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ABSTRACT 

Ocean tide loading (OTL) displacements can be predicted by convolution software, e.g. 

SPOTL [1], which convolves the elastic load Green’s function over the gridded values of 

global ocean tide models such as FES2014 [2] for the whole oceans. Besides, ocean tide 

loading (OTL) displacements can be observed with space geodetic techniques. In this study, 

the amplitudes and Greenwich phase lags for each coordinate component, i.e., radial, west, 

and south of the principal semi-diurnal (M2, S2, N2, K2) and -diurnal tides (K1, O1, P1, Q1) of 

OTL displacements were estimated at the very long baseline interferometry (VLBI) sites of 

the 15 days long continuous VLBI campaign, CONT14, carried out by the International VLBI 

Service for Geodesy and Astrometry (IVS). In the estimation of the amplitudes and 

Greenwich phase lags of the tidal constituents, hourly VLBI station coordinate time series 

were used as observations derived through analyzing 1 hour VLBI sessions of the CONT14 

campaign. The estimated amplitudes and Greenwich phase lags of the principal constituents 

of OTL displacements were compared with the predictions of the state-of-the-art ocean tide 

models, among others, FES2012 [3,4], FES2014 [2] and TPXO8 [5,6]. Both the amplitudes 

and the phases between CONT14 estimates and ocean tide models agree to some extent for 

the M2, S2, N2, K1, and O1 tides at most of the sites and coordinate components. However, for 

K2, P1, and Q1 tides CONT14 estimates do not converge to those of the model amplitudes 

and/or phases. Because such a small duration of 15 days long hourly station coordinate time 

series does not satisfy the minimum period of Rayleigh criterion [7] to distinguish between 

neighboring frequencies. 
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1. INTRODUCTION 

Tidal variations of the pressure exerted by the ocean mass to the seafloor, cause harmonic 

displacements on the crust so-called ocean tide loading (OTL) displacements. Tidal harmonic 

constituents of the OTL displacements are predicted through convolving several ocean tide 

models as well as these tides would be resolved from the observations of space geodetic 

techniques using the so called static and kinematic methods. In the static approach, real 

(in-phase) and imaginary (out-of-phase) parts of OTL displacement constituents are estimated 

along with the daily station coordinates as part of daily solutions. Then, the daily estimates of 

tidal constituents and their covariance information are stacked in a combined solution e.g. 

using a Kalman Filter e.g., [8-18]. In kinematic approach, station coordinate time series and 

their formal errors are estimated at sub-daily intervals without reducing the OTL 

displacements from the observations a priori to the parameter estimation, then the amplitudes 

and phases of OTL displacement tidal constituents are decorrelated using harmonic analysis 

e.g., [19-26]. 

In literature, several OTL displacement estimation studies based on analyzing the 

observations of VLBI and/or GNSS techniques can be cited. For example, [8] first 

demonstrated that applying ocean tide model loading corrections to the a priori coordinates of 

the VLBI stations located near ocean coasts and on islands reduce the post-fit residuals of the 

VLBI delays (observations) as well as change VLBI station coordinates up to a few 

centimeters, suggesting the ocean tide loading can be monitored using VLBI. [9] estimated 

the vertical components of the OTL displacement semidiurnal (M2, S2, K2, N2) and diurnal 

tidal constituents (K1, P1, O1, Q1) at six VLBI sites from the analysis of daily VLBI sessions 

carried out every 5th and 7th day of the week since 1984 till late 1992 with linear 

least-squares when horizontal amplitudes and phases were fixed to those of ocean tide model 

from [27]. They compared the estimated vertical amplitudes at the corresponding sites to 

those of the [27] and [28] models. The accuracy of the VLBI observations at that time was not 

high enough to determine the vertical amplitudes better than 1 mm at diurnal and semidiurnal 

frequencies as concluded by [9]. [13] estimated vertical tidal displacements using 3 years of 

observations derived at 353 globally distributed Global Positioning System (GPS) stations 

and found a good agreement of GPS observed OTL displacement vertical amplitude and 
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phase parameters of M2, N2, S2, and O1 constituents with those of model predictions except 

for K1 and K2 due to multipath effects, solar radiation as well as their high correlation with 

GPS constellation repeat period and orbital period [16,29,30]. [15] estimated OTL 

displacement tidal constituents of M2, S2, N2, O1, and Q1 through performing a Kalman filter 

estimation using 90 days of GPS observations.  

In this study, the troposphere delays estimated from 24 hour sessions (external delays) were 

reduced from the observations a priori to the analysis of 1 hour VLBI sessions of CONT14 

campaign. Besides, in the analysis of 1 hour VLBI sessions, the CONT14 specific terrestrial 

reference frame (TRF) and Earth orientation parameters (EOP) series were used which had 

been estimated from a global solution through stacking the normal equations of daily sessions 

of CONT14. By means of handling the estimated hourly station positions as observations 

along with their formal errors, OTL displacement constituents of principal semi-diurnal and 

diurnal tides are intended to be resolved. 

2. IVS CONT14 CAMPAIGN AND ANALYSIS OF HOURLY SESSIONS 

International VLBI Service for Geodesy and Astrometry (IVS, [31-33]) carries out 15 days 

continuous VLBI sessions every three years in order to demonstrate the state-of-art 

capabilities of the current VLBI technology. Among others, the observations of CONT14 

campaign were analyzed for this study, carried out from 6 (0 UT) to 20 (24 UT) May 2014. 17 

VLBI stations located at 16 sites were contributed to CONT14 (see Figure 1).  

 

Figure 1. VLBI stations participating to CONT14 campaign [34] 
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The geodetic VLBI stations contributed to CONT14 campaign are listed in Table 1. For 

further information on CONT14 campaign readers are referred to [34]. 

Table 1: Geodetic VLBI stations participated to CONT14. 

Observatory 

name 
Country 

VLBI  

Acronym 

Ny-Ålesund Norway NYALES20 

Onsala Sweden ONSALA60 

Badary Russia BADARY 

Wettzell Germany WETTZELL 

Zelenchukskaya Russia ZELENCHK 

Westford USA WESTFORD 

Matera Italy MATERA 

Yebes Spain YEBES40M 

Tsukuba Japan TSUKUB32 

Kokee Park USA KOKEE 

Fortleza Brazil FORTLEZA 

Katherine Australia KATH12M 

Hartebeesthoek South Africa HART15M 

Yarragadee Australia YARRA12M 

Warkworth New Zealand WARK12M 

Hobart Tasmania HOBART26 

Hobart Tasmania HOBART12 

 

The high correlation between the parameters in hourly sessions results in troposphere delays 

and antenna coordinates propagate into each other and unreliable estimates (e.g. [35,36]). To 

overcome this restriction, external troposphere slant delays L  estimated from 24 hour 

sessions were reduced from the observations of hourly sessions a priori to the adjustment and 

residual troposphere delays were not estimated. The CONT14 VLBI observations were 

analyzed using Vienna VLBI and Satellite Software (VieVS, [37]). The parameters were 

estimated using classical Gauss Markov least-squares adjustment method. The observations 

were not removed below a certain elevation angle and not down-weighted. Source coordinates 

were fixed to ICRF2 (International Celestial Reference Frame, [38]). The high-frequency 

variations of Earth rotation parameters were modeled as recommended by the IERS 

Conventions 2010 [39]. Troposphere zenith hydrostatic delays (ZHD) were computed from 

local surface pressure measurements at the sites using [40-42] and mapped to the observation 

directions with the VMF1. Tidal and nontidal atmospheric loading [43], as well as tidal ocean 

loading based on the ocean model FES2014 [2], were introduced to each observation a priori 
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to the adjustment. Finally, the OTL displacements were assumed to be unveiled by the 

estimated hourly station positions. 

3. ESTIMATING THE PRINCIPAL SEMI-DIURNAL AND DIURNAL TIDES FROM 

THE HOURLY OTL DISPLACEMENTS OBSERVED BY VLBI 

The tidal harmonic displacements on the Earth crust, caused by the seafloor pressure 

variations due to the ocean tide loading (OTL), 
,n k

 for the k ’th coordinate component (i.e. 

radial, west, or south) at a site, n  and at a particular time t  can be formulated with the 

harmonic function 

, , , , ,cos( ( ) - )  =n k n j k j n j k

j

A t  (1) 

where  j  denotes the astronomical phase of the j ’th tidal constituent which is computed 

from fundamental astronomical arguments [39]. In Eq. 1, njA  and nj  are the amplitude and 

the phase lag with respect to the j ’th tidal potential at Greenwich meridian, respectively. 

Principal lunar semidiurnal tide, M2 is the strongest tidal constituent that has a frequency of 2 

cycles per lunar day (period: 12.42 hour). Other principal tides mostly considered are namely; 

principal solar semidiurnal S2 that has a period of 12 hour, principal lunar elliptic semidiurnal 

N2 (12.66 hour), lunisolar semidiurnal K2 (11.97 hour that is one-half a sidereal day), lunar 

diurnal K1 (23.93 hour, one sidereal day), principal solar declination P1 (24.07 hour), principal 

lunar diurnal O1 (period: 25.82 hour), lunar elliptic diurnal Q1 (26.87 hour), lunisolar 

fortnightly Mf (13.66 day), lunar monthly evectional constituent Mm (27.55 day), and solar 

semiannual Ssa (182,62 day) [44].  

For the calculations of OTL displacements from models according to Eq. 1, the amplitudes 

and phase lags of principal tides were derived from “Ocean Tide Loading Provider”, a 

web-based facility provided by M.S. Bos and H.-G. Scherneck [45] that uses OLFG/OLMPP 

algorithm [27] and the Green’s functions using Gutenberg-Bullen standard Earth model to 

determine the deformation due to point loads [46]. Tidal coefficients were selected as not to 

correct for geocenter motion due to ocean tides. In first place, as a simulation study, hourly 

OTL displacements were calculated from Eq. 1 using the real and imaginary parts of 342 tidal 
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constituents that were derived from a spline interpolation of 11 principal tidal constituents as 

recommended by the IERS2010 conventions [39]. Then, assuming these calculated OTL 

displacements as observations the amplitudes and phase lags of 8 principal semi-diurnal and 

diurnal constituents were estimated using the linear form of Eq. 1. Before the estimation, 

fortnightly, monthly, and semi-annual tidal terms provided from FES2014 were reduced from 

the hourly positions of the stations. The estimated amplitudes and phase lags of all the 8 

semidiurnal and diurnal tides were found as exactly identical to those of the FES2014 model. 

This one to one agreement suggests that the amplitudes and phases of several semi-diurnal 

and diurnal principal tidal constituents can be resolved from the 15 days of hourly but 

errorless OTL displacements even such a short time span of data is highly vulnerable to 

observational errors. Then, the real hourly series of station positions and their formal errors 

were used as observations. The results are presented in the following chapter. 

4. RESULTS AND DISCUSSION 

Clear signals of OTL displacements were derived from the hourly station position estimates 

e.g. the radial component of the geodetic colocation site Kokee is shown in Figure 2. The 

estimated amplitudes and phases as well as their formal errors of all principal semi-diurnal 

and diurnal tides at the coastal CONT14 VLBI sites (located in 150 km distance from the 

coast) are presented in Table 2. Depending on the number and quality of the observations per 

station, the formal errors of the estimated amplitudes were found similar for most of the tidal 

constituents, ranging from 0.1 to 0.3 mm in the radial and 0.1 to 0.2 mm in the horizontal 

components except for the VLBI stations at Hartebeesthoek and Fortaleza of which formal 

errors of the amplitudes are large about 0.5 mm in radial and 0.3-0.4 mm in horizontal 

components. The formal errors of the phase angles are found mostly on the order of 5-10 

degrees despite for K2, P1 and Q1 tides at the VLBI stations; Hartebeesthoek (HART15M), 

Fortaleza, Warkworth and Hobart (HOBART12 and HOBART26) they reach up to a few tens 

of degrees and generally seen in the tangential components. These large formal errors seen on 

the phases should be resulted from the small amplitudes of these tides. 
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Figure 2. Radial components of the hourly coordinate estimates of KOKEE (Kauai island, 

Hawaii, USA) station when the ocean tide model corrections were not introduced to the 

coordinates a priori to the adjustment. 

The best agreement of the estimated radial amplitudes of M2 tide with respect to those of 

ocean tide models was found at the sites Onsala, Badary, Wettzell, Zelenchukskaya, Matera, 

Tsukuba, Kokee and Yarragade varying in 0.01-0.40 mm whereas the worst agreement is seen 

at Fortaleza and Ny-Ålesund and Yebes sites with the radial amplitude differences extend to 

about 1.5 mm. There are also large discrepancies of M2 tide radial amplitudes between the 

CONT14 estimates and model values at Hobart and Yebes VLBI sites with the values of 

about 0.9 mm. At most of the stations, the tangential amplitudes of M2 vary from 0.03 mm (at 

Matera) to 0.4 mm (at Katherine). It is worth to note that there is a large M2 tide radial 

amplitude difference of about 0.7 mm between TPXO8 model and both FES2014 and 

FES2012 models at Ny-Ålesund. When M2 tide Greenwich phase lags are considered, the 

agreement between estimates and the models do agree within 1 to 5 degrees for most of the 

stations in all coordinate components. However, the estimated west phases of M2 tide at 

Badary differ from the models at about 10 degrees as well as at Hartebeesthoek (HART15M) 

the difference with the model values are on the order of about 13 degrees. 

The worst agreement of the estimated radial amplitudes of S2 tide to the model values are 

seen at the sites Yebes, Hartebeesthoek (HART15M), Fortaleza, and Warkworth ranging in 

0.7-2 mm. The agreement of S2 tide at the remaining sites does not exceed 0.4 mm in all 

components. At all of the sites, the estimated phases of S2 tide are varying in about 5 degrees 

with respect to those of TPXO8 and FES2014 models whereas at the Ny-Ålesund, Onsala and 

Wettzell sites the differences in south phases and at Yarragade the difference in radial phase 
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with respect to FES2012 model are larger with the values of 11.0, 9.2, 10.9, and 7.7 degrees, 

respectively. 

Comparing the level of agreement of the estimated radial amplitudes of N2 tide with respect to 

the those of ocean tide models 0.2 to 0.3 mm differences are found at most of the sites. Large 

radial amplitude differences of N2 tide between the estimates and model values at the sites 

Westford, Fortaleza, and Warkworth are seen as 0.4 mm, 0.5 mm, and 0.8 mm, respectively. 

Most of the west and south amplitude estimates of N2 tide do not differ from the model 

predictions more than 0.2 mm. The agreement of estimated N2 phases to those of TPXO8 and 

FES2014 vary in 5 degrees for all sites, tides and coordinate components while the south 

components of Westford and Wettzell, and radial component of Badary compared to those of 

FES2012 are larger about 8, 11 and 10 degrees, respectively. 

From the phasor vector plots (see e.g. Figure 3) it can be seen that the agreement of the 

amplitudes and phases between CONT14 estimates and ocean tide models do agree well for 

the M2 tide at most of the sites and coordinate components. However, for K2, P1, and Q1 tides 

at most of the sites and coordinate components CONT14 estimates do not converge to those 

of the model amplitudes and/or phases. The large formal errors of the estimated amplitudes 

and phases of K2, P1, and Q1 tidal constituents seen at most the sites also indicate that these 

tides cannot be well resolved from CONT14 hourly coordinate time series (see also Table 2). 
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Table 2: The amplitudes and phase lags of OTL displacement semi-diurnal and diurnal constituents with their formal errors estimated from CONT14 hourly sessions at coastal stations 

(located in 150 km distance from the coast) in millimeter and arc degrees, respectively. The stations are sorted from north to south. 
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NYALES20 

R 9.27±0.11 177.3±0.6 2.50±0.09 -141.3±2.1 2.05±0.11 156.3±2.0 0.18±0.09 -132.9±28.7 1.14±0.09 -46.2±4.6 1.40±0.09 -122.0±3.2 0.19±0.11 116.6±21.6 0.11±0.11 -161.2±27.7 

W 2.83±0.06 -18.2±1.1 0.81±0.05 34.6±3.8 0.60±0.05 -38.9±4.3 0.06±0.05 40.9±52.6 0.24±0.05 103.6±5.6 0.47±0.04 55.5±5.0 0.11±0.06 96.3±4.5 0.00±0.05 163.6±>100 

S 1.51±0.05 -23.8±1.9 0.58±0.05 23.7±4.9 0.36±0.05 -30.9±6.3 0.27±0.06 25.9±8.1 0.83±0.05 136.7±3.4 0.35±0.05 66.3±5.5 0.12±0.05 127.6±22.1 0.06±0.06 0.6±9.2 

ONSALA60 

R 3.25±0.05 -64.4±0.8 0.87±0.05 -37.8±3.2 0.59±0.06 -88.0±0.3 0.16±0.05 -39.1±17.2 2.11±0.05 -55.2±1.3 1.14±0.06 -105.5±1.3 0.79±0.05 -56.8±3.1 0.09±0.06 -162.2±18.6 

W 1.42±0.05 85.1±0.5 0.35±0.04 118.2±5.7 0.19±0.04 57.8±9.7 0.05±0.04 120.7±38.8 0.32±0.05 96.5±1.9 0.43±0.04 36.6±5.3 0.16±0.05 92.0±0.9 0.05±0.05 -0.4±10.9 

S 0.68±0.05 112.7±3.0 0.14±0.04 142.5±16.5 0.18±0.05 91.4±0.6 0.01±0.04 141.8±>100 0.26±0.04 45.9±9.9 0.11±0.05 -43.7±24.0 0.22±0.05 37.4±11.6 0.06±0.06 -157.5±31.2 

WESTFORD 

R 7.58±0.13 -168.6±1.0 1.51±0.14 -164.8±4.0 1.45±0.16 175.4±1.6 0.05±0.15 -165.1±75.0 3.43±0.14 -6.6±2.0 2.18±0.14 0.8±2.0 1.47±0.19 -4.6±1.7 0.34±0.15 -0.8±2.7 

W 3.58±0.08 -129.7±1.3 0.31±0.08 -132.2±13.6 0.87±0.08 -154.2±3.8 0.03±0.07 -139.2±>100 0.34±0.09 -8.1±16.7 0.21±0.07 24.3±16.9 0.05±0.14 -2.0±33.8 0.16±0.06 43.0±22.7 

S 1.84±0.10 -18.0±2.8 0.52±0.10 18.1±8.1 0.50±0.09 -31.4±8.1 0.12±0.10 -158.3±28.3 0.25±0.10 176.5±18.8 0.16±0.08 -48.2±24.0 0.18±0.14 -176.6±9.3 0.03±0.10 10.6±60.9 

TSUKUB32 

R 7.79±0.10 50.3±0.7 3.84±0.10 70.3±0.8 1.13±0.10 64.1±3.4 0.74±0.10 66.7±4.5 9.65±0.09 -137.2±0.6 7.34±0.09 -154.0±0.6 4.39±0.10 -139.9±1.3 0.72±0.11 -166.0±3.2 

W 2.59±0.08 -10.7±1.8 1.24±0.08 30.1±3.5 0.43±0.08 -22.8±6.9 0.41±0.09 25.9±8.1 2.02±0.09 -169.4±2.4 1.51±0.08 172.8±2.0 1.08±0.12 -172.0±2.0 0.13±0.08 160.4±17.1 

S 1.92±0.05 -76.7±0.8 0.58±0.05 -63.9±3.7 0.46±0.06 -84.6±1.0 0.09±0.05 -66.1±20.4 1.43±0.06 90.7±0.1 1.20±0.05 70.4±1.4 1.01±0.06 87.9±0.2 0.08±0.04 52.6±30.5 

KOKEE 

R 12.19±0.23 -121.2±1.0 4.42±0.25 -118.9±2.4 2.10±0.21 -127.6±5.4 0.98±0.22 -128.3±12.4 10.60±0.24 60.9±1.1 6.04±0.20 54.9±1.8 4.91±0.23 59.6±2.1 0.72±0.20 50.2±15.5 

W 2.92±0.19 153.8±3.6 0.81±0.20 -172.3±10.7 0.52±0.18 156.0±13.5 0.01±0.24 -171.7±>100 2.05±0.17 38.7±4.7 1.30±0.18 12.7±5.4 0.93±0.18 36.4±10.6 0.08±0.20 0.3±19.6 

S 4.41±0.14 97.3±0.5 1.55±0.12 126.4±4.1 0.71±0.15 93.0±0.9 0.30±0.13 119.0±18.8 1.68±0.13 111.9±2.7 1.23±0.14 93.5±0.6 0.75±0.14 108.1±5.1 0.10±0.15 82.5±16.2 

FORTLEZA 

R 36.85±0.41 33.5±0.6 9.48±0.39 55.4±2.1 8.14±0.46 20.9±1.8 2.22±0.37 52.2±9.0 1.88±0.50 96.9±2.7 2.46±0.39 32.3±7.8 1.86±0.47 90.4±0.1 0.36±0.51 174.9±11.4 

W 5.14±0.34 22.3±3.1 1.52±0.28 43.9±10.7 0.49±0.40 8.0±11.0 0.83±0.29 39.7±19.0 0.14±0.32 155.2±>100 0.34±0.35 -14.4±28.7 0.44±0.28 139.1±36.4 0.02±0.28 138.8±>100 

S 5.80±0.30 51.4±2.8 1.67±0.36 83.6±2.1 1.24±0.31 27.7±10.4 0.65±0.34 82.4±5.7 0.75±0.29 123.6±19.8 0.94±0.34 95.4±2.9 0.29±0.28 119.2±43.2 0.33±0.32 73.2±24.0 

YARRA12M 

R 3.56±0.16 146.7±2.3 0.42±0.15 -110.6±11.4 0.81±0.17 104.4±4.5 0.29±0.15 -115.5±19.3 7.61±0.18 11.7±0.9 6.06±0.16 8.9±0.8 3.57±0.19 10.3±1.0 0.83±0.17 -0.3±1.1 

W 2.27±0.12 -128.5±2.8 0.75±0.12 -72.4±4.5 0.58±0.12 -152.9±8.6 0.20±0.13 -72.8±16.2 1.53±0.12 148.4±4.2 0.56±0.10 144.3 ±10.0  0.82±0.12 145.9±7.4 0.05±0.10 136.6±>100 

S 2.52±0.14 -158.7±3.2 0.84±0.15 -99.4±2.6 0.49±0.17 -179.5±4.4 0.10±0.15 -104.5±33.2 0.64±0.13 -66.3±7.8 0.45±0.14 -103.5±6.6 0.17±0.16 -73.8±22.4 0.06±0.12 -118.3±88.8 

WARK12M 

R 26.15±0.19 56.7±0.4 4.42±0.19 121.2±2.1 3.71±0.19 30.0±2.3 0.64±0.19 116.1±11.4 3.72±0.22 -174.0±1.9 0.56±0.21 118.6±16.1 2.10±0.27 -179.0±1.1 0.08±0.19 47.9±>100 

W 8.58±0.15 -21.5±0.9 0.94±0.19 8.1±7.5 1.89±0.12 -40.9±3.6 0.31±0.20 -12.6±13.4 0.60±0.14 -23.6±12.9 0.76±0.12 -62.5±7.2 0.27±0.16 -28.1±25.5 0.17±0.15 -86.2±5.0 

S 5.73±0.19 18.5±1.7 1.02±0.17 31.3±8.7 1.38±0.23 -0.9±1.6 0.09±0.20 -155.5±85.6 0.90±0.17 -148.2±9.5 0.56±0.20 -174.2±8.9 0.66±0.20 -153.6±12.0 0.10±0.20 172.7±22.5 

HOBART26 

R 10.34±0.16 151.7±0.8 0.97±0.16 -114.2±5.9 2.62±0.14 130.3±2.9 0.03±0.15 56.4±>100 6.54±0.17 86.5±0.1 5.64±0.13 56.5±1.2 2.99±0.16 79.6±0.8 1.02±0.12 44.7±6.9 

W 4.26±0.12 103.5±0.7 1.86±0.10 135.0±3.2 0.61±0.12 105.8±4.6 0.65±0.10 129.7±8.7 0.94±0.13 -161.1±5.7 0.37±0.12 -161.4±11.7 0.62±0.14 -162.9±6.3 0.11 ±0.13 -175.3±10.1 

S 1.11±0.15 103.6±3.3 0.40±0.15 98.2±4.7 0.07±0.16 92.6±8.7 0.12±0.18 -84.2±12.2 1.12±0.13 -142.6±6.4 1.15±0.15 -162.8±4.4 0.71±0.14 -145.4±10.1 0.30±0.17 -174.0±5.3 

HOBART12 

R 10.14±0.16 152.0±0.8 1.05±0.15 -114.1±5.3 2.50±0.13 130.4±3.0 0.04±0.15 -123.0±>100 6.33±0.17 86.5±0.1 5.83±0.13 56.4±1.1 2.85±0.17 79.5±0.9 1.08±0.12 44.6±6.5 

W 4.35±0.14 103.2±0.8 1.64±0.12 134.9±4.1 0.64±0.13 105.8±4.9 0.39±0.11 129.8±16.1 0.99±0.15 -160.2±6.3 0.18±0.13 -161.7±27.2 0.37±0.16 -163.0±11.7 0.03±0.15 8.1±58.3 

S 1.05±0.16 103.7±3.7 0.38±0.16 98.2±5.4 0.08±0.17 92.6±8.1 0.33±0.18 -84.2±4.5 1.18±0.14 -142.7±6.5 1.31±0.16 -164.6±4.0 1.13±0.14 -145.4±6.5 0.41±0.17 -174.2±4.0 
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Figure 3. Phasor vectors of OTL displacement M2 constituent with one sigma error ellipses at 

ONSALA60 (Sweden), WETTZELL (Germany) and KOKEE (Hawaii, USA) stations. The 

horizontal axis represents the in-phase component, and the vertical axis the out-of-phase 

component relative to the tidal potential at Greenwich. The Greenwich phase lag is zero 

along the positive direction in the horizontal axis and the phase angle increases 

counterclockwise. 
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5. CONCLUSION 

The amplitudes of phasor vector differences between CONT14 estimates and those of ocean 

tide models are below 0.4 mm at the inland sites: Badary, Wettzell, Matera and 

Zelencuhkskaya as well as at the coastal site Onsala for all principal semi-diurnal and diurnal 

tides. The worst agreement between CONT14 estimates and ocean tide models in terms of 

phasor vector differences are seen at the sites Warkworth and Fortaleza where the differences 

in radial components for both semi-diurnal and diurnal tides vary in 0.8 to 2.0 mm. The latter 

is due to the high humidity during the CONT14 period that results in the errors of troposphere 

delays to propagate to the estimated OTL displacements. While the large median formal 

errors of the hourly coordinate estimates at station Warkworth as 8.1 mm, 4.8 mm, and 

7.5 mm in radial, south, and west directions might results in the radial amplitudes of the 

phasor vector differences to vary in 0.5-1.5 mm at all tides. 

As an overall assessment, the RMS of the radial amplitudes of phasor vector differences 

(radial RMS misfits) between the CONT14 estimates and those of ocean tide models i.e. 

FES2014, FES2012 and TPXO8 is found about two times larger than those of tangential 

components. Likewise, the RMS misfits over coastal stations are about two times larger than 

those of inland stations for all tides. The best agreement between CONT14 and considered 

ocean tide models in radial component is seen for N2 tide with the RMS misfits of about 

0.2 mm across inland sites and 0.4 mm across the coastal sites. The amplitudes and phases 

between CONT14 and ocean tide models do partly agree for S2, N2, K1, and O1 tides at most 

of the sites and coordinate components. However, for K2, P1, and Q1 tides CONT14 estimates 

mostly do not converge to those of the model amplitudes and/or phases. 

Unmodeled portions of troposphere delays comprise the largest part of the total errors in the 

observations of space geodetic techniques and significantly propagate to the station 

coordinates when station coordinates are estimated at sub-diurnal intervals. To improve the 

accuracies of semi-diurnal and diurnal tidal constituents, estimated from a short time span of 

sub-daily station coordinates, further developments on the troposphere delay model is 

necessary. 
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