Study on the post-2015 absence of
Chandler wobble:
Calculation of the excitation function

based on JRA-55 and OFES2
(2015 FEDF ¥ ' B 7 —HEB) DIHK:

JRA-55 B TR OFES2 (2 E3v /- it BEd D EE)

R &8
IEEERFERFBETRE BRI FEEK

4843 H



INDEX

ABSTRACT -3-
SUMMARY OF EACH CHAPTER -5-
E2E -6-
BEDOERK -8-
I. INTRODUCTION -9-
I.1. THE CHANDLER WOBBLE .....ccoiiiiiiiiuttiiieeeeeeiitieeeeeeeeeeesteeeeeeeessenssaseeeseesssssssseeeessssssnsseeeesesensnnes -9-
I.II. MECHANISM OF THE EXCITATION OF THE CW ..ottt eeeveee e -10-
LIII. EXCITATION MECHANISM OF THE CW ...ttt ettt et e e e e ennees -12-
TIV. ABSENCE OF THE CW ....otitiiiiiiiiieiieee et ettt e et e e e e e eeaataee e e e e eeeaanaseeeeeeeennnes -14 -
1.V. THE ATMOSPHERIC AND OCEANIC DATA FOR POLAR MOTION .......cccoovviiiiiiiiiiiiiiiiiiiiiii -15-
I.VI. THE OBJECTIVE OF THIS STUDY ...uuuuviiiiieiiiiitureeeeeeeieiiisreeeeeeeeeniisreseseeeeesssrasssesssssssssssessssssnnnnes -18-
II. ATMOSPHERIC CONTRIBUTION TO THE ABSENCE OF THE CW .........cccccvvuneee -19 -
TII. INTRODUCGTION ...ovviiiiiiiieitieeeeeeeeeeetaeeeeeeeeeeetaeeeeeeeeeesaaeeeeeeeseesssassseseeseessarassseeseeesareseeeeseennnsres -19-
TLIL DATA AND METHODS ..ot -22-
TLIIL RESULTS ..eettieeeee ettt ettt e e e eetae et e e e e eeeaaaaee e e e e e sesnsaaeeeeeessesaataseseeseensnreseeeeseennnres -27-
TLIV.DISCUSSIONS ...t -36-
TLV . SUMMARY ...ttt ettt e e e e et e e e e e eeeaataeeeeesseeaatareeeeseessateseeeeseennnres -38-
III. OCEANIC CONTRIBUTION TO THE ABSENCE OF THE CW -40 -
TIL.I. INTRODUCTION .....eeitiiiieutiereeeeeeeieiteeeeeeeeiesaareeeseessessseeeeseessessasesesesssessaraseseessessssseseseessennnnres -40 -
TILIL. DATA AND IMETHODS.....uuviiiieeeieiiitieeeeeeeeeitreeeeeeeeeeiaaeeeeeeeeeeeaseeseeeeeessiataseeeeeeensisssseeseseeanaees -40 -



TILIIL RESULTS ...ottteeieeeeeeettee et e ettt e e e ettt e e e e e eeeaaaaeeeeeeeeeeaaaeeeeeeeeeesastaseeeeeeeasnrrseeeeeeennnres -43 -

IIL.IV. DISCUSSION .....eeiuttiuititteettenttett et e e eite st e sbee bt e et et e esteeaeess e e bt enteembesseesseesaee st enseeneeeneenseenseans -47 -
TIL V. SUMMARY ..ottt ettt ettt et ettt ettt e s st e saeenae et sanesanenbeebeenn -51-
IV. ESTIMATION OF THE QUALITY FACTOR OF THE CW -52-
TV 1. INTRODUCTION.....cccutiutiiitiniteitetteite et eitesite st ente et eateeutesueenbeemteenbesenesanesaeenaeenaeenneeanesanenseenseens -52-
IV.II. THEORY AND METHODOLOGIES ..........cveutrietieiseresesseseseesesessesessssesessssssesssssseseasssessssssessssssesens -53-
IV.IIL. RESULTS AND DISCUSSION ......cueuiiiteiiieteiiieresisesesessesesesesesessesesssesessssesesessesessssesesssesesenns -55-
DV V] 1Y 1Y 12N 2 USRSt -67-
V. CONCLUSION - 69 -
AKNOWLEDGEMENT -70 -
BIBLIOGRAPHY -71-




ABSTRACT

The Chandler wobble is one component of the Earth’s polar motion and is considered to correspond
to the free oscillation of the solid Earth. We have found that the Chandler wobble was absent from
2015 to 2021 for the first time in the observational history. Although it is recognised that the excitation
sources of the Chandler wobble are the atmosphere, ocean, and land water, the precise excitation

mechanism, Chandler period, and the quality factor are still open questions.

In this study, to investigate the cause of the absence of the Chandler wobble and clarify its excitation
mechanism, excitation functions were calculated based on atmospheric reanalysis data JRA-55 and
ocean model OFES2 data. Furthermore, we integrated the three atmospheric angular momentum
including the one based on the JRA-55, two oceanic angular momentum, and one hydrospheric angular
momentum to determine their respective contributions to the excitation of the Chandler wobble. The
results revealed that the atmospheric contribution including the one estimated from the JRA-55,
decreased around the same time as the absence of the Chandler wobble. This result suggests that
changes in atmospheric behaviour can be involved in the absence. On the other hand, the contribution
from the ocean was found to be inconsistent across the model datasets used, indicating that new data

will be required to estimate the oceanic contribution more accurately.

The oceanic angular momentum derived from the OFES2 ocean model was calculated. As a result,
it showed a little discrepancy from existing estimates in the velocity term associated with ocean
currents. However, the matter term, which reflects the redistribution of the seawater, exhibited an
amplitude approximately twice as large as that in other data. For validation, ocean bottom pressure
computed from the OFES2 model was compared with that from the ECCO ocean model. The results
showed that the two results are strongly correlated overall, whereas weak or even negative correlations

were found elsewhere. One possible reason for this discrepancy is that the OFES2 ocean model is not
-3-



assimilated with observational data, indicating that some form of correction will be required to

improve its accuracy.

The quality factor, Q, is a constant on the damping that has not been estimated with high precision.
We investigated whether it can be inferred solely from observations of polar motion by taking
advantage of the absence of the Chandler wobble. Assuming the Chandler period and Q value, we
performed a deconvolution on the polar motion data to compute the excitation function, and next
reintegrated it under the same assumption for comparison with the original observed data to attempt
to estimate the Chandler period and Q. The results showed that the residuals between the two did not
exceed the estimation error of the annual component, and no significant differences were identified.

This result suggests that accurate estimation of the Chandler period and Q requires geophysical data.

In summary, this study computed and analysed new estimates of atmospheric, oceanic angular
momentum in order to reveal the excitation and damping mechanisms of the Chandler wobble. In
addition, we evaluated a method for estimating the Q value. These results provide new insights into
long-standing problems on the Chandler wobble, including ones previously considered to have been

resolved.



SUMMARY OF EACH CHAPTER

Chapter I reviews the current state of knowledge regarding the Chandler wobble and explains the

absence of the Chandler wobble from 2015 previously examined in the master’s thesis of the author.

Chapter II describes the calculation of a new atmospheric angular momentum data based on the
JRA-55 reanalysis data, undertaken to analyse the atmospheric contribution to the excitation of the
Chandler wobble, and examines the contribution of each component using this result together with

available excitation function data.

Chapter III presents the calculation of oceanic angular momentum based on newly acquired ocean

datasets, which is found through the analysis in Chapter II as well as its validation.

Chapter IV evaluates a method for estimating the Chandler period and the quality factor, O, from
only observed polar motion data, taking advantage of the absence of the Chandler wobble from 2015,

and discusses the results.

Chapter V provides an overall conclusion of this thesis.
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. INTRODUCTION

I.I. The Chandler Wobble

The Chandler wobble (CW) and annual wobble (AW) are two dominant near-circular components
in the Earth’s polar motion, a long-period (>1 day) motion of the Earth’s spin axis relative to the
rotating solid Earth (Munk and MacDonald 1960; Gross 2015). The AW is regarded as a “forced
motion” by seasonal processes within fluids. On the other hand, the CW is thought of as a “free motion”
of the solid Earth. The excitation source of the CW had been elusive until the 2000s (Gross 2015), and
earthquakes were once examined as a candidate (e.g., Dahlen 1973). However, it is now widely
accepted that the atmosphere, ocean, and continental water are the main sources (e.g., Furuya et al.

1996, 1997; Gross 2000; Aoyama et al. 2003; Nastula et al. 2007).

The period and the quality factor of the CW (P and Q, respectively) have been investigated by
numerous studies. The estimated P, while having a certain range, is concentrated around 432 days. On
the other hand, there are still a variety of estimated Q values ranging from 40 to 180 (e.g., Wilson and
Vincente 1990; Furuya and Chao 1996; Seitz and Schmidt 2005; Seitz et al. 2012; Nastula and Gross
2015). These variations indicate that the excitation and damping mechanisms of the CW are still not

perfectly understood.

Figure 1-1 shows the Earth orientation parameter (EOP) 20 C04 (IAU 2000A), which is the
observed polar motion data provided by the International Earth Rotation and Reference Service (IERS)
(Bizouard et al. 2019). The “IAU 2000A” stands for the version of the precession and nutation model
used in deriving the polar motion data. In the data shown in Figure 1-1, the 6-year beat is caused by
the AW and the CW. The beat had not been observed since 2015 and was approaching a sine curve

with a one-year period, which implies the absence of the CW.

-9.
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[Figure 1-1] Time series of the EOP C01 IAU2000 provided by the IERS.

L.Il. Mechanism of the Excitation of the CW

2000

[Table 1-1] The estimated P and Q by previous studies with data span and the reference source(s).

P (days) 0 Span (yrs) Reference (Source)
435.2%2.6 | 100 (50-400) 70 | Wilson and Haubrich (1976)
436.0*2.0 96 (50-300) 70 | Ooe (1978), Complex ARMA
433.3+3.1 179 78 | Wilson and Vicente (1990) (ML)
433.7=1.8 49 (35, 100) 10.8 | Furuya and Chao (1996) (AAM)
432.98 97 60 | Seitz et al. (2012) (AAM+OAM)

-10-




430.9+0.7 | 127 (56, 255) 25 | Nastula and Gross (2015) (AAM+OAM+HAM)

433.8+2.6 39+18 15 | Ding and Chao (2017) (GPS U/D-displacement)

A number of studies have estimated the P and Q of the CW, the results of which are shown in Table
1-1. The estimated P values cluster around 432 days. On the other hand, there is a large variation in
the estimated Q values from 39 to 179. It means our incomplete understanding of the excitation and
damping processes. Precise estimation of Q allows for a more robust characterisation of the frequency-
dependent deformation response of the solid Earth, particularly within the lower mantle (Smith and
Dahlen, 1981), and aids in bridging the order-of-magnitude disparity observed across seismic, semi-

diurnal, and long-period (18.6 years) frequency ranges (Benjamin et al. 2006).

The excitation source(s) of the CW have long remained uncertain, with earthquakes once considered
a potential cause. However, it is now widely recognised that the atmosphere, ocean, and possibly
continental water serve as its principal excitation sources. Despite this, it remains unresolved whether
the excitation processes of the CW are random or resonant. Although some earlier studies conform to
the near-resonant excitation model (e.g., Furuya et al. 1996, 1997; Aoyama et al. 2003), numerous
previous studies on excitations of the CW have explicitly or implicitly assumed the Gaussian random

process (e.g., Okubo 1982; Chao and Chung 2012).

Besides the geodynamical significant in the accurate estimates of P and Q. Prediction of the EOP
plays important role in, for example, the positioning of the space craft and the enhancing the accuracy
of the location on the Earth. In fact, the bulletin and prediction of the EOP is provided on the IERS
website. Therefore, accurate estimates of the P and Q are crucial as they are essential for the physical

prediction of EOP, which is socially needed.

-11 -



L.Ill. Excitation mechanism of the CW

Excitation mechanism of the CW can be explained by the Liouville equation derived from the
. . . dH .
rotational equation of motion, - +wXxH=L (H, w, and L are angular momentum, rotation

vector, and external forces, respectively). The Liouville equation is:
pt—— =X 1-1
where P is the polar motion, ¥ is excitation function, and &, is the Chandler frequency:

&CW=2§(1+%). (1-2)

The Q is the quality factor, which governs the strength of damping. The smaller O implies stronger
damping, whereas a larger O implies weaker damping. The solution of Eq. (1-1) at tis

t

p = p(to) explidew (t — to)] — iGewexp (iGewt) | x(v) exp(—iGew ) dr. (1-3)
to

The j is excitation function, which consists of the atmospheric angular momentum (AAM),

oceanic angular momentum (OAM), and hydrological angular momentum (HAM).

Figure 1-2 shows a conceptual figure of the second term of Eq. (1-3). Each plot of the power
spectrum density represents the excitation function, the transfer function, and the polar motion,
respectively. The AW and CW are interpreted as a convolution of the excitation function, which is the
sum of the seasonal signals and white noise, and the transfer function of the Earth itself. Although the
polar motion can be observed precisely thanks to the advance of the space geodesy, the excitation
function and the transfer function remains uncertain. Moreover, while Figure 1-2 assumes “white noise”

excitation, it is still an open question whether the CW excitation processes are random or resonant.
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Although some earlier studies conform to the resonant excitation model (e.g., Furuya et al. 1996, 1997,
Plag 1997; Aoyama and Naito 2001; Aoyama et al. 2003, Wang et al. 2025), numerous previous
studies on excitations of the CW have explicitly or implicitly assumed the Gaussian random process
(e.g., Okubo 1982; Chao and Chung 2012). To understand the excitation mechanism of the CW, it is

necessary to accurately estimate the excitation function, or P and Q.
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[Figure 1-2] A conceptual image of the excitation of the CW showing the excitation function (left),
transfer function (middle), and the polar motion (right). The horizontal axis of each power spectrum
density represents frequency (cycle per year), with clockwise rotation to the right of centre and

counterclockwise rotation to the left.

Recently, long time-series excitation functions are limited two datasets: the combination of the
AAM based on the NCEP/NCAR model and the OAM based on the ECCO v4r4 model provided by
the Paris observatory (Salstein et al. 1993) and the combination of the AAM based on the ECMWF
atmospheric model, the OAM based on the MPIOM ocean model, and HAM based on the LSDM
model provided Deutsches GeoForschungs Zentrum (GFZ) (Dobslaw and Dill 2018). Recent studies

on the CW have been relying solely on these datasets.
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I.IV. Absence of the CW

As shown in Figure 1-1, we found that the 6-year beat, which was made by the AW and the CW,
had become unclear. Taking advantage of it, we performed a simple least-squares modelling of the
polar motion. The model consisting of the AW (prograde and retrograde), the CW, and the long-term

motion is described as:

+ Bexp | — amit + Cex Zmit +Dt?’+Et+F 1-4)
P\7 36525 P\7p '

2mit
M(t) = Aexp (365 25

Therefore, the model without the CW after 2015 is described as:

M(t) = Aex 2mit + Bexp | — 2mit +Dt?+Et+F (1-5)
P365.25 P 736525 '

We fit the model without the CW to the observed polar motion data after 2015 using the least square
method (Figure 1-3a). The data we used is the EOP C04 (IAU 2000A) provided by IERS. Next, the
CW was estimated by subtracting the modelled AW from the detrended polar motion data (Figure 1-
3b). As aresult, the amplitude of the CW became smaller than 30 milliarcseconds (mas), which means
that the CW was absent from 2015 (Yamaguchi and Furuya 2024). We performed the same analysis
for the extended time series back to 1890, using the polar motion data, EOP C01 IAU1980. The results
confirmed the reduction in the CW amplitude in the 1920s, as reported by previous studies (e.g.,
Vondrak and Ron 2005; Malkin and Miller 2010), although an amplitude of about 100 mas remained.

This indicates that the disappearance of the CW after 2015 is the first event in the observational history.

To examine the recent behaviour of the CW, the same analysis is conducted using the data available
as of 2025. In this analysis, the fitting period of the AW is set from 2015 to 2019. The results shown
in Figure 1-3b revealed that the CW amplitude began to increase around 2021, suggesting the re-
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excitation of the CW. However, it has not yet reached the amplitude as large as the one observed

before its absence, indicating that a full recovery has not yet been achieved.
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[Figure 1-3] (a) The observed polar motion data EOP 20 C04 provided by the IERS (blue) and the
modelled AW and long-term motion (LM) using the least squares method (red). (b) The estimated CW

is obtained by subtracting the AW + LM from the Polar motion (PM).

.V. The atmospheric and oceanic data for polar motion
There are two combinations of the excitation function currently available, provided by Deutsches
GeoForschungs Zentrum (GFZ) (Dobslaw and Dill 2017) and by the Atmospheric and Environmental
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Research, Inc. and Jet Propulsion Laboratory (Salstein et al. 1993; Gross et al. 2003). In this study,
new AAM and OAM are calculated based on the Japanese 55-year Reanalysis (JRA-55) (Kobayashi
et al. 2015) and the Ocean General Circulation for the Earth Simulator version 2 (OFES2) (Sasaki et

al. 2020), respectively.

JRA-55 data for the calculation of the AAM

The JRA-55 data, an atmospheric reanalysis provided by the Japan Meteorological Agency (JMA)
(Kobayashi et al. 2015), is used to calculate the AAM. Since the observed data are reanalysed with a
new and consistent model, the dataset remains temporally and spatially homogeneous and of high
quality. The calculated AAM spans the period from 1960 to 2023, corresponding to the coverage of
the dataset. The spatial grid resolution is 1.25 degrees horizontally, and the vertical levels consist of
the surface and 60 isobars up to 0.1 hPa, allowing representation of phenomena in higher atmospheric
layer. Although Furuya et al. (1996) and Aoyama and Naito (2001) emphasised the effect of wind
excitation based on AAM derived from JMA objective analysis data, IMA AAM has not been used
for studies on polar motion during the past two decades. In this study, the wind speed at each isobar

and the ground surface and the surface pressure component are used to calculate the AAM.

[Table 1-2] Comparison of the atmospheric model used for the calculation of the AAM

JRA-55 NCEP/NCAR ERA-Interim

(Kobayashi et al. 2015) (Kalnay et al. 1996) (Dee et al. 2011)

Horizontal grid ~55 km ~210 km ~79 km

- 16 -



Vertical levels Surface & 60 levels 28 levels 60 levels

up to 0.1 hPa up to 3 hPa up to 0.1 hPa

Data assimilation method 4D-var 3D-var 4D-var

OFES2 data for the calculation of the OAM

The OFES?2 is a quasi-global eddying ocean hindcast simulation developed by JAMSTEC (Sasaki
et al. 2020). It has a high spatial resolution, with a 0.1-degree horizontal grid and 105 isobaric levels
in the vertical, which enables representation of smaller-scale processes such as mesoscale eddies. Its
resolution is higher than that of the ECCO model (1-degree grid and 50 isobars) and the MPIOM
model used in Dobslaw and Dill (2017) (1-degree grid and 40 isobars). Yet, the true motivation to use
OFES2 is not its high spatial-resolution but its atmospheric surface forcing is based on JRA-55. The

JRA-55 is used as the atmospheric surface forcing, which enables to complement the JRAS5 AAM.

Because of these features, the large-scale variability of sea surface height around the Gulf Stream,
the Kuroshio, and the Antarctic Circumpolar Current agrees well with observations. On the other hand,
some processes are not well simulated, such as the pathways of the Kuroshio and the Azores Current
(Sasaki et al. 2020). We should note, however, that unlike ECCO data sets. OFES2 data is not
assimilated with any observation data. Table 1-3 shows the comparison of the ocean models used for

the calculation of the OAM.

[Table 1-3] The comparison of the oceanic models used for the calculation

OFES2 ECCO v4r4 MPIOM

(Sasaki et al. 2020) (Forget et al. 2015) (Jungclaus et al. 2013)

-17-



Horizontal grid 0.1 degrees 1 degree 1 degree

Vertical levels 105 50 40

Data assimilation No Constrained No

I.VI. The objective of this study
The clearly observed 6-year beat observed in the time-series of polar motion disappeared after 2015.
A least-squares analysis revealed that the CW was absent after 2015 for the first time in the
observational history. The objective of this study is to investigate the cause of this event and to use it
as an opportunity to estimate the P and Q, which have not been accurately determined before, thereby

providing further insight into the mechanism of the CW.

To explore the cause of the event, new AAM and OAM were calculated. These were analysed
together with available AAM, OAM, and hydrospheric angular momentum (HAM) data to estimate
the contributions of the atmosphere, ocean, and land water. We also examined if we could re-estimate

the P and Q, taking advantage of the disappearance of the CW.
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Il. ATMOSPHERIC CONTRIBUTION TO THE ABSENCE

OF THE CW

Il.l. Introduction

The CW and AW are two dominant near-circular components in the Earth’s polar motion, a long
period (>1 day) motion of the Earth’s spin axis relative to the rotating solid Earth (Munk and
MacDonald 1960; Gross 2015). Because of their comparable amplitude and the 1.2-year period of the
CW (P), the polar motion time series has been exhibiting a 6-year beat for over a century besides the
secular drift of the mean pole toward the 79°W direction (Figures 2-1a). While the AW is a forced
motion by seasonal angular momentum exchanges between surface fluids and the solid Earth around
the equatorial axes, the CW, as a free oscillatory mode, requires one or more excitation sources that
were elusive until the early 2000s (e.g., Gross 2015). While earthquakes were once considered as
candidates but denied quantitatively (e.g., Dahlen 1973), it is now widely believed that the atmosphere,
ocean, and possibly continental water are the excitation sources (e.g., Furuya et al. 1996; Aoyama and
Naito 2001; Aoyama et al. 2003; Brzezinski and Nastula 2002; Gross 2000; Seitz and Schmidt 2005).
However, there is still a threefold variation in the estimated Q of the CW from 50 to 179 that controls
both its damping time and the required excitation power (e.g., Wilson and Vicente 1990; Furuya and
Chao 1996; Seitz and Schmidt 2005; Seitz et al. 2012; Nastula and Gross 2015), indicating our
incomplete understanding of the excitation sources and processes. Moreover, Q of the CW is a unique
parameter that can constrain the frequency-dependent deformation response of the solid Earth,
particularly the lower mantle (Smith and Dahlen 1981; Benjamin et al. 2006), and bridge the orders-
of-magnitude gap between the seismic, semi-diurnal and long-period (18.6 years) tidal frequencies

(Benjamin et al. 2006).
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[Figure 2-1] The polar motion time-series. (a) The X-component of the polar motion data, EOP 14
C04, since 1976 (red) and the polar motion model (blue) by fitting the data from 2015 to 2021 with
only the AW and long-term polar drift period and extending back to 1971. (b) Estimated CW since
1971 by taking a difference between the two time-series in (a). Note that we do not assume any
Chandler period (P) and Q of the CW. (c) Similar to b but extended time-series back to 1890, using

the polar motion data, EOP C01 IAU 1980.

Recent polar motion data lack the 6-year beat that was previously clearly observed (Figure 2-1a).
While the CW amplitude is known to have been smallest in the 1920-40s (e.g., Vondrak and Ron
2005; Malkin and Miller 2010), we could readily recognize the presence of the 6-year beat even in the
1920-40s; we consider only the data after 1900 because the observation errors before 1900 are greater
than 50 mas (International Earth Rotation and Reference System Service (IERS) website). The mas
stands for milliarcsecond in angle, where one mas is equivalent to ~3 cm on the Earth surface. We
show below by simple least squares approach that the recent CW is much smaller than before, implying

that the CW is essentially unexcited in recent years (Figures 2-1b and 2-1c¢), while Zotov et al. (2022)
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also pointed out the recent zero CW through singular spectrum analysis (SSA). We are also informed
that the CW signal in super-conducting gravimeter data at Syowa Station, Antarctica, has been

weakened since several years ago (Personal communications with Yuichi Aoyama, Unpublished data).

Although the CW must have been continually excited by the Earth’s surface fluids for over a century,
how can we interpret the recent un-excitation? Now that high-precision space geodetic data are
available and that global Earth system modelling allows us to compute higher-quality AAM, OAM,
and HAM data sets as the estimates of excitation, we examine if the present Earth system modelling
data can explain the anomaly and discuss why the CW is not as extensively excited as before.
Understanding the excitation and un-excitation processes of the CW will also have implications for
polar motion prediction; the presence of freely damped CW, if any, will make the polar motion
prediction much simpler because the CW dominates over the “rapid polar motion” with timescales
between two weeks to several months (Eubanks et al. 1989). Earth rotation data including polar motion
plays a significant role in the prediction of the orbits of artificial satellites and space probes. Even
displacements of only a few centimetres in the motion of the rotation axis relative to the pole can lead
to substantial differences when propagated to large distances from the Earth. Consequently,
understanding Earth rotation variability such as polar motion and changes in the angular velocity of
rotation is essential for sustaining and providing the fundamental geodetic data that underpin space

utilisation.
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Il.Il. Data and Methods

Polar motion data

We use the earth orientation parameter (EOP) data, EOP 14 C04 for the recent decades and EOP
CO01 going back to 1846 (Bizouard et al. 2019). Although the EOP 14 C04 provided daily data, it is
available only for the period after 1962, when high-precision observations became feasible. To
investigate the entire interval since 1846, including the era of optical observations, it is necessary to
use the EOP CO01 series, which is provided at intervals of 0.05 years. Because the AW does not change
its phase by definition of the forced oscillation associated with seasonal excitation, and because its
amplitude is nearly constant (Gross 2015), we can fit the polar motion data from 2015 to 2021 with a
simple two-component model consisting of only the AW and secular drift (Figure 2-1); fitting the
seasonal signals with constant-amplitude sinusoids is a conventional approach to studying the CW
excitation (e.g., Gross 2000), and we approximate the secular drift with a second-order polynomial.
Subtracting the two-component time series from the original data with an extension to 1971, we
observe that the CW started to be weaker in 2005 and became insignificant in 2015 (Figure 2-1b). The
post-2015 smaller-amplitude signals in Figure 2-1b will indicate either the so-called rapid polar motion
(Eubanks et al. 1988) and/or the modulated amplitude in the AW and have to be distinguished from
the previously observed CW; if the CW were present as previously even after 2015, we should have
observed a 6-year beat in recent years as well. Extending the two-component model to 1890, we could
reproduce and confirm the smaller CW in 1920-40 (Figure 2-1c). The post-2015 small amplitude in
Figure 2-1b might well include some CW signals but no such small amplitude CW had been observed
before. Thus, for simplicity, we refer to the post-2015 CW as the “absence”; even though the post-

2015 CW amplitude is not exactly zero, our conclusions below do not change.
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Polar motion theory and excitation functions

As described in Chapter LIIL., theoretically, the Earth’s wobble, p(t) = x(t) — iy(t), is considered
to be generated through a convolution of an impulse response function, e‘®ew? with excitation sources,
x(@®:

t

p(t) = PoePew(t=t) — i, f e (t=D 3(7)dr . 2-1
to

The first term indicates a freely damping term due to the cumulative excitations by the time t = t,.
The second term represents the wobble excited after t = t, (Munk and MacDonald 1960); the
complex form for the pole position and excitation allows us to analyse the 2-D motion with 1-D data.
Here, x(¢) and y(¢) indicate the location of the North Pole along the Greenwich meridian and the
90°West Longitude, respectively, and &, = 2n/P(1+i/2Q) is the complex characteristic
frequency defined by P and Q. Conventional approach to examine the polar motion excitation is first
to perform deconvolution of the observed data, p(t) into “geodetic” excitation, Fgeoq(t) with an
assumed pair of P and Q (Wilson 1985). We can compute “geophysical” excitation, Fgeopn(t)
independently from the ¥ge0q(t), using global Earth system modelling data that became available as
AAM in the early 1980s (Barnes et al. 1983) and OAM in the late 1990s (Ponte et al. 1998); currently
available AAM is all based on assimilation data, but some OAMs are not based on assimilation data
even now. The AAM and OAM include both the mass (moment of inertia tensor) and motion (relative
angular momentum) terms, where surface air and ocean bottom pressure changes contribute to the
mass term, and atmospheric wind and ocean current contribute to the motion term. We assumed that
the ocean surface responds to reduce variance of the air pressure, which is called an “inverted
barometer”. Nowadays, land water hydrological effect is also estimated as HAM based on the Land
Surface Discharge Model (Dill 2008). After considering the effect of elastic response and core-mantle

decoupling (e.g., Gross 2015), we can compare the “geodetic” excitation, Fgeoq(t) with
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“geophysical” excitations, ¥geopn(t). Table 2-1 lists the geophysical excitation data sets in this

study and Figure 2-2 is the flowchart to calculate Pgeopn and Pgeod-

Geophysical excitation data (Fgeopn (£)) ‘ ‘ Polar motion data ‘

Considered Earth’s deformation l
and core-mantle decoupling

Deconvolution
Facod (£) = 5 [B(£) — e@WT5(t — T)] (Wilson 1985)
Assuming P and Q; T'is set to be 1 [day].

|

Geodetic excitation (¥¢0a(t)) ‘

l

‘ Remove seasonal components ‘

| |

Convolution

i

=N R N j=N
ﬁgeo'ph(tlv) = _ia'CWTZ. L emCWTXgeoph(tj) pgeod(tN) = _LG'CWTZI L emcwrxgeod (tj)
j= 1=
Assuming P and Q Assuming consistent 7 and O
P(0) set to be 0. (Furuya et al. 1997)

! l

| Estimated CW (Fyeopn(t)) | | Geodetic CW (Bgeoa(t)) |

[Figure 2-2] A flowchart of the procedure to calculate Pgeopn(t) and Pgeod(t). We integrated the
geophysical excitation (¥geopn) after removing seasonal components to estimate CW (Pgeopn)- Then,
we set the initial value to be zero. In order to calculate Pgeoq, we followed the same procedure for

Xgeoph» Which was calculated by deconvoluting the observed polar motion data.

[Table 2-1] Geophysical excitation data used in this study

Data Components Data provided from Period
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ESMGFZ Atmosphere +
(Dobslaw and Dill Ocean +

2018) Hydrosphere

Deutsches  GeoForschungsZentrum
(GFZ) from the original European
Centre for Medium-range Weather
Forecast (ECMWF) atmosphere,
Max-Plank Institute Ocean Model
(MPIOM), and the Land Surface

Discharge Model (LSDM) data

1976-2021

JRA-55 Atmosphere

(This study)

Original JRA-55 data by Japan
Meteorological ~ Agency  (JMA)

(Kobayashi et al. 2015)

1960-2021

NCEP+ECCO Atmosphere +
(Salstein et al. 1993; Ocean

Gross et al. 2003)

Paris Observatory from the original
National Centre for Environmental
Prediction (NCEP) atmosphere and
the Estimating the Circulation and
Climate of the Ocean (ECCO) ocean

model data

1962-2021 (A)

1962-2018 (O)

Analysis approach in this study

Analysis approach in this study is to compare in the wobble domain. Performing the convolution

with any geophysical excitations on the assumption of P and O, we may compare the geodetic wobble,

Pgeoa(t) with the geophysical wobble, Pgeopn(t). For the analysis of the CW excitation sources, we

think that the wobble domain approach performs better than the excitation domain approach because
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we can amplify any small excitation signals around the resonant frequency that essentially contribute
to exciting the CW (Furuya et al. 1997). Although the same conclusion should be drawn in theory, we
are led to compare small amplitude signals in both geodetic and geophysical data in the excitation
domain. Moreover, performing the comparison in frequency domain as many previous studies (e.g.,
Furuya et al. 1996; Gross 2000; Aoyama and Naito 2001), the frequency resolution is seriously limited
by the available data length. Nonetheless, most previous studies have circumvented the wobble
domain approach because the first term in Eq. (2-1) represents a free damping that generates a non-
zero CW amplitude even without any excitations afterward (Chao 1985). However, if we start the
convolution with zero initial value, we can more directly evaluate if and how much the candidate
sources can excite and maintain the CW. Chao (1985) did not mention another caveat for the wobble
domain analysis. Namely, we must take out the seasonal signals before convolution (integration)
because, even if the integration starts from zero initial value, a sudden start of large seasonal forcing
will generate a transient CW that is not present in actual data. Such a transient CW is cancelled by a
damped CW excited by seasonal forcing; seasonal forcing eventually generates only seasonal wobble
in a linear dynamical system. The resulting solution of the Liouville equation, with the annual forcing

substituted as the external forcing, can be expressed as:

0

p = p(0) explidoyt] + CWwa Xa expliwgt], 2-2)

Few—

where w, = 2mw/365.25 and y, is the amplitude of the annual forcing. This implies that the annual
forcing only excites the AW because the initial condition is set to p(0) = 0. The geodetic CW can
thus be derived by re-convolving (re-integrating) the deconvolved non-seasonal geodetic excitation
with the same P and O (Furuya et al. 1997). The drawback in the wobble domain approach is that there

arises the same issue as the “non-zero” initial value when the integration time is extended. However,
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it also depends on the time scale of the damping of CW, i.e., prescribed Q; precision estimation of

CW’s Q is therefore important.

ILIIl. Results

Sensitivity of the results to P and Q

To demonstrate the sensitivity of Pgeoq(t) and Pgeopn(t) to the assumed P and Q, Figure 2-2
shows five cases of the x component from Pgeoq(t) and Pyeopn(t) with different pairs of P and Q.
To compute Pgeopn(t) by Fgeopn(t) in Figure 2-2, we summed up the AAM, OAM, and HAM
provided by the Earth System Modeling Group at GFZ (ESMGFZ) in Table 2-1 that computed the
total angular momentum changes within the Earth’s surface fluid system most comprehensively.
Notably, Pgeoq(t) indeed show a much smaller amplitude after 2015, whereas the amplitude and
phase also depend on the pair of P and Q. Moreover, we observe that pgeopn(t) varies sensitively to
the assumed pair of P and Q, and thus we can tightly constrain optimum P and Q by matching
Pgeoa(t) and Pgeqpn(t) (Figure 2-3). The discrepancies between Pgeoq(t) and Pgeopn(t) suggest
either that the pair of P and Q is inadequately assumed or that any of Fgeopn(t) still incompletely
captures the real geophysical excitations or both. However, based on the currently available data, we
may claim that optimum P is 432 days and that Q is unlikely to be as high as 100, judging from Figure
2-3e. Although the smallest O of 25 better matches the post-2015 smaller signal (Figure 2-3b), there

are significant discrepancies from the 1980s to the early 2000s (Figure 2-3d).
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[Figure 2-3] Comparisons of the estimated geodetic and geophysical CW as a function of P and QO
(X-component). (a) P =429 days, Q = 50, (b) P =432 days, Q =50, (c) P =435 days, 0= 50, (d) P=

432 days, Q =25, (e) P =432 days, Q = 100.

Can the available geophysical data reproduce the recent CW?
To account for the recent absence of the CW, we may conceive various scenarios in each of the

AAM, OAM, and HAM contributions, respectively. For instance, all three contributions since 2015
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may be equally smaller than before. Or alternatively, the total sum of the three contributions could
happen to cancel each other and become nearly zero, whereas each of them might have substantial
amplitude even after 2015. We examine in the wobble domain the contributions from three AAM
(Figures 2-4a-2-4c), two OAMs (Figures 2-4d and 2-4e) originally driven by the same atmospheric
data in Figures 2-4a and 2-4b, and one HAM (Figure 2-4f) estimated from the Earth system modelling
along with Figures 2-4a and 2-4d (Dobslaw et al. 2010). We fixed P and Q with 432 days and 50,
derived from the results in Figure 2-3. Although the AAM alone is not enough to explain the CW from
the 1970s to 1990s (Figures 2-4a-2-4c), we observe that the three AAMs are roughly consistent with
each other in terms of both amplitude and phase of the computed CW, and two of them further indicate

persistently smaller amplitude since 2015 (Figures 2-4a and 2-4c).
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[Figure 2-4] Contributions to the estimated CW from each geophysical excitation data (X-
component). Case with P =432 days and Q = 50 for (a) ESMGFZ AAM, (b) NCEP AAM, (c) JRA-

55 AAM, (d) ESMGFZ OAM, (¢) NCEP/ECCO OAM, and (f) ESMGFZ HAM.

On the other hand, the two OAMs are not as consistent as the three AAMs and do not significantly
change the amplitude even after 2015 (Figures 2-4d and 2-4e). Moreover, the HAM generates rather

a greater CW in the recent period (Figures 2-4d-2-4f) and seems responsible for the significant
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discrepancies after 2015 in Figure 2-3b. We thus recognize that the available OAM and HAM may
still include some errors and biases (Figure 2-4), whereas the two AAMs (Figures 2-4a and 2-4c) are
almost in perfect agreement. It is uncertain if both the OAM and HAM have become smaller or if they

have been cancelling each other since 2015.

Contributions from atmospheric mass and motion terms

To investigate the reason why the atmospheric contribution decreased in 2015, we analyse the JRA-
55 AAM for the matter and motion terms separately. Figure 2-5 shows the integrated AAM of the
matter term and the motion term, respectively. The phases of the matter term and the motion term
became inverted after 2015, when the CW was absent; as the matter term and motion term cancelled

each other out, the overall atmospheric contribution became smaller.
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[Figure 2-5] Integrated JRASS5 AAM of the matter term (blue) and the motion term (red) assuming

P =432 days and Q = 50.

-32-



—y

(43}

(=)
T

B St A i

=130 - N

<%

L

o

S
I

| | | | |
1980 1990 2000 2010 2020
Year

150 - B
100 -
50

oot \’W\M‘w "

-100 -
-150 - B

Y (mas)

| | | | |
1980 1990 2000 2010 2020
Year

[Figure 2-6] Integrated ECMWF AAM of the matter term (blue) and the motion term (red) assuming

P =432 days and QO = 50.

Latitudinal contributions of JRA-55 AAM
In addition, the JRA-55 AAM is divided into 15-degree latitudinal zones to examine the regional
contribution of the atmosphere, Figures 2-5 and 2-6 show integrated AAM of the matter term and

motion term separated by latitude, respectively.

Overall, the matter term has a smaller contribution than the motion term. In the southern mid-
latitude zone, i.e., 45°S-75°S, the contribution is significantly larger than in the other zones (Figure 2-

7) even when taking into account that lower latitudes are greater weighted than higher latitudes.
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Comparing each zone, the phase differences among the zones are generally small. Because of the small

phase differences, the contribution as a whole becomes larger, about 50 mas, when they are integrated.

On the other hand, the contribution of the motion term varies across the latitudinal zones. Figure 2-
8 shows the integrated latitudinal JRA-55 AAM of the motion term. The amplitude of the integrated
value of the motion term is larger than that of the matter term in all zones. In addition, both the
amplitude and the phase differ among the zones. In some cases, the motion term has an even larger
amplitude after 2015 than before. The result suggests that the reduction of the atmospheric contribution

after 2015 is mainly derived from the behaviour of the wind in the mid-latitude zones.
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[Figure 2-7] Integrated latitudinal AAM of the matter term, the integrated value (blue) and the

observed value (red).
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I1.1IV. Discussions

Implications of the recent CW anomaly for excitation processes and global warming

Figures 2-1a and 2-1b indicate that the CW started to become smaller in ~2005 and almost
disappeared in 2015. We may recall the shift in the direction of the secular polar drift to the east since
~2005, which was attributed to the rapid ice melting in Greenland (Chen et al. 2013). However, the
effect of abrupt ice melting will have more impact in the lower frequency than around the Chandler
frequency and thus is not directly related to the CW absence. Nonetheless, we consider that both
anomalies in the secular drift and the CW would be more or less associated with the recent global

warming trend. It is not straightforward, however, to relate the trend to the CW absence.

Why is the CW not excited since 2015? Regarding the excitation processes of the CW, it is still an
open question whether they are random or nearly resonant. Numerous previous studies on the CW
excitations have assumed (or believed) the Gaussian random process (e.g., Okubo 1982; Chao 1985;
Chao and Chung 2012), and the random excitation model will regard the post-2015 CW anomaly as
“simply fortuitous by chance” (Chao and Chung 2012). However, if we took a simple analogy with
the classical thermal-noise model, global warming would increase the noise level and amplify the CW,
which conflicts with the observation. On the other hand, several earlier studies instead suggested a
near-resonant excitation, in which the CW has been maintained by quasi-periodic excitation with a
characteristic period of ~14 months in the atmosphere (Furuya et al. 1996; Plag 1997; Aoyama and
Naito 2001; Aoyama et al. 2003) and the ocean (Plag 1997); note that those studies do not claim that
the polar motion follows a non-linear dynamical system. The CW absence may be interpreted as an
abrupt termination of such processes. The recent persistently smaller AAM contributions in Figures

2-4a and 2-4c are for the first time in decades and seem to be in accord with this model; the three
-36 -



AAM time-series data are nearly identical to each other (Figure 2-10), and the deviation of Figure 2-

4b would be due to the small but different spectral content around the Chandler frequency. Although

the periodicity of ~14 months is unclear in Figures 2-4a-2-4c, even a small amplitude is enough if it

is close to P, and its amplitude needs not to be constant, either. Moreover, any near-resonant excitation

sources, if any and not limited to AAM, can more easily excite the CW even with the lower Q.
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[Figure 2-10] Comparisons of ECMWF (blue), NCEP (red), and JRA-55 AAM (yellow) in 2000.

The annual component and the quadratic long-term motion are removed from all data. The NCEP

AAM data were shifted by three days from the original data available from Paris observatory.
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Concerning the recent smaller atmospheric excitation, we note the disruption of the equatorial quasi-
biennial oscillation (QBO) in the 2015/2016 winter (Osprey et al. 2016; Newman et al. 2016) and
2019/2020 winter (Antsey et al. 2021), which have never been observed before, either. As the QBO
itself is zonal wind oscillation in the tropics with a mean period of 28 months (Baldwin et al. 2001), it
only affects the length-of-day change (Chao 1989), and no corresponding periodicity should be
expected in the polar motion. However, the atmospheric circulation system associated with the QBO
would not be strictly longitudinally symmetric and can affect the equatorial angular momentum budget
that also includes meridional winds; the role of meridional momentum transport is indeed pointed out
for the recent QBO disruptions (Osprey et al. 2016; Newman et al. 2016; Antsey et al. 2021). Although
the dynamical relations between the QBO and the ~14 months oscillations in AAM are unclear now,
the recent smaller AAM in Figures 2-4a and 2-4c is possibly associated with the QBO disruptions.
Similar QBO disruptions are predicted in several climate models under warming scenarios (Osprey et
al. 2016; Antsey et al. 2021). The meteorological origins of the recent smaller AAM contributions in

Figure 2-4 are uncertain and need further examination in detail.

ILV. Summary
Although polar motion data have exhibited a 6-year beat for over a century, it has been absent since
2015. We examined if the available estimates of atmospheric, oceanic, and land-water excitation could
reproduce the anomaly. It turned out that atmospheric CW excitation became persistently smaller than
before but that the estimates of those oceanic and land-water contributions were not consistent enough,
suggesting further room to improve their accuracies. Taking advantage of the recent CW anomaly, we
show that the quality factor of CW is not as high as the previously preferred 100, indicating that the

required CW excitation power is higher than expected before. Although the CW excitation processes
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have been widely assumed to be random, the recent absence might indicate a termination of more

coherent excitation processes.
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lll. OCEANIC CONTRIBUTION TO THE ABSENCE OF

THE CW

liL.l. Introduction

Yamaguchi and Furuya (2024) demonstrates that the CW was absent from 2015 and that the
atmospheric contribution to its excitation was reduced over the same period. On the other hand, Xu et
al. (2024) states that the absence of the CW occurs because the atmospheric and oceanic contributions
cancel each other out, based on the integration of the NCEP AAM and the ECCO OAM. However, as
shown in Figure 2-4, the integrated ECCO OAM is not consistent with the integrated MPIOM OAM.
Moreover, of the three AAMs, i.e., NCEP, ERA-5, JRA-55, both ERA-5 and JRA-55 are nearly
identical, but NCEP AAM shows some differences from the other two AAMs. It suggests that a new
OAM, derived from an independent ocean model driven by another atmospheric data, is required to

clarify the oceanic contribution.

In this study, we newly compute an OAM based on the OFES2 model data provided by JAMSTEC
(Sasaki et al. 2020). We aim to assess the contribution of the ocean to the excitation of the CW clearly
using the OFES2 OAM. We also expect that the OFES2 can complement the JRA-55 AAM because

the JRA

liLIl. Data and Methods
The OAM is calculated based on the OFES2 model provided by the JAMSTEC (Sasaki et al. 2020).
The OFES2 model is driven by the JRA-55 atmospheric reanalysis data as one of the sources, which
enables a complementary assessment of the atmospheric contribution previously estimated from the

JRA-55 AAM first computed in Yamaguchi and Furuya (2024). The dataset spans the period from
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1958 to 2023, and the monthly data was used here as a preliminary experiment. The monthly data are
helpful enough to examine the contribution to the excitation of CW, because the CW is most

effectively excited by the power around the resonant frequency.

The OAM is calculated separately for the matter term and motion term in the same procedure as the

AAM. The matter term reflects changes in the product of inertia due to mass redistribution of seawater.

Therefore, the excitation of the matter term is calculated by integrating the ocean bottom pressure
pp as:

1.100a* [z (27 , .
Ama = —mfnj Pp Sin ¢ cos® ¢ exp(id) dAd¢, G-1

where a is the mean radius of the Earth, A" and C are equatorial and axial principal moments of
inertia of the Earth, respectively, g is the gravitational acceleration, ¢ is latitude, and A is

longitude (Borger et al. 2025).

On the other hand, the motion term reflects changes in relative angular momentum due to the ocean
currents. Thus, for the calculation of the motion term, the water currents speeds (v for westerly and

v for southerly) on all isobars are integrated as:

1.608 a3p,

Two = == a0

z 2w 0
Jz J J (vsin¢ + iu) cos ¢ exp(id) dzdAd¢ . (3-2)
570 J-m

The procedure we used to estimate p; follows Quinn et al. (2019) as:

0

pb(¢lﬂ') = [9077 + pr(gb'/l’Z)dZ +SI+GC 9, (3 - 3)

where p, is the mean density, n is the sea surface height, and p is the in-situ density of the
seawater. The term “SI” stands for the sea ice and snow loads, and “GC” stands for the Greatbatch

correction described later. We adopted the equation of state, TEOS-10 (IOC et al. 2010), to estimate
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the in-situ density, and we used the Gibbs SeaWater Oceanographic Toolbox of TEOS-10 (McDougall

and Barker 2011).

Firstly, the pressure of each isobar is estimated from the depth. Next, the absolute salinity is
calculated from the pressure and the practical salinity data. To calculate the in-situ density, the
conservative temperature, rather than the potential temperature, should be calculated using the
absolute salinity and the potential temperature. Finally, the in-situ density is obtained using the
absolute salinity, conservative temperature, and the pressure. The seawater loads and the Greatbatch
correction are derived from the in-situ density. The flow chart of the overall procedures is shown in

Figure 3-1.

The sea-ice and snow loads are estimated as:

SI = (picenice + psnownsnow)j' (3-4)

where p;.. and psno are density ofice and snow, respectively, 7;.. and 7g,0 areice and snow

surface thickness, respectively, and J is the ice concentration ratio from 0 to 1.

In addition, to account for the interaction between the atmosphere and the ocean, the Greatbatch
correction (GC; Greatbatch, 1994) is required to eliminate the effects of the Boussinesq approximation
adopted in the ocean model. Under the Boussinesq approximation, the density changes of the seawater
are represented only through thermal expansion and contraction, rather than through true volume
changes. To take the inverted barometer effect into consideration, not volume but mass should be

conserved. The Greatbatch correction is calculated as:

1 0
GC = ZL f_H(p — po)dzdA, (3-5)

where A is the area of the ocean.
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[Figure 3-1] Flow chart of the procedure used to calculate the in-situ density. The ocean bottom

pressure is obtained by integrating the in-situ density of the seawater.

lILIIl. Results

Figures 3-2 and 3-3 show the comparison of the motion and matter term of the three OAMs,
respectively. In terms of the motion term, the OFES2 OAM is in good agreement with the other OAMs.

The mean amplitude of the motion term of each OAM from 1976 to 2017, when all data are available,
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is 7.04 mas (OFES2 OAM), 9.38 mas (MPIOM OAM), and 6.39 mas (ECCO OAM). The amplitude
of the OFES2 OAM is closer to that of the ECCO OAM, at about 60% of the MPIOM OAM. On the
other hand, the OFES2 OAM is about twice as large as the other OAMs regarding the matter term.
The mean amplitude of the matter term of each OAM from 1976 to 2017 is 26.19 mas (OFES2 OAM),
13.30 mas (MPIOM OAM), and 9.90 mas (ECCO OAM). The three OAMs are found to be
inconsistent with each other as a whole. One possible reason for this inconsistency is the differences
in pp. Therefore, we compared the p;, calculated from the OFES2 and ECCO ocean models in the

Discussion section.
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[Figure 3-2] (a), (b) The time-series of the motion term of the OFES2 OAM (blue), the ECCO OAM
(red), and the MPIOM OAM (Yellow) X components for (a), Y components for (b). (c) the annually

averaged amplitude.
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[Figure 3-3] (a), (b) The time-series of the matter term of the OFES2 OAM (blue), the ECCO OAM
(red), and the MPIOM OAM (Yellow) X components for (a), Y components for (b). (c) the annually

averaged amplitude.
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lIL.IV. Discussion

Comparison of the p, between OFES2 and ECCO
We compared the p, between the OFES2 and ECCO models. Because the ocean bottom pressure

data of the ECCO are provided as the equivalent water thickness (EWT):

EWT = Po _ H + [Greatbatch correction], (3-6)

Pog

we used the EWT instead of the p;,. The EWT data of ECCO from 1992 to 2018 are provided (ECCO
Consortium et al. 2021). Figure 3-4 shows the map and the scatter plot of the two EWTs, indicating
that the two p;, fields are in good agreement. However, the range of the correlation and its tendency
vary depending on the region. Figure 3-5 shows the correlation, the coefficient, and the intercept when
the approximating the ECCO p, as a linear function of the OFES2 p,. The results show that the
regions with high correlation are limited, mainly the low-latitude or coastal zones. In the other regions,
the correlation is weak or even negative. Considering over the entire ocean, OFES2 p;, tends to
exhibit larger values than those of ECCO p,,. This suggests that the larger estimated p, leads to the
amplitude of the OFES2 OAM. A possible explanation for the p;, discrepancies is that the OFES2
ocean model is not synchronised with the observational data, whereas the ECCO model is assimilated
with observational data as described in Chapter 1.V. Although the OFES2 domain is limited to the
region between 76°S and 76°N, the effect of the polar regions accounts for only 1.4% relative to the
other regions, owing to the latitude weighting in Eq. (3-1). Nevertheless, additional and more detailed

investigations will be required to ascertain the precise causes of this discrepancy fully.
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[Figure 3-4] (a) The comparison between the OFES2 EWT and the ECCO EWT. (b) The scatter of

the OFES2 EWT (horizontal) and the ECCO EWT (vertical) in January 1992.
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[Figure 3-5] (a) Correlation of the OFES2 EWT and the ECCO EWT from January 1992 to
December 2017. (b) Coefficient A and (c) intercept B when the ECCO EWT is approximated as a

linear function of the OFES2 EWT, thatis [ECCO EWT] = A [OFES2 EWT] + B.

lI.LV. Summary

To estimate the precise contribution of the ocean to the excitation of CW, a new OAM based on the
OFES2 data was calculated. This represents the third OAM, which can be combined with the AAM.
For the motion term of the OAM, there is not much difference among the three OAMs, and the
amplitude of the OFES2 OAM is closer to that of the ECCO OAM. On the other hand, the matter term
of the OFES2 OAM is almost twice as large as that of the other OAMs. Therefore, the three OAMs

are found to be inconsistent with each other.

The p, calculated from the OFES2 model data is in good agreement with that from the ECCO
model data. However, the correlation between the two p;, fields depends on the region. Regions with
high correlation are concentrated in the low-latitude zone, and in most of these regions the OFES2 p,,
is larger than the ECCO one in most of the region. On the other hand, in the other regions the
correlation is weak or even negative. Since there is significant weighting in the low-latitude zone when
integrating to calculate the matter term, the OFES2 OAM could have larger amplitude than the others.
A possible explanation for these discrepancies is that the OFES2 ocean model is not synchronised with

observed data. However, the further work will need to be done to determine the precise cause.
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IV. ESTIMATION OF THE QUALITY FACTOR OF THE

Cw

IV.l. Introduction

The Chandler period (P) and its quality factor (Q) are unique geophysical parameters that depend
on the Earth’s global dynamic response properties as a function of Earth’s flattening, elastic and
anelastic deformation and core-mantle decoupling (e.g., Smith and Dahlen 1981). The uniqueness of
the P and Q also resides in their time scale that can bridge the seismological high-frequency band (1s
— 54 min) with much lower frequencies, such as the 18.6-year, and even longer periods (e.g., Smith
and Dahlen 1981; Benjamin et al. 2006; Lau and Faul 2019). Precision estimates of P and Q should
also be beneficial for long-term prediction of polar motion. A plethora of prior estimates of P and Q
been documented (e.g., Wilson and Vicente 1990; Furuya and Chao 1996; Seitz et al. 2012; Nastula
and Gross 2015). However, substantial uncertainties persist in the estimation of Q, with range

estimates from 49 to 179 (Bizoard 2020).

In recent study, Chen et al. (2023) sought to estimate P and Q without relying on geophysical
excitation data, instead basing solely on observed polar motion data. However, adhering to the
causality principle, one must either employ quality geophysical excitation data or at least assume any
excitation process models, so we can reliably estimate P and Q. The first purpose of this chapter is to
point out that we cannot optimise P and Q if we follow the approach by Chen et al. (2023). By
replicating the result by Chen et al. (2023), we demonstrate that the cancellation of significant digits

has led to their “optimum” estimates.

Meanwhile, Yamaguchi and Furuya (2024) proposed that the upper bound of Q could be constrained

without geophysical excitation data, leveraging the recently observed CW anomaly. However, through
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our replication of the result by Chen et al. (2023), we have realised that it is not possible to constrain
both P and Q solely from the observed polar motion data, even in the absence of CW. Consequently,
we have decided to retract a portion of the claims made in Yamaguchi and Furuya (2024). However,
Yamaguchi and Furuya (2024) also examined if the available and newly computed geophysical
excitation data could explain the recently observed absence of CW and concluded that Q is not as high

as 100, which we do not modify.

While we cannot formally exclude the possibility of temporal reduction in Q and/or alterations in P
to explain the absence of the CW, no compelling geophysical evidence has been put forward to
substantiate this hypothesis. In this chapter, we have adopted the assumption that both P and Q remain

constant over time.

IV.Il. Theory and Methodologies

As described in Chapter LIII., polar motion is governed by the following differential equation

(Gross 2015),

i dp
R 4-1
acwdt+p X ( )

where Gcy 1s the complex Chandler frequency with its period (P) and Q:

ECWEZITTI(1+L'%>. (4-2)

The expressions with complex number for the celestial intermediate pole position (Gross 1992),
p(t) = x(t) — iy(t), and the excitation, ¥(t) = x,(t) + iy, (t), allow us to analyse the 2D data with
a first-order differential equation. Here, the x(f) and y(¢) represent the location of the Pole along the

Greenwich meridian and the 90°West Longitude, respectively, while the functions, denoted by y4(t)
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and y,(t) are referred to excitation functions and represent angular momentum around the two

angular the two equatorial axes. A general solution of Eq. (4-1) consists of the following two terms:
¢
B(t) = Poe e (t=00) — G, f e!PewtD g(t)dr, (4-3)
to

which is essentially the same as Eqgs. (2, 3, 4) in Chen et al. (2023); the subscript 0 indicates the

initial value for each variable.

To examine if any geophysical sources can explain the observed polar motion, it has been
conventional to first deconvolve the observed polar motion data into the “observed” (geodetic)
excitation function (¥,ps), assuming P and O, and next to compare with geophysical excitation
function (¥geopn) that is independent from the polar motion data. As long as the CW has been excited,
namely, when the second term of right-hand side (RHS) of Eq. (4-3) is significant, minimising the
misfit residuals between Xops and Fgeopn Will tell the optimum estimates of P and Q. Therefore,
reliable estimation of P and Q remains elusive until the available Fgeopn sufficiently aligns with the
Xobs based on the assumed P and Q; errors in the geophysical excitation data will control the
uncertainties in the estimates, while those of space geodetic polar motion data are supposed to be now
much smaller. Consequently, the estimation of P and Q and examination of the excitation sources have
been tackled simultaneously, although those two themes have been separately published in the
previous literature (e.g., Furuya et al. 1996, 1997; Furuya and Chao 1996). When global geophysical
excitation data were unavailable, they used to make some assumptions such as “minimum excitation
principle” (e.g., Wilson and Vicente 1990) and/or Gaussian random noise (e.g., Okubo 1982; Chao

1985).
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As the Earth’s dynamical response properties govern the values of P and Q (e.g., Smith and Dahlen
1981), they should also be taken into account in the Fgeopn- Instead of P and Q in the Xgeoph,
numerical factors have to be multiplied to the mass and motion terms, respectively, in the ¥geopn
(e.g., Barnes et al. 1983; Wahr 1982; Gross 2015); the angular momentum of geofluids consists of
both the moment of inertia term and the relative velocity term with respect to the rotating coordinate
system, and each term is called the mass and motion term, respectively. The classical factors for the
mass and motion terms were 1.00 and 1.43, respectively, because the observed P was 1.43 times the
P of the rigid Earth and the factor for the mass term was reduced by 70% to 1.00 with the elastic load
Love number, -0.3 (e.g., Munk and MacDonald 1960); those factors were subsequently modified to
account for the core-mantle decoupling (Wahr 1982). Chen et al. (2023) designated these factors
“transfer functions” and posited that they should in fact be complex numbers, thereby ensuring
consistency with the complex Chandler frequency. We concur with the assertion; however, it should
be noted that the imaginary part will diminish to an extent far less significant than the real part, even
when Q is as low as 50. Consequently, for the sake of simplicity, we may discard the imaginary part

in the transfer functions.

IV.IIl. Results and Discussion

Replication of Chen et al. (2023)’s result
In contrast to the forementioned standard approach, Chen et al. (2023) claimed that “only the observed
polar motion data are needed” to estimate P and Q. In this study, we summarise and reiterate the

approach by Chen et al. (2023) so that we can replicate their result.
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First, the observed polar motion data are separated into the free-damping term and the excited polar
motion term as indicated on the RHS of Eq. (4-3). The procedure for separating these two terms is
outlined in the Appendix of Chen et al. (2023). To derive the excited polar motion term, we need to
know the ¥(t) in the second term of Eq. (4-3). Chen et al. (2023) state that “it is sufficient to use
Xobs rather than Yge, here since this study does not discuss which geoprocess(es) contribute(s) the
most to the excitations of CW”. After computing the second term in the RHS of Eq. (4-3) under the
assumption of P and Q, the free-damping term is derived by subtracting the computed excited polar
motion from the observed polar motion; the free-damping term thus evidently depends on the assumed

P and Q as well.

It is important to note that the decomposition into the free-damping and excited terms can be
performed with any arbitrary pairs of P and Q. If the two terms are summed, the original polar motion
data can always be reconstructed, regardless of the assumed P and Q. Two examples of this
decomposition are shown in Figure 4-1: one into the free-damping term and excited polar motion term.
Their combinations are also displayed, with the assumed pairs of P and Q are 300 days and 500 (Figure
4-1a) and 500 days and 30 (Figure 4-1c), respectively. The blue and red curves in Figures 4-1a and 4-
1¢ represent the free-damping term and the excited polar motion term, respectively. The polar motion
data used in this study is EOP 14 C04 from IERS (Bizouard et al. 2019), covering the period from
1962 to 2023. The recovered polar motion data in Figures 4-1b and 4-1d are precisely congruent.
Namely, the polar motion data can be decomposed into the two distinct terms, with any arbitrary pairs
of P and Q. This indicates that there are no criteria to pick up the optimum P and Q solely from the
polar motion data. To derive the optimal P and Q, additional data and/or assumptions regarding the

excitation processes are necessary.
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Chen et al. (2023) introduced a single parameter Dcw defined as the product PQ, which is
mathematically —m divided by the slope of a natural logarithm of the free-damping term (Eq. 9 in
Chen et al. 2023). Subsequently, Chen et al. (2023) “estimated” Dcw from the calculated free-
damping term. Theoretically, however, the estimated Dcw should be strictly identical to the prescribed
product PQ regardless of their values. Namely, the differences, v = Dy, — PQ, should always be
zero in theory. Nevertheless, Chen et al. (2023) computed v for a range of pairs of P and O, and

identified the pairs that yielded the minimum v as optimal.
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[Figure 4-1] (a) p™ (blue) and p*! (red) and (b) pobs (blue) and pf+p™ (red-dashed) when P is 300
days and Q is 500. (c) p™ (blue) and p* (red), and (d) pobs (blue) and p+p™ (red-dashed) when P is

500 days and Q is 30.
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[Figure 4-2] Replication of Figure 5 in Chen et al. (2023). See main text for details

Given the requirement that Dcw should be an exact match to the initial assumed Dcw (= PQ), the
numerically computed v will always take a negligibly small value. To replicate the result of Chen et
al. (2023), we also computed the difference v and plotted the natural logarithm of (1/|v|) as a

function of P and Q in Figure 4-2. We expanded the range of Q to include lower values below 20, and
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examined the P and Q, ranging from 420 to 450 days for P and from 5 to 200 for Q, respectively.

Figure 4-2 also displays multiple local extremes, as observed Chen et al. (2023) in Figure 5.

Figure 4-2 indicates noteworthy changes in In(1/ |v]) that necessitate further discussion. Most
notably, there are spiky peaks in certain regions, i.e., very small |v|, as depicted Figure 5 in Chen et
al. (2023). While Chen et al. (2023) identified the pair of P and Q that yielded the minimum |v| as
optimum, we consider that those very high In(1/ |v|) are attributable to the cancellation of significant
digits, a well-documented pitfall in numerical analysis (e.g., Wilkinson 1963). For instance, when the
assumed pairs of P and Q are (432.5, 132) and (432.5, 133), the exact Dcw are 57,090.000000 and
57,522.500000, respectively. However, our numerical estimates of Dcw yielded 57,089.968867 and
57,522.499988, respectively, and the resulting |v| became 0.031133 and 0.000012, respectively. The
latter pair (432.5, 133) generates substantially smaller |v|, yet it cannot be considered “more optimum”
than the former pair (432.5, 132). The numerous spiky peaks in Figure 4-2 are attributed to the
cancellation of digits, and there are no physical reasons why those P and Q are generating the minimum

|v|, namely, maximum In(1/ |v]).
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[Figure 4-3] Replication of the Figure 5 in Chen et al. (2023) using MATLAB “polyfit” command.

See main text for details

The presence of numerical issues was revealed when an alternative algorithm was employed to
estimate the slope of a natural logarithm of the free-damping term. Although Figure 4-2 was generated
by the “Isqr” in MATLAB to estimate the aforementioned slope, an alternative result was derived and

presented in Figure 4-3 that used “polyfit” function in MATLAB. When the assumed pairs of P and
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O are (432, 50), the exact Dcw is 21600. However, the numerical estimates of D cw became
21600.0028134440 by “Isqr” and 21599.9999999846 by “polyfit”, and the resulting In(1/ |v|) were
5.87334593 and 17.98727431, respectively. The significant discrepancy in these results is again

attributed to the cancellation of the significant digits.

The limitation of an alternative simple application constraining P and Q
Yamaguchi and Furuya (2024) proposed “A simple approach to constrain the upper bound of Q”,
taking advantage of the recent diminishment of the 6-year beat in the polar motion data. However, we
here retract the assertion in Yamaguchi and Furuya (2024) that “we can take advantage of the recent
CW anomaly to more tightly constrain the upper bound of Q of the CW” because the analysis was
lacking careful considerations on the free-damping CW by the initial values. We demonstrate below
that the proposed simple approach, based exclusively on the polar motion data, is inadequate in
constraining both P and Q. Nonetheless, we maintain our position that higher Q (>100) and lower Q
(<25) are improbable, as substantiated by the atmospheric, oceanic, and hydrological contributions

examined by Yamaguchi and Furuya (2024).

Yamaguchi and Furuya (2024) compared two different CW time-series data. The first one is what
we call the observed Chandler wobble (CWps), which can be simply derived by removing the AW
(Figures 4-4a, b) in this chapter and Figure 4 in Yamaguchi and Furuya (2024) without assuming the
P and Q. From 2015 to 2021, the 6-year beat by the AW and CW became apparently insignificant,
meaning that only the AW was present (Figure 1 in Yamaguchi and Furuya 2024). The AW can be
extracted by a simple least-squares method. The phase of the AW is constant by definition, as it is a
forced motion driven by seasonal excitation, and the amplitude modulation is minor (Gross 2015).

Therefore, once we estimate the amplitude and phase of the AW during the 2015-2021 period are
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estimated, the AW signal can be removed from the entire polar motion time series. In addition, the

quadratic long-term motion is removed from the observed polar motion.

The second one is the estimated Chandler wobble (CWey), derived from deconvolution and re-
integration of observed polar motion data (Figures 4-4a, b). Yamaguchi and Furuya (2024) designated
it the “geodetic CW”, yet we designated the estimated CW (CW.) in this chapter to avoid confusion
with the CWops. We assume consistently the same P and Q for the deconvolution and re-integration to
extract the CWes. We must remove the seasonal signals from ¥geoq prior to the re-integration, and
the initial value of the re-integration was set to be zero to avoid the effects of both a free-damping CW
and transient CW term (Furuya et al. 1997; Yamaguchi and Furuya 2024). We discuss below, however,

that we need to include the free-damping CW.

We further compute the third CW time series, which we denote as CWps-int (Figures 4-4a, b). An
additional excitation function is obtained by deconvolving CWps under the assumed values of P and
Q. After removing the annual components using the least-squares method, CWps-int 1s derived by re-
integrating the excitation function with the same assumed P and Q. The differences between the CWeg
and CW gps-int stem from the method of removing the seasonal signal and become apparent below, with
consequences for the study of excitation sources, as we will address subsequently. Figure 4-5 shows
the procedure to calculate three estimated CWs. Although the annual components of CW, are
removed from the excitation function after deconvolution, those of the CW ops.int are removed from the

polar motion data before deconvolution.

A critical issue in the proposed “simple approach” by Yamaguchi and Furuya (2024) is the omission
of the effect of the free-damping CW from the initial value on the recent misfit between the CWeg
(and CWps-int) and CWps. It is true that the discrepancy between the CWops and CWeg; in recent period

after 2015 appears to be more pronounced in the larger O (the lowermost curve in Figure 4 of
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Yamaguchi and Furuya 2024), which seemingly corroborates the hypothesis that the higher Q would
be implausible. However, the observed discrepancy can be straightforwardly ascribed to the free-
damping CW that is derived by subtracting the CWes (or CWobs-int) from the CWps, as shown in

Figures 4-4c, d.

X (mas)

Y (mas)

X/Y (mas)

X/Y (mas)
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[Figure 4-4] (a)(b) X/Y component of CWg (blue), CWops (red), and CWops-int (yellow). (¢) X (blue)

and Y (red) components of the difference, CWobs - CWest. (d) X (blue) and Y (red) components of the

difference, CWobs - CWobs-int.

Observed polar motion

Geodetic
excitation

The estimated CW

(CWesr)
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Assuming the same P & Q)
(Set initial value as zero)
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The estimated CW
(CWogs inT)

Removal of the AW &
long-term motion
(Not assumed P nor )

The observed CW

(CWOBS)

[Figure 4-5] Flowchart of an alternative approach for estimating P and Q using only the observed

polar motion data.

To assess how CWes and CW gps-int could match the CWqps, Yamaguchi and Furuya (2024) defined the

variance reduction (VR) metric as

VR=1

lo@ - e@l| de

(4-4)

I lo@l|
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where C(t) and O(t) are the calculated (CWest and CWobs.int) and observed data (CWobs) that do and
do not depend on the assumed P and Q, respectively. The closer the VR to 1, the better is the agreement

between O(t) and C(t).

The Figure 4-6 shows a correction to Figure S5 of Yamaguchi and Furuya (2024). In Figure S5 of
Yamaguchi and Furuya (2024), the effect of the free-damping CW was erroneously not considered in
C(t). Consequently, only the cases with lower Q generated the high VR close to 1, because the lower
0O makes the free-damping CW more quickly diminish. However, when the free-damping CW is
incorporated into the calculated CWops-int (0or CWey) the VR invariably becomes identical to 1,
irrespective of the assumed P and Q, as illustrated in Figure 4-5. This indicates that the P and Q cannot
be optimised solely from the observed polar motion data. The actual deviations from 1.0 in Figure 4-

5 are attributable numerical errors and are negligible.

While AW signals were removed from the original polar motion data to derive the CWps, the non-

optimisability of P and Q based solely on the polar motion data is also evident from Figure 4-1.
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[Figure 4-6] Variance reduction (VR) map as a function of the assumed P and Q when the effect of
the free damping term is added to the calculated CW. The VR is over 99.9% regardless of the assumed

P and Q in this range.

Notably, the two residuals, i.e., CWobs—CWest and CWops—CWops-int, depicted in Figure 4-4c, d,
respectively, exhibit distinct characteristics. The former residual from CW,s displays a ~6-year beat,

while the latter from CW ps.int does not (Figure 4-4). This observation signifies the presence of annual
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signals in CWey attributable to the incomplete removal of annual signals from the deconvoluted
geodetic excitation function. Consequently, numerous previously derived “non-seasonal” geodetic
excitation functions have been found to encompass residual seasonal signals, thereby impeding a
thorough examination of the CW excitation. The incomplete removal of annual signals can be

attributed to the relatively noisy nature of the geodetic excitation function.

IV.IV. Summary

Recently, Chen et al. (2023) and Yamaguchi and Furuya (2024) have presented claims regarding
the optimisation or constraint of P and Q, derived exclusively from the polar motion data. However,
we pointed out the problems in the two papers. To ensure the reliability of P and Q estimates, it is
essential to either utilise high-quality geophysical excitation data or employ models that are capable
of simulating excitation processes. The accurate estimation of Q is of particular significance, as it not
only improves our understanding of mantle anelasticity but also facilitates physics-based long-term

predictions of polar motion.

While the well-known ~1.2-year Chandler period has been inferred from the clear ~6-year period
of beat in the polar motion time-series, it is crucial to acknowledge that a model of random excitation
with a flat power spectrum around the resonant frequency was assumed. The ~6-year beat has become
apparently unclear in the recent polar motion data, which is unprecedented occurrence and thus may

suggest a need to renew the conventional understanding of the polar motion.

If the excitation process of CW is truly random as often assumed, we would first speculate a
“cancellation scenario” to account for the absence of CW in which atmosphere, ocean, and land

hydrology are equally contributing with different phases and eventually cancelling each other. An
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observation by Yamaguchi and Furuya (2024) merits attention. The two independent AAM data from
ERAS and JRA-55 were found to be almost perfectly aligned with each other in terms of their
persistently smaller contributions to the CW excitations in recent years. This suggests the possibility
that the combined effects of ocean and land hydrology could be cancelling each other recently.
However, the absence of quantitative evidence hinders the substantiation of this hypothesis. The
availability of high-quality oceanic and hydrological angular momentum data is imperative to further
advance our understanding of this phenomenon and possibly reveal non-random (near-resonant)

excitation processes.
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V. CONCLUSION

We have found that the CW was absent from 2015 to 2021 and set our purpose to clarify the

mechanism of the excitation and damping of the CW.

In chapter 11, we calculated the new AAM based on the atmospheric reanalysis data, JRA-55. In
addition, we found that the atmospheric contribution to the excitation of the CW decreased in the same

term as the absence of the CW.

In chapter III, we preliminarily calculated the OAM based on the OFES2 ocean model data. The
combination of the OFES2 OAM and the JRA55 AAM will be the third set of the AAM and OAM in

the world.

In chapter IV, we argue whether P and Q can be estimated by only the observed polar motion data
taking advantage of the absence of the CW. Since the difference obtained by this method is below

significance, it suggests that the excitation data must be needed for the estimation of P and Q.

In general, this study provides the major progress on the understanding of the excitation mechanism
of the CW, which is long considered resolved. Our results have gone some way towards enhancing
our understanding of the interaction between the atmosphere and ocean and the solid Earth, and the

estimation of the Earth’s internal structure.
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