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Abstract

The duration of magnetic field reversals at locations on Earth is variable, with
estimates ranging from less than one hundred years [1–3] to thousands of years [4–
7]. Simple physical models of the reversal process predict short reversal duration
near the poles, and longer duration near the equator [8, 9]. However, a compilation
of palaeomagnetic observations finds the opposite [4]. Here we resolve this long-
standing paradox using palaeomagnetic data and an Earthlike [10], reversing
dynamo simulation. We identify two types of local reversals for a global magnetic
reversal in our simulation. Simple local reversals (SLR) undergo a single polarity
flip, with durations of 109 years – 2.32 kyr. Complex local reversals (CLR) flip
more than once, with durations of 1.40 kyr – 13.2 kyr. While SLR occurrence and
duration peaks near the equator and diminishes at mid-latitudes, CLR occurrence
and duration peaks near the poles. Surprisingly, equatorial latitudes are free of
CLR and polar regions are free of SLR. These results are consistent with the
simple physical models and palaeomagnetic observations. We find that analysis of
the local and global magnetic field behaviour in our dynamo model can reconcile
the complex and seemingly contradictory picture of magnetic reversals that has
emerged from the analysis of high-quality volcanic and sedimentary records.
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1 Introduction

1.1 Palaeomagnetic Reversal Durations

The fact that the geomagnetic field switches polarity from time to time is no longer in

doubt. But questions remain as to the process involved, and how long it takes. Early

palaeomagnetic observations on Icelandic lava flows provided estimates for polarity

transitions of 5 kyr [11] and 1-3 kyr [12], although Einarsson [13] suggested that

“even a few centuries might in most cases be sufficient”. Such estimates are limited

by the highly variable rate of volcanic activity, so other workers eventually turned to

sedimentary records.

Of particular promise are sediments in the deep ocean where depositional rates are

likely to be fairly constant. Opdyke et al. [14] derived a value of about 4600 years from

sediments in the southern Indian Ocean. More recently, Clement [4] has summarized

the sedimentary record (mostly marine, but including a few cases from continental

sites) and arrived at an overall mean duration of 7± 1 kyr. Subsequently, five high-

resolution North Atlantic cores yielded reversal durations between 2.9 and 6.2 kyr,

with a mean of 4.4 ± 1.3 kyr [15]. Leonhardt and Fabian [16] developed an inversion

model using both directional and palaeointensity data, from which they obtained a

global picture of the evolution of the geomagnetic field during the Brunhes-Matuyama

(BM) transition. They find durations between 1 and 10 kyr, depending on site location.

Overall, they obtain a global average of 5200 years – essentially what Hospers said at

the outset. Having come full circle, it would seem that the matter is closed. But there

is evidence that reversals can sometimes be much faster, durations on the order of a

decade having been claimed.

Okada and Niitsuma [1] report palaeomagnetic results from a siltstone sequence

outcropping on the Boso Peninsula, Japan. They make the remarkable claim that

the BM transition lasted only 38 years. Closer inspection reveals that the position of

the Virtual Geomagnetic Pole (VGP) is erratic in the stratigraphic interval involved,

crossing the equator five times. Fluctuations like these are sometimes due to differential

remanence lock-in, as seen in the Chinese loess [17]. But they can also arise from the

natural behaviour of the relatively enhanced non-dipole field during reversals.

Two geological sections in Italy have recently provided evidence of a rapid BM tran-

sition, one located near Sulmona in central Italy, the other 450 km to the Southeast,

near Crotone [3]. At Sulmona, the BM transition was originally regarded as lasting
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“less than 13+/-6 years” [18], but further work demonstrated that the sediments are

prone to remagnetization [19, 20].

Brown et al. [21] take an entirely different approach to reversal duration, based

on the secular variation derived from the CALS7K.2 model [22], which is a global

summary of archaeomagnetic and palaeomagnetic observations spanning the last 7000

years (16,085 declination values, 13,080 inclination values, and 3188 intensity values).

To mimic reversal behaviour, they superimpose a dipole that changes monotonically

from +g10 to -g10 over the entire 7000 years. Defining the duration of a directional

reversal as the time interval that the VGP spends between 45◦N and 45◦S leads to

reversals spanning a wide range, from less than 10 years to more than 1000 years,

depending on geographic location. Brown and co-authors show two examples of “fast”

reversals, but only one of them (Tahiti) can be regarded as “sub-decadal”. The other

(Mexico) exhibits a more complicated evolution spanning several centuries (see their

Fig. 4b). As pointed out above, complications of this kind simply reflect non-dipole

behaviour during reversals. They are seen in many of the examples shown by Brown

and co-authors, as well as in real palaeomagnetic sequences (see above), and in geo-

dynamo simulations (see below). Their effect is to increase the duration of directional

reversals. Very rapid reversals may occur at some locations, but the global map derived

by Brown et al. [21] indicates that > 90% of sites have reversal durations exceeding

200 years, with many cases exceeding 1500 years.

1.2 Previous reversing dynamo modelling results

Building on early self-consistent spherical dynamo models [23], subsequent dynamo

models included different heat-flow patterns at the core/mantle boundary (CMB).

Two patterns are particularly important: homogeneous (spatially uniform heat flux

boundary conditions) and tomographic (heat flux patterned after seismic velocity of

the lowermost mantle) [24, 25]. Glatzmaier et al. [24] reported two homogeneous cases

yielding reversals lasting ∼ 1000 years, and two tomographic cases with reversals of

longer durations, 6 kyr and > 20 kyr. Considerable complexities of specific reversals

were presented for the later models [25], including one of 22 kyr duration, in which

the middle 3 kyr contained seven polarity changes. Other reversals were simpler and

faster (2-7 kyr), but also exhibited rapid fluctuations, sometimes caused by patches of

vertical magnetic flux that intensified in a matter of centuries [25].

Olson et al. [26] compared the complexity of reversals and excursions in dynamo

models to palaeomagnetic observations. For a global reversal, they describe the reversal
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process as being composed of three distinct stages: relatively long timescale intensity

reduction, multipolarity, which can include precursory reversal and recovery to the

original polarity, and final directional polarity reversal. This last directional polarity

reversal stage can be rapid: “the dipole latitude changes by 130° in about 400 years”

[26].

The dynamo models of Wicht [27] yielded reversal durations that depended on site

location, with longer durations at the poles than at the equator, which is consistent

with our results. The resulting range of reversal durations, 3.3 kyr to 34.8 kyr [27], is

comparable with the longer durations found in our simulation. In a later study Wicht

et al. [28] obtained durations of order 10 kyr. However, it is difficult to compare those

studies to ours, since they did not distinguish between simple and complex reversals.

Also, the high Ekman numbers in those studies (E ≥ 10−3) [27, 28] likely precluded the

occurrence of a population of shorter duration local reversals found in our simulation.

2 Results

2.1 Reinterpretation of fast palaeomagnetic reversals

Figure 1 shows the Brunhes-Matuyama reversal from three sites, the Yanagawa section,

Japan, the Valle di Manche (VdM) section near Crotone, Italy, and ODP hole 1063A,

Bermuda Rise [15]. Okada and Niitsuma [1] obtained their transition duration estimate

of 38 years from what they called “the last swing of the VGP in the Brunhes-Matuyama

boundary”, which they claimed spans 14 cm. However, we argue here that the entire

polarity transition occupies a much thicker zone of about 67 cm (Fig. 1a,b). Also, using

modern values for the ages of the Brunhes-Matuyama boundary and Marine Isotope

Stage 19, we update the sedimentation rate to 270 cm/kyr (instead of the old values

used by Okada and Niitsuma, which implied 370 cm/kyr). Thus we obtain a reversal

duration of ∼ 250 years.

The suggestion that the BM transition may have lasted only 13±6 years has been

superseded: Sagnotti et al. [19] now suggest that the time taken by the transition

was “perhaps in the range of 100 yr”. Macr̀ı et al. [3] arrive at essentially the same

conclusion for the VdM section. At both localities, the polarity switch occurs between

adjacent samples, with no intermediate remanence directions observed. However, the

VdM section has a normal-polarity zone about 15-30 cm below what Macri and co-

authors call “the end of the M-B transition”. The magnetic behaviour exhibited by

some of the samples in this zone leads the authors to suggest that “this interval
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Fig. 1 Brunhes-Matuyama reversal from a & b) the Yanagawa section, Japan, adapted from Figure

7 of Okada and Niitsuma [1]. b) The enlarged plot shows details of the polarity transition, which spans

67 cm (indicated by the horizontal lines). c) VGP latitude is plotted for the Valle di Manche (VdM)

section, Italy (red) the Yanagawa section, Japan (blue), ODP hole 1063A, Bermuda Rise discrete-

sample inclinations (black). Time is plotted horizontally to facilitate comparison with the dynamo

simulation discussed below. The zero for each time series is chosen to achieve a good visual fit.

probably reflects remagnetization” [3]. But other samples give high-quality results. We

suggest that these are reliable recorders of typical geomagnetic instability, including

low-latitude VGPs, within a longer polarity transition lasting 1000 years or more (Fig.

1c). This interpretation is strongly supported by the corresponding results from the
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Yanagawa section, where normal polarities also occur a couple of metres prior to the

final polarity switch (compare Fig. 1a and 1c).

2.2 Dynamo model results

2.2.1 Zonal Gauss coefficients and Reversal Angle

Time series spanning the magnetic reversal from our dynamo simulation are shown in

Fig. 2. The top panel shows the first three zonal Gauss coefficients: g1,0 (dipole), g2,0

(quadrupole) and g3,0 (octupole) over several dipole decay times τd. The middle panel

shows the global mean of the local reversal angle 〈αr〉θ,φ, where the mean is over θ, φ

(see Methods, eq. 1). This global mean is seen to be a simple reversal (see definition in

Methods), with duration 0.018τd = 1008 years. Also shown for Fig. 2, over a shorter

time scale centred on the dipole reversal, are images of the φ–averaged reversal angle

〈αr〉φ, and αr at a certain longitude φ. The images of reversal angle show that local

reversals are quite rapid; the reversal time scale at a particular latitude, or location is

typically ∼ 1 kyr – much shorter than the time scale required for the dipole to reverse

between saturated polarities (∼ 100 kyr or ∼ 2 dipole decay times). Multiple local

excursions and double reversals occur over the timespan of the single global reversal.

These local excursions and reversals are seen to be more prevalent at high latitudes.

Black arrows for the images of Fig. 2 indicate the time for what we identify as

the reversal event near each pole. The model shows significant upper (north) – lower

(south) hemispheric asymmetry in the timing of the polar reversal event, with a dif-

ference between north and south reversal times of ≃ 800 years, which is comparable

to the global mean reversal duration of 1008 years. We note that grid points are not

placed at the poles of our model. Rather, the proximity to the pole of the highest lati-

tude grid point depends on the grid resolution. Still, given the spherical geometry, near

the poles the longitudinally averaged reversal angle time series is nearly equivalent to

that for a given longitude.

The images in Fig. 2 show that the local character of the full transition from one

magnetic polarity to the reverse is different at the poles than at the equator. Near

the poles the transition from one polarity to the other is more strongly punctuated

by excursions and double reversals. This polar transitional time period (∼ 20 kyr) is

much greater than the local reversal time period (∼ 1 kyr), and much greater than

the north – south main reversal event time difference (also ∼ 1 kyr). Excursions and

double reversals are less prevalent near the equator. At low latitudes fluctuations in
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Fig. 2 Top: Dynamo model time series of the first three zonal Gauss coefficients, dipole component

(black), quadrupole (blue), and octupole (red). Vertical dashed lines indicate the time interval in which

reversal angle displayed in bottom images. Middle: Global mean local reversal angle 〈αr〉θ,φ. Two

inset plots zoom in on the mean directional reversal. Horizontal dashed lines at θ = 45◦, 135◦ mark

the initiation and termination angles that define a reversal (see Methods). Bottom left: longitudinally

averaged reversal angle as a function of time and latitude. Bottom right: reversal angle as a function

of time and latitude at longitude φ = 60◦. The arrows in the bottom two images indicate the reversal

times near the poles, and are placed at a time offset of 8.55 kyr (latitude ≃ −90, bottom of each

image) and 9.35 kyr (latitude ≃ 90, top of each image).

the reversal angle are seen to be strongest in the time interval between the north

and south main reversal event (time interval between black arrows). In other words,
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complex reversals typically occur at high latitudes, whereas simple reversals tend to

occur at low latitudes Furthermore simple reversals tend to have longer duration at

low latitudes, due to the north – south time offset of local reversals.

2.2.2 Local Reversal Duration

Whereas the timing of global and local reversals is shown in Fig. 2, we focus on local

reversal duration in Fig. 3. The top image shows a map of the local reversal duration

as a function of location. The two types of reversals, simple and complex are shown

with two colour palettes on the map. Below the map four plots detail the reversal

angle over time at locations marked on the map. To show the range of local reversal

behaviours, we display examples of relatively short and relatively long reversals of

both types (simple and complex).

Simple reversals tend to occur at low latitudes, mostly within 30◦ of the equator,

whereas complex reversals tend to occur at higher latitudes and near both poles. Since

complex reversals typically have longer duration than simple reversals polar, higher

latitudes tend to have longer reversal durations. Equatorial reversal durations are of

order 1 kyr, whereas high latitude durations are of order 10 kyr. The two simple

reversals shown in Fig. 3 are at -30◦ and 0◦ latitude and have durations 0.21 kyr and

1.94 kyr respectively. The two complex reversals are at 30◦ and -60◦ latitude and have

durations 7 kyr and 12.37 kyr respectively.

2.2.3 Latitudinal dependence of reversal duration

Longitudinally averaged reversal durations are plotted as a function of latitude in

Fig. 4. The set of all reversal durations (including SLR and CLR) shows durations

are greater at the poles by a factor of about 10 compared to those near the equator.

However, the latitudinal distribution of reversal durations becomes more interesting

when considering SLR and CLR reversal populations separately. Simple local rever-

sals, which occur at mid to equatorial latitudes, have about 5× longer durations at

the equator than at mid-latitudes. In contrast, CLR, which do not occur near the

equator, have roughly 2× longer durations at the poles than at mid-latitudes (see also

Supplementary Information, Fig. A1).
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2. Lon = 300, Lat = 0, CLRT = 1.94 kyr
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3. Lon = 60, Lat = 30, MLRT = 7 kyr
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4. Lon = 60, Lat = -60, MLRT = 12.37 kyr
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Complex local reversal duration CLRD (kyr)
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Fig. 3 Dynamo model reversal duration. Simple and complex local reversal durations (SLRD and

CLRD) are shown with two colour scales. Numbers on Mollwied projection indicate the locations of

labelled example time series below. Blue circles on the time series show the beginning and ending

data points defining the reversal durations.
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Fig. 4 Longitudinally averaged reversal duration as a function of latitude for all local reversal

durations (black solid line), and for simple (dashed blue line) and complex local reversal durations

(dotted red lines). Dark green lines show Brunhes-Matuyama, Upper and Lower Jaramillo, and Upper

Olduvai data from Table 1 and Figure 2 of [4], with bounding markers representing lower and upper

duration.

3 Discussion

As was pointed out many years ago, a vector field that reverses by decreasing in

magnitude and then building up in the opposite direction “would give a discontinuous

change in dip as the field passed through zero however slowly the field decayed” [29].

At all locations, a sudden 180◦ jump in inclination and declination would be observed.

The inclusion of higher-order terms modifies the outcome. For example, a fixed 10%

quadrupole component results in a reversal duration of 0.2T at the equator (where

the reversal duration is defined as the time required for the reversal angle to transit

from 45◦ to 135◦, and T is the total time for the dipole to decay (linearly) from +1

to −1). If T = 7 kyr [21], the reversal will take 1400 years. At the poles, however, a
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discontinuous jump still occurs. Between the poles and the equator, reversals of a few

centuries will be observed, as suggested by Einarsson [13].

The simple pattern discussed above, with short duration reversals at the poles and

longer duration reversals at the equator, was predicted by heuristic models [8, 9]. In

contrast, a global summary of palaeomagnetic reversals based on sedimentary records

found the opposite of what was predicted: reversal durations shorter (∼ 1 kyr) near the

equator and maximum (∼ 10 kyr) at the highest recorded latitudes [4]. This pattern,

with minimum reversal duration near the equator, is reproduced in our simulation

when considering all reversals, including SLR and CLR (Fig. 4). However, when SLR

and CLR are counted separately it is seen that the SLR follow the opposite pattern,

with a maximum in reversal duration at the equator, minimum duration at mid-

latitudes and latitudes greater than ∼ 60◦ free of SLR. Thus, our model reproduces

both the heuristic models described above and the palaeomagnetic observations.

Although we argue against the very fast (decadal) reversals reported from Japan

and Italy [1, 2], our reinterpretations leave them as relatively fast (centennial) fea-

tures. It is interesting that observations of these fast magnetic reversals were found

in sedimentary sequences at mid-latitude: 35◦ for [1], and ∼ 42◦ for [18] (See Fig. 1).

For our simulation the SLR have maximum longitudinally averaged duration near the

equator of ∼ 1.5 kyr, and decrease steeply in duration, with a band of low durations

(∼ 450 years) between 40◦ and 60◦ in both hemispheres. Thus our model results are

consistent with finding the lowest duration magnetic reversals at mid-latitudes.

4 Methods

We use the numerical dynamo code MAGIC [30–32], to run a high-resolution, Earthlike

[10, 33, 34], reversing dynamo simulation (See also Supplementary Information). The

code solves the magnetohydrodynamic conservation equations of mass, momentum,

energy and magnetic flux for an electrically conducting, Boussinesq or anelastic fluid

in spherical geometry. We run MAGIC in Boussinesq mode.

4.1 Parameters and boundary conditions

The non-dimensional governing equations are scaled by four dimensionless parameters:

the Prandtl number ν/κ, which is the ratio of viscous and thermal diffusivities; the

magnetic Prandtl number Pm = ν/η, where η is the magnetic diffusivity; the Ekman

number E = ν/(ΩD2), where Ω is the rotation rate and D = ro − ri is the shell

11



depth with ro and ri, the outer and inner sphere radii; and the Rayleigh number

Ra = ǫgD3/(κν), where g is gravity and ǫ is a dimensionless volumetric thermal source

or sink that balances the integrated thermal flux at the inner and outer boundaries

[35]. The velocity boundary conditions are rigid (no slip) at the top (CMB) and bottom

(ICB). The inner core, which is modelled as a rigid sphere of the same density and

electrical conductivity as the fluid outer core, is free to rotate according to viscous and

magnetic torques. The magnetic field outside the core is assumed to be a potential

field, meaning the mantle is assumed to be electrically insulating. Thermal boundary

conditions are described below.

Table 1 shows parameters, resolution and boundary conditions for the model, and

corresponding values for the Earth.

Earth and dynamo model parameters

Parameter Earth Model

E ∼ 10−15 3× 10−5

Ra ∼ 1023 2.5× 109

Pr ∼ 0.04 1

Pm ∼ 10−6 2

Rm ∼ 1800 1174

ri/ro 0.35 0.35

nr 97

lmax 160

Run time, τd (kyr) 24 (1366)

Table 1 Parameters for Earth’s core and the numerical simulation.

The radial grid resolution is for the fluid outer core, with nr the

number of radial grid points. An additional 25 radial grid points

cover the solid, electrically conductive inner core. The maximum

spherical harmonic degree is lmax. The number of grid points in φ is

nφ = 3 lmax = 480. The number of grid points in θ is nθ = nφ/2.

For the outer core radius ro = 3485 km and a liquid iron magnetic

diffusivity η = 0.7 m2/s, the magnetic timescale τd = r2o/(π
2η) = 56

kyr. The model input parameters are E, Ra, Pr and Pm. The model

time-averaged Reynolds number Rm, is an output parameter (result)

calculated after the simulation. Earth values from Jones and

Schubert [36].

To model thermochemical convection in the Earth’s core, we invoke the co-density

formulation [35, 37], in which ǫ is a thermal sink that balances the inner boundary
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(ICB) buoyancy flux, and the outer boundary (CMB) buoyancy flux is set to zero.

Growth of the Earth’s solid inner core produces buoyancy by the release of latent

heat and light element enrichment at the ICB [37]. Accumulation of light element

enriched fluid could result in a stably stratified layer near the CMB [38]. There has

been recent interest in seismological observations that support the existence of such a

layer [39, 40]. However, other seismically determined models do not require a stably

stratified layer [41], and it is not clear that it would survive outer core convective

mixing. Recent dynamo modelling that included many cases varying the thickness of

a stably stratified layer at the top of the outer core concluded that a stably stratified

layer there is not favoured [42]. Still, it is likely that for a large part of Earth’s cooling

history, including the present era, buoyancy flux is concentrated at the ICB, with small

positive or negative buoyancy production at the CMB.

4.2 Magnetic field and time scaling

The numerical model magnetic field strength is scaled in Tesla by
√
ρµ0ηΩ, where ρ

is the density and µ0 is the vacuum permeability, η is the magnetic diffusivity, and

Ω is the planetary rotation rate. To scale time we use the dipole decay timescale

τd = r2o/(π
2η), where ro is the outer core radius. The scaling of magnetic field strength

and time has recently been revised according to new estimates of η. Previous work on

numerical dynamos, [43, 44] and core dynamics [36] have used a value of η = 2 m2/s.

Laboratory experiments of pure Fe have yielded estimates of η = 1 m2/s [45, 46],

but some recent ab-initio numerical studies have found lower values [47, 48]. However,

turbulent advection could lead to a larger effective diffusivity [36]. Here we follow

a review of the recent constraints on core properties and dynamics [49], and use an

estimated magnetic diffusivity of η = 0.7 m2/s, which yields a dipole decay time of

τd = 56 kyr.

4.3 Reversal angle

The reversal angle as a function of latitude, longitude and time is given by

αr(θ, φ, t) = cos−1

(

B ·Bax

BBax

)

, (1)

where B & B are the magnetic field vector and its magnitude, respectively, and Bax

& Bax are the axial dipole field vector and its magnitude, respectively, before the

reversal. Thus, αr is the angle between the current field vector and the axial dipole
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field vector before the reversal. For our simulation αr(θ, φ, t) is calculated at a radius

that corresponds to the Earth’s surface, which is outside the dynamo region.

4.4 Reversal duration and identification of reversal types

Global reversals generally occur on a longer time scale than local reversals. For our

model, during a single global reversal, the local magnetic field, at a particular (θ, φ)

location and radius corresponding to Earth’s surface, may reverse once (simple local

reversal) or multiple times (complex local reversal).

A global reversal is identified when the dipole (intensity of the g1,0 Gauss coeffi-

cient) changes sign. For a given global reversal we seek an algorithm that identifies a

local reversal automatically. To achieve this, we choose a time interval that includes

a global reversal. A local reversal at a given latitude and longitude occurs when the

reversal angle αr(θ, φ, t) goes from an initiation angle of 45◦ to a termination angle

of 135◦. Reversal duration is defined by scanning forward and backward in time. We

start at the beginning of the chosen time interval, where αr < 45◦. The reversal angle

is scanned forward in time until the first time-step at which αr > 135◦. That time-

step is called tf2, where the first subscript (f or b) denotes forward or backward, and

the second subscript indicates the termination angle (2 for 135◦, 1 for 45◦). From tf2

we scan backwards in time to tf1, where αr < 45◦. We then repeat a similar pair of

steps in the other time direction, scanning backward from the end of the chosen time

interval to tb1, where αr < 45◦, and then forward in time to tb2, where αr > 135◦. In

all cases the local reversal duration is defined as

LRD = tb2 − tf1. (2)

Two types of local reversals can result in the duration given by (2). We define a simple

local reversal (SLR) to occur where tf2 > tb1, and a complex local reversal (CLR)

otherwise (tb1 ≥ tf2). Note that for SLR tf2 = tb2 and tb1 = tf1. CLR are typically

but not always of longer duration than SLR.

Appendix A Supplementary material

A.1 Earthlike reversing dynamo

Five snapshots of the radial magnetic field from our simulation are shown in Fig.

A1. The first snapshot (a) shows the field at 0.78τd before reversal. Here the field is

14



typical in its dominantly dipolar morphology and high intensity away from a reversal

or excursion. The second snapshot (b) shows the field at zero time-offset for the bottom

images in Fig. 1. Here, the field is still in the original polarity, with weakened intensity,

having undergone an excursion (see Fig. 1, middle panel). The third image (c) shows

the field at the time of dipole reversal, with αr = 0. The final two images (d, e) show

gradual recovery of the field in reversed polarity.

a
b

ed

c

Fig. A1 Radial magnetic field at the outer boundary (CMB) of the model. Magnetic field strength

colour bar in units of
√
ρµ0ηΩ = 8.39 × 10−4 T, with ρ = 1.1 × 104 kg m−3, η = 0.7 m2 s−1,

Ω = 7.27× 10−5 s−1. Times of the five snapshots in units of dipole decay time τd are a) 59.70, b)

60.12 (first vertical dashed line in Fig. 2), c) 60.48 (second vertical dashed line in Fig. 2, d) 62.20)

To show that our dynamo simulation is Earthlike, we apply diagnostics suggested

previously [10]. These diagnostics are included as time series outputs in the dynamo
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code (MAGIC) we used, and are computed at the outer boundary (CMB) of the

numerical model. Each diagnostic has a nominal value for the geodynamo, and toler-

ances (see Table 2 in Christensen et al. [10]). The four diagnostic time-series for our

simulation, along with nominal values and tolerances, are shown in Fig. A2 and are

described as follows. The axial dipolarity, or relative axial dipole power, is the ratio

of the axial magnetic dipole field power, which may be represented by g1,0 to the

sum of the power of all other components of the field up to spherical harmonic degree

and order eight. The odd–even ratio, or equatorial symmetry, which is ratio of power

of components with odd vs. even values of degree plus order for spherical harmonic

degrees between two and eight. The zonality, which is the ratio of zonal (order zero)

to non-zonal power power for all components from degree two to eight. The magnetic

flux concentration, which is a measure of how strongly the radial magnetic field is

concentrated into patches on the CMB surface.

58 59 60 61 62 63

0

0.5

1

1.5

2

2.5

3
Axial dipolarity

58 59 60 61 62 63

0

1

2

3

4
Odd - even ratio

58 59 60 61 62 63

0

0.2

0.4

0.6

0.8

1

1.2
Zonality

58 59 60 61 62 63

0

2

4

6

8
Flux concentration

dc

a b

Fig. A2 Diagnostics for Earth-likeness of the magnetic field at the CMB. The diagnostics, including

nominal values (dashed blue lines) and tolerances (dot-dashed red lines) are described in [10]. Axial

dipolarity (ratio of axial dipole to non-dipolar components), Odd - even ratio (power ratio of odd and

even spherical harmonics - equatorial symmetry of the magnetic field) , Zonality (zonal - nonzonal

ratio), and (magnetic) flux concentration.
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All four diagnostics show that our simulation is Earthlike during times away from

the reversal. The diagnostic with the most variation is the axial polarity (Fig. A2a),

which typically falls between the nominal value and the lower tolerance during times

away from the period of global reversal. During the time period of global reversal

(59.8 . τd . 61.8), the axial polarity falls well below the Earthlike tolerance. The

three other diagnostics stay within the Earthlike tolerances away from and throughout

the the reversal period. Odd-even ratio decreases from typically above the nominal

Earthlike value away from the reversal period to typically below the nominal value

during the reversal period. Flux concentration increases slightly during the reversal

period. Zonality has no obvious changes comparing the time periods outside and during

the polarity reversal.

A.2 Local reversal duration statistics

Local reversal duration statistics from our dynamo simulation are shown in Fig. A3.

The cumulative distribution function (CDF) and probability density function (PDF)

are displayed for all local reversals, and for SLR and CLR separately. The shortest

and longest SLR durations are 109 years and 2.32 kyr. The shortest and longest CLR

durations are 1.40 kyr and 13.2 kyr. Thus durations varied 121-fold. Median durations

of ∼ 2 kyr for all reversals, ∼ 1 kyr for SLR, and ∼ 5 kyr for CLR can be read from Fig.

A3 by noting that the median is half the maximum of the CDF. To ensure non-biased

equal area sampling of our numerical simulation, locations are distributed randomly,

in an equal-area sense, on the sphere. This step is necessary because the horizontal

surface area of r, θ, φ grid-cells changes with θ. Thus, sampling on the native grid

for the numerical and observational models would introduce a latitudinal bias to the

inclination distributions. (See also Heimpel and Evans [44]).

17



0.1 0.3 1  3  10 30 

Duration (kyr)

0

0.05

0.1

0.15

0.2

0.25

0.3

P
D

F

0.1 0.3 1  3  10 30 

Duration (kyr)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

C
D

F

All local reversals: N* = 73339

Simple: N* = 39385

Complex N* = 33954

Fig. A3 Reversal duration statistics. Probability density functions (PDF) and Cumulative distri-

bution functions (CDF) for all local reversal durations, and for simple and complex local reversal

durations. N∗ in the equivalent, equal area number of locations.
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