Article
journal of Studies of Earth’s Deep Interior

doi:10.46298/jsedi.15652

iSED|

Influence of background magnetic fields on the
excitation of Magneto-Coriolis modes inside the

Earth’s core

*1 ). Aubert !

LUniversité de Paris, Institut de Physique du Globe de Paris, CNRS, F-75005 Paris, France

O. Barrois

Author contributions: Conceptualization: J. Aubert, O. Barrois. Methodology: ). Aubert. Formal Analysis: O. Barrois. Writing - Original draft: O. Barrois.

Writing - Review & Editing: O. Barrois, J. Aubert.

Abstract  Magneto-Coriolis (QG-MC) waves are considered an important part of the rapid dynamics of
the Earth’s outer core. The detailed characteristics of these waves are however still under scrutiny. In this study
we explore the sensitivity of the QG-MC waves to the background magnetic field over which they propagate
and to the frequency of a periodic perturbation that we impose. We retrieve QG-MC modes by analysing the
velocity fields, where they are most easily observed. Concentrations of QG-MC waves in the magnetic field
at the core surface in our model are reminiscent of recently observed geomagnetic jerks. The QG-MC waves
are weakly sensitive to the details of the background magnetic field during their travel in the bulk and their
frequency at the core surface remains close to that of the initial perturbation. This is a potential asset for the
prediction of their evolution. Moreover, the waves in the system exhibit a complex relation with the initial
perturbation: when the frequency of the initial pulsation is greater than a threshold — depending on the Alfvén
speed of the medium - inward QG-Alfvén waves are recovered at the core mantle boundary instead of QG-MC
waves, and we find that the waves evolve from QG-MC to QG-Alfvén waves depending on the input frequency.
Thus, gradually increasing the input frequency in the system, we retrieve the dispersion relation for QG-MC
waves with an evolution from a k? slope to a k! slope, where k is the cylindrical radial wavenumber, as waves
transition from QG-MC to QG-Alfvén waves. We actually recover all the components of the dispersion relation
from QG-MC waves at low pulsation o to QG-Alfvén and inertial waves at high pulsation w. Applying our
results to the Earth’s core, we expect to be able to recover QG-MC waves with confidence in the Earth’s core
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with periods between 57 y and 2.8 y.

1 Introduction

The rapid dynamics of the geomagnetic field - from inter-
annual up to decadal timescales - is driven by hydromag-
netic waves, including Quasi-Geostrophic Magneto-Coriolis
(QG-MC) waves which have been recently reconsidered as
instrumental at these timescales. QG-MC waves with differ-
ent periods have been observed in velocity time series in-
ferred from the geomagnetic signals (Gillet, Gerick, Jault, et
al., 2022; Istas et al.,, 2023) after having been discovered at
inter-annual periods (Gerick et al., 2021). Their timescales
are much shorter than the convection, or overturn, timescale
of the core 7, =d/U, ~ 125y, with U, = 18 km/y a typical con-
vective velocity of the fluid core, and with d = 2260km the
thickness of the Earth’s core, and much longer than the ro-
tation timescale of the core 27 7 = 27/Q = 1day, with Q the
rotation period of the Earth. Their fundamental timescale
is the Alfvén time of the core 74 = d+/pji/Bg, Where p =
10*kg/m> and p = 47 x 1077 H/m are respectively the den-
sity and the magnetic permeability of the fluid, and Bg is the
rms strength of the Earth’s magnetic field. The Alfvén time
for the Earth’s outer core has an estimated value of 74 ~ 2y
obtained from an rms field strength of Bg ~ 4mT (Gillet et
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al., 2010).

In recent years, the improvement of the geomagnetic field
models (e.g., Finlay et al., 2020; Lesur et al., 2022), and the
use of data assimilation techniques to predict the evolution
of the geomagnetic field (Barrois et al., 2018; Aubert, 2020;
Istas et al., 2023) has produced satisfactory results to explain
the signals recovered at the core mantle boundary (CMB).
But the fundamental question about the possibility of im-
proving our predictions compared to a simple extrapolation
(Alken et al., 2021) remains. Looking at periodic signals in
the geomagnetic data (e.g., Gillet et al., 2015; Buffett and
Matsui, 2019) and using hydrodynamics waves to probe the
Earth’s core interior is not new and some waves like the tor-
sional Alfvén waves have given good insights on both the
length-of-day and the core surface flows dynamics (Gillet et
al., 2010) even if these torsional Alfvén waves do not account
for all of the inter-annual geomagnetic signals (Chulliat and
Maus, 2014). More generally, the study of a variety of peri-
odic signals found in the geophysical records have provided
insightful knowledge on the otherwise directly inaccessible
deep layers of the Earth (Rekier et al., 2022; Triana et al., 2022;
Rosat and Gillet, 2023; Schwaiger et al., 2024; Cazenave et al.,
2025). With the recently discovered QG-MC waves of suit-
able periods which could be sensible to the long term velocity
and magnetic fields (e.g., Gerick and Livermore, 2024), hopes
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are it would potentially unlock a new level of understanding
on the deep structure of the Earth's core and allow for an
improvement of our predictions (Gillet, Gerick, Jault, et al.,
2022). This question is directly relevant in our present study
and is one of the main motivations underlying this work.

Our approach builds upon 3D model computatioresd,
Aubert, 2023) in a reduced framework taking advantage of
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We focus here on a series of simulations conducted at mod-
erate parameters aiming at reproducing the Earth's core con-
ditions and the observed geomagnetic wavies,with a high
rotation rate, a strong magnetic eld and a low level of atten-
uation. More details about our methodology and the equa-
tions of our system can be found in the Appendix A.1.

the timescales separation between the slow secular processe.2  Magnetic base state

and the fast inter-annual dynamics of the Earth's core, which
is a common strategy for studying axisymmetric or non-
axisymmetric perturbations and for characterising the rapid
dynamics of the geodynamo system (Jault, 2008; Gillet et
al., 2011; Gerick et al., 2021). Considering that the slower
convective dynamics is static compared to the inter-annual
waves, we adopt a perturbation approach and linearise the
dynamics equations around a stationary background state
which ensures the timescales separation of the di erent pro-
cesses. This is a continuation of our previous work (Barrois
and Aubert, 2024) as we add more complexity by using a
more geophysical background magnetic eld from the path
model dynamo models (Aubertetal., 2017). We also study the
response of the system to a monochromatic periodic forcing
instead of its impulsional response.

The paper is organised as follows. We brie y describe the
context and the geophysical background eld used in our
study in Section 2, then present our results in Section 3, be-
fore discussing and providing the conclusions of this work
in Section 4. More details are given about the methodology
of our study in Appendix A.

2 Methods

2.1 System solved

In this study, we follow Jault, 2008; Barrois and Aubert, 2024
and use a reduced system of equations (see Methods de
tails A.1, Eg. 8-9) linearised around an arbitrary background
velocity eld Ug and a chosen background magnetic el}
(see Fig. 1). Our model describes the dynamics of a rapidly
rotating thick spherical shell lled with a conducting incom-
pressible uid and solves for the velocity eldl and the mag-
netic eld B of this uid. More precisely, it solves for the
velocity perturbationu and magnetic perturbatio elds,
i.e.U Up, u, although the background owJy is neglected

as the studied waves are fast compared to the average outer

core's speed (see Appendix A.1), aBd By, b. We make
use of the spherical coordinates systefAs\+§ with unit
vectorstexe *e;°, even though the cylindrical coordinates
system!Beq«? with unit vectors ‘exreyg ° might alterna-
tively be used to describe the quantities. The thick shell is
assumed to have a thickne§s=A /A with an aspect ra-
tio ArA = 035 with A = 3»485kmand A = 1.225 kmrespec-
tively the outer and inner core surface radii, rotating at a con-
stant angular velocity aligned with the rotation axis= g,
which re ects the outer core of the Earth. A solid inner core
is included in the system, which is able to rotate indepen-
dently (the full kinetic momentum is conserved), and which
has the same electrical conductivity as that of the outer core,
f' 05 1FPSm ! (e.g, Gillet et al., 2010; Pozzo and Alfe,
2016). The boundary conditions are insulatingfst A and
conducting atA= A for the magnetic eld, and are stress-free
at both/A andA. for the velocity eld.

2

In order to best represent the magnetic structure of the
Earth's core, we use a data assimilation based recent infer-
ence of the magnetic eld inside the Earth's core. Speci -
cally, we use the ensemble mean of sequence A from Aubert,
2023 at epocR000 Figure 1 displays the main characteristics
of this background eldBy that, by construction, matches
the present geomagnetic eld at the CMB (as can be seen in
Fig. 1 a) and retains the properties of the dynamo model in its
interior (Fig. 1 b-c). This background state is highly hetero-
geneous and carries hon-symmetric components, although it
remains mostly dipolar.

Note that, as a reference, we also use a simple background
magnetic eld from Barrois and Aubert, 2024 (which is non-
axisymmetric, has a non-zero3,, component at the equa-
tor, and matches a potential at the outer boundary, see their
Fig.1) and remember that we neglect the background veloc-
ity eld in all con gurations (see A.1). Figure 2 compares
the spectral structure of the complex and simple background
magnetic elds as a function of the spherical harmonic or-
der< and we can readily see that the complex background
magnetic eld allows for coupling between afl and inthe
system contrary to the simple background which only allows
for waves with azimuthal symmetries that are multiples of
<=3

Respectively, the cases computed using the simple back-
ground are labeled Cases S and the cases computed using
the complex background are labeled Cases C in Table 1 (Ap-
pendix B) which reference all our simulations. In the fol-
lowing, we will focus on and compare several speci ¢ cases:
two cases computed at the same input perjed 4’4y using
the simple and the complex background states, Cases SB-
1 and CB-1 respectively, a case computed at a faster input
period) g = 06y using the complex background state, Case
CB-2, and a case computed at an even faster input period

)= 006y 22dusing the complex background state, Case

2.3

At the start of our computations, the system is at rest with
respect to the reference frame of rotation. To set the sys-
tem in motion, a non-axisymmetric monochromatic periodic
forcing is imposed in the force balance just abofe Note
that we chose to excite waves in the current setup by intro-
ducing an additional force to represent the slight imbalances
in the dominant QG-MAC force balance that excite waves in
the Earth's core €.g, Aubert and Gillet, 2021). The periodic
perturbation functionF, is set at a speci ¢ sectorial spher-
ical harmonic, Gaussian in the radial direction and periodic
in time, such that

Initial conditions

A 2 .
A A . 30\eqO sintl gCe

(1)

FrlAe\eqe G 19_1— exp 1
2c 2
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Figure 1: Complex background magnetic el8g used in this study: (a) radial component of the magnetic elgaat the core surface, (b)
. . . . 1 2 . .
axisymmetric azimuthal magnetic ele o 0qdd, (c) and oain the equatorial plane.

Figure 2: Power spectra as a function of the spherical harmonic ordeof the the poloidal (orange curves) and the toroidal (light blue
curves) components of the Complex background magnetic eld (a) and the Simple background magnetic eld (b) both truncated at harmonic
order< ¢yt = 30

where the. < \e° are the spherical harmonics into which  time corresponding to a few years, before analysing the re-
both the velocity and magnetic elds are decomposed, with sults that are presented throughout this section. Note that
and< respectively the spherical harmonic degree and or- the input parameters and some additional observations for
der of the decomposition, = 001 controls the sharpness all our 23simulations are reported in Table 1 (Appendix B).
of the Gaussian, anllgis the input pulsation of the system  We have focused here on simulations parameters that are
which is a free parameter that controls the frequency of the relevant for the Earth's core and the geomagnetic data,
perturbation, reported in Table 1 (Appendix B) for our set of with input periods ranging from a fraction of a year to a few
simulations (expressed in dimensionless Alfvén times). Note decades, and in the high rotation, low dissipation regime
that the input pulsation is related to the input period with  which is already su ciently enforced at these parameters
the relationl g=2ce) g (Barrois and Aubert, 2024) so it allows for covering a wide
We chose a sectorial=< = 3harmonic following theidea  part of the parameters space at a limited computational cost.
that most perturbations are expected to be sectorial because
of the overall equatorially symmetric dynamics of the Earth's
core €.g, Aubert, 2023). Moreover, the complexity of the
geophysical background allows for a mixing of all modes.
This is a direct follow-up to our previous work (Barrois
and Aubert, 2024) as we focus here on the periodic response
of the system when using a complex background magnetic
eld mainly to retrieve the dispersion relation of the QG-MC
normal modes, and to draw parallels between the steady state
of our reduced model and periodic signals retrieved in the
geomagnetic record®(g, Gillet, Gerick, Jault, et al., 2022).

3.1 Response to a periodic forcing

For Case CB-1, using a forcing period correspondinyde
44y and the background magnetic eld of Fig. 1, snapshots
of the azimuthal velocity at the core surface (Fig. 3 a) re-
veal the wedged patterns that focus on the equator which
are characteristic of QG-MC waves (Gillet, Gerick, Jault, et
al., 2022; Gerick and Livermore, 2024). In the radial mag-
netic eld (Fig. 3 b) the QG-MC waves signature take the
form of irregular patches mostly found at low latitudes and
slightly elongated in the latitudinal direction. In all panels of
3 Results Fig. 3we nd concentration of waves in regions correspond-
ing to that of under the Atlantic ( O E), under the Pacic
The periodic perturbation is enabled &= 0 and we wait for (130 E) and under Indonesia (120 E). These patterns
a steady state to take place in the simulations, usually after a show a westward propagation and are mostly visible in the
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Figure 3: Snapshots of the non-axisymmetric azimuthal perturbation velocity e 215 OZC O, dq at the outer boundary (a), of the radial
perturbation-magnetic eldla at the outer boundary (b), and time-azimuthal plots of the non-axisymmetric azimuthal perturbation velocity
eld Dy %c OZC O, dq at the equator (c), and of the radial perturbation magnetic €lglat the equator (d), for Case CB-1 using the complex
magnetic background eld and an input period corresponding)to= 4'4y. Note that the velocities have been normalised by their respective
maximum value and that both the velocity and the magnetic elds have arbitrary units.

Figure 4: Same as Figure 3 for Case SB-1 using a simple magnetic background eld and an input period correspongdingtby.

equatorial regions for both the azimuthal velocity and the ra- the equator (Fig. 4 a), the characteristic latitudinal shapes
dial magnetic elds, an observation that is very clear in the (Fig. 4 b) and the westward propagation (Fig. 4 c-d) can be
time-azimuth diagrams for both quantities (Fig. 3 c-d). Notice retrieved again. However, compared to the complex case, the
that for this CB-1 case, we have tested a change in the parity patterns are perfectly regular, do not show regional hetero-
and the mode number of the harmonic of the perturbation geneities and the features of the QG-MC waves appear more
(usinga =< =2harmonicin Eqg. 1) and have recovered the clearly, especially in the radial magnetic eld where the QG-
same results (see Fig. 9 in Appendix A.2) which we therefore MC waves take the form of latitudinally elongated patches
consider to be generic as long as the perturbation remains that converge toward the equator (Fig. 4 b).
sectorial and large scales.
Conversely, Case CB-2, using the complex magnetic eld

The same observations can be made for Case SB-1, thisbackground and a shorter input period corresponding to
time using the idealised background state introduced in Bar- ) g= 06y (Fig. 5), does not display the same characteristics as
rois and Aubert, 2024 (Fid) and an input period also cor-  the two former cases. The patterns at the CMB are restricted
responding to) g = 4'4y. Despite the simplicity of this sim-  to athinner equatorial band and are located in a region corre-
pler background state, similar wedged patterns that focus at sponding to that of under South America ( 90 E, Fig. 5 a-
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