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Abstract We seek to improve the current model for
high-frequency Earth rotation variations induced by
ocean tides. For empirical models, we derive oceanic
currents, which are required for the ocean tidal angu-
lar momentum. We use the hydrodynamic FES2012
to derive a preliminary test model and analyze the
CONT11 campaign to compare it to the IERS recom-
mended model. We find an improvement for yp at the
semi-diurnal frequencies. The xp component agrees to
alevel of about 10 pas, those from UT1-UTC to a level
of about three pas.

Keywords Earth rotation, ocean tides, VLBI analysis,
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1 Introduction

Accurate a priori models are essential for Very Long
Baseline Interferometry (VLBI) analysis to derive pre-
cise geodetic parameters. In particular orbit prediction
for Global Navigation Satellite Systems (GNSS) re-
quires a model for the effect of ocean tides on Earth
rotation in the diurnal and sub-diurnal band. The rec-
ommended prediction model of this effect is described
in the IERS Conventions 2010, Chapter 8 [1].
However, there are significant differences between
the model prediction values and the estimated param-
eters for polar motion and UT1-UTC. Figure 1 shows
those differences for UT1-UTC in the frequency do-
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main. The large peaks coincide with the frequencies of
the major ocean tides, for example Ol and S1 in the
diurnal band and M2 and K2 in the semi-diurnal band.
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Fig. 1 Spectrum: Residuals of model values and estimated
UT1-UTC from VLBI analysis.

The Project SPOT, supported by the Austrian Sci-
ence Fund (FWF), deals with this issue and seeks to
close the gap between model predictions and obser-
vations. We develop a new model for high frequency
Earth rotation parameter (ERP) variations induced by
ocean tides. This could be one step further to meet the
GGOS requirements regarding the accuracy of geode-
tic results (Plag and Pearlman, 2009 [2]).

2 Ocean Tide Models

When using ocean tide models for the calculation of
ocean tidal angular momentum (OTAM), there are ba-
sically two types of models available. Empirical mod-
els, derived solely from satellite altimetry data, include
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only tidal heights of the ocean surface. Hydrodynamic
models, on the other hand, also contain oceanic cur-
rents, which are required for the motion term of the
angular momentum.

Ocean tide models usually include eight major
tides: Q1, O1, P1, and K1 in the diurnal band and N2,
M2, S2, and K2 in the semi-diurnal band. Due to the
long time span of satellite altimetry observations, it is
nowadays possible to estimate further tides in the tidal
analysis. The new FES2012 for example includes a
total of 27 semi-diurnal and diurnal constituents.

Spatial resolutions of current ocean tide models are
0.125° or even smaller.

3 Worksteps

The workflow to derive a new high-frequency ERP
model is shown in Figure 2.
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Fig. 2 Workflow of Project SPOT.

The first major task is to derive oceanic currents
from tidal heights when an empirical model is used.
More details about hydrodynamic equations can be
found in Section 4. After numerical integration, we de-

rive ocean tidal angular momentum, both for mass and
motion terms.

Time-varying and frequency-dependent OTAM
can be converted to ERP using effective angular
momentum functions (e.g., Gross, 1993 [3]), which
account for Free-Core-nutation and Chandler-wobble
resonances.

If minor tides are not included in the ocean tide
model, they have to be accounted for during the ERP
model derivation using nodal corrections and admit-
tance functions. Lunar tides are affected by the lunar
node cycle (18.6 years), which requires amplitude and
phase corrections of those tidal constituents [4]. Mi-
nor tides can be interpolated using admittance func-
tions: according to Munk and Cartwright (1966) [5],
the ratio of the tide generating potential and the tidal
height is assumed to be a slowly varying function of
frequency. Hence, minor tides can be interpolated from
major tides if the tide generating potential is known,
e.g., from the Hartmann and Wenzel (1995) tidal po-
tential catalog.

4 Hydrodynamics

The shallow water equations (linearized, simplified,
and depth-averaged Navier-Stokes equations) describe
the hydrodynamic flow of the ocean. The momentum
and continuity equations read (Ray, 2001 [6])
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where u is the horizontal velocity vector, f is the Corio-
lis parameter, g is gravity acceleration, { is tidal height,
Lk is the equilibrium tide, {s is a term accounting for
self-attraction and Earth loading, F is bottom friction
force, p is density, and D is ocean depth.

The parameters, namely horizontal, barotropic
tidal oceanic volume transports (velocity multiplied by
depth) can be estimated in a least-squares algorithm.
Due to the large number of equations, an iterative
least-squares solver is advantageous.

Tests of this algorithm were performed using the
model HAMTIDEI 1a, a hydrodynamic model contain-
ing (1) tidal heights from which to calculate ocean ve-
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Fig. 3 Volume transport amplitudes (m?/s) in East direction.
heights using shallow water equations.
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Fig. 4 Volume transport phases (°) in East direction. Left: Model HAMTIDE] 1a, right: Estimated from HAMTIDEI 1a heights using

shallow water equations.

locities and (2) tidal velocities to perform a validation
of the estimated results.

Figure 3 shows model values and estimated volume
transport amplitudes for the East component.

A similar global pattern can be recognized; differ-
ences occur mostly in coastal regions, where no-flow
boundaries are used. As expected, the phase (Figure 4)
shows larger differences. Likewise the semi-diurnal
tides seem to be less accurately estimated.

One possible explanation for problems at differ-
ent frequencies is the simple friction term in the shal-
low water equations: F = r*pu, where r* is a fric-
tion coefficient. Although there is no physical reason
for a frequency-dependent friction coefficient, the sim-
ple form of F could absorb other physical mecha-
nisms. Hence, different * values for different frequen-
cies might lead to better results.

One possibility of finding the “best” r* values for
each tide is to calculate these coefficients from hydro-
dynamic model values of tidal heights and currents.

Figure 5 shows the estimated friction parameter
values for eight major tides for the models FES2012
and HAMTIDE]1 1a. The diurnal tides seem to have sig-
nificantly smaller * values than the semi-diurnal tides.
However, more research needs to be done in this re-
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Fig. 5 Estimated friction parameter r* from hydrodynamic mod-
els. The circles are scaled by the tide generating potential of the
particular tide.

gard; the results shown in Figures 3 and 4 comprise
constant r* coefficients for all tides.

5 Angular Momentum

Time-varying ocean tidal angular momentum functions
are derived for three models. They are summarized in
Table 1. The OTAM values of four major constituents
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are given in Table 2. The mass terms (height com-
ponent) agree very well between the two hydrody-
namic models (Model A and Model B). The motion
terms (current component) are still in good agreement
between Model A and Model B. However, Model C
shows large differences, especially in phase. It should
be noted that diurnal tides show smaller discrepancies
than semi-diurnal tides.

Our currents estimated from the shallow water
equations are not yet accurate enough to derive an
improved ERP model.

Table 1 Overview of models used for the derivation of ocean
tidal angular momentum.

Model Mass term Motion term
A FES2012 FES2012
B HAMTIDElla HAMTIDEIlla
C HAMTIDElla  Estimated*

* Estimated from HAMTIDEI la heights

6 Test Model

Using a hydrodynamic model—and thus not having
to calculate oceanic currents—we derive a preliminary
test model. We use the FES2012 ocean tide model in-
cluding a total of 27 tides: six diurnal tides, 13 semi-
diurnal tides, and eight tides with even higher frequen-
cies (from one-third to one-eighth of a day). As a nu-
merical integration method, we use Simpson cubature.
To convert OTAM to Earth rotation variations, we use
the equations and values from Gross (1993) [3].

7 Validation

To validate the test model versus the IERS Conventions
2010 model, we analyze VLBI data from the CONT11
campaign—a 15-day continuous VLBI experiment in
September 2011.

In a prior step, we estimate nutation offsets for the
time period of CONT11. This is needed, because in
the normal parameterization we cannot estimate high-
frequency ERP and nutation offsets at the same time.
Those nutation offsets dX and dY are used as a priori
nutation model for all further processing.

All CONT11 sessions were analyzed using (1) the
test model and (2) the IERS Conventions 2010 model

for a priori high-frequency ERP values. For the post-fit
residuals of all three ERP, namely xp, yp and UT1-
UTC, a discrete Fourier transform is calculated. The
amplitude spectra were subtracted (“IERS minus test
model”), and those spectrum differences allow a val-
idation of the test model: small residuals show a bet-
ter agreement between observations and the model, and
they also yield smaller Fourier coefficients. Because of
the order of subtraction (“IERS minus test model”),
positive values in the Fourier coefficient differences
show a better agreement between the test model and
the observations than the IERS model and the obser-
vations. Figures 6, 7, and 8 show the Fourier spectrum
differences.
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Fig. 6 Fourier spectrum differences between the IERS Conven-
tions 2010 and the test model of the x-pole residuals.

Spectrum differences, y-pole, IERS2010 minus

20
& 104
©
=2
0] 0
e)
2
a _10_
g —e FES2012 (1°)
FES2012 (0.5°)
-20 —e FES2012 (0.125%) |

24 12 6
Period (hours)

Fig. 7 Fourier spectrum differences between the IERS Conven-
tions 2010 and the test model of the y-pole residuals.

The only improvement compared to the IERS Con-
ventions 2010 model can be seen for yp at the semi-
diurnal frequencies (12-hour period). The semi-diurnal
band for xp and UT1-UTC is of similar accuracy as
the IERS model, or slightly worse. Less accurate re-
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Table 2 Ocean tidal angular momentum for three models and four major tides. Amplitudes in 10%° kg m?/s, phases in degrees.

Tide Model A Model B Model C
Heights  Currents Heights  Currents Heights  Currents
x 05 —-52°06 -71° 04 -54°0.6 -76° 04 —54°0.3 —175°
Kl y 1.4 -136° 0.8 —168° 1.3 —137° 0.8 —172° 1.3 —137° 0.7 178°
z 0.2 1°0.8 128° 0.2 34°0.7 131° 0.2 34°03 110°
05 -30°03 —60° 05 -31°03 —-60° 0.5 -—-31°0.2 133°
O1 1.2 —138° 0.4 —154° 1.1 —139° 0.4 —155° 1.1 —139° 0.2 177°
02 171°0.7 115° 0.2 154°05 119° 0.2 154°03 127°
0.1 39°06 —61° 0.1 40°06 —-64° 0.1 40°02 89°
S2 0.3 9° 1.0 —-162° 0.3 8° 1.0 —-159° 0.3 8 0.0 -31°
02 132°0.8 —13° 0.2 132°08 —19° 0.2 132°0.2 9°
0.5 10° 1.0 —100° 0.5 10° 1.2 —-101° 0.5 10°0.6  37°
M2 03 —56°1.8 166° 03 —58°18 165° 03 —58°0.2 —150°
0.6 86°15 —45° 05 89°17 —41° 05 89°0.6 —13°
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Fig. 8 Fourier spectrum differences between the IERS Conven-
tions 2010 and the test model of the UT1-UTC residuals.

sults can be seen in the 24-hour periods. All three ERP
show a better agreement between the IERS Conven-
tions model and the observations than the test model
and the observations.

The three figures (6, 7, and 8) show results for
the test model in three different spatial resolutions: 1°,
0.5° and 0.125°. An improvement for higher resolu-
tions can be seen. For example, the values of the 12-
hourly xp differences increase from about —10 pas at
1° to about —5 pas at 0.125°.

8 Conclusions

When we use an empirical ocean tide model to derive a
new model for high-frequency ERP variations, we need
to apply hydrodynamic equations to calculate oceanic
currents. Our estimated oceanic currents are not yet ac-
curate enough to be used in an ERP model.

If a hydrodynamic model such as FES2012 is used,
results are reasonable and comparable to the IERS
Conventions 2010 model. Even though there are slight
punctual improvements using the test model, it is not
yet possible to revise the IERS recommended model.

However, there are several possibilities, such as
higher spatial resolutions of ocean tide models or the
use of (more) minor tides, which may lead to improved
high-frequency ERP predictions.
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