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Abstract The present-day geomagnetic field at Earth's surface is characterized by an anomalously weak
region known as the South Atlantic Anomaly (SAA). Numerical dynamo simulations with an imposed outer
boundary heat flux pattern inferred from lowermost mantle seismic anomalies reproduce well the longitude of
the SAA, but the latitudes of the modeled surface intensity minima are significantly lower than the observed
(Terra-Nova et al., 2019, https://doi.org/10.1093/gji/ggy519). Here we explore numerical dynamos with a
variety of large-scale synthetic patterns of outer boundary heat flux in order to gain fundamental insight into
what patterns may yield large latitudes of surface intensity minima. We find that equatorially anti-symmetric
heat flux patterns are required in order to produce large latitudes of surface intensity minima. However, these
dynamo models often reverse and their dipole dominance is lost. This trade-off between dipole-dominated
models with low latitudes of surface intensity minima as opposed to multipolar models with large latitudes of
surface intensity minima is also evident upon increase in the strength of the convection vigor. Snapshots of
dynamo models that satisfy the geomagnetic observations in terms of both large latitudes of surface intensity
minima as well as large dipolarity exist, but are rare. We speculate that reconciling these two fundamental
geomagnetic constraints may be achieved with a larger amplitude of an equatorially anti-symmetric outer
boundary heat flux combined with a more rapidly rotating dynamo model.

Plain Language Summary The present-day geomagnetic field at Earth's surface is characterized by
an anomalously weak region known as the South Atlantic Anomaly (SAA). In numerical models of core
convection such features appear very close to the equator, in contrast to the center of the SAA that resides
nowadays in Patagonia. Here we explore numerical dynamo simulations with a variety of large-scale synthetic
patterns of core-mantle boundary (CMB) heat flux in order to understand what patterns may yield large latitudes
of surface intensity minima. We find that equatorially anti-symmetric heat flux patterns result in large latitudes
of surface intensity minima. However, in these models the field morphology is very different from that of the
geomagnetic field. We speculate that reconciling these two fundamental geomagnetic constraints, field
morphology on the CMB and large latitude of surface intensity minima, may be achieved with a larger
amplitude of an equatorially anti-symmetric outer boundary heat flux heterogeneity combined with a more
rapidly rotating dynamo model.

1. Introduction

Some of the most outstanding features of the geomagnetic field are surface intensity minima (Domingos
et al., 2017; He et al., 2021; Tarduno et al., 2015; Terra-Nova et al., 2017). Monitoring geomagnetic surface
intensity minima and unraveling their dynamical origin is crucial for understanding the dynamics at Earth's liquid
outer core and the interactions with its surrounding solid envelopes. Studying surface intensity minima also has a
major societal impact due to the effects of the weak field on the Van Allen radiation belts where more energetic
particles from space penetrate Earth's atmosphere (Heirtzler, 2002; Olson & Amit, 2006). Satellites and other
spacecrafts passing through regions of low field intensity are bombarded by solar energetic particles that degrade
electronics, optics, solar panels and other critical systems by breaking chemical bonds and disrupting crystalline
structure (e.g. Lean, 2005).

Since the advent of intensity measurements, global field models constructed from direct observations showed that
reversed geomagnetic flux patches on the core-mantle boundary (CMB) have been expanding and intensifying
together with the decreasing axial dipole (e.g., Gubbins, 1987; Olson & Amit, 2006). The historical dipole in-
tensity decrease has been linked to the time-dependent area of reversed flux on the CMB (Metman et al., 2018), to
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Figure 1. (a, b): Radial geomagnetic field at the CMB based on the CHAOS7.10 (Finlay et al., 2020) model expanded until
maximum spherical harmonic degree and order ¢,,,,, = 14. (c, d): Surface intensity with black and red contours
corresponding to 1.2F;;, and 1.08F,;,, respectively, where Fy;, is the minimum surface intensity. The 1.2 and 1.08 factors were
chosen to highlight the emergence of the second minimum in 2020. Black dots denote local minima. (e, f): Zoom-ins to the
region of the surface intensity minimum or minima. Note the different scales between (e, f) versus (c, d).

the absence of a poleward drifting intense high-latitude normal polarity flux patch below Patagonia (Finlay
et al., 2016) as well as to a complex influence of small-scale magnetic field features in the southern hemisphere
(Finlay et al., 2012). At Earth's surface, a region of anomalously weak field intensity termed the South Atlantic
Anomaly (SAA) is observed (Heirtzler, 2002). At high altitudes the SAA is approximated by an eccentric dipole
(Domingos et al., 2017). Detailed analysis of global geomagnetic field models shows that the SAA is indeed
related to prominent flux patches on the CMB (Bloxham et al., 1989) albeit in a non-trivial way (Terra-Nova
et al., 2017).

Although the satellite era is too short to accommodate significant changes in the geomagnetic field, within a
period of 20 years a transition from one surface intensity minimum to two minima is observed (Figures 1c—1f).
The radial magnetic field at the CMB for a the model CHAOS-7.10 of the satellite era (Finlay et al., 2020) in 2000
and 2020 is shown in Figures 1a and 1b. Intense normal flux patches (NFPs) are found at high-latitudes close to
the intersection of the inner core Tangent Cylinder (TC) with the CMB as well as close to the equator (e.g.,
Jackson, 2003). Prominent reversed flux patches (RFPs) are found below the South Atlantic region (e.g., Bloxham
et al., 1989). From 2000 to 2020, the normal flux below mid latitudes of the Indian ocean became patchier. At the
same time the RFP below South Africa moved westward and the RFP below in between South Africa and
Antarctica intensified. These changes in the radial geomagnetic field on the CMB between 2000 and 2020
culminated in corresponding surface intensity changes for the same years (Figures 1c—1f) from one minimum in
2000 to two local minima in 2020, with the stronger anomaly (i.e., weaker geomagnetic field intensity) below
South America and another less pronounced minimum at a higher latitude close to Africa (see Alken et al., 2021;
Finlay et al., 2020; Rother et al., 2021; Terra-Nova et al., 2019).
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A field forecasting study by data assimilation schemes predicts that the African minimum will become weaker
than the South American (Sanchez et al., 2020). Importantly, the African minimum is centered at a higher latitude
than the South American. According to refined measures that better characterize the SAA area and center by
accounting for surface intensity outside the SAA region and shape anisotropy, the evolution of the SAA area and
center during the historical era has not been monotonous, including episodes of steady area, eastward drift and
rapid southward drift (Amit et al., 2021). Much attention has been given to the absolute minimum of the SAA in
past studies, whilst considerably less to other identified minima (Terra-Nova et al., 2019). Nevertheless, the low
intensity West Pacific Anomaly found in historical and archeological global geomagnetic field models (Tema
et al., 2023; Yue et al., 2024) has been linked to an independent database of equatorial aurorae recorded in Korea
(He et al., 2021). These studies highlight the fact that surface intensity minima may emerge at multiple locations,
providing a new constraint on models of core dynamics and suggesting that the societal impact of surface intensity
minima might not be restricted to the South Atlantic in the future.

Based on analysis of archeomagnetic field models, it has been proposed that the location of the SAA is recurrent
over millennial timescales (Brown et al., 2018; Campuzano et al., 2019; Hartmann et al., 2019; Hare et al., 2018;
Hellio & Gillet, 2018; Panovska et al., 2019; Trindade et al., 2018). The persistence of the SAA is possibly related
to the impact of the lower mantle heterogeneity on the geodynamo. Thermal core-mantle interactions affect the
convection pattern in the outer core and thus the morphology of the generated geomagnetic field. Correlations
between longitudes of lowermost mantle seismic anomalies and prominent geomagnetic flux patches (normal and
reversed) provide evidence for mantle control on the geodynamo (Gubbins, 2003; Terra-Nova et al., 2016).
Archeo- and paleomagnetic studies based on materials from three specific regions, South America (Engbers
et al., 2022; Hartmann et al., 2010, 2011, 2019; Poletti et al., 2016; Shah et al., 2016; Trindade et al., 2018),
Central Africa (Hare et al., 2018; Tarduno et al., 2015) and West Pacific (Cai et al., 2021; Li et al., 2023; Luo
et al., 2025; Tema et al., 2023), registered anomalous weak surface field that may be associated to SAA-like
features passing through the measurements sites. Alternatively, the current SAA location could be chaotically
variable. Based on a data assimilation scheme, the SAA will drift in the near future to the Pacific (Aubert, 2015),
possibly indicating a transient geodynamo feature. In contrast, the forecast of Sanchez et al. (2020) suggests that
the African minimum will overcome the South American in the near future, that is, the global minimum will
remain below the South Atlantic region. These different forecasts likely arise due to the different dynamo models
that they rely on. In the coupled Earth setup (Aubert et al., 2013) used by Aubert (2015) the gravitational coupling
between the mantle and inner core leads to westward drift, whereas in Sanchez et al. (2020) the prior information
is based on a dynamo model without such gravitational coupling.

Terra-Nova et al. (2019) designed a quantitative algorithm to identify objectively the locations of surface intensity
minima. They applied their algorithm to a set of geomagnetic field models as well as to numerical dynamo
simulations with heterogeneous outer boundary heat flux inferred from lower mantle seismic anomalies. Their
results demonstrated that the SAA longitude is consistent with mantle control on the geodynamo. However, the
latitude of the SAA at present, around 26.5°, is significantly larger than the <6° latitude of surface intensity
minima in some archeomagnetic field models (Korte et al., 2009; Korte & Constable, 2011; Licht et al., 2013;
Nilsson et al., 2014) as well as in dynamo models with a tomographic outer boundary heat flux pattern (Terra-
Nova et al., 2019). It therefore remains a challenge to explain the large latitude of the SAA.

Most studies of numerical dynamos that incorporate CMB thermal heterogeneity impose an outer boundary heat
flux pattern proportional to lowermost mantle seismic anomalies (e.g., Aubert et al., 2008; Gubbins et al., 2007;
Mound & Davies, 2023; Olson & Christensen, 2002; Sahoo & Sreenivasan, 2020). However, non-thermal con-
tributions to the seismic heterogeneity (Choblet et al., 2023; Nakagawa & Tackley, 2008) may affect the recovery
of persistent geodynamo features (Amit & Choblet, 2009, 2012; Amit, Deschamps & Choblet, 2015). Identifying
the required CMB heat flux ingredient for recovering the SAA latitude may constrain CMB heat flux models.

In this study we aim to understand what type of CMB heat flux pattern may lead to instantaneous large latitude of
surface intensity minima. For this purpose, we explore numerical dynamo simulations with synthetic single har-
monic outer boundary heat flux patterns, an approach that has been often used to study various geodynamo features
(Amitet al., 2015), for example field morphology (Aubert et al., 2007; Olson & Christensen, 2002), field intensity
(Takahashi et al., 2008) and paleomagnetic reversal frequency (Frasson et al., 2025; Glatzmaier et al., 1999; Olson
et al., 2010). We set the target value for the latitude of the surface intensity anomaly based on geomagnetic field
models for the satellite (e.g., Figures 1c—1f) as well as the observatory eras.
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In parallel to the SAA latitude, we also require that the dynamo models should exhibit a fundamental Earth-like
morphology, that is, its high level of dipolarity (Christensen et al., 2010). This property is commonly quantified
by the ratio between the power of the dipole and the power of the total field fz,. Based on numerical dynamo
simulations, the lower bound of fj;, values for dipole-dominated models has been proposed to be between
0.35 — 0.50 (e.g., Christensen & Aubert, 2006; Frasson et al., 2025; Oruba & Dormy, 2014; Tassin et al., 2021).
Geomagnetic field models may set an upper bound for Earth-like f;;,. These observation based models are
characterized by time-average dipolarities of (f;;, ) = 0.714 + 0.021 and 0.684 + 0.002 for the observatory
(Huder et al., 2020) and satellite (Finlay et al., 2020) eras (where () denotes time averaging and + denotes the
standard deviation which represents time dependence), respectively. Accordingly, various ranges for Earth-like
Jaip values have been proposed, for example, 0.35 — 0.70 (Aubert et al., 2009), 0.45 — 0.75 (Christensen, 2010)
or 0.35 — 0.75 (Davies et al., 2022). Because we focus on the SAA latitude at present day, we select a large lower
bound of f;, = 0.5 as a requirement for an Earth-like modeled field morphology.

The paper is outlined as follows. In Section 2.1 we describe the numerical dynamo models including the imposed
outer boundary heat flux patterns. In Section 2.2 we recall the algorithm of Terra-Nova et al. (2019) for the
determination of the latitude of the surface intensity minima. The results are presented in Section 3 and
geophysical implications are discussed in Section 4.

2. Methods
2.1. Numerical Dynamos

Our numerical dynamo simulations have the same generic setup of thermo-chemical convection as in Terra-Nova
et al. (2019). Here we recall the governing equations, the control parameters and the boundary conditions. We
then introduce the single harmonic patterns used as imposed outer boundary heat flux in this study.

The numerical dynamo models solve the set of magnetohydrodynamic (MHD) equations, which correspond to
conservation of momentum, electromagnetic induction, conservation of heat (or co-density), incompressibility
and non-existent magnetic monopoles. The numerical technique relies on a pseudo-spectral approach in which
non-linear terms are solved on a grid whereas diffusive terms are treated implicitly using spherical harmonic
expansions (e.g., Olson et al., 1999). These equations can be expressed in non-dimensional form (e.g.,
Wicht, 2002) as follows:

) 1
E(—u+u~Vu—V2u>+22><u+VP=Ra*£C+—(V><B)><B, €))
ot 7, Pm

0B 1
—=V B) + —V’B, 2
ot X (uxB)+ Pm @)

ac 1,

V-u=0, )

V-B=0, Q)

where u is the fluid velocity, Z the direction of the axis of rotation, P the modified pressure that includes the
centrifugal force, r the radial position vector, 7, the core radius, C the co-density, B the magnetic field and e the
buoyancy source or sink. The co-density is given by C = aT + p¢ where T is temperature, ¢ is light elements
concentration, and « and f are their respective expansivities. Equations 1-3 are governed by four (internal)
control parameters. The Ekman number represents the ratio of viscous to Coriolis forces:

12
E= o (6)
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The heat flux based Rayleigh number represents the convection vigor versus retarding forces:

D4
Raq = 28090~ )
Kkvk
The Prandtl number and the magnetic Prandtl number are ratios of diffusivities:

Pr="2, ®)

K
pm="1. 9)

n

In Equations 6-9 Q is the rotation rate, v the kinematic viscosity, D the shell thickness, g, the gravitational ac-
celeration at the outer boundary, g, the mean outer boundary heat flux, k the thermal conductivity, « the thermal
diffusivity and n the magnetic diffusivity. The modified Rayleigh number Ra* in Equation 1 is related to the
classical Rayleigh number Ra (Equation 7) by Ra* = RaE/ Pr.

The choice of values for the control parameters was guided by the results of Terra-Nova et al. (2019). They found
that the latitude of the surface intensity minima is augmented by more vigorous convection, whereas faster rotation
favors lower latitudes, while the dependence on Pm is secondary (see their Figure 18). Therefore, we chose
combinations of control parameters that yield dynamos in a parametric regime not far from the limit between the
non-reversing and reversing regimes, in order to allow for a significant sensitivity of the latitude of surface in-
tensity minima to the convective conditions (Terra-Nova et al., 2019). For low Ekman numbers this regime be-
comes computationally costly, especially if long runs are required for meaningful statistical analysis of boundary
heterogeneity effects. We therefore chose a moderate E value of 1 x 10~* for most simulations. Additional runs
with a lower E value of 3 X 107> were examined to test the possible effect of lower E. The Ra values were set to
yield dipole-dominated non-reversing models for a reference homogeneous outer boundary heat flux case (e.g.,
Christensen & Aubert, 2006; Kutzner & Christensen, 2002) which resembles Earth's field morphology during a
chron. The Pm value is relatively low in order to obtain long runs. For all simulations we used Pr = 1 and Pm = 2
with the exception of two models with Pm = 4 and 6 to explore the effects of changing Pm. We mostly explored
the dependence of the results on Ra and the outer boundary heat flux amplitude g* and patterns (Table 1).

All dynamo simulations were carried out with rigid and electrically insulating conditions at both boundaries. The
spherical shell has an inner to outer core radii ratio of 0.35, corresponding to the present-day Earth's core ge-
ometry. The models differ by their imposed outer boundary heat flux. Different heterogeneous single harmonic
patterns, or combinations of two single harmonics, were tested. Because our focus is the latitude of surface in-
tensity minima, most of these synthetic patterns are axial (Figure 2), with the exception of Y3 which is the
dominant large-scale pattern in seismic tomography models of the lowermost mantle (Masters et al., 2000). The
amplitude of the imposed heat flux heterogeneity is quantified by Olson and Christensen (2002):

q* — qmaxzq qmm , (10)
0
where ¢, and gy, are the maximum and minimum heat flux, respectively. We chose moderate amplitudes of
outer boundary heterogeneity and we explored the dependence of the results on g*. For the inner boundary fixed
co-density is imposed and no sink or source term was assigned at the volume (i.e., ¢ = 0 in Equation 3), cor-
responding to generic thermo-chemical convection (e.g., Aubert et al., 2008; Olson et al., 2017; Terra-Nova
et al., 2019). All dynamo simulations were run for more than 300 advection times, where the advection time is
7, = U/D with U being a typical velocity scale. Following Terra-Nova et al. (2019), for each dynamo model we
analyzed a long timeseries of radial magnetic field snapshots on the outer boundary corresponding to run times
that range ~ 44 — 262 thousand years. Typical time between analyzed snapshots ranges =~ 0.04 — 0.23 advection
times, which corresponds to 6 — 35 years in Earth's core, considering 7, = 140 years (e.g., Terra-Nova &
Amit, 2020). Note that this value does not correspond to the time stepping of the simulations which is 1073
smaller. This dense temporal sampling allows for practically a continuous tracking of the evolution of the radial
magnetic field on the outer boundary and the intensity at Earth's surface (Terra-Nova et al., 2019). All simulations
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Table 1
Numerical Dynamo Models Setup and Main Results
Case Pattern Ra E Pm q* (Rm) (faip) (M) (Py) o (P}) (Ng) Rev? Duration
U YOO 4 x 107 1 x 107 2 1.0 393 0.72 1.42 0.05 3.09 —0.16 277 No 1,310
H10a —Y(l) 2 x 107 1 x 107 2 2.0 422 0.20 0.14 21.67 26.83 21.74 2.40 Yes 1,705
H10b —Y(l) 4 x 107 1 x 10 2 1.0 413 0.51 1.97 7.30 10.78 9.60 2.67 No 763
H1020 —Y? + Yg 4 x 107 1 x 107 2 1.0 372 0.54 2.78 0.60 4.88 0.41 2.53 No 503
H20a Y 4 x 107 1 x 107 2 1.0 358 0.50 3.02 0.00 5.73 0.13 247 No 472
H20b —Y(z) 4 x 107 1 x 107 2 0.7 527 0.17 0.24 8.13 33.66 9.75 4.16 Yes 1,870
H22 Y% 4 x 10’ 1 x 107* 2 1.0 423 0.73 1.13 0.03 4.02 0.03 2.51 No 1,470
H30a —Yg 2 x 107 1 x 107 2 1.0 271 0.68 2.38 —0.82 5.35 —0.47 2.68 No 1,064
H30b —Yg 2 x 10’ 1 x 107 2 2.0 338 0.27 0.46 15.43 34.45 17.58 3.20 Yes 1,441
H30c —Yg 4 x 107 1 x 107 2 1.0 489 0.19 0.23 5.06 35.89 3.37 3.96 Yes 1,677
H30d —Yg’ 4 x 107 1 x 107 2 2.0 492 0.23 0.26 11.52 38.11 14.84 3.68 Yes 1,648
H30e —Yg 2 x 108 3 x 1073 2 2.0 545 0.62 4.22 0.06 10.76 0.18 3.01 No 312
H30f —Yg 2 x 108 3 x 107 4 2.0 1115 0.42 3.50 9.48 23.30 14.41 3.40 No 400
H30g —Yg 2 x 108 3 x 1073 6 2.0 1668 0.34 3.86 12.32 25.51 18.92 3.60 No 371
H3020a —Yg + Yg 4 x 107 1 x 107 2 1.0 374 0.60 2.03 —-1.02 4.74 —1.26 2.70 No 773
H3020b —Yg + Yg 4 x 108 3 x 1073 2 2.0 922 0.30 0.35 13.54 31.86 20.03 4.11 Yes 350
H3022a —Yg + Y% 2 x 107 1 x 107* 2 1.0 284 0.70 1.97 —0.96 4.52 -0.97 2.54 No 1,312
H3022b —Yg + Y% 4 x 107 1 x 107 2 1.0 494 0.18 0.21 3.52 32.96 2.01 4.14 Yes 1,709

Note. U and H denote uniform and heterogeneous outer boundary heat flux, respectively, case numbers denote the imposed single harmonic heat flux pattern degree and
order. Control parameters E, Ra, Pr, Pm and ¢* are defined in Equations 6-10. In all models Pr = 1. The number of radial grid points in the shell N, is 65 and 81 for
models with £ = 1 X 10~ and E = 3 X 107>, respectively. The maximum spherical harmonic degree and order is Z,,,x = 133 for models with Pm = 2 and #,,, =
170 for models with Pm = 4 and 6. () denotes time averaging. The magnetic Reynolds number Rm is calculated from the time-average kinetic energy in the shell. The
outer boundary dipolarity f, is defined in Equation 12. (P,) is the weighted latitude of local surface intensity minima (Equation 18) and o its standard deviation. (P})is
the weighted latitude of global surface intensity minimum. Ny is the mean number of local surface intensity minima per snapshot. Rev denotes if the models reversed or

not. The duration of the simulations is given in terms of the number of advection times z,.

were run using the pseudo spectral MagIC code (Wicht, 2002, https://github.com/magic-sph/magic) for fluid

dynamics in a spherical shell coupled with efficient spherical harmonic transforms (Schaeffer, 2013).

For each dynamo model we report several output parameters (Table 1). Three main conventional output pa-

rameters were monitored. First, the magnetic Reynolds number

Rm = Pmn\J2E};, (11
151 Patterns
— -Y?
R Y?
1.0 -v?
— Y3
0.5 — -Y3+Y?
g — vy
0.0] —— Tomographic
~0.51
-1.0
-90 60 30 0 30 60 20
Latitude (°)
Figure 2. Non-dimensional normalized outer boundary heat flux anomalies versus latitude.
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is based on the time-average kinetic energy in the shell E;,. Second, the relative dipole field strength on the outer
boundary (Christensen & Aubert, 2006) is given by

2 (G0 + (s + (1))

Jap = —= 20-2 ) ’ (12)
V3 o ((»r_) E§f++l 3)2;{;:0((82" )2 + (h'}l)z»

where ¢ and m are spherical harmonic degree and order, respectively, g/ and i are the field's internal Gauss
coefficients and r, the mean radius of Earth's surface. Third, the ratio of magnetic to kinetic energies inside the
shell M is given by

M= mag (13)

where the non-dimensional magnetic and kinetic energies in the spherical shell are calculated by

1
Emug = E(B : B) (14)
and
1
Ein = 5(“‘“)- (15)

In addition we give in Table 1 the persistent latitudes of surface intensity minima which are described below.

2.2. Determination of the Latitude of Surface Intensity Minima

Following Terra-Nova et al. (2019), at each time step the magnetic field snapshots were calculated using the
Gauss coefficients g/’ and A truncated at spherical harmonic degree and order 14, corresponding to the maximal
resolution of the geomagnetic core field. Smaller scales of the geomagnetic core field are not resolved because it is
non-trivial to remove crustal contributions (e.g., Merrill et al., 1998). For archeomagnetic field models the data
scarcity leads to truncations at lower degrees (e.g., Wardinski et al., 2025). Statistics of intensity minima latitudes
at Earth's surface were calculated using the following algorithm:

1. For every snapshot, we identified the local surface intensity minima F;, (e.g., see Figures 3, 7 and 12 of Terra-
Nova et al., 2019) and extracted their latitudes A,

2. Each Ap,,;,, was then interpolated to an off-grid location by a second degree polynomial fit that includes the
original grid point and its neighboring North and South grid points (Terra-Nova et al., 2017).

3. In order to focus on large-scale features, if in a snapshot a pair of Fy;, are separated by a great circle distance
smaller than 10° (which occurs seldom in the dynamo models), these two minima were linearly interpolated to
a single minimum.

4. For each identified Fy;,, a weight was assigned based on its relative intensity

W, = —="2, (16)

where F denotes the surface intensity averaged over Earth's surface.

5. For each dynamo model, we constructed histograms representing the distributions of surface intensity minima
by summing their latitudes 4 in space and time over latitude bins of 2°.
6. For a given snapshot, a weighted average was obtained using the weight defined in Equation 16:
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(Wg . 4 min/;
P/l — Zl( Fnin 7V F 1 )z , (17)
Zi(Wme)i

where i denotes summation over multiple surface intensity minima at the considered snapshot.

7. The time-average latitude was obtained by a similar weighted average, this time summing all snapshots (i.e.,
averaging in time):

Zj(WFmi“ j'Fmin )j

Wi, (18)

(Py) =

where j denotes summation over multiple surface intensity minima at all snapshots and () denotes time averaging.
In addition, we calculated the standard deviation o of the latitude of surface intensity minima.

The main difference between the above algorithm and that of Terra-Nova et al. (2019) concerns the off-grid
procedure of surface intensity minima (Terra-Nova et al., 2017) and the implementation of Equation 16. We
found in some rare snapshots negative values of Wy corresponding to local surface intensity minima with rather
large (above average) values. Because these local minima do not represent weak field, and because the weight
defined in Equation 16 must be positive in order to be implemented sensibly in Equations 17 and 18, we excluded
these minima from the analysis. As in Terra-Nova et al. (2019), we also report the average number of surface
intensity minima (N ) found at a given snapshot in our dynamo models (Table 1).

Some of our numerical dynamo simulations have bimodal distributions of latitude of surface intensity minima.
When this was the case, we implemented a Gaussian mixture model (McLachlan & Peel, 2000) to best fit a sum of
two Gaussians. The output includes the latitudes of the two Gaussians (P, ) and (P), ), their standard deviations &,

and o, and their relative weighted frequency amplitudes obtained by the ratio of peak heights of the histo-
grams W((P;,))/ W((P;,))-

8

In addition, we also calculated the latitude of global surface intensity minimum Ag,,;, and its weighted time

average

Zk(WFminﬂfmin)k

8\ —
<PA > Bl zk(WFmin)k

(19)

where k denotes summation over all snapshots. Comparing this quantity with (P;) allows to determine whether
low latitude surface intensity minima are consequences of cancellations of several minima at either opposite
hemispheres or in proximity to the equator or simply due to low latitude locations of all minima.

2.3. Earth-Like Latitude of Surface Intensity Minima and Dipolarity

For a snapshot of a dynamo model, Earth-like latitude of surface intensity minima is considered when either P, or
A in €xceed the corresponding time-average values based on the geomagnetic field model over either the satellite
(Finlay et al., 2020) or the observatory (Huder et al., 2020) era. In addition, for a snapshot of a dynamo model,
Earth-like dipolarity is considered when its instantaneous fy;,, value exceeds 0.5 (see Section 1).

Here we consider a dynamo model snapshot to be Earth-like when it instantaneously satisfies the two conditions
mentioned above. We term T (P,, fy;,) as the fraction of time a dynamo model satisfies the two criteria based on P;.
Similarly, 7(A5, .., Jfaip) is the corresponding time fraction based on A8in- The two time fractions were evaluated
based on the time averages of the satellite and observatory geomagnetic field models (Finlay et al., 2020; Huder
et al., 2020).

2.4. Magnetic Flux Hemisphericities

Deviations of surface intensity minima from equatorial locations can be explained by magnetic flux hemispherical
asymmetries at the CMB. Following Terra-Nova et al. (2019), we examined the hemispherical asymmetries of
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reversed and normal magnetic flux. We quantified the contributions to the axial dipole moment of reversed and
normal flux of the radial field at the CMB. The axial component of the magnetic dipole moment mz, can be defined
as follows (e.g., Moffatt, 1978):

3
m, = o B, cos 0dS (20)
2p0J s

where i is the permeability of free space, S denotes the CMB surface and the spherical surface increment is
dS = rg sin 8d¢dd where 0 is co-latitude and ¢ is longitude. Because some of our dynamo models reverse, the
definition of normal and reversed flux depends on the time-dependent sign of the axial dipole. To account for this
polarity, we quantified for all snapshots of all models the integrated contributions to the axial dipole of each
magnetic flux type, normal or reversed (denoted by N and R subscripts), at each hemisphere, northern or southern
(denoted by N and S superscripts). For example, HY corresponds to normal flux (i.e., B, cos 6 < 0 for present-day
polarity) at the northern hemisphere (i.e., 0 <%). All magnetic flux hemisphericities for the two possible global

polarities are given by

T
for 6 <— and B, cos <0,
N 2
Hy
T
Y for 6 <— and B, cos >0,
. 0 R 31‘0 2
if g/ <0: B, cos 6dS{ 2n
S

Hi Zuo for 0>~ and B, cos <0,
Hy, 2
R T
for0>§ and B, cos >0
or
T
for 6 <= and B, cos 6 >0,
1+ 2
N

N for0<EandBrcos9<O,
R 3r, 2

H

if g, >0: = . COS {

if g2 >0 s 5 B 6ds i (22)
Hy HoJs for0>§andBrcos9>O,

H

for 9>gandB, cos 0 <0.

We then quantified the flux hemisphericities by the ratios:

sy _ Hy—Hy
N = e (23)
Hy + Hy,

for the normal flux and

N s
N/S __ HR - HR (24)
T Hy + G,

R R
for the reversed flux. To give intuition to the way these quantities work, HZSV/ ¥ > 0 means more normal flux in the
southern hemisphere, while Hll\{/ S > 0 means more reversed flux in the northern hemisphere, both favoring surface
intensity minima in the northern hemisphere in this case (Terra-Nova et al., 2017, 2019).
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Figure 3. Histograms of the latitudinal distribution of geomagnetic surface intensity minima in panel (a) the satellite era using
the CHAOS7.10 model (Finlay et al., 2020) over the period 1998-2021 with a time-step of 1 yr, (b) the observatory era using
the COV-OBS. x2 model (Huder et al., 2020) over the period 1840-2020 with a time-step of 2 years, (c) the
archeomagnetism era using the COV-LAKE model (Hellio & Gillet, 2018) over the period —1,000 to 1,800 with a time-step
of 100 years and (d) the archeomagnetism era using the pfm9k.2 model (Nilsson et al., 2022) over the period —7,000 to 1,800
with a time-step of 50 years. The satellite and observatory era models were truncated at #,,,,, = 14 while the
archeomagnetism era models were truncated at #,,,, = 6. Vertical lines denote models' corresponding (P;) values.

3. Results
3.1. Geomagnetic Constraints

Figure 3 shows the latitudinal distribution of surface intensity minima for a satellite era geomagnetic field model
(Finlay et al., 2020) in (a), an observatory era field model (Huder et al., 2020) in (b) and two archeomagnetic field
models COV-LAKE by Hellio and Gillet (2018) in (c) and pfm9k.2 by Nilsson et al. (2022) in (d). For CHAOS-
7.10, two minima are located at mid latitudes of the Southern Hemisphere reflected by a (P;) ~ —32°. In the
observatory era the majority of minima are also located in the Southern Hemisphere, but some minima are found
in the Northern Hemisphere as well, which is reflected in the reduced (P, ) value of ~#—15°. In the archeomagnetic
era based on the pfm9k.2 model (Nilsson et al., 2022) the latitude of surface intensity minima distribution is close
to the equator (Figure 3d), in agreement with the behavior of various archeomagnetic field models (Terra-Nova
et al., 2019). However, due to large data uncertainties, the results for the Holocene may vary depending on the
archeomagnetic field model. For example, in the COV-LAKE model (Hellio & Gillet, 2018) there are times,
especially between 600 and 1400 CE, in which surface intensity minima appear at large latitudes (Figure 3c).
However, the level of dipolarity was significantly lower when the latitude of surface intensity minima was large.
For the entire period of the model the time-average relative dipolarity is f;;, = 0.75, as opposed to f;, = 0.43 in
the time interval 600-1400 CE. This is in contrast to present day conditions in which large values characterize
both the SAA latitude (Figures 3a and 3b) as well as the relative dipolarity (Table 1).

These values serve as the observational constraints for our study. Our goals are two-fold. First, to obtain
fundamental understanding for the dependence of the persistent latitude of surface intensity minima on the pattern
of the CMB heat flux. Second, to identify the pattern ingredient that may reproduce the observed latitudes of the
SAA. For these purposes we analyze dynamo models with synthetic large-scale outer boundary heat flux patterns.

3.2. Persistent Latitude of Surface Intensity Minima in the Dynamo Models

In eight out of the 18 numerical dynamo simulations explored in this study, the histograms of the latitudinal
distribution of surface intensity minima are characterized by a single peak centered at about 1° latitude from the
equator or less. Out of the other ten, seven simulations present geomagnetic reversals (Table 1). Figure 4 shows
histograms of the latitudinal distribution of surface intensity minima for eight of our numerical dynamos sim-
ulations, with three of those presenting geomagnetic reversals.
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Figure 4. Histograms of the latitudinal distribution of surface intensity minima in some of the dynamos models. Black dots
denote the (P;) values. Dashed blue lines in panels (f, g) are fits to two Gaussians and the dashed black lines are their sums.
Red and green vertical lines denote (P;) values of the geomagnetic field models CHAOS7.10 (Finlay et al., 2020) and COV-
OBS. x2 (Huder et al., 2020), see Figure 3. Point-dashed lines are merely mirrored values of (P;) to the northern hemisphere. R
marks reversing dynamo simulations.

Case U with a uniform outer boundary heat flux is our reference model. The distribution resembles a Gaussian,
with a high level of equatorial symmetry. Its mean latitude of surface intensity minima (P, ) ~ 0.05° (Table 1
and Figure 4a) is very close to zero. The deviation from zero is merely due to the finite simulation time, so this
value may serve as a practical error bar for this quantity. Its standard deviation ¢ ~ 3° (Figure 4a) is also low,
demonstrating proximity of the surface intensity minima to the equator essentially at all times. Therefore, despite
careful choices of E, Ra and Pm values (Terra-Nova et al., 2019), without boundary heterogeneity it seems
practically impossible to reproduce the present-day latitude of the SAA.

Equatorially anti-symmetric patterns, that is, axial with odd degrees, are natural CMB heat flux candidates for
producing significant deviation of any geomagnetic feature from the equator. Starting from the largest scale anti-
symmetric single harmonic, case H10b with an imposed —Y? outer boundary heat flux has surface intensity
minima distribution displaced from the equator by a considerable amount (P, ) = 7° (Figure 4d). The preferred
latitude is at the Northern hemisphere where the outer boundary heat flux is negative (Figure 2). Moreover, case
H10b has more than three times larger ¢ values than case U, that is, it allows a significant likelihood to find
surface intensity minima inside a relatively high latitude interval (P, ) + ¢ = [-2.61; 18.09]. Case H10a has a
much larger (P; ) =~ 22°and ¢ ~ 27° values (Figure 4c) that cover with a much larger probability the observed
latitude of the SAA. In fact, the tail of the histogram in this case essentially covers the entire globe, that is, this
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Table 2 model may reproduce a surface intensity minimum at any latitude (Figure 4c).
Two Gaussians Fit to Models With Bimodal Distribution of Surface Intensity However, in this case the dipolarity drops to much below Earth-like values
Minima (Table 1).
CASE (Py,) (P) xﬁﬁﬁfii Hemisphericity may also be obtained by gore complex anti-symmetric pat-
H30b terns. Cases H30b and H30c correspond to imposed outer boundary heat flux
—53.56 £ 11.09 18.98 £ 29.58 4.36 . L. . . .
patterns of the higher odd degree 3, which is the dominant single harmonic of
i —adlE o Bal IS0 e S22 232 the axial pattern of observed lower mantle seismic anomalies (Terra-Nova
H30d —49.84 £ 16.04 21.85 £ 28.42 2.69 etal., 2019). As with case H10b, cases H30b and H30c also have much larger
H3020b 24.74 + 22.26 —33.60 + 19.63 2.57 (P;) ~ 15°and = 5° values, respectively (Figures 4f and 4g) than case U. In

Note. (P, ) and (P,) are the persistent latitudes of the two peaks surface
W(P)) .

intensity minima histograms and

frequencies.

addition, cases H30b and H30c present the most spread distributions of sur-
face intensity minima latitudes of the models in Figure 4, with large o values
of ~34° and ~36°, respectively. Hence cases H30b and H30c have high
probability (=~ 34%) to accommodate surface intensity minima at large lati-
tudes of (P;) + ¢ ~ 15°=50° and (P;) + o =~ 5°—41°, respectively. A
second characteristic in the histograms of these order 3 boundary heterogeneity models is the emergence of a
second peak (Figures 4f and 4g). We fit the two peaks of the latitudinal distribution of surface intensity minima
using a two components Gaussian mixture model (see Section 2.2). For both cases H30b and H30c, the peak
associated with the larger amplitude (P, ) Gaussian is the one closer to (P,) whilst the secondary peak (P, ) is at
much higher latitudes ((P;,) <—40°) and at the opposite hemisphere to (P;) (see Figures 4f and 4g, Table 2). In
both cases the secondary peaks are at far larger latitudes than that of the SAA. However, cases H30b and H30c are
reversing models with low dipolarity (Table 1) hence their field morphologies are far from Earth-like.

is the ratio between their weighted

Motivated by the dominance of the Y’ % harmonic in tomographic models of lower mantle seismic anomalies (e.g.,
Masters et al., 2000), we examined case H22 with an imposed ¥ harmonic as an outer boundary heat flux pattern.
Not surprisingly, this non-axial equatorially-symmetric pattern yields a very small (P;) value (Figure 4b), as in
case U. Likewise, case H20a with a polar cooling CMB heat flux pattern has a practically zero (P, ), as expected
(Figure 4). The models in Figure 4 that present (P;) smaller than unity have also very low o values (below ~ 5.7),
hence there is a small probability (=~ 16%) to find surface intensity minima beyond latitude ~ 5.7° or even less for
cases U, H20a and H22. Case H20b with a —Y’ g outer boundary heat flux pattern corresponding to equatorial
cooling has the strongest tendency to reverse (e.g., Frasson et al., 2025; Olson et al., 2010) hence its large (P;) is
probably due to lack of temporal convergence in the calculation of the latitude of surface intensity minima despite
the long run (Table 1).

We also examined sums of two axial single harmonics. Adding Y9 to either —Y9 or —¥9 leads to latitudinal
profiles that somewhat resemble the tomographic profile (Figure 2). Comparison of case H3020a with a sum of Yg
and —Yg as an imposed CMB heat flux pattern to case H30c with a —Yg boundary heterogeneity with all other
parameters identical shows that the addition of Y9 stabilizes the dipole (as expected from polar cooling) but the
large (P;) is lost (Figure 4h, Table 1). In contrast, when combining —Yg and Y% for the CMB heat flux, the
resulting magnetic field is not significantly altered. Cases H30a and H3022a are both dipole dominated with
similarly large fz;, and surface intensity minima very close to the equator, whereas both cases H30c and H3022b
have large latitudes of surface intensity minima but are multipolar (Table 1). Lastly, combining ¥9 and —Y? in
case H1020 compared to case H10b causes the loss of the large (P;) in the latter model (Table 1). We conclude
that symmetric heat flux patterns such as Yg and Y% lead to a strong equatorial tendency of surface intensity
minima, even when combined with an anti-symmetric pattern.

To reveal the impact of the choice of the convection vigor Ra in producing large surface intensity minima, we
compare two pairs of models, cases H30a versus H30c and cases H30b versus H30d (Table 1). Increasing Ra from
the dipole-dominated model H30a leads to a substantial increase in (P,) and o for case H30c, but a loss of the
Earth-like dipolarity. For a larger amplitude of boundary heterogeneity of g* = 2, when the lower Ra case H30b
is already characterized by low dipolarity and large (P;) and o, increasing Ra results in moderate changes in the
already large (P;) and ¢ case H30d and a further decrease in (fy;,). In summary, increasing Ra while keeping all
other parameters fixed may increase the latitude of surface intensity minima from too close to the equator to the
large observed SAA latitude, but often at the cost of losing Earth-like dipolarity.
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Next we explore the role of the amplitude of the outer boundary heat flux heterogeneity ¢* in producing large
latitude of surface intensity minima. Again we rely on the models with a —Yg CMB heat flux pattern. We compare
two pairs of models, this time cases H30a versus H30b with a lower Ra and cases H30c versus H30d with a larger
Ra. Within each pair ¢* is increased. Increasing ¢* promotes increases in both (P;) and its standard deviation for
both pairs of models. However, the increase in ¢g* might also lead to reversals and diminishing (f;;,) (see cases
H30a and H30b in Table 1). Interestingly, from case H30c to H30d the increase in ¢* leads to an increase in {fz;,),
albeit insufficiently to reach Earth-like dipolarity. We conclude that increasing ¢* with an equatorially anti-
symmetric heat flux pattern effectively increases the latitude of surface intensity minima as well as its tempo-
ral variability. However, it might also destabilize the dipole.

Cases H10a and H10b with a —Y? CMB heat flux differ in both Ra and ¢*. Case H10a with lower Ra and larger g*
has very large latitude of surface intensity minima that easily explains the location of the SAA but its dipolarity is
too low. In contrast, both requirements are satisfactory for the larger Ra and lower g* case H10b, with fairly large
latitude of surface intensity minima and acceptable dipolarity. Overall, the effects of increasing Ra and ¢* seem to
be similar, that is, stronger convection and stronger boundary heterogeneity both allow for larger latitudes of
surface intensity minima but often at the expense of less Earth-like field morphologies. Hence a fine tuned
combination of these two parameters might be required to satisfy both the observed SAA latitude and the dipolar
morphology of the geomagnetic field.

Our results indicate that obtaining large latitude of surface intensity minima requires field hemisphericity. It is
well established that large dipolarity requires strong rotational effects (e.g., Christensen & Aubert, 2006).
Therefore, this motivates exploring dynamo models with large amplitude of anti-symmetric outer boundary heat
flux heterogeneity and a smaller Ekman number. Nevertheless, those faster rotating models still need to be located
close to the limit between the non-reversing and reversing dynamos (Terra-Nova et al., 2019), so the convection
vigor (Ra) should also be increased. Due to the increasing computational cost and the need for sufficiently long
runs for meaningful statistical analysis, here we first present only two cases with a lower Ekman number of
E = 3 x 107 and arelatively large amplitude of outer boundary heat flux heterogeneity of g* = 2 (Table 1). In
case H30e we imposed a —Y9 heat flux pattern, while in case H3020b we combined a sum of —¥9 and Y9, in both
cases with a larger Ra number compared to their corresponding E = 1 X 107* cases H30d and H3020a,
respectively. The resulting histograms of surface intensity minima latitudes are shown in Figure 5. The histogram
of case H30e exhibits a peak of P, near the equator. However, its northern hemisphere tail extends beyond the
average value based on the historical field (Figure 5a), as reflected by the large standard deviation of the latitude
of surface intensity minima in this case (Table 1). In case H3020b surface intensity minima can be found in any
latitude. The histogram is characterized by a major peak at mid latitudes of the northern hemisphere and a
secondary peak at mid latitudes of the southern hemisphere practically where the SAA latitude resides
(Figure 5b). However, this dynamo model is reversing with a low dipolarity (Table 1).

Next we investigate the dependence of the obtained latitude of surface intensity minima on Pm. Departing from
model H30e with large amplitude of anti-symmetric outer boundary heat flux heterogeneity and a relatively small
Ekman number, we explore two dynamo models with increased Pm values (H30f and H30g). Somewhat counter-
intuitively, increasing Pm leads to smaller magnetic to kinetic energy ratios M (Table 1), due to non-trivial effects
of the imposed large-scale equatorially anti-symmetric CMB heat flux pattern. Figure 6 shows that the surface
intensity minima latitudinal distributions in the larger Pm models are characterized by northern hemisphere tails
which extend beyond the average value based on the historical field. A faint hint for such a tail can already be
observed for the corresponding lower Pm model H30e (Figure 5a). However, the frequency of snapshots with
large latitude of surface intensity minima in the larger Pm dynamo models is far larger (Figure 6). Indeed, these
models have by far the largest standard deviations of the latitude of surface intensity minima among the non-
reversing simulations (Table 1).

It is possible that the difficulties in reproducing the large latitude of surface intensity minima are due to the fact
that our dynamo models are too far from Earth-like conditions. To address this issue, we further analyzed a
timeseries of magnetic field output corresponding to = 14 kyr from the numerical dynamo simulation 71% toward
the path for Earth-likeness of Aubert and Gillet (2021). This dynamo model satisfies the Earth-like morphological
criteria of Christensen et al. (2010) while approaching Earth-like control parameters, in particular a significantly
lower Ekman number. However, the results in Figure 7 show that the surface intensity minima are very close to
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Figure 5. As in Figure 4 for the dynamos models with £ = 3 x 10~ and Pm = 2 for two different heat flux patterns.

the equator with (P; ) < 1°, and their temporal variability is also low. Indeed, this equatorial location of surface
intensity minima in a dynamo model with a very low Ekman number is in agreement with the power law of Terra-
Nova et al. (2019). The 71% path dynamo therefore fails to reproduce the present latitude of the SAA.

We also explored eight forecast predictions introduced by Aubert (2023) based on the 100% percent of path
dynamo model. Although these assimilated fields were initialized by the observed geomagnetic field in 2000 AD
which has P, ~ 25°S, the models predict significantly lower P; values of ~10°S for the next ~ 50 years. This
compromise result between observations and modeling information (Rogers et al., 2025) further illustrates that
the path dynamo models (Aubert et al., 2017) are characterized by low latitudes of surface intensity minima.

3.3. Instantaneous Latitude of Surface Intensity Minima and Dipolarity

Table 1 shows that the dynamo models with large time-average latitude of surface intensity minima are usually
characterized by low time-average dipolarity, whereas models with Earth-like (f;;,) often fail in reproducing the
observed (P;). However, this difficulty to reconcile dipole dominance and large latitude of surface intensity
minima might appear in the long-term time-average properties of the dynamo models, while it is possible that
some snapshots may satisfy both observational constraints.

To examine whether this is indeed the case, we explore the relation between P, and f;, at long, heavily sampled
timeseries of snapshots. We present results from three dynamo models (synthesis of the results for the entire
timeseries of all dynamo models are summarized in Table 3). For visual clarity, in Figure 8 we present relatively
short time windows of 20 advection times, corresponding to about 2.8 kyr for the geodynamo. The red and green
horizontal lines denote the time-average latitudes of the observed geomagnetic surface intensity minima based on
the satellite and observatory eras fields, respectively. A dynamo model snapshot is considered Earth-like if its P,
value exceeds these horizontal lines. Furthermore, the purple horizontal lines denote the critical relative dipo-
larity. To be considered Earth-like, a snapshot should exhibit both large enough P, (exceeding the red or green
horizontal lines) and fy;, values above 0.5 (exceeding the purple horizontal lines). These successful periods are
marked by gray boxes in Figure 8.

The dynamo model with a uniform CMB heat flux (case U, Figure 8a) is characterized by a large time-average
dipolarity of {fy;, ) = 0.72, very close to the satellite and observatory era geomagnetic field values, with weak
temporal variation, that is, at most snapshots the field is dipole dominated. However, in this model the surface
intensity minima are strictly confined to the equatorial region. No snapshot of case U has P, larger than 15°.
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Figure 6. As in Figure 4 for dynamos models with E = 3 x 10~ and increased Pm values of 4 (a) and 6 (b).
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Figure 7. As in Figure 4 based on a long timeseries of output from the 71%
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path dynamo model of Aubert and Gillet (2021).

Table 3

90

In the reversing dynamo model case H30c, a wide distribution of P, values is
found, including a fair fraction of snapshots with surface intensity minima at
higher latitudes than those that characterize the geomagnetic field (Figure 8c).
However, (fz;,) in case H30c is very small (see Table 1) and snapshots with
Jaip > 0.5 are very rare.

Case H10b contains large enough values for both P, and f;, (Figure 8e). The
P, values exhibit a clear tendency toward the northern hemisphere where the
imposed outer boundary heat flux anomaly is negative. The geomagnetic
threshold latitude of surface intensity minima is reached at several snapshots.
The dipolarity is strongly time dependent, often exceeding 0.5. Some snap-
shots have both large enough P, and fz, (Figure 8e).

The difficulty in reconciling large latitude of surface intensity minima with large Earth-like dipolarity might be
related to the way P, is calculated. As already speculated by Terra-Nova et al. (2019), at a given snapshot a large
latitude of a surface intensity minimum might be canceled by another minimum at the other hemisphere or at least

Percentage of Time That Dynamo Models Mimic the Large Latitude of
Surface Intensity Minima

CHAOS7.10 COV-0OBS.x2
CASE T(Pufip)  TQE fu)  T(Putwp)  TOE )
0.75 > faip > 0.50
H10b 0.11 1.52 4.57 2.16
H1020 0.00 0.00 0.29 0.00
H22 0.00 0.01 0.07 0.03
H30a 0.00 0.00 0.47 0.00
H30b 0.03 0.04 0.56 0.04
H30c 0.00 0.00 0.01 0.00
H30d 0.00 0.10 0.15 0.13
H30e 0.05 1.07 2.11 1.10
H30f 0.00 0.15 0.15 0.20
0.75 > foip > 0.45
H10b 0.22 2.97 8.61 4.04
H1020 0.00 0.00 0.29 0.00
H20a 0.00 0.00 0.06 0.00
H22 0.00 0.01 0.07 0.03
H30a 0.00 0.00 0.47 0.00
H30b 0.51 0.99 1.97 1.02
H30c 0.00 0.03 0.15 0.03
H30d 0.07 0.29 0.66 0.34
H30e 0.05 1.07 245 1.10
H30f 0.09 2.52 237 2.60
H30g 0.01 0.53 0.92 0.54
H3022b 0.00 0.01 0.01 0.01

Note. T denotes the percentage of snapshots that have both large enough

surface intensity minima based on the satellite or observatory era

geomagnetic field models and large enough dipolarity based on the threshold
value of 0.5 (top) or 0.45 (bottom). Dynamo models with all 7 values equal to

zero are not shown.

reduced by an equatorial minimum when evaluated by the weighted average
in P;. We therefore repeated the analysis of Figures 8a, 8c and 8e, but instead
of P, we consider simply the single latitude of the global minimum igﬂm of
each snapshot of our dynamo models (Figures 8b, 8d and 8f).

The first thing to note when comparing Figures 8a, 8c and 8e to Figures 8b, 8d
and 8f concerns the observed geomagnetic field. The quantity P, is a weighted
average of several local surface intensity minima, hence it is typically lower
than /I,é:“m. The observatory era geomagnetic (P,) value is lower than the
satellite era value because at the beginning of the observatory era some local
minima appeared in the northern hemisphere (Figure 3b). In contrast, the
satellite and observatory eras (4 ﬁmm) capture the SAA latitude and are there-
fore practically identical. In the dynamo models, Aﬁmm may substantially
exceed P, at some snapshots (compare Figure 8d vs. Figure 8c and Figure 8f
vs. Figure 8e). However, the difficulty in reproducing large 1 fémm for snapshots

with fz;, > 0.5 persists.

Table 3 summarizes the results. Note that out of the 18 dynamo models
explored in this study (Table 1), in 12 models some snapshots with both
acceptable latitude of surface intensity minima and acceptable dipolarity
appear (models with no such snapshots are simply not reported in Table 3). In
general, such snapshots are rare—the fraction of time in which both condi-
tions are met is about ~4.5% at most. The occurrence is more often when
considering A ﬁmm rather than P, when comparing with the satellite era
geomagnetic field. In contrast, the occurrence is more often when considering
P; rather than l}fm“ when comparing with the historical geomagnetic field.
Finally, a lower dipolarity threshold of 0.45 obviously allows for more dy-
namo models with acceptable snapshots and larger fractions of time for each
dynamo model. In case H10b these fractions of time roughly double with
Jaip > 0.45 compared to with fz;, > 0.5, reaching ~8.6% based on 1 ﬁmm and the
historical field model (Table 3).

Finally, we note that gradually increasing Pm while keeping all other control
parameters and outer boundary heat flux unchanged from Pm = 2 (case
H30e) to Pm = 4 (case H30e) to Pm = 6 (case H30g) gives the largest lat-
itudes of surface intensity minima (see Table 1, Figures 5a and 6). However,
the relative dipolarity decreases for larger Pm dynamo models, resulting in a
small fraction of time when the field is both sufficiently dipolar and the
latitude of surface intensity minima is sufficiently large when requiring
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Figure 8. Dynamo models snapshots that satisfy instantaneously both large latitude of surface intensity minima and large
relative dipolarity. Black curves (left Y-axis) denote P, (a, c, e) and A fémm (b, d, ), purple curves (right Y-axis) denote f;;,, all as
functions of time in units of advection time for dynamo models U (a, b), H30c (c, d) and H10b (e, f). Red and green horizontal
lines denote time-average latitudes of surface intensity minima based on the geomagnetic field models CHAOS7.10 (Finlay
etal., 2020) and COV-OBS. x2 (Huder et al., 2020), respectively. Point-dashed red and green lines are merely mirrored values to
the northern hemisphere. Purple horizontal lines denote fy;, = 0.5 (the critical Earth-like value considered here) as well as
P; = 0 (i.e., equatorial location of surface intensity minima). Gray shaded boxes denote successful snapshots.

Jaip>0.5 (Table 3). In contrast, when allowing fz;, > 0.45 the model with Pm = 4 has a larger fraction of time
satisfying both observations than the model with lower Pm (Table 3).

3.4. Dynamical Origin

Persistent large latitude of any spatially-averaged dynamo quantity, including surface intensity minima, likely
requires equatorial symmetry breaking. Figure 9 presents the time-average zonal profiles of temperature and flow
for dynamo models with various outer boundary heat flux patterns. Due to strong rapid rotation effects, our
reference dynamo model with uniform outer boundary heat flux case U (Figure 9a) is practically perfectly
symmetric about the equator. Polar upwellings of warm fluid and downwellings of cold fluid at the edge of the TC
are consistent with thermal wind (Lézin et al., 2023). In dynamo models with equatorially symmetric outer
boundary heat flux patterns the equatorial symmetry prevails as expected (see e.g. Figure 9b). In the polar cooling
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Figure 9. Time-averaged non-dimensional zonal temperature anomaly 67" and azimuthal velocity u, (red/blue denote eastward/westward, respectively) with
superimposed meridional circulation streamlines (solid/dashed contours denote anticlockwise/clockwise, respectively) for dynamo models with different outer

boundary heat flux patterns.

case H20a warmer fluid and westward flow at the equator (Figure 9e) is driven by the negative heat flux anomaly
there (Figure 2).

Particularly strong symmetry breaking is obtained for the models with the equatorially anti-symmetric —Y?9
patterns (Figures 9c¢ and 9d). In cases H10a and H10b, negative/positive heat flux anomalies in the northern/
southern hemisphere (Figure 2) produce warmer/colder fluid and westward/eastward zonal flow, respectively
(Figures 9c¢ and 9d). Dynamo models with an imposed —Y° (3) heat flux patterns (Figures 9f and 9g) have opposite
temperature and flow patterns outside the TC compared to the cases with —Y(l) patterns (Figures 9c and 9d), simply
due to the opposite signs of the heat flux anomalies of these two patterns outside the TC (Figure 2). Inside the TC
the two patterns have the same signs of heat flux anomalies (see Figure 2) and indeed the thermal anomalies inside
the TC at the top of the shell of case H30b (Figure 9f) resemble those of cases H10a and H10b (Figures 9c and 9d)
with warm/cold northern/southern polar caps, respectively.

The thermal and velocity distributions described above (Figure 9) are clearly manifested in the morphologies of
the time-average magnetic fields (Figure 10). For the calculation of the time-average magnetic field, we avoid
cancellations due to reversals by accounting for the change in global polarity when the field reverses (as in e.g.,
Aubert et al., 2008; Kelly & Gubbins, 1997):

L3R 0
Br) = =N, 21600

B, (i) (25)

where N, is the number of snapshots and the summation in Equation 25 is over all times i. Note the very good
temporal convergence of all simulations, as evident for example, in the practically zonal time-average field
patterns obtained for the imposed homogeneous and zonal outer boundary heat flux patterns (Figures 10a—10g).
This adequate temporal convergence is not trivial for the small-scale low dipolarity reversing dynamo models.

The reference homogeneous outer boundary heat flux case U (Figure 10a) is characterized by a well-known time-
average morphology of intense magnetic flux at high latitudes near the intersection of the TC with the outer
boundary as well as polar minima (e.g., Olson & Christensen, 2002). For the cases with outer boundary heat flux
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Figure 10. Time-averaged non-dimensional radial component of the magnetic field at the CMB B, for dynamo models with
different outer boundary heat flux patterns.

heterogeneity, the imposed lateral outer boundary heat flux variability is well reflected in the time-average field
morphologies. This is reminiscent in the persistent two intense patches at high latitudes of each hemisphere with a
Y % pattern (Figure 10b) as was found by numerous studies (e.g., Aubert et al., 2007; Olson & Christensen, 2002).
Largest scale hemispherical —Y9 patterns concentrate the time-average field at polar regions of the large heat flux
(in this case southern) hemisphere (Figures 10c and 10d), in agreement with numerical dynamo studies performed
in the context of the past Martian dynamo (Amit et al., 2011). The Yg pattern reinforces the normal flux patches at
high latitudes of both hemispheres (compare Figures 10a and 10e), as expected from polar cooling. Less attention
was given in the geodynamo literature for a degree 3 zonal boundary pattern. We recover the expected pattern of
intense normal flux at high latitudes of the southern hemisphere as well as reversed flux at low latitudes of the
same hemisphere (Figures 10f and 10g), in concordance with peak heat flux at the south pole and local heat flux
minimum at low latitudes of the southern hemisphere (Figure 2). Finally, the combined —Y‘3’ and Y9 patterns,
which resembles the zonal tomographic profile (Figure 2), exhibits aspects of both components. In case H3020,
the ¥ component induces a large level of equatorial symmetry, while the —Y3 component is responsible for the
more prominent polar minimum in the northern hemisphere (Figure 10h).
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(a) U: fyp = 0.68, Pr=1.4

0.00 0.01 0.02 -0.49 0.00 0.49
(c) H10b: 4, = 0.66, PA=17.6

Figure 11. Dynamo models' selected snapshots of non-dimensional magnetic surface intensity (left) and radial field at the
CMB (right) with best reproduced values of the geomagnetic field model COV-OBS. x2 in 2020. (a) Best reproduced fy;,,
(b) best reproduced P, and (c) best reproduced pair of f;;, and P;. Black circles on the left denote locations of surface intensity
minima. Black and red contours on the left correspond to 1.2F;;, and 1.08F,,, respectively. In some cases these contours are
absent if the local minima is relatively strong or practically invisible if the slope of the intensity is very steep. All magnetic fields
are expanded until £,,,, = 14.

3.5. Instantaneous Field Morphology on the Outer Boundary and Surface Intensity Minima

We are now in a position to relate the different dynamo quantities: imposed outer boundary heat flux, the long-
term time-average temperature at the top of the shell, fluid flow, magnetic field on the outer boundary and
eventually persistent locations of surface intensity minima. In case H10a, the northern hemisphere is charac-
terized by negative heat flux (Figure 2), leading to positive temperature anomalies (Figure 9c¢), fluid upwelling
and surface divergence, weak field on the outer boundary of the shell (Figure 10c) and significantly higher latitude
surface intensity minima (Table 1). The surface intensity minima in this case appears to reside in the northern
hemisphere away from the intense normal flux patches of high latitudes of the southern hemisphere rather than
near the reversed flux patches of low latitudes of the same (southern) hemisphere (Figure 10c). Case H30c is less
trivial because the southern hemisphere reversed flux patches are stronger (Figure 10g) due to the local minimum
in the heat flux pattern (Figure 2). Nevertheless, again the effect of the normal flux patches overcomes that of the
reversed flux patches, and the surface intensity minima appear in the northern hemisphere (Table 1).

Next we examine maps of the instantaneous geomagnetic field intensity at Earth's surface and the radial field at
the CMB to further illustrate the relation between the two distributions in snapshots, focusing on the latitude of
surface intensity minima. We consider selected snapshots that sample distinctive pairs of P; and fy, values.
Figure 11a shows a typical snapshot from case U. Here the f;, value is closest to that of the present geomagnetic
field based on the time average of CHAOS7.10 among all snapshots of all our dynamo models. Indeed, the radial
field on the CMB in this snapshot captures well the main morphological aspects of the present-day geomagnetic
field, including high-latitude intense normal flux patches that result in the large dipolarity, reversed flux patches
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including polar minima, and overall strong deviations from zonality. However, the surface intensity contains three
local minima, all located very close to the equator (Figure 11a).

Figure 11b shows the snapshot with the closest P, value to that of COV-OBS. x2 for the year 2020. Two local
surface intensity minima are found, one significantly more anomalous (i.e., weaker intensity) at mid latitudes of
the southern hemisphere and another much less weak at low latitudes of the northern hemisphere, hence the P,
value is mostly determined by the significantly weaker minimum in the southern hemisphere. In contrast to the
recovery of the observed P, the f;;, value is far too low. The radial field at the CMB contains a strikingly large and
intense reversed flux region at low- and mid-latitudes of the southern hemisphere (Figure 11b), which is
responsible for both the low global dipolarity as well as for the location of the surface intensity minimum, in
particular the large latitude of the latter.

Figure 11c shows the snapshot with closest pair of P, and fz, values to those of COV-OBS. x2 for the year 2020
among all snapshots of all our dynamo models. We chose this snapshot by minimizing the following difference
between the dynamo model snapshot and the observed:

Pmod _ Pobs 2 mod __ robs\ 2
() + (e i) @)
max(P}"*) rnax(fd’;‘l;’

where max denotes maximum value and the superscripts mod and obs denote dynamo models snapshots and the
observed geomagnetic field in 2020, respectively. Two local surface intensity minima are present in this snapshot,
one with moderate intensity located at the equator and the weakest at mid latitudes of the Northern hemisphere.
Despite the anti-symmetric outer boundary heat flux pattern imposed on this dynamo model, case H10b has a
rather large time-average Jaip = 0.51 (Table 1). In this snapshot the dipolarity Jaip = 0. 66 (Figure 11c) is very
close to that of the present-day geomagnetic field. The imposed —Y ? outer boundary heat flux, that is, southern
cooling, leads to stronger concentration of intense magnetic flux at high latitudes of the colder southern hemi-
sphere. Therefore, the weakest surface intensity minimum is found in the opposite (northern) hemisphere. The
longitude of the surface intensity minimum appears at a longitude devoid of normal flux in the northern
Hemisphere (Figure 11c).

Note that in both snapshots shown in Figures 11b and 11c¢ the P; values are reduced due to the presence of multiple
surface intensity minima at distinctive latitudes. In fact, in Figure 11b the weakest minimum appears at a
significantly larger latitude than that of the SAA but the other minimum is at mid latitudes of the (other) northern
hemisphere. In Figure 11c the less weak minima is located at the equator, again reducing the weighted average P;.
This motivates comparing the geomagnetic field and the dynamo models in terms of an alternative quantity, the
latitude of the global surface intensity minimum /Iljgmm. In Figure 12 we show maps of two snapshots with /Iﬁ"mm
values close to those of the geomagnetic field in the year 2020 (Figure 1), —24.5° and —26.4° for COV-OBS. x2
and CHAOS7.10, respectively. In Figure 12a the dipole is relatively weak, fz;, = 0.39. The weakest surface
intensity minimum appears above a broad region of reversed flux on the outer boundary of the shell. In Figure 12b
both f;, and /IFgmm have very close values to those of the present-day geomagnetic field. The weakest surface
intensity minimum at mid latitudes of the northern hemisphere is related to a very strong RFP that extends from
the equator to the edge of the TC.

3.6. Hemispherical Ratios of Magnetic Flux on the Core-Mantle Boundary and the Latitude of Surface
Intensity Minima

In the previous section we described qualitatively the relation between distributions of reversed and normal
magnetic flux on the outer boundary and the latitude of surface intensity minima. Here we attempt to quantify this
relation. In Figure 13 we plot P, versus the hemisphericities of normal (Equation 23) and reversed flux (Equa-
tion 24) for all snapshots of two dynamo models. The positive slopes (Figure 13 right) validate that more normal
flux in the southern hemisphere or more reversed flux in the northern hemisphere lead to surface intensity minima
in the northern hemisphere, as expected. However, when considering only one type of polarity (normal or
reversed), linear fits forced to pass through the origin are very poor (see low or negative R? values in Figure 13 left
and middle) because both flux types affect the location of surface intensity minima (Terra-Nova et al., 2017,
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(a) H3022b: fp = 0.39, Af,, = — 26.5

0.03

(b) H22: fyp = 0.65, A, = 26.4

Figure 12. Dynamo models' selected snapshots of non-dimensional magnetic surface intensity (left) and radial field at the
CMB (right) with best reproduced values of the geomagnetic field model COV-OBS. x2 in 2020. (a) Best reproduced /I,fimm
and (b) best reproduced pair of f;,, and ﬂ,’ffmm . Black circles on the left denote locations of surface intensity minima. Black and red
contours on the left correspond to 1.2F;, and 1.08F,;,, respectively. In some cases these contours are absent if the local minima
is relatively strong or practically invisible if the slope of the intensity is very steep. All magnetic fields are expanded

until £, = 14.

2019). We also plot P, versus their linear combinations by searching for best fits to P, = a(H,SV/ Nt [J’Hﬁ}'/ S). Here

we obtain significantly improved fits (see larger positive R values in Figure 13 right).

In the linear combinations, smaller than unity coefficients for the contributions of reversed flux hemisphericity
indicate that normal flux affects the latitude of the surface intensity minima more than reversed flux, in agreement
with results from dynamo models with a tomographic heat flux pattern (Terra-Nova et al., 2019). Note that the
coefficient factoring the reversed flux contribution was neither constrained to be positive nor to be smaller than
unity (see f values in Table 4 for all dynamo models). However, the clouds of points demonstrate that such a
simplified assessment is limited (see also low goodness of fits in Figure 13) and the specific configuration of
magnetic flux might introduce some exotic relations between the radial field on the outer boundary and the
latitude of the surface intensity minima. Note that the dispersion is larger for the smaller scale imposed outer
boundary heat flux case H30c where the range of latitudes of surface intensity minima is far larger (compare
Figures 4d and 4g). Nevertheless, the trends of all dynamo models are positive (Figure 13 right), with the
exception of case H3020b which has the largest Ra rendering it the most turbulent case (Table 4). Finally,
comparison between the (P;) and ¢ values in Table 1 and the § values in Table 4 suggests that reversed flux
hemisphericity is relatively more/less influential in prescribing the latitude of surface intensity minima when it is
large/small, respectively.

4. Discussion

Several measures may be used for quantifying the latitude of geomagnetic surface intensity minima. The spatio-
temporal mean (P, ), obtained by averaging over all minima at each snapshot, seems an obvious choice since it
reflects the probability to find surface intensity minima at a certain latitude (Terra-Nova et al., 2019). A second
candidate is a large standard deviation o, which defines the limits of probable latitudes to find surface intensity
within the interval ((P; ) — o3(P,) + 0), hence may encompass large latitudes even if the mean value is located
close to the geographic equator. In the dipole-dominated non-reversing dynamo models of Terra-Nova
et al. (2019) with the imposed multi-harmonic tomographic outer boundary heat flux, all latitude histograms
were characterized by a single peak. Here we showed that in some cases the histograms exhibit two peaks. In these
cases we fitted a sum of two Gaussians in order to extract the latitude of the secondary peak, its relative amplitude
and its standard deviation. Lastly, snapshots from the historical geomagnetic field and dynamo models often
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Figure 13. 2D histograms of P, (Equation 17) versus the hemispherical ratios of magnetic flux at the CMB H]SV/N
(Equation 23) and Hi/ N (Equation 24) for all snapshots of two dynamos models. The color bar denotes the frequency of
surface minima per 2D bin. Dashed curves are linear fits forced to pass through the origin.
Table 4 exhibit more than one surface intensity minimum (see Ng_ in Table 1 of
Hemispherical Fits Terra-Nova et al., 2019, as well as in Table 1 of this study). Hence, multiple
CASE = minima might lead to cancellations and reduction in the spatial mean of the
¢ p latitude. Therefore, in addition we considered here the latitude of the weakest
U 30.53 0.17 0.28  surface intensity ’If"...m' We found small differences between (PS) and (P;)
HI0a 71.52 0.55 0.14  values (Table 1), which provides confidence in the robustness of the quan-
H10b 70.86 0.34 0.50 tification of the latitude of surface intensity minima. However, when
H1020 49.68 0.30 034  comparing snapshots of the dynamo models with the satellite era geomagnetic
H20a 50.53 0.24 0.30 field, considering A ,‘?mm provides systematically larger fractions of acceptable
H20b 5561 036 043 pairs with fj;, (Table 3 and Figure 8). It is therefore possible that the large
. o o . .
) 3127 0.18 022 southern latitude of (P;) ~ 3.1.86 'founchi for the present-day SAA 1s_ in fact
due to the absence of a surface intensity minimum at the northern hemisphere
H30a 37.19 0.09 0.16 .
or at the equator to balance it.
H30b 59.30 0.41 0.43
H30c 51.40 0.65 038 R§v§r51ng dyna'mo models may'exhlblt large latm’Jdes of surface 1nten31t.y
minima (e.g., Figure 11b). The single peak of the histogram of case H10a is
H30d 71.51 0.58 0.36 . . .
~?22° (Figure 4c and Table 1) while the secondary peaks of cases with a —Yg
LB 2 UL 2 outer boundary heat flux may reach latitudes as high as ~50° (Figures 4f and
H30f 93.11 0.43 0.54 4g and Table 2). However, these reversing dynamo models are often char-
H30g 69.52 0.56 0.37 acterized by low dipolarities (e.g., Christensen & Aubert, 2006). Conversely,
H3020a 35.57 0.17 0.15 in dipole-dominated non-reversing dynamo models, low latitudes of surface
H3020b 72.54 0.35 023 intensity minima (e.g., Figure 11a) are often found (Terra-Nova et al., 2019).
H3022a 38.12 0.10 0.20 Sir'nultaneously satisfying bf)th requirement's, that' is, lérfge Eérth—like dipo—
larity and large SAA-like latitude of surface intensity minima, is challenging.
H3022b 55.13 0.53 0.39

Note. a and p are fitting parameters of the equation P; = a(Hf,/N + ﬂH’,}’/ & ) .
R? denotes the goodness of the fit.

Within the non-reversing dynamo models, proximity to the transition to
reversing dynamos favors large latitude of surface intensity minima (Terra-
Nova et al., 2019). In addition, heterogeneous boundary conditions with
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Figure 14. Absolute value of time-average latitude of surface intensity
minima [(P;)| (Equation 18) versus time-average relative dipolarity (f;;,)

(Equation 12) for all dynamo models. Same color is used for a group of dynamo
models with the same imposed outer boundary heat flux pattern, black edge-
color symbols indicate dynamo models with g* = 2.0 (see legend). Earth-like

ranges are based on the geomagnetic field models CHAOS7.10 (Finlay

etal., 2020) (point-dashed red horizontal line) and COV-OBS. x2 (point-dashed
green horizontal line) for |[(P;)| and on the numerical dynamo literature (e.g.,
Davies et al., 2022) for (fy;,). The gray shaded box represents Earth-like [(P; )]

and (fz;,) values. Error bars denote standard deviations that represent time

variability

marked north-south hemispherical anti-symmetry is key for reproducing large
latitude of surface intensity minima. Therefore, a careful choice of main
control parameters which localize a dynamo model close to the transition to
reversals and in addition an equatorially anti-symmetric boundary condition
seem to be the proper ingredients to obtain a dipole-dominated dynamo model
with a large latitude of surface intensity minima, as is the case for the present-
day geomagnetic field.

A synthesis of the time-average results is given in Figure 14. We find a trade-
off between latitude of surface intensity minima and relative dipolarity. Some
dynamo models persistently reproduce Earth-like large latitudes of surface
intensity minima but are often multipolar. This is the case when large
amplitude equatorially anti-symmetric outer boundary heat flux heterogeneity
patterns are imposed (see black edge-color symbols in Figure 14). In contrast,
other dynamo models recover large time-average Earth-like dipolarity, but the
surface intensity minima in these models are often too close to the equator.

In addition to time-average properties, we also accounted for the temporal
variability. In this study, we reproduced satisfactorily the historical field (P;)
value (Figure 3b) when considering the interval ((P;) — o; (P;) + o)
while keeping reasonable values of averaged field dipolarity {(f,) > 0.5
using a —Y? outer boundary heat flux pattern (case H10b in Figure 4d and
Table 1). However, a careful examination of a long and heavily sampled
timeseries of snapshots of this dynamo model reveals that instantaneous
simultaneous recovery of the historical field dipolarity f;, and P, is only

seldom reproduced. Moreover, when comparing with the P, values of the satellite era field snapshots acceptable

pairs of P, and f;, are even more rare (Figures 8e, 8f and 11c and Table 3).

We also explored a combined outer boundary heat flux pattern of —Yg and Yg, with an attempt to obtain large
latitude of surface intensity minima by the former and large dipolarity by the latter. Comparison of cases H30c and
H3020a with identical setup except for the addition of the polar cooling component in the latter shows that indeed

the dipole was stabilized but the latitude of the surface intensity minima substantially decreased (Table 1). Adding

a Y3 pattern has little impact on the results (compare cases H3022b and H30c in Table 1), that is, this equatorially
symmetric pattern produces no hemisphericity and has little impact on the dipolarity.

The trade-off between large latitude of surface intensity minima and large dipolarity is evident when considering
the dependence of the results on the main convection vigor represented by Ra. In dynamo models with an anti-

symmetric outer boundary heat flux pattern, increasing Ra (with all other parameters unchanged) yields larger

latitudes of surface intensity minima, but on the expense of loss of dipole dominance (Table 1). Increasing

amplitude of an anti-symmetric outer boundary heat flux heterogeneity g* also leads to larger latitudes of surface

intensity minima. However, when the lower ¢g* dynamo model was characterized by low dipolarity, increasing g*
led to an increase in fz;, (compare cases H30c and H30d in Table 1). This points to a non-monotonous behavior of

the dynamo for changes in g*. Indeed, Terra-Nova and Amit (2024) found for dynamo models with a tomographic
CMB heat flux pattern an increase in reversibility with increasing ¢* for g* <1, but a reduction in reversibility

with increasing g* for g* > 1. The key to reconciling large latitude of surface intensity minima and large dipolarity

may therefore be a large enough amplitude of imposed outer boundary heat flux heterogeneity.

Another possibility is that an anti-symmetric outer boundary heat flux combined with a lower Ekman number £
which may stabilize the dipole would lead to numerical dynamo simulations that reproduce both the current large
latitude of the SAA and Earth's dominant axial dipole. Due to the high computational cost, we only explored four

models with a lower E. Although the non-reversing case H30e with a —Yg outer boundary heat flux pattern fails to
produce a significant (P, ), its standard deviation is about double that of the non-reversing case H30a with a larger
E (Table 1). Moreover, the histogram of case H30e is asymmetric with a tail that extends beyond the average value

based on the historical field (Figure 5a). These results hint that low E dynamos with a large amplitude of
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equatorially anti-symmetric outer boundary heat flux heterogeneity may be promising in terms of reconciling
large latitude of the surface intensity minima and large dipolarity.

Guided by the results of Terra-Nova et al. (2019), we placed our dynamo models close to the dipolar to reversing
transition which is favorable for obtaining large latitude of surface intensity minima. To further augment the
latitude of surface intensity minima, we considered equatorially anti-symmetric outer boundary heat flux patterns.
The proximity to the transition renders the magnetic to kinetic energy ratio close to unity (Table 1). Increasing Pm
with homogeneous boundary conditions tends to increase this ratio toward a strong field dynamo (Dormy, 2016;
Schwaiger et al., 2019; Menu et al., 2020). However, in our models with an anti-symmetric CMB heat flux pattern
increasing Pm tends to slightly decrease the energy ratio. It is possible that far from the dipolar to reversing
transition increasing Pm would increase the field strongness. However, far from the transition it is likely that the
surface intensity minima will remain very close to the equator (Terra-Nova et al., 2019).

The dynamical origin of surface intensity minima is unraveled by the relations between temperature, zonal flow,
radial magnetic field at the CMB and these surface features. The coupling between temperature and azimuthal
flow is described by the thermal wind equation (e.g., Aubert, 2005; Pedlosky, 1987) that governs dynamo models
at large scales (Schwaiger et al., 2019). Positive/negative heat flux anomaly translates into colder/warmer fluid
below the outer boundary (e.g., Gubbins, 2003) which prompts eastward/westward flow, respectively (Figure 9).
The time-averaged magnetic field on the outer boundary is strong at regions of boundary-driven downwellings
and reversed where boundary-driven upwellings prevail (Figure 10), in agreement with previous studies (e.g.,
Olson & Christensen, 2002).

The present-day latitude of the SAA is related to the vast reversed flux region below the South Atlantic (Figure 1).
In general, snapshots from our dynamo models also exhibit surface intensity minima above regions where
reversed flux prevails on the outer boundary (e.g., Figures 11c and 12b). However, the distribution of normal flux
on the CMB also affects the locations of surface intensity minima (Terra-Nova et al., 2017). In fact, analysis of
heavily sampled timeseries of snapshots from the dynamo models confirm that the surface intensity minima reside
at the hemisphere with more reversed flux and with less normal flux, with the latter being more influential.
However, the clouds of points in Figure 13 are evidence for the non-trivial relation between the magnetic flux on
the CMB and the locations of surface intensity minima.

In summary, we showed that the latitude of the SAA is evidence for the strong impact of lower mantle thermal
heterogeneity on the geodynamo. In order for a surface intensity minimum to reside in a latitude as high as that of
the SAA, the CMB heat flux must have a substantial equatorially anti-symmetric component, which may
contradict an equatorially symmetric core flow (e.g., Barrois et al., 2017; Finlay et al., 2023; Gillet et al., 2019).
While many studies of geodynamo simulations often focus on the dominant ¥3 harmonic in mantle tomography
models (e.g., Aubert et al., 2007; Olson & Christensen, 2002; Takahashi et al., 2008), the zonal part of these
mantle tomography models is dominated by an equatorially anti-symmetric —Yg component (Figure 2). Our
dynamo models with an imposed —Yg outer boundary heat flux pattern indeed produce very broad distributions of
latitudes of surface intensity minima that easily cover the latitude of the present-day SAA. Simultaneously
reproducing at the same dynamo model snapshot both the SAA latitude and the dipolarity of the present-day
geomagnetic field is possible, though somewhat rare. Further exploration of dynamo models with large ampli-
tudes of anti-symmetric outer boundary heat flux heterogeneity combined with lower Ekman numbers may
improve the recovery of these two fundamental observational geomagnetic constraints.
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