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Abstract

Several studies prove that 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 lunar semidiurnal tide, M, of OTL
displacements were estimated at the very long baseline interferometry (VLBI) sites of the 15 days
long continuous VLBI campaign, CONT 14, carried out by the International VLBI Service for Geodesy
and Astrometry (IVS). In the estimation of the amplitudes and Greenwich phase lags of the M, tidal
constituent, hourly VLBI station coordinate time series were used as observations derived through
analyzing 1 hour VLBI sessions of the CONT14 campaign. In the analysis of hourly sessions of the
CONT14 campaign, to derive accurate hourly station coordinates, troposphere delays estimated
from daily sessions were reduced from the observations a priori to the analysis. The estimated
amplitudes and Greenwich phase lags of the M, constituent of OTL displacements were compared
with the predictions the state-of-the-art ocean tide models, among others, FES2012 [Lyard et al.,
2006; Carrere et al., 2012], FES2014 [Carrere et al., 2016], and TPXO8 [Egbert and Erofeeva, 2002;
Egbert et al., 2010]. Both the amplitudes and the phases between CONT14 estimates and ocean tide
models agree well for the M, tide at all the sites and in most of the coordinate components. The RMS
misfits of the M, tide of OTL displacements in all coordinate components between CONT14 and
ocean tide models over coastal sites are found about two times larger than those of inland sites. This
result confirms the modeling insufficiencies in shallow waters of ocean tide models which cause an
accuracy restriction of OTL displacement predictions around coastal regions.

Keywords: VLBI; troposphere zenith delays; CONT14 hourly sessions; ocean tide loading
displacements; M, constituent.

1. Introduction

The seafloor pressure variations due to the ocean tide loading (OTL) cause position and tidal frequency-
dependent harmonic displacements on the Earth crust, the so-called OTL displacements. OTL displacements can
be predicted by convolution software, e.g., OLFG/OLMPP [Scherneck, 1991], SPOTL [Agnew, 1996], NLOADF
[Agnew, 1997], GOTIC2 [Matsumoto et al., 2001], CARGA [Bos and Baker, 2005], LoadDef [Martens et al., 2016]
which convolve the elastic load Green’s function over the gridded values of global ocean tide models such as
SCHW81 [Schwiderski, 1980], TPXO8 [Egbert and Erofeeva, 2002; Egbert et al., 2010], FES2012 [Lyard et al., 2006;
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Carrére et al., 2012], or FES2014 [Carreére et al., 2016] for the whole oceans. Green’s function formulates the elastic
response of the Earth’s crust to the surface load that depends on the angular distance to the load as well as Earth
structure [Farrell, 1972]. The sparse spatial resolution of global tide models and modeling insufficiencies in
shallow waters have been proved to considerably restrict the accuracy of OTL displacements around coastal
regions (up to ~150 km distance from the coast) [e.g. Agnew, 1997; Khan and Scherneck, 2003; Bos and Baker,
2005; Penna et al., 2008; Yuan and Chao, 2012] whereas tidal heights derived from global ocean models do agree
within 2-3 cm in deep oceans (Shum et al., 1997). Further details and discussions on the calculation of OTL
displacements from ocean tide models and errors in the OTL displacements propagated from ocean tide models
are provided, e.g., in Farrell [1972, 1973], Pagiatakis [1990, 1992], Scherneck [1991, 1993], Agnew [1996, 1997],
Scherneck and Bos [2002], and Baker and Bos [2003].

Several studies prove that OTL displacements can be observed with space geodetic techniques. In literature,
two main approaches are proposed for resolving the tidal harmonic constituents from the observations of space
geodetic techniques, static and kinematic. In the static approach - also called harmonic parameter estimation
approach [e.g., Penna et al., 2015] real (in-phase) and imaginary (out-of-phase) components of OTL displacements
tidal constituents are included in the observation model along with 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 as often implemented in Global Navigation Satellite System (GNSS)
analysis [e.g., Schenewerk et al., 2001; Dach and Dietrich, 2001; Allinson et al., 2004; King et al., 2005; Thomas
et al., 2007; Yuan et al., 2013] and in several very long baseline interferometry (VLBI) analysis [e.g., Schuh and
Moehlmann, 1989; Sovers, 1994; Haas and Schuh, 1998; Scherneck et al., 2000; Petrov and Ma, 2003]. Yuan et al.,
[2013] estimated OTL displacements 3D components of eight principal harmonics at semi-diurnal and diurnal
tidal periods by means of analyzing the observations of globally distributed 456 continuous GPS stations since
1996 till 2011. They used the precise point positioning technique [PPP, Zumberge et al., 1997] on daily GPS batches
where the tidal constituents were treated as additional parameters. Then, they combined the resultant daily
estimates of tidal constituents with their variance-covariance matrices. Among other results, Yuan et al. [2013]
found the accuracy of their lunar only constituent estimates, My, Ny, O, and Q; in horizontal and vertical
components better than 0.12 mm and 0.24 mm, respectively. Analyzing more than 3 million VLBI observations
of 3126 sessions observed from April 1980 to January 2002 and considering 40 stations, Petrov and Ma [2003]
showed that the VLBI technique is capable of observing ocean tide loading displacements with the average
accuracy of ~0.5 mm and ~1.7 mm in the horizontal and radial coordinate components, respectively. For 28 co-
located sites Petrov and Ma (2003) found that VLBI has a better agreement in vertical displacement amplitudes
at 8 principal tidal waves than GPS [Schenewerk et al., 2001] if compared to the GOT00.2 (Ray 1999) ocean tide
model values.

In the kinematic approach, station coordinate time series and their formal errors are estimated at sub-daily
intervals (usually in 1-2 hour batches) without reducing the OTL displacements from the observations a priori to
the parameter estimation. Then, the amplitudes and phases of OTL displacements tidal constituents are extracted
through harmonic analysis of sub-daily station coordinate time series, thereby treating the station coordinates
as independent tide gauge measurements. The kinematic approach is implemented in several GNSS analyses,
[e.g, by Baker et al., 1995; Dragert et al., 2000; Khan and Tscherning, 2001; Khan and Scherneck, 2003; Vey et al.,
2002; King, 2006; Yun et al., 2007; Melachroinos et al., 2008; Vergnolle et al., 2008; Penna et al., 2015; Martens
et al., 2016]. Dragert et al., [2000] estimated the position time series of the coastal GPS site HOLB (Canada) using
4 weeks of continuous GPS data for 3 hour and daily solutions. According to Dragert et al. [2000], un-modeled parts
of ocean loading displacements propagate to daily averages of station positions as minimal biases. Besides, they
found that introducing ocean loading corrections in daily GPS solutions and constraining e.g. position to daily
average, the vertical tidal motion propagates into the hourly troposphere delay estimates, thereby biasing the
hourly zenith delay estimates by up to 1 cm. Khan and Tscherning [2001] estimated differential amplitudes of M,
and N, between two GPS stations (Fair and Chi3) from hourly solutions of standard relative GPS positioning
technique and found similar M, and N, differential amplitudes to those of the GOT99.2 [Ray, 1999] ocean tide
model. Due to the fact that estimating troposphere zenith delay in hourly intervals absorbs and eliminates the
loading signal [Dragert et al., 2000; Khan and Tscherning, 2001] fixed troposphere zenith delays to the
Saastamoinen [1972] model in addition to daily L3 ambiguities in their hourly solutions. As a follow up study,
Khan and Scherneck [2003] could also separate differential vertical and north-south amplitudes and phases of the
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M, tide from zenith total delay (ZTD) estimates through hourly solutions of GPS observations at the sites, Fair
and Chi3 in Alaska during a period of 49 days and validated their results using those of the GOT99.2 ocean tide
model. Vey et al. [2002] investigated the impact of ocean tide loading corrections on GPS ZTD estimates by means
of analyzing the observations of 3 hour sessions with the contribution of six GPS stations over a period of 3 days
and estimated ZTD with and without introducing OTL displacements using the CSR4.0 ocean tide model [Eanes
and Shuler, 1999]. By means of comparing the correlation between the OTL vertical position displacements with
the ZTD differences of these two solutions as a rule of thumb, Vey et al. [2002] concluded that 4.4 cm station
height error would cause an error of 1 cm ZTD. Similarly, based on the VLBI observations of the CONT11 campaign,
Teke et al. [2013] found about 1 cm zenith delay differences between the analyses of 24 hours and 2-hour sessions
as well as the radial components of station positions differ by about 2 to 4 cm depending on the number of
observations and their sky coverage in 2-hour sessions.

The main purpose of this study is to investigate the possibility of estimating M, constituent of OTL
displacements from the VLBI observations carried out during the 15 days long continuous VLBI campaign,
CONT14 and investigate the level of agreement of the estimated M, constituent of OTL displacements with the
predictions of the ocean tide models FES2012 [Lyard et al., 2006; Carrere et al., 2012], FES2014 [Carreére et al., 2016]
and TPXO08 [Egbert and Erofeeva 2002; Egbert et al., 2010], which were generated from global hydrodynamic
simulations that assimilate tide gauge and satellite altimetry data.

Troposphere delay is the largest portion of error in the reduced observations (observed minus computed vector)
of radio-frequency space geodetic techniques. Relatively to the other geophysical effects, troposphere delays
cannot be reduced from the observations at the desired level with the widely-used present troposphere delay
models e.g. Saastamoinen [1973], Davis et al. [1993], Bohm et al. [2006], and Chen and Herring [1997]. The original
value of this study is reducing the relatively accurate troposphere delays, estimated through the analysis of 24-
hour sessions, from the observations of 1 hour sessions a priori to the parameter estimation. This contributes to
the reliable estimation of sub-daily varying geodetic and geophysical parameters. For this study, among others
the sub-daily varying geophysical parameter is selected as M, tidal signal of OTL displacements and the
investigation is focused on the possibility of estimating this sub-daily parameter with such a small data set (about
360 positions for a station evenly distributed at hourly epochs covering 15 days) i.e. CONT14 campaign. The
reason of choosing the M, tide as a metric for the success of observing the OTL displacements from the 15 days
long continuous VLBI observations, CONT14 is that it has the largest amplitude among those of other principal
semi-diurnal and diurnal tides of OTL displacements that leads to more distinct comparisons with those of ocean
tide models.

In this study, CONT14 hourly sessions were obtained by dividing each of the original 15 1-day sessions into
24 1-hour segments. An intrinsic parameter estimation strategy for the analysis of 1 hour VLBI sessions of the
CONT14 campaign was used by means of reducing the troposphere delays estimated from 24-hour sessions and
using a CONT14 specific terrestrial reference frame (TRF) and Earth orientation parameters (EOP) series as a
priori values. It is worth to note that this paper does not aim to attain better accuracies of My OTL constituent
from VLBI CONT14 campaign than those of ocean tide models. The experimental work presented in this paper
provides investigations into how reliable and accurate M, tidal signals of OTL displacements can be estimated
from the sub-daily i.e. hourly VLBI station positions over 15 days. Only M, tide is estimated in this study and the
station displacements caused by the remaining; long period, semi-diurnal and diurnal tides are calculated from
FES2014 model and reduced from the hourly station coordinates a priori to the estimation. Because the 15 days
long sub-daily i.e. hourly station coordinate time series over CONT14 campaign does not satisfy the minimum
period of Rayleigh criterion [Foreman, 1977] to distinguish between neighboring frequencies. As an example,
according to the Rayleigh criterion to distinguish between M, tide with a period of 12.42 hour and N, tide
(12.66 hours) at least 27.3 days of data is needed.

In Section 2 the VLBI CONT14 campaign is briefly described, and then a detailed explanation of the analysis
of VLBI hourly sessions is presented focusing on the reduction of the 24-hour session troposphere delays from
the observations of 1 hour sessions a priori to the adjustment. In Section 3 the estimation procedure of the M,
tide amplitudes and phase lags of OTL displacements at VLBI sites of CONT14 from the hourly station coordinate
time series is introduced, and the level of agreement between the estimates of this paper and those of the FES2012,
FES2014, and TPXO8 ocean tide models is presented. In Section 4 the impact of a priori ocean tide model errors
on the estimated M, tide displacements is discussed in the scope of the analysis of 1 hour sessions over 15 days.



Kamil Teke
2.CONT14 campaign and analysis of VLBI hourly sessions

The International VLBI Service for Geodesy and Astrometry [IVS, Nothnagel et al., 2017; Behrend, 2013;
Schuh and Behrend, 2012] carries out continuous VLBI campaigns over two weeks with the state-of-the-art VLBI
technology every three years. One of the scientific opportunities enabled by these campaigns is to address the
discrepancies between ocean tide models and VLBI observations at principal diurnal, semidiurnal, and even
ter-diurnal periods. In this study, the CONT14 campaign is analyzed, which was continuously observed by the IVS
from 6 (0 UT) to 20 (24 UT) May 2014 to provide the highest accuracy of geodetic parameters that VLBI can
currently provide. The CONT14 observation network consists of 17 VLBI stations located at 16 sites. Homogeneous
distribution of the network sites is provided as far as possible through selecting 6 sites in the southern hemisphere
(Figure 1). For further information on the CONT14 campaign, e.g. scheduling, performing correlation, technical and
scientific prospects, readers are referred to the web site https://ivscc.gsfc.nasa.gov.
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Figure 1. The VLBI stations contributing to the CONT14 campaign.

The geodetic VLBI observatories (stations) contributing to the CONT14 campaign are listed in Table 1. The 17
VLBI stations are separated into inland (7) stations and coastal (10) stations, depending on whether the station is
located within 150 km from the coastline or not (Table 1). Although the VLBI stations at Zelenchukskaya (Russia)
and Matera (Italy) are located within 150 km from the coastline, they are considered as inland stations in this paper
due to the very low tidal amplitudes at the Black Sea and the Mediterranean Sea.

In contrast to 24-hour session analysis, the main disadvantage of analyzing the observations of 1 hour VLBI
sessions is that reliable station positions cannot be estimated due to the high correlation between troposphere
delays and station positions [e.g. Rothacher and Beutler, 1998; Teke et al., 2013]. To show the amount of shared
variances (degree of linear relationship) between the ZWD and radial coordinates estimated simultaneously from
1 hour sessions of the CONT14 campaign, ZWD from 24 hour sessions were subtracted from those of 1 hour sessions,
AZWD 11-245=ZWD15-ZWD94y. Then, Pearson correlation coefficients were calculated between AZWD .94 and the
radial coordinates of the stations for each 1 hour session. All negative correlations between ZWD-ZWDy,y and
radial estimates from 1 hour session analysis at the VLBI stations of CONT14 are found between -0.74 and -0.93.
The p-values of these correlations are below 0.05 indicating that they are all statistically significant. It is inferred
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Obsl\?;:ﬁ;ory Country A c¥£r]?;m Latitude (°) Longitude (°) Eg:gﬁ(tngsg Ic{gtg ;t(t;i?n(lséi%%%::
Ny Alesund Norway NYALES20 78.93 11.87 87.79 coast (2)
Onsala Sweden ONSALA60 57.39 11.93 59.73 coast (1)
Badary Russia BADARY 51.77 102.23 822.02 inland (1849)
Wettzell Germany  WETTZELL 49.14 12.88 669.56 inland (374)
Zelenchukskaya Russia ZELENCHK 43.79 41.57 1175.43 inland (98)
Westford USA WESTFORD 42.61 288.51 87.19 coast (44)
Matera Italy MATERA 40.65 16.70 543.80 inland (29)
Yebes Spain YEBES40M 40.52 356.91 989.17 inland (261)
Tsukuba Japan TSUKUB32 36.10 140.09 85.14 coast (44)
Kokee Park USA KOKEE 22.13 200.33 1168.72 coast (5)
Fortaleza Brazil FORTLEZA -3.88 321.57 23.48 coast (5)
Katherine Australia KATH12M -14.38 132.15 189.55 inland (227)
Hartebeesthoek South Africa HART15M -25.89 27.68 1409.82 inland (482)
Yarragadee Australia ~ YARRA12M -29.05 115.35 248.47 coast (47)
Warkworth New Zealand WARKI12M -36.43 174.66 128.09 coast (3)
Hobart Tasmania HOBART26 -42.80 147.44 65.52 coast (8)
Hobart Tasmania HOBART12 -42.80 147.44 41.39 coast (8)

Table 1. Geodetic VLBI stations participating in the CONT14 campaign with their geographical coordinates and tide-free
ellipsoidal heights of VieTRF13b [Krasna et al., 2014]. The VLBI stations which are closer than 150 km distance
from the nearest coastline are assumed as coastal stations. The VLBI sites are ordered according to the latitudes
of the sites from north to south.

that, as a rule of thumb, 1 cm ZWD;y variation propagates into the radial positions approximately 1.5 to 2.5 cm when
1 hour session is analyzed as well as these two parameters are simultaneously estimated (see e.g. Figure 2 for Kokee
VLBI station and supplementary material for the other stations). According to Teke et al. [2013] depending on the
number and sky distribution of the observations over the hourly sessions, correlations between antenna radial
positions and troposphere delays are varying. They also state that these correlations between these two parameters
can be mitigated if homogeneously distributed adequate number of observations are carried out at each antenna and
at each hourly session.

Consequently, the classical Gauss-Markov least squares adjustment cannot decorrelate these two parameters when
they are estimated simultaneously in sub-daily e.g. 1 hour intervals. Thus, troposphere delays and antenna coordinates
propagate into each other and resulting in unreliable estimates. For example, the cyan and grey lines in Figure 3 show
the very noisy ZWD and radial coordinate components estimated simultaneously from the analysis of 1 hour sessions
at the VLBI station Kokee and for other stations readers are referred to the supplementary material of this paper.

To overcome this restriction, external troposphere slant delays AL estimated from daily (24 hour) sessions were
reduced from the observations of hourly sessions a priori to the adjustment and residual troposphere delays were
not estimated. The troposphere delay model from Davis et al., (1993)

AL(a,e) = ZHD my, (e)+ZWD m,, (€)+ my (€)[G, cos(a)+G, sin(a)] (1)

was used to compute the slant delays AL so as to reduce them from the VLBI observations of hourly sessions. In
Equation (1) « denotes the azimuth of the observation,  the outgoing elevation angle from the local horizon, ZHD
the troposphere zenith hydrostatic delay, ZWD the zenith wet delay, m; the troposphere hydrostatic mapping
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Figure 2. The circles show the ZWDy - ZWDyy versus hourly radial positions estimated simultaneously once for each

1 hour session of the CONT14 campaign at Kokee VLBI station. The correlation between ZWDy; - ZWDqyy and
radial positions is found as -0.80 at this station.
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Figure 3. Cyan and grey lines show the hourly ZWD and the radial coordinate components estimated simultaneously from
the analysis of 1 hour sessions at the VLBI station Kokee, respectively. Blue line illustrates the ZWD estimated
from 24 hour sessions. Blackline shows the radial coordinate components estimated from 1 hour sessions when
ZWD from 24 hour sessions (blue line) are reduced from the observations a priori to the parameter estimation.

function and m,, the wet mapping function, G, and G, are the north and east total horizontal gradients, respectively.
In Equation (1), the formulation by Chen and Herring (1997) with C=0.0032 as a gradient mapping function m,, was
used. For all solutions of hourly sessions, the ZHD were calculated at observation epochs with total surface pressure
values measured at the VLBI sites [Saastamoinen, 1972; Saastamoinen, 1973; Davis et al., 1985]. ZWD were estimated
at 20-minute intervals with relative loose constraints as 1.5 cm after 20 minutes from 24-hour sessions. Note that in
the analysis of these 24-hour sessions FES2004 ocean tide model [Lyard et al., 2006] displacements are introduced to
the a priori station coordinates (solution: Case 1, see Table 3 in Section 4). Then, these ZWD estimated from 24 hour
VLBI sessions were linearly interpolated to observation epochs of hourly sessions. ZHD and ZWD were mapped with
the Vienna Mapping Functions 1 [VMF1, Bohm et al., 2006] to get the slant hydrostatic and slant wet delays.
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Similar to ZWD, troposphere total north and east gradients at 1 hour intervals with relative loose constraints as
1 mm after 1 hour estimated from 24 hour VLBI sessions were linearly interpolated to the observation epochs of
hourly sessions. Then, azimuthally asymmetric troposphere delays were calculated through mapping these
horizontal total north and east gradients to slant direction using the third term of Equation (1) where the gradient
mapping function by Chen and Herring [1997] was used. Finally, troposphere slant delays AL from each VLBI
observation (delay) of the hourly sessions were subtracted a priori to the parameter estimation.

As previously mentioned, due to the small number and inhomogeneous sky coverage of observations as well as
the weak global coverage of the stations, each hourly session was analyzed with a specific parameterization. The
terrestrial reference frame (TRF) catalogue, series of daily nutation offsets and hourly Earth rotation parameters
intrinsic to the CONT14 campaign (covering only the time span and observations of CONT14 campaign) were
estimated from a series of global solutions, used as a priori values and held as fixed parameters in the analysis of
hourly sessions. Specific to each global solution the following parameterization was introduced:

* CONT14-TRF catalog: A CONT14 specific TRF catalog from a global solution with the observations of CONT14
(referred in this paper as CONT14-TRF) was estimated. In this global TRF solution no-net-translation (NNT)
and no-net rotation (NNR), TRF datum conditions with respect to VieTRF13b catalog [Krdsn4 et al., 2014] were
introduced to the accumulated datum free normal equation system and station TRF velocities were fixed to
those of VieTRF13b. The datum conditions were not imposed on the estimated coordinates of the VLBI stations
TSUKUB32 and WARK12M since VieTRF13b coordinates of these stations are not available for the CONT14
period. The reason for creating CONT14 specific TRF, CONT14-TRF is to eliminate the biases on estimated
coordinates resulting from e.g. the inadequacies in the a priori TRF coordinates and velocities as well as
unmodeled episodic displacements.

CONT14-EOP-D series: Daily Earth orientation parameters for CONT14 were estimated in a global solution
(referred in this paper as CONT14-EOP-D) of which a priori nutation values were taken from the IERS C04 08
corrections [Bizouard and Gambis, 2009] in addition to the IAU2006 precession-nutation model
[Petit and Luzum, 2010]. Thus, VLBI only derived daily EOP corrections intrinsic to CONT14 were introduced
to the a priori IERS C04 08 series. The reason for a global solution of daily EOP series, CONT14-EOP-D is to
derive more accurate daily nutation parameters specific to the CONT14 campaign.

CONT14-ERP-H series: The hourly Earth rotation parameters (ERP: polar motion coordinates and Earth’s daily
rotation phase angle, UT1-UTC) for CONT14 were estimated (referred in this paper as CONT14-ERP-H) where
a priori daily nutation offsets are fixed to CONT14-EOP-D and a priori ERP were taken from CONT14-EOP-D
plus high-frequency corrections. In all hourly session analyses, interpolated values of the CONT14-ERP-H
series to observation epochs were fixed.

The parameterization for the analysis of the hourly VLBI sessions is as follows: The CONT14 VLBI observations
were analyzed using Vienna VLBI and Satellite Software [VieVS, Bohm et al., 2018]. The parameters were estimated
using the 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 2, Fey et al., 2009). The high-frequency variations of Earth rotation parameters were modeled as
recommended by the IERS Conventions 2010 [Petit and Luzum, 2010]. Tidal and nontidal atmospheric loading
[Petrov and Boy, 2004], as well as ocean tide loading based on the ocean model FES2014 [Carrere et al., 2016], were
introduced to each observation a priori to the adjustment. A priori station coordinates were not corrected for
hydrological loading and non-tidal ocean loading. Troposphere delays from 24-hour sessions were reduced from the
observations a priori to the adjustment and residual delays upon the a priori ZWD, and corrections to the a priori
north and east gradients were not estimated. Daily nutation offsets and hourly ERP were fixed to CONT14-EOP-D
and CONT14-ERP-H series, respectively. For each VLBI hourly session, clock synchronization errors as one offset
and a rate of a polynomial for each clock with respect to a fixed clock and antenna coordinates with NNT/NNR
conditions with respect to CONT14-TRF were estimated. Analyzing CONT14 hourly sessions were repeated 17 times,
i.e., the same number as stations in CONT14, using the same parameterization at each run with the difference that
the FES2014 ocean tide model displacements were not introduced to the a priori coordinates of one of the VLBI
stations and NNT/NNR datum conditions were not imposed on those station coordinates. At least by doing so the
transformation defect of NNT/NNR TRF datum constraints on the estimated hourly coordinates of the concerning
station was recovered. To prevent singularity of the normal equation system solution of hourly sessions, as an
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experience, the antennas of which the number of observations is less than 20, were excluded from the analysis.
A posteriori variances (Chi2) of 9 sessions out of 360 were found larger than 2. Thus, these sessions were excluded
from the hourly session set so the remaining 351 hourly sessions were considered for each run. Through introducing
the solid Earth tide displacements, which can be modeled with an often-stated accuracy of around 1%, as well as pole
tide, tidal and non-tidal atmosphere loading corrections to the a priori station coordinates, at the final point, OTL
displacements were assumed to be unveiled by the estimated hourly station positions (e.g. see Figure 4 for the VLBI
site, Onsala in Sweden).

radial in mm

east in mm
o
I

north in mm

Figure 4. Hourly coordinate estimates of ONSALA60 (Sweden) station when the ocean tide model corrections are not
introduced to the coordinates a priori to the adjustment are depicted in black (hourly estimates). The differences
in hourly estimates with respect to FES2014 ocean tide model displacements are shown in orange. The median
formal errors of the hourly coordinate estimates of ONSALAG60 station are 5.1, 3.2 and 4.5 mm in radial, east and
north components, respectively. Readers are referred to the supplementary material of this paper for the plots
of the hourly OTL displacement estimates of all CONT14 stations.

3.M, constituent of OTL displacements from CONT14 hourly sessions and
assessment on the level of agreement with those of the selected ocean
tide models

The tidal frequency and position-dependent harmonic displacements on the Earth crust, caused by the seafloor
pressure variations due to the ocean tide loading (OTL), A, ;. 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

B =) Anje OSCG(O=0r0) @
J

where x; denotes the astronomical phase of the j’th tidal constituent which is computed from fundamental
astronomical arguments [Petit and Luzum, 2010]. In Equation (2), 4, ;x and ¢, ; x are the amplitude and the phase lag
with respect to the j’th tidal potential at Greenwich meridian, respectively. The Darwinian designations of the
principal tides at semi-diurnal periods My, Sy, Ny, Ky, at diurnal periods K;, Oy, Py, Q1, and at longer periods Mg, My,
and Sg, describe more than 95% of the tidal signal [Lambeck, 1988]. Principal lunar semi-diurnal tide, M, is the
strongest tidal constituent that has a frequency of 2 cycles per lunar day (period: 12.42 hour) equals to twice the
first Doodson argument and zero times all of the others [Doodson, 1921].
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For the calculations of OTL displacements from ocean tide models according to Equation (2), 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 (http://holt.oso.chalmers.se/loading, accessed on July 2017 for FES2012, FES2014
and TPX08) that uses OLFG/OLMPP algorithm [Scherneck, 1991] and the Green’s functions using Gutenberg-Bullen
standard Earth model to determine the deformation due to point loads [Farrell, 1972]. Tidal coefficients were
selected as not to correct for geocenter motion due to ocean tides. For all calculations of OTL displacements from
the tidal constituents, the sidelobes of the principal tides, caused by the nodal modulation of these tides with the
18.6-year period of the lunar node [McCarthy, 1996; Scherneck, 1999; Tamura 1987] were not introduced. Instead,
fully interpolated loading tide spectrum with 342 tidal constituents was computed by spline interpolation of the real
(in-phase) and imaginary (quadrature) components of principal tides (Hartmann and Wenzel 1995) as recommended
by Petit and Luzum [2010]. Matlab functions of VieVS based on a Fortran program, “hardisp.f” provided by
Petit and Luzum [2010] were used.

The CONT14 hourly VLBI station coordinate time series A, , were handled as observations to estimate the amplitudes
(Anjx) and phase lags (¢ ;) of the M, constituent of OTL displacements using the linearized form of Equation (2)

Bje=) Rt 05 ,(8) + Iy sin x,(6) &)
j

where n is the station index, Ry, j; = Apji c0S @nj and I, j = Ay sin @, ;) are the real (in-phase) and imaginary
(quadrature) parts of the j’th tide (M;) and the k’th coordinate component. Note that no constraint was introduced
on the estimated real and imaginary parts of the OTL displacements M, constituent. The real and imaginary parts
were then converted to an amplitude and Greenwich phase lag with the convention of phase lags taking negative
values. The amplitudes, A, = \/ R% ik + 1%, and the Greenwich phase lags, ¢, = arctan (I, / Ry i) of the M,
tide, were computed from the direct estimates of R, and I, ;, respectively. The errors of the amplitudes and
phase lags were calculated from the one sigma formal errors of the estimated real and imaginary parts of the M,
constituent using the law of propagation of variances. The displacements due to long-period tides i.e. Mg, M,,, and
S¢a as well as the semi-diurnal and diurnal tides other than M, tide provided by the FES2014 model were reduced
from the hourly station coordinates a priori to the estimation. The estimated amplitudes and phases of M, tide, as
well as their formal errors at the CONT14 VLBI sites, are presented in Table 2.

Depending on the number and quality of the observations per station, the formal errors of the estimated
amplitudes of M, tidal constituent were found similar, ranging from 0.04 to 0.30 mm in all coordinate components
except for the VLBI sites Hartebeesthoek and Fortaleza with formal errors of the amplitudes as large as about 0.40-
0.48 mm in radial and 0.20-0.35 mm in horizontal components. The formal errors of the phase angles of M, tide are
found mostly on the order of 0.4-9.6 degrees except for the VLBI sites at Wettzell and Hartebeesthoek that reach
up to 12.7 degrees (south component Wettzell) and 14.6 degrees (west component Hartebeesthoek). The reason for
the larger formal errors of the south component phase of Wettzell and the west component phase of Hartebeesthoek
is that the amplitudes of these components are small.

The best agreement of the estimated radial amplitudes of M, tide with respect to those of ocean tide models were
found at the sites Onsala, Badary, Wettzell, Zelenchukskaya, Matera, Tsukuba, and Yarragade varying between 0.01
and 0.40 mm whereas the worst agreement is seen at Ny-Alesund, Yebes, and Fortaleza sites with the radial
amplitude differences of 1.48 mm with respect to FES2014, 0.93 mm and 1.50 mm with respect to TPXO8,
respectively. At most of the stations, the estimated tangential amplitudes of M, tide with respect to those of ocean
tide models vary from 0.03 mm (at Matera) to 0.75 mm (at Fortaleza). It is worth to note that there is a large M, tide
radial amplitude difference of about 0.7 mm between the TPXO8 model and both FES2014 and FES2012 models at
Ny-Alesund site. When the Greenwich phase lags of M, tide are considered across the CONT14 sites, the agreement
between the estimates and the ocean tide models do agree within 1 to 5 degrees for most of the stations in all
coordinate components. However, the largest M, tide phase difference is found between the CONT14 estimates and
ocean tide models at Hartebeesthoek site in west component with the value of about 27 degrees. To see the bar
plots of the amplitudes and the phases of M, constituent OTL displacements derived from the ocean tide models
with respect to the estimates of the CONT14 campaign at all VLBI sites and in all coordinate components readers
are referred to the supplementary material of this paper.
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Stations

RETEN

A, [mm] ¢ M, [°] Ay, [mm] ¢, [°] Ay, [mm] @, [°]
NYALES20  9.26+0.13[7.78] 175.7+0.8 [178.5] 2.84+0.05[2.57] -19.5+1.1[-12.5] 1.5240.05[1.34] -27.5+1.9[-18.1]
ONSALA60 3.28+0.06[3.67] -63.1+1.1[-63.9] 1.47+0.04[1.49] 89.8+1.7[85.0] 0.67+0.05[0.58] 115.8+4.1[111.3]
BADARY  0.86+0.08[0.85]  85.5+5.5[78.0] 0.63+0.06[0.49] 149.6+5.9[156.2] 0.42+0.07 [0.27]  81.249.6 [87.6]
WETTZELL ~ 5.44+0.06 [5.14] -72.2040.7 [-71.3] 2.064+0.04[1.91] 81.30+1.2[77.6] 0.23+0.05[0.39] -55.30+12.7 [-49.8]
ZELENCHK 2.81+0.10[2.64] -68.84+1.9[-64.9] 0.77+0.08[0.76] -2.745.9[-3.0]  0.70+0.08 [0.74] -136.2+6.2[-122.9]
WESTFORD ~ 7.65+0.15 [7.24] -167.9+1.1[-167.4] 3.59+0.08 [3.40] -130.3+1.3[-129.4] 1.85+0.09 [1.73] -22.5+3.0[-15.8]
MATERA  5.76+0.08 [5.41] -79.840.8[-78.5] 1.24+0.06[1.24] 72.3+2.7[62.8] 0.93+0.07 [0.96] -81.2+4.4[-78.6]
YEBES40M 14.19+0.10[13.35] -87.3+0.4[-87.4] 4.22+0.08[3.91] 70.5+0.8[69.0] 3.07+0.06 [2.88] -64.2+1.1 [-62.2]
TSUKUB32  7.66+0.15[7.57] ~ 49.7+1.1[50.2] ~ 2.57+0.08 [2.35] -14.0+1.8[-9.5] 1.90+0.06[1.95] -80.4+1.9[-76.1]
KOKEE  11.9740.29[12.6] -120.6+1.4[-121.3] 2.97+0.18[2.49] 150.843.5[159.0] 4.44+0.14[4.09] 96.5+1.7 [97.3]
FORTLEZA 36.88+0.48[35.36] 32.0+0.8[34.0] 5.20+0.35[4.45] 27.943.9[20.7] 5.774+0.33[5.15] 49.4+3.3[52.1]
KATHI2M  2.57+0.15[3.02] 111.843.3[112.6] 1.97+0.11[1.60] 85.3+3.1[87.5] 1.15+0.10[1.19] 44.4+5.0 [47.3]
HART15M 17.22+0.40 [16.66] -129.6+1.3[-131.9] 0.78+0.20 [0.58] 69.2+14.6 [43.1] 1.84+0.26[1.39]  79.7+8.1 [69.6]
YARRAI2M  3.6140.19[3.48] 143.9+3.0[146.4] 2.28+0.13[2.24] -129.8+3.3[-128.7] 2.52+0.14[2.12] -161.20+3.3[-154.1]
WARKI2M 26.41+0.24 [25.63] 57.940.5[56.6]  8.58+0.14[8.27] -21.840.9[-20.8] 5.70+0.20[5.01]  14.6+2.0 [20.1]
HOBART26 10.384+0.18[9.57] 150.7+1.0 [152.7] 4.26+0.13[3.97] 104.741.7[103.4] 1.1040.16[1.21] 107.3+8.2 [103.5]
HOBART12 10.20+0.18[9.56] 151.30+1.0 [152.7] 4.36+0.14[3.97] 101.3+1.8[103.4] 1.06+0.17[1.21] 109.849.3 [103.5]

Table 2. The amplitudes and phase lags of OTL displacements M, constituent with their formal errors estimated from

CONT14 hourly sessions at all contributing stations in millimeter and arc degrees, respectively. The FES2014

ocean tide model values are written in brackets.

From the phasor vector plots of the M, tidal constituent of OTL displacements (see Figure 5 and the supplementary
material of this paper) it can be seen that the agreement of the amplitudes and phases between CONT14 estimates
and ocean tide models do agree well for most of the sites and coordinate components except Fortaleza.

The amplitudes of the vector differences of the phasor vectors were used as a metric for assessing the level

of agreement of the estimated amplitudes and phases of M, tidal constituent derived from CONT14 observations
to those of the ocean tide models i.e. FES2014, FES2012, and TPX08. The amplitudes of the vector differences
were calculated from

|dnjc|=|Aviai(cos@yrprti Sin@yLe)y jk—AmopeL(COSPmopEL i SINPMoDEL I j k]

“)

where j denotes to the tidal constituent i.e. M, k the coordinate component (in radial, west, and south directions)
at the station n. The amplitudes of M, tide phasor vector differences between FES2014, FES2012, TPXO8 ocean tide
models and those estimated from the CONT14 campaign are shown in Figure 6.

For most of the sites, the amplitudes of the vector differences in radial components of the M, tide are up to two
times larger than those of the tangential components. The amplitudes of the M, tide phasor vector differences in
all coordinate components are below 0.5 mm at most of the inland sites i.e. Badary, Wettzell, Zelenchukskaya,
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Matera, and Katherine as well as at the coastal sites Onsala and Westford. At Ny-Alesund, Yebes, Yarragadee, and
Hobart (HOBART12 and HOBART?26), the tangential amplitudes of vector differences are below 0.6 mm. However,
at these sites, except Yarragadee, the radial amplitudes of vector differences are larger relative to tangential
components and range from 0.7 to 1.6 mm. The worst agreement between CONT14 estimates and the ocean tide
models in terms of M, tide phasor vector differences is found at the site Fortaleza varying in all coordinate
components between 0.7 mm to 1.6 mm (see Figure 6).
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Figure 5. Phasor vectors of OTL displacements M, constituent with one sigma error ellipses at Wettzell and Matera VLBI
sites. The formal errors of the estimated amplitudes and phase-lags are written to the top of each subplot,
respectively. The horizontal axis represents the in-phase component, and the vertical axis 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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Figure 6. The amplitudes of the M, tide phasor vector differences between FES2014, FES2012, TPXO8 ocean tide models
and those estimated from the CONT14 campaign.

o
west
south

0.6

Lol

o

I

KOKEE

mm
o
o
=
] ] |

NYALES20
ONSALAS!
BADARY
WETTZELL
ZELENCHK
WESTFORD
MATERA
YEBES40M
TSUKUB 32 se—
KATH12M
HART15M
YARRA12M
WARK12M
HOBART2
HOBART12

11



Kamil Teke

4.The impact of introducing different ocean tide models on the estimated
OTL displacements and the M, tide when analyzing CONT14 campaign

The errors of the geophysical models, e.g. Earth tides, pole tide, ocean loading, atmosphere loading, and
hydrological loading, introduced a priori to the station coordinates, propagate into the residual estimates of station
positions in the estimation process. To quantify the effect of ocean tide model errors on the estimated hourly
positions, besides FES2014 (see Case 1, in Table 3), the OTL displacements calculated from another ocean tide
model, GOT00.2 [Ray, 1999] (Case 2, in Table 3) is introduced to the station positions a priori to the analysis of
hourly sessions.

For reducing all the other

For correcting the a priori For correcting the a priori A
. = . . "N - tides, except M, from the
station positions in the station positions in the estimated OTL hourl
analysis of 24 hour sessions  analysis of 1 hour sessions di y
isplacements
Case 1 FES2004 FES2014 FES2014
Case 2 FES2004 GOTO00.2 FES2014
Case 3 FES2004 FES2014 GOTO00.2
Case 4 FES2014 FES2014 FES2014

Table 3. Introduction of different ocean tide models into various stages of the analysis.

When the a priori ocean tide model is switched between FES2014 and GOTO00.2, the level of change of the
estimated OTL displacements of the corresponding site is tested. A relatively older and less accurate model, GOT00.2
is selected to get more significant differences to FES2014. It is worth to note that for both of the hourly solutions
(Case 1 and Case 2), the reduced external troposphere delays estimated from the 24 hour sessions are the same and
FES2004 ocean tide model [Lyard et al., 2006] is used for predicting the OTL displacements in both of the analyses
of 24 hour sessions. Using the same observations and parameterization in the analysis of 1 hour sessions and only
changing the a priori ocean tide model results in estimating the same position errors in magnitudes and directions.
Thus, as expected, all the errors in the estimated OTL displacements are removed after having the differences,
except those effects caused by the discrepancies of the ocean tide models (see e.g. Figure 7).

The differences of the OTL displacement estimates reveal a tide-like harmonic behavior (see Figure 7). The peak-
to-peak amplitudes of the differences of OTL displacements range from 0.1 to 1 mm for all coordinate components
of all stations while the medians of formal errors of the estimated displacements for all coordinate components are
varying in 5 to 10 mm. This finding suggests that in the solutions of hourly VLBI sessions, the effects of changing
a priori ocean tide model on the station coordinate estimates would not exceed 1 mm which is far below the
magnitude formal errors of the hourly OTL displacement estimates.

To quantify the ocean tide model errors on the estimated amplitudes and phases of M, tide, amplitudes of phasor
vector differences are used as a metric. Different ocean tide models introduced in various stages of the analysis, are
shown in Table 3 and explained in the below items.

« To quantify the effect of using different a priori ocean tide models i.e. FES2014 or GOTO00.2 in the analysis of

1 hour sessions the amplitudes of phasor vector differences of M, tide between Case 1 and Case 2 are calculated
(see Table 3 and Figure 9).

» To get only the M, tide OTL displacements, in addition to the FES2014, the GOT00.2 displacements, except M,,
are reduced from the estimated hourly position time series. If the FES2014 or the GOT00.2 models would
contain errors, these tides would not be completely reduced at the end and would affect the estimated M, tide
amplitudes and phases especially due to the short time period of 15 days. The effect of reducing FES2014 or
GOTO00.2 tidal displacements (except My) from the hourly position series, on the estimated M, tide, is quantified
through producing the amplitudes of the phasor vector differences between Case 1 and Case 3 (see Table 3
and Figure 9).
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Figure 7. The differences of OTL displacements in radial, east, and north coordinate components at Kokee estimated from
1 hour sessions of CONT14 when the a priori ocean tide model is switched between FES2014 and GOT00.2
(Case 1 - Case 2). Readers are referred to the supplementary material for the differences of OTL displacements
at the other sites.

« To quantify the effect of using different a priori ocean tide models i.e. GOT00.2 or FES2014 both in the analysis
of 1 hour sessions and in the reduction of all the other tides, except My, from the estimated OTL hourly
displacements, the amplitudes of phasor vector differences between Case 2 and Case 3 are calculated (see Table 3
and Figure 9).

» When FES2014 or FES2004 ocean tide model displacements are introduced to the a priori station coordinates
in the analysis of 24 hour sessions, two different sets of troposphere delays are estimated (e.g. see Figure 8
and readers are referred to the supplementary material for the plots of the ZWD differences at the other VLBI
sites when different a priori ocean tide models are used in the analysis of 24 hour sessions). The level of
influence of these two types of troposphere delays estimated from 24 hour sessions and reduced from the
observations of 1 hour sessions, on the estimated M, tide of 1 hour sessions is evaluated. Thus, the estimated
M, tides are compared in terms of the amplitudes phasor vector differences between Case 1 and Case 4
(see Table 3 and Figure 9).
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Figure 8. The ZWD differences estimated from the analysis of 24 hour sessions at Ny Alesund when a priori station
coordinates are corrected with the ocean tide models; FES2014, FES2004 or GOT00.2.

The smallest variations in the amplitudes of the phasor vector differences of M, tide are found between the
results of Case 1 and Case 3 solutions. For most of the sites and coordinate components the amplitudes of the
phasor vector differences between Case 1 and Case 3 are not larger than 0.1 mm, except the radial components of
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Ny Alesund, Warkworth, and Hobart (Hobart26) VLBI sites (see the red bars in Figure 9). The phasor vector
differences for most of the sites and coordinate components between Case 1 and Case 2 range within 0.1-0.2 mm.
The phasor vector differences between Case 2 and Case 3 are a bit larger than those of Case 1 and Case 2. As an
inference from these findings, when 15 days long, 1 hour VLBI sessions are considered, selection of ocean tide model
used for correcting the station positions a priori to the analysis of hourly sessions as well as for reducing the other
tides (except M,) from the position time series would make a difference of a few sub-millimeters, i.e. about
0.1 to 0.3 mm in the differences of M, tide phasor vectors.
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Figure 9. The amplitudes of the estimated M, tide phasor vector differences from the CONT14 campaign between
four different cases of parameterization (see Table 3). The effect of using different a priori ocean tide models
i.e. FES2014 or GOT00.2 in the analysis of 1 hour sessions are plotted as black bars (Case 1 - Case 2). The
effect of reducing FES2014 or GOTO00.2 tides, except M,, from the estimated OTL hourly displacements are
shown in red bars (Case 1 - Case 3). The effect of using different a priori ocean tide models i.e. FES2014 or
GOTO00.2 both in the analysis of 1 hour sessions and in the reduction of all the other tides, except M,, from
the estimated OTL hourly displacements are shown in grey bars (Case 2 -Case 3). The effect reducing the two
types of troposphere delays, when FES2014 or FES2004 is introduced a priori in the analysis of 24h sessions,
from the observations of 1 hour sessions is depicted as orange bars (Case 1 - Case 4). Root-mean-square
(RMS) of the differences of ZWD estimates from the analysis of 24 hour sessions when a priori ocean tide
model is used as FES2014 or FES2004 are plotted as purple horizontal lines.

The largest differences of M, tide phasor vectors are found between the solutions of Case 1 and Case 4 in the
radial components of the coastal VLBI sites. The amplitudes of the differences of M, tide radial phasor vectors of
these sites are found as 1.1 mm at Ny Alesund, 0.6 mm at Onsala, 0.5 mm at Kokee, 0.4 mm at Fortaleza, 0.7 mm at
Katherine (assumed to be an inland site, not too far away from sea about 230 km), 1.4 mm at Warkworth and 0.3 mm
at Hobart (Hobart26). In the analysis of 24 hour sessions, the station displacements due to the change of a priori
ocean tide models, i.e. FES2004 or FES2014, cause the estimated troposphere delays i.e. zenith wet delays (ZWD)
to vary in -2 and 2 mm (see e.g. Figure 8 for the station Ny Alesund and the supplementary material for the other
stations). Root-mean-square of the estimated ZWD differences (purple horizontal lines in Figure 9) and the M, tide
phasor vector differences in radial components between Case 1 and Case 4 reveal a statistically significant strong
positive correlation of 0.89. These findings suggest that the larger errors of ocean tide models (e.g. FES2014 and
FES2004) at coastal sites relative to the inland sites, propagate into the troposphere delays estimated from 24 hour
sessions, which in turn these errors in the troposphere delays cause larger differences in the M, tide phasor vectors
of OTL displacements estimated from the 1 hour sessions.
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To assess the overall agreement between CONT14 estimates and ocean tide models the root-mean-square (RMS)
of the amplitudes of the vector differences between observed and modeled phasor vectors across the stations for
the j’th tidal constituent (M) and the k’th coordinate component were calculated using

RMSﬁ?SﬁtS: %;'dn,j,k |2 (5)

and are given in Table 4. Hereupon, the term “RMS misfits” refers to the RMS of the amplitudes of phasor vector
differences between the CONT 14 estimates and those of ocean tide models i.e. FES2014, FES2012 and TPXOS8 across
all the stations.

Case 1 Case 4

Radial West South Radial West South

CONT14-FES2014 0.96 0.45 0.42 0.84 0.37 0.27

coast CONT14-FES2012 0.92 0.45 0.41 0.70 0.32 0.22
CONT14-TPX08 0.89 0.46 0.40 0.89 0.39 0.25
CONT14-FES2014 0.45 0.24 0.15 0.36 0.20 0.10

inland CONT14-FES2012 0.46 0.23 0.15 0.34 0.19 0.10
CONT14-TPX08 0.51 0.25 0.16 0.41 0.21 0.12
CONT14-FES2014 0.81 0.39 0.35 0.70 0.32 0.22

all CONT14-FES2012 0.78 0.38 0.34 0.66 0.32 0.21
CONT14-TPX0O8 0.77 0.40 0.33 0.75 0.33 0.21

Table 4. RMS misfits of M, tide calculated from Equation (5) in mm between CONT 14 phasor vectors from the solutions
of Case 1, Case 4 and those of ocean tide models (i.e. FES2014, FES2012, and TPXO08) over coastal (10 stations,
see Table 1), inland (7 stations otherwise, see Table 1) and all stations. Results from the Case 4 solution is written
in italics.

The RMS misfits of the M, tide in the radial component between CONT14 and ocean tide models over coastal
sites are found about 0.70-0.96 mm both from the solutions of Case 1 and Case 4 which is significantly larger than
those of inland sites i.e. varying in 0.34-0.51 mm. The RMS misfits in both radial and tangential components over
coastal sites are found about two times larger than those of inland sites which is valid for both solutions of Case 1
and Case 4 (see Table 4). When all sites are considered, the RMS misfits of the M, tide between CONT14 and ocean
tide models are within 0.66-0.81 mm in radial and 0.21-0.40 mm in tangential components. The best agreement
between CONT14 and the selected ocean tide models for M, tide is seen in all the components of inland sites
estimated from the Case 4 solution (see Table 3) with the RMS misfits ranging in 0.10-0.41 mm.

5. Conclusions

In this study, hourly VLBI station coordinate time series derived from the analysis of 1 hour VLBI sessions of
15 days long continuous VLBI campaign, CONT14 were used to estimate the principal lunar semidiurnal tide, M, of
OTL displacements. Only M, tide is estimated in this study and the station displacements caused by the remaining;
long period, semi-diurnal and diurnal tides were calculated from FES2014 model and reduced from the hourly station
coordinates a priori to the estimation. Intrinsic to this study, the troposphere delays estimated from 24-hour sessions
were reduced from the observations of hourly sessions a priori to the analysis.
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The estimated amplitudes and phase lags of the M, constituent of OTL displacements at each site are compared
with the predictions of the considered ocean tide models, i.e., FES2012 [Lyard et al., 2006; Carrére et al., 2012],
FES2014 [Carrére et al., 2016], and TPXO8 [Egbert and Erofeeva, 2002; Egbert et al., 2010]. The amplitudes of M, tide
phasor vector differences in all coordinate components between CONT14 estimates and those of ocean tide models
are found below 0.5 mm at the inland sites i.e. Badary, Wettzell, Zelenchukskaya, Matera, and Katherine as well as
at the coastal sites Onsala and Westford. The worst agreement between CONT14 estimates and ocean tide models
for M, tide in terms of phasor vector differences is found at the site Fortaleza where the values in all coordinate
components are between 0.7 mm to 1.6 mm. This is due to the extremely humid weather at Fortaleza which results
in the unmodelled troposphere delays propagate into coordinate components in the least-squares adjustment.
Besides, the Fortaleza VLBI site is located at about 5 km far away from the Atlantic ocean and its M, amplitude of
OTL displacements is about 36 mm in the radial component, the largest radial amplitude relative to the other
CONT14 VLBI sites.

As an overall assessment, the RMS of the amplitudes of M, tide phasor vector differences between the CONT14
estimates and those of ocean tide models i.e. FES2014, FES2012, and TPXOS8 across all the stations, namely RMS
misfits are considered. The best agreement between CONT 14 and the selected ocean tide models for M; tide is seen
in all the components of inland sites with the RMS misfits ranging in 0.1-0.4 mm. The RMS misfits of the M, tide
of OTL displacements in all coordinate components between CONT14 and ocean tide models over coastal sites are
found about two times larger than those of inland sites. This result confirms the modeling insufficiencies in shallow
waters of ocean tide models which results in an accuracy restriction of OTL displacements around coastal regions.
The larger errors of ocean tide models (e.g. FES2014 and FES2004) at coastal sites relative to the inland sites,
propagate into the troposphere delays estimated from 24 hour sessions, which in turn these errors in the troposphere
delays cause larger differences in the M, tide phasor vectors of OTL displacements estimated from the 1 hour
sessions. The larger discrepancies between the VLBI observed and model-predicted M, tides at coastal sites may not
only be resulted from the errors of ocean tide models at coastal regions but also additional errors can become from
VLBI data and analysis. Besides, hydrological loading and non-tidal ocean loading, which are not introduced a priori
to the station coordinates in the VLBI analysis of 1 hour sessions in this study, would contribute to the increase in
the misfits of phasor vectors between ocean tide models and VLBI at both coastal and inland sites. Because, even
these geophysical effects have periods much longer than one day, given the short time span of CONT14 their
contributions may not be negligible.

To conclude, the level of agreement between the VLBI observed and model-derived OTL displacements can be
significantly increased through reducing the 24-hour session troposphere delays from the observations of hourly
sessions. As an outlook to improve the estimated accuracies of semidiurnal and diurnal tidal constituents of OTL
displacements from the analysis of the observations of VLBI, further developments should be introduced to the
present-day troposphere delay models as well as to the geophysical models for the station position displacements.
Besides, the number of VLBI observations should be increased. Their temporal distribution over a session and sky
coverage should be homogenized.
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