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The tropospheric delay is one of the main error sources for radio navigation technologies and other ground- or space-based 
earth observation systems. In this paper, the spatial and temporal variations of the zenith tropospheric delay (ZTD), especially 
their dependence on altitude over China region, are analyzed using ECMWF (European Centre for Medium-Range Weather 
Forecast) pressure-level atmospheric data in 2004 and the ZTD series in 1999–2007 measured at 28 GPS stations from the 
Crustal Movement Observation Network of China (CMONC). A new tropospheric delay correction model (SHAO) is derived 
and a regional realization of this model for China region named SHAO-C is established. In SHAO-C model, ZTD is modeled 
directly by a cosine function together with an initial value and an amplitude at a reference height in each grid, and the variation 
of ZTD along altitude is fitted with a second-order polynomial. The coefficients of SHAO-C are generated using the meteor-
ology data in China area and given at two degree latitude and longitude interval, featuring regional characteristics in order to 
facilitate a wide range of navigation and other surveying applications in and around China. Compared with the EGNOS 
(European Geostationary Navigation Overlay Service) model, which has been used globally and recommended by the Euro-
pean Union Wide Area Augmentation System, the ZTD prediction (in form of spatial and temporal projection) accuracy of the 
SHAO-C model is significantly improved over China region, especially at stations of higher altitudes. The reasons for the im-
provement are: (1) the reference altitude of SHAO-C parameters are given at the average height of each grid, and (2) more de-
tailed description of complicated terrain variations in China is incorporated in the model. Therefore, the accumulated error at 
higher altitude can be reduced considerably. In contrast, the ZTD has to be calculated from the mean sea level with EGNOS 
and other models. Compared with the direct estimation of ZTD from the 28 GPS stations, the accuracy of the derived ZTD us-
ing the SHAO-C model can be improved by 60.5% averagely compared with the EGNOS model. The overall bias and rms are 
2.0 and 4.5 cm, respectively, which should be sufficient to satisfy the requirements of most GNSS navigation or positioning 
applications in terms of the tropospheric delay correction. 

EGNOS, GPS, tropospheric delay, SHAO-C model, ECMWF pressure-level data 

PACS: 91.10Fc, 91.10Pp, 91.10Xa 
 
 

 
 
1  Introduction 

The tropospheric refraction is a well known major error 
source for earth observation and a variety of radio naviga-
tion technologies. The total tropospheric delay consists of 
hydrostatic (also termed dry) delay and wet delay. They are  

closely related to the atmospheric pressure and precipitable 
water vapor respectively [1–4]. Therefore the tropospheric 
delay can indicate the weather and climate processes and is 
an important parameter of the atmospheric studies [5–7]. 
Tropospheric delay is approximately two meters at the ze-
nith direction for the propagating radio signal, and becomes 
higher as the propagating direction deviates from the zenith 
towards the horizon direction [8]. The effect of tropospheric  
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delay may reach 10 m in GNSS positioning if not corrected 
properly. For GNSS static positioning, in the post-process-                
ing mode using sophisticated positioning software (such as 
GAMIT software), the zenith tropospheric delay is treated 
as an unknown parameter and estimated through a random 
process method, resulting in significantly improved posi-
tioning precision in the vertical direction to that of the hori-
zontal achieving sub-centimeter level of accuracy [9–12]. 
However, for the majority of GNSS real-time navigation 
users, deriving a universal real-time tropospheric delay 
model (i.e. prediction model) that is easy to use and appli-
cable to different navigation positioning accuracies, has 
always been actively pursued in order to satisfy the needs 
for the applications of worldwide GNSS systems, including 
Compass system [13–15]. 

The two traditional tropospheric delay models, the Hop-
field model and the Saastamoinen model, can be used to 
calculate the atmospheric delay at an arbitrary station based 
on the provided surface meteorological parameters and the 
rate of change with respect to height [16,17]. Nevertheless, 
as both models require real-time meteorological parameters 
for their calculations (since using standard parameters re-
sults in poor accuracy), it is obvious that they are not perfect 
for the real-time navigation users. In addition, the tempera-
ture lapse rate and water vapor decline rate are regarded as a 
single global average constant in these two models. This is 
incompatible with the actual atmosphere situation and could 
adversely affect the accuracy of the tropospheric delay. Qu 
et al. [18] also found that the accuracy of the Hopfield 
model decreased with the increasing altitude of the station.  

Collins et al. [13] introduced UNB2(University of New 
Brunswick) model which is based on the Saastamoinen 
model, taking into account the major changes in water vapor 
profiles with latitude. In that model, the pressure, tempera-
ture, water vapor pressure, temperature lapse rate, water 
vapor pressure decline rate, and the average value of these 
five meteorological parameters are provided on the mean 
sea level for each latitude band. However, the variation of 
meteorological parameters over time is not given. With the 
U.S. standard atmosphere data in 1966, the UNB3 model 
was established. The average value of the five meteorologi-
cal parameters and the annual changes amplitude were de-
rived. The global latitude is grouped in 15-degree incre-
ments, and users could apply their own latitude and time to 
calculate the required meteorological parameters with the 
cosine function and to determine the atmospheric delays. 

Similar to the UNB3 model, the European Union rec-
ommended the EGNOS (European Geostationary Naviga-
tion Overlay Service) model, which is derived from the data 
of 1°×1° grid of the European Centre for Medium-Range 
Weather Forecast (ECMWF) [19]. The EGNOS model pro-
vided five meteorological parameters for each 15-degree 
latitude band on the mean sea level, which is the same as 
UNB3. According to the latitude and the day of year, users 
can derive their own required meteorological parameters 

using the cosine function in order to calculate the tropo-
spheric zenith delays. The EGNOS model is recommended 
by the European Union Wide Area Augmentation System 
and is now widely used in some practical tropospheric delay 
models [15,20,21]. 

Those models are of the type of global average tropo-
spheric delay models, which only reflect the global tropo-
spheric profile of temporal changes while lack of the details 
of the regional tropospheric features. Therefore it is insuffi-
cient to describe the zenith delay variations at regional or 
local scale. Another issue is that those models do not offer 
necessary treatment for the elevation and location depend-
ent meteorological conditions and  the initial parameter 
setting at the mean sea level, which could result in poor 
accuracy of the calculated ZTD in some areas with higher 
altitude (such as the western region of China). They are not 
yet perfect for the high accuracy requirements of the real- 
time positioning users. 

In this paper, based on our previous study in Chen et al. 
[22], using the ZTD sequence measured over several years 
by the Crustal Movement Observation Network of China 
(CMONC) and ECMWF pressure-level atmospheric data 
over China, the spatial and temporal variations of ZTD were 
analyzed in order to characterize the localized annual cycles 
on a long-time scale. A new tropospheric delay correction 
model (SHAO) is constructed referred to as SHAO-C where 
‘C’ stands for China. The SHAO-C model considers the 
impact of the varying topography in China with a high 
resolution of regional characteristics. Using direct observa-
tions based on GPS ZTD as the ground truth, the ZTD pre-
diction accuracy of SHAO-C model significantly outper-
forms that of EGNOS over China region. The improvement 
in accuracy is significantly pronounced in those elevated 
areas.  

2  Characteristics of ZTD in China  

2.1  The temporal characteristics of ZTD 

In order to establish a tropospheric delay correction model 
with China regional characteristics, we took the advantage 
of continuous time series of the measured ZTDs at 28 GPS 
base stations in CMONC over China areas in years 1999– 
2007 (Figure 1), and then analyzed the quantitative charac-
teristics of their spatial and temporal variations in different 
seasons. The GPS data are processed using the GAMIT 
software [23], and the ZTDs are calculated at a 2 h interval 
for each station. Figure 2 shows the time series of the ZTDs 
of four representative stations over a 9-year period. The 
spectral analysis shows that the time series of ZTDs exhibit 
the well known annual signal, which can be described by a 
cosine function as explained in Figure 3, but the other peri-
odic terms such as monthly signal are not so pronounced, as 
described by [7,24,25]. 
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Figure 1  GPS stations and ECMWF grids over China and its surrounding 
area. 

Through an examination of the ZTD variations along 
longitude and latitude over China regions, it is clearly ob-         

served that the spatial variations of the ZTDs primarily de-
pend on the latitude and altitude of the GPS stations, and 
have much less correlation with longitude. For example, the 
magnitude of ZTD is greater in the southern and eastern 
areas generally, which is consistent with the fact that these 
areas are wetter in the atmosphere and lower in altitude. 
Furthermore, the regional distribution of the ZTDs shows an 
increased trend towards the eastern regions associated with 
a decreasing altitude as showed in Table 1. The four stations 
have almost the same latitude at different longitudes and 
altitudes. For SHAO and WUHN almost at the same latitude 
and altitude with about a 7 degree longitude difference, 
there’re the same mean seasonal value and amplitude of 
ZTD, and the mean annual ZTD absolutely. For LUZH and 
LHAS which are also very close to the same latitude, the 
difference of ZTD is only caused by the altitude. 

2.2  Variations of ZTD with altitude 

In order to study the dependence of ZTD on altitude, the  

 

Figure 2  Time series of ZTDs in XIAA (Xi’an), QION (Qiongzhou), XIAM (Xiamen) and WUSH (Wushi) GPS stations. 

Table 1  The seasonal mean value and amplitude of ZTD, annual mean ZTD (unit:m) at SHAO,WUHN, LUZH, LHAS stations 

Site name 
Longitude 

(deg) 
Latitude 

(deg) 
Altitude 
(meter) 

ZTD 
(Spring) 

ZTD 
(Summer) 

ZTD 
(Autumn) 

ZTD 
(Winter) 

Mean  
amplitude 

Mean  
ZTD 

SHAO 121.2 30.9 22.0 2.46 2.59 2.49 2.42 0.09 2.49 

WUHN 114.3 30.4 25.8 2.47 2.59 2.49 2.42 0.09 2.49 

LUZH 105.6 28.7 298.1 2.41 2.53 2.45 2.36 0.09 2.44 

LHAS 91.1 29.5 3622.0 1.53 1.61 1.54 1.50 0.05 1.55 
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Figure 3  Spectral analysis power of the GPS ZTD series from the GPS 
stations in CMONC used in this article. 

ECMWF pressure-level meteorological data are used for the 
variation analysis. They are, in particular, the pressure-level 
ECMWF meteorological data, i.e., 60 pressure levels data of 
horizontal resolution of 0.5°×0.5° and time resolution of 6 h 
(http://www. ecmwf.int). Specifically speaking, we use pre-                 
ssure-level atmosphere pressure, temperature, and humidity 
in the latitude range from 15°N to 54.5°N, and longitude 
range from 70°E to 139.5°E. The floor grid is shown in 
Figure 1. The applicability and accuracy of the ECMWF 
data in China used to be investigated by Chen et al. [22] and 
Andrei et al. [26]. The assessments show that the bias be-
tween GPS ZTD (served as ground truth) and ECMWF 
ZTD by the integration method ranged from 11.5 mm to 
28.6 mm with an average of 10.5 mm, while the largest 
rms is 35.4 mm with an average of 24.3 mm. These results 
demonstrate the acceptable accuracy and advantage of es-
tablishing the ZTD prediction model over China for naviga-
tion and positioning with ECMWF data [22]. 

With the pressure, temperature, and specific humidity  

provided by pressure-level ECMWF data at a potential 
height within each grid, and according to eq. (1) which es-
tablishes the relationship between refractive index and me-
teorological parameters, the refractive index within each 
cubic box can be calculated as follows: 

 

2
1 2 3( ) / / / ,

/ 0.622,
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e h P

     
 

 (1) 

k1=77.604 K/Pa, k2=64.79 K/Pa, k3=377600.0 K2/Pa, where 
N is the total refraction, P is the atmospheric pressure, e is 
the water vapor pressure, and h is the specific humidity. 
After the total refraction is calculated, the following integral 
method is used to calculate the ZTDi in each cubic box: 

 6 6ZTD 10 d 10 ,i i i
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where Ni is the atmosphere refractive index in the ith-cubic 
box, and si is the height in the ith-cubic box. 

With the above ZTDi in each cubic box, its association 
with height variation can be characterized over all grid 
points. Figure 4 shows the variation of the ZTD with in-
creasing height in Kunming, Shanghai, Beijing, and Lhasa 
as examples. 

It can be seen from Figure 4 that the ZTD changes with 
altitude and shows quadratic characteristics, which can be 
expressed by the following formula: 

 
0 1 0 0

2
2 0 0

( , , ) ( , , ) ( , , ) ( )

 ( , , ) ( ) ,

Z D h Z D h a D h h h

a D h h h

  



   

  
 

(3)
 

where a1 and a2 are the decreasing rate and acceleration of 
ZTD, respectively; , h are the latitude and height of the 
measured point, respectively, D is the day of year (Doy) at 
the observing epoch, h0 is the reference height on which the 
parameters are given for the 0( , , )Z D h  calculation, and 

the 0( , , )Z D h  and ( , , )Z D h  are the ZTDs calculated at  

 

Figure 4  Variations of ZTD with height in KUNM (Kunming, (a)), SHAO (Shanghai, (b)), BJFS (Beijing, (c)), and LHAS (Lhasa, (d)). 
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the reference height and the user’s height, respectively. 
In order to study the temporal and spatial variation of a1, 

a2 over China areas, the layered troposphere delays on each 
grid point of ECMWF in the year 2004 are analyzed. The 
decreasing rate a1 and acceleration a2 are both fitted at a 
6-hour interval for each grid point. Figure 5 shows the time 
series a1, a2 for several grid points on the basis of evenly 
distributed latitude and longitude. It can be seen from Fig-
ure 5 that both a1, a2 vary slightly during the year, and are 
basically stable. The temporal correlation coefficients of a1 
and a2 on each grid point is analyzed as shown in Figure 6. 
It is found that the correlation coefficient is above 0.95 for 
a1 and mostly over 0.9 for a2, except for some points in 
summer. Subsequently, the average values of a1, a2 are cal-
culated from the 6-hour interval sequence at each grid point. 
The average values are used as the coefficients of our new 
tropospheric delay model. 

3  Establishment of SHAO-C model 

3.1  Determination of model form 

Based on the analysis of the temporal and spatial character-                    

istics of ZTD, the initial form of our model is defined as 
follows: 

 min
0 0 0 0

2 ( )
( , , ) ( , ) ( ) cos ,

365.25

D D
Z D h Z h Z  
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where h0 is the average height of each grid in km, Z0(, h0) 
is the average zenith delay on average height at each grid in 
m, Z0()is the amplitude of zenith delay on average height 
at each grid in m, a1 is the decreasing rate of zenith delay 
with height at each grid in m/km, a2 is the decreasing accel-
eration of zenith delay with height at each grid in (cm/km)2, 
and D is the day of year (Doy). In the northern hemisphere, 

minD = 28 and in the southern hemisphere, Dmin=211, the 

coefficients of SHAO-C (h0, Z0(, h0), Z0(), a1, a2) are 
with the resolutions of 2°×2° in China and its surrounding 
areas. In general, the model requires the following input 
parameters: longitude, latitude, height of user, and time 
(Doy). At first, according to the preliminary coordinate of 
user, the coefficients of SHAO-C model can be interpolated  

 
Figure 5  Time series of the decreasing rate (a) and acceleration (b) on several grid points.  
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Figure 6  Correlation diagrams of the decreasing rate (a) and acceleration 
(b) in 2004. 

to the user’s position, and the initial ZTD correction can be 
calculated for the user’s coordinate improvement. Therefore, 
with the iterative step, according to the improved coordinate, 
the updated ZTD correction can be obtained and the new 
coordinate can be calculated. 

3.2  Determination of the SHAO-C model coefficients 

Using ECMWF pressure-level data around China region in 
2004, the coefficients of SHAO-C model are derived in 
each grid, including the following five parameters: h0, Z0(, 

h0), Z0(), a1, a2. The list of coefficients is provided more 
accurately along the smaller latitude range in China, which 
is the more accurate reflection of spatial distribution of at-
mospheric delay. 

Figures 7–11 show the five coefficients in China and the 
surrounding areas. The average height h0 in each grid is 
determined according to the bottom level altitude of 
ECMWF pressure level data. As seen, the variation of the 
average Z0(, h0) at h0 height is exactly adverse to the h0, 
and the decreasing rates a1 have the same shape as h0, which 
reflects the decreasing variation of atmosphere density with 
the increasing altitude. The ZTD amplitude Z0() and  

 

Figure 7  Average height h0 in each grid of the SHAO-C model in China 
and the surrounding areas. 

 

Figure 8  Average Z0(, h0) in each grid of the SHAO-C model in China 
and the surrounding areas.   

 

Figure 9  ZTD amplitude Z0() in each grid of the SHAO-C model in 
China and the surrounding areas. 

 

Figure 10  ZTD decreasing rate a1 in each grid of the SHAO-C model in 
China and the surrounding areas. 

decreasing acceleration a2 also change along with the height 
of each grid. 
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Figure 11  ZTD decreasing acceleration a2 in each grid of the SHAO-C 
model in China and the surrounding areas. 

 

4  Assessment of SHAO-C model precision 

At present, the accuracy of ZTD measured by GPS base  

stations is up to 1–2 cm or even better [9,11,27]. GPS ZTD 
can be regarded as the ground truth to assess the accuracy of 
other tropospheric delay correction models [22,26]. With 
the time series of ZTD estimated using CMONC network 
during the year 2005–2007, the accuracy of SHAO-C model 
is comprehensively analyzed. The bias and rms are calcu-
lated according to the year, month and day respectively, 
which indicates the reliability of the model.  

4.1  Sequence comparison  

The comparison of ZTD time series from GPS, SHAO-C 
and EGNOS model are shown in Figure 12. In Figure 12, 
the green sequence represents ZTD time series measured by 
GPS, the blue one from the EGNOS model, and the red one 
represents the ZTD time series of the SHAO-C model. 
When the three-year ZTD time series is examined, the re-
semblance of ZTD between the SHAO-C model and GPS is 
obviously closer than that between the EGNOS model and 
GPS. This is because the SHAO-C model provides the  

 
Figure 12  Comparison of the zenith delay among the SHAO-C model, the EGNOS model and GPS measured ZTD. 
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average height of each grid and the coefficients are given on 
the average height instead of the mean sea level as in 
EGNOS and other models. In addition, the model includes 
the decreasing rates and decreasing acceleration. Therefore, 
it is no longer necessary to calculate ZTD from the mean 
sea level by SHAO-C model. This will significantly reduce 
the accumulated error because of the height difference be-
tween the user altitude and the reference height in the model. 
This is a greater improvement than EGNOS and other mod-
els, especially for the areas with relatively high altitude such 
as Lhasa, Kunming, Xiaguan and so on, as showed in Fig-
ure 12. The difference between ZTD prediction values of 
the SHAO-C model and the GPS measurements do not ex-
ceed 10 cm for the three-year period. 

Besides the direct ZTD time series comparison of 
SHAO-C and EGNOS models, the residuals and  monthly 
and daily precision with respect to GPS ZTD are also com-
pared as shown in Figure 13 using KMIN station as an ex-
ample. With respect to GPS ZTD, the residuals of SHAO-C 
model are mostly less than 5 cm, even in summer. There’s 
no obvious difference over different seasons. However, the 
residuals of EGNOS model in summer are particularly large, 
up to 15 cm. The same is true in monthly and daily statistics. 
The monthly biases and rms of EGNOS model are in the 
range from 3 to 10 cm and 2 to 11 cm, while only about 
0–3 cm and 2–5 cm in the SHAO-C case with significantly 

reduced variation over different seasons. Similar cases can 
also be found at many other stations such as XIAG, LHAS, 
QION, and WUHN, as listed in Tables 2 and 3 where the 
average monthly biases and rms at individual stations over 
the 2005–2007 period are shown. 

4.2  Monthly statistics 

Here we examine some details of the average monthly 
bias/rms of EGNOS and SHAO-C models over the 2005– 
2007 period at each station as showed in Tables 2 and 3. In 
each column, the left row is for EGNOS and the right row 
for SHAO-C. From Tables 2 and 3, we can see that: 

(1) With all the 28 stations included, the biases of 
EGNOS model are in the range of 0.1–11.5 cm, with the 
mean value of 3.7 cm. The maximum bias is at GUAN sta-
tion in June. The rms range from 1.1 to 12.1 cm and the 
maximum rms of 5.4 cm is again at GUAN station in June. 
For the SHAO-C model, the biases are in the range of 
0.1–6.9 cm and rms of 1.2–9.3 cm with the mean bias of 2.0 
cm and mean rms of 4.2 cm respectively. The maximum 
bias and rms are both at BJFS station in July.  

(2) 70% station-month bias is improved for the SHAO-C 
model at 28 stations in 12 months, and the improvements 
are from 0 to 99.7%, and the mean is 60.5%.  

(3) In July, August and September, the bias is reduced  

 

Figure 13  The ZTD comparison of SHAO-C and EGNOS models with respect to GPS between 2005–2007 at KMIN station: (a) difference of ZTD, (b) 
bias and rms statistics in one month, (c) bias in everyday and (d) rms in everyday. 
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Table 2  Average monthly bias between 2005–2007 at each station, with the unit of cm (In each column, the left row is for EGNOS and the right row for 
SHAO-C) 

Site 1 2 3 4 5 6 7 8 9 10 11 12 

BJFS 4.4 1.8 4.7 1.6 7.2 0.9 9.1 3.0 7.3 1.9 3.0 1.4 3.1 6.9 2.8 6.6 4.3 0.3 6.4 0.9 8.3 2.2 6.3 0.0 

BJSH 3.7 1.9 3.8 1.8 6.2 0.5 8.2 2.7 6.7 2.0 2.1 1.5 3.5 6.4 3.1 6.1 3.7 0.0 5.9 1.2 7.4 1.9 5.3 0.4 

CHUN 1.7 2.3 2.3 1.8 4.6 0.6 6.2 2.6 5.1 2.5 0.3 1.0 3.5 4.0 3.8 4.3 2.7 1.3 5.2 2.6 5.6 2.0 3.4 0.6 

DLHA 0.7 1.1 0.8 1.2 1.0 1.5 1.2 2.0 1.1 2.5 1.6 0.5 4.1 1.7 3.9 1.5 1.2 0.7 0.5 1.8 1.5 2.3 1.1 1.6 

DXIN 1.9 0.5 2.5 1.0 3.5 1.6 5.3 2.8 6.0 3.4 5.5 3.0 1.1 1.2 1.9 0.5 3.6 1.1 4.7 2.0 4.6 2.2 3.1 1.3 

GUAN 4.2 0.9 0.4 2.7 1.6 3.5 5.0 4.7 7.3 4.4 11.5 6.3 6.7 0.1 6.7 0.1 5.2 0.4 1.5 1.1 3.0 3.0 5.3 3.2 

HLAR 0.4 1.8 1.4 0.9 3.5 0.8 5.6 2.9 5.9 3.6 2.0 0.7 1.7 2.4 0.5 0.3 3.5 2.1 5.4 3.1 5.1 2.4 2.5 0.1 

HRBN 1.4 2.3 2.1 1.5 4.8 0.9 6.4 2.7 5.8 2.8 1.2 0.8 2.9 4.1 1.8 3.2 3.2 1.1 6.2 3.1 6.0 2.3 3.4 0.4 

JIXN 4.0 2.0 4.1 1.9 6.6 0.6 8.4 2.8 6.9 2.3 2.5 1.0 3.1 5.8 2.8 5.6 4.1 0.5 6.3 1.5 7.7 2.1 5.7 0.3 

KMIN 2.2 1.3 1.4 0.5 1.0 1.7 1.6 1.8 4.7 2.0 9.4 0.1 9.9 1.2 9.2 1.8 7.5 1.8 5.9 0.4 0.3 2.8 1.6 2.0 

LHAS 1.9 1.7 1.2 1.1 0.8 1.1 0.2 1.5 1.8 0.7 3.4 0.2 5.8 1.4 6.8 2.5 4.7 1.1 0.8 1.6 1.5 2.8 2.0 2.1 

LUZH 3.4 1.9 1.9 0.4 1.6 1.0 0.5 1.5 1.7 1.4 5.9 0.8 8.8 2.4 6.8 0.5 4.6 0.3 3.6 0.7 1.5 2.2 3.1 2.4 

QION 5.6 2.5 3.1 0.2 0.2 1.7 3.1 2.1 5.6 1.7 7.5 1.1 6.3 1.5 7.9 0.3 6.7 0.6 2.8 0.7 0.3 1.0 1.9 0.2 

SHAO 4.4 0.1 3.0 1.6 5.1 1.0 6.4 3.5 2.0 0.5 1.5 1.0 7.4 6.0 4.6 3.1 2.8 2.4 3.3 1.6 4.8 1.7 5.8 1.7 

SUIY 1.9 2.2 2.3 1.7 4.8 0.9 5.4 2.1 4.1 2.1 0.1 0.5 3.7 3.3 4.7 4.4 1.7 1.0 5.4 3.2 5.7 2.3 3.7 0.2 

TAIN 4.4 1.7 3.8 2.2 5.8 0.5 6.6 2.8 5.8 4.1 2.6 3.0 4.9 3.3 4.9 3.3 1.3 1.5 4.3 2.4 6.7 2.8 5.5 0.2 

TASH 0.6 1.5 0.8 1.3 0.6 1.6 0.5 2.1 1.1 2.3 1.2 3.0 2.3 2.4 2.9 1.8 1.0 3.1 0.2 3.1 0.4 3.0 0.1 2.1 

URUM 1.2 3.2 1.4 3.4 2.3 3.3 2.4 2.9 3.3 3.2 2.4 2.4 0.5 0.5 2.9 2.9 4.1 4.0 3.6 3.6 3.2 3.7 2.3 3.5 

WUHN 4.7 0.5 2.9 1.3 4.6 1.2 4.9 3.3 3.1 3.9 0.7 2.4 7.3 2.9 5.0 0.7 0.6 2.2 3.2 3.7 6.2 4.3 6.4 2.9 

WHJF 4.5 0.4 2.7 1.4 4.3 1.2 4.7 3.4 3.7 4.8 0.9 2.5 7.5 2.7 5.5 0.8 1.0 2.2 2.9 3.7 6.0 4.4 6.3 3.1 

WUSH 0.8 2.7 0.6 2.4 0.8 2.3 2.6 3.8 2.3 3.6 1.6 3.2 0.5 1.4 0.1 1.8 0.7 2.3 1.7 3.0 2.2 3.5 1.6 3.2 

XIAA 3.8 0.1 3.4 0.5 4.4 1.1 5.6 3.6 3.7 3.5 1.7 3.4 6.6 3.8 6.0 3.3 1.6 0.1 1.4 1.0 5.2 3.1 4.9 1.5 

XIAG 3.3 1.8 1.9 0.4 1.8 1.7 0.3 1.9 3.7 1.4 7.9 0.4 9.8 0.9 9.1 0.3 7.9 0.6 4.9 0.2 1.3 3.2 3.2 2.8 

XIAM 3.2 0.1 0.1 3.0 0.7 2.5 3.5 3.1 6.3 3.3 10.2 4.8 5.3 1.4 8.4 1.8 5.5 0.4 1.8 0.9 1.1 1.2 3.6 1.6 

XNIN 1.3 0.4 1.3 0.4 1.2 0.7 1.0 1.4 0.2 1.6 2.3 0.7 5.7 1.9 6.2 2.4 3.4 0.5 0.9 0.6 1.9 2.2 1.9 1.3 

YANC 2.7 0.1 2.9 0.2 3.7 1.1 5.3 3.5 4.2 3.5 2.5 2.9 2.9 1.7 2.8 1.6 0.3 0.6 2.6 1.7 4.7 2.7 3.9 1.3 

YONG 4.7 0.2 3.6 1.0 1.5 1.6 0.8 1.2 4.9 2.5 7.5 2.2 6.9 0.2 8.5 1.6 7.1 2.1 1.7 0.5 3.4 2.1 0.6 2.5 

ZHNZ 4.9 0.1 4.1 0.7 5.8 2.1 6.8 5.2 5.2 6.3 2.7 6.4 6.3 1.0 4.8 0.5 0.2 3.2 3.9 4.7 6.9 5.0 6.0 2.1 

Mean 2.9 1.3 2.3 1.4 3.2 1.4 4.2 2.7 4.3 2.8 3.6 2 4.9 2.6 4.8 2.3 3.4 1.3 3.5 2 4 2.7 3.6 1.6 

rms 3.3 1.6 2.6 1.6 3.8 1.6 5 2.9 4.7 3 4.8 2.6 5.6 3.2 5.4 2.9 4 1.7 4 2.3 4.7 2.8 4 1.9 

 
 

more obviously, with the mean reductions of 2.3, 2.5 and 
2.1 cm, respectively. The maximum improvements of biases 
are 8.9, 8.8 and 7.3 cm in those three months. Among all the 
statistics, the maximum improvement of bias is 9.3 cm in 
June at KMIN station. 

(4) The rms are also improved much more in July, Au-
gust and September, with the mean reductions of rms being 
1.3, 1.6 and 1.7 cm, respectively. The maximum reduction 
values of rms are 7.2, 7.5 and 6.9 cm in the three months. 
The maximum reduction of rms is 7.5 cm at XIAG in July 
out of all the rms statistics. 

Based on the study of the monthly average statistics at 28 
stations in 12 months, the accuracy of SHAO-C model is 
improved at most stations and in most months. Especially in 
summer, the superiority of SHAO-C model is more distinct. 

4.3  Annual statistics  

The accuracy of SHAO-C model with respect to the GPS 

measured ZTD at 28 GPS stations in China is analyzed an-
nually. From the statistics in Figure 14, the annual biases of 
SHAO-C model in 2005–2007 three years are mostly less 
than 2 cm at most stations. However, the annual bias of 
EGNOS model at most stations is greater than 2 cm. It 
should be noted that there is no obvious correlation between 
the bias and the station elevation. On the other hand, the 
rms’ is negatively correlated with the station elevation as 
shown in Figure 15. That can be explained by the fact that 
the atmosphere is thinner at higher altitude stations. Table 4 
shows the specific annual rms and bias of ZTD forecast by 
the SHAO-C model and the EGNOS model from 2005 to 
2007 compared with the GPS measured ZTD, and the mean 
value of bias and rms from all stations are given in the last 
line of Table 4. 

Table 4 and Figures 14 and 15 show the following three 
points. (1) Based on the annual rms and bias statistics, the 
accuracy as well as the precision of the SHAO-C model are 
superior to EGNOS. This is because the SHAO-C model  
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Table 3  Average monthly rms between 2005–2007 at each station, with the unit of cm (In each column, the left row is for EGNOS and the right row for 
SHAO-C) 

Site 1 2 3 4 5 6 7 8 9 10 11 12 

BJFS 4.7 2.2 5.1 2.6 7.7 2.8 9.5 4.2 9.2 6.1 6.2 5.5 7.0 9.3 6.9 9.0 6.6 5.1 7.6 4.1 8.7 3.3 6.6 1.8 

BJSH 3.9 2.3 4.2 2.6 6.7 2.6 8.6 3.9 8.5 5.8 5.7 5.4 7.0 8.8 7.2 8.8 6.1 4.8 6.9 3.9 7.7 2.9 5.5 1.7 

CHUN 2.1 2.6 2.7 2.2 5.0 2.1 6.5 3.5 6.4 4.5 4.5 4.5 6.1 6.3 8.3 8.4 4.8 4.2 6.0 3.8 5.9 2.8 3.8 1.7 

DLHA 1.2 1.5 1.3 1.6 1.4 1.8 1.8 2.4 2.2 3.1 3.0 2.6 5.3 3.9 4.9 3.4 3.1 2.9 1.8 2.5 1.8 2.4 1.4 1.8 

DXIN 2.3 1.4 2.9 1.8 4.0 2.4 5.7 3.4 6.6 4.3 6.3 4.3 5.4 5.3 4.9 4.5 4.9 3.6 5.0 2.8 4.8 2.6 3.3 1.7 

GUAN 5.4 3.7 3.7 4.7 4.8 5.5 6.9 6.6 9.8 7.7 12.1 7.5 8.1 4.9 8.0 4.8 8.0 6.0 5.2 4.7 7.4 7.3 7.5 6.2 

HLAR 1.5 2.3 2.1 1.8 3.9 1.8 5.9 3.4 6.3 4.3 4.3 3.8 4.7 5.0 3.8 3.7 4.3 3.2 5.7 3.6 5.4 3.0 2.8 1.4 

HRBN 1.8 2.6 2.5 2.1 5.2 2.2 6.8 3.4 6.7 4.3 4.4 4.3 5.8 6.5 6.4 6.8 5.0 4.0 6.7 4.0 6.3 2.9 3.7 1.6 

JIXN 4.2 2.3 4.5 2.7 7.1 2.7 8.9 4.1 8.7 5.8 5.8 5.2 6.7 8.3 7.1 8.5 6.2 4.7 7.4 4.2 8.1 3.3 5.9 1.9 

KMIN 2.8 2.2 2.6 2.3 2.7 3.0 3.1 3.2 6.4 4.6 9.7 2.5 10.3 2.9 9.6 3.2 8.6 4.5 6.8 3.0 3.3 4.0 3.0 3.4 

LHAS 2.3 2.1 1.5 1.5 1.5 1.8 1.9 2.4 2.8 2.3 4.3 2.6 6.1 2.4 7.0 3.1 5.2 2.4 2.3 2.5 2.2 3.2 2.2 2.4 

LUZH 3.8 2.5 3.0 2.4 3.3 3.1 4.2 4.4 6.6 6.3 8.0 5.4 10.3 6.0 8.1 4.7 8.0 6.5 5.2 3.5 3.4 3.7 3.6 3.0 

QION 6.6 4.4 5.1 4.0 3.8 4.1 5.1 4.5 7.6 5.3 8.2 3.6 7.4 4.3 8.5 3.0 8.2 4.8 6.0 5.2 5.6 5.6 5.1 4.7 

SHAO 6.2 4.2 4.8 4.1 8.0 6.2 8.9 7.2 8.7 8.5 7.0 6.6 9.5 8.4 7.2 6.5 4.7 3.6 7.8 7.1 7.9 6.4 7.2 4.6 

SUIY 2.3 2.6 2.8 2.3 5.3 2.4 5.8 3.0 5.2 3.8 3.5 3.5 6.1 5.9 8.4 8.1 4.3 4.1 6.0 4.1 6.0 3.0 4.1 1.9 

TAIN 4.7 2.3 4.4 3.1 6.5 3.2 7.4 4.4 8.0 6.9 7.1 7.0 8.1 7.2 8.3 7.5 7.3 7.5 6.6 5.4 7.3 4.1 6.0 2.4 

TASH 1.2 1.8 1.5 1.8 1.4 2.0 1.3 2.4 2.3 3.0 2.3 3.6 3.2 3.2 3.8 3.0 2.3 3.6 1.2 3.3 1.1 3.1 1.2 2.3 

URUM 2.0 3.6 1.8 3.6 3.2 4.0 3.6 3.9 4.4 4.4 4.1 4.1 4.0 4.0 4.7 4.7 5.0 5.0 4.1 4.1 3.8 4.2 2.6 3.7 

WUHN 5.9 3.5 5.0 4.4 6.4 4.6 7.6 6.6 8.4 8.7 7.4 7.6 8.5 5.3 7.7 5.9 7.6 7.9 6.9 7.1 8.5 7.3 7.3 4.7 

WHJF 5.7 3.5 5.0 4.4 6.2 4.6 7.4 6.6 8.4 9.0 7.5 7.6 8.7 5.2 7.8 5.6 7.7 8.0 6.8 7.1 8.4 7.4 7.3 4.8 

WUSH 1.4 2.9 1.8 2.9 2.0 2.9 3.2 4.3 3.6 4.5 3.3 4.3 2.8 3.1 3.2 3.7 2.6 3.4 2.7 3.6 2.8 3.9 2.0 3.4 

XIAA 4.3 2.0 4.2 2.6 5.1 3.0 6.7 5.2 6.9 6.9 6.8 7.3 9.1 7.4 8.2 6.5 7.1 7.0 5.3 5.0 6.0 4.2 5.3 2.6 

XIAG 3.8 2.6 3.0 2.3 3.1 3.1 2.3 2.9 5.2 3.9 8.3 2.8 10.1 2.6 9.4 2.5 8.6 3.5 6.3 3.4 3.7 4.4 3.9 3.8 

XIAM 5.3 4.2 4.0 5.1 5.0 5.5 6.3 6.0 9.3 7.4 11.3 6.9 7.3 5.3 9.3 4.5 8.3 5.9 5.0 4.5 6.0 5.9 6.3 5.5 

XNIN 1.8 1.2 2.0 1.6 1.9 1.7 2.0 2.3 2.5 2.9 3.6 2.8 6.7 4.3 7.1 4.3 4.7 3.3 2.6 2.4 2.3 2.5 2.1 1.6 

YANC 3.0 1.4 3.4 1.8 4.1 2.2 5.6 4.0 5.6 5.1 5.2 5.3 5.8 5.4 6.0 5.6 4.5 4.6 4.4 3.8 4.9 3.2 4.0 1.8 

YONG 7.4 5.7 5.0 4.0 5.3 5.3 4.8 4.9 7.2 5.6 8.1 3.9 7.7 3.7 9.0 3.6 8.6 5.7 4.3 3.8 7.0 6.3 5.4 5.6 

ZHNZ 5.4 2.2 4.8 2.6 6.5 3.9 7.7 6.4 8.0 8.8 7.4 9.2 8.8 6.3 7.4 5.8 7.5 8.3 6.7 7.0 7.7 6.1 6.4 3.3 

Mean 3.7 2.7 3.4 2.8 4.5 3.2 5.6 4.3 6.5 5.5 6.3 5.0 7.0 5.4 7.1 5.3 6.1 4.9 5.3 4.3 5.5 4.2 4.5 3.0 

rms 4.1 2.9 3.6 3 4.9 3.5 6 4.5 6.8 5.8 6.7 5.3 7.3 5.7 7.3 5.7 6.4 5.2 5.6 4.5 5.9 4.5 4.9 3.3 

 

Figure 14  Annual statistics of bias (GPS ZTD-SHAO/EGNOS ZTD) (stations sorted by height). 
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Figure 15  Annual statistics of rms (GPS ZTD-SHAO/EGNOS ZTD) (stations sorted by height). 

Table 4  Bias and rms (GPS ZTD-EGNOS/SHAO ZTD) in the year 2005–2007 (unit: cm) 

GPS ZTD - EGNOS ZTD  GPS ZTD - SHAO ZTD 

2005  2006  2007  2005  2006  2007 
GPS site 

name 
Altitude 

(m) 
bias rms  bias rms  bias rms  bias rms  bias rms  bias rms 

YONG 10 1.8 7.5  3.7 6.7  0.3 6.7  1.2 4.5  1.5 4.7  0.5 5.4 

SHAO 22 1.6 7.8  0.4 7.5  5.3 7.2  0.3 6.5  1.6 6.8  1.9 5.3 

WUHN 26 1.3 7  2.2 7.6  2.2 7.5  1.1 5.8  1.9 6.8  1.9 6.5 

GUAN 31 4.1 7.7  3.4 8.3  0.7 7.3  2.2 5.6  1.8 6.4  0.4 6.2 

JIXN 39 4.1 7.1  3.8 6.8  4.6 6.9  0.6 5.3  0.9 5.1  0.2 4.6 

WHJF 72 0.9 7  1.9 7.5  2.3 7.6  1 5.8  1.9 6.7  2.3 6.6 

BJFS 87 4.6 7.4  4.1 7.2  5.1 7.4  0.8 5.5  1.3 5.6  0.3 4.9 

XIAM 106 3.2 7.2  3 7.4  2.3 7.4  1.5 5.5  1.3 5.9  0.5 5.7 

BJSH 155 4.2 6.9  3.4 6.6  4.1 6.6  0.5 5  1.2 5.3  0.6 4.7 

HRBN 198 2.5 5.3  3.1 5.4  3.4 5.5  0.5 4.2  0.1 4.1  0.5 4 

QION 208 3 6.8  2.1 6.3  2 6.9  0.7 4.3  0.1 4.5  0.3 4.9 

CHAN 268 2 5.6  2.5 5.3  3 5.5  0.7 4.5  0.2 4.3  0.4 4.3 

LUZH 298 2 6.1  1.5 6.1  1.4 6.2  0.2 4.1  0.8 4.8  0.8 4.8 

TAIN 339 3.2 7.1  2.9 6.9  3.3 6.9  0.7 5.5  0.3 5.4  0.8 5.4 

SUIY 369 2 5.5  1.9 5.1  2.7 5.3  0.2 4.3  0.3 4.1  0.4 4 

ZHNZ 444 2.7 7.1  2.8 7.2  3.3 7.2  2.5 6  2.8 6.3  3.2 6.5 

XIAA 509 1.3 6.3  1.7 6.5  2.1 6.6  0.4 5.1  0.8 5.5  1.2 5.5 

HLAR 629 2.3 4.2  3 4.6  3.4 4.6  0.3 3.2  1 3.4  1.3 3.2 

URUM 859 2.3 3.5  2.8 4.1  2.4 3.9  2.8 3.8  3.1 4.3  3 4.3 

DXIN 1018 3.6 4.6  3.6 5.1  3.8 5  1.3 3  1.4 3.7  1.6 3.5 

YANC 1304 2.3 4.5  2.1 5.1  2.4 4.9  1.3 3.7  1 4.3  1.3 4 

WUSH 1395 0.7 2.6  0.9 2.5  2 3.2  2.3 3.3  2.5 3.3  3.5 4.3 

XIAG 1974 3.1 6.4  2.7 6.3  2.2 6.2  0.5 3.1  0.9 3.1  1.4 3.5 

KMIN 1986 3.8 6.5  3.7 6.6  3.1 6.4  1.1 3.2  1.3 3.2  2 3.7 

KUNM 1986 3 6.1  2.7 5.9  3.8 4.2  2.3 3.8  2.6 4  3.1 3.7 

XNIN 2364 1.1 3.7  1 4.1  0.5 3.6  0.2 2.5  0.2 3  0.7 2.8 

DLHA 2956 0.4 2.8  0.4 3  0.1 2.7  0.9 2.5  0.8 2.7  1.3 2.7 

TASH 3049 1.1 2.1  1.2 2.2  0.4 2  2.1 2.7  1.9 2.6  2.7 3.3 

LHAS 3622 2.3 4.3  1.1 3.4  1.2 4  0 2.5  0.6 2.2  1 2.8 

mean 908 0.4 5.7  0.5 5.8  1.6 5.7  0.4 4.3  0.5 4.5  1.2 4.5 
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directly uses the starting height of the grid nearest to user’s 
position. (2) The accuracy and precision of SHAO-C model 
are relatively uniform over time and location. (3) The rms 
of SHAO-C model reduces along with the increased station 
elevation. This is because the moisture in the atmosphere 
becomes less at higher altitude locations. Thus less model-
ing errors will be introduced. (4) For 28 GPS Stations, the 
overall average rms of ZTD predicted by the SHAO-C 
model over three years is around 4.5 cm, with a maximum 
at SHAO (Shanghai) less than 7 cm. This should be ade-
quate for satisfying the demands of most of the navigation 
or surveying applications. 

5  Disscussion 

In the above sequence, and daily, monthly and annual com-
parisons with commonly used models, such as EGNOS, the 
SHAO-C model exhibits much better performance, because 
it takes the localized characteristics of the tropospheric ze-
nith delays into consideration over China region with the 
following features. 

(1) Model parameters given on the average height of 
each grid. The reference height of model parameters is 
given at the average height of each grid, which avoids cal-
culating from the mean sea level as required by the EGNOS 
model and other models. This greatly eliminates the accu-
mulative error during the integration process when the tar-
get position is at a higher altitude. The model takes the 
characteristics of terrain variations into consideration in 
China region. In the western area of China, the accuracy of 
the model is significantly better than EGNOS. Therefore, 
the model will positively impact the navigation and posi-
tioning applications in China. 

(2) Higher spatial resolution. The resolution of the pa-
rameters of SHAO-C model is 2°×2°, which is much finer 
than the 15° grid interval of EGNOS model. This higher 
spatial resolution can better represent the regional charac-
teristics of tropospheric conditions, especially for western 
China with complicated terrains. 

(3) Direct modelling of the zenith tropospheric delay. In 
the SHAO-C model, the atmosphere zenith delay is directly 
modeled, which simplifies the algorithm and the setup of 
model parameters. Thus it is more convenient to correct 
tropospheric delay for general navigation and positioning 
users. It also sets the basis to refine and further optimize the 
model parameters through densification, namely by intro-
ducing more GPS zenith delay time series from global and 
Chinese stations. 

There is still work to do to further improve the model, 
such as to extend the coefficients to global area, to inspect 
its accuracy with different grid resolutions of model coeffi-
cients. We will present our future research findings in the 
mentioned area. 

6  Conclusions 

For navigation and general surveying applications, there are 
a few available tropospheric correction models, such as 
UNB3, EGNOS, of which the model parameters are given 
on the mean sea level resulting in increased biases at loca-
tions of higher altitudes. For better serving the navigation 
and surveying needs in a general way, the SHAO-C model  
for China area has been established in this work and the 
coefficients of SHAO-C model in China area are derived 
with the meteorology data over the corresponding region. In 
the SHAO-C model, the reference altitude of SHAO-C pa-
rameters is given at the average height of each grid, and a 
more detailed description of complicated terrain variations 
in China is incorporated in the model. In comparison with 
the EGNOS model, the ZTD prediction accuracy of the 
SHAO-C model is significantly improved over China region, 
especially at stations of higher altitudes. Compared with the 
direct estimation of ZTD from the 28 GPS stations of 
CMONC, the accuracy of the derived ZTD using the 
SHAO-C model can be improved by 60.5% averagely than 
the EGNOS model. The overall bias and rms are 2.0 and 4.5 
cm respectively, and the maximum error is less than 10 cm, 
which should be sufficient to satisfy the requirements of 
most GNSS navigation or positioning applications in terms 
of the tropospheric delay correction. 
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