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a b s t r a c t

In this paper, the use of a tidal buoy, equipped with a GNSS, is assessed. The prediction of the tide in the
North Sea area is performed by a network of coastal tidal gauges. Long term measurements by these
gauges are used to derive tidal constituents and the construction of tidal prediction tables for each se-
parate measurement location. To estimate the tide between these locations, an interpolation is required.
However, the quality of this calculation is heavily reduced for offshore predictions. The aim of this re-
search is to deal with this challenge by the deployment of GNSS-buoys on full sea. The focus is on the
data processing and the analysis of meteorological influences on the data quality. In this context, a strong
correlation between meteorological parameters and the ability to calculate a fixed position will be de-
monstrated. Based on the results of two separated measurement campaigns, it is stated that the de-
veloped data acquisition technique results in highly accurate elevation measurement.

& 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Networks of tidal gauges are mainly situated along the coast,
with fixed measurement instruments on quay walls or dykes.
These systems are maintained by governmental organizations and
allow real-time tidal elevations determination, as well as the es-
timation of tidal tables. On an international scale, different coun-
tries world-wide have connected their tidal observations to
monitor climate change and sea level rise (Woodworth and Player,
2003). The systems are frequently positioned in important harbor
basins and the corresponding tidal tables are based on complex
predictive modeling for that specific location. In order to derive
the tidal amplitude at full sea, a spatio-temporal extrapolation of
the data from different tidal stations of multi-dimensional hy-
drodynamic modeling is performed (Walters, 1987). The resulting
predictions and real-time estimations are not fully reliable when
the resulting values are solely based on onshore measurements,
since tidal movements at full sea have a different behavior than in
near-shore areas. Therefore, long term offshore water level mea-
surements are performed and correlated with measurements from
tidal stations. The ratio between the two calculated principal lunar
semi-diurnal constituent or M2 tidal components and the phase

shift between the two locations are used to derive the tide for each
location at full sea for a given time. The success of this co-called
M2-method is based on the fact that 92% of the tide is explained by
the M2 constituent. The actual tidal predictions are based on hy-
drodynamic models, where the entire North Sea is considered as a
basin, rather than the sole Belgian Continental Shelf. In both cases,
the resulting values are related with the local equipotential of the
geoid. Therefore, the Flemish Hydrography aims at the optimiza-
tion of a tidal buoy, which has been deployed at full sea for
measurements related to the ellipsoid. Consequently, the main
motivation for this research is to improve the performance of the
currently used M2 model and to allow high quality tidal estima-
tions at locations at sea where no continuous tide gauge system is
available. In contrast with current tidal systems, where measure-
ments are related to a geoid model, this research also aims at
gaining elevation measurements directly related to a reference
ellipsoid (Fotopoulos et al., 2003). Measurement techniques di-
rectly resulting in ellipsoidal heights are not necessarily preferred
above techniques resulting in geoidal heights, but an accurate
model of the geoid at the Belgian Continental Shelf is lacking.
Besides, satellite RaDAR data, from platforms like JASON-2 (Mas-
ters et al., 2012), have a low temporal resolution and are more
suitable for mean sea level monitoring, rather than tidal modeling.
Therefore, the use of kinematic Global Navigation Satellite System
(GNSS) measurements are performed and processed. GNSS has
been used in various research projects on tidal measurements
using multipath-based phase delay using two oppositely
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positioned antennas (Löfgren and Haas, 2014) or the comparison
of onshore and offshore kinematic Precise Point Positioning (PPP)
(Chen et al., 2004). Furthermore, it has been shown that GNSS on
tidal buoys may result in sub-decimeter accuracies (Chen et al.,
2014).

This research paper elaborates on the accuracy of different
post-processing procedures for raw GNSS data. Based on the
analysis of these procedures and their corresponding parameters,
the significance of each parameter and the influence of its value on
the quality will be assessed. This allows the formulation of series
of recommendations for the post-processing of GNSS data mea-
sured by a wave rider tide buoy, as used by the Flemish Hydro-
graphy. The discussion is based on two case studies, where the
buoy was deployed in the Belgian North Sea for three months
(June until August) in 2013 and in 2014 (near Bol van Heist and
Wandelaar respectively). The results of the GNSS processing of
these first North Sea data are validated by a comparative analysis
with additional data from June until August, 2014. In comparison
with the previously mentioned research papers, the data for this
research cover a much longer time span. This opportunity allows
the inclusion of meteorological influences on the resulting data.

After a brief theoretical discussion on the background of the
tide and GNSS, the study area and data are elaborated. Special
attention is given to the construction of a complete data set for the
processing (regarding reference data, satellite ephemeris and clock
information) and to the processing of these data using the open-
source program RTKLib (Chambers and Schröter, 2011) (Section 2).
The primary objectives of this paper are:

– To define the most optimal parameter set for post-processing
GNSS data. This set will be generated by a thorough comparative
analysis of all available parameters (Section 3.1);

– To automate the post-processing of large recording files using
the most optimal parameters (Section 3.2);

– To derive a tidal model for the post-processed GNSS data. This
procedure is performed by implementing least-square harmonic
analysis and Fourier series development. Depending on the ap-
plication and used methodology, the tidal constituents are ra-
ther or not assumed to be known. An important tool for the
extraction of tidal constituents is the t_tide Matlab library
(Pawlowicz, Beardsley, & Lentz, 2002) (Section 4.1);

– To discuss the influence of meteorological parameters on the
quality of the GNSS data (Section 4.2).

The tidal estimation and elaboration on meteorological para-
meters is supported by a comparative study of the resulting post-
processed data with GNSS-based data using PPP (El-Mowafy,
2009) and augmented GNSS (Roscoe Hudson and Sharp, 2001), but
also with an independent data set measured by a nearby RaDAR
tide gauge as. RaDAR-based data are currently used reference data
by coastal managers in Belgium.

Based on the conclusions of this research, it becomes clear that
GNSS buoys are suitable for supplying tidal information at full sea.
In the near future, it is foreseen to derive a model for the equi-
potential surface, facilitating a smooth connection between the
current bathymetric and terrestrial model. It is expected that an
operational tidal prediction model solely based on a GNSS buoy is
not optimal, since only limited time windows are recorded.
Nevertheless, the harmonic analysis of these time series allows the
determination of tidal constituents with their corresponding
magnitudes and phases.

2. Study area and data description

2.1. Study area

The idea of this project is to allow the coverage the entire
Belgian Continental Shelf with GNSS-based tide buoys. For this
preliminary study, the data collection took place around the
sandbar Westhinder and Bol van Heist, which are situated ap-
proximately 30 km north of the port of Nieuwpoort and 6 km
north of the port of Zeebrugge respectively (Fig. 1). At these lo-
cations, permanent measurement stations are installed (MP7, [51°
23′ 18″N, 2° 26′ 16″E], Fig. 2, left MOW3, [51° 23′ 31″N, 3° 11′ 51″E],
Fig. 2, right) as part of a larger Monitoring Network Flemish Banks
(MNVB, www.meetnetvlaamsebanken.be).

At these and other stations, various meteorological parameters
are measured with fixed intervals, like the wind speed, air pres-
sure, wave height, etc. An overview of the parameters used for this
research is presented in Table 1. For the sake of completeness, the
delivered wave parameters are characterized as Hmean and Hsign,

Fig. 1. Configuration of the measurement network “Vlaamse Banken”, as well as the used CORS antennas as green triangles.
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