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Due to the short peak observation time of global navigation satellite systems (GNSS), the accuracy of the tropospheric delay
estimation and the positioning are poor. In this study, a rapid GNSS network solution for mountainous regions is presented.
The high-precision tropospheric delay at ground points is obtained from long-term ground observation data and used as a
priori constraint in the double-difference equation of short-time synchronous peak observations to realize rapid and high-
precision positioning. Chinese mountain survey networks with large elevation gradient (1000~2000m) were selected for the
experimental verification of the proposed method. The results show that the rapid peak positioning method weakened the effect
of the residual tropospheric delay caused by the elevation difference, significantly improving the accuracy and reliability of the
results. The positioning accuracy of the peak in upward direction was better than 1.1 cm, which meets the requirements of rapid
short-span (~1 h) high-precision monitoring and achieves 24 h positioning accuracy. Compared with the traditional solution
strategy, the precision of the method with respect to the north (N), east (E), upward (U), and zenith tropospheric delay (ZTD)
significantly improved. The accuracy of U improved by more than 47%. Therefore, based on the high accuracy and reliability,
information of ground stations can be fully utilized to significantly reduce the peak observation time and the operation costs of
surveys in mountain regions.

1. Introduction

Tropospheric delay is a major error that occurs during the
processing of global navigation satellite system (GNSS) data.
The refined processing of the tropospheric delay correction is
the premise of precise and rapid GNSS positioning and is of
great significance for rapid and high-precision location ser-
vices. Due to the complex climatic conditions in high-
altitude regions and the lack of measured meteorological
data, traditional empirical models are mainly based on atmo-
spheric numerical models and the calculated zenith tropo-
spheric delay (ZTD) exhibits a deviation [1, 2]. Therefore,
the GNSS double-difference network solution for peaks
requires longer observation times to improve the accuracy
of the tropospheric delay estimation and determine the
heights of mountains. However, the harsh observation envi-
ronments at mountain peaks complicate long-term GNSS
observations. High elevation gradients result in large differ-

ences in the tropospheric delays at both ends of the baseline,
which cannot be reduced by traditional double-difference
observations to meet the centimeter-level positioning
requirements. Reducing the effects of the residual tropo-
spheric delay is of vital importance for the improvement of
the accuracy of short-term peak positioning.

Surveying practices showed that the observation time in
alpine regions is generally less than 4h. When short-time
GNSS peak observation data are estimated by using the tradi-
tional delayed tropospheric estimation method, the results of
tropospheric parameter estimation largely deviate. This will
affect the ambiguity fixing results, thus leading to a low accu-
racy and poor reliability of the positioning results, especially
in high elevation gradient areas [3, 4]. Therefore, in the case
of a high elevation gradient in the regional GNSS observation
network, there is a strong correlation between spatial posi-
tion parameters and tropospheric estimation parameters.
The accuracy and reliability of the position results mainly
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depend on the spatial and temporal accuracy of the regional
tropospheric model [5]. Regarding the accuracy of the tropo-
spheric model, Wang et al. analyzed the applicability of the
common tropospheric EGNOS/UNB3m/GPT/GPT2 model
in different regions and seasons in China [6]. Jian et al. pro-
posed the integration of a ZTD with an atmospheric numer-
ical model to address the insufficient spatiotemporal
resolutions of existing tropospheric models and evaluated
the model accuracy [7]. Yibin et al. evaluated the global accu-
racy of the Global Geodetic Observing System (GGOS) total
zenith delay product and applied the corrected GGOS-ZTD
product to precise point positioning (PPP) to improve the
convergence speed in the height direction [1]. To weaken
the effect of the tropospheric delay on the geodetic height
in high elevation gradient areas, Di et al. studied the influence
of the tropospheric delay estimation strategy on the baseline
solution using a baseline with a large height difference. The
results showed that the effect of the tropospheric delay esti-
mation on the plane can be neglected, but the impact
exceeded the uncertainty limit in the upward direction [8].
Wei studied the influence of the tropospheric delay on short
baseline time series with large height differences and showed
that the height direction time series exhibit false seasonal sig-
nals if the tropospheric delay is not estimated [9]. Kaifeng
et al. improved the precision of the postprocessing kinematic
(PPK) solution as a priori value by using the tropospheric
zenith delay obtained from the PPP solution. With the devel-
opment of multimode and multifrequency GNSS rapid posi-
tioning technology, the real-time kinematic (RTK) and PPP
technology based on the continuously operating reference
station (CORS) network has been developed [10]. Several
scholars have proposed the improvement of the accuracy
and convergence speed of PPP based on enhanced products
of the regional CORS atmosphere [11, 12]. The use of the
noncombined PPP method, which is based on real-time
atmospheric product enhancement, significantly improves
the PPP convergence time [13, 14]. These studies provided
a reference for the treatment of the residual convection layer
in high-altitude areas.

In most of the existing studies, long-term (>24 h) obser-
vation data were obtained for experimental objects with large
height differences (~100m). In actual surveys of mountains,
such as the elevation measurement of Mount Qomolangma
in China in 2005, the GNSS observation time did not exceed
2h. There is a lack of data processing strategies for short-time
double-difference network solutions in regions with large
height differences. The research results show that only the
effect of the large height difference of the tropospheric delay
on the positioning can be addressed and the applicability of
the method has several limitations. Based on the abovemen-
tioned considerations, the adoption of long-term ground
observation data and the tropospheric delay as a priori con-
straints is proposed in this study to substitute simultaneous
solutions in the double-difference observation equation,
reduce the unknown estimable parameters of the normal
equation, and improve the effect of ambiguity fixing as well
as the accuracy of tropospheric delay parameters at peak
and point coordinates. To investigate the feasibility and reli-
ability of the method proposed in this paper, network exper-

iments were carried out in different mountainous areas in the
east, middle, and south of China to compare and analyze the
positioning accuracy and advantages and disadvantages of
different tropospheric treatment strategies.

2. Tropospheric Delay in
Differential Positioning

During the actual positioning process, the effect of the
tropospheric delay is similar to that of the ionospheric
delay. The tropospheric delay is caused by the neutral
atmosphere below 10 km, and the ionospheric delay is
due to the propagation medium at a height of ~400 km
[15]. Therefore, the tropospheric delay is more susceptible
to climate change. When using the double-difference
model for positioning, the effect of the tropospheric delay
is generally eliminated or weakened based on parameter
estimation [16–18]. Currently, three main methods are
used for the correction of the tropospheric delay: (1)
direct estimation using an empirical model, such as Saas-
tamoinen based on measured meteorological parameters,
and the GPT series and IGGtrop series based on the
atmospheric numerical model; (2) parameter estimation
in which the tropospheric wet delay is used as a param-
eter; and (3) the high-precision tropospheric delay is
directly obtained from sounding data and regarded to
be the true value. When the positioning is based on the
double-difference model, the effect of the tropospheric
delay is generally eliminated or weakened based on
parameter estimation [16–18].

Different positioning technologies can be used to
reduce the effect of the tropospheric delay error, but when
the baseline distance or the height difference are large, it is
difficult to eliminate or weaken the tropospheric delay
error. The differential residual tropospheric delay affects
the accuracy of the baseline solution and thus the solution
of the integer ambiguity [19]. In high-precision GNSS
positioning, the tropospheric delay is the largest error,
followed by the fixed ambiguity. The tropospheric delay
can be generally divided into relative and absolute tropo-
spheric delays [20]. The relative tropospheric delay mainly
affects the accuracy of the station height estimate, whereas
the absolute tropospheric delay mainly causes the devia-
tion of the baseline scale [21].

2.1. Relative Tropospheric Delay. The relative tropospheric
delay is the difference in the tropospheric delay between the
base stations at both ends of the baseline. Relative tropo-
spheric delay is one of the key factors affecting the height of
a station in alpine surveying scenarios, but it is difficult to
correct this error using a model. The height errors can be
determined as follows:

Δh = ΔZPD
sin Emin

, ð1Þ

where ΔZPD (zenith path delay) is the relative tropospheric
delay and Emin is the cutoff altitude angle of the satellite.
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Based on Equation (1), the effect of the relative zenith tro-
pospheric delay ΔZTD on the height can be calculated as fol-
lows:

Δh =
ΔZPD
sin Emin

=
ΔZTD/sin Emin

sin Emin
=

ΔZTD
sin2Emin

: ð2Þ

Based on this equation, a ZTD of 1mm causes a height
error of 3.5 cm when the cutoff altitude angle of the satellite
is 10°. When the cutoff altitude angle of the satellite is 5°, a
ZTD of 1mm causes a height error of 13.2 cm.

2.2. Absolute Tropospheric Delay. The absolute tropospheric
delay refers to the same value of tropospheric delay at both
ends of the baseline, which mainly affects the scale factor of
the baseline. The absolute tropospheric delay can be used to
obtain a high-precision zenith delay value by nondifferential
precise single-point positioning and a double-difference net-
work solution. The following equation can be used to esti-
mate the scale effect:

Δl
l
=

ZTD
Re sin Emin

, ð3Þ

where l and Δl are the baseline length and deviation, respec-
tively; ZTD is the absolute zenith tropospheric delay, and Re
is the Earth’s radius. When the cutoff angle of the satellite
altitude is 10°, the scale error caused by an absolute tropo-
spheric delay of 2m is ~2 ppm. When the cutoff angle of
the satellite altitude is 5°, the scale error caused by a 2m abso-
lute tropospheric delay is ~4 ppm.

3. Double-Difference Function Model
considering Delay Constraints in the
Troposphere at Ground Points

When the GNSS synchronous observation network is solved
with a double-difference baseline, the double-difference
equation can be expressed as

Pij
1rs = ρijrs + Iijrs + Tij

rs,

Pij
2rs = ρijrs +

f 21
f 22
Iijrs + Tij

rs,

φij
1rs = ρijrs − Iijrs + Tij

rs + λ1n
ij
1rs,

φij
2rs = ρijrs −

f 21
f 22
Iijrs + Tij

rs + λ2n
ij
2rs:

8>>>>>>>>>>><
>>>>>>>>>>>:

ð4Þ

When a nonionospheric combination is used, the double-
difference observation equation can be expressed as

φij
IF,rs = ρijrs + λ1b

ij
IF,rs + Tij

rs,

Pij
IF,rs = ρijrs + Tij

rs,

8<
: ð5Þ

where the superscripts i and j and the subscripts r and s rep-
resent the given receiver and satellite, respectively; ρijrs is the
geometric distance of the station; Iijrs is the double-
difference ionospheric delay; Tij

rs is the double-difference tro-

pospheric delay; φij
IF,rs and Pij

IF,rs are between stations r and s
of the observed satellite, which has a nonionospheric combi-
nation carrier and pseudorange double-difference observa-
tion values; bijIF,rs is the double-difference nonionospheric
combination ambiguity; and λ1 is the wavelength at the fre-
quency L1.

Solving the zenith
tropospheric delay of

ground points for long-time
observation with IGS stations

Fixed ambiguity

Estimating the final peak
zenith tropospheric delay

Solving the peak
coordinates by adjustment

Merging the tropospheric delay
of ground points and peak

Estimating the peak
tropospheric delay during
synchronous observation

periodConstraining the ground
tropospheric parameters

Constraining the ground
point coordinates

Figure 1: Flowchart of rapid peak positioning based on the a priori tropospheric delay at ground points.
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Figure 2: Distribution of the GNSS observation network in different areas. Values next to the red markers indicate elevation. (a) Zhejiang. (b)
Yunnan. (c) Shaanxi.
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Figure 3: Distribution of IGS stations.
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Figure 4: Deviation of the relative zenith tropospheric delay. (a) Scheme 1. (b) Scheme 2. (c) Scheme 3.
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Based on the assumption of the parameters of the ZTD at
the ground points, the stochastic model uses the long-term
observed ZTD of the ground points as the virtual observation
value and the observation equation can be expressed as

VZTDr = ZTDr + εr,VZTD, ð6Þ

where εr,VZTD is the noise of the virtual ZTD. High-precision
ground tropospheric delay correction can be achieved due to
the ease of long-term GNSS observations in the terrestrial
point environment. Equations (5) and (6) can be used to
obtain the peak-to-peak tropospheric parameters based on
high-precision a priori constraints of the troposphere at the
ground points.

In this study, the high-precision positioning software
BERNESE was used to calculate GNSS observation data at
ground points to obtain high-precision positioning results
and the tropospheric delay. Based on the use of high-
precision a priori tropospheric information and ground
coordinates as constraints, the double-difference equation
can be solved and the number of evaluation parameters can
be effectively reduced. The ill-conditioned normal equation
can be improved, which enhances the accuracy and reliability
of the tropospheric delay, and a peak positioning result is
obtained. The solution flowchart is shown in Figure 1.

4. Methods

Surveying practice has shown that a short baseline must con-
sider the effect of tropospheric delay error in high elevation
gradient positioning solutions in different regions. In this
study, high-precision ground tropospheric correction values
were combined with the tropospheric delay of the peak esti-
mation. First, the amount and precision of the tropospheric
delay correction calculated from long-tern GNSS observation
data for ground points were used as a priori constraints in the
double-difference observation equation to estimate unknown
parameters. Because of the high accuracy of the troposphere
parameters solved over a long period of time, as a priori tro-
pospheric constraint, the number of parameters to be deter-
mined can be reduced and the morbidity of the normal
equation can be improved, thus improving the accuracy
and reliability of the tropospheric delay and peak positioning
results.

4.1. Experiments in Mountainous Areas. Considering that the
GNSS double-difference calculation method is affected by the
baseline length and geographical location of the observation
network, three mountains in China were selected for experi-
ments to verify the proposed method. The mountains are
located in the Zhejiang (ZJ), Yunnan (YN), and Shaanxi
(SX) provinces, respectively. The distribution of the stations
is shown in Figure 2. The maximum height difference

Index
N E U ZTD

ZJ YN SX ZJ YN SX ZJ YN SX ZJ YN SX

MAX 0.017 0.012 0.010 0.043 0.038 0.054 0.054 0.037 0.079 0.019 0.016 0.017

MEAN 0.004 0.002 0.005 0.009 0.005 0.010 0.020 0.019 0.053 0.008 0.006 0.006

RMS 0.006 0.004 0.006 0.016 0.010 0.020 0.025 0.022 0.059 0.007 0.008 0.008

Scheme 1: The Saastamoinen+Vienna mapping functions 1 (VMF1) model value is used for the correction of the tropospheric delay.

Index
N E U ZTD

ZJ YN SX ZJ YN SX ZJ YN SX ZJ YN SX

MAX 0.018 0.005 0.016 0.053 0.019 0.021 0.049 0.071 0.052 0.361 0.211 0.794

MEAN 0.003 0.002 0.005 0.007 0.005 0.005 0.013 0.014 0.013 0.076 0.056 0.213

RMS 0.005 0.003 0.007 0.015 0.007 0.008 0.018 0.020 0.021 0.118 0.086 0.318

Scheme 2: All stations carry out tropospheric delay estimation. The dry component of the Saastamoinen+Vienna mapping functions 1
(VMF1) model is used as the priori value. The wet component of the tropospheric delay is estimated at all stations. The tropospheric
parameters are linearly modelled, so that each period includes the number of the station parameters for the tropospheric delay.

Index
N E U ZTD

ZJ YN SX ZJ YN SX ZJ YN SX ZJ YN SX

MAX 0.021 0.010 0.006 0.017 0.013 0.006 0.045 0.021 0.018 0.007 0.005 0.004

MEAN 0.002 0.002 0.003 0.003 0.003 0.003 0.013 0.009 0.009 0.002 0.002 0.002

RMS 0.004 0.003 0.003 0.004 0.004 0.004 0.010 0.011 0.010 0.002 0.002 0.002

Scheme 3: The corrections of the tropospheric delay and positioning results obtained from long-term observations of ground points are used
as a priori constraints, and 1 h sectional solution is obtained for the synchronous peak observation period to estimate the peak tropospheric
delay and position of each period.
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Figure 5: Continued.
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between the peak and ground point is 1137, 2156, and 2961
m, respectively. Observations were carried out in the Zhe-
jiang and Yunnan provinces for 24h on March 7 and 1,
2019, respectively. The observation in the Shaanxi Province
was carried out on July 31, 2006, for 9 h from 14:00 to
23:00 GPS time. The GNSS dual-frequency receivers were
set up between the peak and ground point for continuous
observations. The ground points were evenly distributed
around the peak. The cutoff angle of the satellite was set to
10°, and the data sampling interval was 30 s.

4.2. Tropospheric Delay Correction and Peak Positioning
Results. First, Chinese International GNSS Service (IGS) sta-
tions were selected to calculate the ground coordinates under
the ITRF2014 framework and the 1 h ZTD using Bernese
software. The distribution of the stations is shown in
Figure 3. Subsequently, the coordinates of the ground points
were used as starting points and positioning results were
obtained for the long-term peak observations and ZTD and
used as reference values. Finally, the peak data were divided
based on 1h intervals and the results of the short-term
mountain network solution were compared and analyzed
using the following three tropospheric delay parameter pro-
cessing schemes.

To obtain a high-precision prior tropospheric delay of
ground points, IGS stations around China were used as start-
ing points to calculate the ground coordinates under the
ITRF2014 framework and the 1 h ZTD using the Bernese
software. The initial tropospheric delay was the dry compo-
nent of the Saastamoinen model, and the wet component of

the tropospheric delay was estimated at a 1 h interval via a
piecewise linear method. The tropospheric mapping function
adopted VMF1, while the tropospheric delay gradient
parameter was not estimated. According to statistics, the
ZTD error of ground points was less than 1.2mm in any
period.

To compare the spatiotemporal characteristics of the
deviation of the relative ZTD based on the three schemes,
three baselines with the largest height differences in different
regions were selected and the calculated long-term relative
ZTD of the baseline and peak positioning results were used
as reference values. The values estimated using the three
schemes were compared with the reference values:

bias = 1
N
〠
N

i=1
Xi − Xref

i

� �
,

RMS =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N
〠
N

i=1
Xi − Xref

i

� �2
,

vuut

8>>>>>><
>>>>>>:

ð7Þ

where Xi are the positioning and tropospheric zenith delay
parameters estimated for each period of different schemes;
Xref
i are the reference values for the positioning and tropo-

spheric zenith delay parameters estimated for each period
of time; N is the total number of time periods used for the
statistics; bias is the average deviation, which reflects the
average deviation of different schemes; and RMS is the root
mean square error, which reflects the accuracy of different
schemes relative to the reference value and the stability of
the parameters.

Based on the use of the abovementioned three schemes to
locate hilltops with different elevation gradient, the differ-
ences between the hilltop positioning results and reference
values of the ZTD were compared.

Figure 4 shows that the zenith obtained with Scheme 1
has the largest relative tropospheric delay and a notable

A
m

bi
gu

ity
 fi

xe
d 

ra
te

 (%
)

Scheme 1
Scheme 2
Scheme 3

100

95

90

85

80

75
14

81.3
90.1
91.5 86.9 92.6 94.5 98.9 100.0 87.5 84.8 88.5

92.1 93.5 91.7 100.0 85.7 87.6 79.5 85.4
92.1 94.5 86.9 94.8 98.2 86.5 90.2 91.7
15 16 17 18 19 20 21 22

(c)

Figure 5: Success rate of ambiguity fixing: (a) ZJ, (b) YN, and (c) SX.

Table 1: Average ambiguity fixing rate (%).

Mean ZJ YN SX

Scheme 1 84.7 85.8 90.7

Scheme 2 82.8 84.6 89.5

Scheme 3 85.5 87.1 91.7
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systematic deviation. The deviation increases with the height
difference, and the maximum deviation is 5.38 cm. This indi-
cates that the direct use of the tropospheric model cannot
effectively weaken the effect of the tropospheric delay at base-
lines with high elevation gradient. The zenith troposphere
delay based on Scheme 2 is large in several periods, with a
maximum deviation of 2.85 cm. On the one hand, uncer-
tainty exists in short-term tropospheric estimations. On the
other hand, the correlation between tropospheric parameters
and the height difference of the baseline is strong and reliable,
and the estimated parameters cannot be correctly calculated
in a short time. In Scheme 3, the correlation between the
deviation of the zenith relative tropospheric delay and the
height difference between the baseline sections is weak. The
deviation of the tropospheric delay has the smallest error
and the highest stability, and the deviation of the zenith rela-
tive troposphere delay is less than 1 cm, which further illus-
trates that Scheme 3 effectively weakens the effect of the
residual tropospheric delay error of baselines with high eleva-
tion gradient.

According to the results of the tropospheric delay by the
three processing strategies, the baseline ambiguity parame-

ters were fixed. The average success rate of ambiguity fixing
was calculated in each period (Figure 5), while the average
success rate of ambiguity fixing of all periods is shown in
Table 1.

Figure 5 shows that the success rate of ambiguity fixing
was influenced by the tropospheric delay, while the impact
was small. Comparing the three schemes, the success rate of
ambiguity fixing in Scheme 3 was the highest, whereas that
in Scheme 2 was the lowest.

The probability statistics for the error of the mountain
peak positioning results of the three schemes and the effects
of the three schemes on the positioning results were com-
pared. The statistical results are shown in Figure 6.

Figure 6 shows that the error of the planar orientation is
smaller than that of the U direction, and the error in the N
direction is the smallest. Scheme 1 exhibits the worst stability
with respect to the positioning results and has little influence
on the positioning results in the N and E directions. The
probability of a period with large error is small. The probabil-
ity of a period with a U direction error below 2 cm is 49.1%,
and the reliability of the positioning results is poor.
Scheme 2 exhibits a higher stability than Scheme 1 and a
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Figure 6: Probability statistics for the positioning error. (a) North. (b) East. (c) Upward.
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larger positioning error. Scheme 3 yields the most stable posi-
tioning results. The probability of a large-error period is
small, the N direction error of all periods is less than 1 cm,
the E direction error in more than 96.4% of the period is less
than 1 cm, and the U direction error in more than 86.0% of
the period is less than 2 cm.

To further analyze the effects of different schemes on the
positioning results, the peak positioning results and errors of
the ZTD correction were compared. The statistical results are
shown in Table 2.

Based on the statistical tables, the following conclusions
can be drawn:

(1) Based on the comparison of Tables 2(a)–2(c), the plane
solutions of the three schemes are better than those of
the U direction. Scheme 3 exhibits the highest position-
ing accuracy and reliability, which are less affected by
the elevation difference. The average accuracy of N and
E is better than 0.4cm, the accuracy of the U direction
is better than 1.1cm, and the average accuracy is 1.0cm

(2) Scheme 1 directly reflects the accuracy of the tropo-
spheric delay model. Based on the correction of the
tropospheric zenith delay, it can be concluded that
the accuracy of the Saastamoinen+VMF1 model
reached the mm level in different regions. With
increasing height difference, the accuracy of the U
direction of the scheme decreases. When the height
difference reaches 3000m, the accuracy of U direc-
tion positioning is 5.9 cm, which indicates that the
precision of the U direction positioning is 5.9 cm in
the high-drop area and the height difference is the
main factor affecting the accuracy of height position-
ing. The tropospheric model contains large errors
and delays in the relative troposphere at both ends
of the baseline

(3) The estimation of the tropospheric zenith delay
parameters based on Scheme 2 exhibits a poor reli-
ability and accuracy. However, the height results are
significantly better than those derived from

Table 2: Error of the solution and zenith tropospheric delay (m).

(a) Scheme 1

Index
N E U ZTD

ZJ YN SX ZJ YN SX ZJ YN SX ZJ YN SX

Max 0.017 0.012 0.010 0.043 0.038 0.054 0.054 0.037 0.079 0.019 0.016 0.017

Mean 0.004 0.002 0.005 0.009 0.005 0.010 0.020 0.019 0.053 0.008 0.006 0.006

RMS 0.006 0.004 0.006 0.016 0.010 0.020 0.025 0.022 0.059 0.007 0.008 0.008

(b) Scheme 2

Index
N E U ZTD

ZJ YN SX ZJ YN SX ZJ YN SX ZJ YN SX

Max 0.018 0.005 0.016 0.053 0.019 0.021 0.049 0.071 0.052 0.361 0.211 0.794

Mean 0.003 0.002 0.005 0.007 0.005 0.005 0.013 0.014 0.013 0.076 0.056 0.213

RMS 0.005 0.003 0.007 0.015 0.007 0.008 0.018 0.020 0.021 0.118 0.086 0.318

(c) Scheme 3

Index
N E U ZTD

ZJ YN SX ZJ YN SX ZJ YN SX ZJ YN SX

Max 0.021 0.010 0.006 0.017 0.013 0.006 0.045 0.021 0.018 0.007 0.005 0.004

Mean 0.002 0.002 0.003 0.003 0.003 0.003 0.013 0.009 0.009 0.002 0.002 0.002

RMS 0.004 0.003 0.003 0.004 0.004 0.004 0.010 0.011 0.010 0.002 0.002 0.002

Table 3: Statistical results for the average accuracy of the estimated parameters (m).

Index Mean RMS (m) Proportion of increase in Scheme 3/%
Scheme 1 2 3 Compared with Scheme 1 Compared with Scheme 2

N 0.005 0.005 0.003 38 33

E 0.015 0.010 0.004 74 60

U 0.035 0.020 0.010 71 47

ZTD 0.008 0.174 0.002 74 99
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Scheme 1 because the absolute tropospheric delay
error affects the baseline scale and has little influence
on the altitude positioning results. The maximum
deviation of the positioning results is 1000–2000m
because the relative tropospheric delay error in the
corresponding period is large

(4) Based on Scheme 3, the dimension of the observed
equation is reduced, and the effective parameters
are estimated using a priori tropospheric parameters
as constraints. The estimated peak-to-peak ZTD
accuracy reaches the mm level, which is better than
that of Scheme 2. At different elevations in different
areas, the average accuracy of elevation positioning
is better than 1.0 cm. The weak correlation between
the regional height difference and elevation position-
ing accuracy verifies the validity and reliability of this
method. Based on the application of this method, the
effect of the altitude difference on the accuracy of ele-
vation positioning is effectively eliminated. Thus, this
method is suitable for short-term, high-accuracy, and
rapid positioning of GNSS control networks with
large height differences

(5) Based on the statistical results obtained for the posi-
tioning accuracy of several schemes Table 3, the accu-
racy of Scheme 3 greatly improved with respect to N,
E, U, and ZTD, especially that of U and ZTD. The
accuracy in the U direction improved by more than
47%. The accuracies of Scheme 3 are 38%, 74%,
71%, and 74% higher than those in Schemes 1 and
33%, 60%, 47%, and 99% higher than those in
Scheme 2. Overall, Scheme 3 is the most suitable for
rapid positioning in special environments, such as
mountainous areas

5. Conclusions

In this study, the methods and model accuracy of short-term
measurements of the tropospheric delay correction with a
high elevation gradient were analyzed. In view of the diffi-
culty in estimating the tropospheric delay by using short-
term double-difference networks in mountainous areas with
large height differences, a high-precision correction of the
tropospheric delay based on long-term ground observations
is proposed, which can be used as a priori constraint and
substituted into a double-difference solution model to esti-
mate the peak zenith delay and coordinates. The proposed
method was used for an experimental analysis using tradi-
tional tropospheric delay estimation and Saastamoinen
+VMF1 tropospheric model correction. For both the tropo-
spheric delay and the success rate of ambiguity fixing, the
proposed method was most optimal among the three
schemes. The results show that the positioning accuracy of
this method is better in the N, E, and U directions compared
with that of traditional methods. The accuracy in the U direc-
tion improved by more than 47%.

In mountainous areas, the rapid GNSS networking
method based on tropospheric a priori information effec-
tively solves problems regarding the poor stability and posi-

tioning accuracy of the geodetic peak height caused by
inconsistent tropospheric delays at both ends of the short-
term mountain baseline. The accuracy of the positioning
results in extreme observation environments improved. This
method can be applied to short-term high-accuracy and
rapid positioning with large height differences in different
areas. In the future, the method must be further improved.
The application field should be expanded to realize rapid
double-difference positioning based on regional CORS to
reduce the peak observation time and to improve the effi-
ciency of positioning operations in mountainous areas.
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