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Supplementary Information
The form of the imposed magnetic field

The profile of the imposed radial magnetic field B0s given by Eq. (14) in Methods is shown in
Fig. S1. With such a profile, the field strength at the outer radius is a factor 5 smaller than in
the deep interior. This is consistent with the expected profile of B0s in the Earth’s core, which is
approximately 3 mT in the bulk interior, as deduced from the speed of Alfvén waves1, but must fall
to approximately 0.6 mT near the CMB, to match the strength of the radial magnetic field inferred
from nutations2–5.
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Figure S1: Imposed radial magnetic field as a function of cylindrical radius.

1



EM coupling planform

A visual representation of the spatially varying map of the inverse of the EM attenuation timescale,
1/τem(y), given by Eq. (15) in Methods, is shown in Fig. S2. The parameters are: yo = −0.7,
λ = 5 and γ = 4, as we have used in our study. The map captures the smoothly varying factor of
increase of the EM coupling strength in the Pacific that core flows are subject to in our numerical
simulations.
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Figure S2: Spatially varying map of EM coupling strength used in our simulations. The colour
scale is in units of 1/τem.

EM filtering

The first suggestion that the lower SV in the Pacific could be caused by a heterogeneous lower-
most mantle can be traced to Runcorn more than 60 years ago6. The original idea invoked an
EM screening effect: a larger mantle conductance above the CMB in the Pacific region should
filter a greater part of the SV7, 8. The manner in which an EM signal is altered when propagating
through a heterogeneously conducting mantle is complex9, 10. However, we can derive an order of
magnitude estimate for the mantle conductance that is required to filter a SV signal by a factor 2,
corresponding approximately to the observed decreased in the SV amplitude in the Pacific. Figure
1 of ref. (10) shows how the amplitude of a CMB signal of frequency ω is reduced by a thin layer
of thickness ∆ and uniform electrical conductivity σ at the base of the mantle. Reading from this
Figure, a non-dimensional frequency of approximately 3 is required to filter a signal by a factor
2. Time is measured in units of µσ∆2, where µ is the magnetic permeability of free space, so the
dimensional frequency is ω ≈ 3/µσ∆2. Hence, for a SV signal at a given frequency ω, a layer of
thickness ∆ =

√
3/ωµσ is required to filter the signal by half. Assuming a conductivity similar to

2



that of the core (σ ≈ 106 S m−1, ref. 11) and a SV period of 100 yr, a layer of thickness ∆ ≈ 35

km is required. A smaller conductivity of σ = 105 S m−1 requires a thicker layer of ∆ ≈ 109

km. The conductance (the product of ∆ and σ) in each of these two examples is 3.5 × 1010 S
and 1.1× 1010 S, respectively. These are two orders of magnitude larger than modern estimates of
the lowermost mantle conductance 2, 12, 13, which are in the range of 1 − 3 × 108 S, and for which
EM screening would be minimal. In addition, since higher frequency signals should be more ef-
fectively screened, one would expect the SV over the Pacific to be not only weaker, but also to be
more devoid of faster fluctuations than elsewhere, a fact which is not supported by observations.

Lower magnetic field strength in the Pacific

Fig. S3a shows the mean intensity of the radial component of the field at the CMB, |Br|, over
the time-period 1590-1990 from the gufm field model14. |Br| is weaker in the broad region of the
Pacific: the r.m.s. amplitude over the Pacific is |Bp

r | = 195.15 µT, compared to a global average of
|Br| = 237.33 µT, for a ratio of |Bp

r |/|Br| = 0.8223 between the two. The ratio |Bp
r |/|Br| is larger

than the ratio of 0.5975 of the mean intensity of the radial component of the SV over the same time
period shown in Fig. 1a of the main text. Likewise, Fig. S3b shows the radial component of the
field at the CMB, Br, in 2015 from the CHAOS-6 field model15 truncated at spherical harmonic
degree 16. The r.m.s. amplitude over the Pacific region is |Bp

r | = 217.83 µT, compared to global
average of |Br| = 286.40 µT, for a ratio of |Bp

r |/|Br| = 0.7606. This is also larger than the ratio
of 0.4622 of the radial component of the SV shown in 2015 in Fig. 1b of the main text. If the flow
amplitudes were broadly similar everywhere on the CMB, with no preferred geographic pattern,
the ratio of the SV would be similar to that the magnetic field itself. The weaker SV ratios imply
that the weaker field intensity over the Pacific cannot be solely responsible for the lower SV in this
region: flow amplitudes must also be weaker in the Pacific.

The nature of the lowermost mantle conductance

Some of the discrepancies of the observed forced diurnal nutations of Earth can be explained by
EM coupling at the CMB2–5. This requires the global conductance to be of the order of σ ·∆ ≈ 108

S, and concentrated in a thin layer (∆ ≈ 0.1 − 1 km) of high electrical conductivity (σ ≈ 105 −
106 S m−1) at the base of the mantle2–5. It is difficult to explain such a conductance based on
our present-day knowledge of lower mantle minerals and structure. We can illustrate this with
a specific example tied to seismic observations. An enrichment of mantle mineral by ∼ 15% in
FeO gives seismic attributes compatible16 to those of Ultra-Low Velocity Zones (ULVZ). ULVZ
are seismically imaged structures present in distinct patches (∼100-1000 km wide and ∼10 km
in height) at the bottom of the mantle17, though they may be the thicker manifestation of a thin
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Figure S3: The lower magnetic field strength in the Pacific. a, |Br| at the CMB over the time-
period 1590-1990 from the gufm field model14. The r.m.s. amplitude of |Br| in the Pacific (pink
dashed circle) is 195.15 µT, the global average is 237.33 µT, for a ratio of 0.8223. b, Br at the
CMB, in 2015 from the CHAOS-6 field model15 truncated at spherical harmonic degree 16. The
r.m.s. amplitude of |Br| over the Pacific (pink dashed circle) is 217.83 µT, the global average is
286.40 µT, for a ratio of 0.7606.

(∼ 1 km) global layer that would be difficult to detect seismically18. FeO becomes metallic with
a conductivity of ∼ 105 S m−1 at CMB conditions19. However, 15% of FeO in a 1 km global
layer would only yield a conductance slightly higher than 107 S. Unless the concentration of FeO
is much larger at the base of ULVZ, and this base indeed spreads into a global layer, it is difficult to
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reach a global conductance that would be compatible with the inference from nutations. A larger
conductance in the Pacific region presents an ever greater challenge.

In the main text, we suggest that pockets of stationary, strongly stratified fluid trapped by
local cavities in CMB topography may mimic a highly electrically conducting lower mantle in
terms of EM coupling with core flows20. Given the difficulty in explaining the global conductance
required by the nutations in terms of mantle minerals, let alone a larger conductance in the Pacific,
this suggestion is appealing, although it requires further testing. Perhaps offering tentative support
for such a scenario, ULVZ are found in a greater concentration in the Pacific region of the CMB
than elsewhere21, although this may simply reflect a more favourable source-receiver seismic ray
geometry. At isostatic equilibrium, a 10 km high ULVZ that is 10% denser than the surrounding
mantle22 should sink by about 1 km into the core23, creating local depressions of the CMB that
may act to trap some of the core fluid. As an indication, a stationary fluid layer with a conductivity
of σ = 106 S m−1 (ref. 11) trapped in a 1 km deep cavity of the CMB would be compatible with a
conductance of 6− 9× 108 S that our results suggest in the Pacific.

Equatorial planforms of the secular variation in our QG model

Fig. S4 shows how the equatorial planforms of the time-derivatives of the magnetic potential a and
its associated non-axisymmetric magnetic fields bs and bφ change as a function of X , the factor
of EM coupling increase in the Pacific. As X is increased, ∂a

∂t
(top row), ∂bs

∂t
(middle row) and

∂bφ
∂t

(bottom row) become progressively weaker in the Pacific region, similar to the pattern of axial
vorticity observed in Fig. 3 of the main text.

A prediction of the secular variation

The QG model that we use is engineered to capture the short (decadal) timescale dynamics of
the flow in Earth’s core. The magnetic field perturbation b that is part of our model is included
primarily to capture the decadal changes in the Lorentz torque acting on cylindrical surfaces in the
core. It is not meant to represent a three-dimensional, temporally varying magnetic field such as
that which is observed at the Earth’s surface and down propagated to the core surface. In fact, in
our QG model, the radial component of b vanishes at the CMB. Hence, although the weakening
of ∂bs

∂t
and ∂bφ

∂t
in the Pacific with increasing X in Fig. S4 illustrates the idea that a stronger EM

coupling leads to a lower SV, these cannot be tied directly to the observed SV.

However, it is possible to build a prediction of the SV connected to the QG flows that we
calculate. To do this, we take the flow output from the last time-step from each of our numerical
experiments, project our rigid QG flows onto the surface of the CMB, and then build by forward
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Figure S4: Equatorial planforms of the secular variation in QG model. Snapshots of ∂a
∂t

(top
row), ∂bs

∂t
(middle row) and ∂bφ

∂t
(bottom row) from our quasi-geostrophic model for Ra = 5 · 108,

Pm = 0.1 and different choices of X . The time snapshots are the same as those for the vorticity
planforms shown in Fig. 3 of the main text. The Pacific region is in the bottom section of each
planform, delimited by a dashed green line in panels b, c and d. The colour scales on the right are
common to all 4 panels.

modelling the SV produced by the interaction between this flow and a magnetic field model. We
take the CHAOS-6 model15 in 2015 truncated to spherical harmonic degree 16 as our reference
magnetic field at the CMB. In this way, we produce snapshots of the SV that can be compared
with that shown in Fig. 1b. We proceed as such for each combinations of Ra, Pm and X . Our QG
model is restricted to the region outside the tangent cylinder, with (non-dimensional) cylindrical
radius in the interval s = 0.35 − 0.98. We extend our flows to cover the full area of the CMB,
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first by stretching the cylindrical radial coordinate such that the interval s = 0.35− 0.98 maps into
s = 0.35 − 1, and second, by imposing the flow inside the tangent cylinder to be rigidly rotating
at the angular velocity of the mean azimuthal flow at s = 0.35 (at the tangent cylinder). We then
scale our QG flow such that its r.m.s amplitude over the CMB is 10.472 km yr−1, equal to the mean
r.m.s. speed of the flow model in ref. (24) between 1940-2010.

Fig. S5a shows an example of the projection onto the CMB of a QG flow model from one of
our numerical experiments (Ra = 5 × 108, Pm = 0.1, X = 9) and Fig. S5b shows the predicted
SV produced by this flow. As a comparison, Fig. S5c shows the flow model in ref. (24) in 2000,
truncated at spherical degree 8, and Fig. S5d shows the predicted SV produced by this flow. The
flow pattern in Figs. S5a and S5c is dominated by the mean westward gyre, which is deflected to
higher latitudes in the Pacific hemisphere. The SV produced by each of these flow maps shares
similarities with the observed SV of Fig. 1b. Most notably, the SV is weaker in the Pacific. The
r.m.s. amplitude |Ḃr| over the Pacific region in Fig. S5b is 3638.00 nT/yr, compared to global
average of 5296.30 nT/yr, for a ratio of 0.6869. The r.m.s. amplitude |Ḃr| over the Pacific region
in Fig. S5d is 2082.13 nT/yr, compared to global average of 4919.46 nT/yr, for a ratio of 0.4232.

For each combinations of Ra, Pm and X , we have computed the r.m.s. amplitude of the
SV over the Pacific region, |Ḃp

r |, its global average, |Ḃr|, and the ratio between the two, Rsv =

|Ḃp
r |/|Ḃr|. The ratio Rsv for all our model runs is shown in Fig. S6. Because the flow from our

model runs is time-dependent, for each combination of parameters a different prediction of the SV
would result for a different time-snapshot of the flow. The scatter on the plot gives a sense of the
fluctuations in the ratio Rsv. The most notable feature of Fig. S6 is the decrease of the ratio Rsv

with increasing X , capturing the decrease of the SV in the Pacific caused by the increasing EM
drag and decreasing flow amplitude.

We also show in Fig. S6 the ratio of the observed SV in 2015 shown in Fig. 1b, which is
0.4622, and the range of SV ratios from the flow model of ref. (24), truncated a spherical harmonic
degree 8, computed at each year between 1940-2010. The mean SV ratio is Rsv = 0.4531 and
the minimum and maximum SV ratios are 0.3932 and 0.5652, respectively. This prediction is
consistent with the observed SV ratio.

The main reason why the SV ratio Rsv predicted from the flows of our QG model is higher
than the observed Rsv can be understood by comparing the flow and SV maps of Fig. S5. First,
note that the r.m.s. amplitude of the flows in the Pacific from our model (Fig. S5a) is similar to
that inferred from the observed SV (Fig. S5c). However, the geometry of the flows in the Pacific
inferred from the observed SV is different, and the flow amplitude tends to be highest in places
where flows are parallel to contours of Br, resulting in weak SV. This is why the r.m.s. amplitude
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Figure S5: Flow maps and predicted SV at the CMB. Flow maps at the CMB, from (a) the
projection onto the CMB of the QG flow of the last time-step from the numerical experiment with
Ra = 5 × 108, Pm = 0.1, X = 9, and (c) from the flow model of ref. (24) in 2000, truncated
at spherical degree 8. b, d, The SV produced by the flow in a and c, respectively, acting on
the CHAOS-6 field model15 truncated at spherical harmonic degree 16 whose radial component is
shown in Fig. S3b.

of the SV in Fig. S5b is 3638.00 nT/yr, much higher than that in Fig. S5d which is 2082.13 nT/yr.
In contrast, the global r.m.s. amplitude of the SV in Figs. S5b and S5d are similar, 5296.30 nT/yr
versus 4919.46 nT/yr, respectively. Hence, though our predicted flows in the Pacific are of similar
amplitude that the observed flows, the amplitude of the SV they generate is substantially larger.
This explains why, contrary to the flow ratioRv shown in Fig. 4 of the main text, the prediction of
Rsv derived from our QG model is too high to match the observed SV. This further illustrates the
limitation of the prediction of the SV that we can build from the QG flows of our model.
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Figure S6: Lower SV from enhanced EM drag in the Pacific. The ratio Rsv = |Ḃp
r |/|Ḃr| as

a function of X , the factor of increase of EM coupling in the Pacific. Coloured symbols: SV
prediction from our QG model for the values of Ra and Pm shown in the inset. Results with
Pm = 0.1 have been shifted by 0.2 in X to ease visualization. Red horizontal line: the observed
SV ratio Rsv = 0.4622 from the CHAOS-6 field model in 2015. Black horizontal line and grey
band: the mean ratio Rsv = 0.4531 and the minimum (0.3932) and maximum (0.5652) computed
using the flow model of ref. (24) at each year between 1940-2010 and truncated at spherical
harmonic degree 8.
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