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  Magnetohydrodynamic (MHD) waves excited in fluid 
cores of rapidly-rotating terrestrial planets can produce 
temporal variations of the intrinsic magnetic fields. 
Given a uniform magnetic field B0 in a frame rotating 
with rate W, one class of linear waves for which 
(W.k)2/|k|2 >> (B0.k)2/rµ0, W.k ~ 0, and the frequency w 
~ -(B0.k)2|k|2/rµ0bk are called slow magnetic (or 
magnetostrophic) Rossby waves. Here b denotes the beta 
parameter, k is the wavenumber vector, k is the 
azimuthal wavenumber, and the minus sign indicates 
waves travelling opposite to the hydrodynamic planetary 
wave, w ~ b k/|k|2. The magnetostrophic mode was 
hypothesised to account for the geomagnetic westward 
drift on timescales of hundreds of years [1]. The origin of 
the drift has been long a subject for debate: an alternative 
is advection due to a large-scale flow [2]. Signals from 
the waves have not evidently identified; recently-updated 
archaeological datasets are now possibly revealling some 
signatures [3]. Nonetheless, the wave hypothesis has the 
potential to infer the toroidal magnetic field, which is 
essentially ‘hidden’ within the planet’s fluid core but is 
the key for understanding the dynamo mechanism. 
  By using DNS of convection-driven dynamos in 
rotating spherical shells, we demonstrated the slow 
waves could indeed be excited, riding on a mean zonal 
flow [4, 5]. The detection would enable us to estimate 
the toroidal field strength, such that O(1-10 mT) at a 
radius in Earth’s core [4]. The value can be compared 
with the radial field strength that is inferred from 
axisymmetric, torsional Alfvén waves [6].  
  More theoretically, identifying waves may characterise 
the dynamical regime of the dynamo. The planetary 
dynamo is expected to be in a magnetostrophic balance 
which is among the Coriolis, pressure gradient, Lorentz, 
and/or buoyancy. Rotating magnetoconvection studies 
have suggested this would give rise to large-scale 
convective structures, subcriticality of dynamos, and 
excitation of slow waves. A couple of state-of-the-art 
geodynamo DNS [e.g. 7] are seemingly approaching 
such a regime, as extensively explored for the past 
decades.  
  Theoretical investigation is expanding to consider 
nonlinear properties of waves. Being motivated by 
observations in dynamo DNS [4, 5] as well as by the 
classic hydrodynamic theory [8], we sought coherent 
structures of the finite-amplitude waves. We 
asymptotically analysed the weakly-nonlinear, long wave 
in quasi-geostrophic (QG) MHD models and showed the 
evolution of the magnetostrophic Rossby waves in 
spherical shells should be governed by the Korteweg-de 
Vries equation [9, 10]. This implies multiple solitary 
eddies that interact in peculiar ways. The single soliton 

solution (figure 1 left) may be of particular geophysical 
interest. An isolated, anticyclonic gyre was found to 
persist, at least, for a hundred years in Earth’s core [e.g. 
11,12] (figure 1 right). Geodynamo DNS had 
demonstrated such a gyre could arise from the intrinsic 
convection [7] or from a flow induced by the couplings 
with the rocky mantle and/or the solid inner core [13].   
  This issue ends up in the debate: does the magnetic 
Rossby wave indeed exist in Earth. It necessitates a 
comprehensive, and efficient, survey for geomagnetic 
datasets, which now cover a wide range of timescales but 
are still limited and spatially inhomogeneous. We will 
pursue the data investigation by means of newly- 
available data-driven techniques. 
 

  
Figure 1. (Left) Streamlines of the 1-soliton solution of 
our QG-MHD spherical model [10]. (Right) The gyre 
revealed by core flow models inverted from the 
geomagnetic secular variation [12]. 
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Figure 1. The mean QG flow on the equatorial plane over the time period 1840–1990, as seen from the North pole. For ‘gufm1’ (left-hand side) and ‘COV-OBS’
(right-hand side). At the top, the pseudo-streamfunction ξ/Rc in units of km yr−1; at the bottom, arrows visualize the flow.

velocity for the surface mean flow, urms, is stronger for flowgufm1

(12 km yr−1) than for flowCOV-OBS (10 km yr−1), basically due to a
stronger anticyclone under the PH and a stronger radial jet under
the Eastern Asian continent, from high to low latitudes. The two
different kind of charts in Fig. 1 illustrate the fact that the flow very
closely follows contours of the ξ streamfunction at medium-high
latitudes. The rule to keep in mind when interpreting ξ -contour
charts, from eq. (1), is that the fluid circulates anticlockwise around
centres of positive ξ and clockwise around centres of negative ξ .

The EOF/PCA tools can sort out the time variability associated
to the main structures in the mean flow, and other structures which
average out during the inspected period. In the following, we will
be showing results for the analysis carried out over the computed
flows, using tools described in Section 3 and Appendix B.

4.1 PCA applied to gufm1 and COV-OBS, separately

The first five PCA modes account for about 80 per cent of the flow
total variability (see Table 1). The EOF patterns of the first three
modes are shown in Fig. 2. Results for COV-OBS considering the
two time periods are similar. Note however that the first three modes
represent a larger fraction of the signal for the shorter period. Be-
sides, the fourth mode may not be completely separated from the
third when considering the longer time period. Comparing COV-
OBS and gufm1, the first mode explains very similar variances.

Using North’s criterion (eq. B2) to detect mode degeneracy, modes
4 and 5 in COV-OBS (1840–1990) and modes 3 and 4 in COV-OBS
(1840–2010) are not completely separated (see Fig. 3), meaning
that they may describe two aspects of a common structure. A sim-
ple illustration of this effect is found in the example of a propagating
wave that can be decomposed into two spatial patterns space-shifted
by fourth of a wavelength, multiplied by two sinusoidal functions
time-shifted by fourth of a period. One unique structure (a propa-
gating wave) would then appear in the PC analysis decomposed into
two modes with exactly the same f value. In the case of the above-
mentioned degenerate modes, they should be considered together.

As a test for subdomain stability, the whole CMB domain was
subdivided into two longitudinal hemispheres, and EOF/PC modes
were recalculated for each of them. The chosen meridian for the
separation goes through 70◦E and the two resulting hemispheres
have longitudes 70◦E to 250◦E (PH) and −110◦E to 70◦E (AH).
Results are shown in Tables 2 and 3. The first five modes are still non-
degenerate when computed independently for each hemisphere and
according to North’s criterion (eq. B2 and see Table 2). While the
spatial and temporal descriptions of modes 4 and 5 can be different
depending on if a global or a hemispherical grid of data values is
used, the first three modes are recovered under AH with very close
characteristics as in the global grid. The first three variability modes
are not so well recovered using only data under the PH, especially
for mode 2 (see Table 3).
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