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Abstract: Real-time precise point positioning (RT-PPP) has become a powerful technique for the
determination of the zenith tropospheric delay (ZTD) over a GPS (global positioning system) or
GNSS (global navigation satellite systems) station of interest, and the follow-on high-precision
retrieval of precipitable water vapor (PWV). The a priori zenith hydrostatic delay (ZHD) and the
mapping function used in the PPP approach are the two factors that could affect the accuracy of the
PPP-based ZTD significantly. If the in situ atmospheric pressure is available, the Saastamoinen model
can be used to determine ZHD values, and the model-predicted ZHD results are of high accuracy.
However, not all GPS/GNSS are equipped with an in situ meteorological sensor. In this research, the
daily forecasting ZHD and mapping function values from VMF1 forecasting (VMF1_FC) and VMF3
forecasting (VMF3_FC) products were used for the determination of the GPS-derived PWV. The a
priori ZHDs derived from VMF1_FC and VMF3_FC were first evaluated by comparing against the
reference ZHDs from globally distributed radiosonde stations. GPS observations from 41 IGS stations
that have co-located radiosonde stations during the period of the first half of 2020 were used to test
the quality of GPS-ZTD and GPS-PWV. Three sets of ZTDs estimated from RT-PPP solutions using
the a priori ZHD and mapping function from the following three VMF products were evaluated: (1)
VMF1_FC; (2) VMF3_FC (resolution 5◦ × 5◦); (3) VMF3_FC (resolution 1◦ × 1◦). The results showed
that, when the ZHDs from 443 globally distributed radiosonde stations from 1 July 2018 to 30 June
2021 were used as the reference, the mean RMSEs of the ZHDs from the three VMF products were
5.9, 5.4, and 4.3 mm, respectively. The ZTDs estimated from RT-PPP at 41 selected IGS stations were
compared with those from IGS, and the results showed that the mean RMSEs of the ZTDs of the
41 stations from the three PPP solutions were 8.6, 9.0, and 8.6 mm, respectively, and the mean RMSEs
of the PWV converted from their corresponding ZWDs were 1.9, 2.4, and 1.7 mm, respectively, in
comparison with the reference PWV from co-located radiosonde stations. The results suggest that
the a priori ZHD and mapping function from VMF1_FC and VMF3_FC can be used for the precise
determination of real-time GPS/GNSS-PWV in most regions, especially the VMF3_FC (resolution
1◦ × 1◦) product.

Keywords: VMF1; VMF3; zenith hydrostatic delay; precipitable water vapor; precise point positioning

1. Introduction

The GNSS (global navigation satellite systems), initially designed for positioning,
navigation, and timing, has now been used in the field of atmospheric sensing. GNSS
measurements are subject to various types of errors, particularly atmospheric errors, i.e., the
tropospheric and ionospheric delay errors. The tropospheric delay needs to be estimated
along with all the other unknown parameters in the GNSS data processing. For reducing
the number of unknown parameters to be solved for, the slant tropospheric delay (STD) of
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all GNSS signals observed at the same station usually need to be projected onto the zenith
direction of the station (i.e. the zenith hydrostatic delay (ZHD) and zenith wet delay(ZWD))
using the formula below:

STD = ZHD •m fh + ZWD •m fw + m fw • cot(e) • (GN • cos(α) + GE • sin(α)) (1)

where m fh and m fw are their corresponding mapping functions, which are closely related
to the elevation angle of the signal and usually obtained from models such as GMF [1],
VMF1 [2], or VMF3 [3]; e and α are the elevation angle and azimuth angle of the signal,
respectively; GN and GE are the tropospheric gradient parameters resulting from the
asymmetry troposphere.

A standard model can be used to determine ZHD values, and the model-predicted
ZHD results are of a high accuracy under the condition that high-accuracy in situ atmo-
spheric pressure is available from an in situ meteorological sensor or a numerical weather
model (NWM). However, the ZWD cannot be obtained in the same way, as it is tightly
related to the water vapor content over the site, which is highly dynamic. Instead, it is
considered an unknown parameter in the GNSS data processing process. The two common
approaches used in GNSS data processing for unknown parameter estimation are the
network-based and precise point positioning (PPP) procedures. The former is based on
double-difference observations from more than one station, while the latter is based on
undifferenced observations from one station.

Nowadays, near real-time GNSS-ZTD obtained from the network solution has been
assimilated into numerical weather prediction (NWP) models for improving the perfor-
mance of weather forecasting [4–7]. Efforts have also been made to obtain the ZTD and
PWV from RT-PPP, which uses the International GNSS Service (IGS) Real-time Service
(RTS). Preliminary results showed that the ZTD and PWV resulting from RT-PPP can meet
the requirements of related meteorological applications [8–12]. With the full deployment
of GALILEO and BDS, as well as the development of multi-GNSS RTS products, studies
for the contribution of GLONASS, GALILEO, and BDS to ZTD estimates and their con-
verted PWV have been carried out during past years [13–20]. It has been proved that the
convergence time of the solution and the accuracy of the ZTD estimate can be improved
through the integration of multi-GNSS. The accuracy of PPP-ZTD can also be improved
by PPP with ambiguity resolution (PPP-AR), as reported by Ding [21], Lu [22], and Li [15].
The impacts of real-time satellite clock errors, high-order ionospheric delays, and other
advanced processing strategies on PPP-ZTD estimates have also been reported by some
researchers [23–29].

In the estimation process for the ZTD (together with other unknown parameters)
through PPP, it is common that the a priori ZHD is used in the projection for the slant
hydrostatic delays of the signals observed at the station, i.e., the a priori ZHD value
multiplying the corresponding mapping function (see the first term on the right-hand side
of Equation (1)) can be regarded as the approximate values of the unknown parameter
ZTD. If the a priori ZHD and the two mapping functions in Equation (1) are sufficiently
accurate, then the estimate for this term from the solution is the ZWD; otherwise, the
errors in the three terms will be partly or/and indirectly absorbed into the ZWD estimate,
depending on the mapping functions selected. These errors affect not only the ZWD or
ZTD but also the position estimates, especially in the height direction [2,30,31]. Therefore,
the obtaining of a high-accuracy ZHD and mapping function is significant to the accuracy
of GNSS estimation results.

As mentioned before, the ZHD can be obtained at a high accuracy from a standard
(or empirical) model, which is a function of the in situ measurement of atmospheric
pressure [32]. However, not all GNSS stations are equipped with meteorological sensors
for this purpose. To address this issue, some empirical regional or global models have been
developed, of which the GPT series [33–35] have been widely applied to predict the ZHD
for any site over the region or globe. Wang et al. [36] evaluated the atmospheric pressure
derived from the GPT2w model, and the results showed that GPT2w performed worse at
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mid-latitude and high-latitude regions, compared to that at low-latitude regions. Moreover,
atmospheric pressure obtained from NWM data (including reanalysis data and forecasting
data) can also be used as the input variable of a standard ZHD model to obtain the ZHD. The
reanalysis data, such as ERA5 reanalysis, are only available in the post-processing mode;
thus, it is not suitable for real-time applications. A priori ZHD and mapping functions
obtained from forecasting NWM data can be used for real-time GNSS data processing,
but this may increase the computational burden of parameter estimation. Fortunately, the
Vienna mapping functions 1 (VMF1) [2] and Vienna mapping functions 3 (VMF3) [37] data,
which contain forecast results (named VMF1_FC and VMF3_FC, respectively), are routinely
generated by the Vienna University of Technology (TU Wien, TUW) and published on
the VMF Data Server [38], which provides access to the ZTD (including the ZHD and
ZWD) and mapping function from the NWM. VMF-like products are also provided by
the University of New Brunswick (UNB, http://unb-vmf1.gge.unb.ca/, accessed on 26
July 2021) and GeoForschungsZentrum Potsdam (GFZ, ftp://139.17.3.3/, accessed on 26
July 2021). Yao et al. [39] evaluated the accuracy of the ZTD derived from VMF1_FC grids
by comparing it against the IGS tropospheric product. Yuan [40] stated that the ZTD and
position estimated from RT-PPP were improved by the use of VMF1_FC, compared to the
one that utilizes empirical tropospheric models. However, little work has been reported
on the accuracy of the a priori ZHD from VMF1_FC and VMF3_FC, as well as the ZTD
and PWV resulting from RT-PPP utilizing ZHD and the mapping function from VMF1_FC
and VMF3_FC. This research mainly focused on the assessment of the performance of
these products.

This paper is organized as follows. Section 2 describes the mathematical model of
real-time uncombined PPP and the method of converting GNSS-ZWD to PWV. Data and
processing strategies employed in this research are introduced in Section 3. In Section 4, the
accuracies of various results, including the a priori ZHDs from VMF1_FC and VMF3_FC,
the ZTD estimated from RT-PPP, the application of VMF1_FC and VMF3_FC, and the
ZWD-converted PWV were evaluated. The summary and conclusions are presented in the
last section.

2. Materials and Methods

In this section, the data sources and processing strategies employed in this research
are depicted.

2.1. Real-Time Orbits and Clocks

In this research, CLK93 real-time orbit and clock corrections from DOY (day of year) 1
to 180 in 2020 were decoded and stored to the local disk through the BNC software [41].
However, due to an internet connection problem of the computer for recording the CLK93
corrections, only 154 days of corrections were available for the data processing of the
RT-PPP. It is noted that the RT-PPP algorithm was carried out in a simulated real-time
mode as the observation data were from data files, rather than streams (which are truly
real-time data).

2.2. GPS Data and Processing Strategies

GPS observation files from DOY 1 to 180 in 2020 downloaded from the FTP server
of Wuhan University were used for testing. The 41 IGS stations, as is shown in Figure 1,
were selected based on the following criteria: (1) As the reference of the PPP-derived
ZTD, the ZTD from IGS products is available. (2) A radiosonde station that has a less
than 10 km horizontal distance and a less than 100 m height difference from the IGS
station is available. A modified BNC software was developed to support the real-time
dual-frequency uncombined PPP algorithm for this study. The strategies utilized in the
RT-PPP data processing are shown in Table 1.

http://unb-vmf1.gge.unb.ca/
ftp://139.17.3.3/
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Table 1. Processing strategies of RT-PPP.

Item Strategy

Frequency GPS: L1, L2
Sampling interval 30 s

Elevation cut-off angle 5◦

PPP model Uncombined PPP (see Appendix A)
Receiver phase center Corrected

Solid earth tide Corrected
Ocean tide Corrected

Phase wind-up Corrected
Estimation method Kalman filtering
Station coordinate Estimated, constant was assumed

ZHD Corrected with VMF1_FC/VMF3_FC grid

ZWD
Estimated, random-walk process was assumed (0.02

mm/
√

s), and the initial value of the first epoch was set to
the ZWD derived from VMF1_FC/VMF3_FC grid.

Tropospheric gradient Neglected
Mapping function VMF1/VMF3

Receiver clock error Estimated, white noise was assumed
Ambiguity Estimated, float constant was assumed

Slant ionospheric delay Estimated, random-walk process was assumed (0.04
m/
√

s)

The elevation-dependent stochastic model recommended by Hadas [24] was used to
determine the weight of the observation:

σ = σ0

√
a + b • cosn(e) (2)

where σ0 is the a priori sigma of observations; a = 1, b = 4, and n = 8 are constants; e is
the elevation angle.

The ZWD estimated from RT-PPP is converted into PWV using:

PWV = Π • ZWD (3)
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where Π is the conversion factor, which is a function of the weighted mean temperature
(Tm) along the vertical direction of the atmosphere over the receiver’s site:

Π =
106

ρw • Rv

(
k3
Tm

+ k′2
) (4)

where ρw is the density of liquid water; Rv = 461.5J/(kg •K) is the specific gas constant
for water vapor; k′2 = 22.1 K/hPa and k3 = 373, 900 K2/hPa are atmospheric refractiv-
ity constants.

The procedure of the RT-PPP-based PWV retrieval utilizing VMF1/VMF3 forecasting
products is shown in Figure 2.
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2.3. VMF Forecasting Data

The two types of VMF forecasting data provided by the VMF Data Server are grid-
based data for any location around the globe and site-based data for specific GNSS, DORIS,
VLBI stations. Only three grid-based VMF forecasting products, see Table 2, were tested
in this research. The horizontal resolution of VMF1_FC is 2.5◦ × 2.0◦, while VMF3_FC
has two resolutions: 1.0◦ × 1.0◦ and 5.0◦ × 5.0◦. The a priori ZHD and ZWD, as well as
the coefficients of their corresponding mapping functions, are given for each of the grid
points. All of these grid-based VMF forecasting data in 2020 were downloaded from the
VMF Data Server [38] for the evaluation of the accuracy of their corresponding a priori
ZHDs and the application for real-time retrieval of GPS-PWV. The vertical reduction model
and the bilinear interpolation method recommended by Kouba [30] were utilized to obtain
the ZHD for the target GPS station based on the height difference and horizontal distance
between the station and its four surrounding grid points. First, the atmospheric pressure at
the grid point can be calculated according to the Saastamoinen model [32,42]:

P0 =
ZHD •

(
1− 0.00266 cos(2ϕ)− 0.28 • 10−6H

)
0.0022768

(5)
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where P0 is the atmospheric pressure at the grid point; ϕ and H are the latitude and height
of the grid point. Then, the atmospheric pressure at the target height over the grod point
can be obtained by:

P(h) = P0(1− 0.0000226(h− H))5.225 (6)

where h is the height of the target station. Finally, the ZHD at the target height over the
grid point can be calculated using the Saastamoinen model, followed by the horizontal
interpolation of ZHD at the target station.

Table 2. Three VMF forecasting data were tested in this research.

Product No. VMF Product Resolution Mapping Function

1 VMF1_FC 2.5◦ × 2◦ VMF1
2 VMF3_FC 5◦ × 5◦ VMF3
3 VMF3_FC 1◦ × 1◦ VMF3

2.4. Radiosonde Data for Evaluating VMF1/VMF3 Forecasting ZHD

The radiosonde data were downloaded from the FTP server of the Integrated Global
Radiosonde Archive (IGRA). Although radiosonde balloons at most radiosonde stations
are released two to four times a day, only the profiles at 00:00 and 12:00 UTC were selected
in this research. For the evaluation of the ZHD resulting from VMF1_FC and VMF3_FC,
atmospheric pressures over the earth surface of 443 stations from 1 July 2018 to 30 June
2021 were selected as more than 1500 profiles were observed at these stations. The ZHD at
the surface level of a selected radiosonde station was calculated using the Saastamoinen
model. It should be noted that as radiosonde balloons were not necessarily released exactly
at 00:00 and 12:00 UTC, the ZHD obtained from the surface atmospheric pressure was in
fact of the release time rather than 00:00 and 12:00 UTC.

2.5. Radiosonde Data for Evaluating RT-PPP-Based PWV

For the evaluation of the accuracy of GNSS-PWV resulting from the above-mentioned
VMF forecasting products, the reference PWV for each of the 41 selected IGS stations shown
in Figure 1 was calculated from the observation profiles at its co-located radiosonde station
through the integration defined below:

PWV =
1
ρ

∫
(q/g)dp (7)

where ρ is the density of liquid water; q is the specific humidity; g is the gravitational
acceleration, which was set to 9.80665 m/s2 in this research; p is the atmospheric pres-
sure. It should be noted that in practice, a discretization is used for an approximation
of Equation (7), as radiosonde observations are given at the observed pressure levels. In
consideration of the height difference between the selected IGS station and its co-located
radiosonde station, the atmospheric pressure for the height of the IGS station is obtained
by the following reduction model:

Ps = P0e−
gm•M
R•Tv (hs−h0) (8)

where Ps and P0 are the pressures at the height of the IGS station and the reference pressure
level, respectively, and hs and h0 are their heights; gm is the mean gravitational acceleration
(9.80665 m/s2). M is the constant for the molar mass of dry air (0.0289644 kg/mol); R is
the universal gas constant (8.3143 J/K/mol); Tv is the virtual temperature (in K) at the
reference height, which can be calculated by:

Tv = T • (1 + 0.6077 • q) (9)
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where T is the temperature (in Kelvin). The specific humidity was obtained by:

q = 0.6228 • E/(P− 0.378 • E) (10)

where E is the water vapor pressure. A linear interpolation or extrapolation was performed
to obtain the water vapor pressure at the height of the IGS station from its closest two
radiosonde pressure levels. The reference PWV can then be obtained from the radiosonde
profile starting with the specific humidity and atmospheric pressure at the height of the
IGS station.

3. Results and Discussion
3.1. A Priori ZHD from VMF1_FC and VMF3_FC

The overall accuracy of the a priori ZHD derived from the three VMF products are
listed in Table 2, and all testing data were measured by the bias and RMSE of all the
n samples:

bias =
1
n

n

∑
i=1

( ZHDRS,i − ZHDVMF,i) (11)

RMSE =

√
1
n

n

∑
i=1

( ZHDRS,i − ZHDVMF,i)
2 (12)

where ZHDVMF and ZHDRS are the ZHD from the VMF product and radiosonde observa-
tions, respectively.

Figure 3 shows the bias and RMSE of the ZHD predicted by the three VMF forecasting
products at each of the 443 stations, and Table 3 shows the statistical results of all the
stations. From the left panes (a1, a2, and a3) in Figure 3, we can see that most biases ranged
from−0.5 to 0.5 cm, suggesting little biases in the VMF-based ZHDs in most regions. Those
stations that had a warm bias were mainly located in low-latitude regions, especially in
China and Southeast Asia; and those stations that had a large cold bias were mainly located
in the Asian continent, northwest America, and Antarctica, especially from the first two
products. The mean biases of the ZHDs predicted by products 1 to 3 were −2.2, 0.5, and
1.7 mm, respectively (see Table 3).

The right panels (b1, b2, and b3) in Figure 3 indicate that the RMSEs at most stations
were in the range (0–5) mm, suggesting that the ZHDs from both VMF1_FC and VMF3_FC
can be used to retrieve PWV from the RT-PPP-based approach at most stations. The mean
RMSEs resulting from the three VMF products at all the 443 stations were 5.9, 5.4, and
4.3 mm, respectively, see Table 3. Those stations that had a large RMSE from the first
two products were mainly located in Asia, North America, and Antarctica. According
to Equation (3), if Π = 0.15, for a 5 mm error in ZHD, 0.75 mm in its resultant PWV is
expected. Thus, these grid-based VMF1/VMF3 forecasting products should be evaluated
before being applied to real-time PWV retrieval in some regions.
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Table 3. Statistical results of all the 443 stations shown in Figure 2 for the three products.

Product No. Bias (mm)
Mean [Min, Max]

RMSE (mm)
Mean [Min, Max]

1 −2.2 [−38.9, 53.0] 5.9 [1.4, 53.1]
2 0.5 [−41.3, 53.2] 5.4 [1.3, 53.3]
3 1.7 [−18.2, 55.1] 4.3 [1.3, 55.1]

Given that the ZHD above the target GNSS station is intepolated from four nearby grid
points and the height difference between the target station and the grid points is adjusted
using an empirical model, the accuracy of the VMF-predicted ZHD may be affected by the
height differences [43]. In this research, a new parameter, named weighted absolute heigh
difference (WAHD) was used for measuring the correlation between the above-mentioned
statistics and the height difference between the target station and the grid points:

WAHD =
4

∑
i=1

wi • ∆Hi (13)

where ∆Hi is the height difference between the target station and the ith nearby grid point;
wi is the weight of the ith height difference:

wi = 1/di/
4

∑
i=1

1/di (14)



Remote Sens. 2021, 13, 3245 9 of 16

where di is the horizontal distance between the target station and the ith nearby grid point.
Figure 4 shows the correlation between WAHD and two statistics (the bias and RMSE

in Figure 3). The mean WAHD of the three products were 286.9, 260.3, and 147.7 m,
respectively, at 442 selected stations (the station that is located at 90◦ S, 0◦ E was not taken
into consideration here). The mean WAHD of product 3 reduced significantly compared
to those of products 1 and 2, probably due to its high spatial resolution. As is shown in
the figure, stations with a large WAHD tend to have a large bias and RMSE, especially
products 1 and 2. These results suggest that the topography should be considered when
using these grid-based products.
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The time series of the ZHD obtained from the GPT3 model and VMF1/VMF3 forecast-
ing products in July 2018 at four radiosonde stations are shown in Figure 5. As is shown
in the figure, the variation in ZHD can be captured by VMF1/VMF3 forecasting products.
The GPT3 model performed worst as only the mean, annual, and semi-annual variations in
the asmospheric pressure were modeled.
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Figure 5. Time series of the ZHD obtained from GPT3 model and VMF1/VMF3 forecasting products
in July 2018 at four radiosonde stations (DOY represents “day of year”). (a) ZHD time series at No.
94866. (b) ZHD time series at No. 71043. (c) ZHD time series at No. 07110. (d) ZHD time series at
No. 04220.

3.2. RT-ZTD Estimated from PPP

The RT-ZTD estimated from PPP that applied the three VMF products for the tropo-
spheric delay at each of the 41 selected IGS stations (shown in Figure 1) was compared to
the IGS-provided ZTD of the same station for the accuracy evaluation of the VMF product,
and the statistical results of all the 154 days in 2020 are shown in Figure 6. It should be
mentioned that the estimated ZWDs during the first 2 h of the convergence process of PPP
were excluded from the evaluation results to ensure that all the ZTDs used to calculate
the RMSE were converged results. As is shown, the RMSE of the ZTD estimates at any
station was under 15 mm, and most of them were under 10 mm. In addition, the mean
RMSEs of the ZTDs at all the 41 stations resulting from the three VMF products were 8.6,
9.0, and 8.6 mm, meaning that product 2 performed worst (especially at the DAV1 station
(−68.58◦ S, 77.97◦ E), see the top pane in Figure 6). Besides, differences between the heights
of the DAV1 station resulting from products 2 and 3 were also found from the testing. The
RMS of the error in the height component at DAV1 station resulting from RT-PPP using
products 1 to 3 were 2.92, 5.13, and 2.80 cm, respectively, compared to the IGS-provided
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coordinate. The mean RMS of the height error at the 41 selected stations resulting from the
above-mentioned schemes were 3.16, 3.31, and 3.15 cm, respectively. These results suggest
that the height component of the station coordinate is also affected by the a priori ZHD
and mapping functions.
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3.3. RT-PWV Estimated from PPP

The PWV over each of the above 41 selected IGS stations was obtained from the
conversion of the RT-ZWD using the weighted mean temperature predicted by the GGNTm
model [44], followed by the comparison of the PWV against the reference PWV obtained
from the co-located radiosonde station. The RMSE of the converted PWVs of the 154 days
in 2020 at each station is shown in Figure 7. As we can see, most of the RMSEs of the PWVs
resulting from the three VMF products were under 3 mm, except for the GAMB (top panel)
and MAJU (bottom panel) stations, at which all the RMSEs from the three VMF products
exceeded 3 mm. The mean RMSEs of the PWVs of all the 41 stations resulting from the
three schemes were 1.9, 2.4, and 1.7 mm, meaning that product 2 is the worst performer,
again, especially at the DAV1 (top pane) and MAW1 (bottom pane) stations.
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41 IGS stations resulting from three VMF forecasting products.

Figure 8 shows the correlation between the PWV converted from PPP-ZWD at nine
IGS stations and the reference PWV from their co-located radiosonde stations. It can be
seen that product 3 (red) was best, while the PWVs resulting from the other two products at
the DAV1 and MCM4 stations were largely underestimated, and both stations are located
in Antarctica.
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4. Conclusions

RT-PPP has been proven to be an efficient technique for the retrieval of the ZTD
over a GNSS station from all GNSS signals observed at the station [24], and the accuracy
of the ZTD estimate is affected by various factors, including the a priori ZHD and the
mapping function applied in the observation equations [40]. In this research, the ZHD
and mapping function from the VMF forecasting products (VMF1_FC and VMF3_FC)
were applied to RT-PPP for testing their resultant GPS-PWV, which is converted from
GNSS-ZWD. The accuracy of the a priori ZHD derived from three selected grid-based
VMF forecasting products was evaluated by comparing them against the reference ZHD
obtained from sounding profiles observed at 443 globally distributed radiosonde stations.
GPS observations from 41 IGS stations that have co-located radiosonde stations during the
period of the first half year of 2020 were used to test GNSS-ZTD and GNSS-PWV. Three
sets of ZTDs estimated from RT-PPP and the application of the a priori ZHD and mapping
function obtained from the following three VMF products were evaluated: (1) VMF1_FC;
(2) VMF3_FC (resolution 5◦ × 5◦); (3) VMF3_FC (resolution 1◦ × 1◦). It is shown that
when the ZHDs from the above 443 radiosonde stations from 1 July 2018 to 30 June 2021
were used as the reference, the mean RMSEs of the ZHDs from the three VMF products
were 5.9, 5.4, and 4.3 mm, respectively. The ZTDs estimated at the above 41 selected
IGS stations were compared against IGS-provided ZTDs, and results indicated that the
second VMF product was the worst performer at some stations, and the mean RMSEs of
the ZTD estimates of the 41 IGS stations from the three products were 8.6, 9.0 and 8.6 mm,
respectively. The mean RMSEs of the PWV converted from the ZWDs at the 41 stations
were 1.9, 2.4, and 1.7 mm, respectively, compared to the reference PWV from co-located
radiosonde data. These results suggest that the a priori ZHD and mapping function from
both VMF1_FC and VMF3_FC can be applied to the PPP approach for obtaining real-time
GNSS-PWV in most regions.
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Appendix A. Mathematical Model for GPS Uncombined PPP

GPS code (denoted by P) and phase (denoted by L) observation equations are com-
monly expressed as:

Ps
r,j = ρs

r + c • (dtr − dts) + STDs
r + γj • Is

r,1 + c • (ds
r,j − ds

j ) + εs
r,j

Ls
r,j = ρs

r + c • (dtr − dts) + STDs
r − γj • Is

r,1 + λj • (Ns
r,j + bs

r,j − bs
j ) + ξs

r,j
(A1)

where s and r denote the satellite and receiver, respectively; j is the frequency band
(j = 1, 2, 5); ρs

r is the distance between the receiver and satellite; c is the speed of light; dtr
and dts are the clock offsets of the receiver and satellite, respectively; λj is the wavelength
of the carrier phase of the frequency f j; γj = ( f1/ f j)

2; Is
r,1 is the slant ionospheric delay

ftp://ftp.ncdc.noaa.gov/pub/data/igra/
ftp://ftp.ncdc.noaa.gov/pub/data/igra/
http://doi.org/10.17616/R3RD2H
http://doi.org/10.17616/R3RD2H
http://www.igs.gnsswhu.cn/
http://www.igs.gnsswhu.cn/
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on the frequency f1; Ns
r,j is the integer ambiguity of the carrier phase; ds

r,j and ds
j are the

uncalibrated code delays (UCD) of the receiver and satellite, respectively; bs
r,j and bs

j are
the uncalibrated phase delays (UPD) of the receiver and satellite, respectively; εs

r,j and ξs
r,j

are the observation noise of the code and phase observations, respectively.
The IGS GPS satellite clock products are conventionally generated through a linear

ionosphere-free (IF) combination of L1 and L2 dual-frequency observations. As a result,
the linear combination of the satellite’s UCDs are contained in the satellite clock error dts:

dts
= dts + (α12 • ds

1 + β12 • ds
2) + dD (A2)

where α12 =
f 2
1

f 2
1− f 2

2
, β12 = − f 2

2
f 2
1− f 2

2
, ds

1 and ds
2 are the satellite UCDs of corresponding code

observations, and dD is the error caused by the reference frame when dts is estimated. After
the slant hydrostatic delay, the satellite orbit, and clock products are applied, Equation
(A1) becomes:

∆Ps
r,j = es

r • ∆x + c
(

dtr + dD + ds
r,j

)
+ ZWD ·m f s

wr + γj • Is
r,1 + c

(
ds

IF,12 − ds
j

)
+ εs

r,j

∆Ls
r,j = es

r • ∆x + c
(

dtr + dD + ds
r,j

)
+ ZWD •m f s

wr − γj • Is
r,1 + λs

j

(
Ns

r,j + bs
r,j − bs

j

)
+c
(

ds
IF,12 − ds

r

)
+ ξs

r,j

(A3)

where ∆Ps
r,j and ∆Ls

r,j are the observed-minus-computed (O-C) code and phase observa-
tions, respectively; es

r is the unit vector of the component from r to s; ∆x is the increment of
the receiver’s (or station’s) coordinate with respect to its a priori value; c(ds

IF,12 − ds
j ) is the

satellite code bias item that can be corrected by the differential or observation-specific code
bias product. In this research, the code bias is corrected by the observation-specific code
bias corrections contained in the CLK93 real-time orbit and clock correction stream.

To solve the rank-deficient problem when estimating the position, the receiver’s clock
offset, the ZWD, the ionospheric delays, and ambiguities, a re-parameterization process is
often performed on the L1/L2 dual-frequency observation equations. After the code bias is
corrected, Equation (4) is simplified to:

∆Ps
r,j = es

r • ∆x + c • dtr + ZWD •m f s
wr + γj • Is

r,1 + εs
r,j

∆Ls
r,j = es

r • ∆x + c • dtr + ZWD •m f s
wr − γj • Is

r,1 + Ns
r,j + ξs

r,j
(A4)

where dtr, Is
r,1, and Ns

r,j are the re-parameterized receiver clock offset, slant ionospheric
delay, and ambiguities, respectively:

dtr = dtr + dr,IF12 + dD
Ir,1 = Is

r,1 + c • β12 • DCBr,12

Ns
r,1 = λs

1

(
Ns

r,1 + bs
r,1 − bs

1

)
+ c
(

ds
IF,12 − dr,IF12

)
+ c • β12 • DCBr,12

Ns
r,j = λs

2

(
Nr,2 + bs

r,2 − bs
2

)
+ c
(

ds
IF,12 − dr,IF12

)
− c • α12 • DCBr,12

(A5)

where dr,IF12 = α12 • dr,1 + β12 • dr,2; DCB is the differential code bias: DCBr,12 = ds
r,1− ds

r,2.
If n GPS satellites are tracked by the receiver at an epoch, the estimated parameters of

the GPS dual-frequency uncombined PPP at the epoch can be expressed as:[
X, dtr, ZWD, Is(1∼n)

r,1 , Ns(1∼n)
r,1 , Ns(1∼n)

r,2

]
(A6)

where X is the vector of the receiver coordinate; Is(1∼n)
r,1 , Ns(1∼n)

r,1 , and Ns(1∼n)
r,2 are the vectors

of the slant ionospheric delay and the ambiguities on the two frequencies, respectively.
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