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Abstract We investigate how the radial profile 𝜎𝑚(𝑟 ) of the lower mantle electrical conductivity affects

the downward continuation of the time-varying magnetic field to the core surface and the resulting inverted

core motions. We compare core flow predictions to the length-of-day (LOD) with geodetic records, in order

to assess how plausible the considered conductivity profiles are. The core flow inverse problem, mixing the

information carried by single spherical harmonic magnetic coefficients, makes it non trivial to infer the delay

expected for LOD predictions. Our results indicate that the timescale characteristic of the mantle filter in the

low-frequency limit yields an integral measure of 𝜎𝑚(𝑟 ) allowing us to select admissible conductivity models.

Models of 𝜎𝑚(𝑟 ) inferred from magnetospheric and tidal sources over the satellite era involve mantle filter lags

less than a couple of months and provide the best fit to LOD variations. Other conductivity profiles constructed

based on mineralogical properties and iron partitioning inferred for deep mantle rocks (i.e., 𝜎𝑚 increasing from

a few S/m at 1200 km depth up to some tens of S/m ∼ 300 km above the core surface, with a more conducting

D” layer) are acceptable. A highly conducting layer of thickness 𝑂(10 km) or thinner cannot be excluded.

Non-technical summary The electrical conductivity 𝜎𝑚 of the lower mantle is poorly known, as

it is difficult to investigate with electro-magnetic studies using the magnetospheric field as a source. We use in-

stead core surface flow models inverted from magnetic observations, considering the impact of the mantle filter

on the magnetic signal originating from the core. We compare predictions to length-of-day (LOD) variations

from core flows with geodetic series, for various radial profiles of 𝜎𝑚 . The delay found between observed and

predicted LOD series at decadal and interanual periods is used to assess the admissibility of the conductivity

models. The best fit is found when considering 𝜎𝑚 as inverted from external sources. Presenting relatively

larger values in the lower mantle, 𝜎𝑚 inferred from mineralogical properties of deep mantle rocks is still ac-

ceptable. We cannot sense this way the conductivity of a lowermost mantle layer with a thickness of some

10 km.

1 Introduction
The global geodynamics is much influenced by the presence

of Large Low Velocity Provinces (LLVP) detected by seis-

mologists (e.g. Davaille and Romanowicz, 2020). Their ori-

gin (thermal and/or chemical) remains debated, with con-

straints brought by high pressure mineral physics combined

with seismic studies and geodynamical models (e.g. Ballmer

et al., 2016; Wang et al., 2021; Talavera-Soza et al., 2025). The

mantle electrical conductivity could be used as an extra con-

straint, since the iron content is a key ingredient for the com-

position of deep materials (Deschamps et al., 2012; Vilella et

al., 2021). However, sounding the electrical conductivity 𝜎𝑚
of the mantle is restricted by the longest period of the exter-

nal source variation. Using periods less than 6 months, the

conductivity model is most reliably determined to the depth

of ≈ 1200 km, where the conductivity reaches about 3 S/m,

and the uncertainty increases rapidly at larger depths (from

∗
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1 to 30, see for instance Grayver, 2024, Fig. 13). Constrain-

ing 𝜎𝑚 at greater depths requires to consider longer periods,

and possibly to account for more complex geometries of the

external source (e.g. Grayver et al., 2021; Martinec andVelím-

ský, 2022).

Backus (1983) developed a mantle filter theory to account

for a possible association between events extracted from

length-of-day (LOD) series and magnetic jerks, while Holme

and Viron (2013) argued for a low electrical conductivity of

the mantle as evidenced by the concomitance between jumps

in LOD (interpreted as jumps in core angular momentum)

and magnetic jerks. More generally, the dynamics within

Earth’s core may be considered to provide information about

𝜎𝑚 within the deep mantle. The reflection properties of tor-

sional Alfvén waves at the core equator (Schaeffer and Jault,

2016) are sensitive to the conductance of the mantle

(1)𝐺 =

∫𝑎

𝑐

𝜎𝑚(𝑟 )𝑑𝑟

(here restricted to a one-dimensional case with no lateral

variations), with 𝑐 = 3485 km the outer core radius and
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𝑎 = 6371.2 km the Earth’s reference radius. This result may

be generalized to non-axisymmetrical motions, using the

boundary conditions explicited by Firsov et al. (2023). Dumb-

erry and More (2020) explored a similar idea with a reduced

model for the fluid motions in the core affected by the con-

ductance 𝐺 through electro-magnetic (EM) coupling at the

core-mantle boundary (CMB). Sensing the deep mantle con-

ductance via the core dynamics should ideally rest on a com-

prehensive dynamical model of the fluid core in the presence

of a conducting mantle. Ultimately, simulating numerically

such a dynamics in the proper parameter regime (rapid rota-

tion, fluid viscosity much less than the magnetic diffusivity,

Alfvén time-scale much longer than the day) still requires

high performance computations.

Instead of a dynamical study, we consider here an alter-

native kinematic approach based on inverted core flows. In

comparison with time-stepping a hydromagnetic model of

the fluid core, it is easier to set up, and this avenue has not

been fully explored yet. We are interested in the sensitivity of

core surface motions, as inferred from magnetic data, to the

electrical conductivity 𝜎𝑚 of the mantle considered for the

downward continuation of the field at the Earth’s surface to

the bottom of the mantle. The overall goal of this study is to

attest if predictions to the LOD from core motions, once con-

fronted to geodetic observations, can be used as a criterion to

obtain bounds on 𝜎𝑚 . Our approach differs from previous at-

tempts conducted for instance by Holme (1998) or Gillet et al.

(2015), in the sense that these were all based on field models

downward continued assuming an insulating mantle.

The result of this experiment is not trivial, for several

reasons. First, in the case of a thick conductive layer, the

shape of the impulse response function 𝛾 (𝑡 ) characteristic of

the mantle filter shall vary with the profile 𝜎𝑚(𝑟 ) (e.g. Stix

and Roberts, 1984; Jault, 2015). 𝛾 (𝑡 ) furthermore depends on

the spherical harmonic degrees, presenting a decreasing de-

lays for increasing degree. Finally, the core flow is related

to changes in the magnetic field in a complex manner that

mixes all harmonic degrees through Gaunt-Elsasser integrals

(e.g. Roberts and Scott, 1965; Whaler, 1986). This compli-

cated state of affairs motivates the empirical experiment pre-

sented in this study.

We first present in §2 how we obtain models of the radial

magnetic field at the CMB in the case of a conducting mantle,

and the sensitivity of the magnetic solutions at the CMB to

the choice of a conductivity profile. We restrict ourselves to

the case where 𝜎𝑚 = 𝜎𝑚(𝑟 ) only depends on the depth (no

lateral variations). Next in §3 we recall the main lines of the

assimilation tool pygeodyn used to infer our flow solutions,

discuss the sensitivity of the LOD prediction from inverted

core flows, and analyse their delay w.r.t. the geodetic series,

at both decadal and interannual timescales. Finally in §4 we

conclude about bounds on the mantle electrical conductivity.

2 Magnetic solutions at the core sur-
face for a conducting mantle

We only provide here the main lines of the reconstruction

of the core surface field, knowing the magnetic field at the

Earth’s surface. We solve below a problem similar to that

addressed by Hagedoorn and Martinec (2015), although we

use here a different mathematical and numerical formula-

tion. While in Hagedoorn and Martinec (2015) the primary

variable is the toroidal magnetic potential, here it has been

expressed in terms ofmagnetic induction vector. This change

is motivated by the possible future exploration of three-

dimensional induction models, although we resort here to

one-dimensional models, for which the two approaches have

been benchmarked to one another. A significant difference

between the two approaches concerns the radial discretiza-

tion, which should be significantly thinner (at least 10 times)

for calculations based on the toroidal potential, in compari-

sonwith those relying on themagnetic induction vector. The

full description of the method shall be provided soon in a

dedicated study.

2.1 The boundary-value problem

We resort below to spherical coordinates (𝑟,𝜃,𝜙). In the gen-

eral case where 𝜎𝑚 ̸= 0, the magnetic field at the core surface

cannot be downward continued from surface observations as

a solution of Laplace equation ∇2𝑉 = 0. Since electrical cur-

rents flow into the mantle, ∇×𝑩 ̸= 0 and the magnetic field

vector 𝑩 does not derive from a potential𝑉 . Instead one has

to solve a boundary value problem: we search for the mag-

netic field at the core surface (𝑟 = 𝑐), knowing the values of

a potential field at the Earth’s surface (𝑟 = 𝑎), given a profile

for 𝜎𝑚(𝑟 ). We then have to solve for the diffusion equation

in the volume of the mantle,

𝜕𝑡𝑩 +

1

𝜇
∇×

(
1

𝜎𝑚(𝑟 )
∇×𝑩

)
= 0 , for 𝑐 ≤ 𝑟 ≤ 𝑎 , (2)

where 𝜇 is the magnetic permeability of free space, subject

to boundary constraints. Eq.(2) represents our forward prob-

lem, for a field provided at the core surface.

We decompose the magnetic field in the mantle into its

toroidal 𝑩𝑇 and poloidal 𝑩𝑃 components, and distinguish

between the internal 𝑩(𝑖)
and external 𝑩(𝑒)

parts. We note

𝑿𝐻 = 𝒏×𝑿 the component of 𝑿 tangential to a boundary,

with 𝒏 the unit vector normal to the boundary. Physically,

the three components of the magnetic field have to be con-

tinuous at the Earth’s surface. There, the field in the mantle

attaches to a potential field external to the Earth. We restrict

ourselves to a case with no currents external to the Earth.

The considered boundary constraints are then:

(i) The external field vanishes above the Earth’s surface:

𝑩(𝑒)
= 0 for 𝑟 ≥ 𝑎 . (3)

(ii) The magnetic field is attached to a potential 𝑉 at the

Earth’s surface (see §2.2), or vanishing toroidal field:

𝑩𝑇 = 0 at 𝑟 = 𝑎 . (4)

(iii) The horizontal parts 𝑩𝐻 and 𝑬𝐻 of the magnetic and

electric fields are continuous at the Earth’s surface

[𝑩𝐻 ]𝑎+

𝑎− = [𝑬𝐻 ]𝑎+

𝑎− = 0 at 𝑟 = 𝑎 , (5)

where [𝑿 ]𝑎+

𝑎− denotes the jump of a vector 𝑿 accross

𝑟 = 𝑎 (assuming no surface currents and a homogeneous

magnetic permeability).
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(iv) A Dirichlet boundary condition applies at the core sur-

face:

𝑩𝐻 = 𝑩 |𝑟=𝑐 (𝑡 ) at 𝑟 = 𝑐 . (6)

Note that 𝑩 |𝑟=𝑐 (𝑡 ) prescribed as the entry of the forward

problem (2) is the sum of an internal field (the dynamo

field from the core) and of a field external to the core,

induced in the mantle.

2.2 Numerical implementation and inverse
problem

The field is represented via vector spherical harmonics with a

cut-off degree 𝑁 = 14. The radial segment [𝑐,𝑎] is subdivided

into𝐾 = 240 finite elements. This generates a total number of

𝑃 =𝑁 (𝑁 +2)(4𝐾 +3) = 215,712 variables for the forward prob-

lem. The term describing 𝑩 |𝑟=𝑐 (𝑡 ) at the bottom boundary

is approximated by a projection on order 6 B-splines, with

knots every 2 yr.

We prescribe the field at the surface, as inferred frommag-

netic data with field models, and search for the core field at

the CMB using an adjoint approach (Hagedoorn and Mar-

tinec, 2015). The potential magnetic field 𝑩𝑃 = −∇𝑉 for 𝑟 ≥ 𝑎
is defined via the potential

(7)
𝑉 (𝑟,𝜃,𝜙,𝑡 ) = 𝑎

𝑁∑︁
𝑛=1

(𝑎
𝑟

)𝑛+1
𝑛∑︁

𝑚=0

(
𝑔𝑚𝑛 (𝑡 ) cos(𝑚𝜙)

+ ℎ𝑚𝑛 (𝑡 ) sin(𝑚𝜙)

)
𝑃𝑚𝑛 (cos𝜃 ) ,

with 𝑔𝑚𝑛 and ℎ𝑚𝑛 the Schmidt semi-normalized Gauss coeffi-

cients, and 𝑃𝑚𝑛 the associated Legendre functions. Since we

restrict ourselves to 1-dimensional conductivity profiles (see

below), the solution to the boundary value problem can be

sought separately for all Gauss coefficients, as they are de-

coupled from one another within Eq. (2).

We consider here two potential field models 𝑩𝑜𝑏𝑠
cover-

ing the XXth century as well as the satellite era, namely

Kalmag (Baerenzung et al., 2022) and COV-OBS-x2 (Huder

et al., 2020), over the time-span [𝑡𝑖 , 𝑡𝑒] = [1900,2020]. Both

models are provided as an ensemble of realizations, which

allows us to provide uncertainties on the flow models, thus

on the LOD predictions and their associated diagnostics: the

correlation, lag and coherence w.r.t. geodetic LOD data (see

§3.2). Using two different models allows us to further mea-

sure the sensitivity of our findings to the field model consid-

ered as an entry for our protocol. The two models are built

using an a priori assumption on the core field from auto-

regressive processes of order 2, i.e. once differential main

field (MF) series. Their temporal representations differ much

since Kalmag is based on a sequential approach, while COV-

OBS-x2 is projected onto cubic B-splines. They follow rather

different modeling strategies regarding external and induced

fields. COV-OBS-x2 assumes an insulating mantle, with the

core responding to external dipole field variations as a per-

fectly conducting solid. Due to its temporal projection onto

splines with 2 yr knot spacing, it is restricted to field vari-

ations longer than ≈ 3 yr. KALMAG does not account for a

conductivity profile, but assumes an extra internal source a

priori independent of the magnetospheric source and behav-

ing with a restoring timescale commensurate with the day

(see Table 3 in Baerenzung et al., 2022). This source accounts

for both induced and ionospheric sources, which cannot be

unambiguously separated given the distribution of available

magnetic data. Together with their estimation of the mag-

netospheric field, it leads to an a posteriori estimate for an

equivalent Q-response (see their Fig. 11).

The data𝑩𝑜𝑏𝑠
(𝑡 ) are smoothed by projecting onto the same

B-splines as for the CMB solution we search for. This sim-

plification is operated in order to reduce the temporal com-

plexity, as solving for the diffusion equation (2) backward is

by nature unstable. Considering knots every 2 yr still allows

to describe the transient signals of period about 6 yr that are

responsible for pulses in the second time-derivative of the

field (e.g. Chulliat and Maus, 2014; Kloss and Finlay, 2019),

and interpreted as the signature of hydro-magnetic waves in

the core (Gillet et al., 2022; Gillet et al., 2024). These signals

are potentially important for our purpose, as a large fraction

of subdecadal oscillations detected in the LOD series (Holme

and Viron, 2013; Duan and Huang, 2020; Ding et al., 2021)

have been found to originate from fluid motions in the core

(Istas et al., 2023; Rosat and Gillet, 2023).

Unknown parameters entering the bottom condition (6)

are stored in a vector p𝑘 at iteration 𝑘 . The solution is sought
iteratively and the distance to the data is measured via a mis-

fit function

(8)

𝜒2
(p𝑘 ) =

1

4𝜋 (𝑡𝑒 − 𝑡𝑖 )

∫𝑡𝑒

𝑡𝑖

∫
Σ𝑎

[
𝒏 × 𝑩𝑜𝑏𝑠

(𝑡 )

− 𝒏 × 𝑩𝑘 (𝑡 )

]
2

sin𝜃d𝜃d𝜙d𝑡 ,

where Σ𝑎 denotes the Earth’s surface and 𝑩𝑘 is the magnetic

field predicted from the model parameters entering p𝑘 . The
misfit is minimizedwith a conjugate gradientmethod, within

which the model parameters p𝑘 are updated. It is based

on the adjoint of the misfit, calculated by an adjoint-state

method. The iteration process is initialized based on p0 the

harmonic downward continuation of surface data through an

insulatingmantle. Note that the solution is extended 15 years

both before 𝑡𝑖 and after 𝑡𝑒 , in order to mitigate the impact of

edges effects.

This inverse problem is not well conditioned, because the

magnetic field decreases with increasing distance from its

source (the core). There are many possible solutions that

would match the observed field at 𝑟 = 𝑎, just because the dif-

fusion equation upward (propagation of the field from the

CMB to the surface) tends to smooth short time-scales (e.g.

Jault, 2015). We measure the complexity of the solution at

the CMB at the 𝑘-th iterate through the norm of its time-

derivative (or secular variation, SV)

(9)𝐿2

𝑆𝑉 (p𝑘 ) =

1

4𝜋 (𝑡𝑒 − 𝑡𝑖 )

∫𝑡𝑒

𝑡𝑖

∫
Σ𝑐

[
𝒏 × 𝜕𝑩𝑘

𝜕𝑡

]
2

sin𝜃d𝜃d𝜙d𝑡 ,

where Σ𝑐 denotes the CMB. We show in Fig. 1 one exam-

ple of trade-off curve that represents 𝐿2

𝑆𝑉
as a function of 𝜒2

throughout the iterative process. The solutions considered

below corresponds to the 10
𝑡ℎ
iterate. This choice, somewhat

arbitrary, is performed to get solutions slightly rougher than

what the knee of the trade-off curve would suggest, in order

to avoid a too smooth model. We actually do not have access

to the level of temporal complexity of the field at the CMB,

which would require a dedicated study based on high perfor-

mance geodynamo simulations in the presence of a conduct-

ing mantle.
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Figure 1: Trade-off curve for several Gauss coefficients in case𝐶 . It represents the norm 𝐿2

𝑆𝑉
as a function of the misfit 𝜒2

(both initialized

to their initial values for 𝑘 = 0) throughout the iterative process (from the bottom right to top left in all subplots). In red the position of the

10th iterate, chosen for the purpose of this study.

2.3 1-D conductivity profiles and associated
impulse response functions

The conductance𝐺 defined by Eq. (1) is an integral quantity

commonly used to measure the electrical conductivity of the

mantle. However, it does not measure unambiguously how

the radial distribution 𝜎𝑚(𝑟 ) possibly affects the mantle filter.

One may instead consider the time-scale

(10)𝜏∞ =

1

2

(∫𝑎

𝑐

√︁
𝜇𝜎(𝑟 )d𝑟

)
2

derived in the high frequency approximation (Stix and

Roberts, 1984), or alternatively the times

𝜏0(𝑛) =

∫∞

0

𝑡𝛾 (𝑡 )d𝑡 and 𝜏𝑠 (𝑛) =

[∫∞

0

(𝑡 −𝜏0)
2𝛾 (𝑡 )d𝑡

]
1/2

(11)

introduced by Backus (1983) to describe the mantle filter in

the low frequency limit. The former 𝜏0 measures the delay,

while the latter 𝜏𝑠 characterizes the smoothing impact. Both

decrease with the harmonic degree 𝑛. Characterizing the

mantle filter via 𝜏0(𝑛) is supposedly relevant when consid-

ering field changes on time-scales longer than 𝑂(𝜏∞), while

this latter is appropriate on shorter periods where the pen-

etration of magnetic variations into the mantle depends on

the frequency.

Figure 2: Radial profiles of the mantle electrical conductivity

𝜎𝑚(𝑟 ) for the various cases 𝐴 to 𝐹 considered in this study. See

text for details.

We consider here several profiles 𝜎𝑚(𝑟 ), shown in Fig. 2.

They correspond to conductances varying from 7 × 10
6
to

3× 10
8
S, with either thick layers of constant conductivity

(cases𝐵 and𝐶) or amore gradual increase of the conductivity
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𝐴 𝐵 𝐶 𝐷 𝐸

𝐺 [S] 7.1×10
6

6.0×10
7

3.0×10
8

1.6×10
8

7.7×10
7

𝜏∞ [yr] 0.32 2.02 6.01 1.21 1.84

𝜏0(𝑛 = 1) 0.28 3.88 8.20 0.59 1.59

𝜏0(𝑛 = 4) 0.16 1.31 4.98 0.46 0.52

𝜏0(𝑛 = 7) 0.10 0.80 3.48 0.41 0.42

𝜏0(𝑛 = 11) 0.07 0.52 2.35 0.38 0.33

𝜏𝑠 (𝑛 = 1) 0.22 2.93 6.62 0.55 1.23

𝜏𝑠 (𝑛 = 4) 0.12 0.95 3.84 0.38 0.29

𝜏𝑠 (𝑛 = 7) 0.08 0.53 2.44 0.33 0.23

𝜏𝑠 (𝑛 = 11) 0.08 0.32 1.43 0.26 0.22

Table 1: Conductance (in S) and several characteristic timescales (in yr) for the cases 𝐴 to 𝐸 considered in this study. See text for details.

with depth (cases𝐴,𝐷 and 𝐸). Model𝐴 results from an EM in-

duction study from above, using jointly the magnetospheric

𝑄-responses and the𝑀2 tidal signal, from ground-based and

satellite measurements. It corresponds to the ‘joint’ model

of Fig. 7 from Kuvshinov et al. (2021). In the deeper 1000 km

of the mantle, it reaches conductivity values up to ≈ 4.5 S/m,

with enhanced posterior uncertainties. Its overall conduc-

tance𝐺𝐴 is less than 10
7
S, and this model can be considered

as a lower bound on 𝜎𝑚(𝑟 ).

Alternatively we shall consider model 𝐸, which follows

recent estimates of mantle electrical conductivity (see Mar-

tinec, 2025), with a conductance 𝐺𝐸 ≃ 7.7 × 10
7
S. The ra-

dial conductivity model by Grayver et al. (2017) defines 𝜎𝐸
up to the depth of 1000 km, but we know little about the

conductivity of the deeper mantle. The radial dependence

of 𝜎𝐸 , at greater depths, is tentatively estimated on the base

of the thermal and composition structure of the mantle and

the electrical conductivity data for the major lower mantle

minerals (bridgmanite and ferropericlase). It should be noted

that for both minerals, electrical conductivity has been mea-

sured, for various Fe contents, only for a limited number of

high temperature and high pressure conditions, typically by

holding one variable constant while varying the other. For

ferropericlase we refer to Dobson and Brodholt (2000) (up

to 3500 K and 32 GPa), Yoshino et al. (2011) (600 K, 53 GPa)

and Ohta et al. (2014) (2100 K, 140 GPa). For bridgmanite see

for instance Sinmyo et al. (2014) (along adiabatic geotherm,

up to 88 GPa), Yoshino et al. (2016) (2000 K, 28 GPa), Liu et

al. (2018) (300 K, 65 GPa), and Lobanov et al. (2021) (4300 K,

135 GPa). However, the available datasets remain sparse and

are often restricted to specific Fe concentrations and experi-

mental conditions, so a comprehensive systematic coverage

is lacking. For this reason, we adopt the method proposed by

Deschamps and Khan (2016), which relies on radially varying

iron partitioning modelled using a thermodynamically con-

sistent software framework, primarily developed by Stixrude

and Lithgow-Bertelloni (2024) – we considered the red line

in their Figure 12a. We modify the approach by Deschamps

and Khan (2016) such that the iron partitioning in pyrolitic

lower mantle follows recent results on the amount of iron,

whose valence and spin state affect the electrical conductiv-

ity of the lower mantle (e.g. Xu et al., 2017; Kaminsky and

Lin, 2017; Piet et al., 2016, and the references therein). The

conductivity of the aggregate composed of bridgmanite and

ferropericlase is estimated by the Voigt–Reuss–Hill average

(Hill, 1963). Model𝜎𝐸 additionally contains a high conductiv-

ity 300 km thick D” layer above the CMB according to Ohta

et al. (2008).

In order to illustrate the impact of a thin and highly con-

ductive layer at the base of the mantle, we also investigate

model 𝐷 , where the conductivity profile 𝜎𝐷 (𝑟 ) is divided in

4 layers of uniform conductivity. Introduced by Hagedoorn

and Martinec (2015), it broadly summarizes the results of

EM induction studies estimating 𝜎𝑚(𝑟 ) based on time vari-

ations of the magnetic field of external origin. This model

also considers a thin conducting layer of thickness 100 km

at the bottom of the mantle where 𝜎𝑚 = 1500 S/m, such that

𝐺𝐷 ≃ 1.6×10
8
S. This is in agreement with some experimen-

tal estimates of the electrical conductivity for several miner-

als at high pressure, high temperature (transition from per-

ovskite to post-perovskite, see Ono et al., 2006; Ohta et al.,

2010).

We finally also consider two ‘toy’ conductivity profiles.

The one of model 𝐵 presents a uniform layer of thickness

1700 km and conductivity 35 S/m, so that its conductance

𝐺𝐵 = 6×10
7
S is comparable to that of model 𝐸. Both models

also present similar values of 𝜏∞. Considering Model 𝐵 will

be useful to assess which of the various integral measures of

𝜎𝑚(𝑟 ) is relevant for our purpose. Model𝐶 is also built in two

layers of uniform conductivity. A wide layer above the CMB,

of thickness 1000 km, and conductivity 300 S/m, governs its

conductance 𝐺𝐶 = 3× 10
8
S. We use it as an extreme case,

which will clearly illustrate the impact of 𝜎𝑚(𝑟 ) on both the

magnetic signal and the LOD predictions.

We recall in Table 1 the conductance values of the above

models, together with the values for the associated times

𝜏∞,𝜏0 and 𝜏𝑠 (the latter two for several harmonic degrees). 𝜏∞
ranges from a few months in cases 𝐴 up to 6 years in case𝐶 ,

presenting respectively the lowest and highest conductance

values. For each considered profile 𝜎𝑚(𝑟 ), 𝜏0(𝑛) is compara-

ble to 𝜏𝑠 (𝑛) (actually slightly longer). For the two cases 𝐵 and

𝐶 presenting a thick layer of constant conductivity, 𝜏∞ lays

between 𝜏0(1) and 𝜏0(4). Conversely, for cases𝐴,𝐷 and 𝐸 pre-

senting a more gradual increase of 𝜎𝑚(𝑟 ) with depth, 𝜏0(1) is

shorter than 𝜏∞. In this respect, model 𝐵 contrasts model 𝐸,

despite comparable conductance values around 7×10
7
S.

We investigate below the impulse response function 𝛾 (𝑡 )

characteristic of the filter associated with the mantle con-

ductivity profiles (leaving aside the geometric attenuation).

It is calculated here for harmonic degrees 𝑛 = 1,4,7 and 11

for the cases 𝐴 to 𝐸, according to Section 3.2 in Jault (2015).

For discontinuous models 𝜎𝑚(𝑟 ), the solution 𝛾 (𝑡 ) is obtained
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Figure 3: Impulse response functions for harmonic degrees 𝑛 = 1

(full lines), 4 (dotted lines), 7 (dashed line) and 11 (dash-dotted), in

the several cases 𝐴 to 𝐸 considered in this study, with time in units

𝜏∞. The curves have been shifted vertically to improve clarity.

by subdividing the mantle in shells of continuous conductiv-

ity profile, then combining the solutions from all sub-layers.

We first present in Fig. 3 𝛾 (𝑡 ) with the time 𝑡 in units of 𝜏∞.

Functions have been normalized so that

∫∞

0

𝛾 (𝑡 )d𝑡 = 1. In all

cases the average delay comes down to a fraction of 𝜏∞, and
decreases with increasing harmonic degree. The shape of

𝛾 (𝑡 ) depends on the considered profile 𝜎𝑚(𝑟 ). 𝛾 (𝑡 ) is relatively

wider (i.e. flatter and with a longer tail) for model 𝐶 with a

thick uniform layer of thickness 1000 km. In comparison, the

impulse response appears sharper in cases 𝐴 and 𝐸. Despite

presenting similar values of 𝜏∞, models 𝐵 and 𝐸 show distinct

impulse response functions, which are sharper for model 𝐸.

However, 𝜏∞ does not necessarily vary monotonically with

the conductance. For instance, 𝜏∞ is shorter in case𝐷 than in

case 𝐸 despite a larger conductance, in relation with the high

conductivity thin layer near the CMB in case 𝐷 (see Fig. 2).

Once scaled in years, the impulse response functions are

maximum at a delay spanning from some tens of days (case

𝐴) to a couple of years (case𝐶), as illustrated in Fig. 4. The ex-

trema in 𝛾 (𝑡 ) are of the order of a couple of months to almost

one year in the intermediate cases 𝐵,𝐷 and 𝐸 with a conduc-

tance around 10
8
S, depending on the model and harmonic

degree 𝑛. This representation illustrates the amplitude of the

expected delay in the radial SV at the core surface. Mean-

while, since functions 𝛾 (𝑡 ) expand forward with wide tails,

and because the forward operator entering the core flow in-

verse problem mixes all length-scales, it is not trivial a priori

to translate delays seen in 𝛾 (𝑡 ) into a shift between the ob-

served and predicted LOD series. This motivates the tests

performed in section 3.1.

Figure 4: Impulse response functions for harmonic degrees 𝑛 = 1

(top left), 4 (top right), 7 (bottom left) and 11 (bottom right), in the

cases 𝐴 to 𝐸 considered in this study, with time in years and the

x-axis on a log scale.

2.4 Comparison of the downward continued
secular variation and secular accelera-
tion models

We illustrate here the impact of the choice for 𝜎𝑚(𝑟 ) on the

geomagnetic signal, in terms of MF, SV and secular accel-

eration (or SA, the second time derivative of the MF). We

give in Table 2 the r.m.s. difference over the CMB between

cases 𝐵 to 𝐸 and case 𝐴, averaged over the time span 1960–

2020, for those three quantities. The starting date is chosen

to focus on the era with enhanced observational constraint,

following the growing number of ground observatories after

the international geophysical year in 1958, and the advent of

proton magnetometers (e.g. Matzka et al., 2010). Fields have

been truncated to spherical harmonic degree 𝑛 = 10, in order

to mitigate the impact of the finite spatial resolution, con-

sequence of the imperfect distribution of modern observato-

ries (see Fig. 5 in Baerenzung et al., 2022). The comparison

is performed for the COV-OBS-x2 model. We would come

to similar conclusions with the Kalmag model. Because the

geomagnetic field evolution is dominated by long periods,

the relative changes for the MF are weak: less than 1% for

cases 𝐵 and 𝐸, 1.8% for case 𝐷 and only up to 2.7% for case

𝐶 presenting the largest conductance. All values have been

normalized using the r.m.s. of case 𝐴 over the same times-

pan. As expected, r.m.s. difference are increased when time-

differentiating. For the SV it is less than 10% for cases 𝐵,𝐷

and 𝐸, but up to 26% for case 𝐶 . Changes within the various

flow models (and the associated LOD) inverted from vari-

ous conductivity profiles will thus essentially derive from the

sensitivity of the SVmodel at the CMB to the mantle conduc-

tivity, through the induction equation (12). R.m.s. differences

are further enhanced for the SA, reaching 100% in case 𝐶 . It

is around 35–40% for cases 𝐵 and𝐷 , and less than 30% in case

𝐸. As illustrated below, this strong impact results from the

mantle filter lag and smoothing, whose effects are more vis-

ible on short periods. We recall that we do not have access

to an instantaneous measure of the field changes, but rather

a low-pass filtered vision of them, due to the projection on
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𝐴−𝐵 𝐴−𝐶 𝐴−𝐷 𝐴−𝐸
MF [%] 0.7 2.7 1.8 0.8

SV [%] 7.0 26.2 9.6 6.4

SA [%] 36.7 108.7 38.5 27.8

Table 2: r.m.s. of the difference between the radial component of

model 𝐴 and models 𝐵 to 𝐸, for the MF, the SV and the SA at the

CMB. Models have been truncated to spherical harmonic degree 10.

Values are given in % of the r.m.s. radial MF, SV and SA for model

𝐴, and have been averaged over the timespan 1960–2020.

splines with 2 yr knot spacing. This is enough to capture the

signal of period around 6 yr at the origin of SA pulses (Chul-

liat and Maus, 2014; Soloviev et al., 2017; Kloss and Finlay,

2019).

We show in Fig. 5 some examples of SV Gauss coefficients

series obtained from COV-OBS-x2 for the various conduc-

tivity models 𝐴 to 𝐸. We note d𝑔𝑚𝑛 /d𝑡 (resp. dℎ𝑚𝑛 /d𝑡 ) the

Schmidt semi-normalized SV coefficient of degree 𝑛 and or-

der𝑚 with a longitudinal phase in cos𝑚𝜙 (resp. in sin𝑚𝜙).

These are compared with the original COV-OBS-x2 field

model they derive from at 𝑟 = 𝑐 . The SV for case 𝐴 (weakest

conductance) almost superimposes with the original model

for all harmonic degrees, as expected. The largest difference

is seen for case 𝐶 (strongest conductance), with a delay as

large as about 5 yr for the lowermost degrees, while the in-

terannual to decadal oscillations are amplified. The decay

falls to ≈ 2 yr for 𝑛 = 7, and becomes insignificant for de-

gree 11 (well within the uncertainty level associated with the

COV-OBS-x2 SV model). These observations are in agree-

ment with the impulse functions from Fig. 4. Gauss coeffi-

cient series for models obtained in cases 𝐵,𝐷 and 𝐸 with in-

termediate conductance values are at first sight close to the

original field model. Nevertheless, some of the oscillations

appear slightly smoothed, and for some coefficients delays

up to at most 2 yr are seen for the lowermost degrees.

We present in Fig. 6 one snapshot in 1970 of the radial

SV of internal origin inverted at the CMB for case 𝐴, and

for the differences to cases 𝐵 to 𝐸. This epochs is chosen

as it is close to an intense jerk with a localized origin at the

CMB (see Blangsbøll et al., 2022). The amplitude of the SV

change overall increases for increasing conductances: up to

∼ 1 𝜇T/yr for cases 𝐵,𝐷 and 𝐸, while it is as large as ∼ 3 𝜇T/yr

for case 𝐶 . Changes in cases 𝐵 and 𝐶 (the two cases with

a thick layer of uniform conductivity) present broadly sim-

ilar patterns, with a decreasing magnitude from case 𝐶 to

𝐵. Some of the intense patterns seen in the SV change par-

allel the largest patterns in the SV map for model 𝐴, with

some geographical drift: Southward under the Eastern coast

of North America, and under South-Africa. This is consistent

with an overall backward delay of the SVwith respect to case

𝐴. In some other regions, the situation is a bit more com-

plex to decipher, as for instance under Indonesia and Aus-

tralia, where we find significant changes in SV for all models

whereas the SV itself is not the largest. In comparison with

the thick layer cases, the geometry of the change in SV is dif-

ferent for models 𝐷 (thin conducting layer at the bottom of

the mantle) and 𝐸 (gradual decrease of the conductivity from

the CMB upward). In case 𝐸 changes are stronger below In-

donesia, South-Africa and Northern America (as for cases 𝐵

and𝐶), while in case𝐷 they are spread all over the CMB. Un-

Figure 5: Some examples of SV Gauss coefficient series at the

core surface for the conductivity profiles 𝐴 to 𝐹 considered in this

study, calculated from the COV-OBS-x2 fieldmodel (in dashed black

curves). Grey shaded areas indicate the uncertainties (±1𝜎) esti-

mated from the ensemble of SV field model coefficients.

der Australia and South-Africa, the stronger patterns in SV

change are almost anti-correlated between models (𝐸,𝐷) on

the one side, and (𝐵,𝐶) on the other side. This is the conse-

quence of the various shapes for the impulse response func-

tion as a function of the degree, obtained when varying the

conductivity profile.

In Fig. 7 we show the radial SA at the CMB for case 𝐴

in 2016.5, period of a SA pulse, as well as the differences

w.r.t. the other models. The differences w.r.t. case 𝐴 present

similar patterns in the two cases 𝐵 and 𝐶 based on two lay-

ers of uniform conductivity. The strongest features are con-

centrated where the SA is itself strong, for instance at low

latitudes in the Western hemisphere, or at high Northern

latitudes. The stronger difference is seen with cases 𝐶 (the

stronger considered conductance), and gives rise to ∼ 100%

relative error. SA differences for case 𝐸 are concentrated un-

der Central America, and are slightly weaker than in case

𝐵 for comparable values of the conductance and of 𝜏∞. In

case 𝐷 , SA differences w.r.t. case 𝐴 are more distributed

over the CMB, as already observed for the SV, with an am-

plitude similar to that seen with case 𝐸. The above analysis
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a) case 𝐴 d) 𝐵−𝐴 c) 𝐶 −𝐴

d) 𝐷 −𝐴 e) 𝐸 −𝐴

Figure 6: Radial SV 𝜕𝑡𝐵𝑟 at the CMB inverted from COV-OBS-x2 in 1970 (in 𝜇T/yr) for the model 𝐴 (a), and differences between SV maps

respectively calculated for models 𝐵 to 𝐸 and model 𝐴 (b to e). Note the different colorscales.

illustrates how the deep mantle conductivity potentially af-

fects the morphology of transient field changes, which have

been associated with major dynamical processes such as the

evolution of the polar vortex (e.g. Livermore et al., 2020) or

the propagation of hydromagnetic waves (Gillet et al., 2022;

Grüne et al., 2025).

3 Inferred core motions and length-
of-day changes when accounting
for a conducting mantle

3.1 Flow estimates
For the configurations𝐴 to 𝐸 listed above, we get a variety of

models for the radial component 𝐵𝑟 (𝑡 ) of the dynamo mag-

netic field at the CMB (i.e. the internal field in 𝑟 = 𝑐). These

are restricted to the large length-scale part, as denoted by

overlines, meaning here the projection on spherical harmon-

ics of degree 𝑛 ≤ 𝑁𝐵 = 13. We recover the horizontal core

surface motions 𝒖𝐻 by inverting the radial component of the

induction equation in 𝑟 = 𝑐 ,

(12)𝜕𝑡𝐵𝑟 = −∇ ·
(
𝒖𝐻𝐵𝑟

)
+ 𝑒𝑟 ,

using the pygeodyn tool for geomagnetic data assimilation

(Huder et al., 2019). Here 𝑒𝑟 means the errors of representa-

tiveness, that incorporate both magnetic diffusion (inacces-

sible frommagnetic data as they require the radial derivative

of 𝐵𝑟 ), and the subgrid processes due to the truncation of 𝒖𝐻
and 𝐵𝑟 in the spectral domain (see Gillet et al., 2019). Eq. (12)

is coupled to multivariate, linear, auto-regressive stochastic

equations of order 1 for 𝒖𝐻 and 𝑒𝑟 , whose parameters are

anchored to dynamo simulations (presently the 71p dynamo

of Aubert and Gillet, 2021). All fields entering the forward

problem, as well as MF and SV magnetic observations, are

represented with a projection onto spherical harmonics. The

core surface flow is truncated at degree 𝑁𝑈 = 18.

The pygeodyn tool is constructed as an augmented state

ensemble Kalman filter, within which the trajectory of an en-

semble of 𝑁 𝑒
= 400 realizations

{
𝐵
𝑘

𝑟 ,𝒖
𝑘
𝐻
,𝑒𝑘𝑟

}
𝑘∈[1,𝑁 𝑒

]

is fore-

casted and analyzed sequentially. In our set-up, each real-

ization for 𝐵
𝑘

𝑟 (𝑡 ) is obtained by noising the field model in-

verted at the CMB for a given conductivity profile. To this

purpose we add for each 𝑘 the difference between one re-

alization of COV-OBS-x2 (resp. Kalmag) and the ensemble

average COV-OBS-x2 (resp. Kalmag) model, as provided by

Huder et al. (2020) (resp. Baerenzung et al., 2022). We use

the pygeodyn version as implemented by Istas et al. (2023),

where the Graphical-Lasso is considered in the empirical es-

timation of the forecast covariance matrix, with the parame-

ter 𝜆𝐺−𝐿𝑎𝑠𝑠𝑜 = 0.1. The re-analysis is performed starting from

1900, with analyses performed every 6 months and a forecast

time-step of 2 months.

We show in Fig. 8 some examples of zonal and non-zonal

core flow coefficients. We restrict our analysis to equatori-

ally symmetric coefficients, which dominate the flow since

the model dynamics is imprinted by the quasi-geostrophic

constraint inherent to the rapidly rotating geodynamo. We

note
𝑐𝑡𝑚𝑛 (resp.

𝑠𝑡𝑚𝑛 ) the Schmidt semi-normalized toroidal

flow coefficient of degree 𝑛 and order𝑚 with a longitudinal

phase in cos𝑚𝜙 (resp. in sin𝑚𝜙). Consequence of the delay

observed for the lower degree SV coefficients at large con-

ductance values, flow series are also backward shifted. For

the largest considered conductance (case 𝐶), oscillations are

also slightly magnified (see for instance
𝑐𝑡2

7
).
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a) case 𝐴 d) 𝐵−𝐴 c) 𝐶 −𝐴

d) 𝐷 −𝐴 e) 𝐸 −𝐴

Figure 7: Radial SA 𝜕2𝐵𝑟 /𝜕𝑡
2
at the CMB inverted from COV-OBS-x2 in 2016.5 (in 𝜇T/yr2) for the model 𝐴 (a), and differences between SA

maps respectively calculated for models 𝐵 to 𝐸 and model 𝐴 (b to e). Note the different colorscales.

3.2 Length-of-day and associated diagnos-
tics

We investigate below how the choice of conductivity pro-

file 𝜎𝑚(𝑟 ) impacts the LOD predicted from core surface flow

models, and its confrontation to geodetic records. The fluid

core contribution to LOD changes is estimated under the as-

sumption that zonal motions are invariant along the rotation

axis (geostrophy), assuming that the solid inner core rotates

with the fluid (whose moment of inertia is in any case much

smaller than that of the fluid core). In this case, the LOD pre-

diction comes down to a linear combination of zonal flow co-

efficients, dominated by
𝑐𝑡0

1
(𝑡 ) and 𝑐𝑡0

3
(𝑡 ) (see Jault and Finlay,

2015, eq. 101). An evaluation of the geostrophic assumption

has been carried out from one advanced geodynamo simula-

tion (Schwaiger et al., 2024). It shows a nice agreement over

a broad range of timescales, with an error of the order of 10%

in magnitude for the periods considered in this study (see

their Fig. 10).

LOD observations are built from the concatenation of the

occultation series Lunar97 (Gross, 2001) together with the

C04 series obtained from GNSS and VLBI data (Bizouard

et al., 2019), once cleaned for atmospheric and tidal effects

when available. Other corrections are ignored either because

their estimate is tiny and uncertain (as for oceans) or be-

cause they tend to cancel each other as for land surface water

and sea level (see Rosat and Gillet, 2023). A linear trend of

1.78 ms/cy has been removed to account for post-glacial re-

bound and tidal friction (Stephenson et al., 2016).

In the time domain we shall consider the cross-correlation

function between observed and predicted LOD. Let’s con-

sider two real series 𝑥 (𝑡 ) and 𝑦(𝑡 ) defined over an finite in-

terval [𝑡𝑖 , 𝑡𝑒]. The cross-correlation is defined as

(13)𝜌(𝜏) =

[∫𝑡𝑒

𝑡𝑖

𝑥2
(𝑡 )d𝑡

∫𝑡𝑒

𝑡𝑖

𝑦2
(𝑡 )d𝑡

]−1/2 ∫𝑡𝑒

𝑡𝑖

𝑥 (𝑡 )𝑦(𝑡 + 𝜏)d𝑡 ,

where 𝜏 is the lag. We use the following convention: a nega-

tive lag between the predicted and observed LODmeans that

observations are ahead w.r.t. predictions (i.e. a causal mantle

filter). The notation (𝑥,𝑦) denotes (𝑥,𝑦) once bandpass fil-

tered within a given period range [𝑇𝑚𝑖𝑛,𝑇𝑚𝑎𝑥 ] (see below).

We note 𝜌0 = 𝜌(0) the zero-lag correlation, and 𝜌∗ the max-

imum of the cross-correlation function. The lag that maxi-

mizes the correlation is 𝜏∗ = argmax {𝜌(𝜏)}, restricted to the

interval where |𝜏 |≤ 𝜏max
=

√︁
𝑇𝑚𝑖𝑛𝑇𝑚𝑎𝑥/2, in order to avoid the

risk of cycle skipping.

We consider two particular period ranges, bandpass fil-

tering the series at decadal and interannual timescales with

[𝑇𝑚𝑖𝑛,𝑇𝑚𝑎𝑥 ] = [10,60] yr and [4.5,9.5] yr, respectively. We

used throughout a causal Butterworth filter of order 2. We fo-

cus first on decadal periods. By using𝑇𝑚𝑎𝑥 = (𝑡𝑒 −𝑡𝑖 )/2 = 60 yr

we avoid biasing the lag 𝜏∗ towards zero, as it would hap-

pen since we only have access to series of short duration

(120 yr) in comparison with dominant pluri-decadal charac-

teristic time-scales (see Roberts et al., 2007). In a second step

we focus on interannual periods where quasi-periodic oscil-

lations have been detected around 6 and 8.5 yr periods (Duan

and Huang, 2020). This gives access to a finer temporal res-

olution. We exclude periods shorter than 4.5 yr where the

LOD signal is dominated by atmospheric sources (Duan et

al., 2015).

We will also make use of a cross-spectrum analysis. The

coherence spectrum between two series 𝑥 (𝑡 ) and 𝑦(𝑡 ) is ex-

pressed as

(14)𝐶𝑥𝑦(𝑓 ) =

|𝐺𝑥𝑦(𝑓 )|2

|𝐺𝑥𝑥 (𝑓 )| |𝐺𝑦𝑦(𝑓 )| ,

with 𝑓 the frequency. 𝐺𝑥𝑦(𝑓 ) is the cross-spectral density be-

tween series 𝑥 and 𝑦, and 𝐺𝑥𝑥 (𝑓 ) (resp. 𝐺𝑦𝑦(𝑓 )) is the power

spectral density (PSD) of the series 𝑥 (resp. 𝑦). The coher-

ence 𝐶𝑥𝑦(𝑓 ) ranges from 0 to 1, with high values meaning
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Figure 8: Some examples of core surface flowGauss coefficient se-

ries obtained from the COV-OBS-x2 fieldmodel for the conductivity

profiles 𝐴 to 𝐸 considered in this study. Shaded areas represent the

dispersion within the ensemble of models (±1𝜎).

that both series present a similar power. From Eq. 14 one de-

fines the phase shift between the two series as a function of

frequency, given by

(15)𝜑𝑥𝑦(𝑓 ) = arctan

(
ℑ𝔪(𝐺𝑥𝑦)/ℜ𝔢(𝐺𝑥𝑦)

)
.

When the coherence is high, a value of 𝜑𝑥𝑦 close to 0 means

that the two signals are in phase. With our convention, a

negative phase corresponds to LOD observations ahead w.r.t.

predictions.

3.3 Impact of the mantle conductivity on
LOD predictions

We compare in Fig. 9 geodetic LOD changes with the pre-

dicted LOD in the cases 𝐴 to 𝐸, from the COV-OBS-x2 ge-

omagnetic model. A clear shift is found for case 𝐶 with the

strongest conductance. It reflects the lag also found above for

large scale SV and flow coefficients. This shift between LOD

predictions and observations is causal, meaning that obser-

vations are ahead of predictions, because the mantle delays

the signal originating from the core, and shifts the inverted

flow towards the past.

In order to quantitatively assess the lag values, we cal-

culate the cross-correlation 𝜌(𝜏) between observed and pre-

dicted series, focusing first on decadal periods 10 ≤𝑇 ≤ 60 yr.

Figure 9: Predicted LOD changes for the conductivity profiles 𝐴

to 𝐸, from the COV-OBS-x2 field model. Shaded areas represent the

±1𝜎 dispersion within the ensemble of models. Curves have been

shifted by 3 ms from one case to the other.

This is performed both for the ensemble average model and

for the ensemble of models. We report below the zero lag

correlation 𝜌0 and 𝜌
∗
the maximum of the cross-correlation

function. The corresponding values for the ensemble mean

model are denoted 𝜌0 and 𝜌
∗
. We show in Fig. 10 histograms

of 𝜌0 and 𝜌∗ from the ensemble of realizations for all con-

ductivity models. Because correlation are bounded to 1, they

present asymmetric distributions. In order to provide a com-

parative measure, we find it useful to fit them with the left-

skewed Gumbel distribution (e.g. Coles et al., 2001)

(16)𝑝(𝜌) =

1

𝛽
exp

( [
𝜌 − 𝜌
𝛽

]
− exp

( [
𝜌 − 𝜌
𝛽

] ))
.

This family of functions has the advantage of representing

skewed asymmetric distributions. It furthermore provides

a simple parameterization, relying only on two quantities:

the location 𝜌 , which indicates the mode of the distribution

(highest probability), and the scale 𝛽 , measure of the distri-

bution spread.

Looking at the distribution for the zero-lag correlation 𝜌0,

we find 𝛽 within 0.10− 0.15 for all considered conductivity

profiles. The largest value of the mode 𝜌
0
≃ 0.61 is found in

case 𝐴 (with 𝜎𝑚 deduced from an EM study from above, the

weakest conductance), while the correlation is significantly

degraded for the strongest conductance value investigated

(case 𝐶), with 𝜌
0
down to 0.50. We observed in all cases that

the correlation for the ensemblemeanmodel 𝜌0 is larger than

the mode, with values ranging from 0.68 (case 𝐴) down to

0.54 (case 𝐶). Comparable correlations 0.60 ≤ 𝜌0 ≤ 0.64 are

observed for cases 𝐵,𝐷 and 𝐸, with 𝜌
0
∈ [0.54,0.58]. For case

𝐶 , the maximum 𝜌∗ of the cross-correlation function is sig-

nificantly larger than 𝜌0, result of the significant lag between

the observed and predicted LOD.

We show in Fig. 11 histograms for the lag 𝜏∗ for the maxi-

mum correlation within the ensemble of flow solutions, once

filtered at decadal periods (10 to 60 yr). The histograms are
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Figure 10: Histograms of the 0-lag cross-correlation 𝜌0 between

observed and predicted LOD series in the period range [10−60] yr,

for the ensemble of flow models calculated based on the conductiv-

ity profiles 𝐴 to 𝐸 from the COV-OBS-x2 field model. The black

dashed curves represent the best fit of the histograms by a left-

handed Gumbel distribution with location 𝜌
0
and scale 𝛽 (see text

for details). Vertical lines indicate the values of 𝜌0 for the ensemble

mean model. In shaded color the histogram and associated fit for

the maximum cross-correlation 𝜌∗ between observed and predicted
LOD series. For each distribution we indicate the mode 𝜌

0
and scale

𝛽 (see Eq. 16). Statistics have been calculated over 1900–2020.

fitted with a Gaussian distribution

(17)𝑝(𝜏) =

1

√
2𝜋𝜎

exp

(
−1

2

[
𝜏 − 𝜏
𝜎

]
2

)
,

with standard deviation 𝜎 and mean lag 𝜏 . Lag distributions

within the ensemble are overall close to Gaussian, and the

lag for the mean model 𝜏∗ are close to the mean lag 𝜏∗ in

all considered cases. The spread 𝜎 in the lag is around 2 yr

in all cases, from 1.65 yr in cases 𝐴 up to 2.53 yr in case

𝐸. Based on this measure of the uncertainty level, the mean

value 𝜏 ≃ −3.1 yr found for model𝐶 excludes a zero-lag from

the ±1𝜎 interval. This model can then be excluded. All other

cases 𝐴,𝐵,𝐷 and 𝐸 show a mean lag ranging within ±1𝜎 : 𝜏

is close to 0 in case 𝐴 with the weakest conductance as well

as in case 𝐷 . Values of 𝜏 found for cases 𝐵 and 𝐸 are not

negative enough so that we could exclude their associated

conductivity profiles based on this analysis.

In order to assess the impact of our choice of field model,

we compare in Table 3 the values of 𝜌, 𝛽,𝜏 and 𝜎 that charac-

Figure 11: Histograms of the lag 𝜏∗ that maximizes the cross-

correlation between observed and predicted LOD series in the pe-

riod range [10 − 60] yr, within the ensemble of flow models cal-

culated based on the conductivity profiles 𝐴 to 𝐸, from the COV-

OBS-x2 model. The black dashed curves represent the best fit of

the histograms by a Gaussian distribution with mean 𝜇𝜏 and stan-

dard deviation 𝜎𝜏 (see text for details). The vertical lines indicate

the values of 𝜏∗ for the ensemble mean model. The range of accept-

able lags has been restricted to |𝜏 |≤ 𝜏max
= 12.2 yr. Statistics have

been calculated over the time-span 1900–2020.

terize the distributions for the correlations and lags, as well

as the corresponding values obtained for themeanmodel, for

flow models inverted from COV-OBS-x2 and Kalmag. Zero-

lag correlations (mode 𝜌
0
and scale 𝛽 for the ensemble, as

well as the values for the mean models) are consistent be-

tween the two field models, with similar trends. Lag uncer-

tainties are generally larger when using Kalmag, possibly in

link with a larger short period variability due to the sequen-

tial scheme used in the construction of this model. We find

for both Kalmag and COV-OBS-x2 that the ensemble mean

lag is close to the lag for the mean models. Some of the lag

values from Kalmag are significantly shifted backward, in

comparison with COV-OBS-x2. If this effect is weak in cases

𝐴 or 𝐸, it is as large as 1.7 yr in case 𝐵. Given the uncer-

tainty values (parameter 𝜎) this would tend to exclude, from

the analysis of decadal variations, not only case 𝐶 but also

case 𝐵.

We now consider subdecadal periods (4.5 to 9.5 yr), focus-

ing on the results from the COV-OBS-x2 field model. We

exclude model𝐶 based on the strong lag observed at decadal

time-scales. The analysis is performed starting from 1940,

period over which LOD predictions from core motions have
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correlation model 𝐴 𝐵 𝐶 𝐷 𝐸

𝜌
0
± 𝛽 COV-OBS-x2 0.61±0.12 0.58±0.14 0.50±0.15 0.55±0.13 0.54±0.15

Kalmag 0.57±0.14 0.53±0.15 0.47±0.18 0.57±0.13 0.53±0.16

𝜌0 COV-OBS-x2 0.68 0.64 0.54 0.62 0.60

Kalmag 0.67 0.62 0.53 0.65 0.62

lag [yr] model 𝐴 𝐵 𝐶 𝐷 𝐸

𝜏∗±𝜎 COV-OBS-x2 0.33±1.65 −0.52±1.89 −3.09±2.01 0.01±2.05 −0.90±2.53

Kalmag −0.27±2.21 −2.27±2.16 −4.36±2.32 −1.43±2.62 −1.19±2.62

𝜏∗ COV-OBS-x2 0.2 −0.5 −3.1 0.0 −0.9

Kalmag −0.4 −2.4 −4.4 −1.6 −1.3

Table 3: Diagnostics obtained at decadal periods for the various conductivity models 𝐴 to 𝐸, from the COV-OBS-x2 and Kalmag field

models. Parameters (𝜌
0
, 𝛽) of the zero-lag correlation distribution within the ensemble of models, and correlation 𝜌0 for the ensemble mean.

Parameters (𝜏∗,𝜎) of the lag distribution within the ensemble of models, and lag 𝜏∗ for the ensemble mean. See text for details.

shown a convincing fit to geodetic data even on interannual

periods based on COV-OBS-x2 (Istas et al., 2023; Rosat and

Gillet, 2023). The 6 yr signal in the LOD is indeed visible

already from occultation observations (Madsen and Holme,

2025), prior to 1962 and the tighter constraint brought by

GNSS and VLBI data. The values of 𝜌, 𝛽,𝜏 and 𝜎 that charac-

terize the distributions for the correlations and lags, as well

as the corresponding values for the mean model, are summa-

rized in Table 4. We show the histograms of lags in Fig. 12.

In this period range as well the lag for the mean solution

is close to the mean of the lag distribution. Conversely, the

mode 𝜌
0
of the correlation distribution is less than the corre-

lation 𝜌0 for the ensemble mean. This is possibly due to the

use of an AR-1 scheme for the forwardmodel in the ensemble

Kalman filter, allowing too large variability towards short pe-

riods. Cycle skipping is avoided thanks to the above analysis

at decadal periods: we know that for all models (except the

already excluded model 𝐶), the lag shall be less than a cou-

ple of years, leading to exclude lags larger than 𝜏max ≈ 3.3 yr.

Focusing on shorter periods brings a better time resolution,

with 𝜎 ranging from 0.43 yr in cases 𝐵 up to 1.0 yr in case

𝐷 . The mean lag is well outside the ±1𝜎 range in case 𝐵,

for which |𝜏∗ |> 0.8 yr. This tends to exclude the associated

conductivity model. We also note for this model (as well as

for model 𝐷) a significant degradation of the zero-lag corre-

lation 𝜌0 for the mean model in comparison with models 𝐴

and 𝐸. None of the remaining models 𝐴,𝐷 and 𝐸, with mean

lags respectively around 0.0, -0.4 and -0.6 yr, can be disre-

garded, even though the least conductive case seems a bit

more likely.

Finally, we now compute the cross-spectrum between ob-

served LOD and that predicted for the ensemblemeanmodel.

These diagnostics are shown in Fig. 13, performed over the

time-span 1940–2020 and using as data COV-OBS-x2. The

PSD for predicted and observed series show overall similar

amplitudes over the considered period range. The power is

nevertheless slightly reduced in case 𝐷 for subdecadal peri-

ods (and to a lesser extent also in cases 𝐸 and𝐶), in compari-

son with geodetic observations. A relatively high coherence

is found for periods above ≈ 10 yr, as well at periods around

6 yr where spectral lines have been detected (e.g. Duan and

Huang, 2020; Ding et al., 2021). On periods longer than 15 yr,

models 𝐷 and 𝐸 show the lower coherence values (≃ 0.5),

while it can be as large as 0.8 in case 𝐶 . On interannual pe-

riods the coherence is degraded for model 𝐵 (and to a lesser

Figure 12: Same as Fig. 11 but in the period range [4.5− 9.5] yr,

and for statistics calculated over the time-span 1940–2020, from the

COV-OBS-x2 field model. The range of acceptable lags has been

restricted to |𝜏 |≤ 𝜏max
= 3.3 yr. Model 𝐶 has been excluded based

on the analysis at decadal periods.

extent 𝐷), for which the peak of large coherence shrinks. If

case 𝐵 shows the highest coherence on interannual periods,

it is associated with a large phase lag. Significant lags are

also seen in cases 𝐷 and 𝐸, in line with the values given in

Table 4 for the ensemble mean model. In agreement with our

above analysis of the lag distributions, we notice a significant

impact of the choice of conductivity profile on the phase. For

periods longer than about 15 yr, while 𝜑𝑥𝑦 ≲ 10
◦
for models

𝐴,𝐵,𝐷 and 𝐸, it is shifted down to values larger than 20
◦
in

case 𝐶 .

4 Summary and discussion

4.1 Bounds on the deep mantle electrical
conductivity

We have downward continued the geomagnetic field from

the Earth’s surface to the core-mantle boundary for various
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correlation 𝐴 𝐵 𝐷 𝐸

𝜌
0
± 𝛽 0.41±0.19 0.43±0.19 0.29±0.22 0.39±0.19

𝜌0 0.72 0.62 0.60 0.69

lag [yr] 𝐴 𝐵 𝐷 𝐸

𝜏∗±𝜎 −0.02±0.64 −0.82±0.43 −0.38±1.00 −0.57±0.68

𝜏∗ −0.0 −0.8 −0.4 −0.5

Table 4: Diagnostics obtained at interannual periods for the various conductivity models 𝐴,𝐵,𝐷 and 𝐸, from the COV-OBS-x2 field mod-

els. Parameters (𝜌
0
, 𝛽) of the zero-lag correlation distribution within the ensemble of models, and correlation 𝜌0 for the ensemble mean.

Parameters (𝜏∗,𝜎) of the lag distribution within the ensemble of models, and lag 𝜏∗ for the ensemble mean. See text for details.

Figure 13: Top: spectral density for periods between 3 and 30 yr,

for the observed and predicted LOD series from the ensemble mean

model, for the several cases𝐴 to 𝐸 considered in this study (from the

COV-OBS-x2 field model). Middle: coherence spectrum between

observed and predicted series. Bottom: associated phase lag. The

analysis has been performed over the period starting from 1940,

applying a Hanning window, with series zero-padded at both ends.

one-dimensional profiles 𝜎𝑚(𝑟 ) of the mantle electrical con-

ductivity, and investigated how the choice for 𝜎𝑚(𝑟 ) affects

the prediction from inverted core motions to the changes in

the day length. The mantle filter tends to shift in time the

magnetic signal, with a lag that generally increases with in-

creasing conductances, but that also depends on the shape

of the profile (thick or thin layer, gradual or abrupt changes),

and varies with harmonic degree. The impact on LOD pre-

dictions was not obvious a priori, given the convolution of

the magnetic signal within the core flow inverse problem.

We analysed two period ranges, at decadal and interannual

time-scales. The lagmeasured for long periods leads us to ex-

clude conductances𝐺 as large as 3×10
8
S for a conductivity

distributed over a thick layer (model 𝐶).

Considering subdecadal periods allows to refine the con-

straints on 𝜎𝑚(𝑟 ). It shows that the conductance is not the

most pertinent integral measure of the mantle conductivity,

as a thick uniform layer with with𝐺 ≃ 6×10
7
S (model 𝐵) is

excluded, while model 𝐸 with a gradual increase of 𝜎𝑚 with

depth and a similar conductance, as well as model 𝐷 with

a larger conductance due to a thin layer at the base of the

mantle, appear acceptable. The high frequency timescale 𝜏∞
(Stix and Roberts, 1984) cannot either be considered as a de-

cisive measure: the thick uniform model 𝐵 is excluded, con-

trary to model 𝐸, both presenting comparable values of 𝜏∞.
The zero-frequency timescale 𝜏0 (Backus, 1983) appears as a

more accurate criterion to distinguish acceptable electrical

conductivity profiles. For periods longer than ∼ 1 yr cap-

tured by core field models, this timescale was also favored

by Jault (2015) to characterize the mantle filter. Our analysis

sets an upper bound on 𝜏0(𝑛) to about 𝜏0 ≲ 1.7,0.6 and 0.5 yr

for harmonic degrees 𝑛 = 1,4 and 7 respectively. We cannot

exclude, based on our analysis, the presence of a ∼ 10 km or

thinner layer, for which the lag would become negligible.

It is worth noticing that model 𝐸 constructed upon con-

straints from the mineralogy envisioned for deep mantle

rocks appears acceptable. The fit to observed LOD changes

for this model is a bit degraded in comparison with that

found for profiles presenting a weaker conductivity. As such,

except for the lowermost mantle to which our analysis is not

sensitive, 𝜎𝑚(𝑟 ) cannot be much larger than that of model

𝐸, which can then be considered as an upper bound. Seen

through the prism of LOD changes and inverted core mo-

tions, the mineralogical model at the origin of the conductiv-

ity profile 𝜎𝐸 , with its associated model for iron partitioning,

seems plausible. Meanwhile, we obtained the best scores for

theweakest conductance case𝐴where𝜎𝑚(𝑟 ) is deduced from

an EM study from above (corresponding to an almost trans-

parent mantle for our present purpose that addresses periods

longer than a couple of years). This result is coherent with

the diagnostics by Gillet et al. (2015) of a delay less than half

a year between the observed and predicted LOD at the 6 yr

period, in the case of an insulating mantle (see their Figure

11).

4.2 Perspectives regarding the deep mantle
conductivity and its relation to core dy-
namics

Further studies are needed to account for the impact of lateral

variations in 𝜎𝑚(𝑟,𝜃,𝜙), which are likely present given the

complex structures imaged by seismology in the deep man-

tle, such as LLVP. Indeed in the case of a three-dimensional
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mantle conductivity, part of the poloidal field at the CMB (the

observational constraint for the inference of LOD changes

from core motions) enters the null space of the downward

continuation from the Earth’s surface: the determination of

poloidal and toroidal magnetic fields at the core surface then

becomes ambiguous.

The approach we have followed here is de facto restricted

given its kinematic and sequential nature. To be fully con-

sistent one would have to give up with the potential field ap-

proach and estimate the field at the CMB directly from mag-

netic data, provided a model of 𝜎𝑚(𝑟 ). This should not affect

so much the findings of the present study, as these are based

on field changes operating on periods much longer than the

characteristic timescale of the mantle filter. Meanwhile, the

improving separation of the core and atmospheric magnetic

signals give access to sharper transient field changes (Kloss

et al., 2025). We may thus envision to infer core flow varia-

tions on shorter periods, where it may become necessary to

account for the mantle conductivity. Alternative constraints

on the mantle conductivity from core studies may arise from

the temporal spectrum of the observedmagnetic field. In par-

ticular we expect the core dynamics to be damped towards

short timescales, because of the galvanic coupling between

the core and the mantle (Firsov et al., 2023). This calls for fu-

ture numerical exploration of the geodynamo in the presence

of a conducting mantle, with high enough global rotation

and strong enough magnetic fields for the electro-magnetic

boundary conditions and the dynamics to be of geophysical

interest.

4.3 Limits to the core angular momentum
predictions

Estimations of LOD variations of core origin have large un-

certainties. Part of this is inherent to the core flow inverse

problem, which is by nature ill-posed (Backus, 1968). It is

also the consequence of the important impact of subgrid

processes in the observable SV at large lengthscales, and

this over a broad range of periods including interannual and

decadal time-scales (see Fig. 2 in Gillet et al., 2019). This

effect possibly limits the improvements in LOD predictions

when better observational constraint become available as

with the advent of continuous global monitoring from space

(Rogers et al., 2025). Kiani Shahvandi et al. (2024), who used

Physics Informed Neural Networks to co-estimate the field

𝐵𝑟 and the flow u𝐻 from SV data on a grid in the physical

domain, recently obtained significant albeit intriguing im-

provement in decadal LOD predictions over the era covered

by ground-based observatories (see their figure 2b). Onemay

wonder if this co-estimation of u𝐻 and 𝐵𝑟 on a thin grid may

limit the role of subgrid processes, and if this could be the key

ingredient leading to a reduction in the LOD misfit. Further

such investigations are needed to assess this possibility. This

promising result invites to adapt these methods for improv-

ing core-angular momentum predictions also on interannual

periods.
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