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Abstract

The zenith total delay (ZTD) can be retrieved from space geodetic techniques, e.g., Global Positioning System (GPS) and Very Long
Baseline Interferometry (VLBI), which plays a key role in climatological and atmospheric sciences. However, ZTD estimates still have
lots of effects and uncertainties, particularly in GPS model errors. The continuous VLBI observations provide an opportunity to assess
GPS ZTD estimates during the Continuous VLBI Campaign 2008 (CONTO08) at 11 co-located stations from August 12 to 26, 2008. In
this paper, the effects on GPS ZTD estimate and its disturbances are investigated using different mapping function models (GMF, NMF,
and VMF1), Phase Center Variation (PCV) models (AZEL and ELEV) and Ocean Tide Loading (OTL) models (FES2004, CSR4.0 and
GOTO00). It has shown that the ZTDs from VLBI and GPS have an agreement in —3.88-3.74 mm with correlation coefficients of higher
than 0.87. For mapping function models, there are no obvious differences, while the PCV model of ELEV is always a little better than
AZEL for large scale network with mixed antenna types. For stations near to the coastlines, ocean loading effects must be corrected.
While for short period, the effects with OTL models of FFES2004, CSR4.0 and GOTO00 are always at the same level. In addition, sig-
nificant diurnal cycles S| (24 h period) and semidiurnal cycles S, (12 h period) of GPS ZTD are found with amplitudes between 0.82 and
13.84 mm and 0.30 and 5.23 mm, respectively, which are closer to VLBI ZTD estimates. The correlation coefficients between VLBI and
GPS ZTD are 0.85 and 0.95 in S| and S, respectively.
© 2012 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The tropospheric delay is one of the major error sources
of space geodetic techniques while their radio signals prop-
agate through the atmosphere, ¢.g., Global Positioning Sys-
tem (GPS) and Very Long Baseline Interferometry (VLBI).
Nowadays the total zenith tropospheric delay (ZTD) can be
determined by GPS and VLBI through mapping function
(e.g., Niell, 1996; Behrend et al., 2000; Niell et al., 2001;
Pacione et al., 2002; Snajdrova et al., 2006), which plays
an important role in climatological and atmospheric
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sciences. The GPS and VLBI-derived ZTDs are the inte-
grated refractivity in the zenith direction, and can be
expressed as the sum of the zenith hydrostatic delay
(ZHD) related to the surface pressure (Elgered et al.,
1991), and the zenith wet delay (ZWD) related to the water
vapor (Jin and Luo, 2009).

A number of studies have been carried out on the effects
and accuracies of ZTD derived from GPS, VLBI and other
ground-based techniques. For example, Behrend et al.,
2000 analyzed GPS and VLBI data for 2 weeks in Decem-
ber 1996 at Spain, and found that ZTD differences were
smaller than 1 cm. Snajdrova et al. (2006) analyzed contin-
uous VLBI data for 15 days during the Continuous VLBI
Campaign 2002 (CONTO02) and found that the ZTD differ-
ences were about 3 to 10 mm. Meanwhile, a lot of works
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have also demonstrated that VLBI can provide ZTD with
high precision and accuracy for meteorological and clima-
tological applications (e.g., Niell et al., 2001; Hatanaka
et al.,, 2001; Heinkelmann et al., 2007). Therefore, the
ZTD determined by VLBI can be used as an independent
and high-accuracy reference to assess the accuracy and reli-
ability of GPS-estimated ZTD.

Although GPS can provide precise and high temporal
resolution ZTD as a highly precise, continuous, all-weather
and near-real-time technique, there are lots of effects on
GPS ZTD estimates, e.g., mapping functions (Boehm
et al., 2007; Won et al., 2010) and Ocean Tide Loading
(OTL) models (Vey et al., 2002, 2006; Tregoning and
Herring, 2006; Tesmer et al., 2007). For example, Won
et al. (2010) analyzed GPS ZTD by testing GMF, NMF,
and VMF1 models and found the maximum difference
occurred in February and August. Fund et al. (2011) pro-
cessed 1-year GPS data with different mapping functions,
and found significant differences between VMF1 and
GMF models due to the GMF’s low spatial resolution.
Vey et al. (2002) investigated the effects of ocean loading
on GPS ZTD and concluded that unmodeled ocean load-
ing has significant effects on GPS ZTD, which must be
properly corrected for GPS ZTD estimating. The Continu-
ous VLBI Campaign 2008 (CONTO08) was a follow-on
campaign of the CONT94, CONT95, CONT96 CONTO02
and CONTO5 with 11 co-located stations equipping with
GPS receivers (Fig. 1). The goal of CONTO08 was to acquire
state of the art VLBI data over a two-week period (August
12 to 26, 2008) and to provide the highest accuracy of
VLBI products, such as the Earth orientation parameters
(Nilsson et al., 2010) or tropospheric delay (Teke et al.,
2011). Therefore, the independent VLBI provides a unique
chance to investigate the reliability and effects of GPS ZTD
estimates. In addition, the ZTD has significant diurnal and
semidiurnal oscillations, but with a number of possible
effects or unknown factors, e.g., ocean tides (Vey et al.,
2002) or atmospheric tides (Jin et al., 2008). In this paper,

the effects and disturbances on GPS ZTD with different
models are investigated, including mapping function mod-
els, Phase Center Variation (PCV) models and OTL mod-
els. The comparisons between ZTDs derived from VLBI
and GPS are performed as well as surface pressure data.
A detailed data analysis and post-processing are shown
in Section 2. Section 3 presents the results and discussions,
including the relations between VLBI/GPS ZTD and alti-
tude, the effects on GPS ZTD and Precipitable Water
Vapor (PWV) with different models in GPS data process-
ing, diurnal and semidiurnal cycles of VLBI/GPS ZTD.
Finally, conclusions are given in Section 4.

2. Data processing and methods
2.1. VLBI ZTD

The International VLBI Service (IVS) for Geodesy and
Astrometry provides the tropospheric products for the
IVS-R1 and 1VS-R4 sessions, including ZTD estimates of
the CONTO8 campaigns with 1-h resolution (http://
www.dgfi.badw.de/?194). The weighted linear combination
of estimates is based on ten IVS Analysis Centers (ACs)
using a variance-component estimation approach. The
empirical standard deviation of ZTD among the ACs with
regard to an unweighted mean is 4.6 mm, and the mean
formal error of the unweighted ZTD combination is
2.3mm (Heinkelmann et al., 2011). Each station of
CONTO08 is co-located with GPS receiver. Co-located
VLBI observations provide an opportunity to assess GPS
ZTD estimates during the CONTOS8 campaign.

2.2. GPS ZTD retrieval

The GAMIT software package was used to estimate the
GPS ZTD as a stochastic variation at 1-h sampling from
the Saastamoinen model with piecewise linear interpolation
in between solution epochs, and a double-difference
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Fig. 1. Distributions of co-located GPS and VLBI stations.
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approach was used to solve phase ambiguities, and the per-
centage of ambiguity success rate is 91.0%-96.4%. Here the
International GNSS Service (IGS) Earth orientation
parameters and final orbits, International Earth Rotation
Service (IERS) solid Earth tide and pole tide model, and
an elevation angle cutoff of 7° are used in data processing.
In order to investigate the possible effects and diurnal var-
iability of GPS ZTD, different mapping functions (includ-
ing Global Mapping Function, GMF; Neill Mapping
Function, NMF; Vienna Mapping Function 1, VMF1),
different PCV models (including elevation-dependent
model, ELEV; elevation- and azimuth- dependent model,
AZEL), and different OTL models (FES2004, CSR4.0
and GOTO00) are used in data processing. So, the ZTD time
series from GPS observations at 11 co-located VLBI sites
with 1-h resolution are obtained by using different data
processing strategies.

3. Results and discussions
3.1. Relations of ZTD and altitude

The ZTD derived from VLBI and GPS is composed of
two parts, the hydrostatic part (ZHD) and wet part
(ZWD). ZHD accounts for approximately 90% of ZTD,
and can be computed as follows (Davis et al., 1985):

B 2.2768 + 0.0005 ke (1)
= 1-0.00266 - cos(2¢) — 0.00028 - 1 ¥~

ZHD

where ¢ is the latitude, / is the height (km) above the geoid
of the phase center of GPS and VLBI instrument, p is the
atmospheric pressure (hPa) at the antenna height, and £ is
an approximate constant (2.28 mm/hPa). Even in severe
weather, the scale factor of k just varies less than 1%.
Therefore, the ZHD is proportionate to the atmospheric

pressure at the station. In most cases, atmospheric pressure
is closely approximated by the hydrostatic pressure caused
by the total weight of air above the instrument, so atmo-
spheric pressure is affected by air masses. As we know, with
increase of elevation, atmospheric mass decreases. There-
fore, atmospheric pressure decreases as altitude increases.
The following equation is the approximated relationship
between altitude (above the mean sea level) and the atmo-
spheric pressure (http://www.chemistrydaily.com/chemis-
try/Atmospheric_pressure):

h
logipp~ 5 — 155 (2)

where p and /4 are the pressure (Pa) and the altitude (km)
above the global mean sea level, respectively. From Eq.
(1) and Eq. (2), it can be further deduced as following
empirical formula:

ZTD ~2.28 - p =2.28 - 100713 .0.01 (3)

where the units of ZTD and /% are in millimeters and kilo-
meters, respectively. Fig. 2 shows the distribution of mean
GPS ZTD at each co-located station (Table 1). It can be
clearly seen that the minimal and maximal values of GPS
ZTD are 2.048 m (HRAO, South Africa) and 2.585 m
(TSKB, Japan), respectively. Fig. 3 shows the distribution
of VLBI/GPS ZTD at all co-located stations and the
empirical formula estimates. Blue line, red circle and black
triangle stand for the empirical formula estimates, GPS
ZTD and VLBI ZTD, respectively. It can be seen that there
is a good consistency between VLBI and GPS ZTD and the
estimations from the empirical formula. With the altitude
increasing, the value of VLBI/GPS ZTD decreases. A little
larger differences between VLBI/GPS ZTD and the empir-
ical formula estimates are found below 200 m, which may
be due to effects of a large quantity of water vapors in low-
er atmosphere.
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Fig. 2. Distribution of mean GPS ZTD at each co-located station.
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Table 1
Comparison of VLBI and GPS ZTD estimates.
Co-located GPS receiver type Lat (deg.) Lon GPS VLBI-GPS height VLBI-GPS mean RMS Correlation
station (deg.) altitude (m) difference (m) bias (mm) (mm) coefficient
HRAO ASHTECH UZ-12 —25.89 27.69 1414.1 1.56 —1.45 5.16 0.99
KOKB ASHTECH UZ-12 22.13 200.33  1167.3 9.24 0.13 7.61 0.95
MEDI TRIMBLE 4000SSI 44.52 11.65 50.0 17.15 3.74 7.13 0.98
NYAL AOA 78.93 11.87 78.6 8.73 3.33 3.07 1.00
BENCHMARK
ACT
SVTL LEICA SR520 60.53 29.78 76.6 9.36 —0.54 4.70 0.99
TSKB AOA 36.10 140.09 67.3 17.44 1.12 9.58 0.99
BENCHMARK
ACT
WTZR LEICA 49.15 12.88 666 3.09 0.53 4.50 0.99
GRX1200GGPRO
ZECK ASHTECH Z-X113 43.79 41.57  1166.3 8.71 —0.86 11.44 0.87
CONZ TPS E_ GGD —36.84 286.97 180.7 -9.73 —2.50 7.86 0.97
WEST ASHTECH UZ-12 42.61 288.51 85.0 1.77 —3.88 5.50 0.99
ONSA JPS E_GGD 57.40 11.93 45.6 13.68 2.96 3.98 0.98
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Fig. 3. Distribution of ZTD with altitude (above the global mean sea Time(hour)

level). Blue line, red circle and black triangle are empirical formula, GPS
ZTD and VLBI ZTD, respectively. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)

3.2. Comparison of VLBI and GPS ZTDs

In order to check the reliability of GPS ZTD estimates,
we compare the ZTDs between VLBI and GPS at all co-
located stations during the CONTO08 campaign. The map-
ping function model of GMF, PCV model of ELEV, and
OTL model of FES2004 are used to estimate GPS ZTD.
Here the influences of different altitudes between VLBI
and GPS antennas are corrected. The residuals of double
differences show clearly the remaining errors in GPS data
processing for ZTD retrieval. Fig. 4 shows the double dif-
ference residuals of a pair of satellites in cycles. The mean
biases between VLBI and GPS ZTDs at all co-located
stations are between —3.88 mm (WEST, USA) to
3.74 mm (MEDI, Italy), with mean-root-square (RMS)
from 3.07 mm to 11.44 mm (Table 1), where the correlation

Fig. 4. Double difference residuals (SV Pair: 02-12).

coefficients are higher than 0.87 (Fig. 5). The RMS reflects
the discrete distributions of ZTD differences. For example,
large RMS with 11.44 mm occurred at the station of ZECK
(Russia) while the corresponding mean bias is very small
(—0.86 mm). It also can be seen in Fig. 5.

3.3. Effects of different models on GPS ZTD estimates

Lots of models affect GPS ZTD estimates. Here different
mapping function models, PCV models, and OTL models
are investigated and tested in the GPS data processing.

3.3.1. Effects of mapping functions on GPS ZTD estimates

Different mapping function models which have effects
on GPS ZTD are investigated and compared with VLBI
ZTD, including GMF, NMF, and VMFI1, while the PCV
model of ELEV and the OTL model of FES2004 are used
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Fig. 5. Correlations between VLBI and GPS ZTDs.

in this case. Fig. 6 shows comparison of GPS ZTD mean
differences and RMS using different mapping function
models, the left is the mean differences between VLBI/
GPS ZTD with different mapping function models. Black
bar, gray bar and white bar are estimates with GMF,
NMF and VMF]1, respectively. The left panel shows that
the minimal differences among these models are found at
KOKB (USA), ZECK (Russia), and WTZR (Germany),
which are all located around 30°N. It has been indicated
that there is almost no difference among these mapping

function models at the area of around 30°N. Moreover,
GPS ZTDs are closer to VLBI ZTDs with VMF1 model
than those with the other two models at NYAL (Norway),
which indicates that in the area of high latitude of the
Northern Hemisphere, VMF1 model can introduce more
precise GPS ZTD then other models. Besides, the effects
of NMF model are a little larger than the other two models
at CONZ (Chile) and TSKB (Japan). These agree with
Boehm’s results that in high southern latitudes and in
Japan, NMF model always has apparent biases (Boehm
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Fig. 7. Mean differences and RMS between VLBI and GPS ZTD with different PCV models while mapping function model of GMF. Black bar, gray bar
and white bar are mean differences with AZEL, ELEV, and without any PCV model, respectively.

et al., 2006). Moreover, GMF and VMF1 models both
have almost the same effects on GPS ZTD in the other
areas of the world. The right panel of Fig. 6 shows the
RMSs of the differences between VLBI and GPS ZTD with
these three models. It can be seen that in general, the accu-
racies of the three mapping functions are always at the
same level, which may be due to the short period of the
CONTOS8 campaign. In addition, using the PCV model of
AZEL, similar results are obtained with different mapping
function models.

3.3.2. Effects of PCV on GPS ZTD estimates

Different PCV models are used for GPS ZTD estimates,
which are compared with VLBI ZTD, including ELEV and
AZEL models. Here the mapping function model of GMF
and the OTL model of FES2004 are used in this case. Fig. 7
shows the effects on GPS ZTD estimates with different
PCV models. The left panel is the mean differences between
VLBI and GPS ZTD with different PCV models. Black,

gray, and white bars denote the mean differences with
AZEL, ELEV, and without PCV model, respectively. The
significantly negative systematic differences of VLBI minus
GPS ZTD are found from —1.93 mm (NYAL, Norway) to
—13.47 mm (ZECK, Russia) without using any PCV
model. When PCV models are used, the differences between
VLBI and GPS ZTD are greatly reduced, indicating that
the GPS antenna model must be used in GPS data process-
ing. While the mean differences using the ELEV model are
a little better than the AZEL model, excluding the stations
HRAO (South Africa), SVTL (Russia), and TSKB (Japan).
It may be the fact that the ELEV model is important for
large scale network with mixed antenna types (see Table
1) (Herring et al., 2006). The RMSs of mean differences
with ELEV and AZEL models are almost similar, seeing
the right panel of Fig. 7. In addition, using the mapping
function model of VMF1, similar results are obtained from
the effects on GPS ZTD estimates with different PCV mod-
els (see Fig. 8).
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Table 2

RMS and correlation coefficients between VLBI and GPS ZTD with OTL model of FES2004, CSR4.0, GOT00, and without OTL model.

Co-located station RMS (mm) Correlation coefficients
FES2004 CSR4.0 GOTO00 NO OTL FES2004 CSR4.0 GOTO00 NO OTL

HRAO 5.0619 5.5823 5.2148 5.6257 0.9885 0.9858 0.9876 0.9858
KOKB 7.8521 7.5907 7.6432 8.7665 0.9541 0.9571 0.9565 0.9424
MEDI 7.1289 7.1270 7.1538 7.1566 0.9800 0.9800 0.9799 0.9797
NYAL 3.0376 3.0783 3.0333 3.3629 0.9958 0.9957 0.9959 0.9949
SVTL 4.6807 4.6976 4.6721 4.7509 0.9933 0.9933 0.9934 0.9932
TSKB 9.5521 9.5207 9.4718 9.7979 0.9852 0.9853 0.9854 0.9845
WTZR 4.4364 4.4802 44512 4.5190 0.9892 0.9888 0.9890 0.9887
ZECK 11.3300 11.3170 11.2760 11.2340 0.8708 0.8707 0.8726 0.8745
CONZ 7.8691 7.9947 7.9053 7.9564 0.9740 0.9734 0.9739 0.9739
WEST 5.4572 5.5073 5.4636 5.9008 0.9903 0.9901 0.9903 0.9887
ONSA 4.0130 3.9697 4.0252 4.0685 0.9832 0.9835 0.9830 0.9821
3.3.3. Effects of OTL models on GPS ZTD estimates 30

Different OTL models are used in GPS data processing,
including CSR4.0, GOT00 and FES2004 models. The map-
ping function model of VMF1 and PCV model of AZEL
are used in this case. Table 2 shows the RMS and correla-
tion coefficients between VLBI and GPS ZTD with differ-
ent OTL models and without OTL model. It indicates
that if any OTL model used, the RMS of ZTD differences
are always better than those without OTL model, except
for the stations of ZECK (Russia) which is located in the
mainland of Europe, and CONZ (Chile) which is located
in the Southern Hemisphere. The former (ZECK) has little
ocean loading effects on GPS ZTD since the station is far
from the ocean. To verify and compare the ocean loading
effects on the station of CONZ and on other stations, ver-
tical displacements derived from FES2004 model are pro-
vided by Fig. 9. It can be seen clearly that due to little
effects on vertical direction derived from OTL model(less
than 10 mm), there’s no significant difference between
GPS ZTD with and without OTL model at the station of
CONZ. Moreover, Table 2 shows that there’s no apparent
difference between these OTL models of FES2004, GOT00
and CSR4.0.

20
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—

—

N
o
e
—
——
e
L

Vertical Displacement from FES2004 (mm)

_30 1 I I I I I
225 227 229 231 233 235 237 239

Time(doy)

Fig. 9. Vertical site displacements (in mm) derived from FES2004 model
at the stations of CONZ, HRAO, and TSKB during CONTO08. Red, black
and blue lines are vertical displacements at the stations of CONZ, HRAO
and TSKB, respectively. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

As the ocean tide effects are most at diurnal time scales,
the mean diurnal variations of each ZTD time series are
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Fig. 10. Diurnal cycles of GPS ZTD (with different OTL models), VLBI
ZTD and surface pressure at HRAO, South Africa. Green, blue, brown
and purple lines are mean residuals of GPS ZTD with OTL models of
FES2004, CSR4.0, GOT00, and without any OTL model, respectively.
Black and red lines are VLBI ZTD and ZTD deduced from surface
pressure, respectively. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

investigated at all co-located sites. It also shows inconspic-
uous differences between the three OTL models. For exam-
ple, Fig. 10 shows diurnal ZTD variations at the co-located
station HRAO (South Africa). Green, blue, brown and
purple lines are mean residuals of diurnal GPS ZTD using
OTL models of FES2004, CSR4.0, GOT00, and without
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function model of GMF, PCV model of ELEV, and OTL
model of FES2004 are used to estimate GPS ZTD. Strong
signals at about 12-hour and 24-hour of VLBI/GPS ZTDs
are found, indicating significant diurnal cycles Sy (24 h per-
iod) and semidiurnal cycles S, (12h period) in VLBI/GPS
ZTD time series. For example, Fig. 11 shows the original
VLBI/GPS ZTD time series (upper) and power spectrum
(bottom) with one hour interval at the co-located station
TSKB. In order to find the diurnal (S;) and semidiurnal
(S3) variations of ZTD time series derived from GPS and
VLBI during the 15 days of the CONTO08 campaign, the
following harmonic function has been used:

2
ZTD, =a+ Y _[Sisin(2n(t — t0)/p, + @) + &

i=1

(4)

where 7 is the time (hours), « is the constant term, S;, p;, ¢;
are the amplitude, period, and phase at period i, respec-
tively, and ¢, is the residual. Using the least square method,
the amplitudes of S;, S> and their uncertainties of the
VLBI/GPS ZTD series are determined (see Table 3). The
amplitudes of S; and S, of GPS ZTD are 0.82-13.84 mm
and 0.30-5.23 mm, respectively, which are closely to those

Table 3
Diurnal (S;) and semidiurnal (S,) amplitude of VLBI/GPS ZTD.

GPS ZTD (mm) VLBI ZTD (mm)

Co-located station

OTL model, respectively. Black and red lines are VLBI 81 82 81 82
ZTD and ZTD deduced from surface pressure, respec-  HRAO 2724024 1.2440.53  2.01+£0.30  1.6240.37
tively. Moreover, the ZTD derived from surface pressure ﬁ?alélls iéﬁgig iggiggg ;;ﬁg;g fzgﬁ‘l‘g
has a good consistency with VLBI ZTD, with correlation NYAL 0824072 0304201 1374045 0954249
coefficient of 0.88. SVTL 6954021 0.5242.72  7.1240.19  2.1140.65
TSKB 7.464+0.22  5.2340.32  5.7240.31  4.9440.36
WTZR 4.2240.31 1.7440.75  2.4240.32  1.13£0.71
3.4. Diurnal and semidiurnal cycles of ZTD ZECK 13.8440.12  2.33+£0.73 13.53+0.11  2.14:0.69
CONZ 4.35+£0.26  0.68£1.69  4.48+0.23  0.394+2.60
. . . WEST 3.73+£0.46  2.79+0.61  3.01+£0.57  1.50+1.14
The VLBI/GPS ZTD time series of each station are ana- oy 1434081 093+125 1484076  1.03%1.10
lyzed using the Fast Fourier Transform. Here the mapping
2700
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Fig. 11. Time series of VLBI/GPS ZTD (upper) and power spectrum (bottom) at TSKB (Japan).
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Fig. 12. Mean differences and RMS between VLBI/GPS PWYV with different mapping functions. Black bar, gray bar and white bar are mean differences

with GMF, NMF and VMFI, respectively.

of VLBI ZTD with correlation coefficients of 0.95 and 0.85,
respectively.

3.5. Effects of different models on GPS PWV estimates

The retrieval of PWV from GPS ZTD is very important
for GPS meteorological applications. The PWYV is defined
as the total atmospheric water vapor contained in a vertical
column above the station, which can be derived from ZWD
as follows (Bevis et al., 1994):

PWV =[] xZWD (5)
where

10°
= Crem o ©)

where p is the density of liquid water, R, is the specific gas
constant for water vapor, k3 and k, are physical constants
and T,, is the mean temperature of the atmosphere, which
can be computed from surface temperature as
T,,=70.2+0.72Ts (Bevis et al., 1992). In this study, the
surface temperature is observed at each co-located station
except for the stations of CONZ and ZECK. In order to
investigate the effects of different models on GPS PWYV esti-
mates, different mapping functions, OTL models, and PCV
models are used to test as comparing with VLBI PWV.
Fig. 12 shows the mean differences and RMSs between
VLBI/GPS PWV with different mapping functions. it can
be seen that the mean differences are all less than 0.5
mm, and RMSs are not more than 1.3 mm, indicating that
the effects of different mapping functions on GPS PWV
estimates are very small, which can be ignored. For OTL
models and PCV models, there are no obvious different ef-
fects on GPS PWVs.

4. Conclusions

The effects and variations of GPS ZTD estimates with 1
hour resolution are investigated and compared with VLBI

ZTD at 11 co-located stations during the CONTO08 campaign.
It has been shown that at the area about 30°N, there are no
obvious differences among GPS ZTDs with different mapping
functions of GMF, NMF, and VMF1. For PCV model, the
ELEV model is more important for large scale network with
mixed antenna types. Meanwhile, for stations near to the
coastlines, ocean loading effects must be corrected for GPS
ZTD retrieval, except for station of CONZ (Chile), where
the effect from ocean loading is smaller. And the effects on
GPS ZTD from OTL models of FES2004, CSR4.0, and
GOTO0 are almost at the same level in short period. More-
over, comparison of VLBI and GPS ZTD shows that they
have a good agreement in —3.88-3.74 mm with correlation
coefficients of higher than 0.87. Also significant signals of
VLBI/GPS ZTD time series at about 12 and 24 h are found,
and their diurnal (S7) and semidiurnal (S,) amplitudes of
ZTD have a good agreement. In addition, the effects on
GPS PWYV estimates are relatively small with different map-
ping functions, OTL models and PCV models. Although
the CONTO8 campaign provides a good opportunity to eval-
uate the effects on GPS ZTD estimates with different models,
the continuous observation time is short with just 15 days and
the number of co-located stations is a few with just eleven
sites. Longer period and more co-located sites for further
investigation are expected in the near future.
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