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Abstract

Tropospheric tomography has been developed as a promising tool with which to model the three-dimensional (3-d) spatio-temporal
distribution of water vapour field using Global Positioning System (GPS) observations. With the development of multi-GNSS, the accu-
racy and reliability of tomography using multi-GNSS observations remains to be verified. The observed multi-GNSS (GPS, GLONASS,
and BDS) data, are first used to validate the tomographic results derived from various multi-GNSS combined strategies and compared
with radiosonde data. In addition, the top boundary of the tomography area is determined based on the variations of water vapour with
altitude derived from the COSMIC RO profiles for the period from 2006 to 2016. Tomography experiments were carried out with the 7-
day data from six stations in the CORS Network at Guiyang, China. Numerical results reveal that the use of multi-GNSS data can
increase the number of satellite rays used and consequently improve the coverage rate of voxels crossed by rays. Tomographic results
also show that multi-GNSS observations can increase the accuracy of 3-d wet refractivity reconstruction but not as well as was expected
when using currently available techniques.
� 2018 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The ability to sense atmospheric water vapour informa-
tion has been proved by using Global Navigation System
(GPS) observations (Bevis et al., 1992, 1994; Flores et al.,
2000; Troller, 2004; Rohm and Bosy, 2009). Currently,
acquiring the Precipitable Water Vapour (PWV) based on
multi-GNSS data, including GPS, the BeiDou navigation
satellite system (BDS), GLONASS, and Galileo, has been
realised (Lu et al., 2016). Mendonça et al. (2016) has
obtained the PWV value to an accuracy of about 1.7 mm
based on combined GPS and Galileo observations. The
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corresponding PWV values were also estimated based on
GPS/GLONASS observations and GPS/BDS observations
with accuracies of 1.5–2.3 mm, and 1.3–1.8 mm, respec-
tively, by Lu et al. (2015, 2016). Although the PWV values
can be obtained with a high precision based on multi-
GNSS observations, they cannot reflect the three-
dimensional variation of water vapour concentrations,
because the estimated PWV is the mean value of slant
water vapour (SWV) from GNSS signals with different ele-
vation angles and azimuths. Therefore, the three-
dimensional wet refractivity cannot be obtained merely
based on multi-GNSS PWV, but needs another technique
(e.g., tomography) to assist in the process as well.

Tomography, as a technique, was first introduced by
Radon (1917) to acquire the density distribution of an
f tropospheric wet refractivity tomography with GPS, BDS, and GLO-
.2018.01.021

https://doi.org/10.1016/j.asr.2018.01.021
mailto:zhaoqingzhia@163.com
https://doi.org/10.1016/j.asr.2018.01.021
https://doi.org/10.1016/j.asr.2018.01.021


2 Q. Zhao et al. / Advances in Space Research xxx (2018) xxx–xxx
object: it was applied to tropospheric science by Flores
et al. (2000) to obtaining the three-dimensional water
vapour distribution information from GPS observations.
The water vapour tomography technique has many poten-
tial applications such as meteorological research and assim-
ilation into the numerical weather models (Bennitt and
Jupp, 2012; Yao et al., 2017); however, the discretised vox-
els of the tomography region, especially those at the lower
layers, are almost empty due to the small number of satel-
lite rays at low elevations (Bender and Raabe, 2007). A
possible solution is to increase the number of satellite rays
from the upcoming GNSS constellation (GLONASS, Bei-
Dou, and Galileo). The other methods used to increase
the number of filled voxels are increasing the number of
GNSS stations or adjusting the horizontal resolution, or
size, of the voxels relative to those used in the GNSS net-
work (Champollion et al., 2005, Bender et al., 2011b,
Benevides et al., 2017). By the end of 2016, the number
of operational satellites in the GLONASS, BeiDou, and
Galileo networks were 24, 16, and 20, respectively. There-
fore, it is expected that more observations from multi-
GNSS data can be used for tropospheric tomography. Sev-
eral studies show that the increment of coverage rate of the
research area crossed by rays has a positive influence on the
improvement of the quality of the reconstructed water
vapour field based on simulated multi-GNSS data
(Bender et al., 2011a; Wang et al., 2014; Benevides et al.,
2017).

By 2008, tropospheric tomography using the triple con-
stellation (GPS, GLONASS, and Galileo) and its simulated
observations was first performed by Crespi et al. (2008)
based on SofTT (Software for Troposphere Tomography).
Bender et al. (2011a) carried out a tomographic study for
the whole of Germany with simulated GPS, Galileo, and
GLONASS data from about 350 GNSS stations. The cor-
responding wet refractivity tomographic study was also
performed by Wang et al. (2014) in China using simulated
GPS, GLONASS, and BDS data: it reveals that high-
precision tomographic results can be obtained with BDS
system data alone. Benevides et al. (2015) proved that the
Galileo can increase the accuracy and spatial resolution
of GPS tomographic results based on the simulated GPS
and Galileo observations, and the corresponding analysis
of Galileo and GPS integration for GNSS tomography
was performed (Benevides et al., 2017). Tropospheric
tomography, using multi-GNSS observations, can increase
the percentage of voxels crossed by rays and the spatial res-
olution in the research area. Therefore, the quality of the
tomography is enhanced. Among the above troposphere
tomography studies, one point should be noted such that
the experimental data are all from simulated multi-GNSS
observation; however, the data quality of simulated GNSS
observations is generally better than that of any observed
data. The simulated procedure was unable to simulate real
errors in GNSS observations due to the fact that it usually
does not consider the influences of various areas, latitude,
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topography, and other factors (Bender et al., 2011b;
Wang et al., 2014). Therefore, the tomographic result
obtained using simulated GNSS observations cannot
reflect the actual three-dimensional distribution of water
vapour fields.

To overcome this deficiency, this work performed a tro-
pospheric tomography study using the observed GPS,
GLONASS, and BDS data, to ascertain the advantages
of tropospheric tomography in a possible future scenario
involving multi-GNSS measurements. This paper is organ-
ised as follows: Section 2 describes the basic theory of tro-
posphere tomography, data selection and the
determination of the tomographic top boundary is pre-
sented in Section 3, while the comparison of tomographic
results using the data from various combined multi-
GNSS observations is explained in Section 4, and conclu-
sions and discussion thereof are presented in Section 5.

2. Theory of GNSS tropospheric tomography

2.1. GNSS observation equation for tomographic modelling

Troposphere tomography requires the probed atmo-
spheric area to be discretised into many voxels, and it is
assumed that the water vapour content of each voxel
remains unchanged within a selected time period. There-
fore, a ray crosses the modelling area from receiver to satel-
lite as expressed by (Flores et al., 2000):

SWD ¼ 10�6 �
Z

xðsÞds ¼
X

dijk � xijk ð1Þ

where x is the wet refractivity parameter (unit: ppm) and ds
represents the distance of a satellite ray path element, SWD
is the slant wet delay, which can be obtained based on the
mapping function and the zenith wet delay (ZWD) as
derived by Flores et al. (2000):

SWD ¼ mf � ZWD þ mf � cotðeÞ Gw
N � cosð/Þ þ Gw

E � sinð/Þ
� �

ð2Þ
where mf is the wet mapping function used in the data-
processing software, Gw

N and Gw
E are elements of the wet

delay gradient in the north-south and east-west directions,
and e and / are the satellite elevation angle and azimuth
angle, respectively. Therefore, a linear relationship between
SWD and wet refractivity using a large number of rays can
be established (Flores et al., 2000):

SWDm�1 ¼ Am�n �Nwn�1 ð3Þ
where SWD is a column vector with the amount of SWD
observations crossing outwards from the top boundary of
the research area, A is a coefficient matrix with components
of distance crossed by the divided voxels, Nw is a column
vector of the wet refractivity unknowns, and m and n are
the number of SWDs and the number of unknown param-
eters, respectively.
f tropospheric wet refractivity tomography with GPS, BDS, and GLO-
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Fig. 1. Geographical distribution of GNSS stations (black triangle)
selected in the selected area and the radiosonde.
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2.2. Constraint equations

Due to the geometric distribution of GNSS constellation
as well as the receivers located at the research area, the
observed geometry resembles an inverted cone, which is
unfavourable for tropospheric tomography (Champollion
et al., 2005; Benevides et al., 2015). Consequently, many
discretised voxels, especially those in the lower layers, are
not crossed by any satellite rays, which gives rise to an
ill-conditioned design matrix (Flores et al., 2000;
Champollion et al., 2009). To overcome this, a priori infor-
mation, or physical constraints, are needed (Rohm, 2013;
Benevides et al., 2016). In our study, two constraints are
introduced: one horizontal and the other vertical. For the
horizontal constraint, the wet refractivity value in a certain
grid is regarded as the weighted mean value of its nearby
grids in a horizontal direction (Rius et al., 1997), which
can be expressed as (Guo et al., 2016):

w1 � Nw1 þ w2 � Nw2 þ � � � þ wi�1 � Nwi�1 � Nwi þ wiþ1 � Nwiþ1

þ � � � þ wq � Nwq ¼ 0 ð4Þ

where q is the total number of grids in one layer, and w is
the weighted horizontal coefficient, which can be calculated
based on the Gaussian weighting function (Song et al.,
2006).

For the vertical constraint, an exponential negative
function is introduced based on the general distribution
of water vapour with height (Elósegui et al., 1998). The
relationship between two adjacent layers can be described
by (Flores et al., 2000):

Nwk=Nwk�1 ¼ a � e�b�Dh ð5Þ

where a and b are the unknown coefficients, which can
be estimated with the radiosonde data from the first
three days before the tomography epoch, three days of
radiosonde data are selected to allow the generation of
a better result, and Dh is the geodetic vertical height dif-
ference between two adjacent layers (unit: km). As a
result, the conventional tomography model for water
vapour reconstruction can be established by imposing
the horizontal and vertical constraints as follows
(Flores et al., 2000):

A

H

V

0
B@

1
CA � x ¼

SWD

0

0

0
B@

1
CA ð6Þ

where H and V are the coefficient of horizontal and vertical
constraints, respectively. To obtain the final reconstructed
wet refractivity field, singular value decomposition is intro-
duced in the inversion of Eq. (6), as presented elsewhere
(Hajj et al., 1994; Ruffini et al., 1998; Press et al., 1997;
Flores et al., 2000).
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3. Data selection and determination of tomographic top

boundary

3.1. Experimental data and processing

The data derived from six ground-based GNSS stations
(as shown by N in Fig. 1) in a CORS Network around
Guiyang, the capital of Guizhou Province, are selected
for the period from DoY 303 to 309 2015. The tomography
region is determined as follows, the latitude is from 106.10�
E to 107.30� E while the longitude is from 26.10� N to
27.30�, both with a horizontal resolution of 0.15� (Yao
and Zhao, 2016a,b; Zhao and Yao, 2017). The vertical
height of the research area is selected as 8 km, which will
be discussed in Section 3.2, with the non-uniform resolu-
tion of two layers of 0.5 km, three layers of 0.6 km, four
layers of 0.8 km, and two layers of 1 km, respectively.
Therefore, the total number of grids is 8 � 8 � 11 (eight
longitudinal and latitudinal, 11 vertical). In addition, there
is one radiosonde station (as shown by d in Fig. 1) located
in the research area, where the radiosonde balloon is
launched twice daily at UTC 00:00 and 12:00, respectively.

GNSS observations for the experimental period are
processed with the independently developed multi-GNSS
Precise Point Positioning (PPP) software (Zumberge
et al., 1997; Kouba 2009, 2015). This software adopts
the conventional ionosphere-free (IF) code and phase mea-
surements, and the unknown parameters are estimated
using an extended Kalman filter. The troposphere parame-
ter ZTD is given at 30 s, extrapolated from the parameters
interval sampling and the wet gradients in north-south and
east-west directions are estimated at intervals of 2 h,
f tropospheric wet refractivity tomography with GPS, BDS, and GLO-
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Table 1
Primarily configuration for multi-GNSS PPP software.

Satellite System GPS: L1/L2; GLONASS: G1/G2; BDS: B1/B2

Sampling rate 30 s
Elevation angle mask 10�
Error model Satellite orbit: Precision Orbit (5 min), 10 order lagrange interpolation

Satellite clock: Precision clock error (30 s), Linear interpolation
Relativistic effect: Modelling correction
Troposphere: GPT+Saastamoinen model+zenith wet delay estimation
Ionosphere: Eliminating the first order, ignoring the higher order iterms
Phase wind-up: Modelling correction
Tidal correction: Solid tide + Sea tide + Pole tide
Phase center correction: IGS_08 (Only satellite PCO corrected for BDS)

Parameters to be estimated Station coordinate: Static
Receiver clock: White noise
Zenith wet delay: Random walk
BDS: ISB (whole BDS constellation)
GLONASS: IFB (each satellite)
Float ambiguity

4 Q. Zhao et al. / Advances in Space Research xxx (2018) xxx–xxx
respectively. The zenith hydrostatic delay (ZHD) is calcu-
lated based on the Saastamoinen model (Saastamoinen,
1973) using the surface pressure interpolated from data
for nearby grid points from the European Centre for
Medium-range Weather Forecasts (ECMWF) ERA-
Interim products with a resolution of 0.125� � 0.125�
(Berrisford et al., 2009; Balsamo et al., 2015). Therefore,
the ZWD can be obtained thus: ZWD ¼ ZTD� ZHD, and
the SWD can be calculated by using Eq. (2). The primary
configuration of the multi-GNSS PPP software is described
in Table 1 (Zumberge et al., 1997; Kouba 2009, 2015; Liu
et al., 2017).

3.2. Determination of tomographic top boundary

The selection of tomographic height is a key factor for
wet refractivity reconstruction (Yao and Zhao, 2016a,b).
An unreasonable tomographic height can result in rela-
tively large wet refractivity parameters or possible negative
Fig. 2. The vertical distribution of water vapour density in a single COSMIC R
and exponential fitting curve from 2006 to 2016 (right) for the selected area, X
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parameters, if the top boundary is too low or high. There-
fore, as described in Section 3.1, the vertical height of the
research area is selected as 8 km, which is determined
according to the variations in wet refractivity with altitude
rather than based on experience. The wet refractivity pro-
files of the research area are derived from the 144 ‘‘wetPrf”
profiles of Constellation Observing System for Meteorol-
ogy, Ionosphere, and Climate (COSMIC) Radio Occulta-
tion products from 2006 to 2016 (Sun et al., 2010; Cook
et al., 2015).

Fig. 2 shows the vertical distribution of wet refractivity
in a single COSMIC RO event (left) and the average values
of wet refractivity for the 144 ‘‘wetPrf” profiles (right). It
can be seen from the Fig. 2 that the wet refractivity is very
low at 9 km above mean sea level 9 km, which is deter-
mined as the tomographic top boundary. One point should
be noted that the average altitude of the selected area
above mean sea level is more than 1 km, therefore, the
actual height of tomographic area in our study is 8 km.
O event (left) and the 3-D water vapour distribution of tomography area
is the Mean Sea Level (MSL) altitude.

f tropospheric wet refractivity tomography with GPS, BDS, and GLO-
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4. Comparison of tomographic results using various

combined multi-GNSS observations

To assess the quality of tomographic result from multi-
GNSS measurements, six combined strategies, using multi-
GNSS data, are generated as follows: GPS (G), BDS(C),
GLONASS (R), GPS+BDS (G+C), GPS+GLONASS
(G+R) and GPS+BDS+GLONASS (G+C+R). Two
groups of comparisons are carried out in our study, one
is a comparison in a single day (DoY 303, 2015) with a
tomography step of 1 h, the other is a comparison of tomo-
graphic result with radiosonde data at two epochs of UTC
00:00 and 12:00 for the period of seven days (DoY 303 to
309, 2015). The tomography is performed with a step of
1 h using the SWDs at 10 min intervals, and the tomogra-
phy modelling is resolved based on the singular value
decomposition (SVD) method (De Lathauwer et al.,
Fig. 3. Observed GNSS observations derived from m

Fig. 4. Voxels without any satellite rays crossed
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1994). As described in Section 2.2, the radiosonde data
from the first three days before the tomography epoch
are used to calculate parameters a and b in Eq. (5).

4.1. Validation in a single day

The number of satellite rays used and the coverage rate
of grids for the tomography region are first compared for
different combined strategies. Figs. 3 and 4 show the num-
ber of SWDs used in 10 min with a step-size of 1 h and the
percentage of empty voxels based on six combined strate-
gies for DoY 303, 2015, respectively. It can be seen from
Fig. 3 that the number of SWDs used increased when the
combined multi-GNSS observations are used, and the most
are used with the G+C+R strategy. Fig. 4 shows that the
percentage of the empty voxels is decreased as the number
of satellite rays increases, but half of the voxels in the
ulti-GNSS observations at the Doy 303, 2015.

by SWD observations at the Doy 303, 2015.

f tropospheric wet refractivity tomography with GPS, BDS, and GLO-
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Table 2
Statistical result of the number of SWDs used and the percentage of empty
voxels at Doy 303, 2015.

Number of SWDs Empty voxels (%)

Max. Min. Mean Max. Min. Mean

G 1452 855 1075 73.01 57.95 66.96
C 1669 918 1233 83.38 69.74 76.42
R 1114 588 810 75.57 63.35 69.82
G+C 2716 2025 2301 71.02 55.54 64.27
G+R 2210 1493 1886 68.18 53.98 61.94
G+C+R 3638 2653 3119 67.33 52.56 60.74
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experimental region are still not crossed by any rays.
Table 2 lists the statistical results pertaining to the number
of SWDs used and the percentage of empty voxels for six
combined strategies. Statistical analysis reveals that the
number of SWD observations is almost doubled or tripled
when two or three multi-GNSS constellations are used,
however, the percentage of empty voxels is not decreased
as much as was expected, but only by 10–21%.

To validate the accuracy of the established tomographic
modelling using different multi-GNSS observations, the
SWD residuals are compared on DoY 303, 2015. The
SWD differences between different combined strategies
and the PPP-estimate are first compared. Here, we com-
pared the SWD residuals of single GPS, BDS, and GLO-
NASS derived from different combined strategies.
Figs. 5–7 show the comparison of SWD residuals distribu-
tion with elevation angle only for single GPS, BDS, and
GLONASS observations, respectively. The SWD residual
decreases with increasing elevation angle, which is reason-
able when considering the SWD residual and elevation
Fig. 5. The comparison of SWD residuals distribution with elevation angle for
using different multi-GNSS combined strategies.
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angle. Table 3 also presents the statistical analysis of stan-
dard errors for different systems. It is clearly that the distri-
bution of SWD residuals with elevation angle is similar for
the G, G+C, G+R, and G+C+R strategies (Fig. 5), and
the standard errors are 3.98, 3.89, 3.78, and 3.78 mm,
respectively. For the comparison of BDS observations
(Fig. 6), the distribution of SWD residuals is resembled
for the C, G+C, and G+C+R strategies with standard
errors of 2.85, 2.78, and 2.75 mm, respectively. The same
result can be concluded for the comparison of GLONASS
data in Fig. 7 with standard errors of 3.92, 3.93, and 3.92
mm, respectively for the R, G+R, and G+C+R strategies.
In general, the accuracy of tomographic modelling is
slightly improved when multi-GNSS observations are used
for building the observation equation.

4.2. Comparison with radiosonde data

In this comparison, a 7-day data window is selected for
the period DoY 303 to 309, 2015 to analyse the accuracy
and reliability of tomographic results based on different
combined multi-GNSS strategies. In this experiment, we
calculated the number of SWDs and empty voxels using
the observations of different combined strategies in 10
min for each step of 1 h, and then obtained the average sta-
tistical result for each day. The number of SWDs used and
the percentage of empty voxels are first compared for seven
days (Figs. 8 and 9, respectively). The number of satellite
rays used is almost doubled or tripled for the G+C/G+R
and G+C+R strategies, respectively, when compared with
the single G/C/R strategies; however, the percentage of
empty voxels is not decreased by much, and the largest
GPS observations derived from the PPP-estimated and tomographic results

f tropospheric wet refractivity tomography with GPS, BDS, and GLO-
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Fig. 6. The comparison of SWD residuals distribution with elevation angle for BDS observations derived from the PPP-estimated and tomographic results
using different multi-GNSS combined strategies.

Fig. 7. The comparison of SWD residuals distribution with elevation angle for GLONASS observations derived from the PPP-estimated and tomographic
results using different multi-GNSS combined strategies.

Q. Zhao et al. / Advances in Space Research xxx (2018) xxx–xxx 7
number of empty voxels was found for the C strategy while
was comparable for the G+R and G+C+R strategies. This
is related to the geometric structure of the BeiDou satellite
constellation which consists of three kinds of satellites,
including BeiDou-G satellites in the geostationary orbit
(GEO), BeiDou-M satellites in medium Earth orbit
(MEO), and BeiDou-I satellites in inclined geosynchronous
Please cite this article in press as: Zhao, Q., et al. Accuracy and reliability o
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orbits (IGSO). For the GEO satellites, they have a higher
altitude (about 35,786 km), therefore, the elevation angles
of BeiDou observations is higher than that of observations
from other systems. For the selected region in China, the
percentage of voxels crossed by rays is not only determined
by the number of signals but also the geometric distribu-
tion of the signals. Statistical data pertaining to the SWDs
f tropospheric wet refractivity tomography with GPS, BDS, and GLO-
.2018.01.021
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Table 3
Statistical result of the standard errors for different systems at Doy 303,
2015 (unit: mm).

System Strategy

G C R G+C G+R G+C+R

GPS 3.98 3.89 3.78 3.78
BDS – 2.85 – 2.78 – 2.75
GLONASS – – 3.92 – 3.93 3.92

Table 4
Statistical result of the number of SWDs and the empty voxels.

Number of SWDs Empty voxels (%)

Max. Min. Mean Max. Min. Mean

G 1252 1134 1193 69.03 66.76 67.78
C 1303 1172 1245 77.84 74.64 76.56
R 880 686 809 73.08 66.40 69.46
G+C 2555 2344 2438 67.61 65.63 66.60
G+R 2131 1881 2002 65.98 60.30 63.06
G+C+R 3434 3087 3247 65.41 60.16 62.66
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used and the percentage of empty voxels for the experimen-
tal period are shown in Table 4, which reveals that the
SWDs used of combined strategies (G+C/G+R/G+C
+R) are increased by 60–400% while the number of voxels
crossed by rays is improved by 1.2–13.9%, respectively,
when compared to the single G/C/R strategies.

To make a direct comparison of ZWD values derived
from the radiosonde data and the different tomographic
results, the ZWD values for the location of the radiosonde
station are constructed using the wet refractivity profiles in
the voxels obtained from the different tomographic results
Fig. 8. Observed GNSS observations deri

Fig. 9. Voxels without any satellite
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at UTC 00:00 and 12:00, respectively. In our study, a sta-
tistical index is introduced between the radiosonde-
estimated and reconstructed ZWD values (Yao and
Zhao, 2016a):

REZWD ¼ jZWDRS � ZWDTomoj
ZWDRS

ð7Þ

where REZWD is the relative error of ZWD derived from
radiosonde data and tomographic results based on different
ved from GPS, BDS and GLONASS.

rays crossed SWD observations.

f tropospheric wet refractivity tomography with GPS, BDS, and GLO-
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Fig. 10. Comparison of relative error of ZWD derived from radiosonde-estimated and tomographic results based on the various combined strategies.
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combined strategies, ZWDRS are the ZWD values calculated
based on radiosonde values while ZWDTomo is reconstructed
from the tomographic results. Fig. 10 shows the compar-
ison of relative error of ZWD derived from radiosonde-
estimated and tomographic results based on the various
combined strategies for the period DoY 303 to 309, 2015.
It can be seen that the relative errors in ZWD for different
tomographic results at the same epochs vary over time, and
the statistical result revels that the average relative errors
for six combined strategies during the test period are
9.36%, 9.58%, 10.26%, 9.60%, 9.83%, and 9.87%,
respectively.

One point should be noted that the ZWD is the inte-
grated value of wet refractivity along the zenith directions
from the surface to the tomographic top boundary, which
cannot reflect the wet refractivity profile information: if
two vertical layers are arbitrarily exchanged, the ZWD
Fig. 11. Comparison of wet refractivity profile between radiosonde and tom
epochs UTC 00:00, Doy 304 and UTC 00:00, Doy 307, resoectively.
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value remains the same but the vertical structure has chan-
ged significantly. Therefore, the wet refractivity profile
information is further compared with radiosonde data for
the seven days at UTC 00:00 and 12:00, respectively.
Two groups of wet refractivity profiles at specific epochs
UTC 00:00, DoY 304 and UTC 00:00, DoY 307, are shown
respectively (Fig. 11). Those two epochs are selected as they
correspond to the minimum and maximum relative ZWD
values. It can be seen from Fig. 11 that the wet refractivity
profiles derived from radiosonde data and various tomo-
graphic result agree with each other, and the wet refractiv-
ity, over the two epochs, shows a negative exponential
trend with altitude. For Fig. 11(a), the reconstructed wet
refractivity changed significantly, especially in the bottom
layers while the tomographic results for different strategies
match the radiosonde profiles in Fig. 11(b). The numerical
result shows that the RMS error of wet refractivity profiles
ographic result based on the various combined strategies at two specific
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from the six combined strategies are 7.33, 6.12, 7.37, 6.96,
7.35, and 7.02 ppm and 11.51, 11.20, 12.35, 11.61, 12.01,
and 11.87 ppm, respectively. Fig. 12 shows the comparison
of RMS differences between the radiosonde and tomo-
Table 5
Statistical summary of solution result based on different combined
strategies.

RMS (ppm)

Max. Min. Mean

G 10.38 6.90 9.15
C 12.59 7.09 9.35
R 11.82 7.31 9.31
G+C 11.51 7.13 9.22
G+R 9.93 7.20 8.84
G+C+R 10.46 7.48 8.93

Fig. 13. RMS and relative error change with altitude for different tomographic
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graphic wet refractivity using different combined multi-
GNSS observations for the selected period at UTC 00:00
and 12:00. From Fig. 12 it was concluded that the RMS
errors of wet refractivity derived from the combined strate-
gies (G+C, G+R, and G+C+R) were not always superior
to that of the single strategies (G, C, and R). Although
multi-GNSS can provide more observations for tomo-
graphic modelling, it cannot improve the quality of the
tomography as was expected. The average RMS errors
arising during the test period (Table 5) reveal that the accu-
racy of RMS is improved by between 0 and 5.5% when
using multi-GNSS observations.

To investigate the relationship of wet refractivity with
respect to altitude, the RMS and relative error of wet
refractivity derived from radiosonde data and tomographic
results based on different combined strategies are com-
pared. Fig. 13 shows the changes of RMS and relative error
results based on different combined strategies for the experimental period.
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of wet refractivity with altitude for different tomographic
results for the selected seven-day period. It can be seen that
the RMS error is slightly lower for the G+R/G+C+R
strategies while values for the C/R strategies are poor at
lower layers. Generally, the RMS error is decreased with
height while the relative error shows the opposite trend.
The main reason for this is that the wet refractivity is very
large in the lower layers which leads to a large RMS error
and a small relative error: the values in upper layers are rel-
atively small, and even a small discrepancy can cause a
large relative error.
5. Conclusion and discussion

A GNSS tropospheric tomography comparison has
been carried out to investigate the reconstruction of water
vapour fields when introducing multi-GNSS observations.
Six kinds of combined strategies have been selected: GPS,
BDS, GLONASS, GPS+BDS, GPS+GLONASS, and
GPS+BDS+GLONASS. The tomographic experiments
were performed using the 7-day data from a CORS Net-
work at Guiyang, China, based on the different combined
strategies. Horizontal and vertical constraints are also
imposed on the tomographic modelling, and the tomo-
graphic top boundary is determined based on the distribu-
tion of water vapour with altitude from the COSMIC RO
‘‘wetPrf” profiles.

A comparison of tomographic results for the experimen-
tal period shows that the number of satellite rays used has
been almost doubled or tripled when the two or three kinds
of multi-GNSS observations were used in the tomographic
modelling, but the percentage of empty voxels did not
decreased as much as was expected (only by about 1.2–
13.9%). The comparison of wet refractivity profile derived
from raidosonde data and tomographic results based on
various combined strategies revealed that the accuracy of
RMS for the reconstructed wet refractivity field is only
improved by 0–5.5%, therefore, the reconstructed quality
of three-dimensional water vapour fields was improved,
but not by much, when the multi-GNSS observations are
used for establishing the observation equation using the
current tomographic technique.

Some possible reasons may explain these results: the
spatial resolution of the tomographic modelling was not
improved as was expected. As presented in Section 4, there
remained some 50% of the voxels uncrossed by any satellite
rays even when data from the GPS+BDS+GLONASS
strategy were used. Another possible reason was that the
increased number of observations may have no positive
effect on the tomographic resolution, especially for those
additional multi-GNSS rays crossing voxels which have
been penetrated by the SWDs from the single GPS/BDS/
GLONASS observations. In addition, the satellite rays
crossing outwards from the side face of the research area
are not treated as conveying effective information: such
rays are also important when improving coverage rates in
Please cite this article in press as: Zhao, Q., et al. Accuracy and reliability o
NASS observations. Adv. Space Res. (2018), https://doi.org/10.1016/j.asr
the tomography area, especially among those voxels in
the lower layers. Therefore, improving the spatial resolu-
tion of the tomographic modelling is a key factor, which
can be addressed by increasing the spatial density of
ground-based GNSS stations (Adavi and Mashhadi-
Hossainali, 2014; Benevides et al., 2016) and using the rays
crossing outwards from the side face of the research area
(Yao and Zhao, 2016a,b). In addition, station distribution,
the horizontal resolution defined for the study area and the
proximity of the stations to the voxels border also very
important for the tomography result (Bender and Raabe,
2007; Benevides et al., 2016). After those problems are
overcome, the quality of reconstruction of multi-GNSS
tropospheric tomography is expected to be improved
significantly.
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gral-werte längs gewisser mannigfaltigkeiten. Computed Tomogr. 69,
262–277.

Rius, A., Ruffini, G., Cucurull, L., 1997. Improving the vertical resolution
of ionospheric tomography with GPS occultations. Geophys. Res.
Lett. 24 (18), 2291–2294.

Rohm, W., Bosy, J., 2009. Local tomography troposphere model over
mountains area. Atmos. Res. 93 (4), 777–783.

Rohm, W., 2013. The ground GNSS tomography–unconstrained
approach. Adv. Space Res. 51 (3), 501–513.

Ruffini, G., Flores, A., Rius, A., 1998. GPS tomography of the
ionospheric electron content with a correlation functional. Geosci.
Remote Sens. IEEE Trans. 36 (1), 143–153.

Saastamoinen, J., 1973. Contributions to the theory of atmospheric
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