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This study aims to assess the hydrological effects of polar motion calculated from different combinations of geophysical excitations at decadal, seasonal, and non-seasonal periods. The geodetic residuals GAO, being a difference between observed geodetic excitation function of polar motion Geodetic Angular Momentum (GAM) and atmospheric (Atmospheric Angular Momentum—AAM) plus oceanic excitation functions (Oceanic Angular Momentum—OAM), are compared. Estimating hydrological effects on Earth’s rotation differs significantly, especially when using various oceanic models. Up to now, studies of geophysical excitations of polar motion containing AAM, OAM, and hydrological angular momentum (HAM) have not achieved entire agreement between geophysical (sum of AAM, OAM, and HAM obtained from the models) and geodetic excitation. Many geophysical models of the atmosphere, oceans, and land hydrology can be used to compute polar motion excitation. However, these models are very complex and still have uncertainties in the process descriptions, parametrization, and forcing. This work aims to show differences between various GAO solutions calculated from different mass and motion terms of various AAM and OAM models. Justifying to use one combination of GAO to estimate geodetic residuals is comparing those time series to hydrological excitations computed from Gravity Recovery and Climate Experiment (GRACE) data and the Land Surface Discharge Model (LSDM) model. Especially the quality of each geodetic residual time series is determined by estimating their noise level using a generalized formulation of the “three-cornered hat method” (3CH). This study presents a combined series of geodetic residuals GAO in polar motion (PM), wherein the internal noise level is shortened to a minimum by using the 3CH method. The combined GAO time series are compared with results obtained from the GRACE/GRACE Follow-On (GRACE-FO) solution provided by International Combination Service for Time variable Gravity Fields (COST-G) and the single solution elaborated by the Center for Space Research (CSR) and from the HAM LSDM hydrological model. The results show that higher consistency between GAO and HAM excitations can be achieved by minimizing the internal noise level in the GAO combined excitation series using the 3CH method, especially for the overall broadband and seasonal oscillations. For seasonal spectral bands, an agreement between combined GAO and the best-correlated series of GRACE CSR achieve correlations as high as 0.97 and 0.83 for the χ1 and χ2 equatorial components of PM excitation, respectively. This study’s combined geodetic residual time series slightly improved consistency between observed geodetic polar motion excitations and geophysical ones.
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1 INTRODUCTION
The Earth’s rotation is continuously changing, and this effect is observed in the magnitude of the Earth’s rotation and the orientation of its axis. Precise space-geodetic measurements may determine the different wobbles of the Earth. It has been found that the pole of the Earth’s oscillates mainly with free Chandler and 1 year periods. Most recent studies (Dobslaw et al., 2010; Chen et al., 2013; Adhikari and Ivins, 2016) concluded that some combination of hydro-atmospheric mass redistribution and relative motion of winds and ocean currents forces all polar motion changes. Since 2000, the improvement of hydro-atmospheric circulation models has ponted that the Chandler effect is mostly forced by the mass transport in Earth’s fluid layers (Gross, 2000; Brzeziński and Nastula, 2002). Mass redistribution and their movement within the superficial fluid layers of the Earth excite rotational changes, mainly at seasonal or shorter timescales (Wahr, 1983; Brzeziński et al., 2009; Dobslaw et al., 2010; Nastula et al., 2011; Chen et al., 2012; Seoane et al., 2012; Chen et al., 2013; Chen et al., 2017).
The effect of various geophysical excitations of the Earth’s variable rotation is studied by applying the principle of conservation of angular momentum between the atmosphere, ocean, and solid Earth. The effective angular momentum functions (EAMF) have been used to study angular momentum exchanges, leading to exciting polar motion (Wahr, 1983; Barnes et al., 1983; Eubanks, 1993; Aoyama and Naito, 2000; Dickman, 2003; Dobslaw et al., 2010.)
Many geophysical models of the atmosphere, oceans, and land hydrology exist, which enhance our knowledge of global dynamic processes in the Earth system. However, these models are very compound, and still, their uncertainties in the process descriptions, parametrization, and forcing exist (Güntner, 2008). Quantitative evaluation of the geophysical fluids, atmosphere, and ocean contribution to polar motion variation has been long investigated (Barnes et al., 1983; Chao and Au, 1991; Ponte, 1997; Gross et al., 2004). General remarks of these studies show that the excitation of polar motion is explained mainly by AAM and OAM. However, large parts of the observed polar motion excitations cannot be explained by the sum of modeled atmospheric and oceanic effects, concluding that other excitation mechanisms cause polar motion to excite. Significantly, the large-scale mass variations over the lands, including changes in soil moisture, snow and ice sheets, and groundwater, may play an important role in exciting remaining parts of polar motion (Chen et al., 2000; Nastula et al., 2007; Nastula et al., 2011; Seoane et al., 2011; Wińska et al., 2016; Śliwińska et al., 2019). In earlier works (Jin et al., 2010; Nastula et al., 2011; Seoane et al., 2011; Jin et al., 2012; Seoane et al., 2012; Wińska et al., 2016; Winska et al., 2017; Śliwińska and Nastula, 2019) geodetic residual time series, namely, GAO, have been computed and compared to global hydrological excitation functions of polar motion. Results of comparison of variability in the complex equatorial components of different geodetic residuals time series, χ1+iχ2, showing changes in the hydrological signal in polar motion concerning each other and the hydrological excitation coming from climate models, display significant discrepancies. Despite having the most significant impact on polar motion excitation, the atmosphere, ocean, and land hydrosphere cannot close the excitation budget entirely (Wińska et al., 2016; Winska et al., 2017; Śliwińska and Nastula, 2019). The correlations between geodetic residuals and hydrological signals in polar motion differ from one geophysical model to another. The geophysical effects on Earth’s rotation differ for various atmospheric, oceanic, and hydrological models chosen. Hence, complementary observations and numerical models are needed to link polar motion changes with individual processes acting on Earth’s fluid layers composed of the atmosphere, ocean, and continental hydrosphere.
Until now, no studies have shown that selecting one particular combination of AAM+OAM models has the best correlation with Earth rotation data–geodetic excitations of polar motion (Jin et al., 2012; Winska et al., 2017; Śliwińska et al., 2019; Śliwińska and Nastula, 2019). The choice to work with different AAM and OAM time series is entirely arbitrary. Only one criterion has been taken into account: the AAM model is combined with the OAM model forced consistently with operational analysis data from this AAM. It thus seems necessary to show differences between various GAO solutions and justifies using one combination of them that best correlate with the Hydrological Angular Momentum time series.
This investigation of the latest AAM and OAM series underlines that geodetic residuals vary and shows how hydrological excitation functions of polar motion explain them. The main goal of this paper is to show that using different combinations of mass and motion terms, both atmospheric and oceanic angular momentum may have a considerable influence on explaining changes in observed geodetic angular momentum caused by geophysical processes.
In recent studies, different mathematical methods were adopted to obtain improved geophysical excitations of polar motion (Gross, 2007; Brzeziński et al., 2009; Neef and Matthes, 2012; Chen et al., 2013). In Koot et al. (2006), the noise level of various AAMs were estimated and combined AAM time series, using time-dependent weights chosen so that the noise level of the combined series is minimal, were constructed. Chen et al. (2013) proposed an Least Difference Combination (LDC) method, where two model sets were developed by combining various model-based geophysical excitations. In Chen et al. (2017) LDC method was implemented to obtain improved atmospheric, oceanic, and hydrological/cryospheric angular momentum functions and excitation functions too.
In this paper, different geophysical models of the atmosphere and ocean are combined to determine the geodetic residual time series GAM-AAM-OAM (GAO, further called Res) of the Earth’s rotation. The main objectives are to evaluate different GAO time series estimates from different AAM and OAM models and to estimate their noise levels. A combined GAO time series are calculated as the weighted arithmetic mean from the six different geodetic residual time series of χ1 and χ2 components and compared to each other over a broadband of frequencies, from short-term to decadal time scales. We propose to determine the quality of the GAO’s time series by comparing the series with each other. To do that, we use the 3CH method. The combined hydrological-geodetic residual time series (Res Comb.) is compared to equatorial components of HAM determined from LSDM and from gravity data of satellite mission GRACE/GRACE-FO on to verify the usefulness of the 3CH method in finding the better explanation of observed geodetic angular momentum by geophysical processes.
The paper is structured as follows: in Section 2, the data and methodology used are described; individually, Section 2.1 includes a characterization of geodetic residuals (GAO) used as different combinations of mass and motion of various AAM and OAM models; Section 2.2 presents a description of effective angular momentum HAM LSDM polar motion excitations, and of GRACE/GRACE-FO data and process of calculating gravimetric excitation of PM, Section 2.3 clarifies the rule of the 3CH method and describes the way of developing the combined series of geodetic-residual excitation of PM and Section 2.4 describes the methods of time series comparison. Section 3 is split into two parts, where Section 3.1 presents the results of comparison for the overall variations of different geodetic excitations. Section 3.2 presents a comparison of geodetic residual time series concerning HAM LSDM and GRACE/GRACE-FO-based excitations for overall (Section 3.2.1), seasonal (Section 3.2.2), and non-seasonal (Section 3.2.3) oscillations. Finally, in Section 4, a discussion of the obtained results and conclusions is provided.
2 DATA AND METHODOLOGY
2.1 Reference geodetic residual time series
This study comprehensively analyzes daily PM components’ daily oscillations using accurately measured PM time series and geophysical excitations computed from atmospheric and oceanic models between 2002 and 2020. Specifically, the different models and combinations of AAM and OAM mass and motion terms are tested here to confirm broadband oscillations in hydrological signal in PM being a difference between observed geodetic excitations (Geodetic Angular Momentum) and a sum of atmospheric angular momentum, AAM due to pressure changes (mass) and winds (motion), and oceanic angular momentum, OAM representations of ocean-bottom pressure (mass) and currents (motion), called GAO:
[image: image]
The Earth Orientation Center of the International Earth Rotation and Reference System Service (IERS) produces time series of GAM with 1-day sampling calculated from the Earth orientation parameters (EOP), referred to as IERS EOP C04 ((Bizouard et al., 2019)). These series result from a combination of operational EOP series derived from space geodetic techniques: Very Long Baseline Interferometry (VLBI), Global Navigation Satellite System (GNSS), Satellite Laser Ranging (SLR), and Doppler Orbitography by Radiopositioning Integrated on Satellite (DORIS). GAM retains consistency with the International Terrestrial Reference Frame (ITRF 2014, (Bizouard et al., 2019)) and implements the latest IAU 2006/200A precession-nutation model. Here, daily series of GAM, based on xp and yp pole coordinates from the EOP 14 C04 solution (Bizouard, 2020) was obtained from the IERS, Earth Orientation Center (https://hpiers.obspm.fr/eop-pc/index.php, accessed on 1 December 2022).
Residual time series, GAO, is computed by removing atmospheric (AAM) and oceanic (OAM) contributions from the GAM time series, which are the most accurate and stable compared to geophysical angular momentum time series coming from models and meteorological observations. The differences in GAO indicate the hydrological signals in the geodetic excitation, which may be explained by HAM computed from global land hydrological models or gravimetric observations from GRACE/GRACE-FO satellite mission.
Several versions of mass and motion terms of the atmospheric and oceanic equatorial angular momentum time series (AAM and OAM) calculated based on global circulation models are used in this study to determine the GAO hydrological signals in geodetic excitations.
Geophysical equatorial excitations of polar motion based on the AAM model were computed from the National Centre for Environmental Prediction/National Centre for Atmospheric Research (NCEP/NCAR) re-analysis model (Kalnay et al., 1996), provided by the Special Bureau for the Atmosphere of the Global Geophysical Fluids Center (GGFC) (Salstein et al., 1993). The temporal coverage of the NCEP/NCAR re-analysis model is given as four times, daily and monthly values for 1948/01/01 to present (Kalnay et al., 1996). The following components are distinguished in the AAM NCEP/NCAR time series: a pressure term (χp) with IB correction term due to air mass redistribution and a wind term (χw) due to atmospheric relative angular momentum (Zhou et al., 2006). These equatorial AAM time series are given in a sampling period of 6 h. The AAM NCEP/NCAR time series were received from the IERS Special Bureau for the atmosphere website (files.aer.com/aerweb/AAM (accessed on 29 September 2022)).
Geophysical polar motion excitations based on the ocean model include contributions from ocean currents and ocean bottom pressure variations (Jin et al., 2010). Daily values of ocean bottom pressure and ocean currents are derived from the version kf080 of the Estimating the Circulation and Climate of the Ocean (ECCO) model run at the Jet Propulsion Laboratory (Fukumori et al., 1999). The baroclinic ECCO model is forced by atmospheric surface wind stresses, temperatures, and freshwater fluxes taken from the output fields of the NCEP/NCAR reanalysis. Daily values of equatorial OAM ECCO kf080 time series are available from the IERS Special Bureau for the Oceans (https://www.ecco-group.org/geodetic-variables.htm, accessed on 29 September 2022) and cover the period from January 1993 to August 2020 (Gross et al., 2004).
A homogeneous set of geophysical excitations (AAM, OAM, and HAM) provided by the Earth System Modeling group at GeoForschungsZentrum (ESMGFZ) were included in this study. As a result of mass redistribution and the atmosphere’s relative motion, the EAMF represents the non-tidal geophysical excitations of the Earth’s orientation changes (Dobslaw and Dill, 2018). The temporal resolution of the ESMGFZ AAM has a 3 h period with 0.50 grid points. To retain the non-tidal signal only in, tidal variations are extracted from the AAM data by fitting the 12 most relevant frequencies (Yu et al., 2021). Daily updated ESMGFZ AAM functions are calculated from 3h ECMWF operational analysis wind and surface pressure (http://rz-vm115.gfz-potsdam.de:8080/repository, accessed on 29 September 2022). Atmospheric surface pressure tides are subtracted from the data, and the inverted barometer (IB) correction over the ocean is applied (Dill and Dobslaw, 2019). The second source of effective angular momentum function is calculated from the ocean bottom pressures and ocean currents of an unaffected simulation by the Max-Planck-Institute from the Meteorology Ocean Model (MPIOM; (Jungclaus et al., 2013)). The OAM MPIOM ocean model is calculated with 3 h ECMWF model forces, also used for ESMGFZ AAM determination. In these OAM time series determinations, the IB correction was applied to ocean bottom pressures. The oceanic response to atmospheric tides was also estimated and removed from both mass and motion terms. Daily updated OAM time series are available from ESMGFZ from 1976-01-01 until now (http://rz-vm115.gfz-potsdam.de:8080/repository, accessed on 29 September 2022).
Seven geodetic residual time series, Res1, Res2, Res3, Res4, Res5, Res6, and Res Comb., were formed by combining different mass and motion terms of atmospherical and oceanic models from geophysical excitations (see Table 1). Note that the last solution of geodetic residuals, Res Comb., combines all six residual time series, from Res1 to Res6, computed by the 3CH method.
TABLE 1 | GAO (Res) geodetic residual time series models based.
[image: Table 1]2.2 Hydrological angular momentum
To check the usefulness of the 3CH method in combining a solution of different geodetic residuals GAO, three different PM hydrological excitation functions, one based on the climate model and two based on GRACE-FO solutions, were provided and compared with geodetic residuals excitation functions.
The HAM time series based on the Land Surface Discharge Model (LSDM) is used in this study for comparisons. These HAM excitations are calculated from terrestrial water storage changes and capture continental water mass transport processes and storage compartments, including soil moisture, snow, rivers, lakes, runoff, and drainage channels given daily on a 0.50 regular global grid (Dobslaw and Dill, 2018). Physics and parametrization of the LSDM model are based on the hydrological discharge model (HDM; (Hagemann and Gates, 2001)) and Simplified Land Surface Schemes (SLS; (Hagemann and Gates, 2003)). Additionally, the effect of barystatic sea-level changes (Sea-Level Angular Momentum, SLAM) was added to the HAM LSDM hydrological excitations. This effect causes stabilization of the sum of all masses in all three geophysical effective angular momentum components of AAM, OAM, and HAM. Hence, better consistency between observed geodetic angular momentum and geophysical excitations calculated for the combinations of AAM ECMWF, OAM MPIOM, and HAM LSDM models is expected.
The second data set comes from the Gravity Recovery and Climate Experiment (GRACE) satellite mission. Equatorial components, χ1 and χ2, of gravimetric-based polar motion excitations are proportional to the degree-2 order-1 Stokes coefficients of the gravity field (ΔC21, ΔS21) and can be calculated through (Gross, 2016),
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where R = 6378136.6 m, and M = 5.9737 × 1024 kg are the Earth’s mean radius and mass, respectively, and C = 8.036481 × 1037 kg ⋅ m2 is an axial principal inertia moment, whereas A′ = 8.010171 × 1037 is a mean equatorial principal inertia moment (Chen and Shen, 2010). The factor 1.608 (Gross, 2007) takes into account the effects of the Earth’s surface loading and rotational deformation, the passive response of equilibrium to changes in rotation, and the relative angular momentum of the core caused by the changes in rotation (Cheng et al., 2011).
Eq. (2) were applied to compute χ1, χ2 equatorial components of the gravimetric excitations of polar motion from the newest available realizations of the operational combined monthly gravity fields of the GRACE and GRACE-FO satellite mission in spherical harmonic representation (Level-2 product) generated by the Combination Service for Time-variable Gravity Fields (COST-G; (Jäggi et al., 2023)) under the umbrella of the International Association of Geodesy (IAG). The following single solutions are included in the combined COST-G solution: AIUB RL02 and AIUB-GRACE-FO_op data, provided by Astronomical Institute University Bern, Bern, Switzerland; GFZ RL06 solution provided by GeoForschungsZentrum, Potsdam, Germany; CNES/GRGS RL05 solution provided by the Centre National d’Etudes Spatiales (CNES)/Groupe de Recherche de Géodésie Spatiale (GRGS), Toulouse, France; ITSG-Grace2018 and ITSG-Grace_op solution, provided by Institute of Geodesy at the Graz University of Technology, Graz, Austria; LUH-Grace2018 and LUH-GRACE-FO-2020 solution, provided by Leibniz Universität Hannover, Hannover, Germany; CSR RL06 solution, provided by Center for Space Research, Austin, United States of America; JPL RL06 solution provided by Jet Propulsion Laboratory, Pasadena, United States of America.
The publicly available GRACE monthly gravity field coefficients are disseminated via International Center for Global Earth Models (ICGEM) (Ince et al., 2019). Except helping the user with the choice of deciding which time series of single monthly gravity field solutions to use, combined COST-G time series represent gravity fields with reduced systematic errors (Jean et al., 2018); hence they can get better results in explaining observed polar motion excitations than single solutions from the GRACE satellite mission (Śliwińska et al., 2022).
Additionally, a single GRACE CSR RL06 solution is used to compare different combinations of geodetic residuals with the hydrological signal in exciting polar motion changes. This GRACE/GRACE-FO Level-3 data are desribed in details in work Wińska. (2022).
A 1-year gap (June 2017–June 2018) between the hydrological excitation time series computed from GRACE and GRACE-FO data was reconstructed by performance forecasting using the seasonal Autoregressive integrated moving average (ARIMA) method. To do that, the Arima function available in Matlab was used.
2.3 Three-cornered hat method–a generalized approach
The Three-Cornered Hat (3CH) method estimates the relative uncertainties of the geodetic residuals of polar motion excitation time series on the assumption that the reference dataset’s errors are unknown. This method postulates that at least three sources of time series showing the same process are needed. This method was established by Grubbs. (1948) to estimate the errors of three different instruments. 3CH method was also expanded by Gray and Allan. (1974) and was originally used to estimate oscillators’ and clocks’ stability. 3CH method has become significant in the evaluation of uncertainty in Earth orientation parameters measurements and geophysical excitation functions of polar motion and length of the day as well (Chin et al., 2005; Koot et al., 2006; Chen and Wilson, 2008; Yan et al., 2015; Ferreira et al., 2016; Meyrath and van Dam, 2016; Chen et al., 2017).
Up to now, no stochastic modeling of the noise level of different geophysical excitations computed from different AAM, OAM, and HAM models, has been made. In the 3CH method, the internal noise level of the considered time series is estimated by comparing them against each other. The 3CH method gives information about the noise without making any assumptions about the signal statistics. However, the 3CH method, in its classical formulation, hypothesizes that there is no correlation between the time series noise, which can cause inconsequential results. Here the correlations between time series were taken into account using a generalized formulation of the 3CH method. This generalization was first proposed by Tavella and Premoli. (1994) and Galindo and Palacio. (2003).
Here, we consider the geodetic residual time series stored as [image: image], where i corresponds to each solution of geodetic residual time series (N = 6). From a mathematical point of view, the 3CH method divide each solution into two terms:
[image: image]
where S represents a true signal, equal for all of the time series, and ϵi is a noise staying in the geodetic residual time series, various for each time series. The information about the noise level of each geodetic time series is calculated by performing subtraction between one reference time series and others.
In the case of the GAO time series used in this study, their noise is due to the discrepancies in modeling the atmospheric and oceanic angular momentum from one meteorological center to the other. Although each AAM and OAM time series are determined independently, the GAO time series can not be considered uncorrelated because the AAM and OAM models used the same dynamical equations and the exact data for their assimilation. Anyhow, we do not know how much the GAO time series’ noises correlate.
The generalized 3CH method has been developed by Tavella and Premoli. (1994), where the assumption of zero correlations between considered time series has not been made. The key features of this method are presented below.
Firstly, a difference between each geodetic residual time series and one of them (Res5), arbitrarily chosen as a reference, is calculated:
[image: image]
where XN is a geodetic residual reference time series (Res5). Then, the patterns of the N − 1 results of the length equal to M, are integrated in an M × (N − 1) matrix as:
[image: image]
The covariance matrix S of the geodetic residual time series of their differences is calculated as:
[image: image]
Subsequently, the N × N Allan covariance matrix of the individual noises R is received. The elements of this matrix, the unknowns of the problem, will be calculated by connection to S as:
[image: image]
where I is the identity matrix, u is the [111 … 1]T vector, r is the (N − 1) vector of [image: image] classifying the covariance estimates that involve the N’th geodetic residual time series, and rNN is the variance of the N’th reference time series. In agreement with the Kuhn-Tücker theorem, the N free parameters of Equation 7 are separated by the minimization of the global correlation among the noises of the individual time series using an objective function:
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With a constraint function ((Galindo and Palacio, 2003)):
[image: image]
The initial conditions were chosen to implement that the initial values gained the constraints (Torcaso et al., 2000):
[image: image]
When the free parameters (riN) have been calculated, the remaining unknown elements of [image: image] matrix are computed subsequently using following formulae:
[image: image]
It is assumed that the noise level of each geodetic residual time series may vary significantly. The best representation of the differences between observed geodetic excitations and atmospheric and oceanic models as a combination of the six GAO time series compared to each other is expected in this study. A combination of the GAO time series is made by the 3CH method on the assumption that the combined time series has a noise level as low as possible.
After the noise level of each geodetic-hydrological time series was found, the combined GAO, Res. Comb., time series were computed by a combination of the six existing ones:
[image: image]
where the wi(t) is the weight related to the [image: image] and [image: image] equatorial components of polar motion and reflecting its quality. The requirement of minimal noise variance for the combined geodetic residual time series allows determining the following normalized weights for each time series:
[image: image]
With the use of the 3CH method, combined geodetic residual time series (Res Comb.) of the χ1 and χ2 equatorial components were developed as the weighted arithmetic mean, with weights associated with the level of the variance of the noise level (Eq. (13)) calculated for each considered geodetic residuals (from Res1 to Res6). The results of weights and Res Comb. time series obtained are presented in Section 3.1.1.
2.4 Time series comparison methods
Equatorial geodetic residual time series of χ1 and χ2 components were compared using different methods. First, 1-day sampling geodetic residuals (from Res1 to Res6) were calculated in the 2000.00-2020.20 period. Then, Gaussian smoothing with the FWHM=30 days was applied to the geodetic residual time series. Next, long-term changes, i.e., those whose spectrum shows oscillations above 10 years, were retrieved and removed from each time series using Multi-singular spectrum analysis (MSSA method) (Wińska, 2022). Based on that processed time series, Res Comb. of χ1 and χ2 equatorial components were determined by the 3CH method.
Subsequently, the model, including the second-order polynomial and a sum of complex sinusoids with periods 365.25, 180.0, and 120.0 days was fitted to the geodetic residual time series. The seasonal amplitudes and phases of prograde, counterclockwise, positive frequency, and retrograde, clockwise, with negative frequency, oscillations were compared. After removing seasonality from detrended time series, non-seasonal oscillations were compared too.
Additionally, in the second part of the comparison analysis, geodetic residual time series were selected and correlated with hydrological signal in polar motion calculated from HAM LSDM hydrological model and GRACE CSR RL06 and GRACE COST-G gravimetric satellite data. Regarding that, two basic Res1 and Res2 geodetic residual time series and Res Comb. solutions were chosen as they contain all AAM and OAM considered models. In this part, geodetic and hydrological time series were interpolated monthly from 2002.3–2020.20.
The analysis was extended to Taylor diagrams, where the values of standard deviation (STD), zero-lag correlation coefficients (CORR), and root mean square differences (RMSD) of considered time series are compared (Taylor, 2001).
3 RESULTS
The purpose of the study was to demonstrate that differences between various geodetic residual time series (Res1, to Res6, and Res Comb.), resulting from different combinations of mass and motion AAM and OAM terms, exist. These differences may impact the agreement between observed geodetic excitation of polar motion and geophysical excitations defined here as joined effects of atmosphere, ocean, and hydrology mass exchanges. In this study, Res Comb. excitations were compared with other geodetic residual time series and with GRACE/GRACE-FO based and HAM LSDM excitations. In this way utility of such a solution based on the 3CH method was tested in terms of improving the so-called geodetic budget.
3.1 Geodetic residual time series GAO
3.1.1 Overall analysis
In this section, different geodetic residual time series GAO of equatorial components, χ1 + i χ2, are compared to each other in terms of their long-term oscillations and overall variability. For the study of the time series of different daily GAO, the period 2000.0-2020.20 was chosen.
Figure 1 compare six different geodetic residual time series of equatorial components of χ1 and χ2 computed after removing mass and motion terms of different AAM and OAM models from observed geodetic excitations GAM. The analysis is done and showed over the period 2000.0-2020.2 for overall oscillations (Figure 1A), and non-linear trends comparison retrieved by MSSA method (Figure 1B).
[image: Figure 1]FIGURE 1 | Time series of χ1 and χ2 equatorial components of overall (A) and long-term oscillations (B) of geodetic residuals computed from different combinations of mass and motion terms of AAM and OAM models (Res1, Res2, Res3, Res4, Res5, Res6). Long-term oscillations was computed using MSSA method for the signals reconstruction with oscillations bigger than 10 years.
In Figure 1A, strong seasonal oscillations are visible and long-term trends as well. Small differences in different geodetic residuals of polar motion in amplitudes, as well as their periodic character, are seen.
All compared geodetic residual time series show a prominent long-term trend, stronger in χ1 and weaker in χ2 component. These long-term changes involve global hydrological and cryospheric forces and are modified by a core-mantle coupling (Adhikari et al., 2018). Glacial Isostatic Adjustment (GIA) and surface mass load changes connected with contemporary climate, including ice sheet melting, terrestrial water storage changes, and associated sea-level variation, are potent contributors to this long-term trend (Adhikari et al., 2018). The results shown in this research are conistent by numerous studies of hydrographic and cryospheric mass changes that are equivalent to the time span of this study (Adhikari and Ivins, 2016; Chen et al., 2021).
Different geodetic residual time series are in quite good agreement in the case of their amplitudes and phases, both in χ1, and χ2, despite this significant differences between them occur (Figure 1A) and will be analyzed in this study. The long-term trend (Figure 1B) for each geodetic residual is similar but clearly separated by MPIOM and ECCO oceanic models, especially in χ2.
Combined geodetic residuals, Res Com., were calculated based on geodetic residuals, from Res1 to Res2, after removing long-term changes from overall geodetic-residuals. Table 2 presents the weights computed for each geodetic residuals time series with reference solution of Res5 used for computation of the weights. As demonstrated by Tavella and Premoli (1994), the results of the 3CH method are independent of the choice of one reference series or another. The noise variance of a geodetic residual time series indicates its quality because it reflects the noise level of the series. Thus, the results can be interpreted in terms of quality: a high-quality time series will have a low noise level variance (Śliwińska et al., 2022). Non-etheless, the 3CH method, and any statistical methods, used do not allow an estimation of the absolute noise level, especially of one series. The estimated noise levels are relative, and they have no physical meaning. In general, the highest weight was assigned to the geodetic residual time series calculated from the same, as a reference value, ocean model (ECCO). In contrast, the lowest weights were received for reference geodetic residual time series (Res5) and geodetic residuals calculated from the MPIOM ocean model. It turns out that the use of different combinations of mass and motion terms derived from different AAM models does not strongly affect the agreement between observed geodetic angular momentum excitation and geophysical ones. This results from a better agreement between mass and motion terms of NCEP/NCAR and ECMWF atmospheric-based excitations than oceanic ones (Göttl et al., 2015).
TABLE 2 | Weights for six different geodetic residual time series determined with the 3CH method.
[image: Table 2]Figure 2 compares detrended geodetic residual time series of χ1 and χ2 components of polar motion computed as differences between overall oscillations and long-term trend variations. Here, the time series of combined geodetic residuals (Res Comb.) computed using the 3CH method are also shown. These residuals agree, especially in the χ1 component. In the case of the χ2 detrended oscillations, Res2, Res3, and Res6, time series differ from Res1, Res4, Res5, and Res Comb. This contrast is caused by differences in OAM ECCO and OAM MPIOM oceanic models used to calculate geodetic residuals and influence agreement between geodetic residuals time series. Geodetic residuals, Res Comb., being a combination of six existing ones, computed by minimization of their noise level by the 3CH method, is a weighted average that may improve agreement between observed geodetic signal with geophysical ones. As a result of atmospheric and land water mass changes over the Eurasian and North American continents, the χ2 component is defined by generally higher amplitudes than χ1. This is clarified by the higher impact on land water mass variability on this component due to the spatial distribution of the leading continents in the northern hemisphere (Chen et al., 2012).
[image: Figure 2]FIGURE 2 | Time series of detrended χ1 (A) and χ2 (B) equatorial components of geodetic residuals (Res1, Res2, Res3, Res4, Res5, Res6, Res Comb.). Long-term oscillations, shown on Figure 1 were removed from original geodetic residuals GAO.
The first outcome of the evaluation of geodetic residual excitation time series calculated from different AAM and OAM solutions is displayed in Figure 3, where a time series comparison is presented in the form of Taylor diagrams. The standard deviation values, zero-lag correlation coefficients, and root mean square differences are shown simultaneously and help interpret how closely a pattern of geodetic residual excitation series matches to reference value, chosen here as geodetic residual time series calculated from AAM NCEP/NCAR and OAM ECCO models (Res1).
[image: Figure 3]FIGURE 3 | Taylor Diagrams showing a comparison of χ1 (upper panel (A)), and χ2 (bottom panel (B)) components of different geodetic residuals (GAO=Res1, as referenced value). The comparison is done for time series presented in Figure 2.
It can be seen that the dispersion of the geodetic residual time series obtained from different combinations of AAM and OAM models is high. The correlation coefficient values range from 0.39 (Res2) to 0.99 (Res4) for χ1 and from 0.68 (Res2) to 0.97 (Res4) for χ2, wherein the Res Comb. solution is very close to that one obtained from ECMWFmass + NCEP/NCARmotion and ECCOmass+motion models (Res4). RMSD values are between 1.0 (Res4) and 8.1 mas (Res2) for χ1 and between 2.4 (Res4) and 5.8 mas (Res3) for χ2, while standard deviation values are as high as 7.9 (Res4) to 6.8 (Res2) mas for χ1 and 7.7 (Res4) to 9.1 (Res3) mas for χ2. The analysis of standard deviation values displays that depending on the combinations of different AAM and OAM models exploited, geodetic residuals excitation series underestimate the variability observed for the referenced value of Res1 in χ1 component and overestimate geodetic residuals Res1 in χ2 component. It can be seen that Res4 time series are characterized by the highest consistency with referenced value Res1. However, it should be remembered that the Res4 solution has been processed as a combination of ECMWFmass + NCEP/NCARmotion and ECCOmass+motion models and in contrast to Res1 differ by AAM mass term only.
3.2 Geodetic residuals vs. hydrological angular momentum
3.2.1 Overall comparison
A comparison of selected geodetic residual time series between hydrological excitations of polar motion was conducted for further studies. To do that, three geodetic residuals were chosen, Res1 based on NCEP/NCAR and ECCO models, Res2 based on ECMWF+MPIOM models, and Res Comb. being weighted arithmetic mean of six time series considered in previous Section 3.1.1. The mass and motion terms of effective angular momentum functions due to mass transport processes in the atmosphere (ECMWF-GFZ model), the ocean (MPIOM-GFZ model), and the continental hydrosphere (HAM GFZ model) are consistent between themselves. This means that the sum of all masses in the atmosphere, ocean, and continental hydrosphere is constant (Dobslaw et al., 2010). Similarly, NCEP/NCAR is an atmospheric forcing data set for associated ECCO ocean models (Yu et al. (2021)), but these AAM and OAM models are associated neither with HAM LSDM or GRACE solutions.
Geodetic residual time series, HAM LSDM-based, GRACE CSR, and COST-G excitations were interpolated to the time of chosen HAM-based COST-G gravimetric time series.
In Figure 4, overall components (a), their long-term changes (b), as well as detrended values (c) are shown for the common period 2002.2 to 2020.0. Long-term variability was computed using the MSSA method (L=72 months window size). The strong seasonal signal is present in all geophysical time series, both in the χ1 and χ2 components. Overall components of different geodetic residuals and HAM LSDM and HAM-based COST-G gravimetric excitations differ. The long-term trend, the effect of GIA and climate changes, is marginal positive in χ1 HAM LSDM, which is in line with previous work (Dill, 2008). The long-term trend of the COST-G solution is in agreement with all considered geodetic residuals in the case of χ1 component but differs from geodetic residuals and HAM LSDM in the case of χ2. These differences between GRACE/GRACE Follow-on and GAO long-term trends may be related to the implementation and interpretation of the pole tide correction in GRACE/GRACE-FO data processing (Chen et al., 2021). Changes in Terrestrial Water Storage (TWS) and global cryosphere explain nearly the PM amplitude and mean directional shift. In contrast, atmosphere and ocean mass added only slightly improved this agreement (Adhikari and Ivins, 2016). It suggests that GAO geodetic residuals time series do not fully explain the long-term trend and do not fully represent the global-scale continent-ocean mass transport integrally.
[image: Figure 4]FIGURE 4 | Time series comparison of equatorial components of the χ1 and χ2 of geodetic residuals (Res1, Res2, and Res Comb.) and gravimetric-based excitation determined from GRACE/GRACE-FO solution of CSR and COST-G solutions and HAM LSDM excitaions for (A) overall, (B) long-term trend, and (C) detrended oscillations. The non-linear long-term oscillations were deremined using MSSA method.
Further analysis of the comparison between geodetic residuals and hydrological angular momentum functions will be performed on detrended time series after removing long-term variations from overall oscillations.
From visual inspection of detrended time series (Figure 4C), some discrepancies between time series exist, both in the χ1 and χ2 component. The highest amplitudes are present for the Res1 in χ1 and Res2 in χ2 component of geodetic residuals, while the signal computed from solutions of various GRACE data and HAM LDSM model is smaller than geodetic residuals. Compatibility between all geophysical time series is pretty good, especially in the χ2 component, but still far from perfect.
These detrended time series were compared in terms of their correlation coefficients, standard deviations, and RMSD displayed on the Figure 5 with various reference time series:(a) χ1 of Res Comb. (b) χ2 of Res Comb., (c) χ1 of Res1, (d) χ2 of Res1, (e) χ1 of Res2, (f) χ2 of Res2. This way, the influence on agreement between various geodetic residuals and geophysical models is shown.
From Figures 5A, B, with the reference value of combined Res Comb. solution, it can be concluded that in contrast to geodetic residuals Res1, Res2, and Res Comb., all gravimetric excitations obtained from both GRACE/GRACE-FO COST-G and CSR solutions and from hydrological model LSDM time series are relatively consistent with each other. However, they cannot fully represent the variability observed for referenced GAO, namely, Res Comb., especially in χ1. Res Comb. is overestimated by Res1 and Res2 and is underestimated by both GRACE/GRACE-FO COST-G and CSR solutions and HAM LSDM hydrological excitations in χ1 component (see Figure 5A). Geodetic residuals Res Comb. of χ1 component correlate best with Res1 (0.95), with the lowest RMSD equal 2.5 mas. Res2 geodetic residual excitations have a lower correlation with Res Comb. (0.62 mas) and bigger RMSD (5.9 mas). Of the poorer performing GRACE/GRACE-FO data and LSDM model-based HAM excitations, model LSDM has a low pattern correlation. In contrast, GRACE/GRACE-FO CSR correlates better with Res Comb. Both cases result in a relatively large RMSD (6 mas). In the agreement between referenced time series, Res Comb., and other hydrological signals in χ2 component, the relative merits of various time series can be inferred from Figure 5B. Here, the Res1 time series agrees best with referenced time series Res Comb, with a correlation coefficient equal to 0.96, the same amplitudes, and low RMSD (2.4 mas). Res2 time series overestimated Res Comb. solution with a standard deviation of 10.0 mas. However, correlate with Res Comb. on the level of 0.88. It is shown that both GRACE/GRACE-FO solutions and HAM SLAM excitation have about the exact correlation (0.60) with Res Comb., but only HAM LSDM excitation simulates better amplitude of the variation with a standard deviation around 6.0 mas. However, the RMSD of HAM LSDM is the highest among all considered hydrological excitations.
[image: Figure 5]FIGURE 5 | Taylor diagrams showing a comparison of χ1 and χ2 overall detrended components of three different geodetic residuals as a reference vlaues: (A) χ1 of Res Comb. (B) χ2 of Res Comb., (C) χ1 of Res1, (D) χ2 of Res1, (E) χ1 of Res2, (F) χ2 of Res2 with gravimetric-based excitation determined from a single GRACE/GRACE-FO solution (CSR), combined GRACE/GRACE-FO solution (COST-G), and HAM LSDM hydrological model.
χ1 component of Res1 geodetic residuals, taken as observed value, is poorly explained by Res2, and GRACE/GRACE-FO based and HAM LSDM excitation functions alike (Figure 5C). None of the considered HAM excitations do not improve agreement with geodetic residuals Res1 in contrast to Res Comb (Figure 5A). The correlation of LSDM excitations with Res1 decreased to 0.15, and what is more, RMSD for both GRACE/GRACE-FO based excitations and LSDM HAM increase above 7.0 mas (see Figure 5C). For χ2 component, an agreement between Res1 geodetic residuals and both GRACE/GRACE-FO based and HAM LSDM excitation, shown in Figure 5D, is slightly worse than for agreement with Res Comb. analyzed in 5 (b). Decreased correlations and increased RMSD between Res1 and hydrological signals indicate that agreement between the GRACE/GRACE-FO and HAM LSDM excitation is worse than for Res Comb. taken as a reference value.
Looking at Figure 5E, F, it is apparent that for Res2 geodetic residuals being reference value, the agreement between GRACE/GRACE-FO based solutions of CSR and COST-G is at the lowest level compared with previously referenced GAO excitations. It can be seen that both GRACE/GRACE-FO and HAM LSDM excitations still have too little spatial variability, where their standard deviation is as high as 4.1 to 4.9 mas in case of χ1 component (Figure 5E), and 4.1 to 8.0 mas in case of χ2 component (Figure 5F). Here, model LSDM has the best RMSD, equal 5.72 mas in χ1, and 7.13 mas in χ2, which is caused by the fact, that self-consistent AAM ECMWF, OAM MPIOM, and HAM LSDM excitation are derived from general circulation models outputs.
3.2.2 Seasonal and non-seasonal oscillations comparison
We now extend our research to analyzing seasonal and non-seasonal oscillations of geodetic residuals, Res1, Res2, and Res Comb., and GRACE/GRACE-FO-based gravimetric and hydrological excitations. Here, Chandler wobble and its anomalies are not under consideration. This is mainly because despite its large effect, the Chandler wobble excitation is just above the uncertainty level of the hydro-atmospheric Angular Momentum Functions (Bizouard, 2020). The equatorial angular momentum balance around Chandler frequencies deserves special treatment. Moreover, in the beggining of 2000s, the amplitude of the Chandler wobble began to decrease and, in 2017–2020, reached a historical low (Zotov et al., 2022b; a). The integration of the atmospheric and oceanic excitations cannot explain the absence of Chandler wobble in the recent decade (Zotov L. V. et al., 2022). In preliminary studies, Yamaguchi and Furuya (2023) suggest that the present AAM and OAM excitations are still not accurate enough to reproduce the recent Chandler wobble anomaly and that some other signals could be missing either in the AAM or OAM. These conclusions agree with our research, where the inaccuracy of different AAM and OAM models in the hydrological signal of polar motion is under consideration.
Here, the study are focusing on seasonal changes of hydrological signal in geodetically observed PM excitation - GAO and the analog signal present by GRACE/GRACE-FO data and HAM LSDM model. The analyzed seasonal oscillations in PM excitation is composed of a 1-year harmonic term, semi-annual and ter-annual terms.
Firstly, seasonal series obtained by fitting complex sinusoids with periods 365.25, 180.0, and 120.0 days to the overall series using least squares method was drawn on Figure 6. It can be seen that seasonal changes of different geodetic residuals, Res1, Res2, and Res Com., both GRACE/GRACE-FO based and LSDM excitations, are dominated by annual oscillation in χ1 and χ2 component. GRACE/GRACE-FO COST-G and CSR-based series are consistent with each other, but they visibly underestimate the amplitudes observed for different geodetic residuals and HAM LSDM. All geodetic residuals, Res1, Res2, and Res Comb., agree regarding their amplitudes, but some discrepancies are visible. The seasonal signal in PM excitation is mainly related to precipitation seasonality and changes in soil water content. This signal is generally more substantial in the χ2 than in the χ1 component cause of the higher dependence on mass changes on the continents of the Northern Hemisphere (Dobslaw et al., 2010). These findings are consistent with the conclusions shown based on Taylor Diagrams (Figure 7).
[image: Figure 6]FIGURE 6 | Comparison of seasonal oscillations of the equatorial components of the χ1 (A) and χ2 (B) geodetic residuals (Res1, Res2, Res Comb.) with gravimetric-based excitation determined from a single GRACE/GRACE-FO solution (CSR), combined GRACE/GRACE-FO solution (COST-G), and HAM LSDM hydrological model.
[image: Figure 7]FIGURE 7 | Taylor diagrams showing a comparison of χ1 and χ2 seasonal components of three different geodetic residuals as a reference vlaues: (A) χ1 of Res Comb. (B) χ2 of Res Comb., (C) χ1 of Res1, (D) χ2 of Res1, (E) χ1 of Res2, (F) χ2 of Res2, with gravimetric-based excitation determined from a single GRACE/GRACE-FO solution (CSR), combined GRACE/GRACE-FO solution (COST-G), and HAM LSDM hydrological model.
A Taylor diagram of the seasonal geodetic residuals Res1, and Res2, and GRACE/GRACE-FO based and HAM LSDM excitations is shown in Figure 7 (a) for χ1, and (b) for χ2 with referenced value referred to Res Comb. excitations. Only Res1 geodetic residuals demonstrate a similar ability to Res Comb, both in χ1 (Figure 7A), and χ2 (Figure 7B) component. In the χ2 component, Res2 geodetic residuals correlate on 0.97, and their RMSD is equal to 2.75 mas, but it overestimates Res Comb. with STD of 7.87 mas. In the case of the χ1 component, Res2 has the lowest correlation coefficient, among all considered time series, on the level of 0.41, and has the biggest RMSD equal 4.72 mas. This confirms a good consistency among seasonal geodetic residual time series developed with different AAM and OAM models and by the 3CH method, except Res2 χ1 component. Seasonal HAM excitations computed from GRACE/GRACE-FO solutions, namely, CSR and COST-G, have the lowest RMSD, 2.11 mas for CSR, and 2.80 for COST-G in the χ1 component. Their correlation coefficients are above 0.90, but standard deviations, around 2.0 mas, do not explain the right amplitude value of Res Comb., equal 4.26 mas (Figure 7A). In the case of χ2 component, both GRACE/GRACE-FO based excitations underestimated Res Comb. however, their correlation coefficients are on the level of 0.82, and their standard deviations are as high as 3.84 mas and 4.27 mas for COST-G and CSR, respectively. The impact of fresh inland waters representing by HAM LSDM excites the seasonal polar motion at almost the same level (with STD equal 3.24 in χ1, and 6.84 in χ2) but does not permit to close of the budget of polar motion with a low correlation coefficient equal 0.38 and high RMSD (4.22 mas) in χ1 component.
The agreement between Res1 geodetic residuals (reference value) and Res2, Res Comb. and GRACE/GRACE-FO based and HAM LSDM excitations of seasonal oscillations are shown in Figure 7C for χ1 and (d) for χ2 component. Here, large discrepancies between referenced Res1 and Res2 excitations are noted in the χ1 component. Low correlation coefficient, 0.11, and high RMSD, 6.86 mas indicate that those geodetic residuals computed from various AAM, and OAM models, differ significantly in seasonal oscillations, although their pretty good agreement in standard deviation (Figure 7C). In the case of the χ2 component, an agreement between Res1 and Res2 is very good. The correlation coefficient reaches the value of 0.94. RMSD is as high as 3.96 mas. However, in this case, the amplitude of referenced Res1 excitation is overestimated by the Res2 time series (Figure 7D).
Res1 geodetic residuals are slightly better explained in χ2 component by both GRACE/GRACE-FO solutions in contrast to Res Comb. In contrast, it is worse explained by both GRACE/GRACE-FO based excitations in χ1 component, where RMSD is higher than 3.00 mas for CSR and COST-G solutions. Very low compatibility in χ1 seasonal component is noted for HAM LSDM excitations, where the correlation coefficient achieves 0.09 value, and RMSD exceeds 6.00 mas. In the case of χ2, LSDM excitations agreed on the higher level in Res Comb. than in Res1.
Taking Res2 geodetic residuals as the observed value, it can be concluded from Figure 7E for χ1 and (f) for χ2 component that the highest agreement is with LSDM excitations with pattern correlation about 0.96, and 0.92, and RMSD about 1.61, and 3.16 mas, in χ1, and χ2 component, respectively. None of the GRACE/GRACE-FO based excitations explain seasonal oscillations of Res2 geodetic residuals better than Res Comb. and Res1 excitations.
To further study, seasonal variations were decomposed into annual prograde, annual retrograde, semi-annual prograde, and semi-annual retrograde parts, and their amplitudes and phases are presented in Table 3.
TABLE 3 | Amplitudes and phases (ϕ) of prograde and retrograde both annual and semiannual oscillations of geodetic residuals (Res1, Res2, and Res Comb.), and of hydrological excitations computed from LSDM model and from GRACE data (COST-G and CSR solutions). Phase ϕ is defined here by the annual and semiannual term as [image: image], where t0 is a reference epoch for 1 January 2005.
[image: Table 3]From Table 3 can be concluded that the annual prograde and retrograde components of different geodetic residuals and GRACE/GRACE-FO based and HAM LSDM excitations are stronger than semiannual components. In general, gravimetric excitation series, COST G, and GRACE CSR underestimate annual amplitudes observed for all geodetic residuals except for the prograde annual amplitude of the Res2 solution. HAM LSDM excitation agrees, in terms of annual prograde and retrograde amplitudes and phases, with the Res2 solution based on the ECMWF+MPIOM atmosphere-ocean model consistent with the hydrological model.
The annual amplitude differences between combined geodetic residual solution, Res Comb., and other series are between 1.18 and 2.04 mas for the prograde term and between 3.18 and 3.66 mas for the retrograde term. In particular, GRACE CSR and COST-G-based series are characterized by the smallest amplitudes of prograde annual oscillations in contrast to combined geodetic residuals. Therefore, the use of this solution for the analysis of annual changes in hydrological part of PM excitation could be more favorable. On the other hand, Res2 prograde annual amplitude is equal to 1.72 and is as high as for GRACE/GRACE-FO and HAM LSDM excitations. Regarding the phases of annual oscillation, all geodetic residuals and GRACE/GRACE-FO based and HAM LSDM series present relatively compatible results with phase differences regarding Res Comb. within 110-790 for the prograde term and 240-260 for the retrograde term.
Similarly, semiannual prograde and semiannual retrograde oscillations show that amplitudes and phases of different geodetic residuals are in very good agreement. However, GRACE/GRACE-FO-based and HAM LSDM excitations amplitudes are very weak, and their phases are more varied than geodetic residuals. Because the amplitudes of ter-annual oscillations show very low values in comparison to annual and semi-annual ones, they were not presented in this paper.
In order to show the time changes of the considered Res1, Res2, Res Comb., HAM LSDM, and GRACE/GRACE-FO based excitation functions of polar motion, their time variable spectra were computed using the Fourier Transform Band Pass Filter (Kosek, 1995) in the broadband with 60–500 days cutoff and displayed on Figure 8. As shown in Figure 8, geodetic residual excitations of polar motion, Res1, Res2, Res Comb., hydrological (HAM LSDM), and gravimetric (Cost-G, CSR) excitations are irregular. Variable annual oscillations of the prograde and retrograde components are visible for all considered excitations, but gravimetric excitations (Cost-G solution) are the weakest. Semiannual and 120 - day signal oscillations are stronger for the geodetic residuals Res1, Res2, and Res Comb. than for hydrological and gravimetric excitations. Differences between time variable spectra computed for different geodetic residuals Res1, Res2, and Res Comb., are noticeable and may be affected by uncertainties introduced to geodetic residuals GAO by atmospheric and oceanic models (Chen et al.,2017). These differences may affect agreement in the so-called geodetic budget: total explanation of observed geodetic excitation of polar motion by hydro-atmosphere processes. The so-called geodetic budget is disturbed by the uncertainties of the AAM, OAM, and HAM models, the partial knowledge of the ocean-atmosphere coupling and hydrological processes, and discrepancies between models for wind terms and the current ocean terms as well. There is hope that by the progress made in recent decades, progress in global circulation models may improve their quality and consistency between different research centers.
[image: Figure 8]FIGURE 8 | The time variable spectrum of the 60–500 days band of the geodetic residual excitations Res1 (A), Res2 (B), Res Comb. (C), HAM LSDM hydrological model (D), gravimetric-based excitation determined from a combined GRACE/GRACE-FO solution (COST-G) (E), and single GRACE/GRACE-FO solution (CSR) (F) (in mas).
The non-seasonal oscillations reveal all signals in PM after removing long-term changes and seasonal variations from the overall detrended time series, shown in Figure 9. The overall variability of non-seasonal residual series remains prominent, but significant differences occur. It can be seen that geodetic residuals have amplitudes as high as GRACE/GRACE-FO-based and HAM LSDM excitations. However, hydrological models and gravimetric data reveal imperfections in explaining the geodetic budget. Detailed analysis of non-seasonal agreement of different geodetic residuals and GRACE/GRACE-FO-based and HAM LSDM excitations is conducted through validation of time series with the use of the parameters shown in Figure 10.
[image: Figure 9]FIGURE 9 | Comparison of non-seasonal oscillations of the equatorial components of the χ1 (A) and χ2 (B) geodetic residuals (Res1, Res2, Res Comb.) and for different hydrological-based excitations of polar motion (LSDM, COST-G, and CSR solutions).
[image: Figure 10]FIGURE 10 | Taylor diagrams showing a comparison of χ1 and χ2 non-seasonal components of three different geodetic residuals as a reference vlaues: (A) χ1 of Res Comb. (B) χ2 of Res Comb., (C) χ1 of Res1, (D) χ2 of Res1, (E) χ1 of Res2, (F) χ2 of Res2, with gravimetric-based excitation determined from a single GRACE/GRACE-FO solution (CSR), combined GRACE/GRACE-FO solution (COST-G), and HAM LSDM hydrological model.
The relative merits of various GRACE/GRACE-FO based and LSDM excitations concerning Res Comb. geodetic residuals can be inferred from Figure 10 (a) for χ1 and (b) for χ2 component. It can be seen that other geodetic residuals, Res1, and Res2, generally agree better with Res Comb. than GRACE and HAM solutions, each with about similar standard deviations of 2.60 − 3.40 mas in χ1, and 3.60 − 4.30 mas in χ2 of non-seasonal oscillations. The amplitudes of various geodetic residuals are underestimated by each GRACE/GRACE-FO and LSDM excitations, both in χ1 and χ2 components. Generally, the χ1 component is worse explained by GRACE/GRACE-FO based and LSDM excitations than the χ2 component. Regardless of choice of referenced geodetic residuals, Res1, Res2, or Res Comb., the agreement between χ1 geodetic residuals and other hydrological signal is poorer performed (Figures 10A, C, E ). In Figures 10B, D, F, it can be seen that GRACE/GRACE-FO based and LSDM excitations generally agree better with Res2 geodetic residuals, than with Res1, and Res Comb., each with about similar RMSD equal from 3.00 to 4.20 mas and correlation coefficients as high as 0.44–0.66.
The combined geodetic residual series processed with the 3CH method generally does not improve consistency between observed polar motion excitations and geophysical ones at non-seasonal time scales. However, Res Comb. ‘s agreement with GRACE and HAM LSDM hydrological signal is much better than that of Res1 with the hydrological signal. Still, other disruptive factors of mass changes in Earth’s system not modeled by hydrological models and not revealed in GRACE/GRACE-FO data do not permit to close of this budget.
4 DISCUSSION AND CONCLUSION
In this study, different combinations of geodetic residuals, GAM-(AAM+OAM), were analyzed to estimate the total effect of atmospheric and oceanic excitations on PM compared to GRACE/GRACE-FO based and HAM LSDM excitations, considering complex-valued components (χ1 + i χ2). Res Comb. solution, being weighted arithmetic mean of six primary geodetic residuals computed from various mass and motion terms of AAM and OAM available models, was estimated by the 3CH method to find the best fit to HAM excitations. This resolution (Res Comb.) was characterized by minimized internal noise of different geodetic residual excitations (Res1 to Res6). Each geodetic residual model’s agreement was compared to each other at long-term variations and overall detrended, seasonal, and non-seasonal oscillations. It was found that all geodetic residuals computed from different combinations of mass and motion terms of AAM and OAM models play an essential role at broadband frequencies of polar motion, and differences between them can not be negligible. In addition, geodetic residuals based on various OAM models, the ECCO and MPIOM, differ significantly and show low correlations between themselves, which were also found in previous studies (Bizouard, 2020; Harker et al., 2021). Moreover, geodetic residuals, Res1 and Res4, differ only by the mass terms for both AAM models, NCEP/NCAR and ECMWF, showing high correlations between each other. However, some crucial differences between geodetic residuals based on various motion terms were found, which were also found in previous studies (Aoyama and Naito, 2000; Masaki, 2008).
Considering the differences between the geodetic residual excitations, this study aimed to build a criterion that would allow a less arbitrary choice of one geodetic residual GAO time series and compare it with HAM excitations. A quality criterion independent of HAM excitations was built, and the noise level of the various GAO series and one combination Res Comb. with a generalized 3CH method was estimated.
The agreement between the combined series, Res Comb., Res1, Res2, and GRACE/GRACE-FO based and HAM LSDM excitations were studied to determine the influence of a minimal noise level on agreement with different HAM. We noted that the combined geodetic residual time series presented a good overall agreement with GRACE COST-G, CSR, and HAM LSDM time series, much better than the comparison with Res1 and Res2 single solutions in a broad spectrum band (Figure 5). Here, Res2 geodetic residuals agree with GRACE/GRACE-FO and HAM LSDM solution the worst.
At seasonal time scales, Res1, Res2, and Res Comb. geodetic residuals show significant discrepancies, especially in the χ1 component. Seasonal variations of GRACE COST-G and CSR solutions agree the best with Res Comb. geodetic residuals, both in χ1 and χ2 components. Seasonal Res2 time series agree best with HAM LSDM hydrological model since AAM ECMWF, OAM MPIOM, and HAM LSDM create a consistent set of geophysical excitations by stabilizing the sum of total masses in geophysical fluid layers.
The decomposition of seasonal variations into prograde and retrograde parts shows that the annual signal is the strongest. The annual amplitude differences between combined geodetic residuals, Res Comb., and other solutions are a couple of mas. All geodetic residuals and GRACE/GRACE-FO and HAM LSDM excitations present relatively congruous results regarding their phase agreement.
Seasonal time variable spectra of Res1, Res2, Res Comb., hydrological (HAM LSDM), and gravimetric (COST-G and CSR) are irregular. The signals of seasonal time variable spectra computed for various geodetic residuals, Res1, Res2, and Res Comb., are stronger than for hydrological signals computed from HAM LSDM and GRACE/GRACE-FO solutions. Differences between time variable spectra of different GAO are noticeable and may be affected by uncertainties introduced by AAm and OAM models.
The overall variability at the non-seasonal spectral band of different GAO and hydrological signals (HAM LSDM, GRACE/GRACE-FO) is prominent, but significant differences occur. Here, the combined geodetic residuals, Res Comb., do not improve consistency between observed geodetic polar motion and geophysical ones. Res2 agreement with GRACE/GRACE-FO and HAM LSDM solutions is the best.
The combined geodetic residual series processed with the 3CH method improves consistency between observed polar motion excitations and geophysical ones at overall and seasonal oscillations. Nevertheless, other disruptive factors of mass changes in Earth’s system not modeled by hydrological models and not revealed in GRACE/GRACE-FO data do not permit to close of the geodetic budget.
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