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Abstract. In order to assess the contribution
of non-tidal oceanic mass changes to polar mo-
tion, equatorial oceanic excitation functions are
determined from combinations of space geode-
tic techniques and ocean data. Satellite altime-
try provides accurate information on sea level
anomalies (SLA) which are caused by mass and
volume changes of seawater. In order to infer
oceanic contributions to Earth rotation, the vol-
ume effect (steric effect) has to be reduced from
the observations since Earth rotation is solely af-
fected by mass variations. The steric effect is
estimated from ocean state variables as a func-
tion of depth. Oceanic polar motion excitations
from reduced SLA are compared with respec-
tive results from ocean models. Contributions
of ocean currents, atmospheric and hydrologi-
cal effects are added in order to validate the
oceanic excitations from altimetry with indepen-
dent geodetic observations which reflect the inte-
gral effect of a multitude of geophysical processes
in the Earth system. This requires an investiga-
tion of accuracy and consistency of the combined
data sets. The study reveals that model-only
combinations of atmospheric, oceanic and hydro-
logical excitations agree better with geodetic ob-
servations than combinations which include ex-
citations from altimetry. Possible reasons could
be errors in the steric reduction of SLA and/or
the compensation of erroneous patterns in atmo-
sphere data by numerical ocean models.

Keywords. oceanic mass variations, polar mo-
tion, satellite altimetry, steric effect

1 Introduction

Observation techniques of the motion of the
Earth rotation axis with respect to the Earth’s

surface have continuously improved over the
last decades. While optical astrometry allowed
for observations of polar motion with an accu-
racy of about one meter, modern space geodetic
techniques such as Very Long Baseline Interfer-
ometry (VLBI), Satellite Laser Ranging (SLR)
and Global Navigation Satellite Systems (GNSS)
provide results at a millimetre level. However
the geophysical interpretation of the time series
in terms of contributions from particular geo-
dynamic processes is a big challenge since the
observations reflect the integral effect of redis-
tribution and motion of masses within and be-
tween the individual subsystems of the Earth.
Large effort has been made in the assessment
of mass transports in atmosphere, hydrosphere
and solid Earth in interdisciplinary research from
geophysical modelling as well as from terrestrial
and space borne observations.

Strictly speaking, geodetic observations of po-
lar motion reflect the motion of the Earth rota-
tion axis with respect to the Terrestrial Reference
Frame (TRF). Consequently systematic errors in
TRF computations might show up as artificial
signals in polar motion time series. Therefore an
improved geophysical understanding of dynamic
processes and their interactions is important in
order to obtain independent estimates of Earth
rotation variations.

In this article we discuss results of oceanic
polar motion excitation functions which have
been derived from satellite altimetry observa-
tions. Different data sets for the reduction of
steric sea level variations (volume changes due
to changes of temperature and salinity) are ap-
plied in order to separate the effect of ocean
mass redistributions from sea level anomalies as
observed by Topex/Poseidon Extended Mission.



The oceanic mass excitations are subsequently
compared with respective time series from the
ocean models OMCT (Ocean Model for Circula-
tion and Tides) and ECCO (Estimating the Cir-
culation and Climate of the Ocean). Further we
compare the total effect of atmospheric, oceanic
and hydrological excitations with the geodetic
observations of polar motion provided by Inter-
national Earth Rotation and Reference Systems
Service (IERS) in its C04 series. The compar-
isons will be performed for model-only combina-
tions as well as for combinations in which the
oceanic mass effect is derived from altimetry.

2 Data sources

All analyses in this study are performed on the
basis of polar motion excitation functions. Exci-
tation functions are the mathematical descrip-
tion of geophysical effects on Earth rotation.
They comprehend angular momentum variations
due to changes of the Earth’s inertia tensor (mass
term) and due to motions of masses with respect
to the reference frame (so-called relative angu-
lar momenta; motion term). The advantage of
an evaluation in the excitation domain is the ab-
sence of free oscillations of the Earth such as the
Free Core Nutation and the Chandler oscillation.

2.1 Oceanic polar motion excitations

Oceanic polar motion excitations are deter-
mined from combinations of satellite altime-
try and ocean data from hydrographical obser-
vations and models. Satellite altimetry pro-
vides accurate information on sea level anoma-
lies (SLA) w.r.t a mean sea surface which are
caused by mass and volume changes of seawa-
ter. At Deutsches Geodétisches Forschungsin-
stitut (DGFI) SLA are estimated from obser-
vations of the TOPEX/Poseidon Extended Mis-
sion which have been reduced by environmental
and geophysical effects such as troposphere, iono-
sphere, sea state bias and tides. Additionally the
classical inverse barometer (IB) correction has
been applied. The latter accounts for the hy-
drostatic response of the ocean surface to atmo-
spheric pressure variations. SLA are provided
with a temporal resolution of 10 days. They are
averaged to monthly mean fields in order to be
consistent with other data sets as explained be-
low.

As mentioned above Earth rotation is affected
by mass variations but not by volume changes

of seawater. Therefore the steric effect has to
be reduced from observed SLA. It is estimated
from physical ocean parameters such as temper-
ature and salinity changes in different depth lay-
ers of the ocean. Fofonoff and Millard (1983)
give a detailed explanation about transient den-
sity anomalies using the equation of state of sea-
water. Vertical integration of density anomalies
within a water column yield steric sea level vari-
ations; for details see Chambers (2006). Here we
apply numerical corrections of the steric effect as
provided from Ishii et al. (2006). Alternatively
we use monthly three dimensional temperature
and salinity fields which are based on objective
analyses. They are offered from the National
Oceanographic Data Centre (NODC) as param-
eters of the World Ocean Atlas 2005 (WOAO5)
(Antonov et al. (2006); Locarnini et al. (2006)).

After the steric corrections have been applied,
the reduced SLA are interpreted as oceanic mass
signals which are expressed in equivalent wa-
ter heights (EWH). Those are subsequently con-
verted into polar motion excitations (mass term)
x? and x§ (units: rad = 189 . 3600 - 1000 mas)
by
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In these equations AU:,T and Agfﬂh denote
normalized coefficients of the spherical harmonic
expansion of the EWH (units: m). AC,,, and
AS,,mm are dimensionless normalized Stokes coef-
ficients; Ag and g stand for the spherical geo-
centric coordinates of the integration point Q;
Ppm(cosfg) denote the fully normalized Legen-
dre functions of degree n and order m; p,, = 1000
kg m~3 is the density of fresh water, p. = 5517
kg m~3 is the average density of the Earth and
R =6378136.46 m its mean radius.

In Eq. (3) the factor 0.684 = 1 + k} + AkJ,
explains the effect of the yielding of the Earth’s



body to surface loads where k§ = —0.305 is the
solid Earth load Love number of degree 2 and
Akl = —0.011 accounts for the effects of mantle
inelasticity. The factor 1.608 = [Q(C'—A)]/[(C —
A+ A, + ecAc)og] comprehends the effects of
core-mantle decoupling and rotational deforma-
tion (Gross (2007); Chen et al. (2000)).

Numerical values are: Q = 7.292115-107°
rad s™! (mean angular velocity of the Earth),
C = 8.0365-10%" kg m? and A = 8.0101 - 1037
kg m? (axial and equatorial moments of inertia),
A, = 7.0999 - 107 kg m? (equatorial moment
of inertia of the mantle), Ac = 9.1168 - 103¢ kg
m? (equatorial moment of inertia of the core),
ec = 2.546 - 1073 (ellipticity of the core) and
o9 = 27/(434.2-86164) rad s~! (observed Chand-
ler frequency).

Resulting oceanic excitation functions x¢ and
x§ are compared with respective time series from
the ocean models ECCO and OMCT. The Spe-
cial Bureau for the Oceans (SBO) of the Global
Geophysical Fluids Centre (GGFC) provides six-
hourly series of OAM (oceanic angular momenta;
mass term) and oam (motion term) computed
from the ECCO run kf049f (Gross et al. (2003)).
The model is forced by wind stress, heat and
freshwater fluxes from the atmospheric reanaly-
ses of NCEP/NCAR (National Centres for Envi-
ronmental Prediction/ National Centre for Envi-
ronmental Research) (Kalnay et al. (1996)); an
exact inverse barometric response of the ocean
surface to atmospheric pressure variations is as-
sumed. ECCO assimilates altimetry and Ex-
pendable Bathythermograph (XBT) data. Fur-
ther information can be found in Gross et al.
(2005). Besides we use six-hourly OAM- and
oam-series computed from OMCT (Thomas et
al. (2001)). This model is forced by wind stress,
2m-temperature and freshwater fluxes from the
operational analysis of the ECMWF (European
Centre for Medium-Range Weather Forecasts).
Like in ECCO no atmospheric pressure forcing
is taken into account in the applied OMCT ver-
sion.

To be consistent with the results from altime-
try the modelled OAM- and oam-series are av-
eraged into monthly mean values. Oceanic polar
motion excitations x7°¢*" and x3°°*" (units: rad)

are computed from
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Figure (1) displays equatorial oceanic mass ex-
citation functions from reduced SLA and the
ocean models. Especially in y; significant dis-
crepancies are obvious. Correlation coefficients
between all displayed curves range from 0.18 to
0.77 for x1 and from 0.45 to 0.87 for xo, where
the highest values occur between the two solu-
tions from reduced SLA.

The corresponding RMS differences range
from 4.1 to 8.5 mas for x; and from 4.7 to 8.0
mas for x2. While the range of the values of the
curves, i.e. approximately + 20 mas in both com-
ponents, represents the absolute contribution of
the oceanic mass term to polar motion excita-

tion, the RMS values are related to the uncer-
tainty of this geophysical effect.
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Fig. 1 Solutions for equatorial oceanic mass excita-
tion from reduced SLA (steric reductions from Ishii
(grey fat line) and from WOAO5 (black fat line)) and
from the models ECCO (grey thin line) and OMCT
(black thin line). A mean value for the period be-
tween 2003 and 2005 is subtracted from each of the
time series.

The results of the oceanic mass excitation
functions from altimetry shall be compared to
precise geodetic observations of polar motion.
However there is no direct measure for the
oceanic contribution since the observations re-
flect the integral effect of mass and motion terms
of a multitude of geophysical processes. The



largest effects are due to mass transports in the
atmosphere, the oceans and the continental hy-
drosphere. Consequently atmospheric and hy-
drological effects as well as the oceanic motion
term must be either removed from the geodetic
observations or - vice versa - added to the oceanic
mass effect in order to achieve comparable time
series. In the following we will deal with the lat-
ter possibility.

2.2 Atmospheric polar motion excitations

Atmospheric angular momentum time series
AAM (mass term) and aam (motion term) due
to pressure changes and winds are provided from
the NCEP reanalyses by the Special Bureau for
the Atmosphere (SBA) of the GGFC. The time
series are available with a temporal resolution of
six hours. Since the effect of atmospheric pres-
sure forcing is excluded in all oceanic data sets
an IB correction has been adopted, i.e., atmo-
sphere pressure variations have been set to zero
over the oceans (Zhou et. al. (2006)). In the
framework of the DFG (Deutsche Forschungsge-
meinschaft) research unit FOR584 ”Earth Rota-
tion and Global Dynamic Processes” AAM and
aam-series from six-hourly operational ECMWF
analyses are available. Like in the case of NCEP
an IB correction has been adopted.

The AAM and aam-series are averaged into
monthly mean values and converted into atmo-

spheric polar motion excitations ™ and x4t
(units: rad) by
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Figure (2) displays the combined effect of mass
and motion term of the atmospheric polar mo-
tion excitation functions. Both signals are very
similar and feature high correlation coefficients
that amount to 0.70 for y; and 0.98 for y5. Com-
paratively small RMS values for x; (5.8 mas)
and x2 (4.1 mas) indicate a low uncertainty of
the equatorial atmospheric excitation functions,
i.e., the atmospheric effect is known much better
than the oceanic one. The curves of s are char-
acterised by significantly larger amplitude varia-
tions (values between -59 and 35 mas) than the
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Fig. 2 Atmospheric excitation functions of polar
motion (mass and motion term) from NCEP (black)
and ECMWF (grey). A mean value for the period
between 2003 and 2005 is subtracted from both time
series.

curves of x1 (values between + 18 mas). This
can be explained by the geographical dependency
of the excitation functions. Regions in which
mass redistributions have a large influence on y»
are located along the +90°-meridians which cross
the major landmasses of Eurasia and North and
South America. In contrast x; is mainly influ-
enced by mass variations around the 0° and 180°-
meridians which cross the Atlantic and the Pa-
cific ocean. Since atmospheric pressure changes
are set to zero over the oceans due to the IB cor-
rection, the contributions are much smaller in
this component.

2.3 Hydrological polar motion excitations

Hydrological excitation functions are computed
from monthly fields of global water storage vari-
ations. Respective data sets from the model
LDAS (Land Data Assimilation System) devel-
oped at National Oceanic and Atmospheric Ad-
ministration (NOAA) Climate Prediction Cen-
tre (CPC) are provided in monthly resolution by
the Special Bureau for Hydrology (SBH) of the
GGFC. Furthermore we derived monthly fields of
EWH changes from surface water, groundwater
and snow from the LaD (Land Dynamics) model
(Milly and Shmakin, 2002). Modelled water stor-
age variations are transformed into hydrological
polar motion excitations ¥ and y& (units: rad)
following Eq. (1) to (3).



Currently no hydrological relative angular mo-
mentum series are offered by the SBH because
of existing model deficiencies. However the mo-
tion effect is very small because of the compara-
tively slow transport processes of continental wa-
ter masses.
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Fig. 3 Excitation functions of polar motion due to
mass redistributions within the continental hydro-
sphere (LDAS: black; LaD: grey). A mean value for
the period between 2003 and 2005 is subtracted from
both time series.

Figure (3) compares the hydrological mass ex-
citation functions of polar motion from both
models. The curves feature very large discrep-
ancies which are also reflected by the correlation
coefficients which amount to 0.57 for x; and -
0.22 for x2. Especially the curves of x2 show
poor agreement and they are even out of phase.
The RMS differences between the curves are 4.2
mas for x; and 10.9 mas for x2. Consequently
the hydrological mass effect causes a similar un-
certainty in the total equatorial excitations as
the oceanic mass effect.

3 Validation of the integral effect with
geodetic observations

We compare consistent combinations of the
above data sets with the integral effect from in-
dependent geodetic observations:

[1] atmospheric effect from ECMWEF combined
with the oceanic mass effect from altimetry
(steric reduction from WOAOQ5) and the oceanic
motion effect from OMCT;

[2] atmospheric effect from ECMWEF combined
with the oceanic mass effect from altimetry

(steric reduction from Ishii et al. (2006)) and
the oceanic motion effect from OMCT;

[3] atmospheric effect from NCEP combined with
the oceanic effect from ECCO;

[4] atmospheric effect ECMWF combined with
the oceanic effect from OMCT.

Results of the combinations [1], [3] and[4] are
shown in the upper panels of Fig. (4) for x; and
of Fig. (5) for x2. The signals are compared with
excitation series xJ°° and x3°° (units: as = 1000
mas) which are computed from observed polar
motion (C04 series of the IERS). The relation
between the excitation functions and the polar
motion coordinates (z,y) (units: as) is given by
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(Gross (1992)). Thereby T = 433.1 d is the
Chandler period and @ = 170 is the so-called
quality factor which accounts for the damping of
the Chandler oscillation due to friction.

The correlation coefficients and RMS differ-
ences (see Fig. (6) and (7)) show that the model-
only combinations [3] and [4] correspond better
with geodetic observations than combinations in
which satellite altimetry data are applied. Al-
though the steric corrections are certainly not
perfect, the main reason for the better agree-
ment of [3] and [4] is, that the model-only com-
binations are more consistent. The phase re-
lations between the data sets match since the
ocean models are forced by the respective atmo-
spheric data. Since the mass excitations from
altimetry, the motion excitations from OMCT
and the atmospheric excitations from ECMWF
are not in phase, artificial signals due to the non-
compensation of counteracting signals are likely.
Here additional investigations are necessary.

When the hydrological effects are additionally
considered (lower panels of Fig. (4) to (7)) the
agreement is slightly improved in the case of
LDAS. When LaD is applied the agreement gets
worse. Although the influence of continental hy-
drology is very small it seems that LDAS repro-
duces continental hydrological processes better
than LaD. Nevertheless the knowledge of conti-
nental hydrology is limited due to the lack of ob-
servations. Improvements can be expected from
the observations of the Gravity Recovery and Cli-
mate Experiment (GRACE).

(#4+2Qg) (10)

X3 = —y+ (2Q& —7) (11)
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Fig. 4 Upper panel: combined atmospheric and
oceanic xi-components of the excitation functions
(combination [1] in light-grey (fat), [3] in dark-grey
(fat) and [4] in light-grey (thin)) are compared with
the geodetic yi1-component of the excitation func-
tion (black). Lower panel: combined atmospheric,
oceanic and hydrological xi-components of the ex-
citation functions (same combinations like atop plus
hydrological effect from LDAS).
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Fig. 5 Upper panel: combined atmospheric and
oceanic xz-components of the excitation functions
(combination [1] in light-grey (fat), [3] in dark-grey
(fat) and [4] in light-grey (thin)) are compared with
the geodetic y2-component of the excitation func-
tion (black). Lower panel: combined atmospheric,
oceanic and hydrological x2-components of the ex-
citation functions (same combinations like atop plus
hydrological effect from LDAS).
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Fig. 6 Upper panel: correlation coefficients of the
combined geophysical xi-components of the excita-
tion functions with respect to the geodetic observa-
tions and lower panel: corresponding RMS values
(combinations [1], [2], [3] and [4] in light grey with-
out hydrological effect, in dark grey with hydrologi-
cal effect from LDAS and in black with hydrological
effect from LaD).
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Fig. 7 Upper panel: correlation coefficients of the
combined geophysical x2-components of the excita-
tion functions with respect to the geodetic observa-
tions and lower panel: corresponding RMS values
(combinations [1], [2], [3] and [4] in light grey with-
out hydrological effect, in dark grey with hydrologi-
cal effect from LDAS and in black with hydrological
effect from LaD).



4 Conclusions

The validation of oceanic mass excitation func-
tions of polar motion by means of independent
precise geodetic observations requires the use of
geophysical data sets and models. When differ-
ent data sets are combined consistency is a cru-
cial factor. Above results showed that geophys-
ical model-only combinations of atmospheric,
oceanic and hydrological excitations agree bet-
ter with geodetic observations than combinations
in which satellite altimetry and physical ocean
data are considered. Erroneous patterns of the
atmospheric excitations are compensated by the
corresponding ocean model which uses the atmo-
spheric data as input variables. This is, of course,
not the case when excitations from reduced SLA
are combined with the atmospheric excitations.
In order to improve the excitation functions from
altimetry further investigations are necessary:
On the one hand improved data sets for SLA will
be derived from multi mission solutions consider-
ing the dynamic atmospheric correction (DAC)
which is based on the barotropic model MOG2D
(Modele aux Oudes de Gravité - 2 dimensions).
On the other hand alternative data sets for the
steric correction are expected from the future
Soil Moisture and Ocean Salinity satellite mis-
sion (SMOS).
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