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Abstract W is defined as the potential value of a particu-
lar level surface of the Earth’s gravity field called the geoid.
Since the most accepted definition of the geoid is understood
to be the equipotential surface that coincides with the world-
wide mean ocean surface, a usual approximation of Wy is the
averaged potential value Wg at the mean sea surface. In this
way, the value of W depends not only on the Earth’s grav-
ity field modelling, but also on the conventions defining the
mean sea surface. Wy computations performed since 2005
demonstrate that current published estimations differ by up
to —2.6 m” s~ (corresponding to a level difference of about
27 cm), which could be caused by the differences in the treat-
ment of the input data. The main objective of this study is to
perform a new W estimation relying on the newest gravity
field and sea surface models and applying standardised data
and procedures. This also includes a detailed description of
the processing procedure to ensure the reproducibility of the
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results. The following aspects are analysed in this paper: (1)
sensitivity of the Wy estimation to the Earth’s gravity field
model (especially omission and commission errors and time-
dependent Earth’s gravity field changes); (2) sensitivity of
the Wy estimation to the mean sea surface model (e.g., geo-
graphical coverage, time-dependent sea surface variations,
accuracy of the mean sea surface heights); (3) dependence
of the Wy empirical estimation on the tide system; and (4)
weighted computation of the Wy value based on the input
data quality. Main conclusions indicate that the satellite-
only component (n = 200) of a static (quasi-stationary)
global gravity model is sufficient for the computation of Wj.
This model should, however, be based on a combination of,
at least, satellite laser ranging (SLR), GRACE and GOCE
data. The mean sea surface modelling should be based on
mean sea surface heights referring to a certain epoch and
derived from a standardised multi-mission cross-calibration
of several satellite altimeters. We suggest that the uncertain-
ties caused by geographically correlated errors, including
shallow waters in coastal areas and sea water ice content
at polar regions should be considered in the computation of
Wo by means of a weighed adjustment using the inverse of
the input data variances as a weighting factor. This weight-
ing factor should also include the improvement provided by
SLR, GRACE and GOCE to the gravity field modelling.
As a reference parameter, Wy should be time-independent
(i.e., quasi-stationary) and it should remain fixed for a long-
term period (e.g., 20 years). However, it should have a clear
relationship with the mean sea surface level (as this is the
convention for the realisation of the geoid). According to
this, a suitable recommendation is to adopt a potential value
obtained for a certain epoch as the reference value Wy and
to monitor the changes of the mean potential value at the sea
surface Wg. When large differences appear between Wy and
Ws (e.g., > =2 m? s2), the adopted Wy may be replaced by
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an updated (best estimate) value. In this paper, the potential
value obtained for the epoch 2010.0 (62,636,853.4 m? s~2) is
recommended as the present best estimate for the W value.
It differs —2.6 m? s~2 from the so-called IERS Wy value
(62,636,856.0 m? s_z), which corresponds to the best esti-
mate available in 1998.

Keywords Global W, value - Wy best estimate - Potential
value of the geoid - Global reference potential value -
Conventional W, value

1 Introduction

Per definition, Wy is understood as the value of the grav-
ity potential of the real Earth on a particular equipotential
surface called the geoid. Since the Earth’s gravity potential
field contains an infinite number of equipotential surfaces,
the geoid is to be defined arbitrarily by convention. The usual
convention follows the definition given by Gauss (1876) and
Listing (1873): the geoid is the equipotential surface that
best fits (in a least square sense) the undisturbed mean sea
level. As this condition cannot be satisfied exactly due to
different causes (like existence of the continents, oceanic cur-
rents, atmospheric pressure effects, external gravity forces,
etc.) an additional convention about the mean sea level is
required. This convention should consider not only the reduc-
tions applied to remove disturbing effects, but also the time
span and the location where the sea surface level should
satisfy the Gauss—Listing definition. It can be realised over
different time spans at a local tide gauge, or as average from
several tide gauges, or over the ocean areas sampled globally
(e.g., Mather 1978; Heck and Rummel 1990; Ekman 1995;
Heck 2004).

The concepts of the geoid and Wy are intrinsically tied:
from one side, the potential value Wy defines which of the
infinite equipotential surfaces of the Earth’s gravity field is
appointed as the geoid. From the other side, the geoid is the
realisation (geometric description) of the level surface with
the potential value Wy. To get consistency between the defi-
nition (W) and the realisation (geoid model), it is expected
that the Wy value is estimated from the same observations
applied for the geoid modelling.

As a reference level for the determination of vertical
coordinates, Wy defines the scale (size) of the reference (zero-
height) surface with respect to the Earth’s body; i.e., it defines
the vertical datum of a height system. As a parameter of the
gravity field, Wy is required for the transformation between
the time scales Geocentric Coordinate Time and the Terres-
trial Time; and it can be introduced as a primary parameter
for the definition of a reference mean Earth ellipsoid; i.e., a
level ellipsoid that best fits the geoid. In the first case, local
realisations of Wy (i.e., Wé’)) are sufficient for the deter-
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mination of vertical coordinates referring to a local height
system i. In the other two cases and in the case of a world-
wide unified vertical reference system, a global estimation
of Wy is required. This global estimation is possible thanks
to the satellite altimetry and the Earth’s gravity field mod-
elling based on space techniques, in particular low Earth
orbiting satellites like GRACE,! GOCE,? and the satellites
for laser ranging observations like LAGEOS, ETALON, etc.
However, the estimation of W should be founded on clear
outlined conventions that guarantee its uniqueness, reliabil-
ity, and reproducibility; otherwise, there would be as many
Wy reference values as computations.

In this context, the International Association of Geodesy
(IAG) decided to instal the working group Vertical Datum
Standardisation to provide the basis for a formal IAG con-
vention on Wy. This working group was established for a
period of 4 years (2011-2015) as a common initiative of the
Focus Area 1 (Unified Height System) of the Global Geodetic
Observing System (GGOS), IAG Commissions 1 (Reference
Frames) and 2 (Gravity Field), and the International Gravity
Field Service (IGFS). According to the IAG nomenclature
(Drewes et al. 2012), it is called Joint Working Group JWG
0.1.1. The first activities faced by JWG 0.1.1 concentrated on
(1) making an inventory about the published Wy computa-
tions to identify methodologies, conventions, standards, and
models presently applied (cf. Sdnchez 2012) and (2) bringing
together the different groups working on the determination
of a global Wy in order to perform a unified computation
(cf. Sanchez et al. 2014). This paper presents the concluding
results of the JWG 0.1.1 activities. It provides especially a
detailed description of the computation methods, the applied
models, and the uncertainty of the estimations according to
the accuracy of the input data.

At first, the computation of the Wy value included in the
IERS? Conventions is described. Afterwards, the methodol-
ogy and the input data applied in this study are presented. In
the following sections, the sensitivity of the Wy estimation
to the Earth’s gravity field model (including omission and
commission errors as well as time-dependent changes), to
the mean sea surface model, to the time-dependent sea sur-
face changes, to the mean dynamic topography, to the tide
system, and to the accuracy of the input data is analysed. To
conclude the paper, the results are discussed and the conven-
tions required for the reproducibility of a global reference
Wy value are outlined.

' GRACE: Gravity Recovery and Climate Experiment, http:/www.
csr.utexas.edu/grace/.

2 GOCE: Gravity field and steady-state Ocean Circulation Explorer,
http://www.esa.int/ SPECIALS/GOCE/index.html.

3 IERS: International Earth Rotation and Reference Systems’ Service,
http://www.iers.org.
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Table 1 Values of the constant L according to new best estimates of W)

Year Wo Lg

1991 62,636,860 + 30 m? s~2 (Chovitz 1988) 6.969291 x 10710+ 3 x 10~ (1AU 1991,
Recommendation IV, note 6)

1992 62,636,856.5 + 3 m? s—2 (Burga et al. 1992) 6.96929019 x 10710+ 3 x 10~!7 (Fukushima 1995)

1995 62,636,856.85 + 1 m? s~2 (Bur$a 1995a) 6.9692903 x 10710 4+ 1 x 1017 (McCarthy 1996,
Tab. 4.1)

1999 62,636,856.0 & 0.5 m? s—2 (Bursa et al. 1998; Groten 1999) 6.969290134 x 10710 (as defining constant) (AU

2000, Resolution B1.9)

In 2000 L is declared as a defining constant

2 The IERS conventions and W,

The International Astronomical Union (IAU) introduced in
1991 different time scales for the relativistic definition of
the celestial space-time reference frame (IAU 1991). The
timescales are (cf. Fukushima 1995): the Geocentric Coordi-
nate Time (TCG), the Barycentric Coordinate Time (TCB),
and the Terrestrial Time (TT). The first two scales are defined
as coordinate times in coordinate systems having their spa-
tial origins at the centre of mass of the Earth and at the
solar system barycentre, respectively (italic text textually
copied from IAU 1991, Recommendation III, numeral 3). TT
is the time reference for apparent geocentric ephemeris and
its main realisation is provided by the International Atomic
Time (TAI) (i.e., TT — TAI = 32.184 s at 1997-01-01 Oh, cf.
IAU 1991 Resolution A4, note 4). TAI is a coordinate time
standard defined in a geocentric reference frame with the SI
second as realised on the rotating geoid as the scale unit.*
TT is defined to differ from TCG by the scale factor (cf. IAU
1991, Recommendation I'V and IAU 2000, Resolution B1.9):

arr 0
dTCG @
where
Wo
Lg = = @)

c is the speed of light. The computation of the constant Lg
explains why a Wy value was included in the IAU Standards
and in the IERS Conventions.

Since the introduction of the new timescales in 1991, Lg
(cf. Eq. (2)) was recomputed every time when a new best esti-
mate for Wy was available (see Table 1). In the IAU General
Assembly of 2000, it was decided to declare L as a defin-
ing constant (IAU 2000, Resolution B1.9); i.e., it should not
change with new estimations of Wy. However, a W value
was maintained as an IERS standard (see Petit and Luzum
2010, Table 1.1), although it is no longer needed by the IERS.

4 http://www.bipm.org/en/bipm/tai/tai.html.

The L value applied at present by the IAU and the IERS
is based on the Wy value recommended by Groten (1999)
and further mentioned by Groten (2004). The primary refer-
ence for the computation of that W value is dated in 1998
(Bursa et al. 1998); i.e., it corresponds to the best estimate
available in 1998. This value (62,636,856.0 & 0.5 m? s~2) is
usually called the IERS Wy value; in this paper, it is named
the 1998 Wy value because the IERS did not participate in
its determination.

Figure 1 describes the basic concept applied for the com-
putation of the 1998 Wy value (cf. BurSa et al. 1997, Fig. 4;
Bursa et al. 1998, Fig. 1). Satellite altimetry provides the
coordinates ¢ (geodetic latitude), A (geodetic longitude) and
h (ellipsoidal height) of points M describing the sea surface.
If the ellipsoidal heights of these points are reduced by the
sea surface topography E (in the following also called mean
dynamic topography MDT), it is assumed that these points
now describe the geoid (My); i.e., the equipotential surface
with the value Wy. Using these coordinates (¢, A, h — E)
and a global gravity model (GGM), the potential value at
any point My on the geoid (i.e., W) can be computed. By
definition, the potential values at all points M on the geoid
are the same. However, since points on the geoid cannot be
materialised in practice, Wy is estimated by satisfying the
condition (cf. Bursa et al. 1998, Eq. [5]):

Ellipsoid

Fig. 1 Approximation applied for the estimation of the 1998 W, value
(adapted from Bursa et al. 1997, Fig. 4; Bursa et al. 1998, Fig. 1)
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/ 22 dS = min, 3)
N

where S stands for the ocean areas. For the estimation of the
potential values, BurSa et al. (1998) used the gravity model
EGM96° (Lemoine et al. 1998) in combination with their
own mean sea surface model. The i values were derived
from TOPEX/Poseidon measurements covering the period
1993-1996, while the E values were obtained from the model
POCM4b® (Stammer et al. 1996). Based on Mather (1978),
the condition (3) in later BurSa’s computations is replaced by
(cf. Bursa et al. 2002):

/ (W — Wp)?> dS = min. “4)
s

Bur$a et al. (1997) mention that omitting the values E causes
a difference of about —0.8 m? s~2 in the estimated W, value
(cf. Bursa et al. 1997, Eq. [12] and [15]). Recent compu-
tations following the Bursa et al. (1998) methodology but
applying newer models for the mean sea surface, the mean
dynamic topography, and the Earth’s gravity field obtain
W estimates that differ by more than —2 m? s~2 from the
1998 Wy value (Cunderlik and Mikula 2009; Cunderlik et al.
2014; Dayoub et al. 2012; Sanchez 2007, 2008; Sanchez
etal. 2014). These new computations show that the 1998 W)
value corresponds to a reference level (i.e., geoid) located
more than 20 cm below the level derived from up-to-date
(physical and geometric) Earth models. Accordingly, a fur-
ther objective of the JWG 0.1.1 is to evaluate if it is suitable
to introduce the 1998 W, value as a formal IAG convention
or, if it is necessary to adopt a new (updated) estimate of Wj.

3 Approach for the estimation of W

As W defines the geoid, its estimation should be based on the
same observables used for the geoid modelling. The estima-
tion of absolute potential values (like W) from observational
data is only possible after introducing adequate constraints.
The main constraint is that the gravitational potential V must
vanish at infinity; i.e., Voo = 0. Fulfilling this condition is
only possible in the frame of the geodetic boundary value
problem (GBVP).

The determination of Wy using the scalar-free GBVP (e.g.,
Sacerdote and Sanso 1986; Heck 1989) is possible when
the so-called vertical datum parameter AWj is included as
unknown together with the vertical position of the boundary
surface S and the gravity potential W. AW represents the
difference between the real Earth’s gravity potential Wy and
the normal potential Uy introduced for the linearisation of the

5 EGMY96: Earth Gravitational Model 1996.
6 POCM4b: Parallel Ocean Circulation Model.
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observation equations (cf. §W in Sacerdote and Sanso 2004,
Aw in Heck and Rummel 1990):

AWy = Wy — Up. (©)

W is unknown, but it is implicitly included in the observables
building the boundary conditions, especially in the geopoten-
tial numbers and physical heights used for the estimation of
gravity anomalies. Since these observables do not refer to a
single vertical datum, there shall be as many A Wy parameters
as existing i datums W

AW =wi - . ©)

This can be understood as splitting the boundary surface
S into i unconnected regions (Sacerdote and Sanso 2004).
If they were connected (for instance by means of spirit or
oceanic levelling), AWél) becomes a constant (i.e., AWél) =

AW)p) and the new unknown parameter § W(gi) emerges:
sW = wo — wy", )

8 W(gi) represents the level difference between the local ver-
tical datums Wéi) and that one selected as the reference
level Wy (cf. Cp,, in Rummel and Teunissen 1988). Since
this approach allows the determination of level differences
between the regions i, it is widely applied for the vertical
datum unification (see e.g., Gruber et al. 2012; Gerlach and
Rummel 2013; Riilke et al. 2014; Sideris et al. 2014).

In the frame of the fixed GBVP, the only unknown is
the potential W, because the geometry of the boundary sur-
face S is considered to be known (e.g., Sacerdote and Sanso
2004; Heck 2011). At present, the precise representation of
the Earth’s surface by means of GNSS (Global Navigation
Satellite Systems) and SAR (Synthetic Aperture Radar) tech-
niques in continental areas, as well as by means of satellite
altimetry in ocean areas allows a reliable solution of the fixed
GBVP introducing the Earth surface as the boundary surface
S. The main limitation is, however, the reduced availability
of global distributed gravity disturbances. The existing grav-
ity databases contain gravity anomaly values mainly, which
could be easily transformed into gravity disturbances if the
ellipsoidal height of the gravimetric points were known. As
this is not the case, this transformation depends on the (in gen-
eral unknown) level differences between the vertical datums
underlying the physical heights used for the computation of
the gravity anomalies (Grombein et al. 2015).

To reduce the multiple vertical datum dependence in the
determination of Wy, we can make two basic assumptions:
(1) all the ocean areas conform to one vertical datum region
(i = 1) and (2) the estimated potential in this region can be
conventionally declared as the global Wy value. Afterwards,
the local potential reference values W(gl) of the other regions
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(i = 2,...,n) can be estimated by means of the scalar-
free or fixed GBVP, according to the observables available.
This convention has three main advantages: (1) the sea sur-
face scanned by satellite altimetry does not depend on any
local vertical datum; (2) the availability of gravity function-
als can be easily increased by interpolation methods with
less accuracy loss than in continental areas (where the rough
topography must be taken into account); and (3) it conforms
to the Gauss—Listing definition.

In the first computation tests implemented by the IWG
0.1.1, gravity anomalies derived from satellite altimetry and
shipborne gravimetry (provided by BGI’) were considered
as boundary conditions to solve the fixed GBVP in ocean
areas. However, due to lack of information about the metadata
underlying some shipborne gravity data (like the gravity ref-
erence system, accuracy of the gravity anomalies, reference
frame of the gravity anomaly positions, etc.), it was decided
not to include these data in the computations. Thus, instead of
solving the fixed GBVP using proper boundary conditions,
we applied global gravity models (GGMs) to determine the
potential value at the sea surface. This does not pose any prob-
lem, since the GGMs provide analytical solutions in spherical
harmonics of the Laplace equation outside the Earth and it
can be assumed that potential values based on these GGMs
satisfy the regularity at infinity.

According to Sacerdote and Sanso (2001), the difference
between the potential at the mean sea surface Wg and the
potential of the geoid W divided by the mean normal gravity
y can be understood as an approximation of the sea surface
topography = (cf. Sacerdote and Sanso 2001, Eq. [3]):

Ws — Wy
Vs

12

=
o/

®)

and Wy can be chosen such that the square integral of the sea
surface topography over oceans is minimised (italic text and
Eq. (9) taken from Sacerdote and Sanso 2001, p. 53, Eq. [4]):

[, 1
_— E2°do = -2 | —(Wg — Wy) do = 0. 9
3W0S/ . /?5( s — Wo) do ©

Wy is then given by (cf. Sacerdote and Sanso 2001,
Eq. [5]):

fs;},-v_szsdo

Wo=—0
1
Js 57 do

(10)

If the sea surface S would coincide with an equipotential
surface, it would be sufficient to determine the potential W

7 BGI: Bureau Gravimétrique International, http://bgi.omp.obs-mip.
fr/.

at any point at S to know the potential value Ws. Since this
is not the case, Eq. (10) has to be evaluated in a discrete
form based on those points k describing a quasi-stationary
representation of the sea surface.

The potential value at each point k can be estimated by
(cf. Hofmann-Wellenhof and Moritz 2005, Eq. [2-234]):

Wi = Up — hiyr + Tk, (1D

where &y is the ellipsoidal height, y; is the mean normal
gravity value (cf. Hofmann-Wellenhof and Moritz 2005, Eq.
[4-60]), Uy is the ellipsoid’s normal potential, and Tk is the
anomalous potential obtained from a GGM. T} includes the
zero degree-term due to the difference between the values of
GM utilised in the GGM and in the reference level ellipsoid.
Replacing the integral in Eq. (10) by an area-weighted sum-
mation over discrete points k and introducing the potential
value W given by Eq. (11), Wy corresponds to:

lec |:Tk_1’;kl7ki| 55k

Yk

>h [Lz] 88k
Yi

Wo = Up +

, 12)

with §S; = cos@ S¢ SA.

One possibility to get S closer to an equipotential surface
(i.e., the geoid) is to subtract the mean dynamic topography
E from the sea surface heights / (as Bursa et al. 1998; Day-
oub et al. 2012 or Sanchez et al. 2014 already proposed). In
this case, E is to be represented as a quasi-stationary parame-
ter exactly as the sea surface heights 4 are also represented.
This means, all time dependent effects acting on the instan-
taneous sea surface should be removed. Some examples of
such effects are the ocean and solid Earth tides, centrifu-
gal deformation due to variations of the Earth’s rotation
velocity and pole motion, solid tide loading, atmospheric
and oceanic loading (i.e., inverse barometer and barotropic
effects), and changes in ocean currents caused by winds, tem-
perature variability, salinity, etc. More details in e.g., Wunsch
and Stammer (1997), Chelton et al. (2001), Fu and Le Traon
(2006), Ablain et al. (2009). If E is taken into account, the
condition (9) is no longer required and Eq. (11) becomes:

Wio = Up — (hk — Er)yko + Tro- (13)

In this case, the potential value Wy best fitting the indi-
vidual values Wg, given on the surface Sy (i.e., [hs — Es])
corresponds to

1
— | W, dS
S() / So 0
So

1 _
U+ 5 / [Ts, — (hs — Es)75,] dSo. (14)
So

Wo
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or, in discrete representation to:

S [Teo — (i — E) 70 8Sko

Wo = Uy +
> 88k

(15)

4 Input data for the empirical estimation of W

An empirical estimation of Wy is possible by solving Eq. (12)
or Eq. (15). To assess the sensitivity of this estimation to
the different input data, our first computations are based on
Eq. (12). Afterwards, we undertake a refined computation
using Eq. (15). The input data are:

(a) Ellipsoidal heights of the sea surface iy provided by a
mean sea surface model (MSS). As already mentioned,
it is expected that time dependent effects acting on the
sea surface scanned by satellite altimetry are removed
before any MSS model is computed. Additionally, since
the MSS models contain sea surface heights averaged
over a certain time period, it is assumed that those
heights are quasi-stationary (at least for the period con-
sidered for averaging).

(b) Mean dynamic topography (MDT) models providing
the values Ey. It would be ideal if the time period applied
to compute the MSS and the MDT models is the same.

(c) The normal gravity field (Up, yx) corresponds to the
reference ellipsoid GRS80 (Moritz 2000).

(d) The anomalous potential T} is derived from a quasi-
stationary (static) global gravity model (GGM). The sur-
face S is represented in the first computations (Eq. (12))
by the sea surface heights &y, and afterwards, in the
refined computation (Eq. (15)), by [Ax — Ex].

Our computations are based on the zero-tide system follow-
ing the IAG recommendation No. 16 adopted at the XVIII
General Assembly of the International Union of Geodesy
and Geophysics (IUGG) held in Hamburg in 1983 (Tschern-
ing 1984). It should be noted that the zero-tide system and
the mean-tide system are identical for the ellipsoidal heights
of the sea surface; i.e., the MSS models.

5 Sensitivity of the W, estimation to the model of
the Earth’s gravity field

At present, there is a huge variety of global gravity models
available. Besides the processing strategy applied to estimate
the harmonic coefficients, we can classify them according
to the input data taken into account for their computation.

@ Springer

There are GGMs previous to the gravity missions CHAMP,?
GRACE and GOCE, model EGM96 (Lemoine et al. 1998)
being the most well-known of them. Then, there are GGMs
including

(a) CHAMP data only; e.g., EIGEN®-1S, EIGEN-2 (Reig-
ber et al. 2002, 2003) and ITG'°-CHAMP (llk et al.
2003); or

(b) GRACE data only; e.g., UTEX-CSR!! (Tapley et al.
2003, 2007, 2013a) and ITG-GRACE (Mayer-Gtirr et
al. 2006, Mayer-Gitirr et al. 2007, 2010); or

(¢) GOCE data only; e.g., the series GO_CONS_GCF (R1,
R2) (Migliaccio et al. 2011; Pail et al. 2010; Bruinsma
et al. 2010); or

(d) a combination of GRACE, GOCE and SLR observa-
tions; e.g., the series EIGEN-6S (Forste et al. 2011,
2012) and the extended version of the models GO_
CONS_GCF (R3, R4, R5) (Bruinsma et al. 2013) or,

(e) a combination of CHAMP, GRACE, GOCE and SLR
data;e.g., the models GOCO (Pail et al. 2010; Goiginger
et al. 2011; Mayer-Gdirr et al. 2012), and

(f) a combination of satellite data with terrestrial gravity
data, like the models EGM2008'? (Pavlis et al. 2012,
2013) and the series EIGEN-6C (Forste et al. 2012).

The IAG Service International Centre for Global Earth Mod-
els'> (ICGEM) provides at present more than 150 static
GGMs and several series of monthly GGMs derived from
GRACE. The evaluation of all these models for the purpose
of this study is not possible and therefore, the GGMs used in
this work were selected according to the following criteria:

(a) GGMs expanded to the maximum possible degree n and
order m, to assess the dependence of the W estimation
on the spectral resolution of the GGM;

(b) GGMs based on the latest releases (available in 2014)
of GRACE and GOCE data, because they guarantee a
larger number of observations and a higher accuracy;

(c) GGMs including SLR data, because the higher accuracy
of the lower degree harmonics (see e.g., Blofifeld 2015;
Haberkorn et al. 2015);

(d) The model EGM96, because it was used to compute the
1998 Wy value (see Bursa et al. 1998);

8 CHAMP: Challenging Minisatellite Payload, http://op.gfz-potsdam.
de/champ/.

9 EIGEN: European Improved Gravity model of the Earth by New
techniques.

10 ITG: Institut fiir Theoretische Geoddsie, Universitdit Bonn.

' UTEX-CSR: The University of Texas at Austin, Center for Space
Research, USA.

12 EGM2008: Earth Gravitational Model 2008.
13 http://icgem.gfz-potsdam.de/ICGEM/.
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(e) The model EGM2008, because it is recommended as
the conventional GGM in the IERS Conventions 2010
(Petit and Luzum 2010) and because it is the first model
including degree harmonics above 360.

Table 2 summarises the main characteristics of the selected
GGMs. Those GGMs given in the tide-free system were
transformed to the zero-tide system following the conven-
tion outlined in the GOCE standards (cf. Gruber et al. 2010,
Eq. [80]):

CH — i =k - (AC), (16)

koo = 0.30190 and (ACa) = —1.391412 - 108 are the
loading Love number and the averaged value of the tidal
correction for Sun and Moon for the coefficient C»g, respec-
tively.

To assess the sensitivity of the Wy estimation to the
Earth’s gravity field model, these computations are ini-
tially implemented using only one MSS model, in this case
MSS_CNES_CLS11 (Schaeffer et al. 2012).

5.1 Dependence of W on the omission error of the GGM

The first aspect to be considered in this analysis is the
so-called omission error. The anomalous potential 7 is
computed while varying the maximum degree of the spheri-
cal harmonics expansion (nma,x = 10, 20, ...,2190). The
resulting Wé”:nm"“‘) values are compared with that value

gained using all available harmonics, i.e., Wén:2190). This
test is performed with the EGM2008 (Pavlis et al. 2012,
2013). All the input data are assumed free of error in such
a way that the differences [Wé”:mgo) — W] only
reflect the changes caused by truncating the GGM series
expansion at 1max.-

The values [W."=>""" — W{"=">)] are in general neg-
ative (Fig. 2). This means the fewer harmonic coefficients
included in the computation of 7' the larger is Wy; i.e., the
geocentric radius of the corresponding equipotential surface
is smaller. The omission error from ny,x = 10tonmax = 100
varies between —4.778 and —0.100 m?> s~2. This repre-
sents an outwards displacement (away from the geocentre)
of the corresponding equipotential surface of approximately
+490 and +11 mm, respectively. From np.x = 150, the
omission error decreases significantly (—0.013 m? s72 —~
+1.4 mm) and from np.x = 360, it is practically negli-
gible (—0.0004 m? s> —~ +0.04 mm). The immediate
conclusion is that the Wy value can be estimated using the
satellite-only component (nyx ~ 200) of the GGM. This
conclusion is in agreement with results presented previously
in similar studies such as Sanchez (2007), Bursa et al. (2007),
Dayoubetal. (2012), and Sdnchez et al. (2014). These authors
recommend to include harmonics up to degree n = 120 in the

computation of Wy. However, it should be mentioned that the
results obtained by BurS$a et al. (2007) present two maxima in
the omission error: one of more than 2 m? s—2 at n, m = 30,
and the other one of about 0.8 m? s~2 at n,m = 60 (cf.
Bursa et al. 2007, Fig. 3). These maxima could not be identi-
fied or confirmed in this study and therefore, it is not possible
to explain them. On the contrary, the omission error effects
shown in Fig. 2 agree quite well with those published by
Séanchez (2007), Dayoub et al. (2012), and Sanchez et al.
(2014).

5.2 Dependence of Wy on the selected GGM

A further aspect to be considered is a comparison of the W)
values obtained after applying the different GGMs listed in
Table 2. To facilitate this comparison, all models are trun-
cated at n = 180 (maximum degree of the model GGMO05S).
These results allow concluding that all the models, except
EGMO96, produce practically the same Wy value (Fig. 3).
GGMs including long time series of SLR data (e.g., EIGEN-
6C3stat, EIGEN-6C2, and GO_CONS_GCF_2_DIR_R4)
produce a slightly larger Wy value (0.006 m?> s™2 —~
—1 mm) in comparison with those models that do not
include SLR data. Nevertheless, these discrepancies are
much smaller than the formal error of the computations
(Table 3). In contrast, the Wy value obtained from the model
EGMOY6 presents a larger difference (0.06 m? s —~
—7 mm).

Table 3 presents the dispersion and standard deviation of
the Wy values obtained using the aforementioned GGMs.
These two statistical indicators are quite large for the model
GGMOSS; this confirms the necessity of regularising the
coefficients of this model (from n = 150) as Tapley et al.
(2013b) suggest. Figure 4 shows as example the geograph-
ical distribution of the residuals [W; — Wé"zlgo)] gained
from the models EIGEN-6C3stat, EGM2008, EGM96, and
GGMOS5S. The largest residuals are obtained at high latitudes
(outside ¢ = 60° N/S) using the EGM96 model and along
the striations caused by the non-regularised gravity solution
from GRACE in the model GGMOS5S. To reduce this effect, it
would be necessary to smooth the model to a 100-km resolu-
tion. However, this would increase the omission error effects
in the estimation of Wy (see Sect. 5.1).

The main conclusion of this analysis is that the estima-
tion of Wy should be based on the satellite-only component
(n < 200) of a GGM relying at least on the combination of
GRACE, GOCE, and SLR data.

5.3 Influence of the time-dependent Earth’s gravity field
changes in Wy

The computations described so far are based on quasi-
stationary GGMs. In this section, we want to analyse the
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Table 2 Global gravity models used for the empirical estimation of Wy

Model Input data

References

EGMO96 n, m = 360 tide-free
system

Dynamic satellite orbit analysis: GPS (1995), TOPEX/Poseidon
(1993-1994), SLR (1980-1994)

Lemoine et al. (1998)

Mean gravity anomalies (30" x 30’ and 1° x 1°) obtained from
terrestrial, shipborne and airborne gravimetry

Mean gravity anomalies (30’ x 30’) derived from satellite altimetry

data (Geosat GM, ERS-1 GM)

Digital terrain model (5’ x 5)

EGM2008 n, m = 2190
tide-free system

Model ITG-GRACEO03S (GRACE data 2002-2007, n < 180)
Models DNSCO07 (Andersen et al. 2010), SSv18.1, and PGM2007B

Pavlisetal. (2012, 2013)

(Pavlis et al. 2007). These models contain mean gravity anomalies
(1" x 1") derived from: TOPEX/Poseidon-Jason ERM (1993-2004),
ERS-2 ERM (1995-2002), TOPEX/Poseidon TDM (2002-2003),
Envisat ERM (2002-2004), GFO ERM (2000-2002), Geosat GM
(1985-1986), ERS-1 GM (1994-1995), ICESAT GM (3 months)

Mean gravity anomalies (5" x 5’) obtained from terrestrial, shipborne

and airborne gravimetry

Digital terrain model (30" x 30”)

EIGEN-6C2 n, m = 1949
tide-free system

LAGEOS: 1985-2010
GRACE: 03/2003-12/2010
GOCE: 11/2009-04/2011

Forste et al. (2012)

Gravity anomalies and geoid undulations derived from the model
DTUI10 (Andersen and Knudsen 2009; Andersen 2010) over oceans

Geoid undulations from EGM2008 over continents

EIGEN-6C3stat n, m = 1949
tide-free system

et al. 2009)

LAGEOS (n = 2-30): 1985-2010
GRACE RL02 GRGS (n = 2—-100): 02/2003-01/2011 (Bruinsma

Forste et al. (2012)

GRACE RLO5 GFZ (n = 55—180): 10/2003-09/2012 (Dahle et al.

2012)

GOCE-SGG (n < 235): 837 days (11/2009-08/2012) plus 225 days
(09/2012-05/2013) (Pail et al. 2011; Bruinsma et al. 2013)
Terrestrial data (n < 370): geoid model derived from DTU12MDT*
over oceans and from EGM2008 over continents. Expansion up to
n = 1949 by means of gravity anomalies obtained from DTU12MDT

GOCOO03S n, m = 250
tide-free system GRACE (7 years)

CHAMP (8 years)

SLR (5 years, 5 satellites)

GOCE: 11/2009-08/2012

LAGEOS: 1985-2010

GO_CONS_GCF_2_DIR_R4
n, m = 260 tide-free system

GOCE: 11/2009-04/2011 (18 months)

Pail et al. (2010), Mayer-
Giirr et al. (2012)

Bruinsma et al. (2013)

GRACE RL02 GRGS: 02/2003-01/2011 (Bruinsma et al. 2009)
GRACE RLO05 GFZ: 10/2003-09/2012 (Dahle et al. 2012)

GO_CONS_GCF_2_TIM_R4
n, m = 250 tide-free system
GGMO5S n, m = 180 zero-tide

system

GOCE: 11/2009-06/2012

GRACE: 03/2003-05/2013

Pail et al. (2011)

Tapley et al. (2013b)

2 DTUI2MDT is a mean dynamic topography model derived from the mean sea surface model DTU10 in combination with the geoid
undulations computed from the GGM EIGEN-6C2. More details in: http://www.space.dtu.dk/english/Research/Scientific_data_and_models/

Global_Mean_Dynamic_topography

effect of secular and seasonal variations of the gravity field
in the estimation of Wy. This evaluation is performed by
applying the same procedure described in the two previ-
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ous sections, but using (1) the monthly GRACE-based GGM
series published as GFZ Release 05 (Dahle et al. 2012) and
(2) the time-dependent coefficients (Cy, (1), Sum(f)) up to
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Fig. 2 Effects of the omission
error in the estimation of Wy
after truncating the series

Wyl2190) - W frmad [m? 2]

expansion of the model

al

EGM2008 at degree n = npax
(MSS: MSS_CNES_CLSI11)

bk b b Lo

10 30 50 70 90 110

130 150 170 190 210 230 250 270 290 310 330 350

W [m’s?] Based on the analysis presented in Sects. 5.1, 5.2, and 5.3,
070 we can conclude that:
0.68
066 (a) Wy can be estimated using the satellite-only component
0.64 of a GGM (n = 200);
062 || (b) This satellite-only component should be based (at least)
0.60 on the combination of GRACE, GOCE and SLR data;

EGM96 EGM2008 EIGEN-6C3 EIGEN-6C2 GOCO03S DIR_R4 TIM_R4  GGMO5S

Fig. 3 W, values derived from the GGMs listed in Table 2 (the value
62,636,853.00 should be added)

n, m = 50 of the model EIGEN-6C2 (Forste et al. 2012). As
before, the geometry of the surface S is represented by the
model MSS_CNES_CLSI11 (Schaeffer et al. 2012) and all
input data are assumed free of errors. This allows to assess
the sensitivity of Wy to the time-dependent variations of the
GGM.

The time series of the W, values obtained with the time-
dependent model EIGEN-6C2 present smaller amplitudes
that the series of the W values computed using the monthly
GFZ Release 05 models (Fig. 5). The amplitude of the
Wy estimations based on the GFZ Release 05 varies from
—0.0108 m? s~2 to 40.0201 m? s~2, its linear trend being
—6.617 x 107* m? s~2 a! (i.e., an outwards displace-
ment of the corresponding level surface of about +1.3 mm
in 20 years). The linear trend for the Wy values based on
the EIGEN-6C2 model is —2.647 x 107* m%s 2 a"! (ie.,
an outwards displacement of +0.5 mm in 20 years). These
magnitudes are much smaller than the formal error in the
estimation of Wy (see Table 3) and therefore, they can be
assumed as insignificant. These results are confirmed by
(Dayoub 2010, Section 3.2). The immediate conclusion of
this analysis is that the estimation and practical realisation of
Wy may be based on a static (quasi-stationary) GGM; i.e., the
Earth’s gravity field time variations can be neglected without
decreasing the reliability of the estimated Wy value.

(c) Wp can be estimated with a static (quasi-stationary)
GGM.

From the GGMs used in this study, these requirements are
satisfied by EIGEN-6C2, GO_CONS_GCF_2_DIR_R4,and
EIGEN-6C3stat; as a matter of fact, all of them produce sim-
ilar Wy estimates (Fig. 3); i.e., the discrepancies are much
smaller than the computation formal errors (Table 3). It is
also expected that new GGMs including these three charac-
teristics (like the models EIGEN-6C4, Shako et al. 2014 or
GOCOO05S, Mayer-Giirr et al. 2015) reproduce these results
within the same uncertainty level presented in Table 3. In the
following, we analyse the dependence of the W estimation
on the geometrical representation of the surface S. To bet-
ter identify this dependence, we keep the GGM unchanged
through the different computations using the model EIGEN-
6C3stat. The influence of the commission error of the GGM
in the estimation on W is analysed in Sect. 7.

6 Sensitivity of the Wy estimation to the mean sea
surface model

For the empirical estimation of Wy using Eq. (12), it is
assumed that the geometrical representation of the sur-
face S is given by the sea surface heights hj included
in a mean sea surface model (MSS). In this case, the
models MSS_CNES_CLS11 (Schaeffer et al. 2012) and
DTU10 (Andersen and Knudsen 2009, Andersen 2010) are
applied. Their main characteristics are listed in Table 4. As

Table 3 Dispersion of the W values and standard deviation of the Wy value obtained after applying the GGMs listed in Table 2

EGM96 EGM2008 EIGEN-6C3 EIGEN-6C2 GOCO03S DIR_R4 TIM_R4 GGMO05S
o= M 4+8.9830 +8.7016 1+8.6965 +8.6997 1+8.7146 1+8.6973 1+8.6891 +10.4477
ow, = +0.0238 +0.0231 +0.0230 +0.0230 +0.0231 4+0.0230 +0.0230 +0.0277

Units in m? s—2
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EIGEN-6C3stat

o

Fig. 4 Geographical distribution of the residuals [W} — Wé"=180)]

Fig. 5 Changes in the Wy
estimates after applying the
monthly GRACE-based models
GFZ Release 05 and the 0.010

AW [m?s?]

—»— W based on GRACE GFZ Release 05

—&— W, based on EIGEN-6C2 with time variation

------ Linear (Wobased on GRACE GFZ Release 05)
------ Linear (W, based on EIGEN-6C2 with time variation)

k7

time-dependent harmonics of

% "

the model EIGEN-6C2. The
linear trend of W using the

GFZ Release 05 is
—6.617x10*m2s2a ! (a

- %%%Aj--w--L-% .

displacement of about 1.3 mm
in 20 years), while the linear

A

trend using EIGEN-6C2 is oo
—2.647 x 10~*m? s~ 2 a~! (a 20,015
displacement of about 4+-0.5 mm

in 20 years) -0.020

2003 2004 2005

the ellipsoidal coordinates of these models are given with
respect to the so-called TOPEX/Poseidon ellipsoid (¢ =
6,378,136.3 m, 1/f = 298.257), the first step is to con-
vert these coordinates to the GRS80 ellipsoid. Afterwards,
mean sea surface heights at a resolution of 0.5° x 0.5

14" The size of the compartments used to discretise the sea surface can
vary from 2’ x 2’ to 1° x 1° without causing significant changes in the
estimated Wy value, more details in Sanchez (2007).
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are built for each model, to guarantee that the values Wy are
estimated exactly at the same (¢, A) positions. In addition,
since these models have a different latitudinal coverage, the
computation of Wy is performed by truncating this coverage
at different latitudes. This facilitates the comparison of the
results gained from each model.

The Wy estimates using the model MSS_CNES_CLS11
are on average 0.3 m? s~ larger than those values obtained
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Table 4 Global mean sea surface models used for the empirical estimation of Wy

Model Characteristics

References

MSS_CNES_CLS11

Reference time period: 1993-1999
Coverage: 80°S—84°N, resolution: 2’ x 2’
Mean-tide system

DTU10

Reference time period: 1993-2009

16 years of satellite altimetry data: TOPEX/Poseidon (10 years), TOPEX/Poseidon
TDM (3 years), Jason 1 (7 years), ERS-1 ERM+GM (168 days), ERS-2 ERM
(8 years), ENVISAT (7 years), GFO (7 years)

Reference mission: TOPEX/Poseidon, Jason-1

Schaeffer et al. (2012)

17 years of satellite altimetry data: TOPEX/Poseidon (10 years), TOPEX/Poseidon
TDM (3 years), Jason 1 (7 years), ERS-1 ERM+GM (168 days), ERS-2 ERM
(8 years), ENVISAT (7 years), GFO (7 years), ICESAT (2 years)

Reference mission: TOPEX/Poseidon, Jason-1

Andersen and Knudsen
(2009), Andersen (2010)

Coverage: 84°S-90°N, resolution: 1" x 1" to 2/ x 2’

Mean-tide system

Fig. 6 W, estimates after W [m?s2]
applying the models
MSS_CNES_CLSI11 and 54

—-DTU10 —»-CLS11

DTUI10 varying their latitudinal
coverage from ¢ = 50° N/S to

e

@ = 82° N/S. The value 53
62,636,800 m? s~2 must be
added (GGM: EIGEN-6C3stat)

51

Latitudinal coverage [°]

from the model DTU10 (Fig. 6), cf. Cunderlik et al. (2014),
Sanchez et al. (2014). This level difference (about —3 cm)
mirrors the mean discrepancy already identified by Schaeffer
etal. (2012) between both models (Fig. 7). According to their
conclusions, this discrepancy is mainly caused by (1) differ-
ences in the modelling of the inter-annual oceanic variability
(different reference time periods); (2) different approaches
for the data processing at high latitudes; (3) the smoothing of
the so-called sea mounts in the MSS_CNES_CLS11 model,
and (4) the extrapolation of the satellite altimetry data in
coastal and insular areas.

Figure 8 shows the dispersion of the values Wj and the
standard deviation of the Wy estimates as a function of the
latitudinal coverage of the MSS models: the lower the lati-
tudinal coverage the better the dispersion and the standard
deviation values. Based on similar results, Sanchez (2007)
recommends to compute Wy excluding those areas outside
¢ = 60°N/S. However, decreasing the latitudinal coverage
produces a smaller Wy value (cf. Fig. 6); i.e., the correspond-
ing surface level moves outwards. This effect is caused by the
sea surface topography: it presents extreme negative values
at high latitudes (e.g., ca. —2 m in the area of influence of the
Antarctic circumpolar current and ca. —1 m around Green-

+50 £52 £54 £56 +58 60 *62 +64 +66 68 70 +72 £74 £76 =78 +80 =82 >+82

Fig. 7 Level differences between the potential values computed after

using the models MSS_CNES_CLS11 and DTU10 in combination

with the GGM EIGEN-6C3stat. The potential differences are scaled

by the normal gravity value to be represented in units of length; i.e.,
CLSI1 DTUI10

| CLSTD _ yy (PTUI0)

land) and extreme positive values in the tropical regions (e.g.,
more than +1.5 m in the regions were the currents Kuroshima
and Aguhlas are active). In this way, if the latitudinal cover-
age is reduced, the condition (9) is not satisfied over all ocean
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Fig. 8 Dispersion (above) and O [m?s2] = DTULO CLSI1
standard deviation (below) of 10
the Wy estimation based on the
models MSS_CNES_CLSI11 8 |
and DTU10 after varying their
latitudinal coverage from 6 B
@ = 50°N/S to ¢ = 82°N/S .
(GGM: EIGEN-6C3stat) £50  £52 454 56 58 60 £62 64 66 +68 70 72 74 £76 £78 +80 82 >=+82
Latitudinal coverage [°]
262
Oy, [m?s] m DTUI0 CLS11
0.025
0.020 -
0.015 -
0.010 -
£50 452 454 56 58 60 62 464 166 68 70 72 +74 +76 +78 80 +82 >=+82

areas, but only in the selected area limited by ¢ = 60° N/S.
It means, the Wy value fits the mean sea level at that area
and it is no longer global, but only local (cf. Dayoub et al.
2012). The immediate conclusion of this analysis is that the
empirical estimation of Wy should be based on the total area
covered by the mean sea surface model.

6.1 Influence of time-dependent sea surface changes in
Wo

According to the reference period used for the computa-
tion of the models MSS_CNES_CLS11 and DTU10 (see
Table 4), it can be assumed that they refer to the mean epochs
1996 and 2001, respectively. Therefore, their direct compar-
ison (Fig. 7) may be understood as meaningless because the
time-dependent variations of the sea surface are not homo-
geneously handled. Since the mean sea surface modelling
depends, among others, on the time span considered for
the average of the sea surface heights, in the following we
concentrate on analysing the Wy estimation after applying
a series of yearly mean sea surface models. These yearly
MSS models are based on the sea surface heights avail-
able at the OpenADB'> Version 4 database (Schwatke et al.
2010). These data are utilised as they are computed after
the crossover calibration method (Dettmering and Bosch
2010; Bosch et al. 2014) and include a data standardisation
of most of the satellite altimetry missions available since
1992. Main characteristics are: all input data refer to the
ITRF2008 (Altamimi et al. 2011); the satellite orbit analy-
sis is based on only one GGM (EIGEN-6S2, Forste et al.
2012); the ocean tide reductions are derived from the model
EOT11a (Savcenko and Bosch 2012); the effects caused by

15 OpenADB: Open Altimeter Database, Deutsches Geodiitisches
Forschungsinstitut, Technische Universitdt Miinchen, http://openadb.
dgfi.tum.de.
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the atmospheric pressure on the sea surface are modelled
according to the dynamic atmospheric correction derived
from the model Mog2D'® (Lynch and Gray 1979; Carrére
and Lyard 2003) and published by the Space Oceanography
Division of the CLS (Collecte Localisation Satellites). In this
work, we derive mean values from the OpenADB sea surface
heights available along the ground tracks of the following
altimeter satellites: TOPEX/Poseidon, TOPEX-EM, ERS-1
ERM+GM, ESR-2 ERM, Jason-1, Jason-1 EM, Jason-2 and
GFO. The main objective of this procedure is to guarantee
that the yearly mean sea surface models are homogeneously
computed; i.e., following unified standards and methods. In
this way, variations in the estimated Wy values reflect changes
of the sea surface instead of inconsistencies in the satellite
altimetry data analysis (like those presented by e.g., Rio and
Andersen 2009; Schaeffer et al. 2012).

The computation of yearly mean sea surface models
within this study is based on the strategy Remove-Estimate-
Restore: As mentioned, input data are the OpenADB sea
surface heights along the satellite ground tracks referring to
the observation epoch ; i.e., hx (). From these heights, an a
priori (or reference) mean sea surface model (4 ) is sub-
tracted to obtain sea level anomalies s (1) = hi(t) — ho k-
In this case, we use the MSS_CNES_CLS11 as the refer-
ence model. Based on the sea level anomalies s (), mean
values §; at each nodal point i of a 0.5° x 0.5° grid are com-
puted/interpolated. For this purpose, a cap of radius ¥max is
defined around each nodal point, and all sea level anomalies
sk (t) contained in this cap along one year are averaged using
the weight function:

Py=c"; o=@ 2 (17)

16 This model is known at present as T-UGOm 2D (Toulouse Unstruc-
tured Grid Ocean model 2D), http://sirocco.omp.obs-mip.fr/eng/tools/
Tugo/Home/TugoHome.htm.
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Fig. 9 Estimates for the value W [m2s2]
of Wy based on yearly mean sea 540
surface models. The value
62,636,800 m? s~2 must be 54.0
added (GGM: EIGEN-6C3stat).
Please note that there are very 53.8
few satellite altimetry data in
1992 (see Fig. 1 in Bosch et al. 53.6
2014)
534 : T

1992 1994 1996

7 is an empirical factor that allows to control the decay slope
of the exponential function Py. v is the spherical distance
to the node. In this study, we apply the same parameters
defined for the model EOT11a (i.e., ¥max = 1.5° and ¢ =
0.3vmax, Savcenko and Bosch 2012) to be in agreement with
the standards applied in the OpenADB database. Once mean
sea level anomalies are available at the grid nodal points, the
reference model heights /¢ ; (also averaged on the 0.5° x0.5°
grid) are restored; i.e., h; = §; + ho ;.

In the computation of the mean values §;, the input sea
level heights hy () are weighted additionally with the inverse
of the covariance matrix obtained in the crossover calibration
procedure for each satellite altimetry mission (cf. Bosch etal.
2014, Egs. [19], [20], [21]). These covariance matrixes are
also available at OpenADB. In this way, after an error propa-
gation analysis, the uncertainties o3, of the mean sea surface
anomalies §; are known and the uncertainties of the mean
sea surface heights oy, at the nodal points can be estimated
using:

ohi =07 + 081y (18)

ocLs11 corresponds to the dispersion after computing 0.5° x
0.5° grid mean sea surface heights values from the original
2" x 2/ grid provided by Schaeffer et al. (2012). Those nodal
points with o7; > 10 cm are again interpolated but using as
input data the mean values §; instead of s ().

To minimise the uncertainties caused in the satellite
altimetry measurements by shallow waters in coastal areas
and the sea water ice content in the polar regions, a strip
of 10 km along continental and islands areas, as well as the
polar ice covered zones are excluded from the interpolation.
In the first case, we use the continental mask included in
the GMT!7 (Wessel et al. 2013). In the second case, we use
the boundaries of the mean annual ice coverage published
by NSIDC'® (Fetterer et al. 2002). Once the interpolation is
performed, the mean sea surface heights corresponding to the
polar ice covered areas are restored by means of the refer-
ence model MSS_CNES_CLS11. Remaining uncertainties

17" Generic Mapping Tools, http://gmt.soest.hawaii.edu/.

18 National Snow and Ice Data Center, http://nsidc.org/.

1998 2000 2002 2004 2006 2008 2010 2012

in the shallow waters are down-weighted using Eq. (19) (see
Sect. 7).

According to this procedure, yearly mean sea surface mod-
els were computed from 1992 to 2013. These models are then
used to determine Wy (Eq. (12)). Figure 9 shows the estimated
Wy value for each year. As expected, differences between
these Wy estimations mirror with opposite sign the changes
of the yearly mean sea level scanned by satellite altimetry.
The equipotential surface coinciding with the mean sea level
in 1993 corresponds to a potential value 0.4117 m? s~2 larger
than the potential value of that equipotential surface coincid-
ing with the mean sea level in 2010. This corresponds to a sea
level rise of about +2.4 mma~' (cf.e.g., +2.44 1.1 mma™!
from Jason-1 and +2.7 = 1.5 mm a~! from Envisat, see
Leuliette and Miller 2009). These results are in agreement
with previous studies based on TOPEX/Poseidon and Jason-
1, where the mean yearly change of the potential value Ws at
the sea surface was estimated to be —0.022 m”> s~2 a~! for the
period 1993-2001 (Sanchez 2007) and —0.027 m? s=2 a~!
for the period 1992.9-2009.0 (Dayoub et al. 2012).

It is clear that the empirical estimation of the Wy value
primarily depends on the Earth’s gravity field and on the def-
inition of the mean sea level. The geoid, as any equipotential
surface, changes due to mass redistributions. Some of these
changes can be modelled (cf. Fig. 5) some others must be
monitored (determined by repeated observations). However,
as far as the volume enclosed by the perturbed/deformed
geoid does not change, the potential value Wy remains the
same (see Sect. 8). Regarding the mean sea level, it could
be assumed that the Gauss—Listing definition must be sat-
isfied at any time and the geoid would have to grow or to
decrease accordingly with the changes of the mean sea level,
i.e., an estimate for dWy/dr in m? s72 a~! would be neces-
sary. However, understanding that Wy can be introduced as a
defining parameter of the mean Earth ellipsoid, the semi-
major axis (a) of the level ellipsoid would be a derived
parameter and it would change if Wy changes. To provide
a reference ellipsoid that remains unchanged with time, it is
necessary to decouple Wy from the sea surface variations.
The same is required, if Wy is introduced as the reference
level for the vertical coordinate determination. Practical and
scientific applications modelling time-dependent changes in
vertical coordinates demand quasi-stationary reference sur-
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faces. If those references surfaces were time-dependent, it
would not be possible to separate position variations from
the reference surface variations; i.e., eventual changes of
the reference level (i.e., dWy/dt) could not be distinguished
from variations of the geopotential number at a given point
(i.e., dCp/dr). In addition, although the vertical points do
not move, their geopotential numbers (or physical heights)
would have to be permanently changed in accordance with
the reference level variations. This poses a huge disadvantage
from the practical point of view. To avoid this problem, Wy as
fundamental parameter is to be defined as time-independent;
i.e., its realisation could be given by the potential value valid
at a certain epoch and then it remains fixed, unchanged for a
long term (Ihde et al. 2015). It is, however, recommended to
monitor the changes of the potential value at the sea surface
and to compare it with the adopted Wy value. When large
differences appear (e.g., >42 m? s~2), the adopted W, may
be replaced by an updated (best estimate) value.

The main remarks regarding the dependence of the Wy
estimation on the sea surface model are:

(a) The geoid is understood as the equipotential surface of
the Earth’s gravity field that best fits (in a least square
sense) the undisturbed mean sea level. Since satisfying
this condition is impossible in addition to the sea level
changes, a convention is needed to define the mean sea
level,

(b) As a basic convention it is stated that the computation
of Wy should be based on a quasi-stationary representa-
tion (model) of the sea surface, including the maximum
latitudinal coverage available in the satellite altimetry
data;

(c) Although time-dependent sea level changes have an
impact on the estimation of Wy, Wy should be defined
as time-independent in order to be introduced as a
reference parameter for the determination of vertical
coordinates or for the computation of a level ellipsoid,;

(d) Accordingly, it is suggested to estimate Wy at a certain
epoch and then to fix this value through a long-time
period (e.g., >20 years).

6.2 Effects of the mean dynamic topography on the
estimation of W,

Computations implemented until now are based on Eq. (12),
which minimises the MDT assuming that 8 = [W; —
Wol/yk. If the MDT is explicitly taking into account in
the representation of S (to get a closer approximation to an
equipotential surface), Wy can be estimated using Eq. (15).
The values Ej to be subtracted from the sea surface heights
can be provided by a geodetic or an oceanographic MDT
model. In the first case, the input data are sea surface heights

(h) derived from satellite altimetry and geoid undulations
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(N) obtained from a pre-given geoid model;i.e., E = h—N.
In this way, the numerator in Eq. (15) becomes [T — Ny yk]. If
T and N are estimated consistently (applying the same geo-
detic measurements and models), the residuals in Eq. (15)
are zero and Wy = Uj. If there is no consistency in the deter-
mination of 7" and N, the residuals would reflect the discrep-
ancies between the computation procedures. For example,
T is computed using EIGEN-6C2 and MSS_CNES_CLS11,
while N is estimated from DTU12MDT. Since DTU12MDT
is derived from the MSS model DTU10 minus the geoid
model derived from EIGEN-6C2, the residuals in Eq. (15)
would mirror the inconsistencies existing between both mean
sea surface models; i.e., the MSS_CNES_CLS11 and the
DTUI10. An additional problem in using such a geodetic
MDT model in the estimation of Wy is that the geoid utilised
in its determination may be already assigned with a geopo-
tential value (see Rapp 1997, Eq. [3]; Lemoine et al. 1998,
Eq. [5.2.1-4]). In this way, the estimation will result in a
geopotential value that is already known and this makes the
calculation trivial. Consequently, it is not sensible to use a
geodetic MDT model for the estimation of Wj.

The oceanographic MDT models are based on the solution
of equations of motion of the water masses (hydrodynam-
ics). Here it is assumed that the water is in hydrostatic and
geostrophic equilibrium above some identifiable, isobaric
(reference) surface of no-motion, which coincides with an
equipotential surface. The selection of this reference surface
depends on (1) the availability of the hydrographic observ-
ables (e.g., temperature, salinity, pressure, water velocity
along ocean currents, etc.); (2) the assumptions about the
hydrostatic and geostrophic equilibriums; and (3) the cer-
tainty with the water friction forces are known. Therefore, the
selected reference surface is not always the same and it usu-
ally does not coincide with the geoid (i.e., the reference sur-
face for the geodetic models). Due to these uncertainties, the
MDT models derived from oceanographic measurements are
compared and improved using the MDT values derived from
satellite altimetry and a geoid model (see e.g., Le Traon and
Morrow 2001). At present, the most accepted oceanographic
MDT model is the ECCO-2'" (Menemenlis et al. 2008).
Although this model assimilates oceanographic observables,
the estimation of the MDT is constrained to pre-given values
derived from satellite altimetry and a GRACE-based geoid
model. Nevertheless, we use these MDT values as E; to com-
pute Wy by means of Eq. (15). The ECCO-2 model contains
the quasi-stationary MDT for the time period 1992-2010 and
we use a latitudinal coverage of ¢ = 70°N/S with a spatial
resolution of 1° x 1°. To describe the vertical position vector
of the surface Sy (i.e., [¢, A, hxy — Eg]), mean sea surface

19 ECCO-2: Estimating the Circulation and Climate of the Ocean,
phase II: High-resolution global-ocean and sea ice data synthesis, http://
ecco2.jpl.nasa.gov/.
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heights A for the same time span and at the same resolu-
tion are determined using the OpenADB data (cf. Sect. 6.1).
Figure 10 compares the W estimates obtained with Eq. (15)
(i.e., using (h — E)), with those Wy values derived from
Eq. (12) (i.e., using % only). If the maximum latitudinal cov-

erage (¢ = 70°N/S) is included, the potential value Wéh_a)

is practically identical with Wéh). If the latitudinal coverage
decreases, Wéhia) remains almost unchanged, while W(gh)
shows the behaviour already discussed about neglecting sea
surface topography features (cf. Fig. 6).

The main conclusion of this analysis is that Eqgs. (12) and
(15) produce the same results when all the ocean areas cov-
ered by the satellite altimetry are included in the estimation
of Wp; i.e., a MDT model is not indispensable to estimate
Wo (cf. Dayoub et al. 2012; Sjoberg 2011).

7 Impact of the input data accuracy on the W
estimation

The numerical evaluations presented so far assume that all
the input data are free of error. The uncertainty estimates con-
tained in Table 3 only show the dispersion of the potential val-
ues Wy at the grid nodal points k with respect to the W value
computed according to Eqgs. (10) and (12). In the follow-
ing, we analyse the dependence of the W estimation on the
accuracy of the input data. The basic observation equation is
Eq. (12).Itis a function of the normal potential Uy, the normal
gravity y, the ellipsoidal coordinates (¢, A, 1) of the points
k describing the sea surface, and the anomalous potential 7.
The main contributors to the uncertainty of Wy are 7 and T,
since Uy and y are considered free of error. The standard devi-
ation oy, of the mean sea surface heights /1 is assumed to be
equivalent to Eq. (18). It includes the uncertainty estimated
from the cross-calibration procedure and the dispersion
derived after computing the mean sea level heights at the
0.5° % 0.5° grid. The standard deviation o7, of the anomalous
potential values T} is obtained from the variance—covariance
matrix of the GGM utilised for the computation of Wy, in
this case the model EIGEN-6C3stat at n = 200 (Forste et al.
2012). It shall be pointed out here that only the main diag-
onal of the GGM variance-covariance matrix is taking into

account for the estimation of o7, . This means, correlations
between harmonic coefficients of different degree and order
are neglected.?? According to the error propagation theory,
the variance Uvzvk of the values W at the points & is given by:

2 2 )

O, =07, T Vi Oy (19)
and the inverse of this variance can be introduced as the
weight function for a weighed estimation of Wy. In this way,

Eq. (12) becomes (cf. Sjoberg 2011, Eq. [10a]):

k| Te—hivk 1 58S
Z =2 R ) k
! |: Vi o7, TV Oy,
Z =20 Y o272 k
! |:yk 01 Vi %l ]

Equation (20) is solved using the yearly mean sea sur-
face models described in Sect. 6.1. oy, varies from $0.002
to £0.100 m, while o7, varies from =£0.1055 to =+
0.1535 m? s~2. The accuracy of T} is in agreement with the
expected accuracy of GOCE-based GGM (i.e., geoid accu-
racy of 1-2 cm at a spatial resolution of about 100 km, see
Drinkwater et al. 2007). As an example, Fig. 11 shows the
standard deviation ow, of the potential values Wy for the
year 2005. The difference between a non-weighted and a
weighted estimation of Wj is significant. It not only changes
the Wy value by about —0.34 m? s~2, but also improves the
dispersion of the Wy values (0 = £8.5168 m? s72) and
the standard deviation of Wy (ow, = 40.0219 m? s72); cf.
Table 3. The weighted estimation of Wy allows to reduce the
effects of the so-called geographically correlated errors in
the satellite altimetry data. According to Bosch et al. (2014),
these errors are important for mapping and monitoring the
sea surface, as they cancel in single-satellite crossover dif-
ferences, but map directly in the sea surface height. The
geographically correlated errors mainly reflect errors com-
ing from the orbit determination process, but they may also

Wo = Uy + (20)

20 This correlation should be zero since the spherical harmonic func-
tions are orthogonal; however, it is not zero due to the adjustment
procedure required for the empirical computation of the coefficients.
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m2s?

Fig. 11 Standard deviation ow, of the potential values Wy (Eq. (19))
for the year 2005

include effects like errors in the time tagging of the obser-
vations or errors in the corrections applied to the data (e.g.,
tropospheric reductions, sea state bias, etc.). Therefore, we
stress the importance of computing Wy using standardised
yearly mean sea surface models.

8 Dependence of the Wy empirical estimation on
the tide system

According to BurSa (1995b,c), Wy can be considered as a
parameter non-dependent on the tide system. In that analy-
sis, BurSa (1995b, Eq. [29]) assumes that W only depends on
(1) the volume enclosed by the surface W = Wy; (2) the geo-
centric gravitational constant GM; and (3) the Earth’s angular
velocity. If there are no changes in any of these parame-
ters, Wy remains constant. Direct and indirect effects of the
tidal potential on Wy are compensated by the deformation of
the corresponding level surface, but the volume enclosed by
this surface does not change. Bursa (1995c¢, p. 60) explicitly
says: At any fixed point the zero-frequency direct plus indi-
rect distortion makes the actual geopotential different from
the ideal tide-free potential. As the Bruns theorem suggests,
the tidally distorted equipotential surface is shifted from that
tide-free, however, the same geopotential value is appropri-
ate to both surfaces. It means, geoidal potential Wy should
remain unchanged for both, tide-free geoid, as well as, tidally
distorted one. Based on this and assuming that at least one
point at the geoid surface is known, Bursa (1995c, Section 3)
shows that the change in Wy due to tidal effects is zero. How-
ever, in practice no points on the geoid are available. On the
contrary, the empirical estimation of W assimilates observ-
ables determined at the Earth’s surface and those observables
are influenced by the manner the tide effects are handled; i.e.,
they depend on the tide system. Therefore, in this section we
want to assess how much Wy changes if the input data are
given in different tide systems.

Computations described in the previous sessions are based
on GGMs given in the zero-tide system and sea surface
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heights given in mean-tide system (which in this case is
equivalent to the zero-tide system). Now we want to esti-
mate Wy in the mean-tide system and in the tide-free
system. For the estimation of W) in the tide-free system, the
mean sea surface heights are converted into tide-free posi-
tions using the conventional tide-free reduction applied by
the IERS for the determination of the ITRF positions (cf.
Petit and Luzum 2010, Eqgs. [7.14a] and [7.14b]). The
IERS conventional tide-free reduction is applied in this case
because the same hypotheses are used for the conversion of
the harmonic coefficient Cy( from the free- to the zero-tide
system (cf. Eq. (16)). As the mean sea surface heights /; used
in this study refer to the GRS80 ellipsoid, the conversion from
the zero-tide into the conventional tide-free positions is given
by (cf. Ihde et al. 2008, Eq. [5]-[7]):

Ah7 = 0.0602 — 0.1790 sin® ¢ — 0.0018 sin* . 1)

The coefficient Cyg of the GGM is originally provided in
tide-free system; in this way, no further transformations are
necessary. Once sea surface heights and GGM are given in
the tide-free system, Wy (Eq. (12)) is computed again.

For the computation of Wy in the mean-tide system, the
direct permanent tidal effect (W5) is added to the values T
before solving Eq. (12). This effect is computed according
to Thde et al. (2008, Section 5, Eq. [5-4]):

Wa(p) = 0.9722 — 2.8841 sin® ¢ — 0.0195 sin* .  (22)

Once this effect is restored to the values T, Eq. (12) is
solved using the same mean sea surface models as before
(cf. Sect. 6.1), because, as already mentioned, for the geom-
etry of the Earth’s surface mean-tide and zero-tide system
are identical.

The Wy estimation in zero-tide WOZT and tide-free WOTF
produces practically the same value. The difference [WOTF —
WOZT] is 0.0278 m? s—2, which is in the same order as
the formal error of the computations (see Table 3). Thus,
it can be considered insignificant. The difference between
the mean-tide estimation WéVIT and the other ones is a little
larger. [WévlT — WOZT] is 0.0943 m? s~2 and [Wé\/[T — WOTF ]
is 0.0665 m? s~2. This can be a consequence of omis-
sion errors by restoring only the second degree tidal effects
(see Eq. (22)), or by not including the entire Earth’s sur-
face (continents 4 oceans) in the computations. In fact, if
the latitudinal coverage of the MSS model diminishes, the
discrepancy between the estimates based on different tide
systems increases. Therefore, it is very important that the
input data for the computation of Wy (GGM and MSS mod-
els) are given in the same tide system. We recommend the
zero-tide system. To reduce possible uncertainties between
computations performed in different tide systems, it sounds
reasonable to round the reference Wy value to only one digit
after the decimal marker.
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9 Discussion about the conventions needed for a
conventional Wy value

Computations implemented along this paper and in previous
studies make evident that the value estimated for Wy depends
on the Earth’s gravity field modelling, the mean sea surface
model, and the standards and conventions applied to process
the data. Therefore, in addition to perform a standardised
computation of Wy, a further objective of this study is to face
some open questions formulated in previous analyses. For
instance, based on the discussion presented by Dayoub et al.
(2012, Section 4), in this study

— seven additional satellite altimetry missions to TOPEX/
Poseidon and Jason 1 were included to extend the time-
span of the mean sea surface level from 1992.9-2009.0
to 1992.9-2014.0;

— standardised and cross-calibrated satellite altimetry data
were applied to reduce possible effects caused by altime-
ter biases or by different datums of the missions;

— time-dependence of GGM and MSS models was analysed
within the W computation.

Based on Bursa et al. (2007), in this study:

— the effects produced by the atmospheric pressure on the
sea surface were modelled according to the dynamic
atmospheric correction to reduce the uncertainty asso-
ciated to the inverse barometric effect.

Based on Cunderlik et al. (2014), in this study:

— mean yearly sea surface models based on the newest
reduction models and analysis strategies were used to
minimise possible effects associated with different mod-
elling strategies of the inter-annual oceanic variability;

— newest global gravity models based on GRACE, GOCE
and SLR data were used to ensure a high reliability in the
long wavelength components of the Earth’s gravity field
modelling;

— effects of the GGM omission and commission errors on
the Wy were analysed;

— MSS models and satellite-only GGM were reduced to
the same reference epochs to ensure consistency in their
combination.

Based on Sanchez et al. (2014), in this study:

— mean sea surface heights in the polar regions were
included as far as the present coverage of the satellite
altimetry data this allows;

— a weighted computation based on the accuracy of the
input data was performed to reduce possible effects
caused by geographically correlated errors and the poor
quality of satellite altimetry measurements in the polar
regions and along coastal and insular areas;

— the improved accuracy offered by GOCE in the long and
mean wavelengths of the GGM was totally capitalised by
increasing the weight of those areas where T presents a
higher accuracys;

— W)y was computed in the different tide systems (i.e., zero-
tide, tide-free and mean-tide systems).

According to the different analyses performed in this paper,
we recommend the adoption of a Wy value relying on the
following conventions:

(a) Gauss—Listing geoid’s definition: Wy is the geopotential
value of that level surface that best approximates (in the
sense of the least squares) the global mean sea surface
when totally calm (i.e., if not external forces would act
on the oceans).

(b) Since a global sampling of the sea surface is not truly
possible (due to the continents and limited latitudinal
coverage of the satellite altimetry), the concept global is
here understood as the maximal coverage of the satellite
altimetry (see Sect. 6).

(c) Since a totally calm condition of the sea surface is not
achievable, a quasi-stationary representation of the sea
surface is needed; i.e., time-dependent effects affecting
the instantaneous sea surface should be reduced previ-
ously (see Sect. 6.1).

(d) To reduce the mean dynamic topography effects, all
the ocean areas scanned by satellite altimetry should
be included in the estimation of Wy (see Sect. 6.2).

(e) The Earth’s gravity field model should be based on
the combination of, at least, SLR, GRACE and GOCE
data (see Sect. 5.2). It is proof from empirical estima-
tions that the satellite-only component (n = 200) of
a static (quasi-stationary) global gravity model is suf-
ficient for this computation. In other words, omission
errors caused by truncating the global gravity model at
n = 200 (see Sect. 5.1) as well as time-dependent vari-
ations of the Earth’s gravity field (see Sect. 5.3) can be
assumed negligible in the estimation of a global Wj.

(f) The uncertainties caused in the satellite altimetry data
by geographically correlated errors, including shallow
waters in coastal areas and sea water ice content at polar
regions, should be considered in the computation of Wy;
i.e., a weighed adjustment including the inverse of the
input data variances as a weighting factor is recom-
mendable. This weighting factor should also reflect the
improvement provided by SLR, GRACE and GOCE to
the gravity field modelling (see Sect. 7).

(g) Theoretically, Wy does not depend on the tide system;
however, it is recommended to perform the computa-
tions in the zero-tide system (see Sect. 8).

(h) As a reference parameter, Wy should be time-
independent (i.e., quasi-stationary) and it should remain
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Fig. 12 Yearly weighted W W [m?2s2]
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fixed for a long-term period (e.g., 20 years). However,
it is recommended to monitor the changes of the poten-
tial value at the sea surface Wg and to compare it with
the adopted W) value (see Sect. 6.1). When large differ-
ences appear (e.g., more than +2 m? s~2), the adopted
Wy may be replaced by an updated (best estimate) value.
(1) Due to the time-dependent variations of the sea surface,
the realisation of the Gauss—Listing definition necessar-
ily has to be associated to a certain epoch (see Sect. 6.1).
In this context, there are many possibilities; for instance,

— we can agree to use the mean value for the lunar
period of 18.6 years (as usual in the definition of the
local vertical datums). If this period starts in 1992.9
(when the first satellite altimetry data were available),
the Gauss—Listing definition would be satisfied at the
mean epoch 2003.2. If the 18.6-year period ends in
2014.0 (latest altimetry data included in this study),
the mean epoch would be 2004.7;

— we can consider the availability of satellite altimetry
data from 1992.9 up to 2014.0 as time span, and the
reference epoch would be 2003.45;

— we can also say that, given that in 1992 a very few
altimetry data are available, the time span is defined
from 1993.0 up to 2014.0. In this case, the reference
epoch would be 2003.5;

— another possibility is to consider the period cov-
ered by GRACE and GOCE; i.e., from 2002.0 until
2013.8, and the reference epoch would be 2007.9.

Each of these options is based on a time-span to build
a mean value and they handled the inter-annual oceanic
variability in a different way. Thus, the immediate ques-
tion is how much Wj would change, if the time-span is
moved to earlier or later years. To avoid this problem,
and following the results presented by Dayoub et al.
(2012) and Séanchez et al. (2014), it is valid to assume
that the potential at the mean sea surface changes lin-
early and this change can be represented by means of a
constant rate. According to this, a suitable possibility is
to determine the linear trend of the potential value esti-
mated at the sea surface based in yearly mean sea surface
models (Fig. 12) and to adopt the value correspond-
ing to a certain year. Noting that the potential value at
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the sea surface changes about —0.027 m? s a~! (see
Sect. 6.1); it would be convenient to select a recent year
(e.g., 2010.0) to provide a reference value valid for a
longer period in the future (e.g., until 2030; see conven-
tion (h) above).

(j) Based on this discussion, we recommend to adopt the
W value obtained for the epoch 2010.0 after fitting the
yearly Wy weighted-estimations for the period 1993.0—
2014.0 by means of a lineal regression:

Wo = 62,636,853.4 m* s> (23)

Since (23) is to be adopted as a convention, an accuracy
indicator can be omitted. However, it can be mentioned that
the formal error of (23) is +0.02 m? s~2 (cf. Table 3).

10 Conclusions

The empirical estimation of a Wy value depends on the
Earth’s gravity field, the mean sea surface model, and the
standards and conventions applied to process the data. Conse-
quently, like any reference parameter, W should be based on
adopted conventions that guarantee its uniqueness, reliability,
and reproducibility; otherwise, there would be as many W
reference values as computations. Along this paper, different
methodologies, different GGMs, different MSS models, dif-
ferent reference epochs, different weights for the input data,
and different tide systems were evaluated for the Wy compu-
tation. Based on these results, detailed conventions to ensure
the reproducibility of a reference W value were outlined. As
the usual approximation of Wy is the averaged potential value
Ws at the mean sea surface; it is expected that Wy changes
in the same way like Wg changes. However, Wy as a refer-
ence parameter should be defined as time-independent, and
it would be necessary to decouple it from the Earth’s grav-
ity field and sea surface variations. Thus, it is proposed to
adopt the potential value valid at a certain epoch and to keep
it fixed for a long-term period (e.g., 20 years). However, it is
recommended to monitor the changes of the potential value
Ws at the sea surface and to compare it with the adopted W,
value. When large differences appear (e.g., >+2 m? s~2), the
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adopted Wy may be replaced by an updated (best estimate)
value. At present, the most accepted value is the so-called
IERS W, value (62,636,856.0 m? s=2), which corresponds
to the best estimate available in 1998. This 1998 W, value
presents a discrepancy larger than —2 m? s~2 with respect to
recent Wy estimations and, in accordance with the conven-
tions outlined in this paper; a better estimate for Wy should be
adopted as a formal IAG convention. To provide a reference
Wy value valid for a longer period in the future (e.g., until
2030), a suitable recommendation is to adopt as a formal IAG
convention the potential value obtained in this study for the
epoch 2010.0; i.e., Wy = 62,636,853.4 m? s~2.

The main implication of a new Wy value for the IAU
timescales is related to the accuracy of the realisation of
the TAI At present, the best possible clock accuracy (i.e.,
timescale accuracy) is about 2 x 10~!°, which corresponds
to a potential difference of about 20 m? s~2. From this point
of view, a change of 2.6 m”> s~2 in Wy (as proposed in this
paper) is practically negligible for the IAU and the IERS.
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