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ABSTRACT

We present first results from the analysis of high-rate obser-
vations with a GNSS-based tide gauge at the Onsala Space
Observatory. The goal is to determine local sea level with
high temporal resolution. The GNSS-based tide gauge makes
use of right-hand circular polarized GNSS signals that are di-
rectly received and left-hand circular polarized GNSS signals
that are reflected from the sea surface. An experimental setup
of the GNSS-based tide gauge was operated in the spring of
2010 and data were recorded with a sampling rate of 20 Hz.
We analyzed data decimated to 1 Hz using different temporal
resolution between 5 and 240 seconds, and the resulting time
series of local sea level were compared to each other and to
results from two stilling well gauges. The comparison with
the data from the stilling well gauges shows a common trend.
The comparison of the results from analyses with different
temporal resolution show consistent results. There is also an
indication that the GNSS-based tide gauge might be able to
give information on the sea surface state.

Index Terms— GNSS, reflected signals, local sea level,
tide gauge

1. INTRODUCTION

It is important for human society to continuously monitor the
sea level, since it is an indicator of global climate change.
There are several effects of global warming that will impact
the sea level [1], e.g., the melting of large masses of ice in
polar and subpolar regions which brings freshwater into the
ocean, thermal expansion of sea water, and changes in atmo-
spheric and ocean circulation. Furthermore, changes in the
sea level has important consequences for human society, e.g.,
[10] predicted that up to 332 million people in coastal and
low-lying areas will be directly affected by flooding from sea
level rise by the end of the 21st century. Additionally, the
displacement of these people will affect millions more.

Tide gauges are traditionally used to monitor local sea
level by measuring the vertical distance between the sea
surface and the land surface. This observation, directly
related to the volume of the ocean, results in values rela-
tive to the Earth’s crust, which is itself in motion on longer

timescales [9, 4]. Therefore, in order to fully understand the
underlying processes, it is useful to separate the observation
into local land surface height and local sea surface height.
This can be done with satellite techniques, e.g., Global Navi-
gation Satellite Systems (GNSS), observing both the directly
received GNSS signals, to obtain land surface heights, and
reflected GNSS signals from the sea surface, to obtain sea
surface heights, and relating them to the Earth’s center of
mass. Combining both measurements will then result in
measurements of local sea level.

This type of GNSS-based tide gauge was proposed by [5,
6] and it was shown to have a RMS-differences of less than
4 cm compared to hourly values from two stilling well gauges
located 18 km and 33 km away from the tide gauge site.

Here we present first results of high-rate sea level mea-
surements with a similar measurement setup, and compare
these to observations from the same two stilling well gauges.
We analyze measurements with different temporal resolution.

2. CONCEPT

The GNSS-based tide gauge as presented by [5, 6] consists of
two antennas mounted back-to-back on a beam over the ocean
(see Fig. 1). The zenith-looking antenna is right hand cir-
cular polarized (RHCP), receiving the direct GNSS-signals,
whereas the nadir-looking antenna is left hand circular polar-
ized (LHCP), receiving the signals that are reflected from the
sea surface. The antennas are mounted so that the phase cen-
ters are aligned along the local vertical. Thus, they differ only
in vertical position, since there is no horizontal difference be-
tween the antennas. Each antenna is connected to a standard
geodetic-type two-frequency GNSS receiver.

Since the reflected singals experience an additional path
delay (a + b = ¢) compared to the directly received signals,
the LHCP antenna can also be regarded as a virtual antenna
located below the sea surface (see Fig. 1). The height of the
LHCP antenna over the sea surface (h) can be expressed as
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where ¢ is the elevation of the transmitting satellite, a +b = ¢
is the additional path delay of the reflected signal, and d is the



vertical separation between the phase centers of the RHCP
and the LHCP antennas. When the sea level changes, the path
delay of the reflected signal changes and thus, the LHCP an-
tenna will appear to change vertical position. The vertical
difference in position between the RHCP and the LHCP an-
tenna (Av) can then be expressed as Av = 2h + d and as a
result, the installation monitors changes in local sea level.

In Fig. 1 it is assumed that the sea surface is flat com-
pared to the signal wavelength. This means that the signal
energy is reflected coherently towards the antenna. However,
the distribution of the reflected energy is governed by the sur-
face roughness, the signal wavelength, and the elevation an-
gle, e.g., for a fixed elevation angle, a high surface roughness
will spread the reflected signal more in space than a low sur-
face roughness (see e.g. [8]). This will give the effect that for
large sea surface roughnesses, the received signal energy is
low and therefore the receivers will have difficulties to keep
continuous lock to the satellite signals.

Multiple satellites with different elevation and azimuth
angles are observed each epoch and this means that the es-
timated change in sea level can not be considered to originate
from one specific point on the sea surface. Instead it repre-
sents the change of an average sea surface plane formed by
the reflection points, where the distribution of these points is
limited by the placement of the antenna and the antenna ge-
ometry. For a fixed antenna height, the average plane will
change during different stages of the site’s tidal cycle.

3. EXPERIMENTAL SETUP

A setup of the GNSS-based tide gauge was installed in Febru-
ary 2010 at the Onsala Space Observatory (OSO) at the
Swedish west coast. The antenna installation was mounted
with open sea in the southward direction and the downward-
looking LHCP antenna was positioned approximately 1 m
over the sea surface (at the time of installation). Both anten-
nas were protected by hemispherical radomes, see Fig. 2.

Data were collected during approximately 4 months us-
ing one Leica GRX1200+ receiver connected to the RHCP
antenna (Leica AR25 multi-GNSS choke-ring) and one Le-
ica GRX1200 receiver connected to the LHCP antenna (Leica
AR25 multi-GNSS choke-ring). Both receivers recorded data
with 20 Hz sampling. During the first 6 weeks of the exper-
iment the coastal waters were frozen, and the sea ice did not
melt completely before the middle of March.

4. DATA ANALYSIS

The data were first decimated into 1 Hz data, for faster
processing, using the Translation, Editing, and Quality
Check (TEQC) software [3]. Thereafter an elevation and
azimuth mask was applied to the data, removing data below
20°elevation and outside the southeast direction —135° to

Fig. 1. Schematic drawing of the GNSS-based tide gauge.
The installation consists of two antennas (one RHCP and one
LHCP), mounted on a beam over the ocean at the height h
over the sea surface. The LHCP antenna receives the signals
reflected from the sea surface whereas the RHCP antenna re-
ceives the direct signals.

+45° azimuth. This was done to remove unwanted signals
according to [5].

An in-house developed software in MATLAB was used to
analyse the data with relative positioning using least squares
solutions. The software used GPS L1 phase delay single dif-
ferences together with IGS satellite ephemerides [2] accord-
Ing to
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where \ is the wavelength of the L1 carrier, ®7, 5(t) is the
difference in the measured carrier phase expressed in cycles,
0’y 5(t) is the difference in geometry in meters, N7, ; is the
difference in phase ambiguity in cycles, c is the speed of light
in vacuum, and § 4 5 (t) is the difference in receiver clock bias.
A and B denotes the two receivers and j denotes the satellite
used in the single difference. Because of the very short base-
line between the receivers, both tropospheric and ionospheric
effects can be ignored in Eq. 2.

The difference in geometry can then be expressed in a lo-
cal coordinate system using azimuth « and elevation € for
each satellite as
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Fig. 2. The experimental setup of the GNSS-based tide gauge
at the Onsala Space Observatory with the radome of the 20 m
geodesy/astronomy radiotelescope in the background towards
the east. There is open sea towards the south.

where Ae, An, and Av are the east, north, and vertical com-
ponents of the baseline between the two receivers. Because of
the vertical alignment of the antennas, the horizontal baseline
components are zero and can be removed from Eq. 3.

The processing was carried out in two steps. Firstly, a
least squares approach was used to solve Eq. 2 for float am-
biguity differences for each satellite pair, the mean vertical
baseline component for all epochs, and receiver clock differ-
ences for each epoch. Secondly, the determined float ambigu-
ities were inserted as known parameters into Eq. 2 and thus re-
moved from the following calculations. The remaining linear
sytem of equations was then solved again with a least squares
approach, this time estimating only for receiver clock differ-
ences for each epoch and vertical baseline components for a
desired number of epochs. This means that we were able to
produce several solutions with different temporal resolution
for the vertical baseline component. We performed solutions
with a temporal resolution of 5, 30, 60, 120, and 240 seconds
and converted these into time series of local sea level h (see
Section 2).

Since there were no ice level data to compare with the
results from the GNSS-based tide gauge (the Swedish Mete-
orological and Hydrological Institute (SMHI) only provides
sea level) we concentrated on open water conditions and did
not analyze data observed under sea ice conditions.

5. RESULTS

Figure 3 shows about 40 minutes of GNSS-derived local sea
level with temporal resolution between 5 and 240 seconds to-
gether with independent sea level data from two stilling well
gauges. The two stilling well gauges have a temporal reso-
Iution of 600 seconds and are operated by SMHI at Ringhals
and Goteborg, about 18 km south of and 33 km north of OSO,
respectively. Since the GNSS-based tide gauge observations
are relative to the position of the RHCP antenna and the SMHI
measurements refer to the mean sea level of the year, mean
values were removed from each time series.

Comparing the GNSS-derived time series with the stilling
well gauge data it is apparent that the there is some agree-
ment between the time series. An overall negative trend can
be seen, which could correspond to a more large scale water
movement. However, the GNSS-based time series appear to
have a larger range and since the temporal resolution is higher,
more fine scale variations are seen. Since OSO, Ringhals and
Goteborg are separated by several km, also hyrdodynamic dif-
ferences can be expected.

In order to compare the time series of the different tem-
poral resolutions, the 30, 60, 120, and 240 second series were
linearly interpolated to the same resolution as the time series
with 5 seconds temporal resolution and pairwise root-mean-
square (RMS) differences were calculated, see Tab. 1. The
RMS-differences between the time series with 5 seconds tem-
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Fig. 3. Time series of local sea level with the temporal resolu-
tion of 5, 30, 60, 120, and 240 seconds together with sea level
measurements from stilling well gauges (18 km and 22 km
from OSO) with the temporal resolution of 600 seconds. The
mean is removed from each time series.



Table 1. Pairwise RMS differences between the different
temporal resolutions. Values are in millimeters.

temporal resolution (s)
30 60 120 240
temporal resolution(s) 5 | 1.3 14 1.7 2.8

poral resolution and those with 30, 60 and 120 seconds tem-
poral resolution are approximately on the same order of mag-
nitude. However, the RMS-difference increases by about 50%
when comparing the time series with temporal resolutions of
5 seconds and 240 seconds. This could be an indication for
the detection of waves with periods longer than 120 seconds
and mean that the results from the GNSS-based tide gauge
can be used to characterize the sea surface state.

6. CONCLUSIONS AND OUTLOOK

The presented results show that it is possible to observe and
analyze high-rate data from the GNSS-based tide gauge and
to derive local sea level with different temporal resolution.
The results from analyses with different temporal resolution
are consistent. Furthermore, there is some indication that re-
sults with different temporal resolution can be used to charac-
terize the sea surface state.

The comparison of the GNSS-based times series of local
sea level with independent data from two stilling well gauges
of lower temporal resolution shows a similar trend. However,
the local short-time sea level variations at the Onsala Space
Observatory can not be represented by observations with low
temporal resolution 18 km to 33 km away.

For the future, we will continue to analyze the high-rate
GNSS data with sampling rates of up to 20 Hz. We plan to
analyze long time series and use different temporal resolution.
In order to increase the number of reflection points each epoch
it would be beneficial to incorporate data from other GNSS
like Glonass (and in the future Galileo) into the analysis.

For comparison purposes, we will install a pressure-based
tide gauge at OSO, co-located with the GNSS-based tide
gauge. This will allow a more accurate assessment of the
method in the same coastal area and with the same temporal
resolution.
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