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[1] Although the topic of the positioning precision of the
Global Positioning System (GPS) has been studied
extensively, it focuses mostly on the error sources such as
the ionospheric effect, antenna phase center variation and
tropospheric influence. This investigation addresses the
influence of the tropospheric effect on the results of the
height determination. Used data are obtained from GPS
receivers of a network and co-located surface meteorological
instruments in 2003. Two approaches, parameter estimation
and external correction, are utilized to correct the zenith
tropospheric delay (ZTD) by applying the surface
meteorological measurements (SMM) data. The GPS height
can be affected by an incorrect pressure measurement up to a
few meters, and the root-mean-square (RMS) of the daily
solution can range from millimeters to a few centimeters, no
matter which approach is adopted. The effect is less
significant when using SMM for parameter estimation, but
the trend of corrections on the GPS height is more consistent
at either higher or lower altitudes. By external correction
using SMM and Saastamoinen model, the GPS height
reaches a few centimeters repeatability, while the RMS of
the daily solution displays an improvement of about 2–3mm.
Citation: Wang, C.-S., Y.-A. Liou, and T.-K. Yeh (2008), Impact

of surface meteorological measurements on GPS height

determination, Geophys. Res. Lett., 35, L23809, doi:10.1029/
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1. Introduction

[2] Space-based geodetic systems, especially the Global
Positioning System (GPS), have been widely utilized in
recent decades. For example, the GPS technology has been
applied to the fields of Plate Boundary Observatory (PBO),
crust deformation and land survey [Yeh et al., 2006]. Since
the positioning precision of the advanced data analysis
schemes is in the level of 1–2 mm in horizontal coordi-
nates, and 5–10 mm in vertical coordinates (GPS height)
[Johansson et al., 1998; Bock and Doerflinger, 2000], one
of the research objectives in this field is to improve the GPS
height. The low precision in GPS height, compared with the
horizontal coordinate, has two major causes, the theoretical
limit of the satellite geometric distribution and the tropo-
spheric path delay, especially due to water vapor (or wet
path delay) [Davis et al., 1985; Dodson et al., 1996;

Emardson and Jarlemark, 1999; Bock and Doerflinger,
2000; Liou et al., 2001].
[3] Most GPS data analysis procedures utilize double

differencing to eliminate the clock error. Carrier phase
ambiguities and cycle slips can be repaired or estimated
with new ambiguity. Carrier phase ambiguities can be
eliminated by code date processing or triple differencing,
while ionospheric delay can be corrected by modeling or
eliminated by dual frequency combinations [Xu, 2007].
However, the dual-frequency GPS scheme still suffers from
path delay of the troposphere associated with inhomogene-
ity and variability of water vapor. A l mm error in the zenith
tropospheric delay may generate biases of 2.6–6.5 mm in
station height at various cut-off angles of 5�–25� [Santerre,
1991].
[4] Two different tactics, parameter estimation and exter-

nal correction, are undertook to resolve the tropospheric
effects [Bock and Doerflinger, 2000]. The parameter estima-
tion approach requires the a priori values of the ZTD from the
empirical meteorological models with ‘‘standard (constant)
atmosphere value’’ (SAV) [Tregoning and Herring, 2006]
data or SMM data. The residual of the parameters in the a
priori ZTD is then estimated using the least-squares method.
The a priori ZTD with SAV data is adopted conventionally
in GPS data analysis. Some special instruments, such as
water vapor radiometer, and several general surface meteo-
rological instruments at the GPS receiver sites, can be
employed for external correction. The SMM data incorpo-
rated with the empirical meteorological model is served as
the measured ZTD in the GPS data analysis.

2. Tropospheric Path Delay

[5] An electromagnetic wave propagating through the
atmosphere is continuously refracted due to the varying
index of refraction of the air along the ray path. A ray path
can either bend or retard, both of which generate an excess
path length with respect to the propagation in vacuum. The
excess path length from bending is generally about 1 cm at
15�, which is usually negligible [Ichikawa, 1995]. Excess
path length as the result of signal retarding in the tropo-
sphere (tropospheric path delay) is expressed as [Davis et
al., 1985]

DL ¼
Z

½nðsÞ � 1�ds ¼ 10�6

Z
NðsÞds ð1Þ

where N = (n � 1) � 106 and n indicates the refractivity and
index of refraction of the air at a point S along the ray path,
respectively.
[6] Certain assumptions are usually made when deriving

the path delay. For instance, the path delay in an arbitrary
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direction is assumed to be related to the path delay at the
zenith or ZTD by mapping functions [Davis et al., 1985] (or
tropospheric obliquity factor)

DL ¼ DLzh � mhðeÞ þDLzw � mwðeÞ ð2Þ

where DLh
z and DLw

z indicate the hydrostatic and wet delays
at the zenith, respectively; mh(e) and mw(e) are mapping
functions, and e is the elevation angle.
[7] The zenith hydrostatic delay (ZHD) DLh

z is approx-
imately 2.30–2.60 m at sea level, and represents 90–100 %
of the ZTD. The ZWD DLw varies roughly as 0–40 cm
between the poles and the equator, and from few cm to
about 20 cm during the year at mid-latitudes. The variation
in ZTD must be accurately and carefully monitored. The

effect of a 1 mm error in ZTD results in a bias of nearly
2.6–6.5 mm in GPS station height, depending mainly on
the elevation cutoff angle (5�–25�) and the site latitude
[Santerre, 1991].

3. Data Collection

[8] The GPS data with a daily survey time of 24 hours
were obtained from 5 GPS tracking stations operated by the
Ministry of the Interior (MOI) in Taiwan from day-of-year
(DOY) 131 to 210 in 2003. The final precise ephemeris
(SP3 file) and Earth rotation parameters (ERP file) were
gathered from the IGS. The phase center of the antenna was
provided by the U.S. National Geodetic Survey (NGS). A
done by Santerre [1991], the effects of solid earth tide and
ocean tide were kept within few centimeters. In this study,
both types of tide have been corrected from the solid earth
tide [McCarthy, 1996] and the ocean tide of the GOT00.2
model [Scherneck, 1991]. The ocean tide models were
obtained from the website http://www.oso.chalmers.se/
	loading/, maintained by the Center for Astrophysics and
Space Science in Sweden.

4. Methodology

[9] The Bernese software V5.0 developed by the Institute
of Astronomy University of Berne is utilized in the data
processing for the data analysis. The ambiguity resolution
algorithm of the double-difference equations is Quasi Ion-
osphere-Free (QIF). In addition, the data processing is
performed by the Bernese Processing Engine (BPE).
[10] The structure of the methodology, with different

procedures and meteorological data, is presented in
Figure 1. There are total of 5 results, numbered from
(1) to (5), in Figure 1. The procedures are performed
with different data sets. One data set is obtained from
SAV data, and the data employed (pressure, temperature
and relative humidity) for a priori model depending on

Figure 1. The structure of the strategies for the ZTD.

Figure 2. The difference of the GPS heights (result (1) minus result (3)) between the SMM data with or without a priori
ZTD in parameter estimation approach.
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height follows Berg [1948]. The other data set is gained
from data observed at the GPS receiver sites.
[11] Two approaches, i.e. parameter estimation and exter-

nal correction, are adopted separately to obtain the ZTD.
Results (1), (2), and (3) are obtained by the parameter
estimation approach, with 24 tropospheric parameters in
each case. Result (1) in Figure 1 is acquired from the
conventional method that the a priori ZTD values are
derived from the SAV data with a priori dry model

(Saastamoinen Dry Part with Dry Niell Mapping Function
[Niell, 1996]). The results of (2) and (3) are attained from
the SMM data with different a priori models (Saastamoi-
nen with Niell Mapping Function [Niell, 1996]), then the
residual of ZTD are estimated using the least-squares
method subsequently. The different cut-off-angles in the
GPS data are also utilized in this part. Results (4) and (5)
are obtained by the external correction approach, in which
the ZTD is corrected directly with the Saastamoinen
model, and are based on the GPS data with different
cut-off-angles. The Niell Mapping Function is recommen-
ded from the Bernese software manual, but, at least, there
three other kinds of newer mapping functions (site depen-
dent Vienna Mapping Functions 1 (VMF1), grid VMF1
and Global Mapping Functions) that can be applied for
comparison in the future [Boehm et al., 2006; Kouba,
2007].

5. Results

[12] Two aspects are obtained when using SMM data.
First, the GPS height is estimated with the parameter
estimation approach. The comparison between the results
(1) and (3) is the outcome by different a priori ZTD
obtained from the SAV and SMM data for each station.
Figure 2 presents the difference in GPS height between the
two approaches. The proposed approach based on least-
squares and the SAV data or SMM data makes the priori
ZTD different. The trends in Figure 2 show only small
changes for every station. The differences between results
(1) and (3) are only a few millimeters. The differences
between the maximum and the minimum of the YMSM,
FLNM, KDNM, and PKGM are 7.7 mm, 7.2 mm, 8.1 mm
and 8.4 mm, respectively. The RMS of GPS height is
similar for both solutions. Because the SMM data cannot
represent the entire tropospheric profile, the different data
sets in the parameter estimation approach makes only
few millimeters difference in GPS heights and few sub-
millimeters difference in RMS of daily solutions.
[13] However, Figure 2 reveals one important issue.

According to the vertical profile of the water vapor, a
GPS station at a higher altitude is less affected by the water
vapor. The GPS height of the YMSM, FLNM, KDNM and
PKGM are about 784 m, 138 m, 58 m and 42 m, respec-
tively. The percentages of the negative differences values in
Figure 2 are 69.5%, 57.6%, 50.9% and 30.5%, respectively.
The amount of the negative difference increased with the
GPS height. From the viewpoint of the a priori value in
GPS height estimated, as Tregoning and Herring [2006]
stated, ‘‘Not using accurate surface pressure leads to errors

Figure 3. The comparison (result (1) and result (5)) of the
GPS height and the RMS of the daily solution by external
correction approach.

Table 1. Averages and Standard Deviations of Daily Solution in

GPS Heights

GPS Height YMSM FLNM KDNM PKGM

Average (m)
Result (1) 784.0617 138.5280 58.3029 42.8712
Result (5) 783.9295 138.5610 58.2622 42.8253

Standard Deviation (mm)
Result (1) 11.2 11.5 12.7 10.7
Result (5) 57.5 80.8 111.4 92.6
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in the a priori ZHD values which, in turn, corrupt the
estimates of station heights and ZTD values in GPS anal-
yses’’. The statement is focused on the SAV data used in the
conventional strategy. Nevertheless, the viewpoint is still
suitable when using the SMM data. The a priori ZTD
derived from the SMM data are closer to the true atmo-
spheric situation than the SAV. This indicates that the water
vapor plays an important role to reduce the effect of
atmosphere on GPS height. Consequently, the positive
correction at higher station (YMSM) and negative correc-
tion at lower station (PKGM) can be obtained as shown in
Figure 2, while the trend of corrections on the GPS height is
more consistent at either higher or lower altitudes.
[14] The GPS height is also estimated with the external

correction approach. Results (1) and (5) are obtained from
the conventional strategy and an external correction ap-
proach. For result (5), the SMM data is introduced into the
Saastamoinen model to attain the ZTD, which the direct
correction is applied. Figure 3 displays the GPS height and
RMS of daily solution obtained from both approaches.
Figure 3 demonstrates that the repeatability of the GPS
height is inadequate when using the SMM data. The
difference between the averages of results (1) and (5) for
the YMSM, FLNM, KDNM and PKGM reached 13.2 cm,
�3.3 cm, 4.1 cm and 8.4 cm, respectively. Although this
approach produces a large variation in the GPS heights, it
improves the daily RMS by about 2–3 mm. The phenom-
enon could be a consequence of the reduced number of
unknowns in the observation equations.
[15] ‘‘The results of this approach were never really

exciting. They often turned out to be disastrous when
processing data from small networks: Instead of having
height repeatability of a few millimeters, only centimeters
were obtained, ’’according to Beutler et al. [1990]. This
observation is consistent with the results in Table 1. The
standard deviation (Std. Dev.) of the GPS heights during the
observing time shows that the SMM data (without tropo-
spheric estimation from the measurements) make the out-
come unstable, as occurred in the results. A GPS station at a
higher altitude is less affected by the water vapor. The ZTD,
which is corrected from the Saastamoinen model, and after
estimation from measurements, are closer to the actual
results, and the trend of corrections on the GPS height is
more consistent. The standard deviation of the YMSM
station located at the highest altitude in the network is
lower than that of other stations and the correction values
for the GPS height are the steadiest, as indicated in Figure 3.

[16] In GPS data processing, the threshold angle can be
used to eliminate poor measurements resulting from multi-
ple paths or bad signals. However, a higher cut-off-angle
usually leads to a poorer geometric distribution of satellites,
thus leading to the imprecision in GPS heights. This study
changes the cut-off-angle from 15� to 3�.
[17] Comparing the GPS heights using either parameter

estimation (result (2) and result (3)) or external correction
(results (4) and (5)) reveals that the averages and the
standard deviation of each GPS station are very similar.
Table 2 lists the maximum and the minimum differences in
GPS height between different cut-off-angles. The average of
the differences in Table 2 is about ±1mm and the standard
deviation is about 2–3 mm at the GPS stations when using
parameter estimation, which have lesser values in compar-
ison with the external correction approach. For the external
correction approach although the values in the YMSM and
PKGM stations are more unstable according to Table 2,
their average of the difference is only about ±3 mm and the
standard deviation is about 4 mm. Increasing the cut-off-
angle does not change the precision of the GPS height in
this study. The Niell mapping function for SMM data in the
study is clearly stable.
[18] The use of SMM data presents one important issue.

If the error in the pressure measurement is found in the daily
meteorological measurement file, it significantly and ad-
versely affects the precision. Several epochs show incorrect
measurements in the daily file. The imprecision of the GPS
height is up to few meters, and the RMS of the daily
solution ranges from millimeters to centimeters, regardless
of the approaches adopted.

6. Conclusions

[19] GPS is a microwave technique which makes it
necessary to perform the tropospheric zenith corrections
[Rothacher and Beutler, 1998]. This investigation focuses
on the effect of troposphere on GPS height, and uses SMM
data in both parameter estimation and external correction
methods to correct the tropospheric zenith delay.
[20] In the parameter estimation approach, the effect on

GPS height is not obvious when using SMM data. However,
the trend of corrections on the GPS height is more consis-
tent at either higher or lower altitudes, due to precise surface
meteorological measurement.
[21] In the external correction approach, the accordance

of the correction still appears in the YMSM station. The
Saastamoinen model based on SMM data stabilizes the

Table 2. Difference of GPS Heights Between the Different Cut-Off-Angles When the SMM Data Used in

Parameter Estimation and External Correction Approach

Difference of GPS Height YMSM FLNM KDNM PKGM

Parameter Estimation (Result (2), 15 Degrees) Minus (Result (3), 3 Degrees) (mm)
Max. 5.8 9.9 8.9 9.3
Min. �8.4 �3.0 �3.4 �6.7

Average �1.7 �0.1 1.3 0.1
Std. Dev. 2.4 2.1 2.6 3.1

External Correction (Result (4), 15 Degrees) Minus (Result (5), 3 Degrees) (mm)
Max. 14.6 1.3 3.2 6.3
Min. �5.8 �3.6 �5.1 �14.7

Average 3.5 0 �0.6 �3.1
Std. Dev. 4.4 0.7 1.4 3.9

L23809 WANG ET AL.: IMPACT OF SMM ON GPS HEIGHT DETERMINATION L23809

4 of 5



GPS height within a few centimeters. The RMS of the
daily solution is improved by about 2–3 mm, and the
variations of the average GPS heights are reached to
several centimeters.
[22] The cut-off-angle does not affect the precision of the

GPS height. The experimental results obtained by using the
Niell mapping function on SMM data are stable.
[23] Incorrect pressure measurements lead to poor preci-

sion. The imprecision of the GPS height can reach several
meters whereas the RMS of the daily solution ranges from a
few millimeters to centimeters, no matter which approach is
used.
[24] Analytical results show that higher GPS stations

generally have better repeatability for height determination.
Thus, the variability of GPS height increases with the total
water vapor burden [Liou et al., 2001]. In the future, data
from high altitude GPS stations processed will be applied
with SMM data to investigate this phenomenon properly.
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