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Abstract

We reconstructed the Chandler Wobble (CW) from 1962 to 2022 by combining the Eigen-oscillator excited by geophysical
fluids of atmospheric and oceanic angular momentums (AAM and OAM). The mass and motion terms for the AAM are
further divided with respect to the land and ocean domains. Particular attention is placed on the time span from 2012 to 2022
in relation to the observable reduction in the amplitude of the CW. Our research indicates that the main contributor to the
CW induced by AAM is the mass term (i.e., the pressure variations over land). Moreover, the phase of the AAM-induced
CW remains relatively stable during the interval of 1962-2022. In contrast, the phase of the OAM-induced CW exhibits a
periodic variation with a cycle of approximately 20 years. This cyclic variation would modulate the overall amplitude of the
CW. The noticeable amplitude deduction over the past ten years can be attributed to the evolution of the CW driven by AAM
and OAM, toward a state of cancellation. These findings further reveal that the variation in the phase difference between the
CW forced by AAM and OAM, may be indicative of changes in the interaction between the solid Earth, atmosphere, and

ocean.
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1 Introduction

As the most significant Eigen-oscillator of the Earth, the
Chandler Wobble (CW) is of great interest in astrogeodynam-
ics and geophysics. Since frictional dissipation eventually
dampens free oscillation, the alive CW suggests a continu-
ous excitation. Various mechanisms for the CW excitation
have been proposed in numerous studies, ranging from pos-
sible deep core motion to shallow earthquakes (Gibert and
Le Mouél 2008; Smyliea et al. 2015; Bizouard 2020). By
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taking advantage of modern space technologies, high-quality
atmospheric angular momentum (AAM) and reliable oceanic
angular momentum (OAM) data have become available since
the 1980s. Greater interest surrounding the effect of fluid
source has occurred in recent years (Brzezinski and Nastula
2002; Gross et al. 2003; Zhou et al. 2005; Seitz and Schmidt
2005; Bizouard et al. 2011; Muskett 2021).

Numerous studies have been conducted to examine the
impact of regional AAM on the excitations of polar motion
(Nastula and Salstein 1999; Nastula et al. 2009, 2014),
wherein notable investigations have revealed a general
resemblance between the regional contributions and the
global excitations of polar motion. Zotov and Bizouard
(2015) investigated the impact of regional atmospheric fac-
tors on the CW. They found a pattern of the CW that exhibited
an inverse relationship with the AAM, with this pattern
emerging over a period of approximately 20 years in both
the Northern and Southern hemispheres. In contrast to the
approach taken by Nastula et al. (2009) as well as Zotov and
Bizouard (2015), who estimated the contributions of high-
resolution regional sectors to the AAM, our study focuses
solely on differentiating the AAM between continental and
oceanic regions (in this paper, the continental and oceanic
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AAM refer to the AAM over the land and ocean, respec-
tively). In addition, the AAM is further divided into mass
and motion terms. It was found that the CW resulting from
the continental AAM-motion exhibits an inverse relationship
with the CW generated by the oceanic AAM-motion. Addi-
tionally, the contribution of the oceanic AAM-mass term is
approximately ten times smaller than that of the continental
AAM-mass term. These two events result in the AAM-mass
over the land becoming the main trigger of CW generated by
AAM.

Previous investigations have identified anomalies of the
CW inthe 2010s, with changes in atmospheric excitation sug-
gested to be the likely reason (Wang et al. 2016; Zotov et al.
2022; Malkin 2023; Yamaguchi and Furuya 2024). In this
study, we explored deeper into the factors contributing to the
reduction in the CW amplitude. Specifically, we examined
the relationship between the global AAM and OAM, aiming
to understand their coupling mechanism. In order to achieve
this objective, we undertook the task of reconstructing the
CW series composing a decaying Eigen-oscillator and the
effect of the AAM and OAM excitations. This approach was
grounded on the theoretical framework of polar motion. In the
process of reconstruction, two distinct datasets of AAM and
OAM obtained from different coupled models are employed.
The comparative results demonstrate that the two modeled
CW align closely with the observed CW, exhibiting high
correlation coefficients ranging from 0.96 to 0.98. In gen-
eral, the excitation modes induced by the global AAM and
OAM show distinct characteristics. Specifically, the AAM
tends to amplify the amplitudes of the CW, while the OAM
serves to modulate the amplitudes of the CW. The notice-
able reduction in the amplitude of the CW over the past ten
years, can be attributed to the nearly antiphase relationship,
between the AAM-induced polar motion and OAM-induced
one. This finding provides additional evidence of the change
in the dynamics of the interaction between the solid Earth,
atmosphere, and ocean over the past decade.

2 Data and methods
2.1 Data series

In this study, the CW observations are extracted from the
IERS EOP 14 C04 polar motion series that comes from
the International Earth Rotation and Reference Systems
Service (IERS) (Gambis 2004; Bizouard et al. 2019). The
AAM series that are divided into separate components are
derived using data from the National Center for Environmen-
tal Prediction/National Center for Atmospheric Research
(NCEP/NCAR) reanalysis data set R1 (see Sect. 2.3 for more
details) (Salstein et al. 1993; Kalnay et al. 1996); and the
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Table 1 Datasets employed in this study
Model/dataset Products Time span
IERS EOP 14 C04 polar motion 1962-2022
NCEP AAM 1948-2022
ECCO OAM 1949-2018
ESMGFZ AAM and OAM 19762022

coupled OAM data are obtained from the Estimating the Cir-
culation and Climate of the Ocean (ECCO) (Gross 2009).
For comparison, the geophysical fluids of AAM and OAM
from the Earth System Modeling GeoForschungsZentrum
in Potsdam (ESMGFZ) are also employed (Dobslaw and
Dill 2018; Dill et al. 2019). It is important to acknowledge
that the ESMGFZ AAM and OAM series are derived from
the 3 h European Center for Medium Weather Forecasting
(ECMWEF) operational data.

Table 1 presents the model products and data availabil-
ity spans derived from the aforementioned sources. In order
to maintain consistency with the CW observations, the geo-
physical fluid datasets are firstly reduced or interpolated to
daily mean series. In the context of the CW reconstruction
utilizing the coupled NCEP-ECCO data, the CW, AAM
and OAM are examined within the shared time frame of
1962-2018. Additionally, the three datasets are selected for
the period spanning from 1976 to 2022, with the purpose of
employing the ESMGFZ AAM/OAM data.

2.2 Theoretical framework of polar motion

The Liouville differential equation is transformed from the
instantaneous rotation pole m to the observed pole coordi-
nates of the Celestial Intermediate Pole (CIP) p. It involves
the effective excitation function. In this work, arc-second (as)
is the unit of both functions and observations and that Liou-
ville equation takes the form (Bizouard 2020; Gross 1992)

LA0 4 1) = x (),
_ 27 i (1)
O = T 1+ 30, )
The effective excitation function is given by
X = (1QAT +a2h) /[Q(C — A)], 2

where 2 is the Earth average spin rate,A and C are the
equatorial and the axial moment of inertia, Al is perturba-
tion term of the Earth’s inertia tensor and also called as
the mass term, % is the relative angular momentum and is
also named as the motion term. The factors oy = 1.101,
ar = 1.610 summarizing all those various effects (such as
loading deformation and anelasticity) are retained from the
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ESMGFZ datasets, and these values are also employed in
calculations with the NCEP-ECCO data (Dobslaw and Dill
2018). o, is the complex Chandler frequency, here, values of
the observed Chandler period 7, = 432.5 +0.84 and quality
factor Q. = 69 £ 22 were re-estimated, by employing the
method suggested by Wilson and Vicente (1990).

Starting from the fixed epoch ¢ of arbitrary choice, we
can simplify the polar motion solution as

t
p(t) = p(to)ewc(tfto) _ iac/ emc(t—t/)x(t/)dt/’ A3)

fo

where p(fy) is a constant complex amplitude of the polar
motion observation at epoch #y.

The CW is a part of the polar motion that corresponds
exclusively to the irregular fluctuations of the surface fluid
(Fang et al. 2021, 2022). Here, we just consider contributions
from AAM and OAM, thus, the excitation can be symboli-
cally written as

X = XAAM * XOAM- @

We can see from the solution (3) and the symbolic expres-
sion (4) that the polar motion or the CW reconstructed in
this paper is composed of three separate components: (i) a
decaying Eigen-oscillator p(t)e!“—); (ii) a forced term
by the atmosphere expressed by the AAM integration; (iii) a
forced term by the ocean expressed by the OAM integration.

2.3 Calculations of the continental and oceanic AAM

The expressions for the equatorial AAM, split up into the
pressure (mass) and wind (motion) terms, are as follows:

R* ;
LP =L +il} = P //Pssingpcos2<pe’)‘dkd<p, (5)

—R3 .
LY =LY +iL3" = T // (using + iv)cospe'*dpdirde,
(6)

where p; is the surface atmospheric pressure, u, v are the
zonal and meridional wind velocities, respectively, R is the
radius of the Earth,g is the gravitational acceleration, A is
longitude, and ¢ is latitude. The surface atmospheric pres-
sure as well as the zonal and meridional wind velocities data
used in Eqgs. (5) and (6) were obtained from the NCEP/NCAR
reanalysis data set R1. First, we estimated the global and the
oceanic AAM, then the continental AAM was deduced by
forming the difference between the global and the oceanic
AAM. Similar to the approach employed in the ESMGFZ
AAM series, here we applied the inverted barometer cor-
rection for calculating the decomposed AAM. The estimates
pertaining to the equatorial AAM represented in this research

are in agreement with those of the axial component. For more
elaboration, we suggest referring to our previously published
work (Xu et al. 2022).

According to the theoretical framework of polar motion
discussed in Sect. 2.2, the geophysical fluid excitations can
be calculated by Eq. (2); then, the forced polar motion can
be calculated from the excitation series by Eq. (3), wherein
the CW is contained. The AAM excitations over the land and
over the ocean are compared in Fig. 1. There, the contribution
of wind to the AAM, denoted by AAM-motion, is separated
from the contribution of the atmospheric mass redistribution,
denoted by AAM-mass.

From Fig. 1, we conclude that the oceanic AAM-mass
excitation (light blue lines in panels (a)&(b)) is one order of
magnitude smaller than the continental AAM-mass excita-
tion (orange lines in panels (a)&(b)). Prior studies have also
demonstrated a comparable outcome (Nastula et al. 2009;
Zotov and Bizouard 2015), which can be attributed in part
to the equilibrium between atmospheric mass transfer over
the ocean and evaporation precipitation cycles. Moreover,
the magnitudes of the land and ocean AAM-motion excita-
tion are about 2-3 times larger than those of the continental
AAM-mass excitation. But, the global AAM-motion excita-
tion is about 2-3 times smaller than the global AAM-mass
term. That weakness of the AAM-motion term results from
the global destructive interference between the land contribu-
tion (purple lines in panels (c) & (d)) and ocean contribution
(green lines in panels (c) & (d)). This cancellation may reveal
the general atmospheric circulation mode between the lands
and the ocean.

3 Results

3.1 Continental and oceanic AAM contributions
toCW

First, we reconstructed the polar motion induced by AAM
or OAM excitations according to Eq. (3). Then, we excluded
fluctuations beyond 2 years by applying a high-frequency
pass Butterworth filter to the calculated polar motions. For
further information on decreasing the edge effect induced
by filtering, we recommend referring to our previously pub-
lished work (Xu et al. 2022). After that, the seasonal patterns
(such as the annual and semi-annual variations) were fit-
ted and removed to retain the tiny fluctuations in the CW
amplitude. The extracted CW from polar motion observa-
tions is obtained in a manner similar to the modeled CW.
To distinguish between different CW signals, in this paper,
the CW extracted from polar motion calculations integrated
singly from the AAM and OAM excitation are referred to as
the AAM-induced CW and OAM-induced CW, respectively,
whereas the CW extracted from polar motion observations
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Fig. 1 Time series of the AAM excitation from 1962 to 2022, with the
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Fig.2 Time series of the AAM-induced CW from 1962 to 2022, with
the mass and motion terms calculated separately over the land, ocean,
and entire globe. a & b display X (left plots) and Y (right plots) compo-
nents of the CW generated by AAM-mass over the land and ocean; ¢ &
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are identified as the observed CW. The integrated CW signals
resulting from the decomposed AAM excitations are shown
in Fig. 2.

As the AAM-mass excitation over the ocean is much
smaller than all other atmospheric excitation components
(land AAM-mass, land AAM-motion, ocean AAM-motion,
see Fig. 1), it is not surprising to observe that feature in
the corresponding CW effects (see Fig. 2). In addition, the
CW induced by AAM-motion over the land (purple lines
in panels (c)&(d)) is generally anti-correlated with the one
induced over the ocean (green lines in panels (c)&(d)). As a
result, the land—ocean cancellation reduces the overall con-
tribution of AAM-motion to the CW (red lines in panels
(e)&(f)). Actually, such a cancellation had been detected in
the AAM-motion excitation displayed in Fig. 1. This land—o-
cean cancellation may be partly caused by the anti-correlated
patterns of the atmospheric activities in the Northern and
Southern hemispheres, as identified by Zotov and Bizouard
(2015).

Furthermore, as the AAM-mass over the ocean can be
ignored, and AAM-motion is strongly reduced by land—ocean
out-of-phase regime, the principal contributor to CW is the
AAM-mass term (blue lines in panels (e)&(f)). Hereafter,
the term “AAM-mass” should be understood as AAM-mass
over the land. This finding contrasts with the case of the axial
component, where the AAM-motion term over the ocean is
dominant (Xu et al. 2022).

3.2 Reconstruction of the CW

Based on the theoretical description of polar motion given
in Sect. 2.2, we calculated the CW signal by combing three
components: (i) the decaying Eigen-oscillator with a time
variable displaced by t — #y, fp = 1962.0; (ii) the CW
induced by AAM; (iii) the CW caused by OAM. The sum
of these three parts can be abbreviated as the combined CW
or modeled CW. The combined CW is expected to recover
the observed CW signal, and this is certainly confirmed in
Fig. 3, which shows the results obtained using AAM + OAM
from the coupled NCEP-ECCO datasets. For compassion,
the separated CW induced by AAM and OAM from the
ESMGFZ, as well as the combined CW are estimated in
Fig. 4. Here, the initial time of the decaying Eigen-oscillator
is chosen at 5 = 1976.0. In order to evaluate the impact
of AAM + OAM excitations on CW, we have calculated
a list of correlation coefficients between the observed CW
and the modeled CW from various datasets. This analysis
was conducted both with and without taking into account
the decaying Eigen-oscillator. The results are presented in
Table 2. All cross-correlations in this study are evaluated with
a 99% significance level, as reported by Zhou and Zheng in
1999.

Three notable characteristics are derived from the simi-
lar calculations in Figs. 3 and 4, as well as from Table 2.
First, the two modeled CW (red dash lines in panels (c)&(d))
derived from different AAM + OAM datasets exhibit strong
agreement with the observed CW (black lines in panels
(c)&(d)). The coefficients obtained from combining the
Eigen-oscillator and the data series after removing the Eigen-
oscillator, both fall within narrow ranges of 0.96-0.98 and
0.92-0.95. Previous researches have also reached a simi-
lar conclusion, highlighting the significant contributions of
AAM + OAM to CW signal (Bizouard et al. 2011; Zotov and
Bizouard 2016). In addition, the slight differences between
the observed CW and the CW calculated by fluid excitations
can be attributed to other minor factors including the inaccu-
racies in AAM + OAM estimations.

Second, as the separated CW signals shown in pan-
els (a)&(b) of Fig. 3, the AAM-induced CW (green dash
lines) is almost in-phase with the decaying Eigen-oscillator
(pink lines), causing the CW’s amplitude to increase. On
the other hand, the phase of the OAM-induced CW (blue
lines) undergoes a cycle of approximately 20 years, with the
AAM-induced CW serving as a reference. The black dash
lines indicate the time periods of in-phase and out-of-phase.
During the period of in-phase, the CW experienced mod-
ulation resulting in larger amplitude fluctuations (~ 0.2 as
from 1982 to 2002). In contrast, during the period of out-
of-phase, the CW amplitudes were smaller in magnitude (~
0.15 as from 1962 to 1982 and ~ 0.1 as from 2002 to 2018).
The atmospheric-forced CW has a comparable pattern in both
the Northern and Southern hemispheres (Zotov and Bizouard
2015; Zotov et al. 2022). This pattern is also observed in sig-
nificant climate events and requires additional research to be
conducted (Xu et al. 2023).

Furthermore, Fig. 4 demonstrates comparable outcomes
when utilizing the CW derived from ESMGFZ records. For
more comprehensive information regarding the attenuation
from 2012 to 2022 (shown by the yellow shading), please
refer to panels (c)&(d). This anomalies in CW have been
recognized in previous studies and will be further examined
in Sect. 3.4. Despite two successful reconstructions of the
CW, it is important to acknowledge that the magnitudes of
the Eigen-oscillator and the decomposed CW induced by
AAM and OAM as depicted in Fig. 4, perform differently
somewhat from those of the three components displayed in
Fig. 3. This discrepancy can be attributed to the distinct initial
epochs of 1962 and 1976.

3.3 Deconvolution of observed CW
To investigate the excitation mechanism of the CW, we per-
formed a deconvolution of the previously extracted CW by

employing polar motion data and exhibited the total excita-
tions in Fig. 5 (Clark 1985). Subsequently, the NCEP-ECCO
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Fig. 3 Time series of the CW modeled from the NCEP-ECCO AAM +
OAM as well as the combined and observed CW from 1962 to 2018,
the dash black lines mark the time spans of in-phase and out-of-phase
between the CW induced by AAM and OAM. a & b show X (left plots)

and ESMGFZ datasets were compared to the deconvolution
series, specifically focusing on the AAM + OAM excitations.
In this analysis, the annual and semi-annual terms in both sets
of AAM + OAM excitations were excluded.

The deconvolution of the observed CW signal, represented
by the black lines in panels (a) and (b), demonstrates a strong
agreement with the AAM + OAM excitations from differ-
ent models, as indicated by the red dashed and blue dotted
lines. The average correlation coefficient between the decon-
volution of the observed CW and the two sets of AAM +
OAM excitations was determined to be ~ 0.885 £ 0.018.
This statistical calculation has excluded the 1983—-1993 time
period because of notable observational error noise in the
black lines. The coefficient closely approximates the value
of the convoluted series presented in Table 2, reaffirming the
prominent influence of AAM + OAM excitations in the CW
signal. The Fourier power spectrum in panel (c) of the de-
convoluted series indicate that the CW signal extracted in this
paper is highly efficient, with most of the extraneous influ-
ences (such as the long-terms and seasonal variations) being
largely eliminated. Furthermore, the distributions of the three
spectra exhibit consistency in the primary frequency bands,
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and Y (right plots) components of the Eigen-oscillator, CW induced by
AAM and OAM; ¢ & d present X and Y components of the observed
CW and combined CW

but with discernible variations in specific aspects. The spe-
cific discrepancies in the spectra can also be ascribed to other
minuscule factors, in addition to inaccuracies in modeling
the global AAM and OAM. The spectral distributions in the
vicinity of the Chandler frequency exhibit low intensity in all
excitation series, indicating a weak resonance power at the
Chandler frequency.

3.4 Attenuation of the CW from 2012 to 2022

The remarkable occurrence of CW attenuation from 2012
to 2022, almost leading to its complete disappearance, war-
rants particular focus. In this study, our main focus was on
the modeled CW and its various decompositions over the
past ten years. Figure 6 shows the observed and modeled
CW series. Because there was a shortage of ECCO-OAM
after 2019 (Table 1), we only presented the CW signal esti-
mated with the AAM + OAM from ESMGFZ. In order to
further investigate the reasons for the attenuation of the CW,
we compared the decomposed Eigen-oscillator and the CW
induced by AAM and OAM, as well as other combinations
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Table 2 Correlations between the observed CW and the CW modeled from different datasets, conducted both with and without taking into account

the decaying Eigen-oscillator

Time spans of 1962-2018

Time spans of 1976-2022

Observed CW

Eigen-oscillator + (AAM +
OAM)-induced CW of NCEP-ECCO

X component

Eigen-oscillator + (AAM +
OAM)-induced CW of ESMGFZ

Y component X component Y component

0.96 4 £0.003 0.967 £0.003 0.97 5+£0.003 0.978 +0.003
Observed CW with the Eigen-oscillator been removed AAM + OAM-induced CW of AAM + OAM-induced CW of

NCEP-ECCO ESMGFZ

X component Y component X component Y component

0.92 4 £0.003 0.930 + 0.003 0.94 6 £ 0.003 0.94 9 £ 0.003

of these three components in Fig. 7. In addition, the correla-
tion coefficients between the observed CW and the various
combinations are calculated and presented in Table 3.
Figure 6 illustrates a decline in the amplitudes of the
CW over the past decade, followed by a projected increase
until 2022. The magnitudes observed during the period of
1982-2002, as depicted in Fig. 3, were approximately four

times larger (~ 0.2 as) compared to the current magnitudes
(~0.05 as).

The decomposition analysis of the CW signals induced by
the ESMGFZ AAM and OAM, as shown in Fig. 7, provides
insight into the reason for the decline in CW. It is observed
that throughout the period from 2012 to 2022, the OAM-
induced CW (represented by green lines in panels (a)&(b))
becomes nearly inversely associated with the AAM-induced
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Fig.5 Time series and Fourier power spectra of the de-convoluted
CW as well as the AAM + OAM excitation from NCEP-ECCO and
ESMGFZ. a & b show X and Y components of the deconvolution

CW (represented by blue lines). More precisely, the attenu-
ation of the CW is caused by the cancellation between the
CW generated by OAM and the Eigen-oscillator, combined
with the CW induced by AAM (shown by pink lines in panels
(©)&(d)).

The same outcome can be inferred from Table 3. Specif-
ically, the coefficient between the observed CW and the
Eigen-oscillator + AAM-induced CW is ~ 0.4. When the
OAM-induced CW is added, the correlation increases to ~
0.7, surpassing the correlation coefficients of other situa-
tions involving a single Eigen-oscillator (~ 0.5) and AAM
+ OAM-induced CW (~ 0.5). The correlations between the
observed and modeled CW here (0.725 and 0.733) are lower
compared to those estimated in Table 2 (0.975 and 0.978).
This discrepancy is mostly due to larger relative differences
between reconstructed and observed CW throughout the
attenuation period of 2012-2022. In summary, the contrast-
ing phase relationship between the CW induced by OAM
and AAM indicates that the interaction regime between the
solid Earth, atmosphere and ocean have undergone a sig-
nificant shift in the past ten years. This shift appears to be

@ Springer

derived from the observed CW and of the two AAM + OAM excitation;
¢ presents the complex Fourier power spectra of the de-convoluted CW
and the two AAM + OAM excitation

manifested in a broader modulation pattern with a 20-year
cycle.

4 Discussion and conclusion

We utilized the geophysical fluid datasets from two coupled
models, namely NCEP-ECCO and ESMGFZ (as shown in
Table 1), to reconstruct the CW fluctuations. This recon-
struction was done using the theoretical framework of polar
motion, as described in Sect. 2.2. The AAM excitation over
the land is estimated separately from that over the ocean
(as seen in Fig. 1). The decomposed result illustrates that
the contribution of the AAM to the CW primarily origi-
nates from the AAM-mass over the land (as depicted in
Fig. 2). Compared to the CW signals extracted from polar
motion observations, both the two reconstructions demon-
strate satisfactory performances (as shown in Figs. 3 and
4). The correlation coefficients for both reconstructions
are higher than 0.95 (as indicated in Table 2). The de-
convoluted series similarly displays comparable findings
(Fig. 5).
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Fig.6 Time series of the observed CW and CW modeled using the ESMGFZ AAM + OAM datasets during time period of 2012-2022. a X

component; b Y component

The AAM is primarily derived from actual observations,
with some further refinement through model computations.
Conversely, the OAM is mainly based on model calculations,
with limited input from few direct observations. The primary
determinant for the model calculates of ocean circulation is
the observed wind field. The successful restoration of the
observed CW using the combined AAM and OAM provides
strong evidence for the accuracy of the ocean circulation
model.

During the analysis of the Eigen-oscillator and the CW
forced by AAM and OAM, we found that the AAM-induced
CW is almost in-phase with the Eigen-oscillator. On the
other hand, the phase of OAM-induced CW changes peri-
odically every ~ 20 years. This leads to variations in the
amplitude of the CW, with periods of in-phase resulting
in an increase, and periods of out-of-phase resulting in a
decrease, respectively (as shown in Figs. 3 and 4). In addi-
tion, in order to investigate the reasons for the decline in CW
from 2012 to 2022, we analyzed the combined and decom-
posed CW fluctuations in the past decade (Figs. 6 and 7).
We also recalculated the correlation coefficients between the
observed CW and other combinations (Table 3). The results
indicate that the AAM-induced CW are still in-phase with
the Eigen-oscillator, while the OAM-induced CW evolve to

a totally antiphase with the Eigen-oscillator. The decrease
in the CW over the past decade can be attributed to the
cancellation between the OAM-induced CW and the com-
bined effect of the Eigen-oscillator and the AAM-induced
CwW.

In summary, the alteration in the phase difference between
the CW induced by the AAM-mass and the CW forced by the
OAM could be ascribed to a worldwide shift in the climate
regime. The ~ 20-year period illustrated in this phase differ-
ence may indicate a recurring climate change cycle, which
requires further analysis and discussion. The decrease in CW
amplitude during the past decade further suggests a shift in
the interaction dynamics between the solid Earth, atmosphere
and ocean. The correlation between recent extreme weather
events and the decline in the CW is deserving of thorough
investigation in the next years. Aside from the impacts of
AAM and OAM on the excitation to the CW, there are addi-
tional minor factors, such as hydrologic angular momentum
(HAM) and interior Earth excitation, that necessitate further
examination.

@ Springer
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Fig.7 Time series of the decomposed Eigen-oscillator, CW forced by
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d present X and Y components of the Eigen-oscillator, Eigen-oscillator
+ AAM-induced CW and OAM-induced CW; e & f display X and
Y components of the Eigen-oscillator and Eigen-oscillator + (AAM +
OAM)-induced CW

Table 3 Correlation coefficients
between the observed CW and
the different combinations of
Eigen-oscillator, CW induced by
the ESMGFZ AAM and OAM
datasets

Observed CW

Time period of 2012-2022

X component Y component

(AAM + OAM)-induced CW

Eigen-oscillator

Eigen-oscillator + AAM-induced CW
Eigen-oscillator + (AAM + OAM)-induced CW

0.522+£0.003 0.525+0.003
0.514 £0.003 0.517+£0.003
0.37 6 £0.003 0.412+0.003
0.72 5+ 0.003 0.73 3 +£0.003
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