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Abstract

The impact of continental hydrological loading from land water,
snow and ice on polar motion excitation, calculated as hydrological an-
gular momentum (HAM), is difficult to estimate, and not as much is
known about it as about atmospheric angular momentum (AAM) and
oceanic angular momentum (OAM). In this paper, regional hydrological
excitations to polar motion are investigated using monthly terrestrial wa-
ter storage data derived from the Gravity Recovery and Climate Experi-
ment (GRACE) mission and from the five models of land hydrology. The
results show that the areas where the variance shows large variability are
similar for the different models of land hydrology and for the GRACE
data. Areas which have a small amplitude on the maps make an impor-
tant contribution to the global hydrological excitation function of polar
motion. The comparison of geodetic residuals and global hydrological
excitation functions of polar motion shows that none of the hydrological
excitation has enough energy to significantly improve the agreement
between the observed geodetic excitation and geophysical ones.
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1. INTRODUCTION

The Earth’s rotation varies slightly with time, and these changes are both in
the magnitude of the Earth’s rotation and in the orientation of its axis. The
magnitude of rotational rate change is measured by length-of-day variation.
The orientation of the Earth’s rotational axis with respect to the terrestrial
reference frame is known as polar motion. The variable rotation is caused by
mass redistribution and movement in the Earth system, which includes the
atmosphere, ocean, land hydrology, and solid earth.

The changes in the global balance of the Earth’s angular momentum due
to non-tidal mass redistribution of geophysical fluids are still being studied
to understand observed polar motion variations. Atmospheric and oceanic
excitations of polar motion are mostly responsible for observed annual and
semiannual wobble excitation (Gross 2005). The pressure term of the AAM
variations is a major excitation for polar motion in the broad frequency band,
but the motion term of the AAM is the dominant excitation source for the
length of day variation. The motion component of the AAM is less important
for polar motion than the pressure variation of the atmospheric angular mo-
mentum. The oceanic angular momentum is mostly driven by atmospheric
forcing and thermohaline processes (Gross 2005).

Previous studies on the sum of global AAM and OAM excitation func-
tions of polar motion bring the modelled excitation of polar motion closer to
the observed one, but do not entirely explain the observed variations of polar
motion which are determined by geodetic techniques (Brzezinski ef al. 2005,
2009, Gross et al. 2003, Ponte et al. 1998, Nastula and Ponte 1999). The re-
maining can be accounted for by continental hydrological variations. Chang-
es in water storage over land include changes of soil water, snow/ice sheets,
and ground water. It has been assumed that hydrological angular momentum
(HAM) variations over lands are not a negligible contributor to polar motion
at seasonal timescales. The impact of continental hydrological signals on po-
lar motion excitation is not known so well as the atmospheric and ocean
ones. Determining HAM is difficult due to inadequate observational data and
a hydrosphere that has not been thoroughly investigated.

In order to better understand the nature of the AAM and OAM signals,
regional AAM and OAM variations were also previously investigated
(Salstein and Rosen 1989, Nastula 1997, Nastula et al. 2000). The goal was
to determine which regions in the ocean and atmosphere were acting as im-
portant sources of polar motion excitation. Regional analyses of the AAM
and OAM have shown the importance of specific areas (e.g., the North
Pacific and Southern Oceans for the OAM signals and Eurasia for the AAM
signals) for polar motion excitation (Nastula ef al. 2009).
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A number of previous studies have estimated hydrological excitation of
polar motion by using climatological measurements (van Hylckama 1970,
Hinnov and Wilson 1987, Chao and O’Connor 1988) and numerical climate
models (Kuehne and Wilson 1991, Chen et al. 2000). Studies on hydrologi-
cal excitation of polar motion were begun by van Hylckama (1970). These
studies evolved in the late 1980s (Hinnov and Wilson 1987, Chao and Gross
1987, Kuehne and Wilson 1988, Chao and O’Connor 1988). Even then, large
uncertainties and discrepancies existed among the conventional hydrological
data sets as well as in hydrological modelling of the water budget. These
studies on global hydrological excitation of polar motion adopted a certain
runoff model and assumed its applicability to all regions on land. These
models did not take into account water variations in hydrological reservoirs
which have periods that last much longer than a month.

Recent studies have mostly focused on hydrological excitations of polar
motion at seasonal timescales (Chen et al. 2000, Hopfner 2001, Nastula et
al. 2008b). Now studies on hydrological excitation of polar motion are fo-
cused on excitations during seasonal and inter-seasonal timescales (Jin ef al.
2010, Jin et al. 2012). The main aim of recent studies has been to better un-
derstand the effects of land hydrology on polar motion and to examine how
the global budget of seasonal and inter-annual excitation of polar motion can
be closed (Chen and Wilson 2005, Nastula ef al. 2011, Jin et al. 2010, Jin et
al. 2012). The impact of continental hydrological signals from land water,
snow, and ice on polar motion excitation is not as well known as the atmos-
pheric and ocean ones.

The hydrological angular momentum time series used in these studies
were estimated from several models of global hydrology, such as: the Cli-
mate Prediction Center (CPC), Global Land Data Assimilation System
(GLDAS), National Oceanic and Atmospheric Administration (NOAA), and
Land Surface Discharge Model (LSDM).

The CPC model is computed based on the land data assimilation system
(LDAS) models developed at NOAA Climate Prediction Center (CPC).
LDAS is forced by observed precipitation derived from CPC daily and hour-
ly precipitation analyses, downward solar and long-wave radiation, surface
pressure, humidity, 2-m temperature, and horizontal wind speed from NCEP
reanalysis. The output consists of soil temperature and soil moisture in four
layers below the ground. At the surface, it includes all components affecting
energy and water mass balance, including snow cover, depth, and albedo
(Fan and van den Dool 2004).

The GLDAS model is determined on an 1° X 1° latitude-longitude grid
with monthly frequency in the period from January 1979 to present. The
GLDAS generates optimal fields of land surface states and fluxes by inte-
grating satellite and ground-based observational data products, using ad-
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vanced land surface modeling and data assimilation techniques (Rodell et al.
2004). The water storage is the sum of soil moisture, snow water equivalent,
and canopy surface water, not counting changes in groundwater below the
depth defined by the model.

The NOAA model is computed on the basis of the LadWorld global land
dynamics model developed at the NOAA Geophysical Fluid Dynamics La-
boratory. Simulated variables of this model include: snow water equivalent,
soil water, shallow ground water, soil temperature, evapotranspiration, run-
off stream flow, radiation, and latent heat fluxes.

The LSDM model simulates globally the vertical and lateral water
transport and storage on land surfaces. The hydrological model captures all
major continental water mass transport processes (soil moisture, snow, rivers
and lakes, runoff, drainage) relevant for the generation of hydrological Earth
rotation excitation functions (Walter 2008, Dill ez al. 2009).

All of these hydrological models are available at the Special Bureau of
Hydrology of the Global Geophysical Fluids Center (GGFC) of the Interna-
tional Earth Rotation and Reference Systems Service (IERS).

The models of global land hydrology give significantly different ampli-
tudes and phases for polar motion excitation (Nastula ef a/. 2011, Chen and
Wilson 2005). These models may not represent complete hydrological varia-
tion (Chen and Wilson 2005) because Terrestrial Water Storage (TWS) was
not adequately measured at the continental scale (Lettenmaier and
Famiglietti 2006).

Since 2002 the Gravity Recovery and Climate Experiment (GRACE)
satellite mission has delivered precise time series of gravimetric variations
and has allowed to determine the mass-gravimetric polar motion excitation
function. Due to the GRACE mission, and to a lesser extent to the Laser Ge-
odynamics Satellite (LAGEOS) missions, geophysical fluids’ mass variabil-
ity can be determined from gravity field observations. The coefficients of the
second degree and of the first order of the Earth gravity field are proportion-
al to variations of the equatorial components y;, y» of the series of the gravi-
metric excitation function of polar motion. This gravimetric function can be
compared with the mass term of geodetic excitation of polar motion. The
gravimetric excitation functions’ estimates from GRACE are subject to de-
striping, gridded mapping, and filter smoothing methods as well as aliasing
errors (Jin et al. 2011). Several centers, such as the GeoForschungsZentrum
(GFZ2), the Center for Space Research (CSR), and the Jet Propulsion Labora-
tory (JPL), have computed the coefficients of series of time variable gravita-
tion and of the adequate layer of water storage (Brzezinski et al. 2009, Chen
and Wilson 2005, Seaone et al. 2009). In this study we used the GRACE da-
ta of RL04 and new RLOS5 series as computed by CSR. Major changes from
the RL0O4 to the RLOS solutions include improved the knowledge of align-
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ments between the star camera, accelerometer, K-band ranging system for
Level-1B data, and updated mean gravity field, ocean tide, pole tide, and de-
aliasing models for Level-2 processing. The CSR-RLO5 field release consists
of unconstrained gravity fields as well as a regularized gravity field time-
series that can be used for several applications without any post-processing
error reduction (Chambers and Bonin 2012).

In papers by Kotaczek et al. (2011), Jin et al. (2010) and Jin et al.
(2012), the global hydrological and gravimetric excitation functions of polar
motion are compared with the residuals series GAM-AAM-OAM as com-
puted by removing atmospheric (AAM) and oceanic (OAM) contributions
from the GAM series (Nastula ef al. 2011). In this study we used the geodet-
ic time series obtained from the International Earth Rotation and Reference
System Service (IERS) C04 series of polar motion (Bizouard and Gambis
2009). The atmospheric excitation functions AAM are derived from the time
series of NCEP/NCAR reanalysis data (Salstein et al. 1993, Kalnay et al.
1996), ECMWF and ECMWF Era-Interim models (Dobslaw et al. 2010).
The oceanic excitation functions OAM, including bottom pressure and cur-
rents term, were computed on the basis of the ECCO-JPL ocean model
(Gross et al. 2003) and the OMCT model (Dobslaw ez al. 2010).

Regional HAM based on models of global land hydrology and on
GRACE data was also previously investigated (Nastula et al. 2008b, Nastula
et al. 2008a, Nastula and Salstein 2012). Studies have shown similar geo-
graphic patterns for variances of regional excitation functions computed
from models of land hydrology and from the GRACE data. The studies show
that the strongest values are in the following regions: Southeast and South
Asia, the Amazon basin of South America, the southeast United States, and
areas north of the Mediterranean Sea. Additionally, these studies have shown
that the GRACE regional excitation functions of polar motion have larger
magnitudes than the regional hydrological excitation functions computed
from hydrological models.

The main purpose of our present paper was to carefully study the region-
al hydrological contribution to polar motion excitations and to compare re-
gional hydrological excitations on polar motion based on different models of
land hydrology and on GRACE data.

In this study we analysed the following issues: first, we computed the re-
gional distribution of hydrological and gravimetric excitation functions of
polar motion, and we determined the regions in which these functions were
reaching maxima values; next, we computed and compared the time series
corresponding to these regions; finally, we compared global and regional ex-
citation functions with geodetic residuals.
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2. ANALYSIS AND RESULTS
2.1 Regional patterns

Hydrological and gravimetric excitations of polar motion were computed
based on the following formulas (Eubanks 1993):

1 1.098R? . cos(4)
[xj:_ — ”Aq(gx),l,t)sm((p)cos((p)Linu)}dS, )

where Ag(p,A,f) represent the changes in water storage in unit area (in
kg/m®), R, is the Earth’s mean radius, dS is the surface element area, and C
and A are the Earth’s principal moments of inertia. The factor 1.098 accounts
for the combined effects of the yielding of the solid Earth to the surface load,
core-mantle decoupling and rotational deformation (Eubanks 1993).

Changes of terrestrial water storage Aq(p,A,7) for hydrological excita-
tion functions are given directly in available models of land hydrosphere.

Changes of terrestrial water storage Ag(g,4,f) based on the gravity data
were computed from the spherical harmonic coefficients of the Earth’s gravi-
ty field (Wahr and Molenaar 1998):

2nap,,, -2/ +1 L _ _ .
TZ W, ,,,Z::‘) P, (sin p)-(AG,, cos(mi) + As,,, sin(ml)) , (2)

Ad(p,4) = 5
1=0 1

where a is the radius of the Earth, P,

Im

is the normalized associated Legendre
function, pay. is the average density of the Earth, Ac,, and As,, are the di-

mensionless coefficients, and W is an averaging function.

All of these considered data series are available with a resolution of one
month. The common time span for all considered data covered years from
2003.0 to 2006.0.

Figures 1 and 2 compare the geographic variability of components y; and
x2 of the hydrological and gravimetric excitation functions estimated from
different models of land hydrology and from the GRACE data. One can see
that the areas where the variance shows large variability are generally similar
for the different models of land hydrology and for the GRACE data. These
areas are: the west coast of North America, the Brazilian Highlands, South
Africa and Europe for the y; component, and the Mississippi basin, the Great
Lakes region of North America, the Brazilian Highlands, and the southern
region of the Asian continent for the y, component.

One exception is the variance change estimated from the LSDM model.
In this case, maps of the variance show different geographical patterns and
have smaller amplitudes than those obtained from the other models. This is
perhaps due to the fact that the LSDM model captures all major continental
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Fig. 1. Maps of variances of the y; component of the regional hydrological and grav-
imetric excitation functions of polar motion computed from different models of land
hydrosphere and from the GRACE satellite mission. Units are mas”.

water mass transport processes (soil moisture, snow, rivers and lakes, runoff,
drainage) relevant for the generation of hydrological Earth rotation excita-
tion functions (Walter 2008, Dill et al. 2009). It should be noted, however,
that between patterns of the y, component computed from the different mod-
els of land hydrology, there exist some discrepancies; namely, variances of
the y, component of the hydrological excitation function of the CPC model
do not show changeability in the West Siberian Plain and in the Central Si-
berian Plateau.

The maximum changes of variances are in the order of 10~ mas” for both
the y; and y, component. One can see that the regional y, component shows
changes in larger areas of lands than the y; component. These regional pat-
terns differences might be caused by using different number of input varia-
bles in the hydrological models that are given in Table 1.
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Fig. 2. Maps of variances of the y, component of the regional hydrological and grav-
imetric excitation functions of polar motion computed from different models of land
hydrosphere and from the GRACE satellite mission. Units are mas®.

2.2 Time series of regional excitation functions

In order to compare regional changes of the excitation functions in a quanti-
tative manner we chose to further analyses several regions based on visual
inspection of the maps. The boundaries of the selected areas of maximum
variability of regional excitation functions are shown in Table 2. Time series
of contributions to the hydrological and gravimetric excitation functions
from five selected areas were computed by integration of the formula given
by Eq. 1 within the given boundaries.

Figure 3 shows the time series of regional excitations estimated for five
different land areas of maximum variability, as described in Table 2, from
the four land hydrological models (CPC, GLDAS, NOAA, and LSDM), and
from two GRACE data series (CSR RL04 and CSR RL05). Figure 4 and Ta-
ble 4, both of which contain the standard deviations, show regional differ-
ences in the results obtained from the different models. It can be seen that
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Table 1

The input variables of land hydrological models that are taken into account
when HAM functions are computed from different land hydrological models

Variables/models CPC GLDAS NOAA | LSDM
Snow water equivalent X X X x
Total precipitation X X x
Soil moisture 4 layer below | 4 layer below x x

the ground the ground

Evapotranspiration X X X
Total runoff X x
Surface water (river, lakes) X
Ground water x

Drainage x
Radiation x

Latent heat flux x

Soil temperature X x

Swamps x
Canopy surface water X

Greenland ice X x X x

Note: None of these models includes information of Terrestrial Water Storage in
Antarctica ice.

Table 2

Selected areas where regional hydrological and gravimetric excitation functions
reach and achieve maximum values

Area Latitude Longitude
Europe 30°N-55°N 0°E—45°E
Asia 0°N-55°N 60°E - 180° E
Africa 45°S -0° 15°E-90°E
North America 26°N—-50°N 55°W—-110°W
South America 45°S-0° 150° W —180° W

Note: HAM Maxima Sums for both the y; and y, components were calculated only
for these regions.

the largest amplitudes of the y; component of hydrological excitation are for
the European region, and for the y, components they are for the Asian re-
gion. The smallest amplitudes of the y; components are for the North Ameri-
can regions, and the y, components are for the African regions. The model-
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Fig. 3. Variations of the hydrological and gravimetric excitation functions of polar
motion, y; and y,, computed for selected land areas of maximum variability shown
in Table 2. The mean and trend were removed. The units of y; and y, are mas.
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Fig. 4. Phasor diagrams of annual variations of the complex-valued component
x1+ iy, of the regional hydrological and gravimetric excitation function. Analysis
was done over the period of 2003.0-2006.0.
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Table 3
Standard deviations of regional hydrological and gravimetric excitations
of polar motion being a sum of the most variable excitations
in the five regions taken into consideration

Standard deviations of regional HAM

. . South . North
Region Afica America Asia Europe America

X X X X X X X X X X
Model [malls] [mezls] [mells] [mezls] [mells] [mazls] [mells] [mezls] [mells] [mazls]

CPC 4.03 | 2.08 | 2.58 | 3.48 | 230|876 | 513|231 | 191 |4.90
GLDAS 334 1.66 | 276 | 390 | 1.11 | 435 | 7.43 | 3.58 | 1.14 | 0.57
CSRRLO4 | 331 | 1.68 | 3.69 | 5.53 | 235|699 295|556 | 1.12|4.71
CSRRLO5| 0.01 | 0.00 | 1.51 | 1.84 | 1.87 | 6.15 | 0.02 | 0.01 | 1.00 | 4.52
LSDM 023 0.09 179 | 6.56 | 339|538 |0.22]0.09|0.09]0.53
NOAA 273 | 1.38 | 2.65 | 3.60 | 2.29 | 6.87 | 8.40 | 4.53 | 0.78 | 3.43

led hydrological and gravimetric time series of the y; components for the
European region varied from the mean on the 3-8 mas level, apart from the
time series based on the LSDM model and the GRACE CSR RLO05 data. The
time series of the y, components for the Asian region varied from the mean
on the 5-9 mas level (see Table 3). The described differences are quite natu-
ral, due to geographic position of these regions, since the x-axis is directed
approximately towards Europe and Africa, while the y-axis directs roughly
towards Asia and the Americas.

A visual inspection of Fig. 3 clearly shows that an annual oscillation is
the dominant signal in the regional excitation functions of polar motion
(Fig. 3). Therefore, we decided to compare the annual oscillation parameters
for the five regions of maximum variability and for different hydrological
and gravimetric excitation functions. To do so, we computed the prograde
and retrograde terms of the annual signals of the complex component
x1t iy, for each series shown in Fig. 3 by using the least-squares method
(Brzezinski 1992).

The phasor plots of different regional hydrological and gravimetric exci-
tations are shown in Fig. 4. The phases and amplitudes of annual oscillation
are compatible with one another within the same region. The largest agree-
ment exists for phases of prograde annual oscillation in the South American
region and for the retrograde annual component in the African region. The
largest discrepancies exist for the amplitudes of the prograde annual oscilla-
tions in the North American region. Vectors of prograde annual oscillation
of the European area of maximum variability are shifted in the direction of
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Table 4

Standard deviations of global (HAM Global) and regional HAM Maxima Sum
variations and of the differences between the HAM Global and HAM Maxima Sum
excitation functions and of three kinds of geodetic residuals

HAM global

Data 1 [mas] X2 [mas]
CPC 3.92 10.74
GLDAS 5.66 13.95
GRACE CSR RL04 8.79 8.43
GRACE CSR RLO05 7.25 10.96
LSDM 4.66 10.67
NOAA 4.70 5.82

HAM Maxima Sum

Data 1 [mas] x> [mas]
CPC 2.70 541
GLDAS 4.00 2.94
GRACE CSR RL04 4.36 5.39
GRACE CSR RLO05 1.83 6.89
LSDM 2.28 4.54
NOAA 5.66 3.02

Residuals = HAM global - HAM Maxima Sum

Data 1 [mas] x> [mas]
CPC 3.34 5.51
GLDAS 5.04 12.29
GRACE CSR RL04 543 5.61
GRACE CSR RLO05 6.59 7.42
LSDM 3.26 6.29
NOAA 5.19 4.05

Geodetic residuals

Data 1 [mas] x> [mas]
GAM-ECMWF-OMCT 15.17 18.18
GAM-ERA-Interim-OMCT 14.67 18.31
GAM-NCEP/NCAR-ECCO 12.32 12.94

Root mean square value of AAM and OAM models

Data 1 [mas] x> [mas]
ECMWF 30.51 42.18
NCEP/NCAR 24.57 34.38
Era-Interim 29.67 35.09
ECCO 13.21 20.51
OMCT 28.46 28.16
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Fig. 5. Variations of hydrological and gravimetric excitation functions of polar mo-
tion, y; and y,. The upper panels present the HAM Maxima Sum excitation function
calculated from the sum of the areas of maximum variability shown in Table 2. The
middle panels present the global HAM excitation functions computed from all land
areas. The bottom panels present residuals being the differences between the global
HAM excitation functions and the HAM Maxima Sum excitation functions. The
mean and trend were removed from the time series. The units of y; and y; are mas.

about 90 degrees relative to the prograde vectors of the Asian area. Simi-
larly, the prograde vectors of the South American area of maximum variabil-
ity are displaced in relation to the vectors of the African area by about 90 de-
grees, whereas in the opposite phase the following pairs of prograde annual
oscillation, i.e., European and South American areas of maximum variability
and Asian and African areas of maximum variability are. In the case of ret-
rograde annual oscillations, the following pairs of vectors are directed in the
opposite direction: European and African, Asian and South American. An-
nual oscillation of the North American area of maximum variability has a di-
rection that is roughly similar to the direction of annual oscillation of the
European area in both the prograde and retrograde parts.

Next, regional excitation functions, being the sum of contributions of
chosen regions of maximum variability (HAM Maxima Sum), and global
excitation functions (HAM Global), being the sum of all contributions of
land areas, were computed from four land hydrological models — CPC,
GLDAS, NOAA, and LSDM, and from two GRACE data series — CSR
RL04 and CSR RLO5. Figure 5 shows the comparison of time series of the
sum of maximum areas (HAM Maxima Sum), the sum of all land areas
(HAM Global), and their differences (Res = Global — Max). The means and
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linear trend are removed from all data sets. From a visual inspection one can
see that the regional hydrological and gravimetric excitation functions of po-
lar motion (HAM Maxima Sum) shown in the top panel are not sufficiently
consistent with one another, i.e., they differ in their amplitudes and phases.
The spread of these amplitudes is also confirmed by the results in Table 4,
where the standard deviations of the HAM Maxima Sum functions are given;
for example, for the y; component the standard deviation has a value of from
1.8 to 5.7 mas, and for the y, component the standard deviation has a value
of from 2.9 to 6.9 mas. We also observed that regional hydrological and
gravimetric excitation functions are dominated by annual fluctuations, in
which the fluctuations for the y; component have smaller amplitudes than for
the y, component.

It should be noted that the HAM Maxima Sum functions have quite
comparable amplitudes to the global HAM Global functions (middle panel
of Fig. 5) in the case of the y; component, while in case of y, component the
HAM Maxima Sum functions have smaller amplitudes than the global HAM
Global functions (Fig. 5). Standard deviations of HAM Global, as shown in
Table 3, are larger than those of the HAM Maxima Sum for both the y; and
x» components. The time series of the residuals (Res = Global — Max) both
for y; and y, have variations that are comparable with the HAM Maxima
Sum (Fig. 3). The standard deviations of the residuals (Res = Global — Max),
although they are generally smaller than the standard variations of global
HAM, are generally larger than the standard variations of the global HAM
Maxima Sum (Table 4). For the GLDAS model, the residuals for the y,
component are even much larger than both the HAM Maxima Sum and
global HAM functions. The exceptions are the standard deviations obtained
from the NOAA model, whose value for the y, component of the residuals is
smaller than the value for y, of the HAM Maxima Sum (Table 4). The above
considerations showed that areas which were not taken into account in the
HAM Maxima Sum solutions make an important contribution to the HAM
Global function, even if they have a small amplitude on the maps.

2.3 Comparison of global excitation functions with geodetic residuals

Finally, we decided to compare the global HAM Global functions with the
geodetic excitation function in order to check which of these hydrological
and gravimetric functions gives a result that is closest to that obtained from
the geodetic observations. In order to estimate a hydrological signal in the
observed, geodetic excitation function, we computed the differences between
the geodetic excitation function of polar motion GAM (Geodetic Angular
Momentum) and the joint atmospheric plus oceanic excitation functions
(Atmospheric Angular Momentum + Oceanic Angular Momentum — AAM+
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Fig. 6: (a) Geodetic residuals y; and y, obtained from different models of atmospher-
ic and oceanic excitations of polar motion: GAM-ECMWF-OMCT, GAM-ERA-
Interim-OMCT, and GAM-NCEP/NCAR-ECCO; (b) global gravimetric and hydro-
logical excitation functions of polar motion, y; and y,. The mean and trend were re-
moved from the time series.

OAM), hereinafter called geodetic residuals (Fig. 6). The observed geodetic
excitation functions were derived from the Earth Rotation Parameters com-
bined series C04 by the IERS Earth Orientation Center (http://hpiers.obspm.
fr/eop-pc/index.php?index=excitactive&lang=en).
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The geodetic residuals describe approximately the hydrological signals
in the geodetically-based polar motion excitation function; however, they
still contain not modelled signals from the change in mass of the ice sheet,
and the effects of earthquakes. In order to determine the residuals one needs
a correct model of the atmosphere (AAM) and ocean (OAM). Obviously, er-
rors in these models also affect the resulting geodetic residuals. Here the ge-
odetic residuals were computed based on the three different atmospheric
models (ECMWF, NCEP/NCAR, Era-Interim) and two different oceanic
models (ECCO, OMCT). The resulting geodetic residuals are shown in
Fig. 6a. We should emphasize that significant differences (between 10-
20 mas) occurred between the geodetic residuals determined using different
oceanic models. In contrast, the use of different atmospheric models did not
cause any significant difference in the geodetic residuals. The standard devi-
ation determined for these geodetic residuals was the least for the GAM-
NCEP/NCAR-ECCO series and was at the 12 mas level for both the y; and
x> component, where the standard variation for other residuals is at a higher
level (see Table 3). The geodetic residuals computed for the ECCO and
NCEP/NCAR models had the smallest amplitude. Our results show that the
impact of the oceans on polar motion excitation is still not well estimated,
mainly due to difficulties in modelling mass redistribution over the ocean.

As is shown in Table 5 and Fig. 6, generally there are fewer variations of
the HAM Global than variations of the geodetic residuals. This proves that
the HAM excitation functions do not sufficiently explain the considered ge-
odetic residuals in the seasonal scale.

Table 5

Correlation coefficients between global geodetic and geophysical excitation
functions of polar motion, y; and y,, calculated after removing annual signals
from the time series; geodetic residuals were calculated as differences between
GAM (CO04 series) and the sum of AAM (the NCEP/NCAR model was used)
and OAM (the ECCO model was used)

Correlation coefficients
Geodetic residuals versus x1 [mas] x> [mas]
CPC 0.22 0.29
GLDAS 0.12 0.24
GRACE CSR RL04 0.07 0.21
GRACE CSR RLO05 0.12 0.53
LSDM 0.29 0.40
NOAA 0.24 0.25

Note: statistical significance p = 0:3.
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Table 6
Amplitudes and phases of the prograde and retrograde annual oscillations

of the different hydrological and gravimetric excitation functions using
Last Square Method and of the residuals of the geodetic excitation function (G-A-O)

Prograde Retrograde
Model Amplitude Phase Amplitude Phase
[mas] [°] [mas] [°]
CPC 2.69+0.19| 4515+ 4.50| 295+0.19 |-143.01 + 3.78
GLDAS 8.34+0.49 |-166.55+ 3.34| 8.86+0.57| —42.68 £ 3.70

GRACE CSRRL04| 4.82+£0.66 | 12971+ 7.86| 3.22+0.52| -7.44+ 941
GRACE CSRRLO5| 2.77+1.04 | 40.41 £21.49 | 6.09+1.02 | 121.73+ 9.56

LSDM 342+£0.14| 8299+18.65| 3.49+0.17 | 142.51 £20.11
NOAA 6.49+0.16 | 167.39+ 143 | 538+0.19| 4681+ 2.04
G-A-O 532+055| 4345+ 425| 3.75+£048 | 91.12+12.01

Note: The fitted and removed from the time series data model comprises the order
polynomial and a sum of complex sinusoids with periods 365.25, 180.0, 120.0 days.
The phase in degrees is given with respect to the reference epoch 51544.5 (1 January
2000).

Annual - retrograde term Annual - prograde term
= —T 10 ; —
) GLDAS : GLDAS
5 g ——GRACE CSR RL04 5 ——GRACE CSR RL04

= ~ ——GRACE CSRRLO5| 4 ] ——GRACE CSR RL05
£ 0 ——LSDM g 0 N ——LSDM
= NOAA Ed Y NOAA

_5 — GAO _5 L —GAO

-10 -10
-10 0 10 -10 0 10

(mas) (mas)
Fig. 7. Phasor diagrams of annual variations of the complex-valued component
x1+ iy, of regional hydrological and gravimetric excitation functions and the geo-
detic residuals GAM-NCEP/NCAR-ECCO. Analysis was done over the period of
2003.0-2006.0.

The differences between the geodetic residuals, however, make it diffi-
cult to find the hydrological and gravimetric excitation function which is
closest to the signal obtained from the geodetic observations. Here for fur-
ther analysis we chose the geodetic residuals GAM-NCEP/NCAR-ECCO
which have the smallest values of the standard deviations. The comparison
of GAM-NCEP/NCAR-ECCO and HAM Global was carried out in two
ways: by determining the annual oscillation parameters (see Table 6 and
Fig. 7) and by computing the correlation coefficients of non-seasonal varia-
tions of the series obtained by subtracting the seasonal signals model (365,
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181, and 121 days) from the time series (Table 4). Relatively good agree-
ment of the vectors exists for the GRACE RLOS5 case.

The calculated correlation coefficients indicate that there is better
agreement between the y, components than between the y; components
(Table 5). The highest value, equal to 0.53, of the correlation coefficient was
reached when the CSR RLO5 data were used to estimate the gravimetric
computation.

3. CONCLUSIONS

An inter-comparison analysis was conducted of various hydrological and
gravimetric excitation functions of polar motion using different models of
land hydrology and data from the GRACE mission.

The results indicate that the regional hydrological and gravimetric exci-
tation functions of polar motion of the y, component show changes in larger
land areas than the regional hydrological and gravimetric excitation func-
tions of polar motion of the y; component. Thus, changes in continental wa-
ter storage play a more significant role in polar motion in y, than in the y;
component. This fact can be explained as being due to the geographical loca-
tions of the major continents aligning closer along the Y axis. Polar motion
Y is more sensitive to mass changes over land and X is more sensitive to
mass changes over the ocean.

The maximum values of the hydrological and gravimetric excitation of
polar motion, determined from five different hydrological models of land
hydrology and from the two series of GRACE data, have shown similar geo-
graphical patterns, but the amplitudes of these variations are different.

The studies show that the maximum values of regional hydrological and
gravimetric excitation functions are in the following regions: Southeast and
South Asia, the Amazon basin of South America, the southeast United States
and areas north of the Mediterranean Sea, which is in agreement with
Nastula et al. (2008b) and Nastula and Salstein (2012). Additionally, these
studies have shown that the GRACE regional excitation functions of polar
motion have larger magnitudes than the regional hydrological excitation
functions computed from the hydrological models.

The time series of HAM determined for the five selected land regions of
maximum variability are dominated by annual oscillation. The largest ampli-
tudes of y; are for the European region; and for the y, components they are
for the Asian region. The smallest amplitudes of the y; components are for
the North American regions, and the y, components are for the African re-
gions. The modelled hydrological and gravimetric time series of the y; com-
ponents for the European region varied from the mean on the 3-8 mas level,
apart from the time series based on the LSDM model and GRACE CSR
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RLO5 data. The time series of the y, components for the Asian region varied
from the mean on the 5-9 mas level.

It should be emphasized that the areas where the variations of HAM
were relatively small on the maps make an important contribution to the
HAM Global function.

Comparisons of geodetic residuals show significant differences among
them. These large differences (between 10 and 20 mas) occur between geo-
detic residuals determined using different oceanic models. In contrast, the
use of different atmospheric models does not cause any significant differ-
ence in the geodetic residuals. This result shows that the ocean’s contribu-
tion to geophysical excitation functions of polar motion is still less
determinate than the influence of the atmosphere.

The comparison of geodetic residuals and global hydrological and grav-
imetric excitation functions of polar motion shows that the amplitudes of
HAM variations are smaller than the variations of geodetic residuals. There-
fore, the HAM hydrological and gravimetric excitation functions do not have
enough energy to significantly improve agreement between geodetic excita-
tion and geophysical (AMM+OAM+HAM) ones. Despite the large number
of differences between the hydrological and gravimetric excitation functions,
their contribution to polar motion excitation is not negligible and cannot be
rejected in the analysis.

Further studies on geophysical excitation of the observed polar motion
should focus on improving the OAM and HAM estimations. Analysis of re-
gional changes in these functions may be helpful in improving their models.
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