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Abstract We evaluate models for the predicted diurnal and semidiurnal tidal variations in polar motion
using observations based upon the Global Positioning System (GPS). The GPS-based observations are
composed of 10 year continuous time series of polar motion estimates with 15min temporal resolution.
Predicted effects account for the contributions fromocean tide angularmomentumand libration.We consider
two models for the predicted ocean tide effects, both of which have their heritage with the so-called TPXO
hydrodynamic models of the ocean tide heights and currents that assimilate satellite altimetry, for example,
Egbert et al. (1994) and Egbert and Erofeeva (2002). When considering libration effects we use themodel from
Mathews and Bretagnon (2003). Of the models considered in this study, the best consistency with the
GPS-based observations is achieved with predictions from the most recent (version 8) TPXO-based model for
ocean tide effects together with the model for libration effects. This combination demonstrates closure of the
budget between predicted and GPS-based observations at the level of less than 10, 2, and 5μas in prograde
diurnal, prograde semidiurnal, and retrograde semidiurnal tidal variations in polar motion, respectively. The
observations also demonstrate inconsistency between the older TPXO-basedmodel for ocean tide effects and
the libration model, both of which are currently recommended by the International Earth Rotation Service.

1. Introduction

Through the conservation of angular momentum, mass redistribution within the Earth system and the appli-
cation of external torques to that system cause variations in the rotation of the solid Earth [e.g., Munk and
Macdonald, 1960]. These variations are typically decomposed into the axial and non-axial components of
the Earth’s rotation vector, namely, the Earth’s rotation rate and the orientation of the rotation axis, respec-
tively. The variations in the orientation of the rotation axis are typically segregated into polar motion and
nutation components given that observations of the rotation axis are dependent on the viewing reference
frame. Variations with frequency ω as observed in the terrestrial reference frame appear as variations with
frequency ω+Ωwhen observed in the celestial reference frame [e.g., Gross, 2015], whereΩ is the mean rota-
tion rate of the Earth of 1 cycle per sidereal day (cpsd). By convention [e.g., Petit and Luzum, 2010], nutation is
considered to represent variations of the Earth’s rotation axis with frequencies between �1.5 and �0.5 cpsd
as viewed in the terrestrial reference frame or alternatively frequencies within ±0.5 cpsd as viewed in the
celestial frame (see, for example, a historical discussion by Gross [2015]). Positive and negative frequencies
indicate prograde and retrograde variations of the rotation axis, respectively. In effect, nutation is considered
to be limited to the long-period variations of the rotation axis as viewed from the celestial reference frame,
while polar motion represents variations at all other periods. Hereinafter, we refer to frequencies in the
terrestrial reference frame since the polar motion observations that we use are inherently in this frame.

In this paper, our objective is to evaluate predicted diurnal and semidiurnal tidal variations in polar motion
with observations from the Global Positioning System (GPS) space geodetic technique. Diurnal and semidiur-
nal tidal variations in polar motion are predominantly caused by the ocean tides and have amplitudes of a
few hundred microarcseconds (μas) [e.g., Chao et al., 1996]. Specifically, the redistribution of mass from the
ocean tide heights causes variations in the Earth’s inertia tensor, while the associated tidal currents cause
variations in the relative angular momentum of the oceans with respect to the solid Earth. These are referred
to as the mass and motion components of the ocean tide effects, respectively. The diurnal ocean tides
certainly contribute to retrograde diurnal variations of the Earth’s rotation axis. However, we follow conven-
tions by considering them as contributing to observed nutation and do not evaluate them in this study.
Modern models of nutation [e.g.,Mathews et al., 2002] account for the effects of retrograde diurnal variations
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from the ocean tides, along with the significantly larger effects from external lunisolar torques acting on the
Earth’s equatorial bulge and retrograde diurnal variations caused by the solid Earth tides. An additional
contribution to prograde diurnal tidal variations in polar motion results from external lunisolar tidal torques
acting on the triaxial Earth figure, with amplitudes up to 16μas [e.g., Chao et al., 1991; Getino et al., 2001;
Brzeziński and Capitaine, 2002; Mathews and Bretagnon, 2003]. We follow Chao et al. [1991] by also referring
to these as the libration effects on polar motion. Atmospheric pressure and wind also contribute to diurnal
and semidiurnal polar motion but are not considered in this study. While these effects are considered as
non-tidal in origin they have non-negligible contributions to polar motion at the S1 and S2 (once and twice
per solar day, respectively) tidal frequencies and are estimated to have amplitudes of less than 10 μas
[Brzeziński et al., 2004]. These atmospheric effects also cause non-gravitational contributions to the ocean tides,
again primarily in the S1 and S2 frequencies [e.g., Ray and Egbert, 2004]. Our approach likely accounts for the
non-gravitational contribution to S2 ocean tide angular momentum but not S1, because we use the explicitly
provided model of S2 that is constrained by altimeter observations while inferring S1 from other tidal frequen-
cies (see Appendix A). We use the GPS-based observations to evaluate the performance of the current, but at
least decade-old, conventional model for predicted ocean tide effects [Petit and Luzum, 2010] against a more
recent model, as well as their respective compatibility with the model for libration effects.

Models of the ocean tide heights and currents are needed to predict their effects on variations of the Earth’s
rotation [Gross, 1993]. These effects were originally predicted from theoretical ocean tide models [e.g.,
Brosche et al., 1989; Seiler, 1991]. However, significant advances in predicting these effects have been
achieved by using ocean tide models that incorporate almost global sea surface height observations from
satellite altimetry [e.g., Chao et al., 1996]. The satellite altimeter data are particularly useful for mapping the
ocean tide heights, which are needed to predict the mass component of tidal variations in Earth rotation.
The motion component, however, requires knowledge of the tidal currents and ocean depths. Simplified
Laplace equations of motion were initially applied to determine the required tidal currents from the global
altimeter-based tide height maps [e.g., Ray et al., 1994; Chao et al., 1996]. Subsequently, hydrodynamic ocean
tide models constrained by, or assimilating, the altimeter observations were also used, since they explicitly
solve for tidal currents (and tide heights) through the rigorous application of equations of motion over the
oceans. These hydrodynamic models have an additional benefit in that they provide a dynamic approach
for essentially extrapolating the tide heights and currents to the polar latitudes that may not be sampled
by the altimeters. They also benefit from assimilating tide gauge observations in these, and other, regions.
The current International Earth Rotation Service (IERS) conventions for the predicted effects of the diurnal
and semidiurnal ocean tides on polar motion and rotation rate [Petit and Luzum, 2010] (hereinafter referred
to as the IERS 2010 model) are derived from the altimetry-dependent hydrodynamic model of Egbert et al.
[1994], referred to as Model C in Chao et al. [1996]. That same model from Chao et al. [1996] was also used
byMathews et al. [2002] to account for the ocean tide contribution to nutation. Here we derive the predicted
effects of the diurnal and semidiurnal ocean tides on polar motion using the TPXO8 altimeter-dependent
model. This model is a more recent version of the model described by Egbert and Erofeeva [2002] as well
as Model C that was used by Chao et al. [1996]. The TPXO8 model effectively incorporates longer durations
of the altimeter observations and has higher spatial resolution than its predecessors. It also assimilates tide
gauge observations, perhaps most importantly including those in polar regions not sampled by the
altimeters, to improve global performance.

Predictions of the libration effects are determined through the application of the lunisolar tidal potential to
models of the Earth. Gravity field models are used to provide the required measure of the two equatorial
components of the Earth’s moment of inertia, through the degree 2 and order 2 Stokes coefficients (C22
and S22) of the gravity field. A report from the International Astronomical Union working group on nutation
[Brzeziński and Mathews, 2003] identifies Kinoshita [1977] as first considering libration effects for a rigid Earth
and Chao et al. [1991] as providing a first estimate for a non-rigid Earth. These were followed by computations
with more rigorous Earth models a decade later [e.g., Getino et al., 2001; Brzeziński and Capitaine, 2002;
Mathews and Bretagnon, 2003]. The libration model from Mathews and Bretagnon [2003], with a cutoff of
0.5 μas for included tidal frequencies, has been adopted by the current IERS conventions [Petit and Luzum,
2010]. The effects of the triaxial core of the Earth on libration are intentionally excluded from the conven-
tional model due to a lack of consensus between independent models but are estimated to be no larger than
2.5 μas [Brzezinski and Mathews, 2003].
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Data from the space geodetic techniques provide observations of the diurnal and semidiurnal tidal variations
in polar motion. Historically, observations have been most extensively determined using the very long base-
line interferometry (VLBI) technique [e.g., Herring and Dong, 1994; Gipson, 1996; Artz et al., 2011]. This techni-
que is faced with the challenge of a relatively small network and gaps between intensive observation
campaigns but benefits from a lengthy historical data record. Diurnal and semidiurnal tidal variations in polar
motion observed by satellite laser ranging tracking have also been determined [Watkins and Eanes, 1994], but
this technique is faced with the challenge of sparse and non-uniform data. Global networks of terrestrial GPS
stations are also being increasingly used to generate observations of diurnal and semidiurnal tidal variations
in polar motion [e.g., Rothacher et al., 2001; Sibois, 2011]. The GPS approach has the benefit of continuously
available data and a global network that has been growing since the early 1990s. However, the GPS approach
is prone to systematic errors most significantly frommismodeling of solar radiation pressure forces acting on
the satellites and therefore potentially at solar tidal frequencies. Recently, Artz et al. [2012] have used a com-
bination of VLBI and GPS data but they concede that their diurnal and semidiurnal tidal polar motion esti-
mates are dominated by the GPS data.

Our approach for evaluating predicted with observed diurnal and semidiurnal tidal variations in polar motion
is to apply background models for the predicted tidal effects when generating GPS-based polar motion
observations. We then generate continuous time series of residual polar motion with 15min temporal resolu-
tion using data from global networks of GPS tracking stations. These observations of residual polar motion
reflect remaining unmodeled effects (e.g., atmospheric effects in this case) and errors in the background
models. We use observed residual signals at tidal frequencies as a measure of deficiencies in the background
models. This contrasts to the alternative approach that explicitly compares predicted and observed tidal
amplitudes and phases or alternatively in-phase and quadrature terms [e.g., Artz et al., 2011; Englich et al.,
2007]. In the latter approach, observations of the tidal components are determined either directly through
inclusion into the normal equations associated with the geodetic data or indirectly from high-frequency
(e.g., sub-hourly, hourly, or 2 h) time series of observed polar motion that have been generated without
the application of background models.

We compare the performance of two models of predicted diurnal and semidiurnal ocean tide contributions
to polar motion. The first is the IERS 2010 model that has been recommended for over a decade. The second
is based upon our computations of predicted effects as derived from the more recent TPXO8 ocean tide
model. Since TPXO8 is a more recent version of the ocean tide model used to derive the IERS 2010 model
for ocean tide effects on Earth rotation (Model C from Chao et al. [1996]), results from this study provide
an additional external metric to evaluate enhancements to these models. We consider each model of ocean
tide effects with and without application of the predicted diurnal libration effects using the IERS conventional
model from Mathews and Bretagnon [2003]. Of interest is the consistency of the sum total of the predicted
ocean tide and libration effects with observed prograde diurnal polar motion, since the predictions of each
effect are completely independent of each other. The best consistency should result in the lowest observed
residual diurnal tidal signal. Note that Chao et al. [1996] found that the respective accuracies of the predicted
ocean tide effects and VLBI-based observations available at that time were insufficient to evaluate their
model of the libration effects. Other studies [e.g., Artz et al., 2012] have found incompatibilities between their
observations and the IERS 2010models for predicted ocean tide and libration effects. Consistent with our pre-
viously stated approach to exclude evaluation of nutation in this study, we always apply the background
nutation model from Mathews et al. [2002], as recommended by the current IERS conventions [Petit and
Luzum, 2010], when generating the GPS-based polar motion time series. In effect, this means that we always
use Model C from Chao et al. [1996], in the manner in which it has been applied to that nutation model, to
account for the ocean tide effects on retrograde diurnal motion of the rotation axis.

2. Predicted Ocean Tide Effects on Polar Motion

The geodetic techniques report polar motion as the location of the rotation axis in the direction of the
Greenwich and 90°W meridians, p1 and p2 (or x and y directions), respectively. These are related to the
prograde (p) and retrograde (r) components as follows, with respective amplitudes and phases, Ap, Ar, αp,
and αr [e.g., Chao et al., 1996].

p tð Þ ¼ p1 tð Þ � ip2 tð Þ ¼ Ape
i θ tð Þþαpð Þ þ Are

�i θ tð Þ�αrð Þ: (1)
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The astronomical tidal argument, θ(t) =ωt+ β, is a function of the tidal frequency, ω, and associated phase, β.
We compute the predicted effects of the ocean tides on polar motion following the approach adopted by
Gross [1993] and Chao et al. [1996]. Specifically, we use equation 4.18 of Sasao and Wahr [1981] provided
in the frequency domain, given the relationship between nutation and reported polar motion from Gross
[1992]. This computation of the predicted ocean tide effects on polar motion is repeated here for clarity.

p ωð Þ ¼ 2:554�10�4 Ω
ωf cn � ω

þ 2:686�10�3 Ω
ωcw � ω

� �
Ωc ωð Þ
AΩτ

þ 6:170�10�4 Ω
ωf cn � ω

þ 1:124
Ω

ωcw � ω

� �
h ωð Þ
AΩ

:

(2)

In this equation ωfcn is the frequency of the Earth’s free core nutation (�1–1/431.4 cpsd) [Mathews et al.,
2002], ωcw is the frequency of the Chandler wobble (1/434.3 cpsd with Q= 170) [Wilson and Vicente, 1980],
Ω=1cpsd, τ =Ω2a5/3GA, a is the mean radius of the Earth, G is the universal gravitational constant, and A
is the Earth’s mean equatorial moment of inertia. The complex quantities c(t) = c13(t) + ic23(t) and h(t) = h1
(t) + ih2(t) represent the equatorial (x and y) mass and motion components of the ocean tide contributions
to polar motion, respectively. The former represents perturbations to the indicated components of the
Earth’s inertia tensor from the redistribution of mass associated with the ocean tide heights. The latter repre-
sents the perturbations to oceanic angular momentum relative to the solid Earth from the ocean tide
currents. Similarly, variations in the Earth’s rotation rate, or length-of-day (LOD), are dependent on perturba-
tions to the polar moment of inertia, c33(t), and axial (z) component of relative angular momentum, h3(t) [e.g.,
see Gross, 1993, equation (6)]. Formulas for computing each of these quantities are provided, for example, in
equations (1) and (2) from Chao and Ray [1997]. The angular momentum functions are actually functions of
mass transport, namely, the product of ocean depth and tidal ocean current velocities. Here we also use a
value of 1035 kg/m3 for the density of sea water.

We use version 8 of the TPXO model, TPXO8, for the eight primary diurnal and semidiurnal ocean tides to
compute the respective mass and motion contributions to angular momentum, as shown in Table 1. This
is a more recent version of the hydrodynamic model from Egbert et al. [1994] and Egbert and Erofeeva
[2002] that assimilates satellite altimeter measurements of tide heights. The model provides global maps
of tide heights and two-dimensional (east-west and north-south) mass transport. The model is distributed
with 2min global spatial resolution in latitude and longitude. The released tidal fields are based upon a
1/6th-degree global data assimilative model merged with 33 higher resolution (1/30th-degree) regional solu-
tions (G. Egbert, personal communication, 2016). The model’s provision of mass transport, rather than tidal
currents, is convenient for predicting variations in the Earth orientation parameters (EOPs), which include
polar motion and LOD. The predicted mass transport perhaps has some benefit in having improved consis-
tency with the accurate tide height measurements provided by the satellite altimeter measurements. Only
the equatorial, x and y, components of angular momentum are required for predicting the effects of the
ocean tides on polar motion and nutation. However, for completeness and consistency, Table 1 also provides
the axial, z, component as it can be applied toward predicting tidal variations in LOD.

Table 1. Mass and Motion Components of Ocean Tide Angular Momentum, Ωci3 and hi (i = 1,2,3 for x, y, and z),
Respectively, for the Eight Primary Diurnal and Semidiurnal Tidal Components From the TPXO8 Ocean Tide Modela

Q1 O1 P1 K1 N2 M2 S2 K2

A ϕ A ϕ A ϕ A ϕ A ϕ A ϕ A ϕ A ϕ

X
Mass 1.2 341 4.7 330 1.5 315 4.6 309 1.3 349 5.1 10 1.2 41 0.3 40
Motion 0.6 322 2.6 311 1.4 291 4.9 289 1.3 253 10.2 260 5.8 300 1.7 294

Y
Mass 2.6 216 11.8 222 4.4 224 13.9 224 0.3 240 3.5 305 2.9 8 0.8 7
Motion 0.6 228 4.0 214 2.0 197 7.1 196 2.5 164 17.9 168 9.8 203 2.8 197

Z
Mass 0.7 141 1.9 169 0.4 19 1.6 9 0.5 69 6.0 84 2.5 126 0.7 124
Motion 1.4 109 6.2 119 2.4 128 7.8 129 3.0 330 15.8 319 7.8 344 2.2 343

aAmplitudes, A, and Greenwich phase lags, ϕ, have units of 1024 kgm2 s�1 and degrees, respectively.
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The ocean tide angular momentum budgets of Chao et al. [1996] have essentially served as a reference for the
last two decades by virtue of their application to the IERS 2010model for predicting tidal variations in the EOPs,
as well as their use in the conventional nutation model from Mathews et al. [2002]. For ease of comparison, in
Table 1 we intentionally adopt the Greenwich phase lag convention that is typically adopted by most ocean
tide models and that was used in Table 3 of Chao et al. [1996]. Recall that their values are based upon one of
the early versions of the TPXO ocean tide model. Vector differences between the TPXO8-based values with
those from Chao et al. [1996] are generally larger for the motion than the mass component. For example, only
the y component of the M2 and K1 tides have mass component differences larger than 0.5 1024 kgm2 s�1.
However, two axial (z) and seven equatorial (x and y) motion terms have differences that are larger than 0.5
1024 kgm2 s�1, with the K1 y component having the largest difference of 1.3 1024 kgm2 s�1. This suggests that
the most significant evolution in the TPXO tide modeling approach has been with the determination of mass
transport. This is perhaps as expected given that the long-wavelength components of the ocean tide heights
needed to predict the mass component have been well determined from the altimeter observations.
Although, advances in modeling the ocean tides at the polar latitudes not sampled by the altimeters [e.g.,
Ray et al., 1996] are also important for accurate determination of these long-wavelength components.

To determine the significance of these differences in the ocean tide angular momentumbudget we apply them
toward predicting their impact on the EOPs. However, explicit ocean tide models are not provided for all tidal
frequencies in the diurnal and semidiurnal tidal spectrum. In the diurnal and semidiurnal tidal bands they are
usually provided for at least the eight primary components shown in Table 1. The typical approach is to then
infer the ocean tide response, and consequently their predicted effects on the EOPs, at other tidal frequencies
by assuming a smooth unit relative response within each tidal band, or within narrow bands close to those pri-
mary frequencies. Appendix A provides details on the response function approach that we used to compute the
TPXO8-based predicted effects of the ocean tides on the EOPs at all diurnal and semidiurnal tidal frequencies.
We determine smooth response functions for each of the EOPs and in each of the diurnal and semidiurnal
bands using the respective predicted variations at the primary frequencies explicitly provided by the TPXO8
model. Appendix A also provides tables of the respective predicted diurnal and semidiurnal variations in polar
motion and LOD at 159 tidal frequencies. Although our primary objective is to evaluate polar motion, we also
compute and provide predicted LOD variations. For complete consistency we simultaneously apply back-
ground models of the TPXO8-based predicted tidal variations in polar motion and LOD when generating the
respective GPS-based observations of residual polar motion. Similarly, when generating GPS-based observa-
tions of residual polar motion with the IERS 2010 background model we use values of predicted tidal variations
in polar motion and LOD as provided in Tables 8.2a, 8.2b, 8.3a, and 8.3b of Petit and Luzum [2010]. These IERS
2010 values at 71 tidal frequencies were determined by applying a smooth response approach to the Chao et al.
[1996] Model C predicted EOP variations at the eight primary frequencies.

Our approach for evaluating differences between polar motion predictions from different ocean tide models
can be considered as follows. Each individual model for the x and y polar motion variations, p1 and p2, respec-
tively, can be considered to have coefficients Cx, Sx, Cy, and Sy for the in-phase (cosine) and quadrature (sine)
components of the tidal argument θ(t) (see equation (1)). Respective differences between models, or model
errors, are represented by δCx, δSx, δCy, and δSy. From equation (1), each of the prograde and retrograde polar
motion vectors is then as follows.

Ap cosαpþiAp sinαp
¼ 1

2
CxþδCxð Þ– SyþδSy

� �� �
–i SxþδSxð Þ þ CyþδCy

� �� �� �
:

(3a)

Ar cosαrþiAr sinαr
¼ 1

2
CxþδCxð Þþ SyþδSy

� �� �þi SxþδSxð Þ� CyþδCy
� �� �� �

: (3b)

Subsequently, we use the amplitudes of the differences in each of the prograde and retrograde polar motion
vectors to evaluate model discrepancies.

Prograde : Δp ¼ 1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δCx�δSy
� �2 þ δSxþδCy

� �2q
: (4a)

Retrograde : Δr ¼ 1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δCx þ δSy
� �2 þ δSx � δCy

� �2q
: (4b)
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As expected, the most significant differences between the TPXO8-based values and those from the IERS 2010
model are in the eight primary diurnal and semidiurnal tidal components, as is evident from Figure 1. Polar
motion differences are largest in the diurnal band with amplitudes of 2.8, 20.4, 9.4, and 30.5 μas for the Q1, O1,
P1, and K1 retrograde components, respectively. In the semidiurnal band, differences in the prograde (retrograde)
components are 1.4 (4.2), 5.4 (5.3), 4.9 (10.1), and 2.1 (3.7) μas for the N2, M2, S2, and K2, components, respec-
tively. Length-of-day differences are largest for the O1, K1, M2, S2, and K2 components with amplitudes of 3.0,
12.2, 14.8, 13.2, and 5.2 microseconds (μs), respectively. Most importantly, these differences are at the same
level as, or larger than, the total effects of libration on diurnal polar motion and semidiurnal LOD. They are there-
fore significant with regard to closing the budget between observed and predicted tidal variations in the EOPs.

3. Evaluation Using GPS-Based Polar Motion Observations

We use GPS-based observations to evaluate models for the predicted effects of the ocean tides and libration
on diurnal and semidiurnal polar motion. Our approach applies background models for the predicted effects

Figure 1. Amplitude of differences between this paper’s and the IERS 2010 models for predicted diurnal and semidiurnal
ocean tide effects on variations in polar motion and length-of-day. This paper’s values are based upon the TPXO8 ocean
tide model, while the IERS 2010 model is based upon Model C (an earlier TPXO model) from Chao et al. [1996]. Differences
are shown for (top) prograde polar motion, (middle) retrograde polar motion, and (bottom) length-of-day. The root-sum-
square of these differences are 39.5 μas, 13.0 μas, and 24.8 μs, respectively. Both models being differenced have no diurnal
retrograde components by convention.

Journal of Geophysical Research: Solid Earth 10.1002/2016JB013125

DESAI AND SIBOIS TIDAL VARIATIONS IN POLAR MOTION 5242



when generating GPS-based time series of observed residual polar motion. For each considered background
model, or combination of models, continuous GPS-based observations of residual polar motion are gener-
ated with 15min temporal resolution spanning 10 years, 2004–2013. In cases where a background model
for the effects of libration on polar motion and rotation rate is applied we use the conventional model from
Mathews and Bretagnon [2003], as provided in Tables 5.1a and 5.1b in Petit and Luzum [2010]. In all cases, daily
values of polar motion and Earth rotation rate from the IERS EOPC04 time series are also applied as back-
ground nominal values when processing the GPS data. In effect, these daily values serve to model variations
in the EOPs at periods longer than 2 days. However, they also contain daily averages of errors in the back-
ground models of diurnal and semidiurnal EOP variations that were applied when generating those values.
The IERS 2010 model is likely to have been used by most of the contributors to these daily time series given
that it has been the recommended model for over a decade. Also, in all cases the conventional nutation
model from Mathews et al. [2002] is applied, serving to model diurnal retrograde motion of the rotation axis
caused by the ocean tides and other effects, as mentioned earlier.

The GPS processing approach essentially follows that described in Sibois [2011]. Independent GPS network
solutions are performed daily using data spanning 3 days, with each solution also estimating GPS satellite
and station states, as well as tropospheric delay at each station. A potential benefit from applying back-
ground models of polar motion is to mitigate the impact of correlations between other parameters in the
GPS network solutions on the estimated residual polar motion parameters of interest to this study [e.g.,
Sibois, 2011]. In each 3 day network solution polar motion is estimated at 15min intervals using 5min GPS
tracking data from 60 globally distributed terrestrial GPS sites. The positions of approximately 25% of the
stations are fixed to the International Global Navigation Satellite Systems (GNSS) Service (IGS) realization of
the 2008 International Terrestrial Reference Frame [Altamimi et al., 2011], while the remainder are estimated.
The 10 year time series of residual polar motion are then generated by accumulating the middle 24 h of
15min estimates from each daily 3 day solution. This approach inherently has the risk of introducing daily
discontinuities which can manifest as harmonics of the 24 h period. However, these are mitigated through
our approach to estimate residual, rather than total, polar motion.

Equations (3) and (4) are similarly applied to evaluating the background models. In this case, Cx, Sx, Cy, and Sy
represent the coefficients of the background models. Spectral decompositions of the GPS-based observed
residual polar motion time series then provide estimates of δCx, δSx, δCy, and δSy. In this case, these coeffi-
cients represent residual errors in the background models, namely, the difference between total observed
and background model prograde and retrograde vectors, and systematic errors introduced by the GPS
processing approach. The amplitude of the error vector is then provided by equation (4).

The case that applies backgroundmodels for the sum total of the ocean tide and libration effects on the EOPs
using the TPXO8-based predictions of the ocean tide effects is chosen as a reference solution. Figure 2 shows
that the background noise in the GPS-based time series of residual polar motion is mostly below 2μas in the
prograde diurnal tidal band, and always below 1μas in the prograde and retrograde semidiurnal tidal bands.
The exception is within ±0.05 cycles per day (cpd) of the 1 cpd diurnal frequency where background noise
and systematic signals reach 5–10μas. Our approach for accumulating the 10 year time series from the
middle 24 h of 3 day solutions as well as expected systematic errors from mismodeling solar radiation pres-
sure forces on the GPS satellites are likely contributors to larger errors near 1 cpd. The largest residual signal
is at a frequency of 0.983 cpd (24.4 h) and has an amplitude of 11μas but does not correspond to any known
tidal frequency. Otherwise, residual signals primarily occur at the tidal frequencies and are clearly distinguish-
able above the background noise. In the prograde diurnal band the residual errors in the backgroundmodels
are always less than 10μas, and in the prograde semidiurnal band they are all less than 2μas. With the
exception of S2, residual errors in the retrograde semidiurnal band are less than 5μas. Recall that we have
not accounted for atmospheric effects that are known to have contributions at the S1 and S2 tidal frequencies
of less than 10μas [Brzeziński et al., 2004]. Larger residual signals in the retrograde semidiurnal band than
prograde are expected since the total signal is at least 3 times larger. Of note are the residual signals at
the OO1, 2 N2, and μ2 tidal frequencies which have residual signal with similar amplitudes as the total
predicted background models themselves. As described in Appendix A, we expect larger errors for tidal
frequencies, such as these, that are outside of the range spanned by the primary frequencies from which
the EOPs are derived for the respective tidal bands.
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As an alternative approach, we also perform a least squares analysis of the reference GPS-based residual polar
motion time series, estimating only the tidal signals along with bias, drift, and harmonic signals at periods of
4, 4.8, 6, 8, and 32.9 h. Systematic signals at the level of 1–5μas are observed at these periods but clearly
non-tidal in origin. The error coefficients δCx, δSx, δCy, and δSy are explicitly estimated at 180 narrow tidal
bands. A constant relative response of all tidal frequencies within 1 cycle per year of each primary frequency
in each of those bands is assumed. The formal (1 sigma) errors of the estimated error coefficients at tidal
frequencies are all on the order of 0.1–0.3μas, except for S1 at 0.4μas, suggesting they have accuracies of
better than 1.5μas even if using a conservative 5 sigma estimate of the errors. The resulting prograde and
retrograde error vector amplitudes (equations (4a) and (4b)), as shown in Table 2, agree well with the spectral
decomposition in Figure 2, especially for the semidiurnal frequencies where the background noise is low.
Discrepancies of up to 2μas are apparent for the prograde diurnal frequencies, especially for frequencies near
1 cpd where the background systematic signals are larger and not explicitly accommodated in the least
squares approach. The results in Table 2 reinforce that all residual tidal signals are less than 10μas when using
background models with the TPXO8-based ocean tide effects together with the libration effects.

Figure 2. Amplitude spectrum of GPS-based observations of residual variations in the (top) prograde diurnal, (middle)
prograde semidiurnal, and (bottom) retrograde semidiurnal tidal frequency bands when applying background models
for ocean tide effects from this paper’s TPXO8-based model and libration effects fromMathews and Bretagnon [2003]. Gray
lines indicate frequencies of some primary tidal components.
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Also shown in Table 2 are the corre-
sponding results when using the IERS
2010 model for ocean tide effects
together with the libration model.
The comparison with the respective
TPXO8-based case is visualized in
Figures 3 (top panel) and 4. Most nota-
ble is the significant improvement in
performance, as manifested by smaller
amplitudes of residual signals, when
using the TPXO8-based model at most
of the primary tidal frequencies. In par-
ticular, the residual tidal errors in the
prograde Q1, K1, and M2 variations
and the retrograde N2, M2, and K2 var-
iations are smaller by 2–16μas when
using the TPXO8-based model. When
the TPXO8-based model generates lar-
ger residual errors than the IERS 2010
model the increase is always less than
1μas with one exception. Overall,
these results suggest that the TPXO8-
based model provides minimal impact
on the minor tidal components com-
pared to the IERS 2010 model. In the
one exception, the amplitude of the
residual error in the prograde P1 com-

ponent increases by 5μas when using the TPXO8-based model. The least squares approach used to generate
Table 2 indicates that the TPXO8 and IERS 2010 models result in similar (within 0.1μas) residual variations at
the prograde O1 tidal component. Similarly, in the spectral approach used to generate Figure 3 the closest
reported frequency to the O1 component shows residual variations from the TPXO8 and IERS 2010 models
agreeing to within 0.2μas, while the other (further) surrounding frequency shows agreement to within
2.0μas. However, Figure 3 (top) shows that the TPXO8model results in a 7μas reduction of residual variations
at each of the two frequencies that are 0.0003 cpd away from the O1 tidal component on both sides (higher
and lower). These two frequencies do not correspond to known tidal terms. They appear to reflect systematic
errors that manifest in the IERS 2010-based residual time series only, since their amplitudes are reduced to
less than 1.2μas in the respective TPXO8-based time series.

Figure 3 (middle and bottom panels) also shows prograde diurnal polar motion results from two additional
cases, where the two considered background models of ocean tide effects are applied without the
libration models. Corresponding results for semidiurnal prograde and retrograde polar motion are not
explicitly shown because they agree to within the background noise level with the respective cases where
the libration model was applied. This is expected because libration has no impact on semidiurnal polar
motion. Most importantly, the application of the libration model together with the TPXO8-based ocean
tide model performs better than when the libration model is not applied, as evidenced by smaller ampli-
tudes of the residual errors. In contrast, the IERS 2010 ocean tide model performs better, namely, has
smaller residual errors, when the libration model is not simultaneously applied. This suggests that the
TPXO8-based model for ocean tide effects has better consistency with the libration model than does
the IERS 2010 model.

The GPS-based time series provide an opportunity to consider residual errors in retrograde diurnal polar
motion but should be interpreted with caution due to the inherent relationship to nutation and the challenge
in observing nutation with satellite geodetic techniques [Rothacher et al., 2001]. In the reference case (TPXO8-
based ocean tide with libration effects), the only tidal components with observed residual signal above 4μas
are P1, S1, and K1 with amplitudes of 7, 11, and 5μas, respectively. When using the IERS 2010 model instead,

Table 2. Amplitudes of Residual Tidal Signals in GPS-Based Observations
of Polar Motion When Applying Background Models for Libration Effects
From Mathews and Bretagnon [2003] and Ocean Tide Effects From the
Two Considered Models, This Paper’s TPXO8 and the IERS 2010 Modelsa

Tide Direction

Background Ocean Tide Model

TPXO8 IERS 2010

Q1 Prograde 2.8 5.1
O1 Prograde 7.4 7.5
M1 Prograde 0.7 2.4
π1 Prograde 3.0 3.0
P1 Prograde 7.8 2.8
S1 Prograde 8.8 8.7
K1 Prograde 8.0 24.6
ψ1 Prograde 3.5 3.5
J1 Prograde 3.7 2.7
OO1 Prograde 4.1 3.1
M2 Prograde 0.9 5.7
S2 Prograde 2.1 4.1
2 N2 Retrograde 2.5 1.6
μ2 Retrograde 3.9 3.1
N2 Retrograde 2.0 3.7
M2 Retrograde 5.0 7.4
T2 Retrograde 3.3 2.8
S2 Retrograde 7.4 7.2
K2 Retrograde 0.9 4.3

aRetrograde diurnal signals are not considered, and only those tidal
frequencies with residual signals larger than 2μas for either model
are shown. Results are based upon least squares analysis of residual
GPS-based time series of polar motion. Units are μas.
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the respective amplitudes are very similar at 7, 10, and 7μas, respectively. This is as expected since the same
nutation model has been used to generate the respective GPS-based residual time series.

4. Conclusion

High-frequency GPS-based observations of polar motion are shown to provide an effectivemeans to evaluate
models of the predicted effects of the ocean tides and libration in the diurnal and semidiurnal tidal bands.
These observations appear to be capable of discerning diurnal and semidiurnal variations with accuracies
of 1–2μas. As such, they provide an additional approach to evaluating the long-wavelength components
of global models of the ocean tide heights and currents [e.g., Stammer et al., 2014]. The TPXO8 ocean tide
model, a more recent version of the model for the ocean tide effects that has been recommended by
the IERS for the last two decades, shows two notable improvements over its predecessor. Residual polar

Figure 3. Differences of amplitude spectra of GPS-based observations of residual variations in prograde diurnal polar
motion with respect to the spectrum shown in Figure 2 (top). Differences are for three respective background model
cases: (top) IERS 2010 model for ocean tide effects with the Mathews and Bretagnon [2003] model for libration effects;
(middle) IERS 2010 model for ocean tide effects without a model for libration effects; (bottom) this paper’s TPXO8-based
model for ocean tide effects without a model for libration effects. Positive values indicate larger residual variations than
when using the nominal TPXO8-based model for ocean tide effects with the Mathews and Bretagnon [2003] model for
libration effects, as shown in Figure 2. Gray lines indicate frequencies of some primary tidal components.

Journal of Geophysical Research: Solid Earth 10.1002/2016JB013125

DESAI AND SIBOIS TIDAL VARIATIONS IN POLAR MOTION 5246



motion variations at the primary tidal frequencies are, with the exception of P1, always smaller when using
the more recent model. Most significantly the residual signal at the K1 tidal frequency is smaller by 16μas.
Residual tidal variations in polar motion are always below 10, 2, and 5μas for the prograde diurnal, prograde
semidiurnal, and retrograde semidiurnal (except S2) tidal components, respectively. The residual signals at
the primary tidal frequencies correspond to approximately 2–15% of the respective total predicted signal.
In addition, the more recent model shows improved consistency with the conventional model for the effects
of libration, again through smaller observed residual polar motion variations.

Nevertheless, some remaining weaknesses in the TPXO8 ocean tide model and the approach in which we
apply it to predicting EOP variations are observed. Residual variations for the P1 tide increase by 5μas
compared to its predecessor. In addition, residual variations at those frequencies that lie on the outer edges
of the tidal bands (e.g., 2 N2, μ2, and OO1) have similar amplitudes to the respective total predicted effects.
This suggests that the smooth response functions that we applied to the EOPs are particularly deficient when
they are used to extrapolate, rather than interpolate, predicted variations from the explicitly provided
primary tidal frequencies. The particular application of using ocean tide models to predict EOP variations is
likely to benefit from explicit modeling of the tide heights and currents at frequencies on the outer edges
of the respective tidal bands. However, the tide-generating potential at these frequencies is significantly
smaller so the challenge lies with generating sufficiently accurate altimeter-based observations of the respec-
tive tide heights.

The high-frequency GPS-based polar motion observations appear to have accuracies that may prove bene-
ficial to evaluating smaller, and previously ignored, effects on diurnal and semidiurnal polar motion. In parti-
cular, the effects of the atmosphere at the S1 and S2 tidal frequencies are at the level of the respective

Figure 4. Differences of amplitude spectra of GPS-based observations of residual prograde and retrograde semidiurnal
polar motion variations with respect to the spectra shown in Figures 2 (middle) and 2 (bottom). Differences are shown
for (top) prograde and (bottom) retrograde semidiurnal polar motion, respectively. Both are for the approach that uses the
IERS 2010 model for ocean tide effects with the Mathews and Bretagnon [2003] model for libration effects. Positive values
indicate larger residual variations than when using the nominal TPXO8-based model for ocean tide effects with the
Mathews and Bretagnon [2003] model for libration effects, as shown in Figure 2. Libration effects have no substantive
impact on the semidiurnal variation in polar motion, so the respective cases without a background libration model are not
explicitly shown. Gray lines indicate frequencies of some primary tidal components.
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observed residual tidal signals [Brzeziński et al., 2004] and larger than the accuracies of the GPS observations.
For those purposes, it would also become important to use a model for the observed S1 ocean tide [e.g., Ray
and Egbert, 2004, Appendix A], as it includes a significant non-gravitational component. In addition, seasonal
variations in the S1 atmospheric angular momentum will contribute to apparent EOP variations at the P1 and
K1 tidal frequencies and are therefore also worth considering when investigating remaining residual polar
motion variations. They may have some bearing on the observed increase in residual P1 polar motion varia-
tions when using the TPXO8 model for ocean tide effects. The GPS observations might also lend insight into
models for the impact of the triaxial core on libration effects [Brzeziński and Mathews, 2003], which have
amplitudes similar to the accuracies of the GPS observations. Furthermore, the formulas that we have used
to convert ocean tide angular momentum to predicted polar motion variations, from Sasao and Wahr
[1981], may be worth revisiting with more recent Earth models. Similarly, the observed improvements in
predicting tidal variations in polar motion from a modern ocean tide model are likely to also provide benefits
to predicting the related effects on nutation.

Appendix A: Earth Orientation Parameters Derived From Response Functions

Variants of smooth response assumptions are almost always used to determine the ocean tide response at
frequencies that are not explicitly modeled. Specifically, the unit relative response in the frequency domain,
often also referred to as the tidal admittance, is assumed to be smooth across some bandwidth [e.g., Munk
and Cartwright, 1966]. This approach determines the tidal admittance by normalizing (i.e., dividing) the expli-
citly modeled tidal parameter, usually the tide heights and currents, by the respective tide-generating poten-
tial amplitude [e.g., Cartwright and Ray, 1990]. A smooth response function is then assumed and used to
evaluate the tidal admittance at any frequency within the desired bandwidth. The tidal parameter at any
frequency is then determined by rescaling (i.e., multiplying) the respective admittance by the associated
tide-generating potential amplitude. We similarly apply the assumption of a smooth unit relative response
to the EOPs. We assume smooth response functions for each of the three EOPs across each of the diurnal
and semidiurnal tidal bands. The EOP predictions at the primary frequencies that are explicitly provided by
the TPXO8 tide model are used to derive the response functions.

We consider factors that might introduce non-negligible deviations from a smooth response when choosing
the tidal frequencies that provide the source of the respective response functions. For example, the observed
solar diurnal and semidiurnal, S1 and S2, ocean tides include a response to the gravitational lunisolar tidal
potential and a non-trivial response to non-gravitational effects such as atmospheric forcing [e.g., Ray and
Egbert, 2004]. The observed K1 and K2 ocean tides are likely to also contain atmospheric effects but at signif-
icantly smaller level relative to the tidal gravitational effects. Here we assume that those non-gravitational
effects at K1 and K2 can be ignored at least with regard to inferring the ocean tides at other smaller-amplitude
tidal frequencies. Meanwhile, the free core nutation resonance is expected to cause deviations from a smooth
response of the ocean tides at nearby diurnal frequencies. Desai and Wahr [1995] show that the free core
nutation resonance is expected to amplify the effective ocean tide-generating potential, and therefore the
response, of the K1 tide by 6% but by only 2% at the nearby P1 frequency. An additional consideration is
the frequency separation between the tidal components that are used to derive the smooth response func-
tions. For example, the K1 and P1 tidal components are only separated by 0.0055 cycles per day so there is
limited value, if any, in having both contribute to determination of the response functions.

Given these considerations, we derive EOP response functions using the respective TPXO8-based predicted
variations for the Q1, O1, and K1 tidal components in the diurnal band and N2, M2, and K2 in the semidiurnal
band. We use the free core nutation resonance functions from Desai and Wahr [1995, equations (20) and (22)]
to determine the effective tide-generating potential amplitudes at the diurnal tidal frequencies when com-
puting the unit response of the EOPs. Doing so mitigates the impact of the free core nutation resonance
on the assumed diurnal response function. We use three independent parameters to define each of the
diurnal and semidiurnal response functions, recognizing that we have predicted variations at only three
independent frequencies in each tidal band. Of course, three-parameter response functions will exactly
represent the predicted variations at those three frequencies. For the remaining two TPXO8-based predicted
EOP variations, S2 and P1, we use values as explicitly computed from the tide model instead of those
computed from the response functions.
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Table A1. Coefficients of sin(θ(t)) and cos(θ(t)) of Diurnal and Semidiurnal Variations in Polar Motion, p1 and p2, Caused by the Ocean Tides, Where θ(t) Is the
Astronomical Tidal Argumenta

Tidal Argument, θ(t)

Doodson Number Period (days)

p1 (xp) p2 (yp)

Tide γ l l’ F D Ω sin cos sin cos

1 �2 0 �2 �2 �2 107.755 1.2670641 �0.11 0.24 �0.24 �0.11
1 0 0 �2 �4 �2 109.555 1.2593143 �0.07 0.15 �0.15 �0.07
1 �3 0 �2 0 �1 115.845 1.2187487 �0.03 0.10 �0.10 �0.03
1 �3 0 �2 0 �2 115.855 1.2185303 �0.16 0.54 �0.54 �0.16
1 �1 0 �2 �2 �1 117.645 1.2115770 �0.07 0.26 �0.26 �0.07
1 �1 0 �2 �2 �2 117.655 1.2113611 �0.37 1.40 �1.40 �0.37
1 �1 1 �2 �2 �2 118.654 1.2073570 �0.03 0.10 �0.10 �0.03
1 1 0 �2 �4 �2 119.455 1.2042758 �0.06 0.27 �0.27 �0.06
1 �2 0 �2 0 �1 125.745 1.1671263 �0.04 0.83 �0.83 �0.04

2Q1 1 �2 0 �2 0 �2 125.755 1.1669259 �0.19 4.41 �4.41 �0.19
1 0 0 �2 �2 �1 127.545 1.1605476 �0.01 0.99 �0.99 �0.01

σ1 1 0 0 �2 �2 �2 127.555 1.1603495 �0.03 5.24 �5.24 �0.03
1 0 1 �2 �2 �2 128.554 1.1566750 0.01 0.35 �0.35 0.01
1 2 0 �2 �4 �2 129.355 1.1538467 0.00 0.16 �0.16 0.00
1 �3 0 �2 2 �2 133.855 1.1256354 �0.02 �0.09 0.09 �0.02
1 �1 �1 �2 0 �2 134.656 1.1229567 �0.05 �0.25 0.25 �0.05
1 1 0 �4 0 �2 135.435 1.1206604 �0.03 �0.11 0.11 �0.03
1 �1 0 �2 0 0 135.635 1.1198837 �0.04 �0.17 0.17 �0.04
1 �1 0 �2 0 �1 135.645 1.1196992 1.33 5.46 �5.46 1.33

Q1 1 �1 0 �2 0 �2 135.655 1.1195149 7.08 28.95 �28.95 7.08
1 0 0 �2 �1 �2 136.555 1.1164795 �0.04 �0.15 0.15 �0.04
1 �1 1 �2 0 �2 136.654 1.1160941 0.07 0.27 �0.27 0.07
1 1 0 �2 �2 �1 137.445 1.1136429 0.29 1.01 �1.01 0.29

ρ1 1 1 0 �2 �2 �2 137.455 1.1134606 1.53 5.38 �5.38 1.53
1 �1 0 0 �2 0 137.655 1.1126938 �0.09 �0.31 0.31 �0.09
1 �1 0 0 �2 �1 137.665 1.1125117 0.03 0.10 �0.10 0.03
1 1 1 �2 �2 �2 138.454 1.1100766 0.07 0.24 �0.24 0.07
1 �2 0 �2 2 �2 143.755 1.0814566 �0.20 �0.39 0.39 �0.20
1 0 �1 �2 0 �2 144.556 1.0789839 �0.23 �0.44 0.44 �0.23
1 0 0 �2 0 0 145.535 1.0761465 �0.39 �0.73 0.73 �0.39
1 0 0 �2 0 �1 145.545 1.0759762 12.84 23.85 �23.85 12.84

O1 1 0 0 �2 0 �2 145.555 1.0758059 68.16 126.32 �126.32 68.16
1 �2 0 0 0 0 145.755 1.0750901 �0.44 �0.81 0.81 �0.44
1 �2 0 0 0 �1 145.765 1.0749201 �0.07 �0.13 0.13 �0.07
1 0 1 �2 0 �2 146.554 1.0726466 0.21 0.38 �0.38 0.21

τ1 1 0 0 0 �2 0 147.555 1.0695055 �0.93 �1.60 1.60 �0.93
1 0 0 0 �2 �1 147.565 1.0693373 0.20 0.35 �0.35 0.20
1 0 1 0 �2 0 148.554 1.0663831 �0.06 �0.10 0.10 �0.06
1 �1 0 �2 2 �1 153.645 1.0407740 �0.13 �0.18 0.18 �0.13
1 �1 0 �2 2 �2 153.655 1.0406147 �0.59 �0.79 0.79 �0.59
1 1 0 �2 0 �1 155.445 1.0355394 �0.42 �0.55 0.55 �0.42
1 1 0 �2 0 �2 155.455 1.0353817 �2.26 �2.96 2.96 �2.26
1 �1 0 0 0 1 155.645 1.0348762 0.18 0.24 �0.24 0.18

M1 1 �1 0 0 0 0 155.655 1.0347187 �6.28 �8.22 8.22 �6.28
1 �1 0 0 0 �1 155.665 1.0345612 �1.26 �1.65 1.65 �1.26

χ1 1 1 0 0 �2 0 157.455 1.0295447 �1.20 �1.54 1.54 �1.20
1 1 0 0 �2 �1 157.465 1.0293888 �0.26 �0.34 0.34 �0.26
1 0 �2 �2 2 �2 161.557 1.0082815 0.08 0.10 �0.10 0.08

π1 1 0 �1 �2 2 �2 162.556 1.0055058 2.02 2.55 �2.55 2.02
1 0 0 �2 2 �1 163.545 1.0028934 �0.38 �0.49 0.49 �0.38

P1 1 0 0 �2 2 �2 163.555 1.0027454 30.11 42.73 �42.73 30.11
1 0 1 �2 2 �2 164.554 1.0000001 �0.28 �0.36 0.36 �0.28

S1 1 0 �1 0 0 0 164.556 0.9999999 �0.80 �1.03 1.03 �0.80
1 0 0 0 0 1 165.545 0.9974159 2.03 2.65 �2.65 2.03

K1 1 0 0 0 0 0 165.555 0.9972696 �102.68 �134.45 134.45 �102.68
1 0 0 0 0 �1 165.565 0.9971233 �13.97 �18.30 18.30 �13.97
1 0 0 0 0 �2 165.575 0.9969771 0.30 0.39 �0.39 0.30

ψ1 1 0 1 0 0 0 166.554 0.9945541 �0.49 �0.65 0.65 �0.49
ϕ1 1 0 0 2 �2 2 167.555 0.9918532 �1.25 �1.70 1.70 �1.25
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Table A1. (continued)

Tidal Argument, θ(t)

Doodson Number Period (days)

p1 (xp) p2 (yp)

Tide γ l l’ F D Ω sin cos sin cos

1 0 1 2 �2 2 168.554 0.9891671 �0.07 �0.10 0.10 �0.07
θ1 1 �1 0 0 2 0 173.655 0.9669565 �0.65 �1.30 1.30 �0.65

1 �1 0 0 2 �1 173.665 0.9668190 �0.13 �0.26 0.26 �0.13
1 1 0 0 0 1 175.445 0.9625728 0.09 0.20 �0.20 0.09

J1 1 1 0 0 0 0 175.455 0.9624365 �3.01 �6.81 6.81 �3.01
1 1 0 0 0 �1 175.465 0.9623003 �0.60 �1.35 1.35 �0.60
1 �1 0 2 0 2 175.655 0.9618636 0.05 0.10 �0.10 0.05
1 0 �1 0 2 0 182.556 0.9365694 0.00 �0.08 0.08 0.00

SO1 1 0 0 0 2 0 183.555 0.9341741 �0.01 �1.21 1.21 �0.01
1 0 0 0 2 �1 183.565 0.9340457 0.00 �0.24 0.24 0.00
1 2 0 0 0 0 185.355 0.9299547 0.03 �0.61 0.61 0.03
1 2 0 0 0 �1 185.365 0.9298275 0.01 �0.12 0.12 0.01

OO1 1 0 0 2 0 2 185.555 0.9294198 0.27 �4.09 4.09 0.27
1 0 0 2 0 1 185.565 0.9292927 0.18 �2.62 2.62 0.18
1 0 0 2 0 0 185.575 0.9291657 0.04 �0.55 0.55 0.04
1 1 0 0 2 0 193.455 0.9035416 0.10 �0.23 0.23 0.10
1 �1 0 2 2 2 193.655 0.9030366 0.08 �0.17 0.17 0.08
1 �1 0 2 2 1 193.665 0.9029166 0.05 �0.11 0.11 0.05
1 3 0 0 0 0 195.255 0.8995938 0.03 �0.06 0.06 0.03

υ1 1 1 0 2 0 2 195.455 0.8990932 0.45 �0.93 0.93 0.45
1 1 0 2 0 1 195.465 0.8989743 0.29 �0.60 0.60 0.29
1 1 0 2 0 0 195.475 0.8988554 0.06 �0.13 0.13 0.06
1 0 0 2 2 2 1X3.555 0.8743808 0.12 �0.18 0.18 0.12
1 0 0 2 2 1 1X3.565 0.8742683 0.08 �0.11 0.11 0.08
1 2 0 2 0 2 1X5.355 0.8706832 0.11 �0.15 0.15 0.11
1 2 0 2 0 1 1X5.365 0.8705717 0.07 �0.10 0.10 0.07
1 1 0 2 2 2 1E3.455 0.8474877 0.04 �0.05 0.05 0.04
2 �4 0 �2 0 �2 215.955 0.5595636 �0.01 0.04 0.09 0.01
2 �2 0 �2 �2 �2 217.755 0.5580469 �0.07 0.15 0.36 0.06
2 0 0 �2 �4 �2 219.555 0.5565385 �0.05 0.08 0.21 0.04
2 �3 0 �2 0 �2 225.855 0.5484264 �0.35 0.13 0.60 0.22

ε2 2 �1 0 �2 �2 �2 227.655 0.5469695 �0.98 0.25 1.46 0.61
2 �1 1 �2 �2 �2 228.654 0.5461516 �0.08 0.02 0.11 0.05
2 1 0 �2 �4 �2 229.455 0.5455203 �0.20 0.03 0.26 0.12
2 �2 �1 �2 0 �2 234.756 0.5385167 0.07 0.01 �0.04 �0.04
2 �2 0 �2 0 �1 235.745 0.5377665 0.19 0.02 �0.12 �0.11

2 N2 2 �2 0 �2 0 �2 235.755 0.5377239 �5.17 �0.5 3.14 2.97
2 0 �1 �2 �2 �2 236.556 0.5371119 0.09 0.01 �0.05 �0.05
2 �2 1 �2 0 �2 236.754 0.5369335 �0.08 �0.01 0.05 0.05
2 0 0 �2 �2 �1 237.545 0.5363655 0.25 0.03 �0.13 �0.14

μ2 2 0 0 �2 �2 �2 237.555 0.5363232 �6.57 �0.79 3.49 3.76
2 0 1 �2 �2 �2 238.554 0.5355369 �0.46 �0.06 0.22 0.26
2 2 0 �2 �4 �2 239.355 0.5349298 �0.21 �0.03 0.10 0.12
2 �3 0 �2 2 �2 243.855 0.5287858 0.17 0.03 �0.04 �0.09
2 �1 �1 �2 0 �2 244.656 0.5281939 0.44 0.07 �0.11 �0.25
2 1 0 �4 0 �2 245.435 0.5276853 0.20 0.03 �0.05 �0.12
2 �1 0 �2 0 �1 245.645 0.5274721 1.98 0.33 �0.47 �1.13

N2 2 �1 0 �2 0 �2 245.655 0.5274312 �53.18 �8.81 12.56 30.30
2 1 �1 �2 �2 �2 246.456 0.5268423 0.10 0.02 �0.02 �0.06
2 0 0 �2 �1 �2 246.555 0.5267565 0.29 0.05 �0.07 �0.17
2 �1 1 �2 0 �2 246.654 0.5266707 �0.51 �0.08 0.11 0.29
2 1 0 �2 �2 �1 247.445 0.5261242 0.39 0.06 �0.08 �0.22

ν2 2 1 0 �2 �2 �2 247.455 0.5260835 �10.40 �1.68 2.20 5.94
2 1 1 �2 �2 �2 248.454 0.5253269 �0.49 �0.08 0.10 0.28
2 0 0 �4 2 �2 253.535 0.5190751 0.14 0.01 �0.02 �0.08
2 �2 0 �2 2 �2 253.755 0.5188292 0.97 0.10 �0.14 �0.56
2 0 �1 �2 0 �2 254.556 0.5182594 1.12 0.11 �0.16 �0.65
2 0 0 �2 0 0 255.535 0.5176039 �0.17 �0.02 0.02 0.10
2 0 0 �2 0 �1 255.545 0.5175644 12.19 1.08 �1.74 �7.14

M2 2 0 0 �2 0 �2 255.555 0.5175251 �326.96 �28.72 46.64 191.61
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We choose to parameterize the EOP response functions by the Fourier series shown in equation (5). The
coefficients A, B, and C are independently computed for each of the diurnal and semidiurnal tidal bands,
for each EOP (e.g., p1, p2, and LOD), and each of the associated in-phase and quadrature components, using
the tidal frequencies mentioned above.

f ωð Þ ¼ Aþ Bcosωτ þ Csinωτ: (5)

This approach is motivated by the so-called convolution formalism of Munk and Cartwright [1966]. We also
adopt their Fourier series period of 2π/τ, with τ = 2days. It is worth mentioning that the Groves and Reynolds
[1975] orthotide approach was applied to determine the ocean tide EOP response functions for the current
IERS conventions [Petit and Luzum, 2010]. In the frequency domain, the convolution, orthotide, and Fourier
series approaches are functionally equivalent when using the same number of Fourier series terms. The
orthotide approach simply provides basis functions that are orthogonal in the time domain but that are

Table A1. (continued)

Tidal Argument, θ(t)

Doodson Number Period (days)

p1 (xp) p2 (yp)

Tide γ l l’ F D Ω sin cos sin cos

2 �2 0 0 0 0 255.755 0.5173593 �0.19 �0.02 0.03 0.11
2 0 1 �2 0 �2 256.554 0.5167928 �1.00 �0.08 0.14 0.59
2 2 0 �2 �2 �2 257.355 0.5162275 0.19 0.01 �0.03 �0.11
2 0 0 0 �2 0 257.555 0.5160626 �0.39 �0.03 0.06 0.23
2 0 0 0 �2 �1 257.565 0.5160234 0.19 0.01 �0.03 �0.11
2 �1 �1 �2 2 �2 262.656 0.5099516 0.12 0.00 �0.02 �0.07
2 �1 0 �2 2 �1 263.645 0.5092787 �0.11 0.01 0.02 0.07

λ2 2 �1 0 �2 2 �2 263.655 0.5092406 2.52 �0.14 �0.48 �1.54
2 1 0 �2 0 �1 265.445 0.5080221 �0.35 0.03 0.07 0.22

L2 2 1 0 �2 0 �2 265.455 0.5079842 9.66 �0.81 �2.00 �5.95
2 �1 0 0 0 0 265.655 0.5078245 �2.42 0.21 0.51 1.49
2 �1 0 0 0 �1 265.665 0.5077866 �1.07 0.09 0.22 0.66
2 �1 0 0 0 �2 265.675 0.5077487 �0.15 0.01 0.03 0.09
2 1 0 0 �2 0 267.455 0.5065751 �0.46 0.05 0.11 0.29
2 1 0 0 �2 �1 267.465 0.5065373 �0.22 0.03 0.05 0.14
2 0 �2 �2 2 �2 271.557 0.5013726 �0.36 0.10 0.12 0.23

T2 2 0 �1 �2 2 �2 272.556 0.5006854 �8.89 2.57 3.20 5.78
2 0 0 �2 2 �1 273.545 0.5000368 �0.34 0.11 0.13 0.22

S2 2 0 0 �2 2 �2 273.555 0.5000000 �134.55 69.53 70.34 85.37
R2 2 0 1 �2 2 �2 274.554 0.4993165 1.25 �0.42 �0.50 �0.82

2 0 �1 0 0 0 274.556 0.4993164 �0.32 0.11 0.13 0.21
2 0 0 0 0 1 275.545 0.4986714 0.52 �0.19 �0.22 �0.34

K2 2 0 0 0 0 0 275.555 0.4986348 �40.28 14.62 17.05 26.66
2 0 0 0 0 �1 275.565 0.4985982 �12.00 4.37 5.09 7.95
2 0 0 0 0 �2 275.575 0.4985616 �1.30 0.48 0.55 0.86
2 0 1 0 0 0 276.554 0.4979550 �0.31 0.12 0.14 0.21
2 0 0 2 �2 2 277.555 0.4972770 �0.27 0.11 0.13 0.18

ζ 2 2 �1 0 0 2 0 283.655 0.4909396 �0.37 0.27 0.28 0.26
2 �1 0 0 2 �1 283.665 0.4909041 �0.16 0.12 0.12 0.12

η2 2 1 0 0 0 0 285.455 0.4897717 �1.86 1.50 1.58 1.36
2 1 0 0 0 �1 285.465 0.4897365 �0.81 0.65 0.69 0.59
2 1 0 0 0 �2 285.475 0.4897012 �0.09 0.07 0.08 0.07
2 0 0 0 2 0 293.555 0.4823456 �0.23 0.34 0.36 0.19
2 0 0 0 2 �1 293.565 0.4823114 �0.10 0.15 0.15 0.08
2 2 0 0 0 0 295.355 0.4812183 �0.11 0.17 0.19 0.09
2 0 0 2 0 2 295.555 0.4810750 �0.34 0.56 0.59 0.29
2 0 0 2 0 1 295.565 0.4810409 �0.29 0.48 0.51 0.25
2 0 0 2 0 0 295.575 0.4810069 �0.10 0.16 0.17 0.08
2 1 0 2 0 2 2X5.455 0.4728200 �0.04 0.13 0.14 0.04
2 1 0 2 0 1 2X5.465 0.4727871 �0.03 0.11 0.12 0.04

aThe units are μas. γ denotes Greenwich Mean Sidereal Time + π. Values are based upon ocean tide angular momentum predictions at the eight primary diurnal
and semidiurnal tidal frequencies from the TPXO8 ocean tide model, followed by a smooth response assumption at other tidal frequencies. Digits X and E in
Doodson numbers represent values of 10 and 11, respectively.
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Table A2. Coefficients of sin(θ(t)) and cos(θ(t)) of Diurnal and Semidiurnal Variations in UT1 and Length-of-Day (LOD) Caused by the Ocean Tides, Where θ(t) Is the
Astronomical Tidal Argumenta

Tidal Argument, θ(t)

Doodson Number Period (days)

UT1 LOD

Tide γ l l’ F D Ω sin cos sin cos

1 �2 0 �2 �2 �2 107.755 1.2670641 0.07 �0.01 �0.05 �0.34
1 0 0 �2 �4 �2 109.555 1.2593143 0.04 �0.01 �0.03 �0.21
1 �3 0 �2 0 �1 115.845 1.2187487 0.03 �0.01 �0.03 �0.13
1 �3 0 �2 0 �2 115.855 1.2185303 0.14 �0.03 �0.15 �0.71
1 �1 0 �2 �2 �1 117.645 1.2115770 0.07 �0.02 �0.08 �0.34
1 �1 0 �2 �2 �2 117.655 1.2113611 0.35 �0.08 �0.42 �1.80
1 �1 1 �2 �2 �2 118.654 1.2073570 0.03 �0.01 �0.03 �0.13
1 1 0 �2 �4 �2 119.455 1.2042758 0.06 �0.02 �0.08 �0.34
1 �2 0 �2 0 �1 125.745 1.1671263 0.18 �0.06 �0.33 �0.95

2Q1 1 �2 0 �2 0 �2 125.755 1.1669259 0.94 �0.32 �1.74 �5.05
1 0 0 �2 �2 �1 127.545 1.1605476 0.20 �0.07 �0.40 �1.11

σ1 1 0 0 �2 �2 �2 127.555 1.1603495 1.08 �0.40 �2.14 �5.86
1 0 1 �2 �2 �2 128.554 1.1566750 0.07 �0.03 �0.15 �0.39
1 2 0 �2 �4 �2 129.355 1.1538467 0.03 �0.01 �0.07 �0.17
1 �3 0 �2 2 �2 133.855 1.1256354 �0.02 0.01 0.05 0.09
1 �1 �1 �2 0 �2 134.656 1.1229567 �0.04 0.02 0.12 0.24
1 1 0 �4 0 �2 135.435 1.1206604 �0.02 0.01 0.06 0.11
1 �1 0 �2 0 0 135.635 1.1198837 �0.03 0.01 0.08 0.16
1 �1 0 �2 0 �1 135.645 1.1196992 0.92 �0.49 �2.73 �5.17

Q1 1 �1 0 �2 0 �2 135.655 1.1195149 4.88 �2.58 �14.48 �27.39
1 0 0 �2 �1 �2 136.555 1.1164795 �0.03 0.01 0.08 0.14
1 �1 1 �2 0 �2 136.654 1.1160941 0.04 �0.02 �0.14 �0.25
1 1 0 �2 �2 �1 137.445 1.1136429 0.17 �0.09 �0.52 �0.93

ρ1 1 1 0 �2 �2 �2 137.455 1.1134606 0.88 �0.49 �2.76 �4.94
1 �1 0 0 �2 0 137.655 1.1126938 �0.05 0.03 0.16 0.28
1 �1 0 0 �2 �1 137.665 1.1125117 0.02 �0.01 �0.05 �0.09
1 1 1 �2 �2 �2 138.454 1.1100766 0.04 �0.02 �0.13 �0.22
1 �2 0 �2 2 �2 143.755 1.0814566 �0.05 0.04 0.22 0.30
1 0 �1 �2 0 �2 144.556 1.0789839 �0.06 0.04 0.25 0.34
1 0 0 �2 0 0 145.535 1.0761465 �0.09 0.07 0.42 0.55
1 0 0 �2 0 �1 145.545 1.0759762 3.06 �2.37 �13.83 �17.86

O1 1 0 0 �2 0 �2 145.555 1.0758059 16.18 �12.55 �73.30 �94.50
1 �2 0 0 0 0 145.755 1.0750901 �0.10 0.08 0.47 0.60
1 �2 0 0 0 �1 145.765 1.0749201 �0.02 0.01 0.08 0.10
1 0 1 �2 0 �2 146.554 1.0726466 0.05 �0.04 �0.22 �0.28

τ1 1 0 0 0 �2 0 147.555 1.0695055 �0.20 0.16 0.94 1.16
1 0 0 0 �2 �1 147.565 1.0693373 0.04 �0.03 �0.20 �0.25
1 0 1 0 �2 0 148.554 1.0663831 �0.01 0.01 0.06 0.07
1 �1 0 �2 2 �1 153.645 1.0407740 �0.02 0.02 0.11 0.11
1 �1 0 �2 2 �2 153.655 1.0406147 �0.08 0.08 0.47 0.51
1 1 0 �2 0 �1 155.445 1.0355394 �0.06 0.05 0.32 0.35
1 1 0 �2 0 �2 155.455 1.0353817 �0.31 0.29 1.74 1.88
1 �1 0 0 0 1 155.645 1.0348762 0.02 �0.02 �0.14 �0.15

M1 1 �1 0 0 0 0 155.655 1.0347187 �0.86 0.79 4.83 5.22
1 �1 0 0 0 �1 155.665 1.0345612 �0.17 0.16 0.97 1.05

χ1 1 1 0 0 �2 0 157.455 1.0295447 �0.16 0.15 0.89 0.98
1 1 0 0 �2 �1 157.465 1.0293888 �0.04 0.03 0.20 0.21
1 0 �2 �2 2 �2 161.557 1.0082815 0.01 �0.01 �0.05 �0.07

π1 1 0 �1 �2 2 �2 162.556 1.0055058 0.29 �0.21 �1.29 �1.80
1 0 0 �2 2 �1 163.545 1.0028934 �0.06 0.04 0.24 0.35

P1 1 0 0 �2 2 �2 163.555 1.0027454 5.22 �3.08 �19.3 �32.71
1 0 1 �2 2 �2 164.554 1.0000001 �0.04 0.03 0.17 0.27

S1 1 0 �1 0 0 0 164.556 0.9999999 �0.12 0.08 0.49 0.76
1 0 0 0 0 1 165.545 0.9974159 0.32 �0.20 �1.24 �2.02

K1 1 0 0 0 0 0 165.555 0.9972696 �16.29 9.95 62.69 102.63
1 0 0 0 0 �1 165.565 0.9971233 �2.22 1.35 8.52 13.99
1 0 0 0 0 �2 165.575 0.9969771 0.05 �0.03 �0.18 �0.30

ψ1 1 0 1 0 0 0 166.554 0.9945541 �0.08 0.05 0.29 0.51
φ1 1 0 0 2 �2 2 167.555 0.9918532 �0.22 0.12 0.74 1.38
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Table A2. (continued)

Tidal Argument, θ(t)

Doodson Number Period (days)

UT1 LOD

Tide γ l l’ F D Ω sin cos sin cos

1 0 1 2 �2 2 168.554 0.9891671 �0.01 0.01 0.04 0.08
θ1 1 �1 0 0 2 0 173.655 0.9669565 �0.23 0.05 0.34 1.48

1 �1 0 0 2 �1 173.665 0.9668190 �0.05 0.01 0.07 0.29
1 1 0 0 0 1 175.445 0.9625728 0.04 �0.01 �0.05 �0.24

J1 1 1 0 0 0 0 175.455 0.9624365 �1.26 0.24 1.54 8.25
1 1 0 0 0 �1 175.465 0.9623003 �0.25 0.05 0.30 1.64
1 �1 0 2 0 2 175.655 0.9618636 0.02 0.00 �0.02 �0.13
1 0 �1 0 2 0 182.556 0.9365694 �0.02 0.00 0.00 0.13

SO1 1 0 0 0 2 0 183.555 0.9341741 �0.31 0.00 0.02 2.10
1 0 0 0 2 �1 183.565 0.9340457 �0.06 0.00 0.00 0.41
1 2 0 0 0 0 185.355 0.9299547 �0.16 0.00 �0.01 1.11
1 2 0 0 0 �1 185.365 0.9298275 �0.03 0.00 0.00 0.22

OO1 1 0 0 2 0 2 185.555 0.9294198 �1.10 �0.01 �0.07 7.44
1 0 0 2 0 1 185.565 0.9292927 �0.71 �0.01 �0.05 4.77
1 0 0 2 0 0 185.575 0.9291657 �0.15 0.00 �0.01 1.00
1 1 0 0 2 0 193.455 0.9035416 �0.07 0.00 �0.03 0.51
1 �1 0 2 2 2 193.655 0.9030366 �0.06 0.00 �0.02 0.39
1 �1 0 2 2 1 193.665 0.9029166 �0.04 0.00 �0.01 0.25
1 3 0 0 0 0 195.255 0.8995938 �0.02 0.00 �0.01 0.13

υ1 1 1 0 2 0 2 195.455 0.8990932 �0.31 �0.02 �0.13 2.13
1 1 0 2 0 1 195.465 0.8989743 �0.20 �0.01 �0.08 1.37
1 1 0 2 0 0 195.475 0.8988554 �0.04 0.00 �0.02 0.29
1 0 0 2 2 2 1X3.555 0.8743808 �0.06 0.00 �0.03 0.44
1 0 0 2 2 1 1X3.565 0.8742683 �0.04 0.00 �0.02 0.28
1 2 0 2 0 2 1X5.355 0.8706832 �0.05 0.00 �0.02 0.38
1 2 0 2 0 1 1X5.365 0.8705717 �0.03 0.00 �0.01 0.24
1 1 0 2 2 2 1E3.455 0.8474877 �0.02 0.00 0.00 0.13
2 �4 0 �2 0 �2 215.955 0.5595636 �0.01 0.00 0.00 0.12
2 �2 0 �2 �2 �2 217.755 0.5580469 �0.04 0.00 �0.01 0.50
2 0 0 �2 �4 �2 219.555 0.5565385 �0.03 0.00 �0.01 0.30
2 �3 0 �2 0 �2 225.855 0.5484264 �0.09 �0.01 �0.13 1.02

ε2 2 �1 0 �2 �2 �2 227.655 0.5469695 �0.03 �0.38 2.58 1.01
2 �1 1 �2 �2 �2 228.654 0.5461516 �0.02 0.00 �0.03 0.19
2 1 0 �2 �4 �2 229.455 0.5455203 �0.04 �0.01 �0.08 0.49
2 �2 �1 �2 0 �2 234.756 0.5385167 0.01 0.00 0.03 �0.10
2 �2 0 �2 0 �1 235.745 0.5377665 0.02 0.01 0.08 �0.28

2 N2 2 �2 0 �2 0 �2 235.755 0.5377239 �0.64 �0.18 �2.10 7.45
2 0 �1 �2 �2 �2 236.556 0.5371119 0.01 0.00 0.04 �0.13
2 �2 1 �2 0 �2 236.754 0.5369335 �0.01 0.00 �0.03 0.11
2 0 0 �2 �2 �1 237.545 0.5363655 0.03 0.01 0.10 �0.33

μ2 2 0 0 �2 �2 �2 237.555 0.5363232 �0.75 �0.23 �2.65 8.74
2 0 1 �2 �2 �2 238.554 0.5355369 �0.05 �0.02 �0.18 0.58
2 2 0 �2 �4 �2 239.355 0.5349298 �0.02 �0.01 �0.08 0.26
2 �3 0 �2 2 �2 243.855 0.5287858 0.01 0.01 0.06 �0.15
2 �1 �1 �2 0 �2 244.656 0.5281939 0.03 0.01 0.16 �0.39
2 1 0 �4 0 �2 245.435 0.5276853 0.01 0.01 0.07 �0.18
2 �1 0 �2 0 �1 245.645 0.5274721 0.14 0.06 0.73 �1.71

N2 2 �1 0 �2 0 �2 245.655 0.5274312 �3.84 �1.64 �19.54 45.75
2 1 �1 �2 �2 �2 246.456 0.5268423 0.01 0.00 0.04 �0.08
2 0 0 �2 �1 �2 246.555 0.5267565 0.02 0.01 0.11 �0.24
2 �1 1 �2 0 �2 246.654 0.5266707 �0.04 �0.02 �0.18 0.42
2 1 0 �2 �2 �1 247.445 0.5261242 0.03 0.01 0.14 �0.32

ν2 2 1 0 �2 �2 �2 247.455 0.5260835 �0.71 �0.31 �3.74 8.47
2 1 1 �2 �2 �2 248.454 0.5253269 �0.03 �0.01 �0.17 0.39
2 0 0 �4 2 �2 253.535 0.5190751 0.01 0.00 0.04 �0.09
2 �2 0 �2 2 �2 253.755 0.5188292 0.05 0.02 0.30 �0.63
2 0 �1 �2 0 �2 254.556 0.5182594 0.06 0.03 0.34 �0.71
2 0 0 �2 0 0 255.535 0.5176039 �0.01 0.00 �0.05 0.11
2 0 0 �2 0 �1 255.545 0.5175644 0.63 0.30 3.68 �7.68

M2 2 0 0 �2 0 �2 255.555 0.5175251 �16.94 �8.11 �98.46 205.67
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formed as linear combinations of the Fourier series terms given the spectrum of the tide-generating
potential. As mentioned earlier, in the diurnal band we explicitly ignore the retrograde component of the
predicted tidal variations in polar motion, following conventions that account for these effects in the nuta-
tion model.

As shown by Desai and Wahr [1995], the most important factor in choosing the ocean tide response functions
is the number of parameters, namely, degrees of freedom, that are used to represent those functions rather
than the functional form. We verified this is also true for the EOP response functions by comparing predicted
EOP variations determined from our nominal Fourier series approach in equation (5) with an approach that
uses quadratic functions in frequency instead. The amplitudes of resulting differences in the predicted
EOPs are less than 0.4μas in each of the two polar motion parameters (p1 and p2) and less than 0.4microse-
conds in LOD for all tidal frequencies with four exceptions. The amplitudes of the differences at the J1, OO1,
OO1 nodal modulation, and υ1 tidal frequencies are 0.6, 1.0, 0.6, and 0.4μas in polar motion, and 0.8, 1.3, 0.9,

Table A2. (continued)

Tidal Argument, θ(t)

Doodson Number Period (days)

UT1 LOD

Tide γ l l’ F D Ω sin cos sin cos

2 �2 0 0 0 0 255.755 0.5173593 �0.01 0.00 �0.06 0.12
2 0 1 �2 0 �2 256.554 0.5167928 �0.05 �0.02 �0.29 0.62
2 2 0 �2 �2 �2 257.355 0.5162275 0.01 0.00 0.05 �0.12
2 0 0 0 �2 0 257.555 0.5160626 �0.02 �0.01 �0.11 0.24
2 0 0 0 �2 �1 257.565 0.5160234 0.01 0.00 0.05 �0.11
2 �1 �1 �2 2 �2 262.656 0.5099516 0.01 0.00 0.03 �0.07
2 �1 0 �2 2 �1 263.645 0.5092787 �0.01 0.00 �0.03 0.07

λ2 2 �1 0 �2 2 �2 263.655 0.5092406 0.12 0.05 0.57 �1.49
2 1 0 �2 0 �1 265.445 0.5080221 �0.02 �0.01 �0.07 0.21

L2 2 1 0 �2 0 �2 265.455 0.5079842 0.46 0.16 2.04 �5.75
2 �1 0 0 0 0 265.655 0.5078245 �0.12 �0.04 �0.51 1.44
2 �1 0 0 0 �1 265.665 0.5077866 �0.05 �0.02 �0.22 0.64
2 �1 0 0 0 �2 265.675 0.5077487 �0.01 0.00 �0.03 0.09
2 1 0 0 �2 0 267.455 0.5065751 �0.02 �0.01 �0.09 0.28
2 1 0 0 �2 �1 267.465 0.5065373 �0.01 0.00 �0.04 0.13
2 0 �2 �2 2 �2 271.557 0.5013726 �0.02 0.00 �0.05 0.25

T2 2 0 �1 �2 2 �2 272.556 0.5006854 �0.49 �0.08 �1.04 6.14
2 0 0 �2 2 �1 273.545 0.5000368 �0.02 0.00 �0.04 0.24

S2 2 0 0 �2 2 �2 273.555 0.5000000 �8.44 �0.71 �8.92 106.06
R2 2 0 1 �2 2 �2 274.554 0.4993165 0.07 0.01 0.12 �0.91

2 0 �1 0 0 0 274.556 0.4993164 �0.02 0.00 �0.03 0.23
2 0 0 0 0 1 275.545 0.4986714 0.03 0.00 0.04 �0.38

K2 2 0 0 0 0 0 275.555 0.4986348 �2.37 �0.27 �3.40 29.86
2 0 0 0 0 �1 275.565 0.4985982 �0.71 �0.08 �1.01 8.91
2 0 0 0 0 �2 275.575 0.4985616 �0.08 �0.01 �0.11 0.97
2 0 1 0 0 0 276.554 0.4979550 �0.02 0.00 �0.02 0.24
2 0 0 2 �2 2 277.555 0.4972770 �0.02 0.00 �0.02 0.21

ζ 2 2 �1 0 0 2 0 283.655 0.4909396 �0.03 0.00 0.03 0.39
2 �1 0 0 2 �1 283.665 0.4909041 �0.01 0.00 0.01 0.17

η2 2 1 0 0 0 0 285.455 0.4897717 �0.16 0.01 0.19 2.11
2 1 0 0 0 �1 285.465 0.4897365 �0.07 0.01 0.08 0.92
2 1 0 0 0 �2 285.475 0.4897012 �0.01 0.00 0.01 0.10
2 0 0 0 2 0 293.555 0.4823456 �0.03 0.01 0.09 0.43
2 0 0 0 2 �1 293.565 0.4823114 �0.01 0.00 0.04 0.19
2 2 0 0 0 0 295.355 0.4812183 �0.02 0.00 0.05 0.22
2 0 0 2 0 2 295.555 0.4810750 �0.05 0.01 0.15 0.71
2 0 0 2 0 1 295.565 0.4810409 �0.05 0.01 0.13 0.61
2 0 0 2 0 0 295.575 0.4810069 �0.02 0.00 0.04 0.20
2 1 0 2 0 2 2X5.455 0.4728200 �0.01 0.00 0.04 0.17
2 1 0 2 0 1 2X5.465 0.4727871 �0.01 0.00 0.04 0.14

aThe units are μs. γ denotes Greenwich Mean Sidereal Time + π. Values are based upon ocean tide angular momentum predictions at the eight primary diurnal
and semidiurnal tidal frequencies from the TPXO8 ocean tide model, followed by a smooth response assumption at other tidal frequencies. Digits X and E in
Doodson numbers represent values of 10 and 11, respectively.
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and 0.6μs in LOD. All of these cases have larger frequencies than the K1 tide. Larger errors in the response
functions are expected at frequencies outside of the range spanned by the two bounding frequencies that
are used to determine those functions. In our case, the bounding frequencies are Q1 and K1 in the diurnal band,
and N2 and K2, in the semidiurnal band. Within the range of those bounding frequencies the response functions
are essentially interpolating functions, but outside of that range they are extrapolating functions and therefore
prone to larger errors. These metrics provide somemeasure of the interpolation/extrapolation error induced by
the response function approach. We note that the software provided with the TPXO8 ocean tide model uses a
piecewise-linear interpolation approach for the smooth admittance functions and is an alternative that may be
worth considering for extrapolation of the admittances.

The application of the smooth response assumption to the ocean tide angular momentum, instead of the
EOPs, would eliminate the need for the response functions to accommodate frequency dependent effects
in the conversion to EOPs. For example, the conversion to polar motion in equation (2) is inversely propor-
tional to the tidal frequency. However, this is mitigated by the fact that the smooth response functions are
applied over a relatively narrow bandwidth at frequencies that are not close to the resonant frequencies of
equation (2) (especially since we are ignoring retrograde diurnal polar motion variations). We have confirmed
that applying the smooth response assumption to angular momentum functions instead of the EOPs results
in polar motion predictions whose differences have amplitudes of less then 0.1μas at all except six diurnal
frequencies, all of which are in the extrapolation region with frequencies larger than K1. Even then, differ-
ences are less than 0.6μas at all frequencies. Differences larger than 0.2μs in LOD are also limited to those
same six frequencies, peaking at 1.1μs for OO1.

Tables A1 and A2 provide the resulting TPXO8-based predicted diurnal and semidiurnal variations in polar
motion and LOD for those tidal frequencies that have predicted amplitudes larger than 0.1μas in either p1
or p2, or 0.1μs in LOD. Values with a precision of one order of magnitude smaller are intentionally used only
to avoid roundoff at the cutoff levels. The predicted variations in LOD are computed using equation (6) from
Gross [1993]. Both tables provide the same frequencies for the convenience of interconsistency. The phase
conventions in Tables A1 and A2 follow that of Tables 8.2 and 8.3 in Petit and Luzum [2010], again for ease
of comparison. With the specified thresholds, we provide 86 diurnal and 73 semidiurnal tidal components,
compared to their provision of 41 and 30 respective components. Values from these two tables are also pro-
vided as supporting information to this paper in the form of an ASCII text file. For the four semidiurnal tidal
components shown in Table 1 the phase conventions are the same as used in Tables A1 and A2. For the four
diurnal tidal components, the Greenwich phase lags used in Table 1, ϕ, are related to the phase lags of
Tables A1 and A2, say ϕ ’, as follows ϕ =ϕ ’� π/2 for Q1, O1, and P1, and ϕ =ϕ ’+ π/2 for K1.
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