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Abstract:

The evolution of Global Navigation Satellite System (GNSS) positioning has greatly benefited several areas of
knowledge. For Hydrography, an application improved by this science is the measurement of sea level oscillations
resulting from tides. However, to satisfactorily retrieve this information, it is necessary to use low-pass filters (LPF) to
match high frequency signals resulting from variation of the vertical component of the GNSS positioning to those of
low frequency that characterizes tidal waves. Currently, there is a wide variety of LPF, which are selected according
to the required purpose. Thus, the objective of this study is to obtain tidal height variations with high accuracy by
applying LPF in GNSS positioning vertical coordinates tracked by an onboard GNSS receiver. For this purpose, field
research and the processing of obtained data was performed. Then, two data filters were tested: the Simple Moving
Average (SMA) Filter and wavelet compression. In both options, the results reached centimetric accuracy when
compared to the real tide in the region of study. However, through quantitative and qualitative evaluations, it was
verified that the SMA filter was considered more advantageous because, in addition to its high accuracy, it has a
simpler application and less expensive in computational terms.
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1. Introduction

The intense development of GNSS positioning, as well as the increasing improvement of its accuracy, has
influenced several areas of knowledge nowadays. Hydrography is one of these areas, which, in addition to directly
using GNSS positioning to measure depths on nautical charts (IHO, 2005), also looks for an indirect way of applying
this technique, aiming at efficiency in carrying out activities such as tidal studies and measurements.

The variation of sea level caused by astronomical tides is an extremely important factor in the hydrographic
context. Tides are essential in bathymetric data processing to determine the precise depth of a surveyed area (Ismail
et al., 2022). Furthermore, the vertical reference of the depths included in all produced nautical charts depends on
its analysis. A bulletin from the United States Army Corps of Engineers (USACE) stated that this has been one of the
main reasons for disagreements and disapproval of updating charts after dredging activities (USACE, 2013). Thus, it
is verified that the reliability of these cartographic documents is deeply connected to adequate measurement and
study of tides.

In this sense, GNSS positioning comes up as a more advantageous option when compared to conventional
methods of tidal data measurements, using tide gauges fixed to the shore. The distance between these devices and
the surveying vessel causes systematic errors resulted from the difference in location (Chang et al., 2002; Mann,
2007). To mitigate these errors, some studies have been conducted using GNSS receivers dedicated to acquiring tidal
measurements fixed in mobile platforms performing hydrographic survey, generating results with greater accuracy,
when treated appropriately (Deloach, 1996; Bouin et al., 2009; Oliveira Jr. et al., 2010).

For this purpose, digital data filters emerge as a valuable tool. Its use in digital signal processing began in
the 1960s and 1970s, with the availability of the first computers, being applied primarily for military purposes,
oil exploration, space exploration and medical imaging (Smith, 1999). The filters range from the simplest, such
as the Simple Moving Average Filter, which uses the moving average concept, to the most complex ones, such as
those that use orthogonal filters banks generated by Discrete Wavelet Transform (DWT), (Graps, 1995). In all these
cases, filters are used to treat signals obtained by sensors, making them suitable for certain applications; it is in this
sense that Hydrography can benefit from the use of these filters applied to GNSS positioning data to obtain tidal
measurements.

To contribute to this theme, the present work aims to apply and evaluate a methodology to retrieve tidal
information, using an on-board GNSS receiver to collect observations. In addition, the research also focuses on
finding the best way to perform the post-processing of the positioning results, comparing different data filters
to remove high frequency signals. This attenuation concerned with generating the least possible loss of data and
providing the greatest similarity with the reference signal, showing the feasibility of obtaining high-accuracy tidal
information through the procedures presented.

2. Relative GNSS Positioning

Relative GNSS positioning is the method in which an unknown position is estimated based on another with
known coordinates. In this mode, basically, the double-differences (DD) of carrier phase, pseudodistances or both
are used as observables (Odijk, 2017).

The DD depend exclusively on the simultaneity of the observations obtained by at least two receivers, tracking
signals from the same satellites. This configuration allows the elimination of satellite and receiver clock errors, as
well as the significant mitigation of neutral atmosphere and ionospheric effects when short baselines are employed
(Langley et al., 2017).
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In case one of the receivers keeps moving, acquiring data from a certain path, the relative positioning is
classified as kinematic. This is divided into Real-Time Kinematic (RTK), when the coordinates are corrected as they
are collected, and Post-Processed Kinematic (PPK), when data from GNSS observations from both stations and the
ephemeris of the satellite constellations are later used to estimate the coordinates (Everett et al., 2022).

Regarding the quality of the positioning method, when carrier phase DD are used and the integer value of the
ambiguities are estimated, the relative method can achieve a few centimeters of accuracy (Odijk and Wanninger,
2017). This fact makes it to be employed in a wide range of applications, which include the remote measurement of
natural phenomena, such as the astronomical tide.

3 Tides

The tide is the sea level variation under the influence of astronomical forces. Primarily, this movement is the
result of the action of the gravitational attraction between the Earth and the Moon, as well as the centrifugal force
produced by the rotation of the planet around the center of mass of the Earth-Moon system (Franco, 2009), as
illustrated in Figure 1. The effect generated is the accumulation of water mass in the direction of the vectors resulting
from these forces, which accompanies the realization of the lunar orbital movement with a period of about 27,3 days.

Source: Adapted from The Open University (1999).

Figure 1: Tide generating forces.

Analogously, the same interactions occur between the planet and the Sun, also causing the vertical movement
of the oceans, but with less intensity. Thus, the effects generated by the influences of both celestial bodies interact
sometimes in a constructive way, sometimes in a destructive way, as illustrated in Figure 2.
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Source: Adapted from https://rwu.pressbooks.pub/webboceanography/chapter/11-1-tidal-forces/.

Figure 2: Interactions between influences from the Moon and the Sun on the Earth water masses: constructive
interaction (left) and destructive interaction (right).

The constructive interaction is called spring tide and the destructive, neap tide. Thus, the vertical and
periodic movement of water masses, generated by gravitational and centrifugal forces acting on the Earth and their
respective interactions, basically describes the phenomenon of the tide. When the earth’s rotation around its own
axis is added, the basic tidal movement is completed as shown in Figure 3.

Source: https://rwu.pressbooks.pub/webboceanography/chapter/11-1-tidal-forces/.

Figure 3: Tidal movement.

In addition to these forces that effectively generate the tide, the phenomenon is also affected by other factors,
such as the influence of land masses, the declinations of the Moon and the Sun, the elliptical orbits of the Moon and
Earth, the friction between the ocean and the planet and the latitude of the place.

As basic characteristics, the tide describes a wave with one or two cycles in a mean lunar day, depending on
the location where it is observed. Due to the low frequency of the phenomenon, the isolated recording of the tide
movement depends on the removal of any transient or high frequency effects that affect both the sea surface and
the measurement itself. In this way, digital data filters, more specifically low-pass filters, emerge as an important
tool for the successful analysis of astronomical tides.
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4.Data Filtering

A set of filters have been developed and presented in the literature. In this section we present the SMA
filterand the wavelet compression method, tested and validated in this study.

1. Simple Moving Average (SMA) Filter

The SMA filter consists of a well-known and commonly applied attenuation method in signal processing (Smith,
1999). In general, a SMA Filter calculates the n-th value of the output sequence y[n] through the simple average of
MT values of the input sequence x[n]. When it is calculated around the n-th value of the inserted sequence, the SMA
Filter is formulated according to equations (1) and (2) (Vega, 2018).

_ (x[n—Mp]+x[n— (Mp — ]+...+x[n — (Mg — 1)] + x[n + Mg])

y[n] (1)

My
1 G
y[n]=M—T Z x[n — ki (2)
k=—Mpg

Where: My = (Mp + Mg + 1) and {MP,MF} EN

In general terms, the FMM results in the removal of high frequencies from the input signal (low-pass filter),
depending exclusively on the value of MT, which consists of the sampling window of the filter. The reduction of high
frequency signals occurs at a rate equal to the square root of MT.

2. Wavelet Compression

Wavelet compression or filtering is one of the applications of the Discrete Wavelet Transform (DWT). It is
performed by using Orthogonal Filters Banks, in which the input signal is divided into different decomposition levels.
These decomposition levels include many subbands, which contain coefficients representing the time-frequency
characteristics of the original signal. In case of signal compression, this tool concentrates the energy of the input
signal in a rather small number of specific wavelet coefficients maintaining a satisfactory quality in the resulting
signal (Boukhobza et al., 2022).

This set of filters is determined by three parameters: the wavelet mother function, the number of vanishing
moments of this function and the amount of decomposition levels. The wavelet mother functions are used to
represent an input signal in time and space through the convolution between them. These can be symmetrical,
orthogonal or both (biorthogonal) (Brassarote, 2020). Brassarote (2020) states that the most suitable wavelet
functions for use in signal compression are the orthogonal ones, as they do not present redundancy in the
representation of the source signal.

The number of vanishing moments is directly related to the smoothness of the function. According to Mallat
(2009), the higher this value is, the smoother the representation of the input signal and the better the detection of
singularities and transients will be.

The amount of decomposition levels is the number of frequency bands the signal is decomposed into. At each
level, the upper-level information is decomposed into a high-frequency signal, which for the present study consists
of noise, and a low-frequency signal, which represents the approximate or filtered signal at that level, as illustrated
in Figure 4.
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Source: https://www.hindawi.com/journals/ijrm/2009/265198/fig3/.

Figure 4: Representation of an example of Orthogonal Filters Banks with 8 decomposition levels.

5. Methodology

In the first step of the study, a dual frequency GNSS receiver C-NAV 3050, collecting data every 15 seconds,
was fixed on the Brazilian Navy Hydrographic and Oceanographic Survey Ship Aspirante Moura, which remained
moored in the wharf of the Directorate of Hydrography and Navigation, located in Niteroi, RJ. Between July 31st
to August 11th, 2019, the vessel was subjected to the vertical variations of Guanabara Bay. At same time, a nearby
tide gauge continuously collected sea level oscillations, which we considered as reference in our assessment. The
geographic arrangement of the devices is illustrated in Figure 5.

Source: The authors.

Figure 5: (left) Guanabara Bay area; (right) Vessel (Point A) and tide gauge (Point B) location.
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For the positioning estimates, we employed the post-processing kinematic relative mode (PPK) using the
Brazilian Network for Continuous Monitoring of the GNSS Systems (RBMC — Rede Brasileira de Monitoramento

Continuo) station in Niteroi (RINI) as base. Figure 6 presents the baseline between both stations with de length of
approximately 1.4 Km.

Source: The authors.

Figure 6: Relative positioning baseline.

We selected the RTKLIB application, version 2.4.2, (Takasu, 2013) to process our data. We used file to calibrate
antenna phase center variations, precise ephemeris and, because of short baseline, it was not necessary to use

neither clock correction files nor atmospheric models in the processing strategy. The applied configuration is
detailed in Table 1.

Table 1: RTKLIB settings for the positioning processing.

GNSS Systems GPS and GLONASS
Positioning Mode Kinematic
Frequencies L1 and L2
Filter Type Combined
Elevation Mask 10°
lonospheric Correction OFF
Tropospheric Correction OFF
Satellite Ephemerides / Clock Precise
Integer Ambiguity Resolution Mode Fix and Hold
Minimum Ratio to Fix Ambiguity 3
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Among the configurations presented above, Filter Type and Integer Ambiguity Resolution Mode stand out.
The former refers to the direction in time that the Kalman Filter is applied. The combined option allows to execute
this filter in both directions, smoothing and combining solutions from forward and backward filters. Parajuli (2020)
concluded that this choice results in better positioning accuracy compared to other options. Regarding the Integer
Ambiguity Resolution Mode chosen, after the integer solution is checked in the validation test, the “Fix and Hold”
mode include tight constraints to the integer solutions in the next update of the Kalman Filter. According to Takasu
and Yasuda (2010), this mode tends to improve the initialization time and the fixing ratio in positioning.

Then, with the positioning results, the post-processing step started with the application of low-pass filters.
We selected two types of data filters with different characteristics: the simple moving average (SMA) filter and the
wavelet compression. Regarding the first one, we performed some analysis to find the most adequate window size
for obtaining tidal heights from GNSS positioning data.

For the wavelet compression, we tested the orthogonal functions of Daubechies, Symmlets and Coifltes using
as many vanishing moments as possible in each wavelet function tested to improve the resulting signal. Furthermore,
we verified the ideal amount of decomposition levels for the application under analysis.

For the assessment of our results, we used as reference the tide gauge station, with all the data reduced
by its respective average level to compare only the harmonic variation of the signals. We estimated the accuracy
of the data in terms of the root-mean-squared error (RMSE) to verify the quality of each model generated by the
filtered data, the standard deviation (o) of the differences between the filtered and the reference data to analyze
the dispersion of the results, and the determination index (R2) with the objective of checking the proximity of the
modeled data with the reference dataset.

After all the tests and evaluations, we compared the best configuration of each type of data filter, allowing
to reach the conclusion of which one would be the best choice. This last step considered, for each option, the
guantitative characteristics, observed in the calculated statistical parameters, and qualitative ones, represented by
the intrinsic particularities of the filters, such as complexity and computational needs for the implementation.

We performed all filter implementations as well as statistical computation and data plot using the MATLAB
software, version 2023b (the Math Works Inc. 2023).

6. Results and Discussion

First, after processing the GNSS data, we compared the estimated time series of vertical components to the
tide heights measured continuously by the tide gauge. Figure 7 presents both data graphically arranged, as well as
the results of the statistical parameters referring to this comparison.
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Source: The authors.

Figure 7: Comparative analysis between positioning data and tide gauge measurements.

As illustrated in Figure 7, it is observed that the signal represented by the vertical components of the
positioning is composed of high frequency variations when compared to the tidal curve. In addition, the results of
the statistical parameters demonstrate considerable dispersion and a correlation lower than 90% between the data.
Thus, it can be verified, analytically, the need to apply data filters to better represent the tidal variations.

We initially applied the SMA filter and tested several window sizes to verify which one was closest to the
reference data. Table 2 shows that the optimal window size was 2 hours (480 points), resulting in a bias of 0.005
m, standard deviation of differences of 0.045 m, and correlation index of 98.6%. The comparison between the data
resulting from this configuration with the reference data is illustrated in Figure 8.

Table 2: Window Size selection.

Window Size bias (m) o (m) R2 (%)
30min (120 points) 0.005 0.063 97.4
1h (240 points) 0.005 0.052 98.2
1h30min (360 points) 0.005 0.046 98.5
2h (480 points) 0.005 0.045 98.6
2h30min (600 points) 0.005 0.048 98.4
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Figure 8: Comparative analysis between data filtered by SMA filter with window size of 2 hours (480 points) and
tide gauge measurements.

After that, we applied and assessed the performance of orthogonal filter banks in our dataset. We used the
Daubechies, Coiflets and Symlets wavelet functions. When analyzing the number of vanishing moments, we verified
that quantities greater than 14 vanishing moments did not promote significant differences in terms of accuracy.
Therefore, this was the amount used, except for the Coiflets functions, which the maximum value allowed by the
MATLAB software was 5 vanishing moments. Thus, for each of these functions we only varied the number of levels
of decomposition, with the statistical parameters being calculated in each test.

Table 3 shows that the best option tested was the one that used the Daubechies wavelet function with 14
vanishing moments and 9 levels of decomposition which resulted in a bias of 0.005 m, standard deviation of the
differences of 0.040 m and determination index of 99.0 %. These results are graphically represented in Figure 9.

Table 3: Wavelet compression elements selection.

Wavelet Mother ‘“’::r':';:‘ti De:;‘ﬁ:z;:ion Bias (m) o (m) R? (%)
8 0.005 0.053 98.1

symmlets 14 9 0.006 0.045 98.7

10 0.007 0.067 96.9

0.005 0.054 98.1

Daubechies 14 9 0.005 0.040 99.0
10 0.006 0.066 97.1

0.005 0.053 98.2

Coiflets 14 9 0.006 0.044 98.7

10 0.008 0.068 96.9
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Figure 9: Comparative analysis between data filtered by Wavelet filter with best results and tide gauge
measurements.

We then compared the filters that reached the closest approximation to the reference data to each other.
Table 4 shows the statistical parameters calculated for these filter options. There is a notable equivalence between
the best filters of each type, since both achieved similar statistical parameters with bias and o in the order of a few
millimeters and centimeters, respectively, and R2 close to 100%.

Table 4: Wavelet compression elements selection.

Filter Type Bias (m) o (m) Rz (%)
Simple Moving Average Filter with size window of 2
hours (480 points)

Orthogonal Filters Bank with Daubechies wavelet
mother function, 14 vanishing moments and 9 0.005 0.040 99.0
decomposition levels

0.005 0.045 98.6

Thus, we can observe that the filters generated quantitatively equivalent results. However, considering
the characteristics of both, we can conclude that it would be more advantageous to use the SMA filter because
its application is much simpler, depending on only one variable (sampling window) and, consequently, less
computational resources.

4. Conclusion

This paper presents a quantitative and qualitative analysis of a methodology that aims to obtain ocean tides heights
measurements from GNSS positioning. The data were collected during eight days by a receiver settled in a moored vessel
located in Guanabara Bay, and we processed the observations in relative Kinematic mode in RTKLIB application.
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For the tidal data to be properly extracted, we selected, applied and evaluated two data filters: the moving
average filter and the wavelet compression to find out which would be the most advantageous option.

We verified that it was possible to obtain ocean tide data from GNSS observations with centimeter level
accuracy when using both tested filters. This fact corroborates the results of previous studies, in addition it endorses
the promising nature of using GNSS positioning for this specific purpose.

When comparing the best options for each type of filter, we verified the similarity of the calculated statistical
parameters. and concluded that such filters produce quantitatively equivalent results. However, when analyzed
gualitatively, the SMA filter presents itself as a more advantageous option due to its simplicity and ease of application.

Finally, in view of this possibility of indirect application of GNSS positioning, it is recommended to deepen
this theme by setting up new tests and studies using other devices, such as buoys and different types of vessels, as
well as employing other data filters, aim to apply this methodology in hydrographic surveys. With the consolidation
of this knowledge, operational implementation of this technology in Brazilian nautical cartography will become
feasible in the foreseeable future.
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