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Earth’s magnetic field is generated by turbulent motion in its fluid outer core. Although

the bulk of the outer core is vigorously convecting and well-mixed, some seismic, geomag-

netic, and geodynamic evidence suggests that a global stably stratified layer exists at the top

of Earth’s core. Such a layer would strongly influence thermal, chemical, and momentum

exchange across the core-mantle boundary and thus have significant implications for the dy-

namics and evolution of the core. Here we argue that the relevant scenario is not global

but regional stratification arising solely from the lateral variations in core-mantle boundary

heat flux. Based on our extensive suite of numerical simulations of the dynamics of the fluid

core with heterogeneous core-mantle boundary heat flux we predict that thermal regional

inversion layers extend 100s of kilometres into the core under anomalously hot regions of the

lowermost mantle. Although the majority of the outermost core remains actively convect-

ing, sufficiently large and strong regional inversion layers produce a 1D temperature profile

that mimics a globally stratified layer below the core-mantle boundary, an apparent thermal

stratification despite the average heat flux across the core-mantle boundary being strongly
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superadiabatic.

Observations of stratification at the top of the core have attracted much attention but the

results are controversial. Seismic wave speeds at the top of the core1, 2 have been matched to a

compositional model3 and interpreted as the signature of a global layer that is both thick (∼300 km)

and strongly stratified (Brunt-Väisälä periods of 1.63–3.43 hr). Geomagnetic oscillations have

been interpreted as the signature of MAC (Magnetic, Archimedes, and Coriolis) waves within a

stratified layer ∼140 km thick with a maximum Brunt-Väisälä frequency that is roughly diurnal4, 5;

although other explanations for the observed oscillations have been proposed6. Core flow models

constructed from geomagnetic secular variation have been used to argue both for and against radial

motion near the top of the core7–10 and some seismic studies11, 12 have found that the structure of

the outermost core does not require global stratification. Core stratification would also influence

the long term thermal evolution of the core13; support a range of wave dynamics not found in a

fully convecting core14; and, by suppressing radial motion near the core-mantle boundary (CMB),

alter the long-term structure of the external planetary magnetic field15, 16.

Vigorous rotationally influenced flows within the electrically conductive liquid iron outer

core are essential for the continued regeneration of the Earth’s magnetic field through the magneto-

hydrodynamic geodynamo process. There is little doubt that the bulk of Earth’s liquid core is un-

dergoing turbulent convection and the horizontal temperature fluctuations within the adiabatically

well-mixed fluid are expected to be very small (o{10−3K})17. Comparatively large radial variations

in core properties may exist near the boundaries of the liquid core if some mechanism enables the
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generation or accumulation of fluid with a stable density stratification.

Three principle mechanisms have been invoked to explain a global non-adiabatic structure

at the top of the core. The first supposes that the core has slowly cooled to a point where the heat

flux, q, has fallen below the adiabatic heat flux, qa, across the CMB13. This scenario produces

a wide range of thickness estimates18 that rely on the poorly-known CMB heat flow and much-

debated core conductivity19. The second mechanism invokes chemical diffusion, either along the

core pressure gradient20 or across the CMB from the mantle21, which enriches the top of the core in

light elements. The third possibility is emplacement of a light layer during core formation22, which

must then avoid disruption throughout the lifetime of the Earth, for example, by the moon-forming

impact23.

The top of the core will also be strongly influenced by thermal heterogeneity in the lower-

most mantle, which is much stronger than in the core (o{102K}) and evolves much more slowly,

such that the mantle imposes a laterally varying pattern of heat flux across the core-mantle bound-

ary (CMB)24. Estimates of the lateral variations in CMB heat flux25–27 are sufficiently large that

significant regional variations in core dynamics are expected16, 28–31. Previous models16, 32–34 have

considered the interaction between CMB heterogeneity and stratification at the top of the core and

the extent to which such heterogeneity can drive flows that penetrate and possibly disrupt a global

stratified layer24, 35. Rather than viewing heterogeneous CMB heat flux as a factor acting in opposi-

tion to some mechanism of global stratification we instead argue that it is the source of an apparent

global stratification at the top of the core.
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Utilising an extensive suite of nonmagnetic rotating convection simulations, we are able to

systematically access the strongly nonlinear, rotationally constrained, turbulent flow regime most

relevant to the Earth’s core. Within this regime we find that the bulk of the core remains actively

convecting due to a strong net superadiabatic heat flow across the CMB and no global thermally

stratified layer can form. Sufficiently warm regions in the lowermost mantle may locally reduce

q below qa allowing regional accumulations of hot fluid at the top of the core and the forma-

tion of convectively-stable regions of thermal inversion (that is, the radial temperature gradient

∂T/∂r is locally positive within these regions). The spatial extent and buoyancy anomaly of these

convectively-stable lenses of fluid below the CMB, which we call regional inversion layers, are

primarily set by the long-wavelength high-amplitude variations in CMB heat flux imposed on the

core by the mantle. Large and strong regional inversion layers can dominate the spherically av-

eraged temperature profile resulting in an apparent thermal stratification near the top of the core.

There is no doubt that the fundamental physical mechanism that underpins our scenario, namely

large lateral variations in CMB heat flux, exists within the Earth25, 26, 36; the only question is how

significant its influence might be. Thick regional inversion layers are ubiquitous in our simulations

and, we argue, should be expected in the Earth’s core.

Modelling of Regional Inversion Layers

We investigate regional inversion layers in the core using a suite of numerical simulations of non-

magnetic rotating convection that includes two patterns (see supplementary figure 1) and two am-

plitudes of CMB heat flux heterogeneity (see methods and our previous work31). The amplitude

of CMB heat flux heterogeneity in our numerical model is described by q⋆ = qmax−qmin

qave
, where
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qmax, qmin, and qave are the maximum, minimum and horizontally averaged heat fluxes through

the outer boundary, respectively. In this study we consider strong lateral variations in CMB heat

flux with q⋆ = {2.3, 5.0}. One pattern of CMB heat flux heterogeneity is derived from seismic

tomography36. Laterally and radially extensive regions of low seismic velocity in the lowermost

mantle, termed Large Low Velocity Provinces (LLVPs), have been observed and are hypothesised

to arise from either thermal or thermochemical mechanisms37. In either case, these regions are ex-

pected to be anomalously warm and impose a reduced CMB heat flux on the core beneath Africa

and the Pacific. The second is a hemispheric pattern that could represent the configuration of man-

tle flow during times of super-continent formation. For our chosen hemispheric pattern, qmin is

located under Null Island (0◦ N, 0◦ E).

Numerical models of core convection can be characterised by three control parameters: the

Prandtl number (Pr), which is the ratio of the fluid’s viscous and thermal diffusivities; and the

Rayleigh number (R̃a) and Ekman number (E), which primarily reflect balances between rota-

tional, viscous and buoyancy forces. Consideration based on the force balance between inertia,

viscosity, and rotation suggests that the dynamic regime be characterised using the Reynolds num-

ber, Re = UL/ν, and Rossby number, Ro = U/2ΩL = ReE, where U and L are the characteristic

velocity and length scale of the flow, respectively, and ν is the momentum diffusivity. Our sim-

ulations consider higher R̃a and lower E than previous models that incorporate CMB heat flux

heterogeneity16, 29, 30. In particular, values of E < 10−4 allow us to access the regime of rapidly-

rotating convection31, 38. We also restrict our attention to simulations for which R̃a is at least ten

times greater than the critical Rayleigh number for the onset of convection (R̃ac) to ensure that
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we have left the weakly non-linear regime near the onset of convection. Crucially our choice of

control parameters results in the fluid flow in our simulations being both turbulent (large Re) and

strongly influenced by rotation (small Ro) as in Earth’s core (Table 1).

In all of our simulations we find that convectively-stable regions of thermal inversion (dT/dr >

0) can be maintained over large lateral and radial extents, although the bulk of the core remains

strongly convecting and hence well mixed on short length scales (figures 1, 2). The size of the

regional inversion layers are associated with the long wavelengths of the imposed boundary hetero-

geneity rather than the small wavelengths of the convecting core (figure 1, supplementary figure 2,

supplementary movies 1 and 2). Indeed the small scales of the convective fluctuations associated

with strongly supercritical convection inhibit their ability to disrupt the large regions of thermal

inversion39. Previous studies at low R̃a did not find the stratification signal29, perhaps because the

potentially stable regions were disrupted by the large scale convective patterns that arise close to

onset.

Regional inversion layers form underneath areas where the local CMB heat flux is suffi-

ciently low to suppress convection near the top of the core. For our patterns of heterogeneity

(supplementary figure 1), the CMB heat flux minima occur at or near the equator and thus the

geographic profiles considered in figures 2 and 3 focus there. Even in regions where the CMB heat

flux remains superadiabatic an inversion layer can exist a few hundred kilometres below the CMB

as azimuthal flow sweeps hot material horizontally; see, for example, the volume of fluid with

dT/dr > 0 that extends west from the Pacific in figure 1. Enhanced CMB heat flux, relative to
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that underneath the LLVP, cools this westward extension of the Pacific inversion layer from above

until the fluid becomes locally unstable with respect to thermal convection and mixes back into the

bulk (see supplementary movie 1).

The strength of the thermal inversion is characterised by the maximum Brunt-Väisälä fre-

quency (N ), which we normalise relative to 2Ω (twice the planetary rotation rate). Scaling analysis

(see methods) shows that the strength of the inversion should vary as

N

2Ω

∣∣∣∣
max

≈

(
1

r⋆
o

)√
R̃aE

Pr

(
q⋆ − 2

2

)
, (1)

where r⋆
o

is the dimensionless CMB radius. Extrapolation to the Earth must therefore account for

both the increase in R̃a and the decrease in E relative to numerical simulations (table 1). Stronger

boundary heterogeneity (larger q⋆) implies more anomalous dT/dr at the CMB and we expect N2

to increase in proportion to q⋆.

The value of q⋆ can be estimated from first-principles calculations of thermal conductivity

coupled to seismic tomographic models26, which suggest that heat flux across the CMB ranges

from roughly 0 − 140 mW/m2. Much of the net radial heat flow within the core occurs due to

conduction along the adiabatic temperature gradient19; this contribution needs to be removed when

considering the relation between our Boussinesq model and the Earth. The super-adiabatic heat

flow across the CMB has been estimated as 0.6 TW based on a theoretical scaling between inertial

and buoyancy forces in rotating convection17. These values suggest q⋆ for the Earth may be as

large as ∼35, in which case N/2Ω ≈ 2 is predicted for the Earth for reasonable estimates of other

physical parameters (supplemental table 1).
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No theoretical scaling exists for the thickness of the regional inversion layers; they are not

simple boundary layers, which would thin both as R̃a is increased and as E is decreased towards

Earth-like values. Instead we find a competition between thinner layers as the Ekman number is

reduced but generally thicker layers as the Rayleigh number is increased for a given choice of q⋆

and CMB heat-flux pattern (figure 2 and supplemental figures 2 and 3).

Regional inversion layers that are both thick (several hundred kilometres) and strong (N/2Ω ≈

{10−2 − 100}) are ubiquitous in our models. The derived expression for Brunt-Väisälä frequency

(equation 1) suggests that regional thermal stratification should be expected at low E, provided

R̃a or q⋆ are sufficiently large. If the regional inversion layers are sufficiently large and strong, the

horizontally-averaged temperature gradient near the top of the core can become positive (figures 2,

3), an apparent global stratification despite the average heat flux across the CMB being strongly

superadiabatic. This apparent global stratification signal becomes stronger as R̃a is increased and

the bulk of the core becomes more isothermal, thereby causing the horizontally averaged tempera-

ture gradient near the top of the core to be increasingly dominated by the large gradients that exist

in the regional inversion layers.

Implications for Earth

Previous dynamical modelling16, 24, 32–35 has focussed on interactions between heterogeneous bound-

ary conditions and global stratified layers at the top of the core, motivated by stratification origins

assuming uniform compositional enrichment20–22 or net subadiabatic CMB heat flux13, 18. In con-

trast, our simulations do not impose a net stratification as they are all strongly supercritical and have
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a completely well-mixed fluid core in the absence of CMB heterogeneity. However, thermal varia-

tions in Earth’s lowermost mantle are sufficiently strong that large areas of the CMB are expected

to have a subadiabatic heat flux25, 26, 36. Such areas locally inhibit convection in the outermost core,

although the bulk of the core remains vigorously convecting. Apparent global stratification arises

as a consequence of CMB heterogeneity when the regional inversion layers control the sign of the

global average radial temperature gradient, which is particularly likely at the high Rayleigh num-

ber conditions relevant to the Earth. The strength and extent of these regions is set by the boundary

heterogeneity, which is faithfully represented in our simulations; therefore, we argue that broad

and thick regional inversion layers should be expected in the Earth.

For the present day Earth, CMB heat flux is particularly low under the African and Pacific

LLVPs and thus regional inversion layers are expected to be most prominent in these equatorial re-

gions. If the pattern of mantle convection in the geological past had an approximately hemispheric

pattern40, then the regional inversion layers at that time would be expected to have a hemispheric

pattern (see supplementary figures 2 and 3). The distribution of regional inversion layers in the

past might be reflected in other large scale core processes that have been linked to mantle control,

such as the structure and reversal rate of the magnetic field27, 41, 42 and the, possibly asymmetric,

growth of the inner core27, 43, 44.

Unlike our Boussinesq numerical model, the anomalous regions in Earth’s core need not

have a strictly positive thermal gradient, they need only have a subadiabatic gradient to be dynam-

ically distinct from the bulk of the core. The temperature difference between the top of actively
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convecting regions and the regional inversion layers depends on the layer thickness, q⋆ and the net

superadiabatic heat flow across the CMB. By assuming purely thermal convection, a simple theo-

retical analysis suggests that the boundary-forced temperature variations can be orders of magni-

tude larger than those associated with the free convection (see methods, supplementary figure 5);

however, temperature is believed to have only a moderate impact on seismic velocity in the core45.

Chemical variations are expected to have a larger impact but the resultant seismic velocity relies

on uncertain properties such as the core’s bulk composition, the nature of any chemical variation,

and the impact of different chemical species on bulk modulus and density3, 46, 47. Our simulations

are designed to elucidate the fluid dynamics of regional inversion layer formation due to CMB heat

flux heterogeneity and provide a basis for future models incorporating processes such as barodiffu-

sion, chemical exchange across the CMB, and primordial stratification that have been hypothesised

to influence the composition of the outermost core.

Although radial motion would be inhibited within a strongly stratified global layer, the re-

gional inversion layers in our simulations are dynamically connected to the rest of the core; thus

radial velocity is not completely suppressed within them (figure 4). The lateral variations in CMB

heat flux drive thermal winds that sweep hot material out from under the locally stable regions of

low CMB heat flux, enabling it to cool and mix back into the vigorously convecting bulk. This

results in broad weak upwellings through the regional inversion layers in our simulations. In the

Earth, strong thermal winds would also be expected and such boundary-driven flows have been

used in previous dynamo studies48–50 to explain long-term non-axisymmetric features of the geo-

magnetic field. A simple extrapolation of the thermal wind balance suggests velocities of order
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1 mm/s at a few hundred metres depth, comparable to the velocities inferred for the top of the core

from geomagnetic observations10. At greater depths the thermal winds would be proportionally

stronger, reaching order 1 m/s a few hundred kilometres below the CMB, considerably faster than

observational constraints. However, deep jets with such large peak velocities may not develop in

Earth’s core where the thermal wind balance is modified by magnetic field effects24.

Regional inversion layers may influence observable geomagnetic variation as both the wave

dynamics and fluid flow (figure 4) in these regions would have a different character to that in the

bulk of the core. Hemispheric patterns in geomagnetic secular variation51 may suggest that only

one dominant regional inversion layer is present. In our model the Large Low Velocity Provinces

are associated with low CMB heat flux and thus regional inversion layers; however, the latitudinal

and longitudinal extents of the two LLVPs are quite different, which could result in differing influ-

ences on core thermal structure and hence geomagnetic variation. A hemispheric difference could

also arise due to differences in temperature between the Pacific and African LLVPs, which might

reflect differing balances between thermal and chemical contributions to the origin of these LLVPs.

We find that the CMB heat flux reduction predicted by our chosen tomographic model is greater

under the Pacific LLVP and this regional inversion layer tends to form more readily and be more

extensive than the African. A hemispheric difference at the top of the core might therefore indicate

that the average heat flux across the CMB is sufficiently high to prevent regional inversion under

Africa but not the Pacific. Uneven growth of the inner core52, 53 might also produce large length

scale differences in core dynamics that could influence hemispheric structures and dynamics at the

top of the core49, 50, 54.
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Without sufficient geographic coverage or understanding of how the path-integrated delay of

SmKS phases are influenced by regional inversion layers (for example, from 3D wave-propagation

models), studies of average structure might well mistake extensive regional inversion layers for

global stratification. The geometry and strength of regional inversion layers in the core depends on

the pattern and amplitude of the imposed heat flux heterogeneity, which is set by the distributions

of both temperature and thermal conductivity in the lowermost mantle. The extent of the regional

inversion layers varies considerably within our simulations but the location of the thickest anoma-

lous structure is generally centred under the mantle LLVPs. By contrasting SmKS paths that are

expected to completely avoid regional inversion layers with those that should sample the middle of

them, it may be possible to test whether the average seismic structure at the top of the core is truly

the result of global stratification or if it is instead the signature of large boundary-forced regional

inversion layers.
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Methods

Governing equations and parameter regime. We employ a numerical model of non-magnetic

rotating convection of a homogeneous Boussinesq fluid confined within a rotating spherical shell58,

with fixed-flux thermal boundary conditions and no slip velocity boundary conditions. In non-

dimensional form the conservation equations for momentum, energy, and mass are

E

Pr

(
∂u

∂t
+ (u ·∇)u

)
+ ẑ × u = −∇P + R̃aT ′

r + E∇2
u, (2)

∂T

∂t
+ (u ·∇)T = ∇2T, (3)

∇ · u = 0, (4)

where u and T are the velocity and temperature fields, respectively, and T ′ are the temperature fluc-

tuations relative to the steady-state temperature profile in the absence of flow. The pressure term,

P , includes the centrifugal potential. The fluid is characterised by its constant thermal expansion,

α, thermal diffusivity, κ, kinematic viscosity, ν, and reference density, ρ0. The fluid shell is de-

fined by its inner and outer boundaries, ri and ro, respectively, and rotates with a constant angular

velocity Ω = Ωẑ. Gravity varies with radius according to g = −(go/ro)r, where go is the magni-

tude of the gravitational acceleration on the outer boundary. We have non-dimensionalised using

the shell thickness L = ro − ri for the length scale, the thermal diffusion time τ = L2/κ for the

time scale, and β/L for the temperature scale, where β = Q/4πk, Q is the total heat flow through

the outer boundary, k = κρ0Cp is the thermal conductivity and Cp the heat capacity of the fluid.

The resulting control parameters are the Prandtl number Pr = ν
κ

, Ekman number E = ν
2ΩL2 , and

modified Rayleigh number R̃a = αgoβ

2Ωκ
. The amplitude of the heterogeneity in our heat flux bound-
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ary condition is measured by q⋆ = (qmax − qmin)/qave, where qmax and qmin are the maximum and

minimum heat fluxes through the outer boundary, respectively, and qave =
1

4πr2o

∫∫
q dS = Q/4πr2

o

is the horizontally averaged CMB heat flux.

Our previous study31 includes a suite of 106 simulations with values of q⋆ = {0.0, 2.3, 5.0}, Pr =

1, E = {10−4, 10−5, 10−6}, and R̃a up to ∼800 times the critical value for the onset of convection

R̃ac. The critical Rayleigh number increases as the Ekman number is reduced and has values of

R̃ac = {16.4, 24.7, 41.0} for the three values of E that we use. Here we include six additional

simulations with the hemispheric boundary forcing and E = 10−6. In this study we do not include

results from our simulations that have homogeneous CMB boundary heat flux (q⋆ = 0.0) as these

do not form regional inversion layers. Simulations with R̃a < 10R̃ac do form thick regional

inversion layers (see supplementary figures 3 and 4); however, they have not clearly left the weakly

non-linear regime31, 38 and appear to scale differently than simulations at higher Rayleigh number.

For simplicity we focus in the main text on cases that are at least ten times critical, leaving a total

of 68 simulations.

The pattern and amplitude of CMB heat flux variations are difficult to estimate because they must

be inferred from seismic tomography accounting for possible compositional effects and phase

changes in the lower mantle. Nevertheless, several studies25–27 have found a minimum heat flux

of qmin ≈ 0 mW m−2, while the maximum heat flux qmax could rise above 200 mW m−2. The

adiabatic gradient at the CMB is ∂Ta/∂r = gγT/φ ≈ −0.875 ± 0.125 K km−1 with the seismic

parameter φ and gravity g taken from PREM59 and the Grüneisen parameter γ = 1.3 − 1.5 span-

ning the available estimates45. Using low60 and high19 thermal conductivity values, the plausible
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range of adiabatic heat flux is qa = −k∂Ta/∂r = 15− 100 mW m−2 and therefore hot regions of

the lower mantle will result in a subadiabatic heat flux across the CMB. The relative strength of

CMB anomalies is often measured by the parameter q⋆ = (qmax − qmin)/(q − qa), which can take

either sign given estimates61 of q = 30− 110 mW m−2. Here we are interested in the case q⋆ > 0,

as q⋆ of at least o{1} is expected within the Earth26 and it could be significantly greater (indeed q⋆

is unbounded as q → qa). If q⋆ is large, as expected for the Earth, thermal boundary forcing should

exert a significant influence on core convection62.

Brunt-Väisälä frequency. The frequency of oscillation of a radially displaced fluid parcel within

a layer having stable density stratification (∂ρ/∂r < 0) is known as the buoyancy or Brunt-Väisälä

frequency and is defined by

N =

√
−

g

ρ0

∂ρ

∂r
=

√
gα

∂T

∂r
, (5)

if the density anomalies arise due to purely thermal effects. Non-dimensionalising frequency by

2Ω, in combination with our temperature and distance scalings gives

N

2Ω
=

√
gαβ

4Ω2L2

∂T ⋆

∂r⋆
≈

√
R̃aE

Pr

∂T ⋆

∂r⋆
, (6)

where T ⋆ and r⋆ are non-dimensional temperature and radius, respectively.

The steepest temperature gradient within a regional inversion layer corresponds to the maximum

buoyancy frequency and we expect that the steepest gradient near the top of the core is close to

that set by qmin of the imposed CMB heat flux. However, along some radial profiles (for example,

Africa, figure 2) the maximum of dT/dr occurs some depth below the CMB. A simple pattern of

heat flux heterogeneity would have qave = (qmax+ qmin)/2 and from the definition of our boundary
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conditions qave = kβ/r2
o
; therefore we expect

N

2Ω

∣∣∣∣
max

≈

(
1

r⋆
o

)√
R̃aE

Pr

(
q⋆ − 2

2

)
. (7)

Boundary-forced lateral temperature variations In a fully convecting core an adiabatic tem-

perature gradient (dTa/dr) will extend from the ICB to the CMB, except within thin boundary

layers. Within a regional inversion layer a shallower conductive profile (dTc/dr) will exist. The

temperature difference at the CMB between a fully convecting region and the top of a regional

inversion layer of thickness h will be approximately

δT ≈ h (dTa/dr − dTc/dr) . (8)

Setting the conductive temperature gradient throughout the inversion layer equal to the minimum

CMB heat flux gives

δT ≈
h

k
(qa − qmin) , (9)

where k is the thermal conductivity of the core.

To estimate δT for the Earth, we use q⋆ = (qmax − qmin)/(q − qa) and q − qa = Qconv/4πr
2

o
to

rewrite equation (9) as

δT ≈
hQconv

4πr2
o
k

(
q⋆ − 2

2

)
. (10)

The thickness of the regional inversion layers arises dynamically in our models and depends on

both q⋆ and Qconv. Here we assume a superadiabatic heat flow of Qconv = 0.6 TW and a thermal

conductivity k = 100 W m−1 K−1 and simply vary q⋆ and h to estimate the temperature differ-

ence at the CMB between fully convecting and subadiabatic regions. The likely values of δT are
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generally on the order of 10s of kelvin (supplementary figure 4). The largest values correspond

to particularly thick layers that will have a large Brunt-Väisälä frequency. To explain a layer with

N ≈ Ω by purely thermal effects requires dT/dr ≈ 35 mK/km, with the temperature gradient

scaling as N2. Any compositional contribution would reduce the required temperature gradient for

a given buoyancy frequency.
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Quantity Definition Molecular Turbulent Simulations

Rayleigh R̃a = αgoβ

2Ωκ
4× 1013 2× 1010 225 – 18000

Ekman E = ν
2ΩL2 7× 10−16 4× 10−11 10−6 – 10−4

Prandtl Pr = ν
κ

0.04 1 1

Reynolds Re = UL/ν 2× 109 4× 104 O(101 – 103)

Rossby Ro = U/2ΩL = ReE 1.5× 10−6 1.5× 10−6 O(10−4 – 10−1)

Table 1: Nondimensional numbers.
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Figure 1: Thermal structure in a simulation with a tomographic pattern of CMB heat flux, q⋆ = 5.0,

E = 10−6, and R̃a = 1.8×104. a, Green isovolumes denote convectively-stable regions of positive

∂T/∂r in the time-average; equatorial slice shows the temperature anomaly field at one point in

time. b, Time-averaged profiles of ∂T/∂r in the top half of the outer core. Regional profiles on

the equator (θ = π/2) are shown for longitudes associated with Africa (φ = 0, long-dashed blue

line) and the Americas (φ = 3π/2, short-dashed light blue line). The horizontally-averaged profile

is shown by the solid green line. Temperature has been non-dimensionalised as described in the

methods section.

Figure 2: Profiles of time-averaged temperature gradient in the top half of the core. As in figure 1,

we consider equatorial profiles under the Americas (a, b, c) and Africa (d, e, f), as well as the

global average (g, h, i). Simulations have a tomographic CMB heat-flux pattern, with q⋆ = 5.0,

and E = 10−4 (a, d, g), 10−5 (b, e, h), or 10−6 (c, f, i). Colour of the lines indicates the super-

criticality of the modified Rayleigh number from 10 times critical (light) to 1000 times critical

(dark). Temperature has been non-dimensionalised as described in the methods section.
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Figure 3: The thermal signature of stratification. The maxima of the profiles of time-averaged

temperature gradient (figure 2) are plotted as a function of supercriticality. As supercriticality in-

creases the temperature gradient maxima in our simulations become more positive, corresponding

to the formation and strengthening of regional inversion layers and apparent global stratification.

Equatorial profiles under the Americas (a) and Africa (b), and the global average (c). Symbol

shape indicates E = 10−4 (square), 10−5 (pentagon), or 10−6 (hexagon). Simulations have a to-

mographic pattern of CMB heat flux; symbol size and shade indicate q⋆ = 2.3 (small, light), or 5.0

(large, dark).

Figure 4: Flow ∼100 km below the CMB for the simulation in figure 1. Time average of the radial

velocity (a), azimuthal velocity (b), and contours of ∂T/∂r = 0 (green). The averaging was done

over 37 advection times. The flow velocity is non-dimensionalised as described in the methods

section.

28


