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SUMMARY

Observations of changes in the geomagnetic field provide unique information about pro-
cesses in the outer core where the field is generated. Recent geomagnetic field reconstructions
based on palacomagnetic data show persistent westward drift at high northern latitudes at the
core—mantle boundary (CMB) over the past 4000 yr, as well as intermittent occurrence of
high-latitude weak or reverse flux patches. To further investigate these features, we analysed
time-longitude plots of a processed version of the geomagnetic field model pfm9k.1a, filtered
to remove quasi-stationary features of the field. Our results suggest that westward drift at both
high northern and southern latitudes of the CMB have been a persistent feature of the field over
the past 9000 yr. In the Northern Hemisphere we detect two distinct signals with drift rates of
0.09° and 0.25° yr~! and dominant zonal wavenumbers of m = 2 and 1, respectively. Com-
parisons with other geomagnetic field models support these observations but also highlight
the importance of sedimentary data that provide crucial information on high-latitude geomag-
netic field variations. The two distinct drift signals detected in the Northern Hemisphere can
largely be decomposed into two westward propagating waveforms. We show that constructive
interference between these two waveforms accurately predicts both the location and timing of
previously observed high-latitude weak/reverse flux patches over the past 3—4 millennia. In
addition, we also show that the 1125-yr periodicity signal inferred from the waveform inter-
ference correlates positively with variations in the dipole tilt over the same time period. The
two identified drift signals may partially be explained by the westward motion of high-latitude
convection rolls. However, the dispersion relation might also imply that part of the drift signal
could be caused by magnetic Rossby waves riding on the mean background flow.

Key words: Core; Magnetic field variations through time; Palacomagnetic secular variation;
Palacomagnetism.

Gubbins (1985) established that the westward drift is not a global

I INTRODUCTION phenomenon but mainly restricted to the region between 90° E and

Earth’s magnetic field is believed to be generated by convection
in Earth’s iron-rich liquid outer core, a process known as the geo-
dynamo. Observed changes of the geomagnetic field, also known
as secular variation, have the potential to constrain the processes
responsible for maintaining it. As early as the 17th century, Hal-
ley (1692) noted that specific features of the geomagnetic field at
Earth’s surface appear to drift predominantly in a westward direc-
tion. By calculating the drift rate around latitudinal circles, Bullard
et al. (1950) inferred a global average rate of 0.18°yr~! for the
westward drift of the non-dipolar field at Earth’s surface over the
period 1907-1945.

With the development of geomagnetic field models designed to
map the field at the core-mantle boundary (CMB), Bloxham &

© The Author(s) 2020. Published by Oxford University Press on behalf of The Royal Astronomical Society.

90° W. By studying the non-axisymmetric flux at the core, Finlay
& Jackson (2003) showed that the observed drift is most prominent
in the equatorial region, with westward motion of flux at a rate of
17 kmyr~! (equivalent to 0.27° yr~') persisting throughout the past
four centuries. Westward drift is also observed at high latitudes,
with (south)west movement of an intense flux patch beneath Patag-
onia over the same time period and more recently the accelerated
westward motion (up to 0.90° yr~!) of an intense flux patch beneath
Canada, potentially associated with a high-latitude jet (Livermore
et al. 2017). All of these observations are consistent with, or can at
least partially be explained by, a giant westward drifting eccentric
planetary gyre (Barrois et al. 2018), originally isolated in core flow
inversions by Pais & Jault (2008). This planetary gyre has been
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successfully reproduced in numerical dynamo simulations involv-
ing both gravitational coupling of the inner core to the mantle and
differential inner core growth causing preferential buoyancy release
in the outer core beneath the Indian Ocean (Aubert et al. 2013).

An alternative hypothesis for the observed westward drift, orig-
inally proposed by Hide (1966), involves the propagation of
magnetohydrodynamic waves. According to this theory, the hor-
izontal velocity of the fluid is not necessarily the same as the west-
ward drift velocity. Rotating magnetic—Coriolis waves are split into
two classes, fast ‘inertial’ modes and slow ‘magnetic’ modes, with
the latter operating on timescales of 100—10 000 yr (Finlay et al.
2010). Hide (1966) investigated a specific quasi-geostrophic (i.e.
with little variation in the z-direction) form of the slow magnetic—
Coriolis waves, often called magnetic Rossby waves, which he found
were likely to contribute to secular variation. These waves propa-
gate westwards and are dispersive (shorter wavelengths have faster
phase velocities). Hori ef al. (2015, 2018) recently demonstrated
that westward drifts in dynamo simulations, similar to those ob-
served over the past four centuries, could be explained by such
magnetic Rossby waves riding on mean flow advection. Various ex-
citation mechanisms have been proposed that could produce these
waves, including turbulence in the core (Hide 1966), topographic
differences at the CMB (Hide 1966) or even length-of-day (LOD)
variations through topographic core—mantle coupling (Yoshida &
Hamano 1993).

Investigations of azimuthal motions in geomagnetic field models
constrained by palacomagnetic data have shown evidence for both
eastward and westward drifts (Dumberry & Finlay 2007; Wardinski
& Korte 2008; Amit et al. 2011; Nilsson et al. 2014; Hellio &
Gillet 2018). The azimuthal motions in the field are most clearly
seen at mid- to high northern latitudes, linked to movements of in-
tense flux patches at the CMB (Dumberry & Finlay 2007), which is
likely a reflection of structures that can be resolved by these mod-
els. Based on the (now superseded) CALS7K.2 model, Dumberry
& Finlay (2007) and Wardinski & Korte (2008) observed more or
less equal occurrence of eastward and westward drifts, with typical
drift rates of & 0.15° yr~! at 40°~60° N. Amit et al. (2011) based
their analysis on the CALS3K.3 model (Korte et al. 2009), using
an algorithm to identify and track movements of intense (normal
polarity) flux patches found mostly around the edge of the inner
core tangent cylinder. They also observed both eastward and west-
ward motions with average drift rates around 0.20° yr~!, although
westward drift was slightly more common. Studies based on more
recent geomagnetic field reconstructions (Nilsson ez al. 2014; Hel-
lio & Gillet 2018), however, show a clear dominance of westward
drift over the past 4000 yr with drift rates of 0.20-0.25° yr~! re-
ported by Hellio & Gillet (2018) and persistent slow drift rates of
~0.07° yr~! (equivalent to a 5000-yr rotation period) reported by
Nilsson et al. (2014).

In addition to persistent westward drift, Nilsson et al. (2014)
also noted the intermittent occurrence (1500BC, 300BC, 700AD,
1900AD) of weak or reversed flux patches at high northern latitudes
at the CMB, potentially originating at low latitudes and migrating
polewards. Campuzano et al. (2019) described in more detail the
evolution of the most recent of these high-latitude weak/reverse
flux patches. They find that the flux patch emerged at the equa-
tor in the Atlantic hemisphere around 1000-1400 AD and moved
north-eastward at a rate of 10 kmyr~'. They further note that
the evolution of this flux patch was more or less antisymmet-
ric to the simultaneous south-westward migration of another re-
verse flux patch associated with the development of the South At-
lantic Anomaly (SAA), suggesting that these observations could

be linked. However, similar hemispherical asymmetries have not
been observed for the other occurrences of high-latitude weak/
reverse flux.

Attempts have also been made to identify and track movements
of reverse flux patches. Based on the method of Amit ef al. (2011),
Terra-Nova et al. (2015) noted that reverse flux patches mostly ex-
hibit westward drift and generally migrate toward higher latitudes.
Terra-Nova et al. (2015) also concluded that the detection of reverse
flux patches is strongly dependent on spherical harmonic degrees
4 and above, which is at the limit of what current palacomag-
netic field models can robustly resolve, particularly in the Southern
Hemisphere of the core (Nilsson ez al. 2014).

Overall, the observations of azimuthal motions and reverse flux
patches in the palacomagnetic record vary significantly between
different studies. The discrepancies can largely be explained by dif-
ferences between the geomagnetic field models (many of which are
now superseded) rather than the methods used to analyse the data
(e.g. Terra-Nova et al. 2016). A range of new millennial scale ge-
omagnetic field models has been produced over the past few years
(Nilsson et al. 2014; Pavon-Carrasco et al. 2014; Constable et al.
2016; Hellio & Gillet 2018; Arneitz et al. 2019; Campuzano et al.
2019). These models are based on more or less the same data com-
pilation, which has been vastly improved from the earliest versions,
for example used to constrain CALS7K.2 (Korte ez al. 2005). This
data compilation typically includes archacomagnetic data from GE-
OMAGIAS50.v3 database (Brown et al. 2015), which is continually
updated, and in some cases sedimentary data compiled by Korte
etal. (2011) and later augmented by Panovska ez al. (2015). Overall
the agreement between the different palacomagnetic field models
has improved, but significant differences still exist. The most impor-
tant difference between these models can be traced to the choices
of how to treat sedimentary data, which if included will improve
data coverage while also leading to smoother models, for exam-
ple due to post-depositional processes (Nilsson et al. 2018). Dif-
ferent strategies of how to address data uncertainties and outliers
and how much weight is given to different data types (e.g. sedi-
mentary data) also have potentially large impacts on the resulting
models.

The main objective of this study is to investigate the persis-
tence of westward drift at the CMB on Holocene timescales and
whether or not this is linked to the occurrence of reverse flux
at high northern latitudes. The analyses will primarily be based
on the pfm9k.la model, which uses a crude Bayesian approach
to synchronize timescales of different sediment records based on
the palacomagnetic data (Nilsson et al. 2014). To evaluate how
robust our observations are, we compare our results with similar
analyses on models constructed using different modelling strate-
gies and data as well as different models from the same model
family.

2 METHODS

2.1 Time-longitude plots

To investigate eastward and westward drifts, we use so-called time-
longitude (TL) plots, calculated with a 2° and 10-yr grid size, and
follow the approach of Finlay & Jackson (2003) and Dumberry
& Finlay (2007). First we remove the time-averaged axisymmetric
part of the field and then high-pass filter the Gauss coefficients
with a cut-off frequency of 1/2500 yr~!. The cut-off frequency,
similar to 1/2000 yr~!' used by Dumberry & Finlay (2007), was
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found to be enough to filter out quasi-stationary field structures
without removing too much of the original signal. We estimate
that the residual field captures 52 per cent of the variability of the
original radial field (B,) at the CMB (see Supporting Information).
The filtered model is given the suffix ‘_p’ to distinguish it from
the original model. To avoid end-effects related to the zero-phase
Butterworth filter we remove 300 yr at the beginning and end of
the model. Although pfm9k.1a model covers the time period 7500
BC-2000 AD, it was only intended to be used for the period 7000
BC-1900 AD and we therefore restrict our analyses to the period
7000 BC-1700 AD.

2.2 Radon drift determination

To quantitatively estimate the azimuthal drift rates observed in the
TL plots we use a technique based on Radon transform (for more
details see, Finlay & Jackson 2003; Dumberry & Finlay 2007).
The Radon transform of a 2-D TL image provides a measure of
the amount of coherent signal found along different angles of the
image, which directly translates to different azimuthal drift rates. In
addition to Radon drift determinations of TL plots at latitudes from
70° S to 70° N, we calculated drift rates based on Radon transforms
for pfm9k.la_p at 60° N over 2500-yr moving windows at 100-yr
time steps. The resulting so-called time-drift plots, with the signal
power in each window normalized to the maximum value, are useful
to investigate the persistence over time of observed high-latitude
westward drift.

2.3 Frequency—wavenumber analysis

To further investigate the identified drift rates, we use 2-D
frequency—wavenumber power spectra of the TL plots at 60° N,
where the strongest drifts occur, which were calculated using fast
Fourier transform. Peaks in these power spectra identify dom-
inant zonal wavenumbers m = 360°/A (where A is the angu-
lar wavelength) and frequencies f = 1/T (where T is the period
in years). Based on the time-drift plots from the Radon trans-
form, we calculated the frequency—wavenumber power spectra for
three partially overlapping time windows; 2000BC—-1700AD, 5000—
1000BC and 7000—4000BC. In the following, unless explicitly spec-
ified, we adopt the convention of expressing frequencies and drift
rates as negative (positive) for westward (eastward) propagation
directions.

3 RESULTS

3.1 Analysis of the past 9000 yr from the pfm9k.1a model

TL plots at 60° N, of the original model (pfm9k.1a) and filtered
model (pfm9k.1a_p) are shown in Fig. 1. We chose 60° N as this is
where the high-latitude intense flux patches are mainly seen and,
as we will see from the Radon transform results, also where the
strongest azimuthal drift rates are observed. The TL plots show
mostly evidence for westward drift, manifested as diagonal lines
going from the bottom right to top left. Eastward drift is also ob-
served (e.g. around 2000-1000BC; —90-0° E), but these features
appear to be less continuous in time. The filtered version (Fig. 1b)
shows drift signatures much more clearly, so we focus on that in
the following. Moreover, to better illustrate slow drift we extend the
longitudinal range to —360° to 360°, that is showing two duplicate
TL plots next to each other in that panel.

Westward drift linked to high-latitude weak/reverse flux 1425

We distinguish at least two different westward driftrates, (i) a slow
—0.09° yr~! (corresponding to 2.7 kmyr~") drift superimposed by
a (ii) faster —0.25° yr~! (7.6 kmyr~!) propagating signal, marked
by the dashed—dotted and dashed lines respectively in the figure.
The slow westward drift rate is similar to the —0.07° yr=! drift
(corresponding to a 5000-yr rotation period) previously noted by
Nilsson ef al. (2014) over the past 4000 yr. However, after high-
pass filtering the model we find evidence that this slow westward
drift has been persistent throughout the past 9000 yr. The faster drift
rate is consistent with classic westward drift originally proposed by
Bullard ef al. (1950) and recently noted by Hellio & Gillet (2018)
in their model COV-LAKE covering similar timescales.

The lines in Fig. 1(b) (and Fig. 1a) have deliberately been plotted
along transects of positive residual field (corresponding to weak or
reverse flux in the unfiltered model; Fig. 1a) where the drift signal
appears to be stronger. The drift lines are only continuous, indicat-
ing movement of a single flux patch, over shorter time periods. In
general, the observed drift lines are rather patchy, consistent with a
stop-and-go motion described by Nilsson et al. (2014) or a preferred
location/configuration of flux. The faster drift signal is mostly visi-
ble in the Pacific hemisphere between 90° and 270° E. We also note
a general occurrence of more intense flux around 0°, 90°, 180°, and
270° E, suggesting the potential presence of one or two standing
waves.

In Fig. 2(a), we show the results from Radon transform of TL
plots at latitudes from 70° S to 70° N for pfm9k.1a_p. As previously
stated, the strongest (dominantly westward) drift rates are observed
at high northern latitudes, around 60° N, with two distinct drift rates
(—0.09° and —0.25° yr~!) being resolved. The analysis also reveals
dominant westward drift (—0.22° yr~') at high southern latitudes,
around 60° S, as well as notable peaks in signal power associated
with eastward drift (~0.15° yr~!) at northern mid-latitudes.

The results of the time-drift plots shown in Fig. 2(b) indicate
persistent westward drift at 60° N throughout the past 9000 yr. There
is a strong ~0.09° yr~! westward drift signal present for most of
the record with faster westward drift rates (~0.25° yr~!) appearing
around 3000BC and onwards. In the earliest few time windows the
two signals appear to merge into a single peak around —0.20° yr~!.

The frequency—wavenumber spectra for the three overlapping
time intervals at 60° N are shown in Figs 3(a)—(c). For the first time
window (2000 BC-1700 AD) the power spectra show westward
propagating waves with dominant zonal wavenumbers of m = 1
and 2. This is consistent with the two identified drift rates being
described by an m = 2 waveform (f = —1/2000 yr~! with drift rate
d=Xf=—0.09°yr~") and an m = 1 waveform (f = —1/1440 yr~!
with driftrate d = A f'= —0.25° yr~") respectively (see stars in Fig. 3a
as well as the dashed—dotted and dashed lines in Fig. 1). We also
find a weak m = 2 signal in eastward direction around /' = 1/2000
yr~! (as well as £'= 1/1000 yr~"), which would be expected from
the presence of a standing wave, previously mentioned.

From 5000 to 1000 BC, the m = 1 waveform (representing
the faster drift rates) is more or less absent, which is consistent
with the observations from time-drift plot in Fig. 2(b). The weaker
m = 2 eastward drift signal also persists at similar frequencies. In
the earliest time window (7000-4000 BC), the strongest signal is
found at an intermediate frequency around £~ —1/1800 yr~! with
zonal wavenumber m = 1, which corresponds to the —0.20° yr™!
drift rates observed in Fig. 2(b).

In Fig. 3(d), we show the frequency—wavenumber spectrum of the
TL plot at 60° S latitude over the first time window (2000 BC-1700
AD). The strongest signal is associated with a westward propa-
gating m = 1 waveform at frequency f~ —1/1650 yr~!, which is
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Figure 1. TL plots (60°N) of the radial field at the CMB predicted by (a) pfm9k.1la and (b) pfm9k.1a_p, with the axisymmetric part of the field removed
and high-pass filtered with cut-off frequency of 1/2500 yr~!. The first and last 300 yr of the filtered model were not considered during the analyses due to
end-effects associated with the filtering process. Dotted—dashed diagonal grey lines correspond to westward drift at rates of —0.09° yr=! (f= —1/2000 yr~!,
m = 2) and dashed grey lines correspond to drift rates of —0.25° yr—! (f= —1/1440 yr~!, m = 1).
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Figure 2. (a) Radon drift determination on TL plot of pfm9k.la_p over the time period 7000 BC-1700 AD. The radon drift determination was performed
for latitudes 70° S to 70° N at 2° increments. The temporal and spatial resolution for each TL plot was 10 yr and 2°. Vertical green dashed and light blue
dotted—dashed lines denote westward rift rates of —0.25° and —0.09° yr~!, respectively. (b) Radon drift determination on TL plots of pfm9k.1la_p at 60° N over
a 2500-yr moving window (100 yr increments). The signal power is normalized to the maximum signal power (thick black line) in each time window. Vertical

green dashed and light blue dotted—dashed lines denote westward rift rates of —0.25° and —0.09° yr~!, respectively.

consistent with the single peak in drift rates at high southern lati-
tudes of —0.22° yr~! determined using the Radon transform method
(Fig. 2a).

3.2 Effects of model resolution

The resolution of pfm9k.1la at the CMB varies spatially (and tem-
porally) due to the uneven distribution of the palacomagnetic data
used to constrain the model (e.g. more than 88 per cent of the data
come from the Northern Hemisphere). Based on comparisons with
the gufinl model, Nilsson ef al. (2014) estimated that the pfm9k.1a
model resolution at 1900 AD is roughly equivalent to a spherical
harmonic truncation at degrees 5—6 in the Northern Hemisphere and
degrees 3—4 in the Southern Hemisphere. These truncation levels
could probably be regarded as upper limits for the full 9000-year
range of the model. The low model resolution at high southern lat-
itudes limits the waveform structures we can expect to resolve in

this region but could also lead to a distortion of the signal due to
aliasing effects.

To demonstrate this we performed the same analyses as in Sec-
tion 3.1 on a low-resolution version of the pfm9k.1a model, trun-
cated at spherical harmonic degree 4 (pfm9k.1a[l,.x = 4]). In
Figs 4(a) and (b), respectively, we show the results of both the
Radon drift determination (7000 BC—1700 AD) and the frequency—
wavenumber spectrum of the TL plot at 60°N (2000 BC— 700
AD) based on the truncated pfm9k.1la, filtered in the same way
as the original model. The Radon drift determination of the trun-
cated model (Fig. 4a) fails to distinguish the two drift rates at high
northern latitudes (Fig. 2a) and instead only shows a single peak.
Similar to our observations for 60°S in the original model, the
truncated model does not show any m = 2 structures at 60° N
but instead shows a broad peak at zonal wavenumber m = 1 cov-
ering the frequency range of the previously proposed waveforms
(Fig. 4b).
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Figure 3. Frequency—wavenumber spectra of TL plots based on pfm9k.la_p at 60° N over time periods (a) 2000 BC—1700 AD, (b) 5000-1000 BC, (c) 7000—

4000 BC and (d) at 60° S over 2000 BC—1700 AD. The light blue star, frequency f= —1/2000 yr~! and zonal wavenumber m = 2, and green star, frequency f

= —1/1440 yr~! and zonal wavenumber m = 1, are shown for reference only. Positive (negative) frequencies indicate eastward (westward) drift.

This comparison implies that the observed differences between
the Northern and Southern Hemisphere drift signals could be ex-
plained by spatial variations in the model resolution. However, a
visual comparison between the TL plots at 60° S of the original
model and at 60° N of the truncated model (see Fig. S2, Supporting
Information) also reveals that the detected signals drift in and out
of phase with each other, suggesting that model resolution can only
explain part of the differences. We also note that the largely compa-
rable observations at 60° N from the early part of pfm9k.1la_p, that
is —0.20° yr~! drift rates dominated by zonal wavenumbers m = 1
(Figs 2b and 3c), suggest that the lack of two distinct signals in this
time period could potentially also be related to limited model res-
olution due to the decrease in data density with increasing time. In
the same way that the model resolution in the Southern Hemisphere
limits (and potentially distorts) what we can detect we should also
expect that the model resolution in the Northern Hemisphere proba-
bly prevents us from detecting anything beyond zonal wavenumber
m=2.

3.3 Model comparison

To investigate the robustness of our observations, so far based only
on pfm9k.la_p, we applied the Radon drift determination to different
models constructed with different modelling strategies and data
(Figs 5a—d) as well as to different models within the same model
family (Figs 5e—g). Note that for COV-LAKE and COV-ARCH,
which consist of ensembles of models, the suffix ‘_M’ is added to
highlight that the results are based on the mean model.

In all cases, except for COV-ARCH_M_p which is the only model
that excludes sedimentary data, we find strong signals associated
with the two distinct westward drift rates at high northern latitudes
as identified in pfm9k.la_p. In COV-ARCH_M_p at similar lati-
tudes, we find a peak around —0.22° yr=! and only a weak signal
associated with the —0.09° yr~! drift rates. Similarly to the South-
ern Hemisphere signal in pfm9k.1a_p, the frequency—wavenumber
spectrum for COV-ARCH_M _p is dominated by m = 1 structures
(see Fig. S5, Supporting Information). This is likely due to the lack
of archaeomagnetic data at high northern latitudes, reducing the
spatial resolution of the model in this region of the CMB and the
ability to resolve m = 2 structures (see Section 3.2).

All three models that include sedimentary data show elevated drift
signals at high southern latitudes. The dominance of westward drift,
observed in pfm9k.la_p, is reproduced in two models (Figs Sb and
c), with peaks around similar drift rates (—0.22° yr~!). We note that
in these two models the observed westward drift at 60° S is associ-
ated with zonal wavenumbers m = 1 (see Supporting Information),
similarly to pfm9k.1a_p. The absence of corresponding strong drift
signals at high southern latitudes in COV-ARCH_M_p is perhaps
not surprising given the general lack of archaeomagnetic data from
this region. In addition to the observed high-latitude westward drift,
two models (Figs 5a and c) also show support for eastward drift at
northern mid-latitude, previously identified in pfm9k.1la_p.

To compare Radon drift determinations between models from
the same model families we focus on latitude 60° N (Figs Se—g).
Of the investigated model families there are three bootstrap models
available: pfm9k.1b, COV-LAKE and COV-ARCH. It is worth not-
ing that the pfm9k.1a model is not the same as the average model
of pfm9k.1b but could rather be regarded as one of the most likely
draws from this ensemble due to the synchronization of the individ-
ual sediment timescales. We find good support for the 0.09° yr~!
westward drift signal in both pfm9k.1b and COV-LAKE but not
in COV-ARCH, which is consistent with the observations from the
model average. Elevated signal power around drift rates —0.25° yr™!
are present in most of COV-LAKE and COV-ARCH, but only weakly
represented in pfm9k.1b. The lack of a clear —0.25° yr~! signal in
pfm9k.1b, compared to pfm9k.1la, shows how sensitive these ob-
servations are to age uncertainties in sedimentary data. In all three
model families, there is also support for weaker eastward drift with
similar rates.

4 DISCUSSION

4.1 Potential sources for the detected high-latitude
westward drift at the CMB

We have shown, based on the pfm9k.1a model, that azimuthal mo-
tions at high northern latitudes of the CMB over the past 9000 yr
are dominated by westward drift concentrated to two distinct rates
(—0.09° and —0.25° yr~!). While the slow drift rates have remained
a persistent feature over most of the studied time interval, the faster
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Figure 4. (a) Radon drift determination on TL plot of pfm9k.1a[/ax = 4]-p
(pfm9k.1a truncated at spherical harmonic degree 4) over the time period
7000 BC-1700 AD. The radon drift determination was performed for lati-
tudes 70° S to 70° N at 2° increments. The temporal and spatial resolution
for each TL plot was 10 yr and 2°. Vertical green dashed and light blue
dotted—dashed lines denote westward rift rates of —0.25° and —0.09° yr~!
respectively. (b) Frequency—wavenumber spectra of TL plots over the time
period 2000 BC-1700 AD at 60° N based on pfm9k. 1 a[/max = 4]-p. The light
blue stars, frequency /= —1/2000 yr—! and zonal wavenumber m = 2, and
green stars, frequency f= —1/1440 yr~" and zonal wavenumber m = 1, are
shown for reference only. Positive (negative) frequencies indicate eastward
(westward) drift.

1

drift rates appear to wax and wane with strong signals detected
around 7000-6000 BC and during the last 3-4 millennia (see Figs 1
and 2). We also find evidence for dominant strong westward drift
(—0.22° yr~!) at high southern latitudes, but limitations with the
model resolution prevents direct comparisons with the Northern
Hemisphere observations. Comparisons between different models
support the conclusions from pfm9k.1a but also highlight how sen-
sitive these observations are to the distribution and uncertainties of
the data used to constrain the models. Based on these results we

therefore restrict the following discussion to observations from the
Northern Hemisphere and the past 3—4 millennia.

The observed drift is dominated by zonal wavenumbers m = 2 and
1. The m = 2 signal essentially describes a slow westward motion of
two intense high-latitude flux patches, previously noted by Nilsson
et al. (2014) for the past 4000 yr. This could be interpreted as repre-
senting high-latitude convection rolls (Gubbins & Bloxham 1987)
carried along by the mean zonal flow in the core. As shown in the
TL plot in Fig. 1, this pattern is only partly explained by continuous
movement of individual flux patches and more generally generated
by the appearance and disappearance of flux, for example migrating
from lower or higher latitudes (or indeed from east or west). This
would explain why similar patterns have gone largely unnoticed by
other approaches designed to track the movements of individual
flux patches (Amit ez al. 2011; Terra-Nova et al. 2015; Terra-Nova
et al. 2016). Such discontinuities of flux movements at the CMB
will likely arise as an effect of chronologic data uncertainties (Nils-
son et al. 2014), but it is perhaps also unlikely that individual flux
patches remain intact/underformed over long timescales.

The observed m = 1 drift rate is of the same magnitude as the
classic westward drift (Bullard 1950) and most likely the same signal
as previously observed by Dumberry & Finlay (2007) and Hellio
& Gillet (2018). The fact that the two detected drift rates shows a
dispersive relationship (Fig. 3a) indicates that one or both could, at
least partially, be generated by magnetic Rossby waves. Such waves
are expected to be mostly relevant at high latitudes as investigated
here (Hori et al. 2015). However, the observed dispersion relation,
with longer (m = 1) wavelengths propagating with faster phase
velocity, is opposite to the predicted dispersion for magnetic Rossby
waves (Hide 1966). One interpretation is that the m = 1 signal
represents a wave riding on the mean background flow, represented
by the m = 2 signal as suggested above. This would suggest a wave
propagation speed of —0.16° yr~!, after subtracting the background
flow.

An alternative explanation may be provided by the forced mag-
netohydrodynamic waves proposed by Yoshida & Hamano (1993),
which are expected to result in secular variation frequencies inde-
pendent of zonal wavenumber. Such waves are hypothesized to be
generated by variations in LOD that induce flow in the core due to
topographic differences of the CMB. In their model, the frequency
of the secular variation is the same as that of the external forcing,
that is the variations in LOD. Interestingly, millennial-scale recon-
structions of LOD based on historical records of solar and lunar
eclipses (Morrison & Stephenson 2001) show variations on similar
timescales as the detected drift rates and have previously also been
shown to correlate with changes in the dipole tilt (Nilsson et al.
2011).

4.2 Wave interference and occurrence of high-latitude
weak/reverse flux

As shown in Fig. 3(a), the observed westward drift at 60° N over
the past 4000 yr can largely be decomposed into two waveforms,
represented by the two stars in the figure. To further examine the in-
terference pattern predicted by the inferred waveforms we construct
a simple model composed of two sinusoidal waves of the form

W (¢,t) = cos(m¢p — wt)

where ¢ = longitude, # = time and w = 2/ is the angular
frequency of the waves (with angles given in radians). The
superposition of the two waves gives rise to an interference pattern

0202 AINp £z U0 Josn uielsuig paq|y SHIedsyeYISUSSSIV Sop ¥aulolidig Aq G61 L ¥8S/EZY L/Z/czzNoensqe-ajiuefB/woo dnoolwapeoe)/:sd)y woly papeojumod



Westward drift linked to high-latitude weak/reverse flux 1429

CALS10k.2_p b HFM.OL1.A1_p COV-LAKEM p COV-ARCH_M_p
(a) 70008C - 1700AD  (P)  7000BC - 1700AD  (€)  go0oBC - 1700AD  (d) 900BC - 1700AD

el BaEle () : ”
"

40
20

Latitude (°)
o

Signal power (1 o* mT2)

1
1 I
1 I
I I
I I
1 I
I I
1 I
I I
1 I
1 I
I I
1 I
1 I
I I
1 1

il

05 -025 0 025 05 05 -025 0 025 05 05 -025 0 025 05 05 -025 0 025 05

W Drift rate (°/year) E W' Drift rate (°/year) = W' Drift rate (°/year) e W' Drift rate (°/year) &
(e) pfm9k.1b*_p 60°N (f) COV-LAKE_p 60°N (g) COV-ARCH_p 60°N
= 7000BC - 1700AD i 900BC - 1700AD » 900BC - 1700AD
| L i
| i 12 i
< ! < ! < !
= 15 I = ! = ?
£ 1 e 1 £ 10
< ! <+ 10 -~
o : o o
T v T g !
<} 1 9] o 6 1
Q I Q Q 1
© A'Pv/ ® 5 © f
c ! c C 4 !
D 5 I k=) o 7 :
n 7} [ L
= = 2 i
» | i
0 | 1 0 0 1
05 -0.25 0 0.25 0.5 -0.5  -0.25 0 0.25 0.5 05 -0.25 0 0.25 0.5
Drift rate (°/year) = W Drift rate (°/year) = W Drift rate (°/year)

Figure 5. Upper panel: model comparison of Radon drift determinations on TL plot of (a) CALS10k.2_p and (b) HFM.OL1.A1_p over the time period 7000
BC-1700 AD and of (c) COV-LAKE_M_p and (d) COV-ARCH_M_p over the time period 900 BC—1700 AD. The suffix ‘M’ indicates that it is the mean model
from an ensemble. All drift determinations were performed for latitudes 70° S to 70° N at 2° increments. The temporal and spatial resolution for each TL
plot was 10 yr and 2°. Vertical green dashed and light blue dotted—dashed lines denote westward rift rates of —0.25° and —0.09° yr™!, respectively. Lower
panel: comparison of Radon drift determinations at 60° N between 50 randomly selected models (grey lines) from the same ensembles; (e) pfm9k.1b_p, (f)
COV-LAKE_p and (g) COV-ARCH_p. The average signal (red line) and the drift determination of pfm9k.la_p (blue line) are shown for reference. Vertical
black dotted—dashed and dashed lines denote westward rift rates of —0.09° and —0.25° yr~!, respectively. *For a more informative comparison the individual
pfm9k.1b bootstrap models were remade using the same temporal damping that was used for pfm9k.1a, chosen to smooth out variations on timescales shorter
than 300400 yr (see Nilsson et al. 2014).

with an envelope wave propagating eastward with a group velocity something similar to the eccentric planetary-scale gyre observed
(vg = ﬁ—fn’ ) of 0.07° yr~!. Constructive interference appears as an in recent core-flow inversion (e.g. Pais & Jault 2008; Gillet et al.
intensification of positive residual flux where the drift lines intersect 2015)
in Fig. 1. The time interval 7. and longitudinal offset ¢, = v, #. To better quantify the occurrence of high-latitude weak/reverse
between these points is calculated by setting W (¢., t.) = 2m for flux we calculated the area of the core at latitudes greater than
one of the two inferred waveforms, which yields #. = 1125 yr 45°N covered by weak/reverse flux. The results, shown in Fig. 6(b),
and ¢, corresponding to 79°. The resultant interference pattern confirm that the occurrence of high-latitude weak/reverse flux is
could be described as an eastward propagating beat frequency of generally consistent with the inferred 1125-yr periodicity signal
1/1125 yr=t, over the past three millennia, that is with maximum extents of
When we compare this to the unfiltered radial field at 60° N 20-40 per cent coinciding with the appearance of the three high-
at the CMB (Fig. 6a), we find that this interference pattern coin- latitude weak/reverse flux patches previously mentioned, followed
cides, both in terms of timing and location, with the three high- by relatively quiet periods in between. We note that the maximum
latitude weak/reverse flux patches previously noted by Nilsson extents of weak/reverse flux are generally lower for the models
et al. (2014). A similar pattern is also observed in other mod- based on palacomagnetic data compared to gufinl. However, the
els (see Figs S3-S5, Supporting Information), although the fine- results are consistent if we compare to gufinl truncated at spheri-
scale structure differs. To facilitate the comparisons, we have cal degrees 5-6, suggesting that the difference is due to the lower
drawn yellow contour lines around what we (slightly arbitrarily) spatial resolution of the palacomagnetic models (see Nilsson et al.
have defined as weak/reverse flux, weak flux corresponding to ab- 2014).

solute B, below a certain threshold (|B,| < 0.25|B,|max, Where
| B, |max is defined over the whole CMB). As noted by Nilsson
et al. (2014), the high-latitude weak/reverse flux patches appear to
originate from lower latitudes and migrate northwards. This sug- A millennial-scale periodicity signal (~1350 yr), similar to the
gests an important meridional component potentially related to 1125-yr signal inferred from the interference pattern, has previously

4.3 Millennial-scale periodicity in the geomagnetic field
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been identified in dipole tilt variations over the past 9000 yr (Korte
etal 2011; Nilsson e al. 2011). Fig. 6(c) shows that the changes in
dipole tilt are mostly in phase with the predicted periodicity signal,
with large tilt angles coinciding with occurrence of high-latitude
weak/reverse flux in the Northern Hemisphere. The agreement with
the predicted periodicity signal becomes poorer the further back in
time ones goes as the density of data decrease.

Interpretations of the observed westward drift in terms of high-
latitude convection rolls and/or magnetic Rossby waves imply a
largely antisymmetric field with respect to the equator. If these
interpretations are correct, we may expect to find concentrations of
weak or reverse field at high southern latitudes at similar times and
longitudes where these are observed in the Northern Hemisphere
(Fig. 6a). This is consistent with the more or less antisymmetric
appearance and poleward migration of reverse flux patches in the
Atlantic hemisphere associated with the development of the SAA,
previously noted by Campuzano et al. (2019). In fact, the present
field with SAA related to both high-latitude reverse flux at the CMB
and a strong equatorial dipole (Amit & Olson 2008) might provide
a good analogue of previous periods large dipole tilt over the past
three millennia. However, while the growth of the SAA has been
associated with a 9 per cent drop in the axial dipole field, potentially
driven by the poleward migration of the reverse flux (Gubbins 1987;
Finlay et al. 2016), we do not see any similar changes in dipole field
in current models during the proposed analogues in the past.

5 CONCLUSIONS

Through analyses on TL plots of the geomagnetic field model
pfm9k.1a, filtered to remove quasi-stationary field structures, we
have found evidence for persistent and dominant westward drift at
high latitudes of the CMB over the past 9000 yr. At high north-
ern latitudes, we identify two distinct drift rates of —0.09° and

—0.25° yr~! with dominant zonal wavenumbers m = 2 and 1, re-
spectively, both of which are present over the past 3—4 millennia.
Comparisons with other geomagnetic field models that include sed-
imentary data show similar westward drift signals over the same
time period. Constructive interference between two westward prop-
agating waveforms, inferred from these observations, predicts the
recurrence of high-latitude weak/reverse flux every ~1125 yr with
a longitudinal offset of approximately 80° to the east from the pre-
vious occurrence. These predictions are largely in agreement with
model observations over the same time period. In addition, the
predicted 1125-yr periodicity signal is positively correlated with
variations in the dipole tilt over the past three millennia. We spec-
ulate that the two identified drift signals could be related to the
westward motion of high-latitude convection rolls and/or magnetic
Rossby waves, originally proposed by Hide (1966). The detection
of such waves in Earth’s core could provide important constraints
on the strength of the otherwise hidden toroidal part of the geo-
magnetic field (e.g. Hori ef al. 2015). Improved model resolution
at high northern and southern latitudes of the core would help to
distinguish the proposed underlying processes, for example through
further investigation into the dispersion relation, if a potential m =3
signal can be resolved, and the proposed equatorial antisymmetry
of the detected signals.
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SUPPORTING INFORMATION

Supplementary data are available at GJI online.

Figure S1. Percentage of the rms deviation from the pfm9k.1a time-
averaged radial magnetic field (B,) at the CMB captured by the
residual field (RF) for different filter cut-off periods. Our preferred
cut-off period of 2500 yr removes quasi-stationary features of the
field while capturing 42 per cent of the rms variation seen in the
original signal.

Figure S2. TL plots at 60° S of the radial field at the CMB predicted
by (a) pfm9k.1a and (b) pfm9k.1a_p and at 60° N predicted by (c)
pfm9k.1a[/.x = 4]-p (pfim9k.1a truncated at spherical harmonic
degree 4). The first and last 300 yr of the filtered models (shaded
grey area) were not considered during the analyses due to end-effects
associated with the filtering process. Dotted—dashed diagonal grey
lines correspond to westward drift at rates of —0.09° yr=! (f =
—1/2000 yr~!, m = 2) and dashed grey lines correspond to drift
rates of —0.25° yr~! (f=—1/1440 yr !, m = 1).

Figure S3. TL plots at 60° N of the radial field at the CMB predicted
by (a) CALS10k.2 (Constable et al. 2016) and (b) CALS10k.2_p,
with the axisymmetric part of the field removed and high-pass fil-
tered with cut-off frequency of 1/2500 yr~!. The first and last 300
yr of the filtered models (shaded grey area) were not considered
during the analyses due to end-effects associated with the filtering
process. Dotted—dashed diagonal grey lines correspond to west-
ward drift at rates of —0.09° yr=! (f = —1/2000 yr~!, m = 2) and
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dashed grey lines correspond to drift rates of —0.25°yr~! (f =
—1/1440 yr~!, m = 1). Also shown is the frequency—wavenumber
spectra of TL plots based on CALS10k.2_p at 60° N over time peri-
ods (c) 2000 BC-1700 AD, (d) 5000-1000 BC, (e) 70004000 BC
and (f) at 60° S over 2000 BC-1700 AD. The light blue stars, fre-
quency f= —1/2000 yr~' and zonal wavenumber m = 2, and green
stars, frequency f= —1/1440 yr~! and zonal wavenumber m = 1, are
shown for reference only. Positive (negative) frequencies indicate
eastward (westward) drift.

Figure S4. TL plots at 60° of the radial field at the CMB
predicted by (a) HFM.OL1.A1 (Constable et al. 2016) and (b)
HFM.OL1.A1_p, with the axisymmetric part of the field removed
and high-pass filtered with cut-off frequency of 1/2500 yr~'. The
first and last 300 yr of the filtered models (shaded grey area) were not
considered during the analyses due to end-effects associated with
the filtering process. Dotted—dashed diagonal grey lines correspond
to westward drift at rates of —0.09° yr™! (= —1/2000 yr~!, m = 2)
and dashed grey lines correspond to drift rates of —0.25° yr~! (f =
—1/1440 yr=', m = 1). Also shown is the frequency—wavenumber
spectra of TL plots based on HFM.OL1.A1_p at 60° N over time pe-
riods (¢) 2000 BC-1700 AD, (d) 5000-1000 BC, (e) 7000-4000 BC
and (f) at 60° S over 2000BC—-1700AD. The light blue stars, fre-
quency f'= —1/2000 yr~! and zonal wavenumber m = 2, and green
stars, frequency f= —1/1440 yr~! and zonal wavenumber m = 1, are
shown for reference only. Positive (negative) frequencies indicate
eastward (westward) drift.

Figure S5. TL plots at 60° N of the radial field at the CMB pre-
dicted by (a) COV-LAKE_M (Hellio & Gillet 2018), (b) COV-
LAKE_M_p, (c) COV-ARCH_M (Hellio & Gillet 2018) and (d)
COV-ARCH_M _p. The suffix ‘M’ indicates that it is the mean model
from an ensemble. For the filtered models (suffix ‘p’) the axisym-
metric part of the field removed and high-pass filtered with cut-off
frequency of 1/2500 yr~!. The first and first and last 300 yr of the
filtered models (shaded grey area) were not considered during the
analyses due to end-effects associated with the filtering process.
Dotteddashed diagonal grey lines correspond to westward drift at
rates of —0.09° yr~! (f= —1/2000 yr~!, m = 2) and dashed grey
lines correspond to drift rates of —0.25° yr~! (f = —1/1440 yr~!,
m = 1). Also shown is the frequency—wavenumber spectra of TL
plots over the period 900 BC—1700 AD based on COV-LAKE_M _p
at(e) 60° N and () 60° S and based on COV-ARCH_-M_p at (g) 60° N
and (h) 60°S. The light blue stars, frequency f = —1/2000 yr~!
and zonal wavenumber m = 2, and green stars, frequency f =
—1/1440 yr~" and zonal wavenumber m = 1, are shown for reference
only. Positive (negative) frequencies indicate eastward (westward)
drift.
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