ZHD is
calculated using the Saastamoinen model:

ZHD = 0.0022768
Ps

1 − 0.00266 cos(2φ)− 0.28 · 10−6 · h0
(3)

where Ps is the atmospheric pressure at the measurement station obtained using the stan-
dard meteorological element method or the empirical global pressure and temperature
(GPT) model; φ is the latitude of the measurement station; and h0 is the elevation of the
measurement station. Ps is not the actual measured atmospheric pressure, so the obtained
ZHD value is not accurate. Although using an inaccurate prior ZHD value cannot directly
lead to obtaining an accurate ZWD value, it can obtain a relatively accurate ZTD value.

(2) PWV retrieval:

After obtaining an accurate ZTD value, the wet delay is calculated as below:

ZWD = ZTD − ZHD (4)

where the ZHD is calculated using Equation (3), and the pressure is taken from ERA5.
Then, the ZWD is converted into the PWV (unit: m) [36]:

PWV = κ × ZWD (5)

where κ is the conversion factor, which can be expressed as

κ =
106

ρlwRw

(
k′2 +

k3
Tm

) (6)

where ρlw is the density of liquid water and takes the value 1000 kg/m3; Rw is the spe-
cific gas constant for water vapor, which takes the value of 461.495 J/(kg · K); k′2 and
k3 are the atmospheric refractivity constants, taking the values of 0.1625 K/hPa and
0.03776 × 105 K2/hPa, respectively; and Tm is the atmospheric weighted mean temper-
ature (K). In this study, we used the Bevis formula improved by Yao et al. [37] based on
10 years of data from 135 global radiosonde stations:

Tm = 0.8116 · Ts + 43.69 (7)

where Ts is the observed surface temperature, which can be derived based on ERA5.

(3) PWV retrieval based on ERA5: ERA5 is the fifth-generation atmospheric reanalysis
dataset of the global climate from January 1940 to the present, produced by the
ECMWF. The retrieval in this case utilized the relative humidity, air pressure, and
temperature from the ERA5 hourly data on a pressure-level dataset to calculate the
PWV. The formula is as follows:

PWV =
1
g

Ptop∫
Pbottom

qdP (8)

where q is the specific humidity (%RH); g is the gravity acceleration of Earth (m/s2); P
is the pressure (hPa) between the bottom and top of a certain atmosphere layer; Pbottom is
the atmospheric pressure (hPa) at the elevation of the measurement station; and Ptop is the
pressure (hPa) at the top of the atmosphere.

(4) PWV retrieval based on radiosondes: The University of Wyoming Atmospheric Science
Radiosonde Archive (uwyo.edu) provides radiosonde data for global international

uwyo.edu


Atmosphere 2024, 15, 1030 6 of 13

exchange stations. The data files include atmospheric pressure, altitude, temperature,
dew point temperature, relative humidity, wind direction, and water vapor mixing
ratio for each layer. Using the water vapor mixing ratio mx, the specific humidity q
can be calculated as follows:

q =
mx

1 + mx
. (9)

The discrete form of Equation (9) can be used:

PWV =
1

ρw

n

∑
i=1

qi
gi

∆pi (10)

In the equation, i = 1, 2, . . . , n represents the ith atmospheric layer, qi represents the
average specific humidity of the ith atmospheric layer, gi represents the average acceleration
due to gravity of the ith atmospheric layer (m/s2), and ∆pi denotes the difference in pressure
between the bottom and top of the ith atmospheric layer (hPa).

3. Results and Discussion

The experiments are divided into two parts in this section. In the first part, using
GPS/Galileo observations, we processed 80 stations from the IGS for 30 days in 2022 to
assess the performance of the real-time ZTD solution based on BE-PPP and RT-PPP. In the
second part, we processed 20 stations’ GPS/Galileo observations from the EPN for 30 days
in 2022 to assess the performance of the real-time PWV solution based on BE-PPP and
RT-PPP. The EAR5 and RDS data were used to validate the PWV data. We used the mean
bias and the standard deviation (STD) as the accuracy indexes. Compared with the mean
bias, the STD, an indicator of the stability of the ZTD valuation, is more important, which
is a measure of the suitability of the ZTD valuation for NWP forecasting [38].

3.1. Evaluation of Real-Time ZTD

Two real-time ZTD products, denoted as BE-ZTD and RT-ZTD, were obtained using
the BE-PPP and RT-PPP models, respectively, and the final tropospheric product (IGS-ZTD)
from the IGS Analysis Center was used for validation to assess the accuracy of the ZTD.
The time series of the BE-ZTD, RT-ZTD, and IGS-ZTD at the DYNG stations on December
21, 2022 (DOY 356), is shown in Figure 3. It can be seen that the BE-ZTD agrees better with
the IGS-ZTD than the RT-ZTD does in the DYNG station. Statistically, the mean bias and
STD of the RT-ZTD’s deviation are −5.7 mm and 6.3 mm, respectively, and the mean bias
and STD of the BE-ZTD’s deviation are −2.6 mm and 7.1 mm, respectively. Undoubtedly,
the mean bias of the BE-ZTD is less than that of the RT-ZTD, but the difference in the STD
between the two models is small, specifically 0.8 mm. In addition, we analyzed the bias
distribution of the RT-ZTD and BE-ZTD at eight stations in the same period. As can be
easily seen in Figure 4, the largest departures of both BE-ZTD and RT-ZTD are no more
than 3 cm. The mean STDs of the BE-ZTD and RT-ZTD at the eight stations are 8.6 mm and
7.0 mm, respectively, showing agreement at the millimeter level, which indicates that the
BE-PPP and RT-PPP solutions show comparable accuracy in the real-time estimation of
the ZTD. The mean values of the ZTD biases from the eight stations are −0.1 mm for the
BE-ZTD and −0.25 mm for the RT-ZTD. No obvious systematic biases can be seen between
RT-ZTD and BE-ZTD.
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Figure 4. Distribution of ZTD differences between RT-ZTD and BE-ZTD from 8 stations.

To further validate the above conclusions, we analyzed the results of 80 IGS stations.
For real-time ZTD products applied to NWP forecasting, the accuracy requirements of a
0.6 cm target and 3 cm threshold value need to be met [38]. Figure 5 depicts the mean
bias and STD of the BE-ZTD and RT-ZTD from 80 IGS stations on 21 December 2022 (DOY
356). The bias of the RT-ZTD is −1.0–1.2 cm, and the bias of the BE-ZTD is −5.3–5.4 cm, as
shown in subgraph (a). The STD of the ZTD differences is 0.4–1.4 cm for the RT-ZTD and
0.4–2.9 cm for the BE-ZTD, as shown in subgraph (b). It can be seen that the stability of
the RT-ZTD is significantly better than that of the BE-ZTD. The performance is consistent
among the stations for the RT-ZTD, whereas the BE-ZTD varies greatly among the different
stations, with the more stable ones being consistent with the RT-ZTD, but the STDs of the
stations all meet the threshold requirement.
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To comprehensively compare the differences between the real-time ZTD estimated
using RT-PPP and BE-PPP, the mean bias and STD of the 30-day RT-ZTD and BE-ZTD were
determined and are plotted in Figure 6. Following the principle of 1.5 × IQR (interquartile
range), after excluding the outliers, the data availability was 95.8% for both BE-ZTD and
RT-ZTD. Figure 5 shows that the mean bias of the RT-ZTD is −0.79–0.72 cm, while that
of BE-PPP is −6.83 cm to 4.49 cm. The STD of the RT-ZTD is 0.13–1.12 cm, and that of
BE-PPP is 0.28–2.46 cm. The average bias value is −0.04 cm for the RT-ZTD, and the
average STD value is 0.6 cm, while the average bias value is -1.11 cm for the BE-ZTD,
and the average STD value is 1.07 cm. In summary, the ZTD products with real-time
estimation of RT-PPP are characterized by their high accuracy and stability; however, the
difference in the average STD between the BE-ZTD and RT-ZTD is only 4.7 mm, which
indicates that it is feasible to use real-time BE-ZTD estimation to compute NWPs when the
network link is outage. This is also consistent with the study of Pan et al., which reported
a standard deviation of 15.7 mm for the inverted ZTD with real-time PPP based on the
Galileo broadcast ephemeris [39].
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3.2. Evaluation of the PWVs Derived from BE-PPP

(1) Validation with ERA5: For the validation of the PWV derived from BE-PPP, the PWV
series retrieved from RT-PPP and BE-PPP processing were compared with the series
from ERA5. The temporal resolution of the RT-PPP and BE-PPP PWV solutions was
30 s, while the PWV derived from ERA5 was 1 h. To avoid additional interpolation,
only PWV retrieval at common epochs of each PWV series was taken into account for
the comparison. Figure 7 shows the PWV comparisons of BE-PPP, RT-PPP, and ERA5
for 720 consecutive hours at the EPN station SAS2.
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Figure 8. Mean value (a) and STD (b) of the PWV differences for BE-PPP and RT-PPP with respect 
to ERA5 at 20 EPN stations during DOY 335–364 of 2022. 
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Figure 7. The time series of PWV derived from BE-PPP, RT-PPP, and ERA5 at station SAS2 during
DOY 335-364 of 2022.
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The PWV retrieved with RT-PPP (blue) and BE-PPP (red) both exhibit excellent agree-
ment with the ERA5 PWV (black), while the RT-PWV outperforms the BE-PWV. The mean
bias is −1.41 mm for the RT-PWV and −2.41 mm for the BE-PWV. The STD values of the
RT-PWV and BE-PWV are 1.02 mm and 2.53 mm, respectively. The difference in the STD
values between the RT-PWV and BE-PWV is at the millimeter level. To further compare
the differences between BE-PWV and RT-PWV, data from 20 EPN stations were used for
a statistical analysis in this paper. As shown in Figure 8, the mean bias of the BE-PWV is
−2.14–6.01 mm, while the mean bias of the RT-PWV is −3.98–3.11 mm. The majority of
the stations exhibit a higher mean bias for the BE-PWV compared to that of the RT-ZTD,
although there are a few stations where the BE-PWV outperforms the RT-PWV. Subgraph
(b) shows the variation in the STD among the stations. For the BE-PWV, the STD ranges
from 1.39 to 2.53 mm, while for the RT-PWV, it ranges from 0.85 to 1.25 mm. The stability
of the RT-PWV is observed to be higher compared to that of the BE-PWV. The mean biases
for the RT-PWV and BE-PWV from the 20 stations are −0.14 mm and 1.84 mm, respectively.
Additionally, the STDs for the RT-PWV and BE-PWV are 0.96 mm and 1.69 mm, respec-
tively. These findings further support the aforementioned conclusion that the disparity
between RT-PWV and BE-PWV is negligible. Both RT-PPP and BE-PPP meet the accuracy
requirements of a 1 mm target and 5 mm threshold value for real-time PWV products
applied to NWP forecasting [40]. The results indicate that the difference in PWV derived
from the BE-PPP and RT-PPP solutions is small, while BE-PPP demonstrates an accuracy
and stability sufficient enough to serve as a viable alternative solution to RT-PPP.
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Figure 8. Mean value (a) and STD (b) of the PWV differences for BE-PPP and RT-PPP with respect 
to ERA5 at 20 EPN stations during DOY 335–364 of 2022. 
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Figure 8. Mean value (a) and STD (b) of the PWV differences for BE-PPP and RT-PPP with respect to
ERA5 at 20 EPN stations during DOY 335–364 of 2022.

(2) Validation with radiosondes: The PWV values derived from the BE-PPP and RT-PPP
analysis compared to the RDS PWV were also validated. Figure 9 presents the PWV
results obtained from the BE-PPP, RT-PPP, and RDS solutions at station SAS2. Since
the RDS provides PWV data every 12 or 24 h, the comparison of the BE-PWV, RT-
PWV, and RDS-PWV is performed at common time intervals. It can be observed that
both BE-PPP and RT-PPP accurately estimate the PWV, with differences within a few
millimeters compared to the RDS-PWV. Additionally, the STD of the PWV differences
between these two methods is approximately 0.56 mm. The mean value and STD of
the PWV differences for the BE-PPP and RT-PPP solutions with respect to the RDS
solution from 20 EPN stations in Europe with nearby RDS launch sites are presented
in Figure 10. In subgraph (a), it can be observed that the mean bias of the BE-PWV
ranges from −1.61 mm to 6.57 mm, while the mean bias of the RT-PWV ranges from
−1.17 mm to 3.77 mm. At most stations, the mean bias of the RT-PWV is smaller
than that of the BE-PWV. Subgraph (b) illustrates the variation in the STD among the
stations, with a range of 2.15 mm to 4.96 mm for the BE-PWV and 0.93 mm to 2.45 mm
for the RT-PWV. It is noteworthy that the stability of the RT-PWV surpasses that of
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the BE-PWV, as indicated by the lower STD values across all the stations examined.
The average biases across all 20 stations were found to be 0.43 mm for the RT-PWV
and 2.55 mm for the BE-PWV, while the average STD values were determined to be
1.39 mm for the RT-PWV and 3.09 mm for the BE-PWV, which satisfy the accuracy
requirements. This is consistent with the mean bias of 2 mm and STD of 2.5 mm [39].
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Figure 9. The time series of PWV derived from BE-PPP, RT-PPP, and RDS at station SAS2 during 
DOY 335–364 of 2022. 
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Figure 10. Mean value (a) and STD (b) of the PWV differences for BE-PPP and RT-PPP with respect 
to RDS at 20 EPN stations during DOY 335–364 of 2022. 
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than that of the BE-PWV. Subgraph (b) illustrates the variation in the STD among the 
stations, with a range of 2.15 mm to 4.96 mm for the BE-PWV and 0.93 mm to 2.45 
mm for the RT-PWV. It is noteworthy that the stability of the RT-PWV surpasses that 
of the BE-PWV, as indicated by the lower STD values across all the stations examined. 
The average biases across all 20 stations were found to be 0.43 mm for the RT-PWV 
and 2.55 mm for the BE-PWV, while the average STD values were determined to be 
1.39 mm for the RT-PWV and 3.09 mm for the BE-PWV, which satisfy the accuracy 
requirements. This is consistent with the mean bias of 2 mm and STD of 2.5 mm [39]. 
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4. Conclusions

This paper presents a real-time ZTD/PWV processing solution using the BE-PPP
method. Data from 80 IGS stations and 20 EPN stations were processed consecutively for
30 days, employing both the BE-PPP and RT-PPP methods. The feasibility and accuracy
of real-time ZTD/PWV data retrieval using the BE-PPP method were thoroughly ana-
lyzed and assessed, while the disparities between the BE-PPP and RT-PPP methods were
also investigated.

The results demonstrate the stability of the ZTD estimation obtained from BE-PPP.
The mean difference between BE-ZTD and IGS-ZTD was −1.03 cm, with an average STD
of 1.07 cm. On the other hand, RT-PPP yielded a mean bias of −0.02 cm for ZTD retrieval,
accompanied by an average STD of 0.6 cm. Notably, the discrepancy between RT-PPP and
BE-PPP is smaller, with only a 4.7 mm STD value.

In terms of PWV retrieval, the PWVs obtained from both the BE-PPP and RT-PPP
solutions exhibited excellent agreement with the ERA5-PWV and RDS-PWV solutions,
displaying differences of a magnitude of only a few millimeters. When validated against the
ERA5-PWV, the STD for the BE-PWV was 1.69 mm, while for the RT-PWV, it was 0.96 mm.
The disparity in the STD between RT-PPP and BE-PPP amounts to merely 0.73 mm. Upon
validation with the RDS-PWV, the STD values were determined to be 3.09 mm for the
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BE-PWV and 1.39 mm for the RT-PWV, indicating an approximate difference of around
2 mm, which satisfies the accuracy requirements.

Therefore, we can conclude that the real-time retrieval of ZTD/PWV values using the
BE-PPP solution is feasible and meets the accuracy requirements. Moreover, the discrepancy
between BE-PPP and RT-PPP is minimal, making BE-PPP an effective supplement to the
GNSS RT-PPP ZTD/PWV retrieval solution.
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