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Abstract This paper compares estimates of station coordi-
nates from global GPS solutions obtained by applying dif-
ferent troposphere models: the Global Mapping Function
(GMF) and the Vienna Mapping Function 1 (VMF1) as
well as a priori hydrostatic zenith delays derived from the
Global Pressure and Temperature (GPT) model and from the
European Centre for Medium-Range Weather Forecasts
(ECMWF) numerical weather model data. The station height
differences between terrestrial reference frames computed
with GMF/GPT and with VMF1/ECMWF are in general
below 1 mm, and the horizontal differences are even smaller.
The differences of annual amplitudes in the station height can
also reach up to 1 mm. Modeling hydrostatic zenith delays
with mean (or slowly varying empirical) pressure values
instead of the true pressure values results in a partial com-
pensation of atmospheric loading. Therefore, station height
time series based on the simple GPT model have a better
repeatability than those based on more realistic ECMWF
troposphere a priori delays if atmospheric loading correc-
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tions are not included. On the other hand, a priori delays
from numerical weather models are essential to reveal the
full atmospheric loading signal.

Keywords Troposphere modeling · Mapping function ·
Atmospheric loading · GPS

1 Introduction

Due to the correlations between the troposphere zenith delays
and the station heights (e.g., Rothacher 2002), a sophisti-
cated modeling of the troposphere is a prerequisite for the
estimation of precise coordinates from space geodetic
microwave techniques, namely Global Navigation Satellite
Systems (GNSS) like the Global Positioning System (GPS),
Very Long Baseline Interferometry (VLBI), and Doppler
Orbitography and Radiopositioning Integrated by Satellite
(DORIS). Troposphere parameters estimated by different
techniques have been compared by, e.g., Snajdrova et al.
(2005) and Steigenberger et al. (2007). The tropospheric
modeling discussed in this paper consists of two parts: (1)
the tropospheric mapping function to convert the troposphere
delay at a certain elevation angle to a zenith delay and (2)
an a priori model for the zenith hydrostatic delay (ZHD).
Mapping functions and a priori ZHDs derived from numer-
ical weather models (NWMs) provide the best troposphere
modeling globally available nowadays. The Vienna Mapping
Function 1 (VMF1, Boehm et al. 2006b) and ZHDs derived
from the European Centre for Medium-Range Weather Fore-
casts (ECMWF) NWM are such a sophisticated modeling
approach. However, the dependence on external data, the
handling of these data, and the assumption that the differ-
ences to the Global Mapping Function (GMF) and the Global
Pressure and Temperature (GPT) model are small might be
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reasons why VMF1 and ECMWF ZHDs are not routinely
used in GPS data analysis.

On the other hand, the empirical GMF (Boehm et al.
2006a) and the GPT model (Boehm et al. 2007a) for the com-
putation of the ZHD are easier to use as they do not require
external input data. Therefore, this modeling approach is used
by most analysis centers of the International GNSS Service
(IGS, Dow et al. 2005) nowadays. As GMF and GPT ZHDs
or VMF1 and ECMWF ZHDs are usually used together, this
paper will focus on the comparison of these modeling options
denoted by GMF/GPT and VMF1/ECMWF. However, for
some comparisons other combinations of mapping functions
and ZHDs will also be used.

Comparisons of different troposphere mapping functions
have already been performed by Boehm et al. (2007b), Tes-
mer et al. (2007) and Vey et al. (2006). Tregoning and Herring
(2006) showed that systematic differences between constant
ZHDs and GPT-derived ZHDs introduce systematic station
height biases of up to 10 mm, in particular in Antarctica.
Tesmer et al. (2006) also found systematic height differences
when comparing coordinate time series of 49 VLBI tele-
scopes computed with constant a priori delays and a pri-
ori delays derived from pressure measurements at the sites.
Kouba (2009) already compared the mapping function/a pri-
ori ZHD combinations GMF/GPT and VMF1/ECMWF with
the precise point positioning (PPP) approach (e.g., Zumberge
et al. 1997) at 11 sites and for a time span of 1.5 years. How-
ever, because of the larger number of stations and the longer
time span used in this study, our results should be more mean-
ingful statistically.

Section 2 describes the tropospheric modeling of geodetic
microwave observations and provides more details on the
mapping functions and ZHDs mentioned above. The GPS
processing resulting in four different global GPS solutions
covering all combinations of the two different mapping func-
tions GMF and VMF1 and the two different a priori ZHDs
GPT and ECMWF is explained in Sect. 3. The differences
of these solutions as regards station coordinates, terrestrial
reference frames (TRFs) and station height repeatabilities
are shown in Sect. 4. Section 5 discusses the effect of a
tropospheric mismodeling (GMF/GPT compared to VMF1/
ECMWF) and the implications for atmospheric loading.
Tregoning and Herring (2006) already pointed out the
destructive interference between ZHD errors and atmo-
spheric loading and Kouba (2009) showed, that this mismod-
eling partly compensates for atmospheric loading.

2 Troposphere modeling

The tropospheric delay is usually separated into a hydrostatic
delay that is modeled a priori and a wet delay that is esti-
mated from the space geodetic microwave observations. As

the modeled hydrostatic delays and the estimated wet delays
are usually referred to the zenith direction, corresponding
mapping functions are required to convert the slant delays in
observation direction to the zenith. In addition, troposphere
gradients can be estimated to account for asymmetries of the
troposphere (e.g., MacMillan 1995; Rothacher et al. 1998).

Most of the recent mapping functions are based on the
continued fraction form of Herring (1992). For the VMF1,
the coefficients ah and aw were derived from a rigorous ray-
tracing through pressure levels of the ECMWF operational
analysis data. These coefficients are provided by TU Vienna1

as site-specific or global grid (2◦× 2.5◦) time series with
6-hourly temporal spacing. The coefficients bh and ch were
derived from 1 year of ECMWF data in a least squares fit.
Whereas bh is constant, ch depends on the day of year and
the latitude. bw and cw were taken from the Niell mapping
function (Niell 1996) at 45◦ latitude, since the coefficient aw

is sufficient to model the dependence of the wet mapping
function on latitude (Boehm and Schuh 2004).

The GMF is an empirical mapping function (input argu-
ments are only the day of year and the site location) that
is consistent with VMF1. Expressions for the coefficients
ah and aw (mean values and annual signal) were derived
from 3 years of ECMWF data and are provided as a spherical
harmonic expansion of degree and order 9. The coefficients
b and c are taken from the VMF1.

Hydrostatic troposphere delays depend primarily on the
pressure. GPT provides pressure and temperature based on
the location of a station and the day of the year. The hydro-
static part of the Saastamoinen (1973) equation can be used
to compute the ZHD from the GPT-derived pressure. Like
the GMF, GPT is based on a spherical harmonic expansion
(mean values and annual signal) of degree and order 9 derived
from 3 years of ECMWF data.

Hydrostatic zenith delays directly derived from numerical
integration through pressure level data of NWMs in addition
account for short-term as well as inter-seasonal variations.
Like the VMF1 coefficients, the ECMWF ZHDs are avail-
able on a global 2◦× 2.5◦ grid with 6 h time resolution. As the
ECMWF ZHDs are provided for the heights hM of a digital
elevation model2 (DEM) at the grid points, these values have
to be extrapolated to the actual station height h. F. Brunner
(2001, personal communication) proposed the extrapolation

ZHD(h)=ZHD(hM )−2.277 × 10−3 g

R

p(hM )

T (hM )
(h − hM )

(1)

with g gravity, R gas constant, p(hM ) pressure at height hM ,
T (hM ) temperature at height hM . p(hM ) and T (hM ) can
be computed with the GPT model or a standard atmosphere

1 http://mars.hg.tuwien.ac.at/~ecmwf1/.
2 http://www.hg.tuwien.ac.at/~ecmwf1/GRID/orography_ell.
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Table 1 Troposphere mapping
functions and hydrostatic a
priori delays of the four global
GPS solutions discussed in this
paper

Solution Mapping function Hydrostatic a priori delay

GMF/GPT GMF GPT/Saastamoinen

VMF1/GPT Gridded VMF1 GPT/Saastamoinen

GMF/ECMWF GMF Gridded ECMWF ZHDs + extrapolation

VMF1/ECMWF Gridded VMF1 Gridded ECMWF ZHDs + extrapolation

(e.g., Berg 1948). As will be shown in Sect. 4, this extrapo-
lation is not sufficient for large height differences.

3 Global GPS solutions

The global GPS solutions are based on the GPS repro-
cessing effort of Technische Universität München (TUM),
Technische Universität Dresden (TUD) and GeoForschungs-
Zentrum (GFZ) Potsdam (Steigenberger et al. 2006). The
solutions discussed in this paper were computed with an
updated processing scheme, see Steigenberger et al. (2009a).
A modified version of the Bernese GPS Software (Dach et al.
2007) was used to process observations from a global net-
work of 202 GPS tracking stations for the time period 1 Jan-
uary 1994 till 31 October 2005. Four solutions covering all
combinations of the mapping functions GMF and VMF1 and
the hydrostatic a priori delays from GPT and ECMWF have
been computed (see Table 1). The grid version of VMF1 was
used since for some of the stations of our tracking network
the site-specific version of the VMF1 is not available. As the
VMF1 coefficients as well the ECMWF ZHDs are provided
on 2◦× 2.5◦ grids with 6-hourly temporal resolution, a spatial
bi-linear interpolation and a temporal linear interpolation
have been used. For all solutions, an elevation cut-off angle of
3◦ and an elevation-dependent weighting (weight w = cos2 z
with zenith angle z) was applied (for the impact of differ-
ent cut-off angles and elevation-dependent weighting see
Tregoning and Herring 2006).

The GPS data are processed in daily batches. The wet
troposphere zenith delays are estimated as a continuous
piecewise linear function with 2 h parameter spacing. The
troposphere gradients in east–west and north–south direction
have a parameter spacing of 24 h. The approach for comput-
ing a GPS-derived TRF and time series solutions follows
Steigenberger et al. (2009b): 1-day normal equations includ-
ing station positions and pole coordinates have been accu-
mulated. Station coordinates and velocities as well as pole
coordinates with daily resolution represented by a continuous
piecewise linear function have been estimated in a single pro-
gram run. The geodetic datum was defined by no-net-rotation
conditions for coordinates and velocities of 62 stable IGb00
(Ray et al. 2004) stations. These TRFs have been used for

datum definition in the time series solutions which yielded
the final station coordinate time series.

4 Comparisons of GMF/GPT and VMF1/ECMWF

The transformation parameters of a 14-parameter similarity
transformation between the GMF/GPT TRF and the VMF1/
ECMWF TRF are listed in Table 2. A slight shift of 0.7 mm
occurs in z-direction whereas the other translations, the rota-
tion and scale offsets as well as all rates are not significant.
The residuals of the 14-parameter similarity transformation
(datum stations only) are shown in Fig. 1. The horizontal
residuals are all below 0.5 mm (vector length) with a mean
value of 0.25 mm. They show a systematic pattern pointing to
a virtual point located in the southern Indian ocean. Although
the reason for this effect is not clear, Tesmer et al. (2007)
reported a similar behavior for VLBI solutions computed
with different mapping functions. However, one has to be
aware of the small magnitude of the horizontal residuals.

As expected, the height residuals are larger and range
from −5.9 mm for Davis (Antarctica) to +6.4 mm for Mauna
Kea (Hawaii). However, the absolute value of the height
residuals is below 1 mm for 81% of the stations and below
0.5 mm for 58% of the stations. These results are in general
accordance with the VLBI-based GMF/VMF1 comparisons
of Tesmer et al. (2007). In contrast to the horizontal resid-
uals, the vertical residuals do not show a clear systematic
pattern although some larger negative residuals are present
in Antarctica. Some of the larger height residuals are related
to extrapolation errors of Eq. 1 as well as the height extrap-
olation of GPT. For example, Mauna Kea has an ellipsoidal
station height of 3,755 m whereas the interpolated height of
the ECMWF DEM is 322 m. This extrapolation for a height
difference of more than 3 km is probably the main reason
for the height residual of +6.4 mm. The horizontal velocity
residuals are negligible (a few hundredth of a millimeter per
year). The vertical velocity residuals are in general below
0.2 mm/year with an absolute mean value of 0.08 mm/year.

Mean station height repeatabilities (average of all
stations) of the four different troposphere modeling
approaches are listed in Table 3. The first column contains
repeatabilities computed as WRMS values of the differences
between the daily solutions and the TRF solution, i.e., all
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Table 2 Transformation
parameters of a 14-parameter
similarity transformation
between GMF/GPT and
VMF1/ECMWF terrestrial
reference frames

Offset Rate

Translation X 0.18 ± 0.08 (mm) 0.02 ± 0.08 (mm/year)

Translation Y −0.07 ± 0.08 (mm) 0.02 ± 0.08 (mm/year)

Translation Z 0.71 ± 0.08 (mm) −0.02 ± 0.08 (mm/year)

Rotation X 0.01 ± 0.01 (mas) 0.00 ± 0.01 (mas/year)

Rotation Y 0.00 ± 0.01 (mas) 0.00 ± 0.01 (mas/year)

Rotation Z 0.00 ± 0.01 (mas) 0.00 ± 0.01 (mas/year)

Scale −0.03 ± 0.01 (ppb) 0.00 ± 0.01 (ppb/year)

Fig. 1 Residuals of a
14-parameter similarity
transformation between
GMF/GPT and VMF1/ECMWF
terrestrial reference frames. The
arrows refer to the horizontal,
the color scale to the height
residuals

<−2.0 −1.5 −1.0 −0.5 0.0 0.5 1.0 1.5 >2.0

0.5 mm

Height 
residuals [mm]

Table 3 Mean station height repeatabilities: TRF stands the repeata-
bilities from the reference frame solution; Weekly 2004 for the repea-
tabilities of seven daily solutions w.r.t. a weekly solution, averaged for
the year 2004

Solution TRF (mm) Weekly 2004 (mm)

GMF/GPT 9.30 5.35

GMF/ECMWF 9.41 5.46

VMF1/GPT 9.12 5.15

VMF1/ECMWF 9.38 5.28

systematic and random signals differing from the linear TRF
model contribute to these values. The second column rep-
resents a mean value of repeatabilities from weekly solu-
tions for the year 2004, i.e., the deviations of seven daily
solution w.r.t. the combined weekly solution. If one com-
pares solutions with the same a priori ZHD (GMF/GPT vs.
VMF1/GPT or GMF/ECMWF vs. VMF1/ECMWF) one can
see that VMF1 performs slightly better than GMF. This result
is consistent with the VLBI-derived repeatabilities of Tesmer
et al. (2007). On the other hand, a comparison of solutions

with the same mapping function (GMF/GPT vs. GMF/EC-
MWF or VMF1/GPT vs. VMF1/ECMWF) shows that GPT
results in better repeatabilities than ECMWF ZHDs for both
the TRF and the weekly repeatabilities. As will be shown in
Sect. 5, this effect is related to the partial compensation of
atmospheric loading by applying the GPT model.

Another result from these comparisons is that the ampli-
tudes of annual signals in the station height are affected by
different troposphere modeling. The amplitude differences
between the solutions, GMF/GPT minus VMF1/ECMWF,
are shown in Fig. 2. They range from −1.1 to +1.0 mm
with an absolute mean value of 0.3 mm and a slight lati-
tude dependence. In Antarctica, the VMF1/ECMWF station
height amplitudes are in general smaller, whereas the situa-
tion in the high northern latitude is the opposite.

5 Implications for atmospheric loading

The differences between the hydrostatic and the wet map-
ping functions result in a height error if an erroneous a
priori ZHD is applied: the difference between the true and the
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Fig. 2 Amplitude differences
between annual signals
determined from GMF/GPT and
VMF1/ECMWF station height
time series

−1.0 −0.5 0.0 0.5 1.0

Amplitude
differences [mm]

erroneous ZHD is mapped with the wet instead of the
hydrostatic mapping function (or vice versa), thus biasing
the estimated troposphere delays as well as station heights.
Although GPT was generated from ECMWF data (i.e., there
are almost no systematic mean biases between GPT and EC-
MWF ZHDs), there are small but systematic time-dependent
differences between the ZHDs of both models as GPT only
considers temporal pressure variations with a simple annual
sine model. Furthermore, a spatial smoothing is introduced
as GPT is a spheric harmonic expansion of degree and order 9
whereas the ECMWF ZHD grids have a resolution of degree
and order of about 80 at the equator. However, Boehm et al.
(2008) showed that the agreement between GPT and the EC-
MWF grids is not too bad.

As a simple approximation, the ZHD is directly related to
the pressure p by

ZHD ≈ 0.00227768
m

mbar
· p (2)

and the station height changes, �HAL, due to atmospheric
loading are proportional to the negative of the difference
between the pressure and a reference pressure:

�HAL ≈ −k(p − pref) (3)

with k atmospheric loading regression coefficient (m/mbar),
pref reference pressure. These relationships are responsi-
ble for the partial compensation of atmospheric loading by
mismodeling the ZHDs as the zenith delays and the height
estimates are negatively correlated due to the erroneous map-
ping. An example for this effect has already been shown by
Tregoning and Herring (2006).

Figure 3 explains this effect for an ideal case. It is assumed
that there are no other error sources than the ZHD and that
the atmospheric loading signal is the only signal affecting

the station height. If the periodic true ZHD (blue line) is
introduced, the atmospheric loading signal can completely
be recovered and the resulting height estimates are equal to
this loading signal, see Fig. 3a.

If an erroneous ZHD is applied (for simplicity a constant
ZHD, dashed green line in Fig. 3b, top), the differences
between the true and the erroneous ZHD (represented by
arrows) result in changes in the estimated station height. As
ZHD and atmospheric loading are anti-correlated (see Eqs. 2,
3), the height estimates have a smaller amplitude (solid green
line in Fig. 3b, bottom) than the atmospheric loading signal.
Therefore, the mismodeling of the a priori ZHDs results in
a partial compensation of the atmospheric loading. As the
differences between GPT and the ECMWF delays are much
smaller than the differences between a sinusoidal and a con-
stant ZHD, the real effect is of course smaller for the GPT
model than in the scenario discussed above.

As an example based on real data, Fig. 4a shows the
GPT and ECMWF ZHDs for Wuhan, China. Although the
GPT-derived ZHDs represent in general a simplified mean
behavior of the ECMWF delays, there are systematic dif-
ferences due to the spatial and temporal smoothing of GPT,
see Fig. 4b. In particular in wintertime larger discrepancies
occur: the ECMWF ZHDs are on average about 1 cm larger
than the GPT-derived ZHDs. The differences between the
estimated station heights, in sense VMF1/ECMWF minus
VMF1/GPT, are shown in Fig. 4c. Figure 4d shows the atmo-
spheric loading corrections from Petrov and Boy (2004).3

These atmospheric loading corrections were derived from
a different weather model than ECMWF, namely the
National Centers for Environmental Prediction (NCEP)

3 http://gemini.gsfc.nasa.gov/aplo/.
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Fig. 3 Impact of tropospheric
mismodeling on estimated
station heights: a ideal case, the
complete atmospheric loading
signal is recovered by the height
estimates. b Erroneous
(constant) ZHD (dashed green
line), a part of the atmospheric
loading signal is compensated
by the mismodeling of the
hydrostatic a priori delay
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Fig. 4 Time series for Wuhan:
a hydrostatic a priori delays
from GPT (red) and ECMWF
(blue). b ZHD differences
ECMWF − GPT. c Station
height differences,
VMF1/ECMWF − VMF1/GPT;
the red line indicates a 50-day
median. d Atmospheric loading
corrections provided by Petrov
and Boy (2004)
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model. However, the surface pressure differences between
NCEP and ECMWF are rather small and are not expected
to influence the results significantly. A clear annual signal
can be seen in both time series, the station height differ-
ences and the atmospheric loading corrections. Although the
order of magnitude of the station height differences is much
smaller than those of the atmospheric loading corrections, it
is evident that both signals show a good agreement in phase.
Therefore, the GPT-derived ZHDs partly compensate for the
atmospheric loading effect.

The homogeneously reprocessed GPS time series of
station heights provides an ideal basis to study the impact
of different troposphere modeling and atmospheric loading
corrections in more detail. All stations with time series longer
than 2 years have been considered. After removing stations

with frequent or large data gaps or with known problems, 183
out of 202 stations remain. To simplify matters, the atmo-
spheric loading corrections have been applied a posteriori by
taking the correction at 12:00 UT. The mean station height
repeatabilities with and without atmospheric loading correc-
tions are shown in Fig. 5. The results without atmospheric
loading corrections are consistent with the repeatabilities in
Table 3 already discussed above: VMF1 performs better than
GMF and for both mapping functions, the ECMWF a priori
ZHDs result in worse repeatabilities compared to GPT. How-
ever, after correcting for atmospheric loading, the repeatabil-
ities of the solutions with ECMWF ZHDs are slightly better
for both GMF and VMF1. Although the differences are on
the level of a few tenths of a millimeter, Fig. 5 confirms the
theoretical considerations discussed above.
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Fig. 5 Station height repeatabilities without (raw) and with atmo-
spheric loading corrections

However, for stations near the coast the largest part of
the atmospheric loading is absorbed by the inverted barom-
eter effect of the ocean. This fact is confirmed by Fig. 6
which shows the repeatability differences of solution VMF1/
ECMWF with and without atmospheric loading corrections.
Pronounced repeatability improvements occur only in the
northern central part of North America, in Europe, and in
the central part of Asia. The coastal sites in general show a
repeatability difference below 0.5 mm. Therefore, a separate
statistics for stations at least 200 km away from the coast is
included in Table 4. For this subset of stations, the repeatabil-
ity improvement when correcting for atmospheric loading is
about a factor of two larger compared to all stations.

The results discussed above are in general agreement with
Kouba (2009) who compared GMF/GPT and VMF1/EC-
MWF by PPP solutions of 11 stations covering a time
period of 1.5 years. In addition to Table 6 of Kouba (2009),
J. Kouba (2008, personal communication) provided an
updated solution including VMF1/GPT repeatabilities (see
Table 4). Some important differences between the analysis

of Kouba (2009) and those presented here should be empha-
sized:

– PPP solutions versus global network solution
– 1.5 versus 11.8 years
– 11 versus 183 stations
– atmospheric loading regression coefficients versus cor-

rections from Petrov and Boy (2004).

As the time period as well as the number of stations is
much larger compared to J. Kouba (2008, personal commu-
nication), the results presented in this paper are assumed to
be more reliable as the impact of outliers is smaller and more
areas of the world are covered. First of all, all of our network
solutions provide better height repeatabilities compared to
the corresponding PPP solutions of J. Kouba (2008, personal
communication). The repeatability improvement when cor-
recting for atmospheric loading is larger when using the
corrections from Petrov and Boy (2004) compared to the sim-
ple regression coefficient approach. The largest repeatability
improvement [consistently for our solution and the J. Kouba
(2008, personal communication) solution] can be achieved
for solution VMF1/ECMWF: VMF1 is the more precise map-
ping function compared to GMF and only the ECMWF ZHDs
are able to reveal the full loading signal. The partial com-
pensation of atmospheric loading by the GPT-derived ZHDs
resulting in better repeatabilities for the raw time series is
visible for our as well as for the J. Kouba (2008, personal
communication) solutions.

Although GMF provides a worse height repeatability
compared to VMF1, the raw GMF/GPT repeatabilities of
J. Kouba (2008, personal communication) are 0.2 mm smaller
than the corresponding VMF1/ECMWF repeatabilities,

Fig. 6 Repeatability
differences for solution
VMF1/ECMWF with and
without atmospheric loading
corrections

−2.5 −2.0 −1.5 −1.0 −0.5 0.0 0.5

Repeatability
difference [mm]
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Table 4 Station height repeatabilities without (raw) and with atmospheric loading corrections (alcor)

Solution This paper all This paper >200 km J. Kouba (2008, personal
communication)

Raw Alcor Red Raw Alcor Red Raw Alcor Red
(mm) (mm) (%) (mm) (mm) (%) (mm) (mm) (%)

GMF/GPT 8.81 8.69 1.4 8.73 8.35 4.4 10.03 9.90 1.3

GMF/ECMWF 8.96 8.59 4.1 8.94 8.25 7.7 – – –

VMF1/GPT 8.59 8.40 2.2 8.49 8.11 4.5 10.00 9.78 2.2

VMF1/ECMWF 8.80 8.35 5.1 8.73 8.02 8.1 10.23 9.87 3.5

The repeatability reduction when correcting for atmospheric loading is given in the columns Red. For the columns This paper >200 km, only stations
with a distance of more than 200 km to the nearest coast have been considered

whereas the repeatabilities of our raw GMF/GPT and VMF1/
ECMWF solutions are on the same level, which can be attrib-
uted to the different number of stations used for the sta-
tistics (11 vs. 183). The slightly better performance of the
VMF1/GPT PPP solutions compared to the VMF1/ECMWF
PPP solutions after correcting for atmospheric loading was
not expected and might also be related to the small number
of only 11 stations. As GPT already compensates for some
part of the atmospheric loading effect, the repeatabilities of
the solutions with GPT-derived ZHDs are expected to have a
worse repeatability compared to the ECMWF ZHDs if atmo-
spheric loading is corrected for. This is indeed the case for
our VMF1/ECMWF solution.

6 Conclusions

The analyses presented in this paper have shown that VMF1
provides slightly better station height repeatabilities than
GMF. On the other hand, the long-term station position dif-
ferences are in general small: they are on the sub-millime-
ter level for the horizontal component and in general within
±1 mm for the station heights. Due to the partial compen-
sation of atmospheric loading by mismodeling the a priori
ZHDs, GPT-derived ZHDs result in a better station height
repeatability compared to ECMWF ZHDs if atmospheric
loading is not corrected for. On the other hand, the appli-
cation of ZHDs derived from numerical weather models is
essential if the coordinate time series should be used to reveal
atmospheric loading signals.

An open issue is why the repeatability improvements are
so small when correcting for atmospheric loading (only 5%
for all stations and 8% for inland stations of solution
VMF1/ECMWF). Possible explanations are other system-
atic effects in the GPS-derived station height time series or
weaknesses in the computation of the atmospheric loading
corrections. However, the small repeatability improvement
is in good agreement with Tesmer et al. (2006) who found an
improvement of 4% when comparing VLBI solutions with
and without atmospheric loading corrections. Tesmer et al.

(2008) showed that large discrepancies between the loading
corrections of Petrov and Boy (2004) and ECMWF pressure
values multiplied with VLBI-derived atmospheric loading
coefficients are present for several stations. These studies
indicate that there might be some deficiencies of the atmo-
spheric loading corrections that should be studied in more
detail in the future.
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