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ABSTRACT. The Earth suffers deformations due to the gravitational attraction of the celestial bodies and the redistribution of water mass occurring by the action of
the ocean tide. These effects are known as solid Earth tide (SET) and ocean tide loading (OTL), and can be estimated by observations of the amplitudes and phases
of their tidal wave constituents. Considering hat Global Navigation Satellite System (GNSS) observations may be used to estimate these effects and that the solid
Earth tide displacement is well resolved, this work estimated and analyzed the amplitudes and phases of the 11 principal constituents of ocean tide loading, using
Global Positioning System (GPS) observations. The methodology was applied to data collected from five stations in Brazil, and the amplitudes and phases of the tidal
constituents were estimated and evaluated regarding their values and convergence times. The results showed that most of the estimated parameters converged during
the analyzed period. In addition, after correcting the effects of ocean tide loading in each GPS solution, using the computed parameters and the existing models, the
coordinates were compared and the results presented some local differences, allowing to recommend the use of GPS to estimate tidal constituents considering the local
behavior of the point.
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RESUMO. A Terra sofre deformag@es devido a atragdo gravitacional de corpos celestes e também em fungfo da redistribuicdo de massa d'dgua que ocorre por agio
da maré oceanica. Estes fendmenos sdo denominados maré terrestre e carga ocednica, e podem ser estimados por meio das amplitudes e fases das componentes de
onda de maré. Considerando que as observagdes GNSS (Global Navigation Satellite System) podem ser usadas na estimativa destes efeitos e que os deslocamentos
devido a maré terrestre sdo teoricamente bem resolvidos, este trabalho estimou e analisou as amplitudes e fases das 11 componentes principais de carga ocednica,
utilizando observagdes GPS (Global Positioning System). A metodologia foi aplicada a dados coletados em cinco estagdes instaladas no Brasil, e as amplitudes e
fases para as componentes de maré foram estimadas e avaliadas, considerando seus valores e tempo de convergéncia. Os resultados mostraram que a maioria dos
pardmetros estimados convergiu durante o perfodo analisado. Além disso, ap6s corrigir os efeitos de carga oceanica em cada solugdo GPS, utilizando os pardmetros
calculados e os modelos existentes, as coordenadas corrigidas foram comparadas e 0s resultados apresentaram diferencas locais, permitindo recomendar o uso do
GPS na estimativa de componentes de maré considerando o comportamento local do ponto.
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INTRODUCTION

The gravitational attraction of the celestial bodies and the
redistribution of water mass resulting from the ocean tide action
causes the Earth to undergo deformations (Baker, 1984; Agnew,
2007). These phenomena are known as solid Earth tide (SET) and
ocean tide loading (OTL), respectively, and can be described by
the amplitudes and phases of the tidal constituents.

For most geophysical and geodetic observations, the
displacements caused by SET and OTL must be removed to
achieve accurate results. Penna et al. (2007) and Fu et al. (2012)
showed that correction models should be as rigorous as possible
to avoid spurious effects.

The aforementioned phenomena are conventionally
observed and measured using superconducting gravimeters,
however, the advance of geodetic observation techniques
allowed using the Very Long Baseline Interferometry (VLBI), as
demonstrated by Petrov & Ma (2003) and Kréasna et al. (2012),
and the Global Navigation Satellite Systems (GNSS), as shown
in the works of Khan & Tscherning (2001), Allinson et al. (2004),
Ito et al. (2009), Yuan (2009) and Alihan et al. (2017) to estimate
the displacements caused by the SET and OTL. Yuan et al. (2010)
concluded that the GNSS has advantages over the other two
methods since, in addition to being low cost, its global coverage
gnables continuous observations and performing operations in
real time as well. In Brazil, Monico et al. (1997) conducted the
first study using GPS and the SET, showing the importance of
correcting for this effect when high accuracy is desirable.

Penna et al. (2015) reported that the GNSS is being
used to estimate tidal displacements since the 2000s, aiming
at validating models for correcting for the SET and predicting
OTL displacement, considering different OTL models. In regions
where these models are imprecise, the OTL displacement
estimated by the GNSS can be used to replace the predictions
generated by a global model.

Some studies using GPS have been conducted to
investigate the OTL models. Among them, Khan & Tscherning
(2001), King et al. (2005), Vergnolle et al. (2008), Ito et al.
(2009), Yeh et al. (2011), Martens et al. (2016) and Wei et
al. (2019) stand out for analyzing the differences between the
gstimated values and those predicted by the theoretical OTL
models. Schenewerk et al. (2001) estimated the vertical tidal
displacements for the eight principal diurnal and semidiurnal
tidal constituents and found systematic differences between the
observed values and those predicted by the analyzed model.
Yuan et al. (2009) used GPS data to evaluate the accuracy of

tidal displacement estimates and showed that the measurement
error inherent to GPS is not a limiting factor for estimating SET
and OTL displacements. Ito & Simons (2011), based on OTL
displacements obtained from GPS observations, made inferences
about the structure of the asthenosphere. Afterward, Yuan & Chao
(2012), also using GPS observations, demonstrated the accuracy
of the tide displacement estimates, noting that the errors do not
come only from the OTL models, but also from the earth tidal
models, which fail to consider the heterogeneities of the interior
of the Earth. More recently, Tu et al. (2017) used 8 years’ worth
of data from GNSS stations to develop a more accurate method
for estimating OTL displacement parameters. In addition, Zhao
gt al. (2018), using the same data, presented a new method in
which global predictions of ocean topology are defined as a priori
information to accelerate convergence and improve the accuracy
of GPS-estimated displacement parameters.

Considering the studies cited above on the estimation of
parameters of SET and OTL using GPS, and considering that
the SET is theoretically well resolved, this research focused on
estimating and analyzing the local behavior of the amplitudes and
phases of the 11 principal tidal constituents (Ss;, M, M;, Qs, Oy,
Pi, Ki, Noy My, S,, and Ky) of the OTL, using the data obtained by
5 GPS stations distributed in the Brazilian territory.

GNSS STATION DATA

To estimating and analyzing the amplitudes and phases of the
tidal constituents, this study used five GNSS stations located
within the Brazilian territory, which were selected according to
pre-determined criteria, such as: good monument stability; good
operation history; good spatial distribution aiming to cover the
entire Brazilian territory; and cover a wide range of distances from
the coast to allow analyzing the OTL displacement as a function of
the distance from the ocean. Additionally, a minimum operational
period of 9 years was required to allow covering the complete
cycle of most astronomical arguments.

The five GNSS stations (Table 1 and Fig. 1) chosen for
the study are located in Belém/PA (BELE), Brasilia/DF (BRAZ),
Eusébio/CE (BRFT), Manaus/AM (NAUS), and Santa Maria/RS
(SMAR). These five stations are part of the Brazilian Network
for Continuous Monitoring of GNSS Systems (Rede Brasileira
de Monitoramento Continuo, RBMC) and the SIRGAS-CON
(Geocentric Reference System for the Americas - Continuous
Monitoring) network, and their daily data are available free of
charge on the website of the Brazilian Institute of Geography and
Statistics (IBGE, 2018).
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Table 1 - Data on the stations used for determining the tidal constituents of SET and OTL.

Station Latitude Longitude | Data (Julian day / year) Institutions
Start End
BELE | -1.408778 | -48.462528 | 001/2004 | 246/2018 | CENSIPAM (Belém/PA)
BRAZ | -15.947472 | -47.877861 | 002/2002 | 265/2018 IBGE (Brasilia/DF)
BRFT | -03.877444 | -38.425528 | 001/2006 | 071/2018 INPE (Eusébio/CE)
NAUS | -03.022917 | -60.055000 | 001/2006 | 147/2018 | CENSIPAM (Manaus/AM)
SMAR | -29.718917 | -53.716583 | 001/2003 | 265/2018 | UFSM (Santa Maria/RS)
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Figure 1 —Map showing the used GNSS stations.
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Currently, the stations BELE, BRAZ, BRFT, NAUS and SMAR
are equipped with high performance receivers and antennas.
These stations had some equipment changed along the period
of the data series of this work. However, problems caused by the
equipment changing were not identified in the data used.

The obtained GNSS data have a sampling rate of 15 seconds
(= 0.067 Hz) per record, except for BRFT, which has a 30-second
rate (= 0.033 Hz), all in RINEX format (Receiver Independent
Exchange Format).

OTL CONSTITUENTS

The steps for treating and processing the data used to estimate the
tidal constituents for the OTL using data (coordinate time series)
from the GNSS positioning technique are shown in Figure 2.

Wet and dry
troposphere files
GNSS data created, and
acquisition  ambiguity resolution

GPS data
processing in
PPP kinematic
mode

—

Conversion to
local coordinate
system
(e, n,u)

Geocentric

GPS data €
processing in coordinates
i computed
PPP static mode e

Figure 2 — Flowchart showing the steps for data processing used to estimate the
tidal constituents of OTL.

Ocean tide
loading
) estimation

GNSS PROCESSING

For the purpose of this study, the GNSS data processing (Fig. 2)
for estimating the positions and constructing the time series was
performed using the Precise Point Positioning (PPP) method of
Zumberge et al. (1997). Additionally, all GNSS data processing
aiming at improving the precision of the estimated coordinates is
performed in two steps. The first consists of processing in static
mode (Monico, 2008), so that the ambiguities and estimated
tropospheric correction parameters (wet and dry) are solved,
among others. The second step consists of kinematic mode
processing (King, 2006; Monico, 2008; Yuan et al., 2010; and
Martens et al., 2016), using the ambiguities already solved and
the tropospheric correction models estimated in the first step, to
obtain a better positioning accuracy.

The GNSS data processing is similar to that presented
by Thomas et al. (2007), King et al. (2005) and Allinson et
al. (2004). The daily observation files for each station were

processed using the GNSS-Inferred Positioning System and
Orbit Analysis Simulation Software (GIPSY/OASIS), version 6.4,
to obtain the coordinates in the geocentric cartesian system.
As GIPSY/OASIS version 6.4 processes only GPS data, the
GLONASS, Galileo and Beidou observations were discarded in
this work. Also non-fiducial orbits was used which, according
to Blewitt et al. (1992), are free of errors related to the reference
system employed.

Table 2 presents the parameter settings and models used to
gstimate the GPS coordinates in kinematic mode.

Two different processing strategies in the kinematic mode
were performed for each of the stations. The first processing
used all the corrections presented in Table 2, while the second
processing did not use the OTL correction. This strategies allowed
to compare the results of the data processing, after estimating the
OTL constituents and using them in the processed data.

At the end of the processing, the velocity vector values
from each of the analyzed stations were estimated and applied
to the coordinates in the geocentric cartesian system, so that
all the calculated coordinates are referred to the same time,
allowing to compare the positional variation over the time series.
Subsequently, the geocentric Cartesian coordinates (X, Y, 2) were
transformed into coordinates in the local geodetic system (e, n,
u).

To generate the time series, the first calculated coordinate
was used as a reference and subtracted from all subsequent
coordinates. This procedure allowed to observe only the
positional variation over time. Also, the time series were edited
to eliminate gross errors so that they could be used to estimate
the amplitudes and phases of the tidal constituents. This edition
consisted of eliminating points that exceeded the standard
deviation value of the time series at 99.7% confidence level (3o).

Estimation of the OTL constituents

Atter the the GPS data processing, 11 principal tidal constituents
(Table 3) were estimated (Fig. 2) and analysed. Of these
constituents, according to Yuan (2009), four diurnal (Q;, O, Py,
and K;) and four semidiurnal (N,, M,, S,, and K5) are responsible
for 98% (depending of the geographical position) of the entire
tidal signal.

According Doodson (1921) and Foreman & Henry (1989)
all tidal frequencies are linear combinations of six astronomical
arguments, being: mean lunar time (z), mean longitude of the
Moon (s), mean longitude of the Sun (£), longitude of the Moon’s
mean perigee (p), negative of the longitude of the Moon’s mean
ascending node on the ecliptic (n), and longitude of the Sun’s
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Table 2 — Parameters and models used for GPS processing (ITRF, 2008; Petit & Luzum, 2010; IBGE, 2018).

Processing Interval 300 seconds

2nd order lonosphere correction Global lonosphere Maps (GIM) / IONEX (lonosphere Exchange)

Troposphere mapping function Vienna Mapping Function (VMF)

Orbit, clock and antenna phase center corrections Non-fiducial JPL (Jet Propulsion Laboratory) products

Antenna phase center igs08_www.atx
Ambiguity WLPB (Wide-lane and Phase bias) products/JPL
Ocean tide load correction FES2014
SET correction IERS 2010
Reference frame ITRF2008 (IGb08 orbits)

Table 3 — Principal tidal constituents (Source: Adapted from Melchior, 1983). /is the Doodson number, ¢is the mean
solar time, 7 is the mean lunar time, s is the mean longitude of the Moon, p is the longitude of the Moon’s mean
perigee and f1mean longitude of the Sun.

Name i Argument Frequency (°/h) Source
Long-periodic constituents
Se 57.555 2h 0.082137 Solar semiannual
M, 65.455 S—p 0.544375 Lunar monthly
Mt 75.555 25 1.098.033 Lunisolar fortnightly
Diurnal constituents
Q 135.655 | (t—9)—(5—-p) 13.398.661 Larger lunar elliptic diurnal
0; 145.555 T—3§ 13.943.036 Lunar diurnal
P, 163.555 t—-h 14.958.931 Solar diurnal
Ki 165.555 T+S 15.041.069 Lunisolar diurnal
Semidiurnal constituents
N, | 245655 27— (5-p) 28.439.730 Larger lunar elliptic semidiurnal
M, | 255.555 2T 28.984.104 Principal lunar semidiurnal
S, 273.555 2t 30.000.000 Principal solar semidiurnal
K, 275.555 2(t+59) 30.082.137 Lunisolar semidiurnal
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Figure 3 — Time of stabilization, in months, of the OTL amplitudes (a) and phases (b) values for BELE, BRAZ, BRFT,

NAUS, and SMAR stations.

mean perigee (p). The approximate periods for each of these 6
variables are 24.84 hours, 27 days, 1 year, 8.8 years, 18.6 years
and 21,000 years.

In general, the harmonic analysis requires calculating the
amplitudes and phases for a finite number of sinusoidal functions
with known frequencies. Therefore, the displacement due to tide
x(r) can be estimated as presented by Yuan et al. (2010):

max(k)

x(t) = Z SfiAicos [t + xi (f0) + up — @]

k=1

(1)

where A;, ¢, and w, are the amplitudes, phases and angular
frequence of the tidal constituent at the station, respectively; f;
and u, are used to account for the modulating effects with
the 18.6-year period of the lunar node; . is the astronomical
argument at reference time z,; and k represents each tidal
constituent.

In this study, the T_TIDE - Tidal Analysis Toolbox, version
1.4b (updated on 2019) was used to estimate the principal
constituents of the OTL for the GNSS stations (Fig. 1and Table 1).
All procedures applied and theoretical description of the Toolbox
used in this study are presented by Pawlowicz et al. (2002).

The tidal constituents were estimated using different time
interval of the time series data, starting with one month and

ending with all of the time series data available for each station.
The chosen processing mode allowed to follow the time of
stabilization of amplitude and phase values over the analyzed
historical series.

The amplitudes and phases were estimated for the OTL
constituents. Consequently, to compute and analyze the tidal
constituents, GPS solutions with and without OTL correction were
generated.

TIDAL ANALYSIS

The time of stabilization of the OTL amplitudes and phases values
estimated of the 11 principal constituents are presented in Figure
3and Table 4.

In general, Figure 3 and Table 4 shows that all
Long-periodic (Sgs, My, and M;) and some Diurnal (04, Py and
Ki) and Semidiurnal (K;) constituents either did not converge or
converged only after a long time of observation.

The S, constituents converged between the 15th and the
196th month, with only two occurrences of non-convergence. The
amplitudes of the M,, and M; constituents converged between
the 12th and the 180th month, while the convergence of phases
occurred between the 21st and 168th month, but 8 phases did not
converge (Table 4).

Brazilian Journal of Geophysics, 37(4), 2019
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Table 4 — Time of stabilization, in months, of the amplitudes (A) and phases (F) values of the 11 principal OTL
constituents from the BELE, BRAZ, BRFT, NAUS, and SMAR stations, in ¢ nand v components. NS means not

stabilized.
Tidal Components BELE BRAZ BRFT NAUS SMAR
constituents A F A F A F A F A F
Ssa e 108 | 156 | 84 | 192 | 36 | NS | 84 | 48 | 84 | NS
n 48 | 120 | 24 | 132 | 72 | 132 | 108 | 84 24 | 120
u 24 | 60 | 108 | 60 | 15 | 48 | 24 | 84 | 48 | 108
Mm e 12 | 132 | 24 NS 8 132 | 12 | 120 | 15 | 156
n 72 | 168 | 96 | 108 | 12 | 108 | 48 NS 24 | 148
u 72 | 132 | 60 | NS | 36 | NS | 36 | 132 | 108 | NS
M e 96 60 36 84 36 | 108 | 60 36 72 | 132
n 36 48 48 72 60 NS 18 21 24 96
u 72 9% | 108 | NS 9 132 | 36 | 148 | 108 | NS
Q4 e 12 84 2 72 6 48 2 36 6 72
n 3 60 2 15 4 6 4 36 5 84
u 2 6 6 36 3 24 3 60 6 24
04 e 4 24 2 48 2 6 84 6 12 3
n 2 2 2 24 7 5 84 3 2 84
u 2 12 2 15 2 12 2 24 2 18
Py e 36 36 12 36 9 12 6 12 15 24
n 10 10 18 12 5 12 15 12 24 60
u 2 60 36 | 120 6 132 3 60 36 | 168
K e 12 12 | 132 | 36 9 7 60 8 168 | 36
n 6 24 12 60 6 8 108 6 156 | 60
u 18 72 | 108 | 120 | 132 | 72 36 72 12 | 156
N, e 6 15 4 36 6 15 2 12 3 48
n 2 12 2 36 4 3 3 6 18 18
u 2 4 3 3 3 6 2 2 2 15
My e 3 5 12 8 2 2 2 2 4 24
n 2 2 3 2 2 2 2 2 4 2
u 2 2 1 2 6 2 2 2 2 2
S e 18 36 9 12 6 6 12 9 24 36
n 7 7 9 24 6 9 12 84 15 24
u 6 9 6 36 12 8 8 10 9 24
Ko e 12 | 132 6 NS 8 108 | 60 | 144 | 108 | 144
n 7 84 60 72 12 | 108 8 144 | 168 | NS
u 9 6 24 NS 60 | 108 | 15 | 148 6 168

Brazilian Journal of Geophysics, 37(4), 2019
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Table 5 — OTL amplitudes (A) and phases (F) estimated for three principal tidal constituents (long-periodic tides - Lpt) from the BELE, BRAZ, BRFT,

NAUS and SMAR stations.
Lpt | Station A (mm) s.d. A (mm) D (°) s.d. @ (°)
e | n|u|e| n|u e n u e n u
Sa | BELE |06 |07 |42 10|10 10| -722 | -649 | 8.6 | 463 | 502 | 201
BRAZ | 08|09 |85|00|10]20|-51.8 | -676 | 562 | 288 | 39.0 | 109
BRFT | 03 | 15|48 |00 (10|10 | -808 | -326 | 665 | 1053 | 301 | 164
NAUS | 1.0 12|94 00| 10|20 -135 ]| -379 | 458 191 | 398 9.2
SMAR | 07 | 1.0 | 16 | 00 | 1.0 | 3.0 | -542 | -695 | -168.3 | 31.9 | 357 | 1149
My | BELE | 01| 02|05 00| 00|10 | -249 | 1559 | -1645 | 167.7 | 173.4 | 1411
BRAZ | 00| 04| 03|00 |10 (10| -0.7 | 1584 | -772 | 260.5 | 1029 | 2025
BRFT |02 03|07 (00| 10|10 174 | 1640 | 1206 | 1347 | 1319 | 1243
NAUS | 03|02 |07 ]00|00|10| 302 | 1404 | 234 | 783 | 1731 | 1268
SMAR | 03 [04]03|00|10|20]| 263 | 1350 | 1516 | 66.0 | 103.4 | 2241
M; | BELE | 04|04 |10 (10|10 |10 | 1120 | 1591 | 1699 | 827 | 90.2 | 851
BRAZ | 03|07 |01]00|10|10]| 1106 | 1768 | 1237 | 841 | 518 | 2425
BRFT | 02|06 |07 |00 |10 |10 8.1 | 1517 | 1664 | 1427 | 831 | 106.1
NAUS | 04 | 06 [ 05| 00| 10| 10| 9.8 | 170.3 | 1594 | 591 | 801 | 1462
SMAR | 03 |07 (08|00 |10]| 20| 1216 | 1689 | 87.2 748 | 56.3 | 189.0

For the diurnal components, all amplitudes and phases
converged between the 2nd and 168th month (Table 4). However,
the Ky component presents the worst convergence results in
general.

The analysis of the semidiurnal components show that
many amplitudes and phases converged in the 2nd month,
requiring a maximum of 168 months for convergence (Table 4).
The worst convergence results were observed for K, and, forall 11
constituents analyzed, M, required the shortest time to converge,
in general, compared to the others.

The OTL amplitudes and phases values for the analyzed
stations are presented in Tables 5, 6 and 7. The uncertainty values
are also shown in Figure 4.

The results shown in Tables 5, 6 and 7 indicate greater
displacement in the vertical coordinates () compared to the
horizontal coordinates (e and ). This occurs because the Earth
deformation has a greater effect on the altimetric component than
on the planimetric one.

Analyzing separately the constituents M, and S,, which
presented the largest amplitudes, it is possible to verify that the
largest displacement due to OTL occurs at the BRFT station, which
is approximately 6 km away from the Atlantic Ocean. The BELE
station located approximately 130 km from the Atlantic Ocean
has the 2nd largest displacement. The BRAZ and NAUS stations
have very close values, and both are about 1000 km distant from
the Atlantic Ocean. Further, the SMAR station did not follow the
pattern observed in the other stations since it had the smallest
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Table 6 — OTL amplitudes (A) and phases (F) estimated for four principal tidal constituents (diurnal tides - Dt) of OTL from the BELE, BRAZ,

BRFT, NAUS and SMAR stations.

Dt | Station A (mm) s.d. A (mm) D (°) s.d.®(°)
e | n|u|e| n|u e n u e n u
@ | BELE | 05|03 |04 |00 |00]|00]| 1644 | 848 | -323 | 215 | 15,7 | 321
BRAZ | 04 03|04 |00|00]|00] 1657 | 971 |-1001 | 10.8 | 11.7 | 273
BRFT | 05104 |08 |00 (00|00 1639 | 948 | -200 | 84 | 123 | 18.0
NAUS | 05 (05|03 (00|00)|00]| 1713 | 787 | -276 | 111 | 98 | 39.
SMAR | 04 | 02 | 1.0 | 00| 00| 00| 1514 | 1129 | -1304 | 205 | 22.0 | 16.6
O; | BELE |22 |23 |17 00|00 |00 -1682 | 8.3 | 469 | 42 | 22 | 68
BRAZ | 20|22 |13]00|00|00]|-1780 | 930 | -1081 | 22 | 16 | 86
BRFT |20 ]22|23(00|00|00]-1706 | 909 | 312 | 25 | 19 | 50
NAUS |22 |27 |07 ]00|00|00|-1701| 886 | 383 | 20 | 15 | 186
SMAR | 22 | 19|43 |00| 00| 00| 1732 | 1054 | -1222 | 27 | 26 | 41
Py | BELE | 10|13 |06 | 00|00 00 |-136.8 | 1079 | 70.7 | 101 | 33 | 224
BRAZ | 11| 14|03 ]00|00|00]-146.0 | 108.7 | 1478 | 44 | 33 | 394
BRFT | 11113200000 |00|-1338] 959 | 686 | 41 | 28 | 66
NAUS | 09 | 14 [ 11]00 |00 |00 | -1429 | 100.6 | 450 | 49 | 27 | 100
SMAR | 12109 |05|00|00|00]|-1412|1089 | -350 | 65 | 54 | 321
Ki | BELE | 36| 40|22 |00 | 00|00 |-1312 | 1065 | 1060 | 27 | 12 | 56
BRAZ | 37|38 |08 |00|00|00]-1327 1119 | 1484 | 1.2 | 1.1 | 145
BRFT | 31]41]29|00|00|00/|-1327 | 107.7 | 925 15 | 10 | 44
NAUS |32 | 45|22 (00| 00|00]-1336 | 1089 | 816 13 | 08 | 48
SMAR | 31129 |15(00| 00|00 -1375|108.7 | -469 | 21 | 1.6 | 113

displacement caused by OTL. At this case, although located about
350 km from the Atlantic Ocean, SMAR is located further to the
south and, according to Lyard et al. (2006), it is adjacent to a
region with relatively small ocean-tide amplitudes.

Also in relation to the results shown in Tables 5, 6 and 7 and
Figure 4, it is possible to verify that the largest uncertainties are

Brazilian Journal of Geophysics, 37(4), 2019

associated with the constituents that had the longest convergence
time (Fig. 3 and Table 4). In this case, it may be suggested that:
the long-periodic tide constituents have influence of non-tidal
quasi-periodic effects; K; and K, may be associated with the
satellite orbit error and multipath effect, because the period of
the K; coincides with that of the satellite constellation and the
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Table 7 — OTL amplitudes (A) and phases (F) estimated for four principal tidal constituents (semidiurnal tides - Sdt) of OTL from the BELE,

BRAZ, BRFT, NAUS and SMAR stations.

Sdt | Station A (mm) s.d. A (mm) D (°) s.d. @ (°)
e | n| u|e| nj|u e n u e n u
N, | BELE |10 {10 | 42 | 00|00 |00 | -1414 | 1191 | 467 | 74 | 47 | 23
BRAZ | 04 | 08| 25 [ 00|00 |00 |-1674 | -156.7 | 441 | 97 | 45 | 36
BRFT | 09|16 | 72 | 00|00 00]|-1738 | -1484 | 253 | 45 | 21 1.6
NAUS | 04 | 05| 23 | 000000 |-1766 | -1454 | 524 | 88 | 66 | 3.5
SMAR | 04 | 07| 1.8 [ 00| 00| 0.0 | -150.5 | -178.0 | 722 | 220 | 174 | 6.8
M, | BELE |46 |47 191 00|00 |00 |-135| 975 | 601 | 1.4 | 08 | 05
BRAZ | 24 139|106 |00 |00]|00]|-1696 |-1351 | 451 | 18 | 1.0 | 08
BRFT | 42|72 |335|00(00]|00|-16511|-1277 | 381 | 09 | 04 | 03
NAUS | 21|27 | 98 | 00| 00|00 |-1719 | -1198 | 638 | 1.7 | 14 | 08
SMAR | 17 | 34| 65 | 00|00 | 00| -1627 | -1596 | 648 | 60 | 34 | 19
S, | BELE [ 15|19 | 79 | 00| 00|00 |-1144 | -534 | 1441 | 43 | 22 | 13
BRAZ |15 |14 | 49 | 00| 00|00 |-1435| -902 | 1481 | 3.0 | 27 | 17
BRFT |19 23| 89 | 00|00 00| -1423 | -965 | 1049 | 22 | 15 | 13
NAUS | 11|08 | 53 | 00| 00|00 |-1340 | -751 | 1453 | 35 | 44 | 13
SMAR | 10 [ 15| 22 | 00|00 | 00| -1356 | -1124 | 1315 | 84 | 76 | 49
K, | BELE |04 | 04| 13 |00 |00]| 00| -764 | -524 | 1009 | 176 | 97 | 82
BRAZ | 01| 06| 03 |00]00]00]| -26.7 | -824 | 157.0 | 324 | 61 | 313
BRFT | 02 |09 | 31 [00 00|00 |-1647 | -761 | 646 | 168 | 43 | 37
NAUS | 02 | 02| 06 |00 |00]00|-1167| -936 | 135 | 221 | 223 | 158
SMAR | 09 |14 | 06 | 00|00 |00]| -400 |-1048 | -944 | 94 | 78 | 193

period of the K, is almost the same as the satellite orbital period
(Wei et al., 2019); and, according to Wei et al. (2019), P, may be
disturbed by residual GPS signal propagation errors or non-tidal
daily cycles in the atmosphere because its period is very close to
solar day.

Figure 5 shows the differences found between the PPP time
series signal corrected using the OTL displacements estimated in

this work, subtracted from the corrected PPP time series signal
using the theoretical oceanic loading model.

Figure 5 shows that the difference signal presents less
dispersion in eand 7components dug to the diminished influence
of the OTL effect on the planimetric components. The difference
signal for v component of the 5 analyzed stations shows a
sinusoidal behavior of largest amplitude. These diferences may
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Figure 4 — Uncertainty (standard deviations - s.d.) values of estimated OTL amplitudes (a) and phases (b) for BELE, BRAZ, BRFT, NAUS, and

SMAR stations.

be related especially to the phase difference between one or more
tidal constituents. However, the greatest differences characterized
by long-period signal (Figure 5) are related to the hydrological
load effect that has not been corrected in the GPS data processing.

CONCLUSION

This paper presents a methodology for estimating the amplitudes
and phases of the 11 principal tidal constituents of OTL using
GPS positioning data. The obtained results allowed to reach a
few conclusions and present some recommendations.

The differences given by the subtraction between the
signals corrected using the estmated OTL displacements and
the theoretical models for & component showed a sinusoidal
behavior. This behavior may be related to the phase difference
between one or more tidal constituents used. One possibility
to try to eliminate this phase difference would be to correct
for the hydrological and atmospheric load effects on the GPS

Brazilian Journal of Geophysics, 37(4), 2019

data processing, or in the time series. It is likely that after
correcting for these effects, the resulting signal should become
less noisy allowing to determine amplitudes and phases with less
uncertainty. However, these two effects are very dynamic and,
therefore, difficult to model with the required precision. Another
option would be to analyze the place of each station monument
to identify the factors causing greater uncertainty to the observed
signal.

It was expected that the convergences of the diurnal
and semidiurnal constituents would require less time, but this
delay may be related to the period of the time series. The
used series began at a time when the GPS constellation was
formed by 24 satellites only, causing periods throughout the
day with a somewhat unfavorable geometry of satellites so that
the determined satellite position became less precise. Later, as
the number of satellites of the GPS constellation increased, the
problems regarding geometry were greatly minimized.
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The M, tidal constituent, responsible for the greatest
contribution to tidal displacements, required a short time for
the amplitudes and phases to converge (Tables 4 and 5),
demonstrating that this constituent was determined with good
precision.

The analysis of the M, and S, constituents in v component,
which had the greatest amplitude, shows that the behavior of
OTL displacements is consistent with reality, since the stations
closest to the equator presented the highest amplitudes, whereas
the stations at higher latitudes presented the smaller amplitudes.
This occurs because the tidal force is higher in the region near
the Equator, becoming weaker towards the Poles.

The OTL displacements were also consistent since the BRFT
station, the closest to the Atlantic Ocean presented the highest
values for the M, and S, constituents in v component. These
values also decreased as the distance between the analyzed
station and the ocean increased. However, although the SMAR
station is near to the Atlantic Ocean, the smallest displacements
can be associated with its location further south and, according
to Lyard et al. (2006), adjacent to a region with relatively small
ocean-tide amplitudes.
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