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Abstract

The ground-based Global Navigation Satellite System (GNSS) water vapor tomography is increasingly important in
GNSS meteorology. As the multi-GNSS and more ground-based GNSS sites can be incorporated into the regional
water vapor tomographic model, determining the tomographic window and sampling rate is crucial for the model-
ling of the water vapor tomography. These two factors affect not only the number of available signal rays from the
satellites, but also the number of tomographic voxels crossed by the signal rays. This study uses Hong Kong as the
research area to explore the impact of 12 schemes with different tomographic window and sampling rate on the
three water vapor tomography methods, including Least squares, Kalman filtering, and Multiplicative Algebraic
Reconstruction Technigue (MART). Numerical results show that the tomographic results with the three methods get
better as the width of the tomographic window decreases and the sampling rate increases in these 12 schemes, and
it is found that the Least squares method is most affected by the two factors, followed by Kalman filtering and MART

Keywords GNSS meteorology, Water vapor, Tomography

methods. It is recommended to set a tomographic window width of 10 min and a sampling rate of 300 s in a GNSS
water vapor tomographic experiment with dense GNSS site like Hong Kong.

Introduction

In Global Navigation Satellite System (GNSS) meteor-
ology, water vapor tomography has attracted more and
more attention and played increasingly a crucial role
since it can accurately obtain the three-dimensional
water vapor information (Yang et al., 2022a; Zhang et al,,
2020 ). The concept of GNSS water vapor tomography
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was first proposed by Braun et al. (1999) and then real-
ized by Flores et al. (2000). At present, it is one of the
most powerful and accurate methods for the reconstruc-
tion of three-dimensional water vapor distribution (Sa
et al., 2021; Yang et al., 2020a ; Yao et al., 2017). In tomo-
graphic approach for water vapor, a study region covered
by GNSS sites is divided into a number of voxels, and the
Slant Water Vapor (SWV) derived from GNSS observa-
tions passing though these voxels are used for estimating
the water vapor information.

In GNSS water vapor tomography, scholars have devel-
oped different methods to solve the tomographic model,
which can be mainly grouped into three types of meth-
ods, i.e. the Least squares, the Kalman filtering, and the
Algebraic Reconstruction Technique (ART). Flores et al.
(2000) used the Least squares approach to solve the
tomographic equations by adding a set of constraints,
and the method and its variates are discussed in a lot
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of literature (Adavi & Mashhadi-Hossainali, 2014; Sha-
fei & Hossainali, 2020). Assuming that the Water Vapor
Density (WVD) in each voxel follows the Gauss-Markov
random walk pattern for a certain period of time, Gradi-
narsky and Jarlemark (2004) constructed the correspond-
ing state equation and established the method of water
vapor tomographic solution based on the Kalman filter-
ing. Then the adaptive Kalman filtering and the robust
Kalman filtering were proposed successively to recon-
struct the water vapor information (Jiang et al., 2013;
Rohm et al., 2014). Bender et al. (2011) utilized the ART
that processes observation by observation to inverse the
tomographic model. The Multiplicative Algebraic Recon-
struction Techniques (MART) and the Simultaneous
Iteration Reconstruction Techniques (SIRT) that belongs
to the ART family were also adopted. (Zhang et al., 2020;
Ding et al., 2020).

In these three types of water vapor tomographic meth-
ods, the number of voxels which signal rays pass through
are always limited in the research region at a certain
moment due to the unfavorable geometry of ground
GNSS sites and fixed structure of satellites (Guo et al.,
2016; Zhao et al., 2018). To realize the water vapor tomo-
graphic solution, more satellite signals need to be added
to the tomographic model, that is, each water vapor
tomographic solution covers a period of time. However,
the water vapor content in space changes dynamically,
and it is unreasonable to last for an excessively long time
for a tomographic solution which can introduce more
errors. Therefore, it is necessary to set the time coverage
of a water vapor tomographic solution, namely the tomo-
graphic window. For a small tomographic window, it is
difficult for satellite signals to cover all voxels divided in
the study area. For a large tomographic window, it is hard
for tomographic results to accurately reflect the changes
of water vapor in space, for a large tomographic win-
dow means a long period of time during which the water
vapor changes more frequently. On the other hand, the
sampling rate of signal rays is another crucial parameter
that needs to be determined together with the tomo-
graphic window. A slow sampling rate will reduce both
the number of effective signal rays and the number of the
voxels which signals pass through, while a fast sampling
rate will make the signal structure in the tomographic
model too similar to accurately determine the water
vapor solution. The combination of tomographic window
and sampling rate has different influences on the three
types of water vapor tomographic methods. In the Least
squares method, it directly corresponds to the number
of observations and structure of the coefficient matrix of
the tomographic equation, i.e., the number and distribu-
tion of the 0 elements. It influences not only both update
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and structure of equations, but also the period and time
interval of the state and prediction update in the Kalman
filter method. For the algebraic reconstruction technique,
it determines the number and frequency of iterative cal-
culations for a voxel.

In the current research, the water vapor tomographic
window and the sampling rate are selected empirically,
and no related principles and standard can be refer-
eed to. The tomographic window is often set to 30 min
in some studies because the water vapor density dur-
ing this period can be assumed constant (Brenot et al.,
2019; Liu et al,, 2019; Zhao et al., 2019). For the sam-
pling rate, it is only mentioned in some papers, such as
Benevides et al. (2018) adopted the sampling rate of 30 s
in the Lisbon experiment and Ding et al. (2018) utilized
the sampling rate of 300 s in the Hong Kong experiment.
Therefore, this paper attempts to explore the effects of a
combination of tomographic window and sampling rate
on GNSS water vapor tomography. In these experiments,
the three types of tomographic methods are adopted
and compared for their performances based on different
combinations.

Methodology

Tomographic observation equation

The SWYV is used as observation in the GNSS water vapor
tomography, which can be converted from Slant Wet
Delay (SWD) by using the following formula (Adavi &
Mashhadi, 2015):

1 x 10°

dswv =

X dswp
my )

Pw X miw(j% +hky— v x g

(1)
where p,, denotes the liquid water density, R is the uni-
versal gas constant, k;, k, and k5 are the empirical physi-
cal constants, m, and m,, represent the molar mass of
the dry and the wet atmosphere (Yang et al., 2022b), and
T,, is weighted mean temperature that can be computed
with surface temperature using Bevis formula (Bevis
et al, 1992; Huang et al.,, 2019; Yang et al., 2020b, 2022c).
The dswp can be obtained by mapping the Zenith Wet
Delay (ZWD) and the wet delay gradients into the zenith
direction using the following formula:

dswp :f(,Bele) X dzwp +f(:3ele) x cot (Bele)
x (G X €08 (Bazi) + Gy X sin (Basi))
(2)
where Bl and B, represent the elevation and azimuth
angles of a satellite, respectively; f refers to the wet
mapping function; GYg and G denote the wet delay
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gradient parameters in the north—south and east-west
direction, respectively. After retrieving the Zenith Total
Delay (ZTD) from GNSS data processing, the ZWD is
separated from ZTD by subtracting the Zenith Hydro-
static Delay (ZHD) (Yang et al,, 2021; Zhao et al., 2021),
which can be calculated with the Saastamoinen model
using the pressure as follows:

0.002277 x Py
1 —0.00266 x cos (2¢) — 0.00028 x h 3)

dzup =

where P represent the measured surface pressure, ¢ and
h are the latitude and geodetic height of the GNSS sites,
respectively.

After discretizing the tomographic region into finite
voxels according to its latitude, longitude, and altitude, the
distances of GNSS signal rays crossing the voxels need to
be calculated by ray tracing its path from receiver to satel-
lite. Then the observation equation of GNSS water vapor
tomography can be expressed as the following formula:

n
diwry = Z df - xi (4)
i=1

where the superscript p denotes the index of the satel-
lite signal rays, # refers to the total number of the voxels
discretized in the tomographic region, df represents the
distance of the pth signal ray passing voxel i, and x; is the
ith unknown parameter, namely the water vapor density
in voxel i.

The Least squares method
Two types of constraints are usually added into the tomo-
graphic equation in the Least squares method as follows:

O=H - -x (5)

0=V «x (6)

where Egs. (5) and (6) represent the horizontal and ver-
tical constraints, respectively. H and V denote the coef-
ficient matrix for the two types of constraints, O denotes
zero matrix, x denotes unknown parameter matrix.

Based on the assumption that the distribution of water
vapor density is relatively stable in the horizontal direc-
tion, the horizontal constraints are always represented by
the weighted average of its neighboring voxels in the same
layers (Zhao et al., 2018). For the vertical constraints, it is
an exponential relationship for the water vapor density of
the voxels between two adjacent layers based on the analy-
sis of the meteorological profile for many years (Yang et al.,
2022a). Then the water vapor tomographic solution can be
achieved according to the principle of the Least squares as
the following formula:
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z= (ATPA +H™PyH + V'Py V) ' (ATPy)
(7)
where A represents the coefficient matrix of the obser-
vation equations, y denotes the column vector of SWV.
P, Py, Py are the weighting matrix for the observation
equation, the horizontal constraint equation, and the ver-
tical constraint equation, respectively.

The Kalman filtering method

Based on the principle of minimum mean squared error
in the estimation, this method separates the observa-
tions and process (Jiang et al., 2013). The process repre-
sents the water vapor density evolutes with time, which is
expressed as a liner dynamic system (Rohm et al., 2014):

X1 = P - xp + Wi (8)

where x is the water vapor density at epoch k, xi; refers
to the estimated water vapor density at epoch k+1. @ is
a state transition matrix, @y denotes the dynamic distur-
bance noise matrix and its covariance matrix is Q. The
linear observation model at epoch k+1 is as follows:

A = Aggr - %1 + Arpn )

where Ay represents the coefficient matrix of the dis-
tances in the crossed voxels at epoch k+1, Az is the
observation noise matrix and its covariance matrix is
Ry 1. The prediction step of Kalman filtering is given as:

Piy1 =@ Pr- P+ Q (10)

where Py and Pj_; are the prediction and correction of
the covariance matrix of the estimated state. Then the
estimated state can be corrected, and the covariance
matrix is updated as follows (Zhang et al., 2008):

Xpp1 = Xg1 + G(diﬁv — Agq1 -fkﬂ) (11)
Piy1 = —GA)-Pryy (12)

where I denotes the unit matrix. G is the Kalman gain
matrix, which can be calculated as follows:

_ — -1
G =P AT (APkHAT + R) (13)

The algebraic reconstruction technique

The algebraic reconstruction technique is based on the
application of corrections estimated from the residuals
between the reconstructed and observed quantity, which
iterate over the initial estimate until a certain condition
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is satisfied (Bender et al., 2011). Three types of ARTs,
including the traditional ART, MART, and SIRT, are
applied in water vapor tomography according to the way
how these corrections are computed.

Based on the assumption that there is a linear relation-
ship between the values to be reconstructed and the pro-
jected values for each voxel, the water vapor density of
voxels are corrected in ART as follows (Yu et al., 2016):

n
SWV ~k
a>’y — Zlauxj
k+1 _ =k | J=
x] x] + Adjj 7 (14')
S a2
g
j=1

where %¢ denotes the water vapor density in voxel j for
the kth iteration, n is the number of columns of the
tomographic observation equation, a;; is the element in
the row i and column j of matrix A, and 4 is the relaxa-
tion parameter. The MART and SIRT are expressed as
the following formulas (Zhang et al., 2020):

2ajj

2 9
Z aij
dS\X/V j=1
FhH1 _ 5k i (15)
] ] n ~k
Z aijxj
j=1
SWV S~ =k
ag| ;7" = ) a4y
- - \ =1
=z ! (16)

7

i=1 3 afj

where m is the total number of signal rays adopted in the
tomographic model. The other parameters are as Eq. (14).
Note that the MART is the most used iterative recon-
struction technique for water vapor tomography, which is
also utilized in this study.

Experiment and analysis

In this experiment, the Hong Kong satellite Positioning
Reference Station Network (SatRef) was used, which cov-
ers the latitude from 22.19 to 22.54°N, the longitude from
113.87 to 114.35°E, and the altitude of tomographic area
is from O to 8 km. The study area was divided into 560
voxels with 10 layers in the vertical direction and 8 x 7
in the horizontal direction. As shown in Fig. 1, 14 GNSS
sites were adopted in this experiment, of which 13 sites
were used to provide SWYV values for tomography mod-
eling. The GNSS site HKQT along with a radiosonde site
(45,004) was selected to assess the results of water vapor
tomography.
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To accurately obtain the GNSS SWYV, the GNSS obser-
vation data including Global Positioning System (GPS),
GLObal NAvigation Satellite System (GLONASS), Gali-
leo navigation satellite system (Galileo) and BeiDou Nav-
igation Satellite System (BDS) from Day of Year (DOY)
152 to 181, 2021 were processed using software GAMIT
10.71 based on a double-differenced model, which esti-
mated the tropospheric parameters including ZTD and
gradient parameters. Three International GNSS Service
(IGS) sites, JENG, LHAZ, and URUM, were included in
data processing to weaken the correlation of tropospheric
parameters due to the short baselines within Hong Kong.
The sampling rate of the observations was 30 s, a cut-
off elevation angle of 10° was selected, and the orbit and
clock products for multi-constellations from Center for
Orbit Determination in Europe (CODE) were adopted.
The LC_AUTCLN and BASELINE modes were adopted
as the processing strategies, meaning that the GNSS
observations were the ionosphere-free linear combina-
tion, and the orbital parameters were fixed. Note that the
ZHD values were achieved using the measured surface
pressure recorded by automatic meteorological device
based on Saastamoinen model. To explore the influences
of these two factors on the water vapor tomography using
the three types of methods, twelve schemes with different
tomographic windows and different sampling rates were
selected in this experiment. Specifically, the tomographic
windows were set to 30 min, 20 min, 10 min, and the
sampling rates were set to 30's, 60 s, 150 s, 300 s, respec-
tively. For each scheme, different results of water vapor
tomography were achieved and compared using the three
types of tomographic methods.

The number of satellite signal rays available in each
tomographic solution is counted for these 12 schemes,
and the boxplots for the whole month are showed in
Fig. 2. The tomographic window and sampling rate have
a great influence on the number of available signal rays.
It gets significantly larger as the window width increases,
and it decreases obviously as the sampling rate increases.
The boxplots also reflect the fluctuation of the number
of available signal rays, which also conforms the above
rule. The scheme with the window width of 30 min and
sampling rate of 30 s has the largest number of available
signal rays with a median value of 16,990, and the scheme
with the window width of 10 min and sampling rate of
300 s has the smallest number of available signal rays with
a median value of 836. Note that the number of available
signal rays in the following schemes is equivalent, i.e., the
scheme with the window width of 10 min and sampling
rate of 30 s and the scheme with the window width of
20 min and sampling rate of 60 s; the scheme with the
window width of 20 min and sampling rate of 300 s and
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Fig. 1 Distribution of GNSS and radiosonde sites and the horizontal structure of the voxels

the scheme with the window width of 10 min and sam-
pling rate of 150 s.

The number of voxels passed through by signal ray,
which is more important than the number of signal rays
available, is also counted for these 12 schemes. The statis-
tics of the eight selected days are shown in Fig. 3, where
the shapes and colors represent the different tomographic
windows and sampling rates. One can see that the num-
ber of voxels crossed by signal rays is also affected by
the tomographic window and the sampling rate, that is,
the larger the window and the faster the sampling rate,
the higher the number of available signal rays will be.
However, this effect is not obvious. As can be seen from
Table 1, which lists the average number of voxels passed
through by signal rays during the month, the mean values
are 475, 475, 474 and 472 for the schemes with sampling
rate of 30 s, 60 s, 150 s, and 300 s, respectively. When
the tomographic window changes to 20 min and 10 min,
these values are 469/469/468/466 and 458/458/457/456,
respectively. It indicates that the change of sampling

rate cannot effectively increase the number of the vox-
els crossed by signal rays when the tomographic window
is fixed. On the other hand, the coverage rate of voxels
passed through by signal rays is increased by 1.95% for
the tomographic window from 10 to 20 min when the
sampling rate is fixed. This value becomes to 2.98% when
the tomographic window is changed to 30 min. This
illustrates that it is not an efficient method to increase
the number of voxels passed through by signal rays by
directly expanding the tomographic window.

Tomographic results

To assess the influence of these 12 schemes on differ-
ent tomographic methods in water vapor tomography,
SWYV values at the site HKQT were computed using
these tomographic results based on the observation
equation in Eq. (4). This type of SWV is called as tomog-
raphy-computed SWYV, which are compared with the
GAMIT-estimated SWV (as reference). The changes of
tomography-computed versus GAMIT-estimated SWV
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Table 1 Statistics of the voxels crossed by signal rays for each

scheme
Tomographic Sampling rate Average Coverage
window (min) (s) number rate (%)
30 30 475 84.8
60 475 84.8
150 474 84.6
300 472 843
20 30 469 83.8
60 469 83.8
150 468 83.6
300 466 83.2
10 30 458 818
60 458 81.8
150 457 81.6
300 456 814

residuals with elevation angles during the experimental
period are illustrated in Fig. 4, in which colors denote the
three tomographic method and each panel represent one
scheme.
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It is observed that the SWV residuals of all tomo-
graphic results have the same trend, that is, they decrease
as the elevation angle increases. The SWV residuals
range from — 10 to 10 mm and most of them are concen-
trated between —2.0 and 2.0 mm for these 12 schemes
based on the three methods. The schemes with different
tomographic window widths and sampling rates have dif-
ferent influence on the three tomographic methods. The
effect is relatively small for MART and relatively large
for the Least squares and the Kalman filtering. The large
residuals of the results can be seen in the schemes with
slow sampling rate for the Least Squares and Kalman fil-
ter. This may be because the satellite signals at adjacent
epochs often pass through the same voxels, thus making
the row vectors in the coefficient matrix of the observa-
tion equation similar, which easily leads to the instabil-
ity of the solution using the least squares method and the
Kalman filter. Moreover, the performances of these three
methods are gradually improved with the tomographic
window width decreasing and the sampling rate increas-
ing. For the schemes with the tomographic window width
of 30 min, the SWYV residuals derived from the Kalman
filtering and the Least squares are improved when the
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Fig. 4 Scatter diagram of the change of SWV residuals with elevation angle in three types of methods for different schemes
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sampling rate extends from 30 to 300 s. The above phe-
nomenon can also be found in other comparisons with
the tomographic window width fixed. For the schemes
with the sampling rate of 30 s, the SWV residuals
derived with the Kalman filtering and the Least squares
are also improved when the tomographic window width
decreases from 30 to 10 min. The above phenomenon is
no longer significant for the schemes with slow sampling
rate. For example, when the sampling rate is 30 s, the
Root Mean Square Error (RMSE) of the SWV residuals is
3.71 mm based on the Least squares for the scheme with
the tomographic window width of 30 min and the values
changes to 2.25 mm for the scheme with the tomographic
window width of 10 min. But when the sampling rate is
fixed at 300 s, the RMSE of the SWV residuals is 1.89 mm
and 1.79 mm for these two tomographic windows.
Further, the SWV results of each tomographic solu-
tion were compared, and their RMSE distributions are
shown in the form of boxplot in Fig. 5, which also illus-
trates the impact of the different schemes on these meth-
ods. It indicates that the tomographic window width and
the sampling rates have obvious impact on the results of
the Least squares and the Kalman filtering methods, but
less impact on the results of MART, which are consistent
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with the phenomenon in Fig. 4. From the panels in the
same row, the ranges of fluctuations and extreme values
derived with the Least squares and the Kalman filter-
ing methods become smaller in each tomographic win-
dow as the sampling rate increases. From the panels in
the same column, the ranges of extreme values derived
with the Least squares and the Kalman filtering methods
do not change much as the tomographic window width
decreases, while the improvement of the fluctuations can
still be observed. For the MART, its results do not differ
much in these 12 tomographic schemes. Specifically, in
the schemes with tomographic window width of 10 min
and sampling rate of 300 s, the three methods achieve
the mean RMSE of 1.79 mm, 1.73 mm, and 1.50 mm,
respectively.

Radiosonde provides a primary source of upper-air
data, which is used to calculate the water vapor den-
sity profile with high accuracy. In this section, the water
vapor density derived from the radiosonde at 45,004
is used as a reference value to assess the tomographic
results with different tomographic methods based on
these 12 schemes. The water vapor density on DOY 152
is compared between radiosonde data and tomographic
results, and Fig. 6 shows the situations for these 12
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Fig. 5 Boxplot of the SWV RMSEs in three types of methods for different schemes during the experimental period
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Fig. 6 water vapor density comparison between radiosonde data and the three tomographic methods in different schemes

schemes with different tomographic methods. It is clearly
from the profiles that the water vapor density decreases
with increasing height. The tomographic results with the
three methods in different schemes are consistent with
this trend, but the obvious differences with the true val-
ues are observed in different schemes. From the 12 pan-
els in Fig. 6, the green curves change most, showing that
the tomographic window width and sampling rate have
the greatest influence on the tomographic results with
the Least squares. Specifically, the water vapor density
reconstructed with the Least squares method are more
consistent with that derived from radiosonde data as the
tomographic window width decreases and the sampling
rate increases. The influences of the tomographic win-
dow width and sampling rate on the other tomographic
methods are relatively little, especially on the MART.
When the tomographic window width is 10 min and the
sampling rate is 300 s, the water vapor density recon-
structed with these three methods is consistent with each
other. Moreover, the mean RMSEs of WVD are listed in
Table 2, which shows the same conclusions as Fig. 6.

To explore the overall accuracy of water vapor den-
sity reconstructed with the three methods, all the WVD

results during the experimental period are compared
with those derived from radiosonde data, and the cor-
relations are illustrated in Fig. 7. The scatter points
of the three colors in the 12 panels are close to the 1:1

Table 2 Mean RMSE of WVD for the three tomographic methods
in different schemes (g/m?)

Tomographic Sampling Least squares  Kalman MART

window (min) rate (s) filtering

30 30 345 231 1.80
60 2.88 1.89 1.69
150 238 1.68 1.65
300 1.79 1.65 1.64

20 30 271 2.04 1.73
60 242 1.78 1.72
150 1.94 1.67 1.65
300 1.70 1.66 1.64

10 30 221 1.83 1.69
60 1.94 1.71 1.67
150 1.69 1.66 1.64
300 1.65 1.65 1.64
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Fig. 7 Correlation of the WVD reconstructed with three tomographic methods and those derived from the radiosonde data in these 12 schemes

line, with the red performing the best in most cases fol-
lowed by the blue and green. As the tomographic win-
dow width decreases and the sampling rate decreases,
the WVD results reconstructed with the Least squares
and the Kalman filtering methods are getting closer to
those with MART. The correlation coefficient between
the WVD reconstructed with MART and those derived
from the radiosonde data is 0.98 in 11 schemes and
0.97 in the scheme with tomographic window width of
30 min and sampling rate of 30 s. For the Kalman filter-
ing, its correlation coefficients are relatively small in the
schemes with low sampling rate, i.e., 0.94 for the scheme
with tomographic window width of 30 min and sampling
rate of 30 s, 0.96 for the scheme with tomographic win-
dow width of 20 min and sampling rate of 30 s, 0.97 for
the scheme with tomographic window width of 30 min
and sampling rate of 60 s, 0.97 for the scheme with
tomographic window width of 20 min and sampling
rate of 60 s, and 0.97 for the scheme with tomographic
window width of 10 min and sampling rate of 30 s. And
the correlation coefficients of other schemes all reach
0.98. For the Least Squares method, the correlation coef-
ficients are 0.75/0.83/0.89/0.95, 0.86/0.89/0.94/0.96,
and 0.91/0.93/0.96/0.97, respectively. Note that the

correlation coefficient is obviously improved with the
increase of sampling rate, and the coefficient also reach
the level of the other two tomographic methods in the
scheme with tomographic window width of 10 min and
sampling rate of 300 s.

Discussion and conclusions

In this paper, the influences of tomographic window
width and sampling rate on the water vapor tomogra-
phy are analyzed in detail using the Hong Kong SatRef
as the research area. These two factors directly affect the
number of available signals and voxels crossed by GNSS
signal rays. Three tomographic methods, i.e., the Least
squares, the Kalman filtering, and MART are utilized to
conduct the experiments in 12 schemes with different
windows widths and sampling rates. The SWV estimated
by GAMIT software and WVD derived from radiosonde
data are used as references to investigate the differences
of the three methods under these 12 schemes.

Numerical results show that the tomographic win-
dow width and sampling rate can effectively increase
the number of available satellite rays, but the increase
in the number of voxels crossed by signal rays is very
limited. The two factors have the same effect on the



Yang et al. Satellite Navigation (2023) 4:7

tomographic results with the three methods, that is,
all the tomographic results get better as the tomo-
graphic window width decreases and the sampling rate
increases. It also indicates that the number of voxels
passed by signal rays is more important than the num-
ber of available signal rays in water vapor tomography.
The Least squares method is most affected by the above
two factors. Its tomographic results will be poor when
the tomographic window width is large and the sam-
pling rate is fast, and it will also achieve good tomo-
graphic results in the schemes with a small tomographic
window and a slow sampling rate. This is because the
coefficient matrix of the observation equations needs
to be solved in the Least squares, such as the operation
of matrix inversion. The larger tomographic window
and a faster sampling rate will increase the number of
observations, but the coefficient matrix is highly corre-
lated and becomes very large with most of the elements
being 0, which leads to more uncertainties in the inver-
sion of water vapor. The Kalman filtering method is less
affected by these two factors, but the poor tomographic
results are still observed in the schemes with large
tomographic window and fast sampling rate. This is
due to that an appropriate time period and interval are
required for the prediction and updating in the Kalman
filtering. For the MART, these two factors have almost
no effect on its tomographic results, which illustrates
that the iterative reconstruction technique is stable in
the water vapor tomography. Note that smaller tomo-
graphic window and slower sampling rate are more
conducive to acquire the water vapor information with
high efficiency for MART. In Hong Kong with dense
GNSS sites in this experiment, it is recommended to set
a tomographic window width of 10 min and a sampling
rate of 300 s in the water vapor tomography no matter
which tomographic method is used.

In the follow-up research, it is necessary to take into
consideration the distribution and density of GNSS
sites, the number of available satellite systems, and the
influence of the weather condition on the change in
water vapor to find more suitable tomographic windows
and sampling rates for a specific region. In addition,
more attentions should be paid to the inclusion of the
satellite signals from the side face of the tomographic
research, the fusion of the data derived from the mete-
orological remote sensing satellite (e.g.,, MODIS and
FengYun), and the discussion of the optimal weight
of the multi-source data, to continuously improve the
accuracy of the GNSS water vapor tomography.
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