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Abstract Multiple strategies have been suggested for quantitatively comparing numerical dynamo simula- i
Mathieu Dumberry

tions to geomagnetic field models and paleomagnetic observations. Observationally-constrained metrics are de-

signed to infer properties of simulations that are required to produce Earth-like behaviour and enable inferences M arclﬁez(;;;ié
on otherwise inaccessible properties of the geomagnetic field, such as its long-term spatio-temporal behaviour Revised:
at the core-mantle boundary. However, these criteria are derived from data spanning differing timescales with May 8, 2026
fundamentally different spatio-temporal resolution, are often applied in isolation, and may not be indepen- Accepted:
dent assessments, so that holistic syntheses of simulated and observed field variations are currently lacking. In J‘;Zilkhzfjé

this work, we apply 14 existing criteria measuring field morphological and variability properties on centennial
to million-year timescales to a database of 207 dynamos. Individual metrics are matched over various ranges
of core-mantle boundary dipolarity (f;) and its temporal variability (§f;), though no single range conforms
with all proposed metrics. The greatest overlap between simulations matching disparate criteria occurs for
f2 =0.50 —0.64, which is substantially lower than the modern field value of 0.71. Earth-like dynamos tend to
have magnetic/kinetic energy ratio >1, consistent with a MAC force balance, and require a magnetic Reynolds
number Rm = 750 — 1200 to match the secular variation timescale. Simulations in our dataset exhibit reduced
temporal variability at moderate dipolarity (f; ~ 0.5) compared to inferences from global field models, which
hinders their capacity to produce Earth-like polarity reversals.

June 12, 2026

Non-technical summary Numerical geodynamo simulations model the generation of Earth’s mag-
netic field by solving the fundamental physical equations that describe fluid motion and electromagnetism in
the outer core. To assess how Earth-like these simulations are, researchers compare them with observations
from data-based geomagnetic field models and paleomagnetic records using a range of published metrics. These
criteria examine different aspects of geomagnetic behaviour, draw on different types of observations, and span
timescales from decades to millions of years. In this study, we apply 14 such criteria to 207 simulations to
evaluate both the structure of the magnetic field and how it changes over time. A key property that influences
whether simulations meet the criteria is the dipole’s strength relative to the total large-scale field at the core sur-
face ('dipolarity’). We find that no single region of parameter space satisfies all metrics simultaneously, and that
metrics based on the modern field typically favour a stronger dipolarity than those derived from longer term pa-
leomagnetic data. Some criteria do not effectively discriminate simulations that produce Earth-like behaviour.
Simulations show less variability at moderate dipolarity than inferred from geomagnetic field reconstructions,
which may help explain why they struggle to produce realistic magnetic polarity reversals.

1 Introduction

Earth’s magnetic field provides an important geophysical
probe of the deep Earth over geological time (Tarduno et
al., 2010; Biggin et al, 2011; Constable and Korte, 2015;
Davies et al., 2022). The predominant component of the mag-
netic field at Earth’s surface is generated from the turbulent
motion of liquid metal in Earth’s outer core. This dipole-
dominated ‘main field’ is known to have changed on a vast

*Corresponding author: h.f.rogers@leeds.ac.uk

range of temporal and spatial scales, from long-period vari-
ations in the frequency of polarity reversals to rapid geo-
magnetic jerks (Gallet et al., 2009; Brown et al., 2013; Con-
stable and Constable, 2023) and “spikes” in field strength
(Shaar et al., 2017; Davies and Constable, 2017) and direction
(Davies and Constable, 2020; Constable and Davies, 2024).
On centennial to multi-millennial timescales the field ex-
hibits striking changes in morphology and variability, in-
cluding reversals and excursions that are sampled by globally
distributed datasets. The recent proliferation of field models
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spanning various parts of the last 10 Ma (Constable et al.,
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to even parity spherical harmonic ($ contributions, and

2016; Cromwell et al., 2018; Campuzano et al., 2019; Korte etux concentration () (collectively termed compliance cri-
al., 2019; Panovska et al., 2019; Panovska et al., 2021; Nilssderia; Christensen et al., 2010), as well as preferred locations
et al., 2022; Mahgoub et al., 2023) presents the opportunity of intense ux patches (Mound et al., 2015). From a large

to interrogate the physics underpinning observed eld be-
haviour by comparisons with numerical simulations of the

dynamo process that generates the eld. Here we seek to es-

tablish the level of quantitative agreement between outputs
from eld models and numerical simulations spanning cen-
tennial to million-year timescales.

Spherical harmonics o er a compact and physically mean-
ingful global representation of the radial magnetic elda
through the Gauss coe cients 6. and ..., dened at
Earth's surface for degree ; and order <. This formulation
enables direct comparison with surface and satellite obser-
vations, as well as with their temporal evolution. Spheri-
cal harmonics constitute the standard basis for the inversion
of global, time-dependent geomagnetic eld models derived
from observational data and are also easily obtained from nu-
merical geodynamo simulations. Consequently, they provide
a unifying framework for evaluating standard geomagnetic
elements and a broad range of derived quantities, thereby
establishing their statistical properties. In paleo eld stud-
ies, data coverage is often limited and global geomagnetic
eld models are unavailable prior to 100 ka (except for se-
lected polarity changes, e.g.
et al., 2008), but derived statistics can still be computed di-
rectly from observations and compared to simulation out-
puts. Establishing the level of agreement between simu-
lated and observed magnetic eld behaviour spanning cen-
tennial to million-year timescales requires criteria that can
be estimated with the variable spatio-temporal resolution af-
forded by available observations and that quantify the estab-
lished range of eld behaviour; from the detailed morphol-

dataset of dynamo models (# = 155), Christensen et al. (2010)
suggested that simulated elds compliant with observational
constraintson z,$ ,/4 and arise in a wedge-shaded
region of %< '< parameter space, where isthe Ekman
number and %< is the magnetic Prandtl number. This im-
plies that simulation parameters should be chosen to ensure
a geophysically realistic ordering of rotation, magnetic ad-
vection, and magnetic di usion timescales. However, subse-
guent studies have shown that accessing the wedge-shaped
parameter space is not su cient to ensure simulations re-
produce the geomagnetic eld morphology according to the
criteria of Christensen et al. (2010). Nakagawa and Davies
(2022) argued that simulations that pass the compliance cri-
teria, have an Earth-like '<, and an average magnetic to ki-
neticenergyratio < . j 1, indicative of the geophysically-
relevant strong- eld regime (Schwaiger et al., 2019b), are
characterised by a dipolarity in the range 0”353 50”75,
though simulations which do not pass the compliance crite-
ria also exist in this Hrange.

On 10 100 kyr timescales the reduced spatio-temporal
resolution a orded by available observations coupled with

Mahgoub et al., 2023; Lancidistinct eld behaviour not recorded in the Holocene

(present 11.7 ka) necessitates the use of di erent types of
criteria. In particular, quantities such ag sannot be accu-
rately estimated from observations and must be inferred. The
PSV index y{Panovska and Constable, 2017) quanti es in-
stantaneous deviations of the eld from an axial dipole based
on the virtual dipole moment + and Virtual Geomagnetic
Pole (VGP) colatitude. Mason et al. (2024) used 20 dynamo
simulations with Earth-like '<( 1000) and <« . j1 and

ogy and time-dependence that can be resolved on centennial found that %is inversely related toHand did not vary sys-

timescales to longer-term Paleosecular Variation (PSV) in-
cluding excursions and reversals. The overall aim is to infer
the unobservable dynamics and the physical state of the core
that are compatible with geomagnetic eld observations as-

sessed through appropriate criteria.

On decadal timescales, satellite and full-vector observa-
tory data enable estimation of the instantaneous rate of
change of the radial eld%. Together with ,itis then pos-
sible to construct a timescale fpr eld changes as a func-
tion of spherical harmonic degree ;. Lhuillier et al. (2011)
showed that g=gsy; for the large-scale poloidal non-dipole
eld measured by models of the modern geomagnetic eld.

tematically with a number of other dynamo control param-
eters and diagnostics. They found simulated &nsistent
with that of GGF100k in a limited range 0”4 350”5, much
lower than the value $=0"71 that can be calculated directly
for the modern eld.

On million-year timescales statistical approaches are
needed to synthesize paleomagnetic data. Sprain et al. (2019)
proposed the & criteria based on the maximum inclination
anomaly ( ) relative to Geocentric Axial Dipole (GAD) di-
rections, variability of +, VGP dispersion ((), and the fraction
of time spent in a transitional state §y Meduri et al. (2021)
found that mis t between simulated and observed& val-

Christensen and Tilgner (2004) and Christensen et al. (2012)ues varied systematically withsZand was minimised in the

further showed that gy varies as the inverse of the magnetic
Reynolds number '<, the ratio of magnetic induction to dif-
fusion. This relationship has been veri ed in subsequent
studies (Amit et al., 2018; Aubert et al., 2025).

Over historical to Holocene (present 11.7 ka) timescales,
the geomagnetic eld at the core-mantle boundary (CMB)
is dominated by an axial dipole, while the non-dipolar eld
is primarily equatorially antisymmetric, manifesting as non-
zonal patches of high-latitude magnetic ux that are gener-
ally located just outside the inner-core tangent cylinder (e.g.

range 0”36 5 0756, again signi cantly below the mod-
ern dipolarity. From a suite of 50 simulations Meduri et al.
(2021) found that only those forced at the bottom of the core
(instead of in the volume) and with Y 16 presented low
&gy Mists. Subsequently Biggin et al. (2020) showed that
theratio # isinversely correlated with equatorial VGP dis-
persion, providing a proxy for estimating axial dipole domi-
nance in deep time.

The above criteria have been developed independently to
serve speci ¢ purposes and tested against disparate simula-

Jackson et al., 2000; Constable et al., 2016). These eld feation datasets, often in isolation. This has led to numerous

tures have been quanti ed using spherical harmonic mod-
els in terms of the dipolarity (B, ratio of axial dipole to
non-axial-dipole eld ( &), zonal to non-zonal (£ ) and odd

2

inferences relating a range of dynamo parameters and diag-
nostics (e.g.'<, < ., %<, 53)to properties of simulated
elds that are considered Earth-like (e.g. Christensen et al.,
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2010; Davies and Constable, 2014; Sprain et al., 2019; AubeiBupplementary Table. In terms of the radial buoyancy dis-

etal., 2025). However, it is presently unclear how a standard-
ised set of simulations perform against a wide range of crite-
ria, which criteria are useful for distinguishing simulations
with di erent setups (e.g. control parameters, boundary con-
ditions, mode of convective driving), and which model prop-
erties best capture the level of agreement between simulated
and observed magnetic elds. It is also the case that some
criteria are not independent, so we might expect some cor-
relations and redundancy and even mutual incompatibility
owing to the heterogeneous quality and abundance of the
data on which they are evaluated.

In this work we explore a large and consistent database of
numerical dynamo simulations run using the Leeds Dynamo
Code (Section 2). In Section 3 we de ne the metrics intro-

duced above and discuss the ranges that have been proposedhetic to kinetic energy ratio <
based on paleomagnetic observations. In Section 4 we evalu-

ate the simulation dataset against each criterion individually
and seek to classify simulations that pass each criterion in
terms of '<, 53, and « .. Based on this analysis we con-
sider in Section 5 how simulations simultaneously match a
reduced set of criteria, classi ed depending enahd its tem-
poral variability. Discussion and conclusions are presented
in Section 6.

2 Overview of simulations

We considered 207 numerical dynamo simulations run with

the Leeds Dynamo code (as described in Willis et al., 2007;

tribution, 18 simulations are purely basally driven (mimick-
ing compositional convection), 48 are purely volumetrically
driven (with a constant internal source, as a proxy for secular
cooling), and 140 are driven by equal ux on both boundaries
(mimicking xed- ux thermal convection). Simulation run-
times vary from 0.01-33.48 magnetic di usion times.

A variety of output diagnostics for the simulations are re-
ported in Supplementary Table 1 for completeness and all
values of the global diagnostics of the geodynamo simulation
are given as the spatio-temporal mean. Here we are mainly
interested in the following outputs: the magnetic Reynolds
number'< =* [, measuring the ratio of magnetic induc-
tion and di usion; the Elsasser number =f 2 (d ), amea-
sure of the strength of Lorentz to Coriolis forces; the mag-
.= %< (< ?);and the
dipolarity %‘ of the eld at the top of the core. Here * and

are respectively the RMS uid velocity and magnetic eld
strength, d is the uid density, and f the electrical conductiv-
ity. The power . inthe magnetic eld for spherical harmonic
degree; (Lowes, 1966) can be evaluated by

X
LA)E e ®
<=0
@)= T e (e @

where 6.« and ... are Schmidt-normalised Gauss coe -
cients of degree ; and order < evaluated at Earth's radius

Davies et al., 2011). Details of the simulations are contained 4. The dipolarity at the CMB radius,As given by

in the table within the supplementary materials, which pro-
vides links to the original publications where more informa-
tion can be found, and so only a brief summary is given here.
Simulations solve the Boussinesq equations of the magneto-
hydrodynamic dynamo in a spherical shell rotating with an-
gular velocity about the vertical axis. In all simulations
gravity varies linearly with radius A in the spherical coordi-
nate system (A<\+*q) (\ is colatitude, and q longitude) and the
ratio of inner to outer boundary radii is 0.35 as in modern
Earth. The main dimensionless control parameters are the
Ekman number =a ( ?), the magnetic Prandtl number
%< =a [, and the Prandtl number %A =a . Here a is the
uid viscosity, the shell thickness, » is the codensity dif-
fusivity, and [ is the magnetic di usivity. A Rayleigh num-
ber '0 measuring the strength of the buoyancy must also be
prescribed, with its precise de nition depending on the ther-
mochemical boundary conditions and driving mode.

All simulations employ no-slip mechanical boundary con-
ditions with an insulating upper boundary on which a xed
codensity ux is imposed. At the inner boundary 191 of
the simulations have an insulating inner core (the remain-
ing 16 using a conducting inner core) while 164 simulations
use a xed codensity ux (the remaining 43 using xed co-
density). The inner boundary conditions are always homo-
geneous while at the outer boundary the codensity ux can
vary laterally. 132 simulations employ a homogeneous outer
boundary codensity ux while 66 use a codensity ux pattern
inferred from widely used seismic tomography models (Mas-
ters et al., 1996; Masters et al., 2000) (with lateral variations

S

§= Pl ®
5:1 ,(&)
and is often calculated using spherical harmonic coe cients
up to degree ! =12, with §2 = 0735 used as a proxy for the
dipole-multipole transition (Christensen and Aubert, 2006).
Hereafter, we denotes5to be the standard ! = 12 de ni-

tion (5! adopted in the dynamo modelling community. De-
gree ! = 12 marks the transition between crustal- and core-
dominated magnetic eld spectra in the modern eld and
therefore represents the maximum resolvable degree under
ideal temporal and spatial coverage. We will also report
@4 for comparison to geomagnetic eld models spanning
Holocene and longer timescales which only recover large-
scale features of the eld.

Figure 1 illustrates the parameter space sampled by our
simulations. The values of and %< are, like all direct nu-
merical simulations of the geodynamo, orders of magnitude
higher than the values  10'® and %< 10° that charac-
terise Earth's core (Davies et al., 2015). Nevertheless, these
parameters are densely sampled over two orders of magni-
tude and output diagnostics and '< (which are time aver-
ages of RMS values across the simulations) span ranges ap-
propriate for the geodynamo. The simulations also span a
wide range of eld morphologies at the top of the core, from
multipolar solutions that generally have average . Y
1, to dipole-dominated non-reversing behaviour that often

arise when < 1. Simulations with - . Y 1 are

ranging from 0.13-10.7 times the mean) and 9 use a sphericalshown in grey to indicate that they are unlikely to be in the

harmonic recumbent20 pattern (with lateral variations rang-
ing from 0.37-1.82 times the mean). Further details are in the

3

expected “strong- eld' regime (Nakagawa and Davies, 2022).
67 simulations exhibit a reversal during their run. Sampling
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Figure 1: Summary of characteristics of the dynamos considered in this study: (a) Ekman number (ratio of viscous forces to Coriolis forces)
against magnetic Prandtl number (ratio of viscous di usivity to magnetic di usivity). (b) magnetic Reynolds number (magnetic advection

to magnetic di usion) against the Elsasser number (ratio of Lorentz force to Coriolis force). The size of the points are proportional to the
magnetic Reynolds number and the colour indicates the mean magnetic to kinetic energy ratio. Simulations coloured grey re ect those
having a mean magnetic to kinetic energy ratio less than 1, unlikely to be in the strong- eld regime. Indicative Earth values are shown in
blue. Three simulations (LEDCJ001, LEDT010_SM, and LEDTFO001) are marked for comparison in relation to later gures in this manuscript.

this broad range of dynamo and eld behaviour is important phologies based on spherical harmonic series truncated at
for testing simulations against a range of geomagnetic ob- degree ! =8. 4 is the ratio of axial dipole power to the
servations. non-axial dipole power in the Lowes spectrum:

" 1.dA) "
r
EE G )
We consider the metrics in Table 1, which have been used Equatoria| asymmetry in the non_dipo'e e|d, $' is calcu-

in previous studies to quantify agreement between geody- |ated from the ratio of power in spherical harmonic terms
namo simulation outputs and observations. They COVer a it (; +<) odd over even. /4 relates power in zonal (< = 0)
wide range of timescales spanning the historical eld (Y +tg non-zonal (< 6= 0) terms bringing in a measure of longi-
400 years) which exhibits limited secular variation, to large t,dinal variability. The ux concentration factor ( ) is a
changes such as geomagnetic excursions and polarity rever- measure of the relative spatial concentration of magnetic ux

sals, which take 10s of ky to complete and occur a few times gpeci ed by the spatial average (here represented by angle
per My, and are based on various statistics I’epresentlng av- brackets) of the Squared radial eld:

erage morphology and variability of the eld. Several have
been combined (as in, for example, Christensen et al., 2010; = ha h %2en3? (5)
Sprain et al., 2019) to produce & pr other mis t score as . o
a measure of compliance between a simulation and the ge- _ Christensen et al. (2010) calculate & fjnis t between
omagnetic eld. Here we instead choose to consider each Simulated and observed values for each criteriog 2
metric individually rather than mixing potentially disparate  f #°$ */#+ gas
measures of morphology and variability. Unlike geodynamo _h i2
diagnostics, observational quantities (and the criteria built 5= In(g In g Inf (6)
from these) are skewed by the uneven distribution in time
and space and, therefore, paleomagnetic studies often reportwhere f . is the multiplicative factor assigned to be the
the median or remove oultliers to account for this. bounds of the observed valueg. Each criterion can be con-
The rst step for calculating each criterion is to trun-  sidered individually (j2) or all 4 can be summed to provide a
cate the geomagnetic eld output from the numerical dy- total compliance rating (f). Christensen et al. (2010) de ne
namo simulation to a maximum spherical harmonic degree j 2 8 as “non-compliant, j° Y 4 as “good' compliance, and
for fair comparison to the observations. Recent work (as in, j2Y 2 as “excellent' compliance to Earth. (Note that for4 j
for example, Panovska et al., 2019; Wardinski et al., 2025)distribution with = degrees oE) freedom we expect the aver-
has shown that changing the maximum spherical harmonic age to bg 2==, and the f > = 2=, with one-sided 90th and
degree of criteria can a ect the resulting values calculated 95th percentile for £ with==4 as 7”8 and 9’5.)
from the Gauss coe cients. In this work we only consider We take the values of g and f _ used by Christensen et
the spherical harmonic degree truncation and observational al. (2010) (Table 1), which are largely based on the histori-
bounds given in the original study, summarised in Table 1.  cal eld model gufm1 with allowance in fa for additional
variability in the paleo eld. Recently, Wardinski et al. (2025)
3.1 Morphological compliance criteria hgve calculgted g values for a range of eld models span-
ning the period 3 100 ka (see also Panovska et al., 2019).
Christensen et al. (2010) de ned 4 criteria that quantify simi- Compared to Table 1, they nd comparable values of &nd
larities between simulated and observed magnetic eld mor- / 4, but higher values of » (by a factor of 2-5) and lower

3 Overview of criteria # = (4)

4 JSEDI | volume 2 | paper 6 | 2026
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Table 1: Summary of all metrics considered in this study including a short description, symbol(s), the proposed range of values, and
the reference for where the range is described. We de ne the observationally-constrained range as rﬁ@%ﬁg%ﬂﬁﬁdd?';;gze Some &~
components are rounded. Generally, these re ect 95% of the distribution based on the models or observations used in their constructions

(see original papers for full details).

Morphological com-[[ Summary metric ¥ comprised of four measures of eld j 2 0-8 Christensen et
pliance morphology: axial dipole dominancey , zonality /4, | # 1457 al. (2010)
criteria equatorial antisymmetry $, and ux concentration $ "O‘1 o
! 4 0” 13;3
1 5001 13
Hemispherical ~bal-|| Measure of west-east hemispherical total ux (F) and 0"0 ‘?f’llg‘ Mound et al.
ance of ux ux concentration factor ( , from above) in 4 high- 0"0F) 2 (2015)
latitude quadrants
SV timescale Fit to non-dipole low degree ratio of eld spectra and gsy 4152{’55 yrs Lhuillier et al.
secular variation (2011)
PaleoSecular Variaf| Normalised ratio of angular deviation of VGP from the % 018y Panovska et al.
tion Index spin axis to the virtual dipole moment °/§°G 0”5 (2019)
Mason et al.
(2024)
Quiality of Summary metric &o+ comprising four measures (as- & o 0-5 Sprain et al.
Paleomagnetic Mod{| sessed from downsampled simulations at the locatigns <°¢ 7704113 (2019)
elling of PSV10, Cromwell et al., 2018): maximum inclinatiord 11"33*1,%3 Bono  (pers.
Criteria anomaly <°G, 0and1 parameters characterising VGPL 0"26%J ngl comm., 2025)
dispersion, VDM variability +, and proportion of time | +5 0" 7000 17
spent in transitional periodsg Ve 0"0900]06
values of (by a factor of 1.5). These dierences re ect tothedipole, asign ofintense reverse ux patches. We there-

some combination of di erent geomagnetic eld behaviour
(e.g. paleosecular variation, presence of excursions), di er-
ent modelling strategies, and the loss of resolution at higher
; with varying spatio-temporal data distributions.

3.2 Hemispheric balance of ux ( y)

Mound et al. (2015) considered regional variations in four
high latitude quadrants & de ned from Oand 180 lines of
longitude, and each pole (®r 180) and the 30° lines of lat-
itude (60 or 120 colatitude). For each quadrant, the ux
concentration factor ( ) and the total integrated ux () are
calculated up to ! = 8 by:

_ha@)ti h A&)i%,
& h A(&)22

@)

4

qZ\

&= A3&” (8)
These are normalised by the values obtained by consider-
ing only the axial dipole component of the eld. Finally
the hemispheric di erence in high-latitude ux concentra-
tion can be calculated by considering the normalised values
( + )ineach gquadrant (& NorthWest, SouthWest, North-
East, SouthEast) by:
. _ (&#’ +&(’ ) &, +&( ), ©)
Gy, +8& )+ & +&)

and areusually bounded between 1, with avalue of
0 indicating that the east and west quadrants have equal ux,
except attimes when one of the quadrant values are negative.
This happens when the coe cients for spherical harmonic

fore calculate  only attimes where all quadrant values are
positive and state a o, which is the proportion of the sim-
ulation where no quadrants are negative.

In Table 1 we use the observationally-constrained ranges
of and for the gufml1 and CALS10k.1 eld models,
taken from Mound et al. (2015). The values are very similar
despite the di erent resolutions and timespans of the indi-
vidual eld models.

3.3 Secular variation timescale (gsv)

The secular variation timescale is based on a parametric t
of the ratio of the spatial power spectra of the eld to its
secular variation as a function of ; (Christensen and Tilgner,
2004; Lhuillier et al., 2011):

(10)

where (. is the secular variation power equivalent of equa-
tion (2) de ned using the secular variation coe cients.8
and 9. . Using spherical harmonic degrees 2 12 fglls o

as 1; for the modern eld leading to a de nition of an
overall secular variation timescale

gv=:9"
The observed value okg depends somewhat on the eld
model and timespan considered, with the instantaneous val-
ues since 2000 spanning the approximate range 356y g

490 (Christensen et al., 2012; Amit et al., 2018). Here we use
the bounds suggested by Lhuillier et al. (2015 g415;>.

11)

3.4 Paleosecular variation index (%)

Both excursions and reversals are known properties of the

degrees greater than one are larger and of the opposite sign geomagnetic eld. The paleosecular variation indgX@s _+q)

5
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is a combined measure of magnetic eld strength and direc- The fth and nal criterion, g¢ quanti es the proportion of
tion designed to identify when the geomagnetic eld is in  total time the eld spends in transition between polarities.
an excursional state that may or may not lead to reversal. It We de ne times with normal polarity where dipole latitude
is large when the virtual dipole moment, +, is low and the 45 , g, time with reverse polarity where dipole latitude
VGP lies far from the geographic axis. Panovska and Con- Y 45, g, and the transitional time as the period when dipole
stable (2017) specifyj@) j 0”5 to characterise the start of a latitude lies between 45and 45 , g A simulation matches
geomagnetic excursion, and Constable and Morzfeld (2024)this criterion if g=*@\ i g c and g falls within the range esti-
extended its use to evaluate the time spent in an excursion mated for Earth.
or reversal event specifying the end time as the rst return Values for each of the &- criteria expected for Earth
to below the average value. are written as . and we use updated values obtained from
%(C+_+q) can be measured locally or globally and localPSV10 (Bono, pers. comm, 2025) and given in Table 1. The
events might not register in the global measure. Here we fo- mis t between simulated and observed values for each crite-
cus on the spatial mean of@@+_-+q), which is computed from rion < is calculated via
the local magnetic eld vector based on Gauss coe cients

upto! =5, translated to VGP latitude,_and + before being &8. = b < <=1,...,5e (16)
averaged globally, following Mason et al. (2024): ’ fo t ot
%C) = €2 j_+©Cjg ., (1)  Where _ denote the 95% con dence bounds and super-
c+(C) script E denotes Earth-values. The individual measures

for & f,%.. can be summed to provide a composite measure
é& %" ), but this is less useful than considering the individ-
ual evaluations because it assigns equal weight to the mis t
of each component. A simulation is considered "Earth-like'
when & o+ Y 5, but it may not necessarily pass every com-
ponent Sprain et al. (2019).

where 1y is an estimate of the average of + over space and
time. Mason et al. (2024) used GGF100k to obtain an observe
global average range 0”08 Y megii®) Y 0"20. Despite the
temporal smoothness of the GGF100k model, we utilise this
range to be our observational bounds for the medigii())
(hereafter ) since itis currently the only spherical harmonic
eld representation spanning the last 100 kyrs. However, .. L
matching %does not guarantee that a simulation produces 3.6 Application of criteria

excursionsgr reversals. FOthhiS we require that simulations  The selection of criteria and typical values outlined above
produce ¢ ; 0”5, where %°C denotes the maximumvalue  graws heavily on what is available in the form of obser-

of the time-series of YC). vations, and there are obviously fundamental limitations in
what we know. In paleomagnetic data compilations (such as
3.5 Quality of Paleomagnetic Modelling cri- PSV10, Cromwell et al., 2018; PSV10-24, Tauxe et al., 2024
teria (& o) that nominally span the past 10 My) the observations based

on lava ows are unevenly distributed in space and time.
The evaluation of ( typically excludes transitional data so
we should not expect 0 and 1 to be compatible with mea-
sures like 4oor +5. % relies on both eld strength and di-
rection to identify transitional eld behaviour, but gonly
uses directions which are more numerous than full vector

Sprain et al. (2019) de ne ve disparate measures of similar-
ities between simulated elds, truncated at ! = 10, and pa-
leomagnetic observations spanning the past 10 Myrs. The
criterion  <%C, measures the temporal median of the maxi-
mum deviation of the inclination (calculated from 10° latitude
bins and provided with 95% con dence intervals) from that data. <°C is the main measure of long-timescale eld mor-

produced by a GAD eld. Two criteria measuring directional 5100y which relies on having a good estimate of the tem-
variability over time are derived from geographic variability poral and spatial coverage for the eld. Criteria based on

in the dispersion ( of VGP directions, spherical harmonic representations (e.g@. 5s, gsv) Will in-

1 X 3 evitably vary with time due to both intrinsic eld variations
Q= — g . (13) and changes in the resolution that is a orded by available
- 8=1 observations. We use estimates of these quantities based on

where gis the angular distance of th€8VGP from the ge-  high-resolution models of the modern geomagnetic eld, but
ographic pole. The latitudinal variation of ( is frequently ap- ~ Note that these values might not be representative of longer

proximated by a parametric tknown as Model G (McFadden fimescales.

et al., 1988; Biggin et al., 2008), given by Geodynamo simulations output the magnetic eld
, throughout the shell, which can be used to derive all of the
CO=C+@ _f (14)  above statistics at variable resolution up to and exceeding

the VGP scatter at the that a orded by observations. However, simulations should
"0 and 1 are obtained t_Je run long enough to_ ensure a stable measure of the
time-averaged eld, which could be a few kyrs for the
non-dipole eld but is much longer for the axial dipole
(Davies and Constable, 2014). The simulations in this study
span 0.01-33.48 magnetic di usion times, which represent
1,500-6,696,000 years when rescaled to dimensional units

where 0 and 1 represent, respectively,
equator and its increase with latitude _
from a least squares t to time-averaged dispersion, (, over
speci ed latitude bins and provide two contributions to the
overall &~ score. The fourth criterion, 4, is a measure of
variability in global eld strength and uses'@the interquar-
tile range of virtual dipole moment +, normalised by its me-

dian valueb using the magnetic diusion time 2[ 150 200 kyrs
@, using an electrical conductivity of 075 1 16 S m!
*5 = b (15) (Pozzo et al., 2022). 46 of our simulations span less than 0”5
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