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            Abstract
Temporal changes in the Earth’s magnetic field, known as geomagnetic secular variation, occur most prominently at low latitudes in the Atlantic hemisphere1,2 (that is, from −90 degrees east to 90 degrees east), whereas in the Pacific hemisphere there is comparatively little activity. This is a consequence of the geographical localization of intense, westward drifting, equatorial magnetic flux patches at the core surface3. Despite successes in explaining the morphology of the geomagnetic field4, numerical models of the geodynamo have so far failed to account systematically for this striking pattern of geomagnetic secular variation. Here we show that it can be reproduced provided that two mechanisms relying on the inner core are jointly considered. First, gravitational coupling5 aligns the inner core with the mantle, forcing the flow of liquid metal in the outer core into a giant, westward drifting, sheet-like gyre6. The resulting shear concentrates azimuthal magnetic flux at low latitudes close to the core–mantle boundary, where it is expelled by core convection and subsequently transported westward. Second, differential inner-core growth7,8, fastest below Indonesia6,9, causes an asymmetric buoyancy release in the outer core which in turn distorts the gyre, forcing it to become eccentric, in agreement with recent core flow inversions6,10,11. This bottom-up heterogeneous driving of core convection dominates top-down driving from mantle thermal heterogeneities, and localizes magnetic variations in a longitudinal sector centred beneath the Atlantic, where the eccentric gyre reaches the core surface. To match the observed pattern of geomagnetic secular variation, the solid material forming the inner core must now be in a state of differential growth rather than one of growth and melting induced by convective translation7,8.
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                    Figure 1: Geographical localization of geomagnetic secular variation.[image: ]


Figure 2: Maps of the magnetic field and secular variation.[image: ]


Figure 3: Temporal evolution of magnetic structures at the Equator.[image: ]


Figure 4: Internal fluid flow and magnetic structure.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Energy spectra of the coupled Earth dynamo.
a, b, Earth-surface energy spectra for the magnetic field (a) and secular variation (b), as functions of spherical harmonic degree. The geomagnetic field model14 gufm-sat-Q3 in 2001 is given as a red line (corresponding to Fig. 2a, b), together with a snapshot of the coupled Earth dynamo model (solid black line, same time as Fig. 2c, d) and its time-averaged spectrum (dashed black line, averaging time is 67,000 years).


Extended Data Figure 2 Variations in the length of day arising from core–mantle angular momentum exchanges.
The optimal choice for the model gravitational coupling constant Γτ (Methods) is guided by inverting geomagnetic field model35 CM4 between 1960 and 2000, and model14 gufm-sat-Q3 between 2000 and 2010, for length-of-day variations (open circles), using an inverse geodynamo modelling framework (see figure 13 in ref. 6 and associated discussion for a full description of the method). The prior numerical dynamo models used in the framework (Extended Data Table 1) are G (green line) and GI (red line). A vanishing gravitational coupling results in vanishing length-of-day variations (blue line). Variations in Earth’s length of day of core origin (as computed in ref. 11) are represented in black.


Extended Data Figure 3 Effect of the inner-core boundary mass anomaly flux heterogeneity.
Time-averaged plots of azimuthal velocity in the equatorial plane (blue is westwards, grey arrows mark the general circulation) for models GI, GI1.2 and GI1.6 (respectively a–c, Extended Data Table 1) where the amplitude Δf/f of the inner-core boundary heterogeneity is varied. The grey half-circles represent the orientation of the hemispherical buoyancy release heterogeneity at the inner boundary. The location of the Greenwich meridian (0°) is also marked.


Extended Data Figure 4 Origin of the geographical localization of secular variation.
Longitudinally (a) and latitudinally (b) averaged profiles of the time average secular variation energy contained in models G, GI, GM, the standard and the coupled Earth dynamo models (Extended Data Table 1). Secular variation is filtered at spherical harmonic degree and order 8, as in Fig. 1.


Extended Data Figure 5 Analysis of longitudinal magnetic drift.
Shown is magnetic power coherently moving in the longitudinal direction, as a function of latitude and azimuthal speed. a, Analysis of the historical field model gufm1 following ref. 3. b, c, Same analysis, applied respectively to 3,000-year sequences of the coupled Earth and standard dynamo models, filtered at spherical harmonic degree and order 13. Power colour scale differs in a, b and c owing to the different timespans available in the dynamo models and the historical geomagnetic field model. The analysis is performed using the Radon transform technique (Supplementary Information).


Extended Data Table 1 Model parameter-space exploration.Full size table
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Supplementary Information
This file contains Supplementary Text and Data and additional references. (PDF 186 kb)


Magnetic field dynamics in the coupled Earth (CE) dynamo model.
Radial magnetic field (Hammer projection) at the core-mantle boundary of the CE dynamo model (orange is outwards, units in milliteslas), filtered at spherical harmonic degree 13, from the 3000-year simulation sequence presented in Figure 3a. (MOV 7492 kb)
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Julien Aubert et al. show that the pattern of geomagnetic secular variation observed on the Earth's surface can be reproduced by two mechanisms relying on the inner core — gravitational coupling aligning the inner core with the mantle and differential inner-core growth, which is fastest below Indonesia. They conclude that this bottom-up heterogeneous driving of outer-core convection dominates top-down driving from mantle thermal heterogeneities, and localizes magnetic variations in a longitudinal sector centred beneath the Atlantic.
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