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Abstract: With the gradual improvement of Galileo and the opening of BDS-3 services, water vapor
tomography based on multi-GNSS can be effectively carried out to reconstruct three-dimensional
water vapor distribution. In this paper, experiments in Hong Kong were conducted to analyze
and assess the performances of GPS, BDS, GLONASS, and Galileo and their combinations in water
vapor tomography. Numerical results show that the number of available signal rays varies widely
in the four satellite systems, and the value can be increased by the combination of satellite systems;
the combinations also increase the number of voxels crossed by signal rays, but this value is not
directly related to the number of available signal rays; the number and distribution of the voxels with
sufficient signal rays, which most closely related to the structure of the tomographic model, show no
obvious differences in the four satellite systems and their combinations. Comparative results of slant
water vapor (SWV) estimated by GNSS data and water vapor density derived from radiosonde data
reveal that the differences in the water vapor tomography of the four satellite systems are small, and
their combinations have limited improvement in the tomographic results.

Keywords: GNSS meteorology; water vapor; tomography; multi-GNSS

1. Introduction

Since the concept of GNSS meteorology was first proposed by Bevis et al., the water
vapor information derived from GNSS has drawn increasing attention in the meteorological
and GNSS communities [1]. The precipitable water vapor (PWV), which refers to the height
of an equivalent column of water vapor [2], has been widely validated to achieve mm-level
accuracy based on the conversion of GNSS zenith tropospheric delay [3]. Further, the
three-dimensional water vapor information can also be inversed by using GPS signals as
scanning rays in the research area, which is called water vapor tomography.

Braun et al. first proposed the concept of GPS water vapor tomography [4] and
Flores et al. first realized it using the data from the Kilauea network in Hawaii [5]. The
research region, covered by ground GPS receivers, is discretized into finite voxels according
to its latitude, longitude, and altitude, and the unknown estimated parameter of the voxels
are assumed to be constant during a given period. The GPS-derived slant water vapor is
regarded as the observations for water vapor tomography.

In modeling the GPS water vapor tomography;, it is found that the geometric distribu-
tion of the observed signals is an inverted cone due to the fixed structure of GPS sites and
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satellites [6]. The direct effect caused by this phenomenon is the presence of tomographic
voxels without signal rays passing through, especially at the lower and edge layer of the
area of interest. It also makes many voxels be penetrated by only a very small number of
signals. From the perspective of the water vapor tomography model, it often leads to a
large number of zero elements appearing in the coefficient matrix, which becomes a sparse
matrix [7]. This is the fundamental cause of the ill-posed problem in GPS water vapor
tomography, which seriously restricts its stable and high-accuracy solution. Obviously,
enriching the observation equation of the GPS water vapor tomography is an effective
way to overcome the above problem by introducing various observation information, and
related research has been carried out.

Based on voxel horizontal boundary selection and non-uniform symmetrical division,
Chen et al. and Yao et al. proposed an optimized approach of horizontal voxel division to
introduce more signal rays penetrated from the top layer into the observation equation [8,9].
The similar effect can be obtained by the method of constructing the tomographic buffer
area carried out by Trzcina et al. and Sa et al. [10,11]. These methods are limited to specific
tomographic regions and certain experimental periods. Adavi et al. explored how to use
the constructed virtual reference sites to augment location-specific GPS observations [12].
The virtual signals were also introduced to the tomography model using the calculated
mapping function and ZWD/PWYV of corresponding site and the elevation and azimuth
of specified virtual satellite [6,13]. Studies have shown that it is a feasible method to
incorporate the GPS signal rays passed through form the side face into the tomography
model; for example, Zhao et al. constructed the unit scale factor for these signals using the
radiosonde and reanalysis data [14], Zhang et al. and Hu et al. established the height factor
models adapted to these signals from side face [15,16]. In addition, Zhao et al. tried to
extend the observations of GPS sites outside the tomographic region into the tomography
model based on the GPT2w and TMF models [17,18]. The above methods all rely on
external data or models and tend to introduce new error for the observation information.
On the other hand, some have attempted to add multi-source observation information from
various sensors into the GPS tomography model, such as the COSMIC occultation data [19],
the GNSS-R data [20], the InSAR data [21,22], WRF output data [23], LEO constellation-
augmented data [24], PWV data derived from FY-3, and MODIS [25,26]. However, the
spatiotemporal resolution, availability, and consistency with the tomographic region are the
factors that seriously restrict the fusion of the above observations into the tomography model.

It is more reasonable and convenient to construct the GNSS water vapor tomography
model together with the observations from GPS and the other three satellite navigation
systems. Bender et al. simulated GPS, GLONASS, and Galileo data and introduced the
method for obtaining three-dimensional water vapor information by tomography technique
in multi-satellite systems [27]. Wang et al. compared the tomographic accuracy of BDS
and GPS based on simulated data, and showed that the result using 9 satellites of BDS is
basically comparable to that of GPS [28]. Xia et al. and Benevides et al. carried out the water
vapor tomography experiments of GPS combined with GLONASS and GPS combined with
Galileo in Hongkong and Lisbon regions, respectively [29,30]. Dong et al. and Zhao et al.
utilized the measured data derived from different numbers of BDS2 satellites and combined
it with GPS and GLONASS data to construct the tomography model in Wuhan and Guiyang,
respectively [31,32]. With the gradual improvement of Galileo and the opening of BDS-3
services, the above experiments based on simulated data or incomplete satellite data cannot
fully reflect the current status of water vapor tomography based on multi-GNSS. Therefore,
this paper aims to explore the differences between the four satellite navigation systems
and their combination in water vapor tomography, including the modeling process and the
reconstructed results.
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2. Materials and Methods

The observations in GNSS water vapor tomography are the slant water vapor (SWV)
which can be converted from slant wet delay (SWD) as follows [33]:

6
SWV = 10 x SWD 1)

PwX%(%+k2—%Xk1)

where py, refers to the liquid water density with the unit of g-m~3; R = 8314 Pa-m®-K~!-kmol !
denotes the universal gas constant; my and my; represent the molar mass of water and
the dry atmosphere and their values are 18.02 kg-kmol ! and 28.96 kg-kmol !, respec-
tively; Ty, is the weighted mean temperature, which can be calculated by using surface
temperature [34,35]; k1, kp, and k3 are the empirical physical constants, which are equal to
77.60 K-hPa~!,70.4 K-hPa~!, and 3.739 x 10° K-hPa ', respectively [36]. After mapping
the zenith wet delay (ZWD) and the wet delay gradients into the elevation direction, the
SWD can be obtained as follows [37]:

SWD = my(ele) x ZWD o)

+ my(ele) x cot(ele) x (G¥g x cos(azi) + Gl x sin(azi))
where m1;, indicates the wet mapping function and the global mapping function (GMF) was
used in this paper; ele and azi denote the satellite elevation and azimuth angles, respectively.
Giyvg and Gy represent the wet delay gradient parameters in the east-west and north-south
directions, respectively. Affected by water vapor along the signal ray, ZWD is the wet
component of zenith total delay (ZTD) which is the primary parameter retrieved from GNSS
observation. To obtain ZWD, the zenith hydrostatic delay (ZHD) should be subtracted
from ZTD [38]. In this paper, the Saastamoinen model is used to calculate the accurate
ZHD using the pressure measurements as follows [39]:

B 0.002277 x P
~ 1-0.00266 x cos(2¢) — 0.00028 x H

ZHD ®)
where ¢ and H denote the latitude and geodetic height of the GNSS site, respectively. Fs is
the measured surface pressure.

In the water vapor tomography, the SWV value is also an integral expression of
water vapor along the slant path from the ground receiver and GNSS satellite, given by
the following:

SWV = 1076 / o(s)ds 4)

where p(s) in g'm~> denotes the water vapor density and ds refers to the path traveled
by a satellite signal ray. After discretizing the tomographic region into finite voxels, the
observation equation of GNSS water vapor tomography can be established based on the
distances of GNSS signal rays crossing the divided voxel and the unknown estimated water
vapor density with each voxel. It can be expressed as follows:

n
SWV = Z d,“Xi (5)
i=1

where 7 represents the total number of divided voxels in the research region. d; denotes
the distance of signal rays inside voxel i, which can be calculated by using the coordinates
of GNSS sites and satellites. x; refers to the water vapor density of voxel i, which is the
unknown estimated parameter.

In water vapor tomography, two types of constraints are widely used in tomographic
modeling along with the observation equation, one is the horizontal constraint and the other
is vertical constraint, since a spatial relation exists between water vapor in a specific voxel
and its surrounding ones. For the horizontal constraint, it assumes that the distribution of
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water vapor density is relatively stable in the horizontal direction within a small region,
and represents the relationship between the water vapor density of a certain voxel and
those of its adjacent voxels in the same layer. For the vertical constraint, it refers to the
exponential relationship between the water vapor density of voxels for two consecutive
layers. These two constraints can be expressed as follows:

h h h h h
WX+ WoXp + - W X1 — X+ Wi X1+ Wy Xy = 0 6)
v
Xij — Wiy Xigm =0 @)

where m is the total number of voxels in the same layer. w" and w? denote the horizontal
weighted coefficient and the vertical weighted coefficient, respectively. The horizontal
weighted coefficient is constructed based on the Gaussian inverse distance weighted func-

tion as the following equation:

A
h B e 202
=t ®
mo i
Z e 202

=1

where d is the distance between the two voxels. j is a number from 1 to m, represented the
voxel ordering of the same horizontal layer. o denotes the smoothing factor. The vertical
weighted coefficient is constructed based on exponential function as follows:
w;Uer — e(hier*hi)/HS (9)
where h represents the height of the corresponding voxel and H; refers to the water vapor
scale height with an empirical value of 1.5 km [40]. Note that each voxel has corresponding
equations for horizontal and vertical constraints.
Thus, the tomography model for water vapor reconstruction can be established by
combining the observation equation of multi-GNSS and the two types of constraint equations.

y%uv AG

y%wv AC

Yswo | _ AR .

y va B Ag g {10)
0 H
0 \%

where Y5y denotes the vector with SWV values derived from these four satellite systems;
A represents the coefficient matrices of the observation equation for different types of satel-
lite systems; H and V are the coefficient matrices of the horizontal and vertical constraints,
respectively. The tomography solution of the unknown water vapor density vector x can
be obtained as follows:

% = (ALPGAG + ALPcAc + ATPrAg + ATPg Ap + HTPrH + VTP, V) ™!

(11)
'(AE;PGyng + A(T:PCyva + Angyng + AEPE]/SE‘LU”U)

where P represents the weighting matrices of different equations, which are determined by
an optimal weighting method using the variance components estimation and homogeneity
test [41]. Note that the number of satellite systems in Equations (8) and (9) can be adjusted
in the experiment.

3. Results
3.1. Experimental Description

In this paper, the Hong Kong satellite Positioning Reference Station Network (SatRef)
was selected to conduct the water vapor tomography experiment. We divided this research
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region into 560 voxels ranging from 113.87° to 114.35°, from 22.19° to 22.54°, and from
0 to 8 km for longitude, latitude, and altitude, respectively; that is, a voxel of 8 x 7 in
the horizontal direction and 10 layers in the vertical direction. As shown in Figure 1,
thirteen GNSS sites (T430, HKKT, HKLT, HKSL, HKNP, HKMW, HKPC, HKLM, HKOH,
HKSC, HKST, HKSS, HKWS) in this region were used to provide SWV in the tomography
modeling, and one GNSS (HKQT) and one radiosonde (45004) site were selected to validate
the results of the water vapor tomography.

U GNSS sites @ Radiosonde @ GNSsS site
ooy - £ \ oy 018
by T430
o z{ s
7, "1_‘ %
&t T HKWS
HKLT
g ' HKST
HKSL i
;X'
i HKPC
HKMW " 2
HKOH
HKLV;
113.93° 113.99° 114.05° 1411° 1447° 114.23° 114.29° 114.35°

Longitude (°E)
Figure 1. Distribution of GNSS, radiosonde sites, and the horizontal structure of the voxels.

We utilized the GAMIT 10.71 software to estimate the tropospheric parameters in-
cluding ZTD and gradient parameters using the four GNSS systems. In this process,
the elevation cutoff angle was set to 15°, the IGS precise ephemeris was adopted. Three
MEGKX stations (JENG, URUM, and LHAZ) were incorporated into the solution model to
reduce the strong correlation of tropospheric parameters caused by the short baseline. The
processing strategies were set to LC_AUTCLN and BASELINE modes, meaning that the
ionosphere-free linear combination was selected and the orbital parameters were fixed,
respectively. The tropospheric parameters, including troposphere delay gradients and ZTD
at 4 and 2 h intervals, are estimated and interpolated to a 30 s sampling rate in the GAMIT
software. After calculating the ZHD using the measured pressure recorded by an automatic
meteorological device, the SWV values of each satellite system were obtained by using
Equations (1) and (2).

In this experiment, the GNSS observation data of one month from DOY 121 to
151, 2021 were selected to conduct the modeling and solution of water vapor tomog-
raphy. For each tomographic solution, the period covered is 0.5 h. To assess the per-
formance of water vapor tomography based on different satellite systems and different
combinations of satellite system, each tomographic solution has 15 results, including
those of a signal satellite system, the combination of two satellite systems, the combi-
nation of three satellite systems, and the combination of four satellite systems, namely
GPS (G), BDS (C), GLONASS (R), Galileo (E), GPS+BDS (GC), GPS+GLONASS (GR),
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GPS+Galileo (GE), BDS+GLONASS (CR), BDS+Galileo (CE), GLONASS+Galileo (RE),
GPS+BDS+GLONASS (GCR), GPS+BDS+Galileo (GCE), GPS+GLONASS+Galileo (GRE),
BDS+GLONASS+Galileo (CRE), and GPS+BDS+GLONASS+Galileo (GCRE). Note that
both BDS-2 and BDS-3 were included in the experiment.

3.2. Experimental Analysis

The number of satellite signal rays available for the four satellite systems in each
tomographic solution is counted and their averages during the 31 days from DOY 121 to
151, 2021 are shown in Figure 2. It can be seen that the BDS has the largest number (704) of
available signal rays, followed by GPS, Galileo, and GLONASS with the average values
of 507, 329, and 351, respectively. The percentages of available signal rays in BDS that
exceed GLONAA and Galileo are more than 100%, achieving 114% and 101%, respectively.
Compared with GPS, the value also reaches 39%. The number of signal rays used in GPS is
the most stable during the experimental period, the difference between the maximum and
minimum value is less than 100 with the standard deviation (STD) being only 23. While
the other three satellite systems have obvious fluctuations in the number of available signal
rays, with the differences between the maximum and minimum value far greater than 100
and the STDs reach 51, 48, and 34 for BDS, GLONASS, and Galileo, respectively. Note that
the average number of signal rays used in Galileo is greater than that of GLONASS, but
there are still days when GLONASS has more available signal rays than Galileo. When the
satellite systems are combined, only the available signal rays of RE have just reached the
level of BDS and the other combinations are all obviously improved compared with these
single systems, especially since the average number of signal rays used in the combination
of four systems could be close to 2000.

GPS * BDS 4 GLONASS e (alileo

11
o r———a—q—-————-—-—-

4

|
|
126 131 136 141 146 151

Figure 2. Average number of signal rays used in each solution based on different satellite systems
during the experimental period.

The number of voxels passed through by signal rays for the four satellite systems in
each tomographic solution is also counted, and their average values are shown in Figure 3.
It was observed that the GPS has the largest number of voxels crossed by signal rays,
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followed by BDS, GLONASS, and Galileo with average values of 425, 424, 392, and 377,
respectively. Corresponding to the 560 voxels in the entire tomographic region, the coverage
rate of the four satellite systems reaches 75.9%, 75.4%, 70%, and 67.3%, respectively. Note
that GPS and GLONASS with fewer available signal rays have more penetrated voxels than
BDS and Galileo, respectively, and in fact, their differences are relatively small. In addition,
the number of voxels crossed by signal rays for the four satellite systems all show a certain
fluctuation during the experimental period.

A

GPS GLONASS

500

450

400

Number of voxels

350

*

¥

—I—.-———I—————————

A

|
|
'—

| d_d
2
|
|
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|
|
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|
|

-—_— — — — & —

300

Figure 3. Average number of voxels penetrated by signal rays in each solution based on different
satellite systems during the experimental period.

When combining the satellite systems, the number of crossed voxels and their coverage
rate is counted and shown in the form of a histogram in Figure 4. It can be seen that
the number and coverage rate of voxels are increased after the combinations compared
with single satellite system. In addition, the performances of the three-satellite systems
combination are better than those of the two-satellite systems combination, and four satellite
systems combination outperforms the three-satellite systems combination. Specifically,
combination of GCRE achieved the best performance with the number and coverage rate
of voxels of 468 and 83.6%, respectively.

In the tomographic experiment, we found the existence of voxels that were only
penetrated by a few signal rays, thus the concept of voxels crossed by sufficient signal
rays was introduced from the relevant literature [7]. Based on the fact that a ray crossed a
minimum number of voxels when the signal ray passed vertically through the tomographic
region, the minimum probability that a voxel will be penetrated by a ray could be calculated.
In this experiment, the value is 10/560, namely 1.79%. Then, the value of minimum
probability multiplied by total SWV used is regarded as the criteria to determine whether a
voxel is crossed by sufficient signal rays. Therefore, the number of voxels passed through
by sufficient signal rays for the four single satellite systems and their combinations are
counted and listed in Table 1 during the experimental period. It was observed that GPS
had the largest number of voxels penetrated by sufficient signal rays among the four
single systems, and only 7 voxels more than Galileo with the least effective voxels. After
the combinations, the number of voxels increased but very little and the value of the
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combination of four system was only 278. Regarding the coverage rate, the difference of
those 15 values in Table 1 is even smaller.

500 T T T T T T T T T T T

[ L] 1

1

Number of voxels
B o
N (@]
(e] (@)
T T
T
|—
]
]
]
|—
|—
—t—A

420

GR GC GE CR CE RE GCR GCE GRE CRE GCRE

400
Figure 4. Average number of voxels penetrated by signal rays in each solution based on different
combination during the experimental period.

Table 1. Average number of voxels penetrated by sufficient signal rays based on different satellite
systems and different combinations during the experimental period.

Combinations Number Coverage Rate
G 271 48.4%
C 268 47.9%
R 265 47.3%
E 264 47.1%
GR 278 49.6%
GC 273 48.8%
GE 274 48.9%
CR 272 48.6%
CE 270 48.2%
RE 271 48.4%
GCR 277 49.5%
GEC 276 49.3%
GRE 276 49.3%
CRE 275 49.1%
GCRE 278 49.6%

Further, the situation that each voxel passed through by signal rays in a certain
tomographic solution (UTC 11:45-12:15, DOY 137, 2021) is shown in detail in Figure 5,
in which the black and white rectangles represent the voxels crossed by sufficient and in
sufficient signal rays, respectively. Note that only the four single satellite systems and the
combination of the four systems are illustrated in this figure. It is observed in the figure
that the distribution of the black and white rectangles for different systems is very similar,
especially in the lower and middle layers. From this point, for water vapor tomography in
Hong Kong, the selection of a single satellite system or multi-GNSS combination has little
effect on the structure of the tomographic model.



Remote Sens. 2022, 14, 3552 9of 16

1st layer

2nd layer

3rd layer

4th layer

6th layer

7th layer

8th layer

MARRANN R

10th layer 9th layer

EHRHHARRGS
ARERRRAR K2

AXERR ARG
TR RO R

GCRE

Figure 5. Distribution of voxel with sufficient signal rays at each layer for GPS, BDS, GLONASS,
Galileo, and a combination of GCRE.
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4. Discussion

To assess the performance of water vapor tomography using different satellite systems,
SWYV of the GNSS sites for validation were computed using these 15 tomographic results
and the distances of signal ray in each voxel based on the observation equation established
in Equation (5). The 15 tomography-computed SWV were then compared with the GAMIT-
estimated SWV (as a reference). Figure 6 shows the change of tomography-computed vs.
GAMIT-estimated SWYV residuals with elevation angle during the experimental period
for the four single systems. The change of the SWV residuals has the same trend in the
four satellite systems, and they decrease as the elevation angle increases. It is observed
that the residuals of four systems all ranged from —10 to 10 mm, and most of them
concentrated between —2.0 and 2.0 mm. The percentage of absolute residuals smaller
than 2.0 mm are 86.9%, 88.1%, 85.7%, and 85.3% for GPS, BDS, GLONASS, and Galileo,
respectively. The largest absolute residual of the four satellite systems is 8.46, 9.63, 9.37,
and 9.91 mm, respectively. We obtained the SWYV residuals for various combinations of
satellite systems, which also follow a decreasing trend with increasing elevation. These
ranges and concentrated areas of the SWV residuals are unchanged compared with the
four single satellite systems.

1 O I | | I I I I I

Residual (mm)
o @)

I
(€

GPS R BDS

A
o

-
o

. °
00000 conm
A .
o.~ °
o
5., X . 4 F

Residual (mm)
o o

..
L4
o0 ®
.

GFONASS

15 35 55 75
Elevation angle (°)

GALILEO
15 35 55 75

A
o

Figure 6. Scatter diagram of the change of SWV residuals with elevation angle for the four satel-
lite systems.
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To further assess their performance, SWV values were grouped into individual eleva-
tion bins of 5°, i.e., all SWVs with an elevation angle between 15 and 20° were evaluated as
a single unit. Thus, the RMSE of each elevation bin for these 15 tomographic results was
calculated and is shown in Figure 7. It can be seen from the left panel that the GLONASS
and Galileo performance is not as good as the BDS and GPS at low elevation angles. As the
elevation angle increases, their differences become very small. BDS achieved the best RMSE
with a value of 1.59 mm, followed by GPS, Galileo, and GLONASS. In fact, the differences
between these RMSEs are small and the values do not exceed 0.2 mm. Considering the
magnitude range of SWV, these differences can be negligible. After the combinations,
the RMSE of SWV residuals in each elevation bin were shown in the middle and right
panels, which are the combination of two systems and multi systems, respectively. The
RMSE difference of the SWV residuals for various combinations is relatively small in each
elevation bin. Specifically, the RMSEs of whole SWV residuals are 1.66, 1.59, 1.75, 1.74, 1.68,
1.64,1.67,1.62,1.63,1.60, 1.59, 1.64, 1.65, 1.65, and 1.63 mm for G, C, R, E, GC, GR, GE, CR,
CE, RE, GCR, GCE, GRE, CRE, and GCRE, respectively. Considering the magnitude range
of SWV values, the differences of RMSE mentioned above not more than 0.2 mm could
be negligible. Therefore, it is concluded that the tomographic results of different satellite
systems and different combinations have little difference in SWV validation.

Radiosonde data are well suited as a reference to validate the accuracy of the water
vapor tomography results, since they can provide a water vapor density profile with high
precision based on the atmospheric parameters obtained at different altitudes. Figure 8
illustrates the water vapor density comparisons between radiosonde data and these 15 to-
mographic results for different altitudes on UTC 11:45-12:15, DOY 137, 2021, which is
consistent with the time of tomographic solution shown in Figure 5. It is clear from the
profiles that the water vapor density decreased with increasing height. The water vapor
density profiles reconstructed by these 15 tomographic results conform with those derived
from radiosonde data. From Figure 8, it is difficult to observe the difference in the water
vapor density reconstructed by different satellite combinations. Therefore, the radiosonde
comparison of 31 days from DOY 121 to 151, 2021 was conducted and the statistical results
were listed in Table 2 to further illustrate their performances. From the mean value of
RMSE, the difference between the WVD results reconstructed by single system tomography
is 0.05 gm 3, and BDS and GPS outperforms GLONASS and Galileo slightly. Compared
with the single system, improvement can be observed from the WVD results reconstructed
after the satellite system combination. The largest improvement appears from the Galileo
with a RMSE of 1.46 gm~3 to the combination of GCR with a RMSE of 1.30 gm~3. The
number of satellite systems in the combination (two, three, or four satellite systems) did not
present an obvious impact on the WVD results reconstructed by water vapor tomography.

Table 2. Statistical results of the water vapor density composition between radiosonde and tomo-
graphic results of different combinations during the experimental period.

RMSE (gm—3) Coverage Rate

Combinations
Max Min Average

G 1.98 0.52 1.42
C 2.05 0.57 1.41
R 2.08 0.51 1.45
E 2.13 0.58 1.46
GR 1.92 0.53 1.33
GC 1.96 0.48 1.34
GE 2.04 0.61 1.41
CR 2.09 0.56 1.34
CE 1.95 0.57 1.36
RE 2.01 0.61 1.40
GCR 1.95 0.44 1.30
GEC 1.97 0.50 1.34
GRE 2.01 0.49 1.36
CRE 2.02 0.59 1.37

GCRE 1.97 0.53 1.32
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Figure 7. Comparison of SWV residuals in each elevation bin for various combinations.
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Figure 8. Water vapor density comparisons between radiosonde and 15 tomographic results.

5. Conclusions

In this paper, the performances of the four navigation satellite systems and their
combinations in the water vapor tomography were analyzed and assessed using the GNSS
data of SatRef in Hong Kong. In the tomographic modeling, the signal rays that can be
used, the voxels crossed by signal rays, and the number and distribution of the effective
voxels were computed and counted for these different combinations. For the tomographic
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results, the GAMIT-estimated SWV of HKQT and the water vapor density derived from
radiosonde were selected as references to assess these 15 tomographic solutions.

In the experimental period, the average number of available signal rays was 507,
704, 329, and 351 for GPS, BDS, GLONASS, and Galileo, respectively. Combining satellite
systems in water vapor tomography can increase the number of available signal rays,
especially as the value of four-system combination reaches close to 2000. The average
number of voxels crossed by signal rays are 425, 424, 392, and 377 for GPS, BDS, GLONASS,
and Galileo, respectively, showing that the number of penetrated voxels is not entirely
determined by the number of available signal rays. The combinations improved the
number of voxels crossed by signal rays; for example, the number and coverage rate of
penetrated voxels achieved by GCRE are 468 and 83.6%, respectively. When the voxels
with sufficient signal rays are concerned, these 15 tomographic solutions differ very little
in both number and coverage rate. The distribution diagram of effective voxels based
on black and white rectangle also indicated the small differences in the 15 solutions. The
numerical statistics showed that the RMSE in SWV comparison are 1.66, 1.59, 1.75, 1.74,
1.68, 1.64, 1.67, 1.62, 1.63, 1.60, 1.59, 1.64, 1.65, 1.65, and 1.63 mm for G, C, R, E, GC, GR,
GE, CR, CE, RE, GCR, GCE, GRE, CRE, and GCRE, respectively. In the comparison with
radiosonde data, the average RMSE are 1.42, 1.41, 1.45, 1.46, 1.33, 1.34, 1.41, 1.34, 1.36,
1.40, 1.30, 1.34, 1.36, 1.37, and 1.32 gm_3 for these 15 tomographic results. The above
comparisons indicated that the differences in the tomographic results of a single satellite
system are small, and the combinations of satellite systems have limited improvement in
the water vapor tomography results.

In the follow-up research, the impact of different satellite systems and their combi-
nation on water vapor tomography need to be explored in more representative regions.
In addition, the number, distribution, and density of GNSS stations in the research region
is another important factor determining the structure of the tomographic model. Thus,
it is necessary to pay more attention to the influence of the GNSS sites on water vapor
tomographic results in the case of a determined satellite system.

Author Contributions: Conceptualization, FY.; data curation, JW., HW., X.G. and L.W,; funding
acquisition, FY.; investigation, ].W.; methodology, F.Y.; resources, JW., HW.,, X.G. and L.W,; software,
B.H.; validation, EY.; writing—original draft, EY.; writing—review and editing, EY., JW.,, HW,, X.G.,
L.W. and B.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Beijing Natural Science Foundation (No. 8224093), China
Postdoctoral Science Foundation (No. 2021M703510), Fundamental Research Funds for the Cen-
tral Universities (No. 2021XJDCO01), Key Laboratory of South China Sea Meteorological Disaster
Prevention and Mitigation of Hainan Province (No. SCSF202109), Open Fund of State Key Labo-
ratory of Geodesy and Earth’s Dynamics Innovation Academy for Precision Measurement Science
and Technology (No. SKLGED2022-3-1), and Beijing Key Laboratory of Urban Spatial Information
Engineering (No. 2022017). We thank all anonymous reviewers for their valuable, constructive, and
prompt comments.

Data Availability Statement: The datasets generated and analyzed during the current study are
available from the corresponding author on reasonable request.

Acknowledgments: We thank the Hong Kong Geodetic Survey Services for providing the GNSS data
of the Hong Kong Satellite Positioning Reference Station Network (SatRef). We also thank all the
anonymous reviewers for their valuable, constructive, and prompt comments.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Bevis, M,; Businger, S.; Herring, T.; Rocken, C.; Anthes, R.; Ware, R. GPS meteorology: Remote sensing of atmospheric water
vapor using the Global Positioning System. J. Geophys. Res. Atmos. 1992, 97, 15787-15801. [CrossRef]

2. Rocken, C.; Ware, R.; Hove, T.V,; Solheim, E; Alber, C.; Johnson, J.; Bevis, M.; Businger, S. Sensing atmospheric water vapor with
the global positioning system. Geophys. Res. Lett. 1993, 20, 2631-2634. [CrossRef]


http://doi.org/10.1029/92JD01517
http://doi.org/10.1029/93GL02935

Remote Sens. 2022, 14, 3552 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Duan, J.; Bevis, M.; Fang, P,; Bock, Y.; Herring, T. GPS meteorology: Direct estimation of the absolute value of precipitable water.
J. Appl. Meteorol. 1996, 35, 830-838. [CrossRef]

Braun, J.; Rocken, C.; Meetrens, C.; Ware, R. Development of a Water Vapor Tomography System Using Low Cost L1 GPS
Receivers. In Proceedings of the 9th ARM Science Team Meeting, US Dep of Energy, San Antonio, TX, USA, 22-26 March 1999.
Flores, A.; Ruffini, G.; Rius, A. 4D tropospheric tomography using GPS slant wet delays. Ann. Geophy. 2000, 18, 223-234.
[CrossRef]

Zhang, W.; Zhang, S.; Chang, G.; Ding, N.; Wang, X. A new hybrid observation GNSS tomography method combining the real
and virtual inverted signals. ]. Geod. 2021, 95, 128. [CrossRef]

Yang, F.; Guo, J.; Shi, J.; Meng, X.; Zhao, Y.; Zhou, L.; Zhang, D. A GPS water vapor tomography method based on a genetic
algorithm. Atmos. Meas. Tech. 2020, 13, 355-371. [CrossRef]

Chen, B.; Liu, Z. Voxel-optimized regional water vapor tomography and comparison with radiosonde and numerical weather
model. . Geod. 2014, 88, 691-703. [CrossRef]

Yao, Y.; Zhao, Q. A novel, optimized approach of voxel division for water vapor tomography. Meteorol. Atmos. Phys. 2017, 129,
57-70. [CrossRef]

Trzcina, E.; Rohm, W. Estimation of 3D wet refractivity by tomography, combining GNSS and NWP data: First results from
assimilation of wet refractivity into NWP. Q. J. R. Meteorol. Soc. 2019, 145, 1034-1051. [CrossRef]

Sa, A.; Rohm, W.; Fernandes, R.; Trzcina, E.; Bos, M.; Bento, F. Approach to leveraging real-time GNSS tomography usage. J. Geod.
2021, 95, 8. [CrossRef]

Adavi, Z.; Mashhadi-Hossainali, M. 4D tomographic reconstruction of the tropospheric wet refractivity using the concept of
virtual reference station, case study: Northwest of Iran. Meteorol. Atmos. Phys. 2014, 126, 193-205. [CrossRef]

Yang, E; Guo, J.; Shi, J.; Zhou, L.; Xu, Y.; Chen, M. A method to improve the distribution of observations in GNSS water vapor
tomography. Sensors 2018, 18, 2526. [CrossRef] [PubMed]

Zhao, Q.; Yao, Y. An improved troposphere tomographic approach considering the signals coming from the side face of the
tomographic area. Ann. Geophy. 2017, 35, 87-95. [CrossRef]

Zhang, W.; Zhang, S.; Ding, N.; Zhao, Q. A Tropospheric Tomography Method with a Novel Height Factor Model Including Two
Parts: Isotropic and Anisotropic Height Factors. Remote Sens. 2020, 12, 1848. [CrossRef]

Hu, P; Huang, G.; Zhang, Q.; Yan, X,; Li, Z. A multi-GNSS water vapor tomography method considering boundary incident
signals. Acta Geod. Et Cartogr. Sin. 2020, 49, 557-568.

Zhao, Q.; Yao, Y.; Yao, W. A method to establish the tomography model considering the data of GNSS stations outside the research
are. Acta Geod. Et Cartogr. Sin. 2021, 50, 285-294.

Zhao, Q.; Zhang, K.; Yao, Y.; Li, X. A new troposphere tomography algorithm with a truncation factor model (TFM) for GNSS
networks. GPS Solut. 2019, 23, 64. [CrossRef]

Ye, S.; Xia, P; Cai, C. Optimization of GPS water vapor tomography technique with radiosonde and cosmic historical data. Ann.
Geophy. 2016, 34, 789-799. [CrossRef]

Shafei, M.; Hossainali, M. Application of the GPS reflected signals in tomographic reconstruction of the wet refractivity in Italy.
J. Atmos. Sol.-Terr. Phys. 2020, 207, 105348. [CrossRef]

Benevides, P; Nico, G.; Catalao, ].; Miranda, P. Bridging InSAR and GPS tomography: A new differential geometrical constraint.
IEEE Trans. Geosci. Remote Sens. 2016, 54, 697-702. [CrossRef]

Heublein, M.; Alshawaf, F.; Erdnub, B.; Zhu, X.; Hinz, S. Compressive sensing reconstruction of 3D wet refractivity based on
GNSS and InSAR observations. J. Geod. 2019, 93, 197-217. [CrossRef]

Haji-Aghajany, S.; Amerian, Y.; Verhagen, S.; Rohm, W.; Ma, H. An optimal troposphere tomography technique using the WRF
model outputs and topography of the area. Remote Sens. 2020, 12, 1442. [CrossRef]

Xiong, S.; Ma, E; Ren, X.; Chen, J.; Zhang, X. LEO Constellation-Augmented Multi-GNSS for 3D Water Vapor Tomography. Remote
Sens. 2021, 13, 3056. [CrossRef]

Zhang, W.; Zheng, N.; Zhang, S.; Ding, N.; Qi, M.; Wang, H. GNSS water vapor tomography algorithm constrained with high
horizontal resolution PWV data. Geomat. Inf. Sci. Wuhan Univ. 2021, 46, 1627-1635.

Zhang, W.; Zhang, S.; Zheng, N. A new integrated method of GNSS and MODIS measurements for tropospheric water vapor
tomography. GPS Solut. 2021, 25, 79. [CrossRef]

Bender, M.; Dick, G.; Ge, M.; Deng, Z.; Wickert, J.; Kahle, H.; Raabe, A.; Tetzlaff, G. Development of a GNSS water vapour
tomography system using algebraic reconstruction techniques. Adv. Space Res. 2011, 47, 1704-1720. [CrossRef]

Wang, X.; Wang, X.; Dai, Z.; Ke, F; Cao, Y. Tropospheric wet refractivity tomography based on the BeiDou satellite system. Adv.
Atmos. Sci. 2014, 31, 355-362. [CrossRef]

Xia, P.; Ye, S.; Jiang, P. Research on three-dimensional water vapor tomography using GPS/GLONASS PPP method. J. Geod.
Geody. 2015, 35, 72-76.

Benevides, P.; Nico, G.; Catalao, J.; Miranda, P. Analysis of Galileo and GPS integration for GNSS tomography. IEEE Trans. Geosci.
Remote Sens. 2017, 55, 1936-1943. [CrossRef]

Dong, Z.; Jin, S. 3D water vapor tomography in Wuhan from GPS, BDS and GLONASS observations. Remote Sens. 2018, 10, 62.
[CrossRef]


http://doi.org/10.1175/1520-0450(1996)035&lt;0830:GMDEOT&gt;2.0.CO;2
http://doi.org/10.1007/s00585-000-0223-7
http://doi.org/10.1007/s00190-021-01576-8
http://doi.org/10.5194/amt-13-355-2020
http://doi.org/10.1007/s00190-014-0715-y
http://doi.org/10.1007/s00703-016-0450-4
http://doi.org/10.1002/qj.3475
http://doi.org/10.1007/s00190-020-01464-7
http://doi.org/10.1007/s00703-014-0342-4
http://doi.org/10.3390/s18082526
http://www.ncbi.nlm.nih.gov/pubmed/30072630
http://doi.org/10.5194/angeo-35-87-2017
http://doi.org/10.3390/rs12111848
http://doi.org/10.1007/s10291-019-0855-x
http://doi.org/10.5194/angeo-34-789-2016
http://doi.org/10.1016/j.jastp.2020.105348
http://doi.org/10.1109/TGRS.2015.2463263
http://doi.org/10.1007/s00190-018-1152-0
http://doi.org/10.3390/rs12091442
http://doi.org/10.3390/rs13163056
http://doi.org/10.1007/s10291-021-01114-1
http://doi.org/10.1016/j.asr.2010.05.034
http://doi.org/10.1007/s00376-013-2311-0
http://doi.org/10.1109/TGRS.2016.2631449
http://doi.org/10.3390/rs10010062

Remote Sens. 2022, 14, 3552 16 of 16

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Zhao, Q.; Yao, Y.; Cao, X. W Accuracy and reliability of tropospheric wet refractivity tomography with GPS, BDS, and GLONASS
observations. Adv. Space Res. 2018, 63, 2836-2847. [CrossRef]

Adavi, Z.; Mashhadi-Hossainali, M. 4D-tomographic reconstruction of water vapor using the hybrid regularization technique
with application to the North West of Iran. Adv. Space Res. 2015, 55, 1845-1854. [CrossRef]

Yang, F; Guo, J.; Meng, X.; Shi, J.; Zhang, D.; Zhao, Y. An improved weighted mean temperature (Tm) model based on GPT2w
with Tm lapse rate. GPS Solut. 2020, 24, 46. [CrossRef]

Huang, L.; Jiang, W.; Liu, L.; Chen, H.; Ye, S. A new global grid model for the determination of atmospheric weighted mean
temperature in GPS precipitable water vapor. J. Geod. 2019, 93, 159-176. [CrossRef]

Bevis, M.; Businger, S.; Chiswell, S. GPS meteorology: Mapping zenith wet delays onto precipitable water. J. Appl. Meteorol. 1994,
33, 379-386. [CrossRef]

Zhang, B.; Fan, Q.; Yao, Y,; Xu, C.; Li, X. An Improved Tomography Approach Based on Adaptive Smoothing and Ground
Meteorological Observations. Remote Sens. 2017, 9, 886. [CrossRef]

Yang, F; Meng, X.; Guo, J.; Yuan, D.; Chen, M. Development and evaluation of the refined zenith tropospheric delay (ZTD)
models. Satell. Navig. 2021, 2, 21. [CrossRef]

Saastamoinen, J. Atmospheric correction for the troposphere and stratosphere in radio ranging satellites. Use Artif. Satell. Geod.
1972, 15, 247-251.

Elosegui, P; Rius, A.; Davis, J.; Ruffini, G.; Keihm, S.; Burki, B.; Kruse, L. An experiment for estimation of the spatial and temporal
variations of water vapor using GPS data. Phy. Chem. Earth Parts A/B/C 1998, 23, 125-130. [CrossRef]

Guo, J.; Yang, F; Shi, J.; Xu, C. An optimal weighting method of Global Position System (GPS) Troposphere Tomography. IEEE ].
Sel. Top Appl. Earth Obs. Remote Sens. 2016, 9, 5880-5887. [CrossRef]


http://doi.org/10.1016/j.asr.2018.01.021
http://doi.org/10.1016/j.asr.2015.01.025
http://doi.org/10.1007/s10291-020-0953-9
http://doi.org/10.1007/s00190-018-1148-9
http://doi.org/10.1175/1520-0450(1994)033&lt;0379:GMMZWD&gt;2.0.CO;2
http://doi.org/10.3390/rs9090886
http://doi.org/10.1186/s43020-021-00052-0
http://doi.org/10.1016/S0079-1946(97)00254-1
http://doi.org/10.1109/JSTARS.2016.2546316

	Introduction 
	Materials and Methods 
	Results 
	Experimental Description 
	Experimental Analysis 

	Discussion 
	Conclusions 
	References

