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Abstract. The results from a global positioning system
(GPS) experiment carried out in Brittany, France, in
October 1999, aimed at measuring crustal displacements
caused by ocean loading and quantifying their effects on
GPS-derived tropospheric delay estimates, are present-
ed. The loading effect in the vertical and horizontal
position time series is identified, however with significant
disagreement in amplitude compared to ocean loading
model predictions. It is shown that these amplitude
misfits result from spatial tropospheric heterogeneities
not accounted for in the data processing. The effect of
ocean loading on GPS-derived zenith total delay (ZTD)
estimates is investigated and a scaling factor of 4.4
between ZTD and station height for a 10° elevation cut-
off angle is found (i.e. a 4.4-cm station height error
would map into a l-cm ZTD error). Consequently,
unmodeled ocean loading effects map into significant
errors in ZTD estimates and ocean loading modeling
must be properly implemented when estimating ZTD
parameters from GPS data for meteorological applica-
tions. Ocean loading effects must be known with an
accuracy of better than 3 cm in order to meet the
accuracy requirements of meteorological and climato-
logical applications of GPS-derived precipitable water
vapor.
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1 Introduction

The periodic motion of the Earth’s surface due to the
forcing from ocean tides, referred to as ‘ocean loading’,
is the second largest periodic motion of the Earth’s crust
after the solid Earth tides in areas with energetic ocean
tides, such as the Atlantic coast of Europe. Their
frequency content is dominated by semi-diurnal (M>, S»,
N>, K5) and diurnal (O;, K;, Py, Q1) constituents. The
amplitude of the Earth’s surface motion due to ocean
loading can reach several centimeters in the vertical
component and one-tenth to one-third of this in the
horizontal component in coastal regions. Such displace-
ments are large enough to be measured with space
geodetic techniques such as the global positioning
system (GPS) (Baker et al. 1995; Dragert et al. 2000;
Khan and Tscherning 2001).

Ocean loading is usually described by the convolution
of a surface load derived from a barotropic ocean tide
model using the Green function describing the elastic
response of the Earth’s crust to that load (see e.g. Farrell
1972; Scherneck 1991; Agnew 1997). Ocean tide models
agree well with each other and with observations over
most of the open oceans (see e.g. Shum et al. 1997), but
still need improvements in particular in certain coastal
areas. The main limitations of current coastal tide
models include the bathymetry accuracy, non-astro-
nomical effects (e.g. river outflows), a shallow conti-
nental shelf and coastal lines, and the baroclinic effects
which are not assumed in these models. In addition, the
elastic response of the Earth’s crust depends on spatial
variations of its rheology and structure, whereas loading
models use a spherically symmetric PREM (preliminary
earth model) (Dziewonski and Anderson 1981).
However, this approximation has a minor impact on
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ocean loading predictions, which are usually accurate
except in some coastal areas and shallow seas. In such
cases, direct geodetic measurements of ground motion
may provide useful constraints for improving the mod-
eling of ocean loading (Khan and Tscherning 2001).

Accurate models of ocean loading are important for
precise geodetic positioning, in particular for sub-daily
positions (Baker et al. 1995), and for the determination
of polar motion and UTI1 parameters (Scherneck and
Haas 1999). In addition, because of the potential use of
GPS-derived tropospheric delays for meteorological and
climatological applications (see ¢.g. Bevis et al. 1992;
Duan et al. 1996), ocean loading must be accurately
modeled in order to provide tropospheric delay esti-
mates that meet the accuracy requirements imposed by
these new applications (Dach et al. 2000; Dragert et al.
2000).

This paper presents the results from a GPS experi-
ment carried out in Brittany, France, in October 1999,
aimed at measuring crustal displacements caused by
ocean loading and at quantifying their impact on GPS-
derived precipitable water vapor (PWYV).

2 GPS measurement and data analysis

The study area is Brittany, northwestern France, a
200-km-long peninsula advancing westward into the
Atlantic ocean, where ocean tides can reach up to 10 m.
Figure 1 shows the predicted vertical crustal displace-
ments using the CSR4.0 ocean tide model, which has the
best fit for Europe (Eanes 1999) with eight principal
diurnal and semi-diurnal constituents (K;, O, Py, O,
M,, S5, N, K>) over a 12-hour period. Vertical ground
motion caused by the M, constituent reaches up to 9 cm
peak-to-peak at Brest, at the westernmost tip of
Brittany, during our study. It still reaches 3 cm peak-
to-peak 150 km inland at Le Mans. In addition,
horizontal motions are also significant, with a predicted
peak-to-peak amplitude of 3 cm at Brest, for instance.
We performed a GPS campaign in Brittany over 3
days (24-27) October 1999 (Fig. 1). We installed eight
dual-frequency GPS receivers sampling at 30-s intervals,

in addition to those continuously operating at the per-
manent sites of Brest and Le Mans. We processed the
GPS data using the GAMIT Software, release 9.7 (King
and Bock 1999). In order to obtain precise coordinates
for the GPS sites, we first processed the pseudorange
and phase GPS data in 24-hour sessions. We included
six core IGS stations (International GPS Service; Graz,
Matera, Villafranca, Kootwijk, Zimmerwald, Onsala) in
order to serve as ties to the 1997 International Terres-
trial Reference Frame (ITRF97; Boucher et al. 1999),
and decorrelate the tropospheric estimates (Tregoning
et al. 1998). We solved for regional station coordinates,
satellite state vectors, 13 tropospheric zenith delay pa-
rameters per site and day, and phase ambiguities using
doubly differenced GPS phase measurements. We used
the IGS final orbits and IERS (International Earth
Rotation Service) Earth orientation parameters. We
used a 10° cut-off angle and elevation-dependent an-
tenna phase center models following the tables recom-
mended by the IGS. We applied solid Earth and polar
tide corrections following the IERS standards (IERS
1996), as well as ocean loading corrections using the
CSR4.0 ocean tide model (Eanes and Shuler 1999) and
the eight principal diurnal and semidiurnal tidal con-
stituents (Kl, 01, Pl, Ql, Mz, Sz, Nz, Kz) We then
combined our loosely constrained solution with the daily
global SINEX files produced by Scripps Institution of
Oceanography and finally implemented the terrestrial
reference frame (ITRF97) using a seven-parameter
transformation. Using session day-to-day repeatabilities
(weighted RMS of the scatter to the weighted mean over
the whole time series) as a statistical indicator, we found
that the precision of our GPS measurements was 2—
3 mm horizontally and 5-10 mm vertically, which are
typical values for such networks.

In order to detect periodic ground motion due to
ocean loading, in particular the vastly predominant
M, harmonic of period 12.42 hours, we tested various
processing strategies. Indeed, it is well known that the
accuracy of GPS measurements deteriorates with
decreasing session length, mostly because of multipath
and satellite constellation geometry effects that average
out over 24-hour periods (see e.g. Bock et al. 2000). In

50° f+

48

06:00 UT

46" 1
356" g " 356"

1200 UT |\

158" for 24 October 1999

Fig. 1. Location of the GPS sites in
Brittany. Contour lines represent the vertical
displacement in millimeters predicted using
the CSR4.0 ocean tide model and the eight
principal diurnal and semi-diurnal tidal
constituents (01, P], le Kl’ Mz, Sz, Nz, Kz)




addition, the ratio of the number of parameters to ob-
servables decreases and it becomes difficult to simulta-
neously solve for integer ambiguities, together with the
position and tropospheric delay parameters. We found
that the best results were obtained with 3-hour sessions,
a 10° cut-off angle, without estimating tropospheric
delay parameters. The averaging introduced by this
rather coarse sampling (3 h) of the ~12 hour period M,
tidal component results in an error of less than 5% of
the measured signal, i.e. about 4 mm in the vertical and
1.5 mm in the horizontal component at Brest, where the
M2 signal is the largest. These errors are small enough
not to be a factor in the rest of the analysis.

We also used ground meteorological values of tem-
perature, pressure, and humidity at the GPS sites and a
Saastamoinen atmospheric model (Saastamoinen 1972).
In an another strategy, we fixed a priori zenith tropo-
spheric delays extracted from the HIRLAM numerical
weather prediction model in analysis mode (H. Vedel,
pers. comm. 2000). Both strategies result in similar
horizontal position estimates (within 1-3 mm) across the
network but vertical position estimates vary within
about 1 cm. The 3-hour solutions are a compromise
between shorter but noisier sessions, and longer sessions
that would undersample the M, tidal loading signal.
Using this strategy, we were able to fix nearly 100% of
the integer ambiguities. Using session repeatabilities
(weighted RMS of the scatter to the weighted mean over
the whole time series) as a statistical indicator, we find
that the precision of the GPS measurements using 3-
hour sessions is 1.5 cm for the horizontal and 4 cm for
the vertical baseline components.

An important aspect of our data processing strategy
is that we did not fix any of the station positions to their
a priori values, but rather used a priori constraints of
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10 cm in the horizontal component and 20 cm in the
vertical. Fixing the positions, together with the orbits
and Earth orientation parameters, would result in
propagating errors into other estimated parameters in
the least squares (LS) inversion process. We chose the
a priori constraints to be 50% higher than the maximum
predicted ocean loading effect in Brittany at the time of
the experiment.

3 Position estimates

Figure 2 shows the baseline component time series for
two baselines derived from the GPS measurements
without correcting for ocean loading together with the
predicted ocean loading signal. Both baselines show a
good overall agreement between the model and the
measurements. The GPS measurements show a 12-hour
periodic signal with peak-to-peak amplitudes of 9 cm in
the vertical component and 3 cm in the horizontal
component, well correlated in phase and amplitude with
the ocean loading model. We compared the GPS
measurements with the ocean loading prediction based
on the Le Provost et al. (1998) and the GOT99.2 (Ray
1999) ocean tide models and found differences no larger
than 0.9 cm. The precision of GPS measurements over
3-hour sessions for long baselines (>50 km) is not
sufficient to discriminate between these models.

Both baselines also show a significant misfit on the
vertical component between models and measurements
during the second half of day 298, with a 6-7-cm re-
sidual, too large to be explained by differences between
ocean tide models. The misfit is particularly evident for
the FLOT-ROSC baseline. There are also noticeable
misfits in the second half of day 300. We first thought
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that the misfit on day 298 could be due to an excep-
tionally large tidal load caused by anomalous wind and/
or atmospheric pressure conditions associated with a
storm that passed over Brittany from west to east during
the first two days of the experiment. However, the tide
gauge record at Brest does not show any significant
variations on day 298 (25 October 1999) compared to
the prediction of ocean tide models (Fig. 3). In addition,
we simulated the effect of a 1-m variation of water level
over the area between latitudes 46°N and 51°N and
longitudes 005.5°W and 002°E (area around Brittany
and the English Channel) on crustal loading and found a
maximum vertical motion of 15 mm at Brest and 13 mm
at Saint Malo, which cannot explain the observed misfit.

Finally, the absolute gravity measurements per-
formed at Brest during the GPS experiment show a good
agreement with ocean loading predictions (Fig. 4). As-
suming the Bouguer approximation, which incorporates
the effect of vertical crustal motion (in an infinite plane
of constant density approximation) in addition to the
free-air correction, a change in gravity of 2 nGal cor-
responds to a height change of 1 cm. In reality, the re-
lationship between height and gravity changes depends
on the entire computation of the load and is more
complicated (being time, latitude, and longitude depen-
dent) than the single coefficient used above. However,
we found that this factor was indeed close to 2.5 for the
largest tide (10 pGal/4 cm due to M, load) at the Brest
site. Consequently, the observed 6-7-cm GPS height
residuals should correspond to a 15-17-pGal misfit in
the gravity signal on day 298, which is not observed in
the data (Fig. 4).

As already observed during a gravity experiment
done in 1998 at the same location (Llubes et al. 2001),
we also find that the observed gravity signal is larger
than the model prediction by about 20%, with no
noticeable phase-lag difference between measurement
and model. This difference is too large to be accounted
for by differences between existing ocean tide models
and rather suggests that local effects near the coast, not
accounted for in global ocean tide models, contribute
to the gravity loading in Brittany (Llubes et al. 2001).
In any case, the 20% misfit between observed and
modeled gravity, which corresponds to 5-uGal RMS,
shows that ocean loading corrections derived from the
CSR4.0 model are accurate enough to describe crustal
motion at the 2-3-cm level in our study area. There-
fore, the misfit observed during the second half of day
298 is likely to be due to spatial tropospheric inho-
mogeneities caused by the passage of the storm over
Brittany and not accounted for in the GPS data pro-
cessing, rather than to inaccuracies in the ocean load-
ing predictions.

4 ZTD estimates

In a second step, we used the GPS data at Brest and Le
Mans to estimate zenith total delay (ZTD) time series in
order to test whether the misfit between the observed
and modeled loading signal on the Brest-Le Mans
baseline could be due to a spatial tropospheric inhomo-
geneity. We used two months of continuous data that
included our three-day experiment period (30 September
to 30 November 1999). We included the data from three
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Fig. 3. Time series of tide gauge measurements at Brest (solid grey line) and predicted tide from the CSR4.0 model (black dashed line) during the 3
days of the GPS experiment. The bias and RMS between the two time series are —3.1 and 23 cm, respectively
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Fig. 4. Time series of absolute gravimeter (FG5) measurements (black line) and ocean loading predictions (grey line) at Brest during the 3 days of

the GPS experiment

permanent GPS stations located at a large distance
(greater than 1000 km) from Brittany (Villafranca,
Spain; Kootwijk, The Netherlands; Wettzell, Germany)
in order to decorrelate the tropospheric delays and
estimate absolute values (Tregoning et al. 1998). We
used a sliding window processing strategy with a
12-hour window length and a 6-hour forward shift (Ge
et al. 2000). We processed the data with the GAMIT
software, which parameterizes ZTD as a stochastic
variation from the Saastamoinen model with piecewise
linear interpolation. The variation is constrained to be a
Gauss—Markov process with a given a priori power
density of 2 cm/v/h. ZTD parameters were estimated at
each station every 15 minutes. In order to avoid border
effects of the Gauss—Markov filter, we extracted the
ZTD estimates from the central 6-hour period of each
12-hour session before moving the window forward. We
computed two sets of ZTD estimates, one with ocean
loading correction, the other without. The other pro-
cessing parameters were the same as described above.
Figure 5 shows the time series of the resulting ZTD
difference between Brest and Le Mans, with ocean
loading corrections applied. We also plot on Fig. 5 the
time series of the vertical component of the Brest-Le
Mans baseline, computed with ocean loading correc-
tions but without estimating ZTD parameters. We
scaled the vertical baseline component time series by a
factor of 4.4 in order to account for the relation be-
tween ZTD and vertical position (i.e. a 4.4-cm station
height error maps into a 1-cm ZTD error, see discussion
below). We observe a good correlation between the

ZTD and vertical baseline component time series. In
particular, the 3-cm peak on the ZTD time series ob-
served during the second half of day 298 is correlated
with a 16-cm peak in the vertical baseline component
occuring at the time of the misfit mentioned above be-
tween the observed and modeled ocean loading signals
(Fig. 2A).

Assuming that ocean loading corrections at Brest and
Le Mans are accurate at the 2-3-cm level, as suggested
by the agreement between observed and modeled water
height and gravity at Brest (see discussion above), and
that other loading effects (atmospheric and hydrologi-
cal) are small compared to the M, constituent of the
ocean loading signal, the good correlation between the
two time series implies that variations of the vertical
baseline component seen on Fig. 2 are essentially caused
by spatial tropospheric inhomogeneities. Atmospheric
and hydrological loading have been shown to cause in-
ter-seasonal variations of vertical crustal motions of up
to 1-2 cm in some areas, with smaller short-term effects
(see e.g. van Dam et al. 1994, 2001).

We therefore conclude that the misfit between ocean
loading predictions and observations during the second
half of day 298 results from lateral tropospheric inho-
mogeneities not accounted for in the data processing
strategy. The fact that the ZTD difference between Brest
and Le Mans is close to zero during day 299 and the first
half of day 300 (Fig. 5) probably explains the good fit
between GPS measurements and ocean loading predic-
tions during that time period (Fig. 2), even though ZTD
parameters were not estimated in our solutions.
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5 Impact of ocean loading on ZTD estimates

We continue the analysis of the impact of ocean
loading corrections on ZTD estimates by differencing
the ZTD times series obtained with ocean loading
corrections from the ones obtained without ocean
loading corrections. At a given site, this operation
removes the signal of non-tidal origin common to the
two solutions, leaving a residual that corresponds to
the effect of ocean loading on the ZTD estimates. As
expected, the resulting ZTD difference time series at
BRST, for instance (Fig. 6A), shows a periodic signa-
ture with a frequency content similar to the predicted
ocean loading effect on the vertical component of the
site position (Fig. 6B).

Figure 7 shows the quasi-linear relation between the
ZTD difference and the predicted height of the site, with

multiplied by 4.4 in order to match the
vertical position variations

a slope of 4.4. When accounting for this scaling factor of
4.4 between ZTD and height, we find an 88% correla-
tion between height and ZTD. Beutler et al. (1988) first
showed that this scaling factor, dependent on the ele-
vation cut-off angle o used in the GPS data processing,
can be approximated by 1/cos(x). Using o = 10° gives a
scaling factor of 5.8. Santerre (1991) refined this analysis
by taking into account the satellite sky distribution and
found a scaling factor of 4.1 at mid latitudes and for
o = 10°. More recently, Dach and Dietrich (2000), using
a GPS data set collected in Antarctica, found a scaling
factor of 4.8 for o = 10°. The value of 4.4 found here is
consistent with these previously published ones. How-
ever, the shape of the correlation on Fig. 7 suggests that
the relation between ZTD and height may not be linear,
but that the scale factor is greater for larger ZTD values
and lower for smaller ones.
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Fig. 7. ZTD difference between a solution
with ocean loading correction and a solution
) without ocean loading correction, as a

ZTD difference (cm)

In any case, the results presented here imply that ZTD
estimates derived from GPS measurements can be sig-
nificantly biased if ocean loading effects are not properly
accounted for. For instance, an unmodeled 9-cm peak-to-
peak ocean loading effect on the vertical position com-
ponent at Brest will result in a ZTD error of 2 cm, which
translates into about 3 mm (or kg/m?) of precipitable
water vapor (PWYV), assuming a scale factor of 0.15 be-
tween the zenith delay and PWV (Bevis et al. 1992). Me-
teorological applications of GPS-derived PWV currently
require that PWV parameters are estimated with an ac-
curacy of 1 mm PWYV or better. Several studies have
shown that this goal is achievable (Duan et al. 1996;
Tregoning 1998). The ability to provide ZTD estimates
with this level of accuracy implies that ocean loading
effects must be modeled with an accuracy of about 2.6 cm
or better.

Since unmodeled ocean loading effects essentially
propagate into ZTD estimates, and since ZTD param-
eters can be accurately estimated much more frequently
than positions, ZTD estimates can be used as an
observable to quantify the efficiency of ocean loading
models. We computed the power spectrum of the ZTD
time series using 2 months of continuous data sampled
at 15 min intervals (Fig. 8). When ocean loading cor-
rections are not implemented in the GPS data processing
(solid line), we observe two main peaks at semi-diurnal
and diurnal frequencies. When ocean loading correc-
tions are implemented (dotted line), we observe a strong
reduction of the semi-diurnal peak, whereas the diurnal
one is barely affected. Since we have shown above that
absolute gravity and water height measurements are in
good agreement with model predictions at Brest during
our experiment, we conclude that the diurnal peak in the
ZTD spectra is not caused by unmodeled ocean loading

function of the vertical component of the
predicted site position computed using the
CSR4.0 ocean tide model

effects. This residual diurnal signal in the ZTD time
series could be due to diurnal variations of tropospheric
water vapor. It could also be caused by geodetic artifacts
of quasi-diurnal periods such as site multipath or satel-
lite geometry effects.

6 Conclusion

We have shown that GPS measurements in Brittany
during a period of large ocean tide amplitude can be used
to measure the corresponding crustal loading effect. For
the E-W-trending baseline between Brest and Le Mans
(350 km), we measure peak-to-peak displacements of
9 cm in the vertical component and 3 c¢cm in the horizontal
component at the frequency of the M, tidal constituent.
The GPS measurements are usually in good agreement
with ocean loading model predictions in phase, whereas
the agreement in amplitude is usually fair but not as good
as that in frequency. We have shown that the amplitude
misfits are mostly caused by unmodeled tropospheric
heterogeneities.

We have shown that unmodeled ocean loading effects
translate into significant errors in ZTD estimates, with a
scaling factor of 4.4 between ZTD and height for a 10°
elevation cut-off angle. This effect increases approxi-
mately as the cosine of the elevation cut-off angle, as
shown by Beutler et al. (1988). It is therefore important
that ocean loading modeling is properly implemented
when estimating ZTD parameters from GPS measure-
ments for meteorological and climatological applications.
These applications require an accuracy of | mm in PWYV,
which implies that ocean loading effects must be modeled
with an accuracy of 2.6 cm or better. This level of accu-
racy is currently reached by most ocean loading models.
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More generally, if site positions are fixed in the data
analysis (which is usually the case for PWV estimation),
our results imply that the a priori height component of site
positions must be known with an accuracy of about 3 cm
or better in order to guarantee a 1-mm accuracy on PWV
estimates (assuming that all loading effects are properly
modeled). In order to separate ZTD and ocean loading
effects on the station position, we may consider solving for
the amplitudes and phases of the eight major tidal con-
stituents instead of station coordinates, in that way re-
ducing the number of parameters to be estimated.
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