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1. Introduction
The Earth's solid inner core (IC) is not expected to rotate synchronously with the mantle. On dynamical grounds, 
azimuthal (zonal) core flows (CF) close to the IC boundary (ICB) should, by electromagnetic coupling, exert a 
torque on the IC, and thereby alter its rotation rate (Gubbins, 1981). Observational evidences of this differential 
rotation have been reported by a number of seismic studies. The first of these were based on the travel time of 
seismic waves traversing the IC, in particular how this travel time changed over time, from which a mean eastward 
differential IC rotation rate of the order of 1° per year was inferred (Song & Richards, 1996; Su et al., 1996). Such 
rates were in line with predictions of the geodynamo numerical simulations emerging at that time (Glatzmaier & 
Roberts, 1996), in which a strong thermal wind flow near the ICB drove the IC into an eastward super-rotation.

These initial seismic results were challenged by a number of subsequent studies, using either different ray paths 
(Souriau, 2007; Zhang et al., 2005, 2008) or normal modes (Laske & Masters, 1999). The surface topography 
of a differentially rotating IC is taken out of its gravitational alignment with density anomalies in the mantle, 
resulting in a strong restoring gravitational torque opposing the driving electromagnetic torque (Buffett, 1996). 
A viscously deforming IC can still rotate differentially (Buffett, 1997), albeit at a much slower rate (Buffett & 
Glatzmaier, 2000). Extrapolation of dynamo simulation results to Earth-like conditions suggests a weak IC differ-
ential rotation, of the order of 1° per million years (Aubert & Dumberry, 2011).

However, CF vary on decadal and interannual timescales (Bloxham & Jackson, 1991; Gillet et al., 2022; Lesur 
et al., 2022). These should entrain fluctuations in the torque on the IC and changes in its rotation rate of the 
order of 0.1° per year (Dumberry, 2007) as seen in dynamo simulations (Aubert & Dumberry, 2011; Buffett & 
Glatzmaier, 2000). The more recent inferences of IC differential rotation from seismic observations tend to agree 
with these fluctuations (Wang & Vidale, 2022a; Yang & Song, 2022, 2023).
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topography (peak-to-peak amplitude δh) out of its gravitational alignment with the mantle. This creates a 
gravity variation of degree 2, order 2 proportional to δh and to α. Here, we use gravity observations from 
Satellite Laser Ranging, the Gravity Recovery and Climate Experiment (GRACE) and GRACE Follow-On to 
reconstruct the time-variable S2,2 Stokes coefficient. We show that for δh = 90 m, S2,2 provides upper bounds 
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Here, for the first time, we set constraints on the fluctuating IC rotation by placing upper bounds on the azimuthal 
angle of rotation and its peak-to-peak topography from the degree 2, order 2 (hereafter noted (2,2)) gravity signal 
recorded by satellite gravimetry over the past 3 decades.

2. The Gravity Signal From an Oscillating Inner Core
Assuming hydrostatic equilibrium, the first order shape of the ICB should be an oblate ellipsoid with a mean 
radius Ri = 1222 km. Additional undulations of the ICB result from the IC hydrostatic adjustment to the gravi-
tational potential imposed by mantle mass anomalies (including the core-mantle boundary (CMB) topography 
and other radial density discontinuities). These are dominated by a (2,2) signal connected to the large scale 
convective pattern in the mantle (e.g., Simmons et al., 2007). The IC distortion to adjust to this potential leads to a 
slightly elliptical ICB along the equator, with a peak-to-peak topography δh of the order of 100 m (e.g., Defraigne 
et  al.,  1996). Because of the ICB density contrast of ΔρICB  =  600  kg  m −3 (Dziewonski & Anderson,  1981), 
decadal and interannual fluctuations of the IC rotation produce a (2,2) gravity variations and surface deforma-
tions (Dumberry & Mandea, 2022; Gillet et al., 2021). The amplitude of these signals depends on ΔρICB, δh 
and the azimuthal angle of IC rotation, α (see Figure 1). While ΔρICB is relatively well constrained (Gubbins 
et al., 2008; Tkalčić et al., 2009), estimates of δh and α are less certain.

The gravitational potential V(θ, ϕ) at co-latitude θ and longitude ϕ at the Earth's surface (mean radius 
R = 6.371 × 10 6 m) is expressed in a spherical harmonic expansion as
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where M = 5.972 × 10 24 kg is the Earth's mass, G is the gravitational constant, Cl,m and Sl,m are the (dimension-
less) Stokes coefficients, and �̄�,�(cos �) are normalized associated Legendre polynomials, related to the regular 
(unnormalized) associated Legendre polynomials Pl,m(cos θ) by
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where δm0 is the Kronecker delta.

Let us assume the IC is an elastic solid with a uniform density, and with a (2,2) topography expressed as
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where δh is the peak-to-peak amplitude of the topography along the equator. The surface mass density ΔρICB × 
h(θ, ϕ) associated with this topography generates a gravitational potential signal at the surface of
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where the Love number κ2 = 0.9736 accounts for the additional gravity signal resulting from global elastic defor-
mations (Dumberry, 2008).

Let us write α = αo + α(t), where αo is the fixed orientation of the IC with respect to the mantle and α(t) its tempo-
rally varying part induced by fluctuations in its axial rotation rate. The change in Stokes coefficients induced by 
α(t) is

Δ𝐶𝐶2,2 = 𝛿𝛿𝛿[cos(2𝛼𝛼𝑜𝑜 + 2𝛼𝛼(𝑡𝑡)) − cos(2𝛼𝛼𝑜𝑜)], (6a)

Δ𝑆𝑆2,2 = 𝛿𝛿𝛿[sin(2𝛼𝛼𝑜𝑜 + 2𝛼𝛼(𝑡𝑡)) − sin(2𝛼𝛼𝑜𝑜)], (6b)
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where

 = (1 + 𝜅𝜅2)
4𝜋𝜋

5
√

15

𝑅𝑅4
𝑖𝑖

𝑅𝑅2

Δ𝜌𝜌𝐼𝐼𝐼𝐼𝐼𝐼

𝑀𝑀
= 7.07 × 10−12. (6c)

The fixed IC orientation αo depends on the orientation of the (2,2) topography of the gravitational potential 
(geoid) at the CMB induced by convective mantle mass anomalies. This orientation is not known precisely, but 
models suggest that it is generally aligned with longitude 0° (e.g., Defraigne et al., 1996). For simplicity, let us 
assume that αo = 0°. Given the low rates of differential IC rotation predicted on dynamical grounds (∼0.1° yr −1), 
α(t) should remain small for fluctuations at a timescale shorter than a few decades. For αo = 0° and α(t) ≪ 1, 
Equations 6a and 6b simplify to

Δ𝐶𝐶2,2 =  𝛿𝛿𝛿[cos(2𝛼𝛼(𝑡𝑡)) − 1] ≃ −2 𝛿𝛿𝛿 𝛼𝛼(𝑡𝑡)
2
, (7a)

Δ𝑆𝑆2,2 =  𝛿𝛿𝛿 sin(2𝛼𝛼(𝑡𝑡)) ≃ 2 𝛿𝛿𝛿 𝛼𝛼(𝑡𝑡). (7b)

Provided α(t) remains small, ΔS2,2 is much larger than ΔC2,2. Let us take δh = 100 m and α = 1°, this gives 
ΔS2,2 ≈ 2.5 × 10 −11 and ΔC2,2 ≈ 4.3 × 10 −13. If the time-averaged IC orientation αo is not zero, the difference in 
amplitude between ΔS2,2 and ΔC2,2 is reduced. The expression for ΔS2,2 in Equation 7b gives the best upper bound 
for the (2,2) gravity signal.

For a rigid IC, α(t) is equal to the angular rotation of the IC bulk, the quantity which is measured seismically, 
that we denote by ϕ(t). If the ICB topography relaxes viscously in a characteristic time τ toward its equilibrium 
alignment with the mantle, then (Buffett, 1997)

𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
=

𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
−

𝑑𝑑

𝜏𝜏
. (8)

When τ is comparable or smaller than the timescale of the fluctuations of interest, ϕ(t) and α(t) differ, and the 
bulk rotates at a faster rate than the ICB topography. The upper bound that we obtain from Equation 7b is on α, not 
ϕ. To simplify, we assume a rigid IC, so that α(t) ≡ ϕ(t). However, larger values of bulk IC rotation are allowed 
if the ICB relaxes viscously (see Discussions).

3. Previous Estimates of α and δh
Previous estimates of α come from a combination of seismic studies, CF reconstructions and considerations of 
core-mantle angular momentum exchanges. These estimates were presented in Dumberry and Mandea (2022) 

Figure 1. Equatorial cross-section of the Earth with an azimuthal rotation α of the inner core (IC) with respect to the 
longitude 0°. The IC possesses an equatorial ellipsoidal shape represented in blue by half of the peak-to-peak δh topography. 
Adapted from Dumberry and Mandea (2022) and not drawn at scale.
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but are reproduced and updated here. Estimates of δh are based on mass anomalies in the mantle deduced from 
seismic tomography and geodynamical models.

3.1. α From Zonal Core Flows

Time-varying zonal flows at the CMB can be reconstructed from the secular variation of the geomagnetic field 
(Bloxham & Jackson, 1991; Holme, 2015). On decadal timescales and shorter, zonal flows are expected to be invari-
ant along the direction of the rotation axis (Gillet et al., 2011; Jault, 2008); zonal flows at the ICB should be the axial 
projection of the zonal flows at the CMB. Electromagnetic coupling at the ICB is expected to be sufficiently strong 
(Gubbins, 1981) that the IC should be entrained into co-rotation with the mean zonal flows. Assuming small oscilla-
tion amplitudes, the relation between the ICB zonal flows, vϕ, and the IC rotation angle α at frequency ω is vϕ = Ri ω α.

CF models suggest fluctuations in CMB zonal flow with an amplitude of approximately 0.4 km yr −1 at a 6-year 
period and approximately 2 km yr −1 at a 30-year period (Gillet et al., 2019, 2021). These give indirect estimates 
of α ≈ 0.018° and α ≈ 0.4° at periods of 6 and 30 years, respectively.

3.2. α From Length of Day (LOD) Variations

Decadal (Holme & de Viron, 2013; Jault et al., 1988) and interannual (Gillet et al., 2010, 2022) variations in the 
Length of Day (LOD) results from core-mantle angular momentum exchanges. The nature of the torque between 
the core and the mantle remains not well known, but if gravitational coupling is entirely responsible for the 
observed LOD changes (ΔLOD), the latter can be used to predict α (Buffett & Creager, 1999):

𝛼𝛼 = −
2𝜋𝜋

𝑇𝑇 2
𝑜𝑜

𝐶𝐶𝑚𝑚

Γ

𝑑𝑑

𝑑𝑑𝑑𝑑
ΔLOD, (9)

where To is the Earth's rotation period (To  =  86400  s), Cm is the polar moment of inertia of the mantle 
(Cm = 7.129 × 10 37 kg m 2) and Γ represents the constant net gravitational torque between the mantle and the IC. 
Estimates of Γ can be constructed based on mantle density anomalies inferred from seismic tomography models 
and viscous mantle flow models and range from 3 × 10 19 to 2 × 10 20 N m (Davies et al., 2014).

In Text S1 in Supporting Information S1, we show that the amplitude of the observed LOD changes over the past 
70 years with periods longer than 20 years are approximately 1 ms. For the lower and upper bounds of Γ, this 
translates to amplitudes of α between 0.6° and 0.09°. At 6-year, ΔLOD ≈ 0.2 ms corresponding to amplitudes of 
α between 0.7° and 0.1°.

3.3. α From Seismic Waves

For earthquake doublets, the temporal shift of the wave envelope can be mapped to a change in α. Using this 
approach, Zhang et al.  (2005) and Tkalčić et al.  (2013) propose a differential rotation rate of 0.25°–0.5° yr −1 
with a fluctuation over a period of approximately 20 years. This corresponds to an amplitude of α = [0.25–0.5]° 

𝐴𝐴 yr−1 ×
20

2𝜋𝜋
  yr ≈  [0.8–1.6]°. Yang and Song  (2023) suggest a history of IC differential rotation that includes a 

65-year period of amplitude α ≃ 2.5°, with a minimum of ∼4° in the early 1970s and a maximum of ∼1° in 2009. 
Wang and Vidale (2022a) find a rotation rate of 0.1° yr −1 between 1971 and 1974 which they interpret as a 6-year 
signal with an amplitude α ≃ 0.2° (Wang & Vidale, 2022b).

3.4. δh From Seismic Tomography and Geodynamic Models

Mass anomalies involved in mantle convection distort the surfaces of gravitational potential from the CMB 
to ICB. If we assume that the IC viscous deformation timescale is smaller than that of the mantle, the ICB 
topography (averaged over time) should coincide with the undulations of the gravitational potential at the ICB 
(Buffett, 1997). The latter is connected to its undulations at the CMB (Dumberry, 2010; Wahr & de Vries, 1989). 
The CMB gravitational potential, in turn, may be computed from geodynamic models, in particular by combin-
ing mantle density anomalies inferred from seismic tomography, the mantle viscous flow that they produce, and 
using the observed surface geoid as an additional constraint (e.g., Defraigne et al., 1996; Simmons et al., 2007). 
Values for δh are estimated using geodynamic models at some 70 m by Defraigne et al. (1996) or in the range of 
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[49–126] m estimated from Γ = [3 × 10 19 − 2 × 10 20] N m (Davies et al., 2014). We summarize the various δh 
ranges in Text S2 in Supporting Information S1.

An alternative modeling approach is to assume that the 6-year period in LOD changes is caused by the free mode 
of mantle-IC gravitational oscillation. When the whole of the tangent cylinder is assumed to follow the IC, the 
value of Γ must be approximately 3 × 10 20 N m (Davies et al., 2014). This corresponds to δh ≃ 154 m, in agree-
ment with an independent calculation by Shih and Chao (2021). We note, however, that this assumes that the 
angular momentum exchange at a 6-year period is between the mantle and the IC, yet observations suggest that it 
is instead between the mantle and the fluid core (Gillet et al., 2010).

4. Data and Method
The Gravity Recovery and Climate Experiment (GRACE) and GRACE Follow-On (GRACE-FO) satellite 
missions deliver time-variable gravity measurements since 2002 (Landerer et  al.,  2020; Tapley et  al.,  2004). 
Satellite Laser Ranging (SLR) measures the time variation of the (2,2) gravity field coefficients since the 
1980s (Löcher & Kusche, 2020a). The observed (2,2) signal contains contributions from different sources: tidal 
deformations, post-glacial rebound (Purcell et  al.,  2011), hydrological (Rodell et  al.,  2018), atmospheric and 
oceanic loading (Dobslaw et al., 2017), water mass displacement and exchanges between ocean, hydrosphere 
and cryosphere (Pfeffer et al., 2022), sea level changes (Adhikari et al., 2019), mantle mass redistribution (Panet 
et al., 2018), and core processes (Dumberry & Mandea, 2022). To access the signal originating from the core, 
the signals from all other sources must be removed. This is a challenge as models for the planetary-scale mass 
fluctuations induced by surface processes remain incomplete (Pfeffer et al., 2022).

We use S2,2 from the product IGG-SLR-HYBRID Ensemble Mean (referred as IGG-SLR) (Löcher & 
Kusche, 2020a). This product takes advantage of the temporal length of the SLR time-series and the qualities of 
GRACE(-FO). The formal errors provided with IGG-SLR are unrealistic as too optimistic. This S2,2 series is the 
mean of solutions based on SLR measurements only and on GRACE(-FO) empirical orthogonal functions (EOFs) 
from the ITSG-Grace2018 product (Mayer-Gürr et al., 2018) and spans from November 1992 to December 2020. 
The longest well resolved oscillation period (i.e., two complete cycles) is then 14 years (Sundararajan, 2023).

The EOFs are cleared of sub-monthly surface loading aliasing (Dobslaw et al., 2017), hydrological loading at 
longer periods and Earth's interior mass redistribution are not corrected. The S2,2 series in the IGG-SLR solution 
is similar to that of the GRACE products from 3 different analysis centers (Text S3 in Supporting Information S1).

To reduce the hydrological contribution from S2,2 variations we use a global hydrological model obtained inde-
pendently from gravitational observations. Interaction Sol-Biosphère-Atmosphère CNRM version of TRIP 
(ISBA-CTRIP, henceforth referred to as ISBA) solves the vertical water mass balance and the lateral fluxes to 

Figure 2. (a) Time-series and (b) Lomb-Scargle periodogram of S2,2 coefficient for IGG-SLR (red) product, IGG-SLR minus ISBA combination (green), and ISBA 
(blue), with y-axis scale at the top-left.
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model hydrological loading variations (Decharme et al., 2019). ISBA is available from 1979 to December 2018. 
ISBA explains the low degrees interannual gravity signals observed by GRACE better than other hydrological 
models (Lecomte et al., 2023).

Figure 2a shows the time-series of S2,2 from the IGG-SLR product, the ISBA model, and what we refer to hence-
forth as the corrected S2,2 signal (ISBA subtracted from IGG-SLR). Their associated periodograms are shown in 
Figure 2b. To access interannual timescales, we have applied a low-pass filter with a cut-off period of 3 years, 
and used a Hamming window to reduce the apodization effect. The IGG-SLR time-series contains large signals at 
periods of 4.5, 5.8, and 8.6 years. The 5.8-year peak is dominantly caused by the large oscillation between 1998 
and 2002 that is also present in the ISBA model (Figure 2a) and therefore corresponds to a hydrological signal. 
After the correction with the ISBA model, the corrected time-series spectral content is reduced with one peak at 
5 years, a plateau between 8 and 14 years and the standard deviation of S2,2 is reduced by 32%.

Periods of 5.8 and 8.6 years have already been identified in the LOD time-series (Duan & Huang, 2020) and 
in CF models (Rosat & Gillet, 2023). These signals are then typically assumed to originate from CF processes. 
However, given the fit between the gravity variations and the ISBA hydrological model at similar periods 
(Figure 2a), the influence of surface processes on the LOD cannot be discounted. In a more general perspec-
tive, a 6-year oscillation appears to involve the whole Earth's system, a signal whose origin is still unexplained 
(Cazenave et al., 2023).

5. Results
Although surface processes contribute to a part of the corrected S2,2 time-series (Lecomte et al., 2023), it poten-
tially contains a signature of the IC reorientation. Figure 3 shows the temporal evolution of α implied by the 
corrected S2,2 time-series based on Equation 7b for δh values in the range 49–126 m (Davies et al., 2014). These α 
time-series are based on the assumption that all residual variations are attributable to the IC reorientation, which 
is unrealistic since a contribution from surface processes likely remains.

The corrected S2,2 time-series periodogram (Figure 2b) allows us to place upper bounds for three ranges of peri-
ods: the peak at 4 years with an amplitude of 2 × 10 −12, the peak between 5 and 6 years with an amplitude of 
7 × 10 −12, and the plateau between 8 and 12 years with an amplitude of 9 × 10 −12. For an assumed δh = 90 m, 
approximately the mid-point of the range 49–126 m, the corresponding upper bounds on α are 0.09°, 0.3°, and 
0.4°, respectively. These represent generous upper bounds because the corrected S2,2 time-series likely contain 
unremoved hydrological effects (Pfeffer et al., 2022). These upper bounds are summarized in Table 1, together 
with estimates from other observations; the upper bounds on α without applying the hydrological correction are 

significantly larger (first line of Table 1).

An upper bound on S2,2 translates to upper bounds on the combination of α 
and δh, as shown in Figure 4. The three colored curves represent the upper 
bound constraints for the same periods as those highlighted in Table 1. For a 
given period range and a choice of δh, S2,2 observations limit the upper bound 
of α to be below the shown curves. A smaller choice of δh allows for a larger 
α upper bound; conversely, a larger δh restricts α to a smaller upper bound.

6. Discussions and Conclusions
We present a new constraint on the amplitude of the IC axial reorientation 
angle α based on the observed time-variable gravity field S2,2 Stokes coeffi-
cient. Using the S2,2 time-series corrected for hydrology, α must be smaller 
than 0.09°, 0.3°, and 0.4° at periods of 4, 5–6, and 8–12 years, respectively. 
For a rigid IC, these correspond to maximum IC differential rotation rates of 
0.16° yr − 1, 0.31° yr −1, and 0.21° yr −1, respectively. These upper bounds on α 
assume a peak-to-peak (2,2) ICB topography of δh = 90 m and that no other 
processes contribute to the corrected S2,2 signal. Although we have reduced 
the hydrological contribution from the S2,2 series, it is likely that some 
hydrological effects remain (Pfeffer et al., 2022). Indeed, the C2,2 variation 

Figure 3. α time-series reconstructed from Equation 7b based on the 
corrected S2,2 variations (green) for different choices of δh (49, 90, and 126 m) 
and based on the S2,2 time-series uncorrected for hydrological loading with 
δh = 90 m (brown).
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amplitudes (Text S4 in Supporting Information S1) are not substantially different from those of S2,2, hinting that 
hydrological processes dominate the (2,2) observed gravity signal. If so, the true upper limits on α are smaller.

Our study is important in light of recent seismic inferences of the changes in α. Wang and Vidale (2022b) estimate 
a change of α = −0.1° between 1969 and 1971 and a change of α = 0.29° between 1971 and 1974. They further 
show that this matches the prediction reconstructed from the 6-year oscillation in LOD. In the hypothesis that 
the latter is purely due to IC-mantle gravitational coupling (Text S1 in Supporting Information S1), the inferred 
6-year fluctuation amplitude (α ≈ 0.2°) is below our derived upper bound, but would not be if more than one third 
of our corrected S2,2 series remains polluted by hydrology.

Another key factor to consider is the IC viscosity, allowing the ICB topography of the axially rotated IC to 
partly relax viscously back into an alignment with the gravitational potential imposed by mantle mass anomalies 
(Buffett, 1997). Mineral physics suggest viscosity values between 10 16 and 10 18 Pa s (e.g., Gleason & Mao, 2013; 
Ritterbex & Tsuchiya, 2020) and nutation observations values as small as 10 14 Pa s (Koot & Dumberry, 2011), 
much smaller than the mantle viscosity. This corresponds to a range of viscous relaxation timescales of 
τ = 0.002–20 years (Buffett, 1997). Ensuring that the IC-mantle gravitational coupling does not lead to decadal 
LOD changes that exceed observations yields an upper bound on τ of 1–6 years (Davies et al., 2014). Taking 
viscous relaxation into account, the bulk IC rotation (ϕ) is connected to the ICB topography change α by Equa-

tion 8. Our upper bounds for the bulk IC rotation are increased by a factor 
𝐴𝐴

√

(𝜔𝜔𝜔𝜔)
2
+ 1∕(𝜔𝜔𝜔𝜔) , where ω is the oscillation frequency. The upper bound on 

the bulk IC rotation can increase when ωτ is comparable to or smaller than 
1. For example, at a 6-year period, our upper bound is multiply by 1.4 for 
τ = 1 year, and by 9.6 for τ = 0.1 year.

Our study illustrates that the gravity signal of (2,2) offers a complementary 
way to reconstruct the IC differential rotation. Future improvements in the 
gravity record itself and in hydrological loading models will provide a more 
accurate S2,2 determination. Not only this will bring a firmer upper bound for 
α, but it may eventually enable to detect the actual time variations of α from 
gravimetry.

Acronyms
CMB Core-Mantle Boundary
CNES Centre National d’Études Spatiales
CSR Center for Space Research
EOF Empirical Orthogonal Functions
EOP Earth Orientation Parameters
GFZ German Research Centre for Geosciences
GIA Glacial Isostatic Adjustment
GRACE Gravity Recovery And Climate Experiment
GRACE-FO Gravity Recovery And Climate Experiment Follow-On

Observation

Period (years)

References4 5–6 8–12 20–30

IGG-SLR 0.7° 0.8° 0.6° This paper

IGG-SLR - ISBA 0.09° 0.3° 0.4° This paper

Zonal flows 0.018° 0.4° Gillet et al. (2021)

LOD 0.1°–0.7° 0.09°–0.6° Buffett and Creager (1999) and Davies et al. (2014)

Seismic rays 0.2° 0.8°–1.6° Tkalčić et al. (2013) and Zhang et al. (2005)

Note. The LOD estimate is built from Buffett and Creager (1999) theory and Davies et al. (2014) results, but is not reported in these studies.

Table 1 
Upper Bound Values of α Based on the S2,2 Time-Series and for δh = 90 m Compared With Estimates From Other Observations

Figure 4. Upper bounds on the combination of α and δh for periods of ∼4 
(orange curve), ∼6 (blue curve), and ∼12 (purple curve) years, based on 
the corrected S2,2 signal amplitudes (2 × 10 −12, 7 × 10 −12, and 9 × 10 −12, 
respectively). The brown dotted line corresponds to the assumption δh = 90 m 
used for the calculations shown in the legend and for the upper bounds on 
α given in Table 1. The hatched area corresponds to values of δh and α not 
allowed by the observed S2,2 signal.
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GRAZ Institute of Geodesy at Graz University of Technology
ICB Inner-Core Boundary
IERS International Earth Rotation and Reference System Service
ISBA Interaction Sol-Biosphère-Atmosphère
ISBA-CTRIP Interaction Sol-Biosphère-Atmosphère CNRM version of TRIP
LOD Length Of Day
SLR Satellite Laser Ranging
WGHM WaterGAP Global Hydrology Model

Data Availability Statement
GRACE and GRACE-FO missions are sponsored by the National Aeronautics and Space Administration and the 
Deutsches Zentrum für Luft-und Raumfahrt. GRACE and GRACE-FO Level-2 temporal solutions were obtained 
from icgem.gfz-potsdam.de for the IGG-SLR product (Löcher & Kusche, 2020b), COST-G (Meyer et al., 2020), 
and the GRAZ center (Mayer-Gürr et al., 2018). CSR center products were downloaded from the PO.DAAC Drive 
(CSR RL6.0, 2018). The ISBA-CTRIP model made by the “Centre National de Recherches Météorologiques” 
(CNRM) of Méteo-France has been provided by Bertrand Descharmes (Decharme et al., 2019).

Code Availability Statement: The Python 3.8 code used for this publication is based on a Github project by Tyler 
Tsutterley https://github.com/tsutterley/read-GRACE-harmonics, licensed under MIT (Sutterley,  2023). The 
adapted version can be found on https://github.com/hulecom/read-GRACE-harmonics repository. After instal-
lation of the library (adapted version) and download of the data, the Python notebook “GRL_Gravitational_
Lecomte2023b.ipynb” available in the repository allows to reproduce the figures of this article.
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