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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.  
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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.  

 

 

[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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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.  

 

 

[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). 

 

I.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, JMA 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 

(Kobayashi et al. 2015) 

NCEP/NCAR 

(Kalnay et al. 1996) 

ERA-Interim  

(Dee et al. 2011) 

Horizontal grid  ~55 km ~210 km ~79 km 
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Vertical levels Surface & 60 levels 

up to 0.1 hPa 

28 levels 

up to 3 hPa 

60 levels 

up to 0.1 hPa 

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

 

OFES2 data for the calculation of the OAM 

The OFES2 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 JRA55 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 

(Sasaki et al. 2020) 

ECCO v4r4 

(Forget et al. 2015) 

MPIOM  

(Jungclaus et al. 2013) 
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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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[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., Vondrák 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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[Figure 2-3] Comparisons of the estimated geodetic and geophysical CW as a function of P and Q 

(X-component). (a) P = 429 days, Q = 50, (b) P = 432 days, Q = 50, (c) P = 435 days, Q = 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, (e) 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 JRA55 AAM of  the matter term (blue) and the motion term (red) assuming 

P = 432 days and Q = 50. 
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[Figure 2-6] Integrated ECMWF AAM of the matter term (blue) and the motion term (red) assuming 

P = 432 days and Q = 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.  

 

 

[Figure 2-7] Integrated latitudinal AAM of the matter term, the integrated value (blue) and the 

observed value (red).  
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[Figure 2-8] Integrated latitudinal AAM of the motion term, the integrated value (blue) and the 

observed value (red) 

 

 

[Figure 2-9] Integrated latitudinal AAM of the motion term, shown for each 15-degree latitudinal zone 

from north (blue) to south (red).  
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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.  

 

 

[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. 

 

II.V. 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 



 

- 39 - 

 

have been widely assumed to be random, the recent absence might indicate a termination of more 

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

THE CW 

III.I. 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 

 

III.II. Data and Method s 

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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[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.  

 

III.III. Result s 

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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[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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[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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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 CWest (or CWobs-int) from the CWobs, as shown in 

Figures 4-4c, d.  

 

 


































