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Direct observations of the geomagnetic field show that secular variation is strong in the Atlantic
hemisphere, and comparatively reduced in the Pacific region. The dipole has been decaying since at
least 1840 AD, driven by growth and migration of reverse flux patches in the southern hemisphere.
We investigate whether anything like this modern pattern of geomagnetic secular variation persists and
can be detected in global paleomagnetic field models. Synthesis of results from two new time-varying
spherical harmonic models shows that geographically distinct geomagnetic secular variation extends to

Keywords: at least 10000 BP. The models use the same database but differ in methodology, leading to some regional
geomagnetism differences in results. Consistent large-scale surface features include strong average fields in the northern
paleomagnetism hemisphere and weaker fields with greater overall variability in the south. Longitudinal structure is

paleomagnetic field models
South Atlantic Magnetic Anomaly

present, with weaker average fields in the western Pacific than in the east, and prominent negative
inclination anomalies extending beneath Indonesia, across Africa and to Brazil, but weaker anomalies
in the central Pacific. Marginally positive inclination anomalies occur west of the Americas. Paleosecular
variation activity peaks at high southern latitudes, and there is a pattern of reduced activity at equatorial
and mid-latitudes beneath the Pacific. Although the dipole has exhibited both growth and decay over the
interval 0-10000 BP, our results show that geomagnetic paleosecular variation is preferentially focused

in similar geographic regions to secular variation seen in the modern field.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction possible mechanism for geomagnetic reversals (Gubbins, 1987),

and some (Hulot et al., 2002; Olson, 2002; Olson et al., 2009;

Geomagnetic secular variation since 1600 AD has revealed a dy-
namic and still evolving region of low field strength in the South
Atlantic (Jackson et al., 2000). In contrast to the active Atlantic
hemisphere, recent geomagnetic secular variation beneath the Pa-
cific region appears relatively placid as can be seen in Fig. 1 which
shows the average structure of the radial magnetic field at the core
mantle boundary for 1590-1990 AD and a measure of its tempo-
ral variability in the form of the standard deviation about the mean
value. This geographical focus of secular variation activity has been
confirmed and sharpened using recent satellite observations from
the Oersted, CHAMP, and SAC-C missions (Holme et al., 2011;
Finlay et al, 2012), and the origin of recent dipole decay has
been associated with the growth of reverse flux patches (Gubbins
et al., 2006). The poleward migration of reverse flux patches
on the core-mantle boundary (CMB) has been suggested as a
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De Santis and Qamili, 2015) have suggested the South Atlantic
Anomaly may be a precursory signature of an incipient geomag-
netic reversal. Others have interpreted the decay in the longer
term context of paleofield observations (Constable and Korte, 2006;
Olson and Amit, 2006; Wang et al., 2015; Laj and Kissel, 2015), and
note that the current field decrease is compatible with a return
to values more like the average value over the past few million
years. The recent rapid dipole decrease is too fast to be solely
attributed to free Ohmic decay (Olson and Amit, 2006) and has
been hypothesized to result from flux expulsion (Gubbins, 1987) or
equator-ward transport of high latitude magnetic flux (Olson and
Amit, 2006).

Detailed studies of field morphology in time varying geomag-
netic field models covering the past 10 and 400 yrs reveal the
general motion of magnetic features at the CMB (Finlay et al.,
2012), and core surface flow models (Gillet et al., 2009) which are
derived from such models indicate a gyre-like structure circulating
northward on the eastern side of the Indian Ocean, westwards to-
wards Africa and South America, before migrating south again. It

0012-821X/© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://dx.doi.org/10.1016/j.epsl.2016.08.015
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:cconstable@ucsd.edu
http://dx.doi.org/10.1016/j.epsl.2016.08.015
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2016.08.015&domain=pdf

C. Constable et al. / Earth and Planetary Science Letters 453 (2016) 78-86 79

600
400
200
0
-200
-400
-600

300
250
200
150
100
50

(b) Br sd for GUFM1

Fig. 1. (a) Average B, (in uT) at CMB and (b) its standard deviation over the time
interval 1590-1990 AD for model gufml. Note the high variability from westward
drift of low latitude flux patches in the Atlantic hemisphere, and beneath Southern
America.

is obviously of great interest to determine whether this is a stable
long-term pattern of field behavior or simply a temporary feature
coincident with the current period of direct observations. If the
former then it provides interesting support for the popular idea
(Willis et al., 2007; Aubert et al., 2013) that the dynamics of the
geomagnetic field can be strongly influenced by laterally varying
structure in its boundary conditions.

Understanding of the geodynamo has flourished with the ad-
vent of numerical simulations capable of reproducing Earth-like
properties such as dominantly dipolar fields, geomagnetic rever-
sals, and excursions. Considerable effort has been focused on un-
derstanding the consequences of variable boundary conditions de-
rived from seismic structure in the lowermost mantle, and com-
patible with the current field (Olson, 2002; Aubert et al., 2007,
Davies et al., 2008; Driscoll, 2015). Geographic structure in secu-
lar variation may be linked both to inner core structure (Aubert
et al, 2013) and to thermal and compositional heterogeneity
manifest as large low seismic velocity provinces in the D” re-
gion just above the core-mantle boundary (Lekic et al., 2012;
Ziegler and Constable, 2015). New interpretations of paleomagnetic
observations can help determine the relative importance of top and
bottom boundary conditions invoked in many numerical dynamos.

However, an accurate view of the longer term geomagnetic
field structure has proved elusive because of the lack of definitive
time-varying paleomagnetic field models. These require globally
distributed data, reliable uncertainty estimates, and a clear under-
standing of the limitations of the modeling strategies to uncover
any departures of average fields from the most basic geocentric
axial dipole model and reveal any regions where the secular varia-
tion is consistently more active than elsewhere.

Over the past two decades considerable progress has been
made in building time-varying global paleomagnetic field mod-
els (Constable and Korte, 2015). Strategies used for modern field
modeling have been adapted to the paleofield, and systematic ef-
forts have been directed to providing uniform community access
to all available data through archiving in online databases like
Geomagia.v3 (http://geomagia.gfz-potsdam.de) and MagIC (http:

||earthref.org/MAGIC/, Tauxe et al., 2016). Selected data sets used
in specific field models can be found at EarthRef.org’s ERDA archive
(https://earthref.org/ERDA/). A recent study by Panovska et al.
(2015) compared various strategies for inversion and determined
that the resulting models were quite sensitive to the assignment
of data uncertainties and initial data calibration which needs to be
based on the best absolute information available. That work iden-
tified deficiencies in some existing paleofield models, but stopped
short of producing any definitive model for the 0 to 10 ka inter-
val. Here we draw on that experience to present two new models,
and a synthesis of the results. For the latter we rely on identify-
ing characteristic statistical properties of the models since a direct
geodynamical interpretation is not possible given the distribution
and quality of the data. The properties include geographic vari-
ations in Holocene temporal averages and standard deviations of
various parameters that can be predicted from the models.

2. Data, models, and the paleosecular variation activity index

Globally distributed paleomagnetic data from archeological ar-
tifacts and young volcanics combined with those from lacustrine
and marine sediments are the basis for our new time-varying reg-
ularized geomagnetic field models that span the past 10000 yrs.
Archeomagnetic and volcanic data preserve a record of the field
in the form of thermal remanent magnetization. We used data
available from the GEOMAGIAS50.v3 database (Brown et al., 2015),
comprising 5083 inclination, 3610 declination and 4145 intensity
data in the time interval 8000 BC to 1990 AD. The sediment data
(67365 in total), which provide broader global coverage and carry a
record of post-depositional remanent magnetization, are the same
collection as used in the recent investigation of modeling meth-
ods (Panovska et al., 2015) mentioned above. The individual sedi-
ment records and their references are listed in the supplementary
material for that article and the digital data are available online
at EarthRef.org in the ERDA archive at https://earthref.org/ERDA/
2101/. Our archeomagnetic data set differs slightly from that used
by Panovska et al. (2015) because of corrections and updates to
GEOMAGIA50.v3 (Brown et al., 2015) up to April 30, 2015. The
archeomagnetic dataset as used here is available from ERDA at
https://earthref.org/ERDA/2206.

An overview of average departures observed from the signal ex-
pected from a geocentric axial dipole is given in Fig. 2, a figure
showing inclination anomalies (relative to an axial dipole field) and
paleointensity as a function of latitude for the entire data set used
to construct our new models. There is considerable scatter in these
observations arising from several sources: (1) merging data span-
ning 0-10 ka, over which time there has been considerable secular
variation in the geomagnetic field; (2) longitudinal variations in
spatial geomagnetic field structure; (3) inherent uncertainty in the
paleomagnetic record. In Fig. 2(a) the blue dotted line provides
a smoothing spline fit to the inclination anomaly data, revealing
marginally positive average anomalies between about 10 and 40°S
and significant negative anomalies in the northern hemisphere.
The spline fit for intensity data in Fig. 2(b) shows that north of
40°S the observations indicate systematically higher field strength
than from an axial dipole contribution alone.

Several new data sets have been published in the course of our
work, and one of particular significance comes from the Southern
hemisphere where data distributions are generally sparser than in
the North. Lake Mavora records from New Zealand (Turner et al.,
2015) were not included in our modeling as they were not yet
available at that time. However, we have added them to Fig. 2,
where it can be seen they exhibit the same basic signal as other
data used in our models. The Mavora results are compatible with
our overall conclusions. That said, the New Zealand data will pro-
vide valuable input to future models because they are a significant
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Fig. 2. Latitudinal variation in (a) the paleomagnetic inclination anomaly (in degrees) relative to that expected for an axial dipole field, and (b) paleointensity (in pT)
for data used to construct CALS10k.2 and HFM.OL1.A1. Blue symbols represent sediment and brown archeomagnetic or volcanic sources. Initial calibration of the sediment
paleointensity comes from ARCH10k.1. Green symbols are data from Lake Mavora (Turner et al., 2015), not included in our new models. Blue dotted lines in (a) and (b) are
smoothing spline fits to the observations. Black dotted line gives the latitudinal variation in intensity expected from the average axial dipole term in CALS10k.2. Note the
systematic deviations from the axial dipole signal in both inclination anomaly and field intensity. (For interpretation of the references to color in this figure, the reader is

referred to the web version of this article.)

addition to the Southern Hemisphere collection and their chronol-
ogy does reveal significant differences from earlier records.

2.1. Models

Three new models were constructed for this study, termed
ARCH10k.1, CALS10k.2 and HFM.OL1.A1. Details about the modeling
methods can be found in Panovska et al. (2015). As for previous
models in the CALS and HFM series all the new ones have spa-
tial representations in spherical harmonics to degree and order 10,
while time variations are parameterized in cubic B-splines with
knots positioned every 40 yrs. The models are regularized via a
penalty function trading normalized L1 or L2 data misfits against
minimization of quadratic model norms (in this case the Ohmic
dissipation norm (Gubbins, 1975) and the 2nd time derivative of
the magnetic field) severely limiting their spatial resolution above
about degree 4 and temporal resolution at periods less than a few
hundred years.

ARCH10k.1 is based on absolute archeomagnetic and volcanic
data and serves solely as a tool in the construction of the two new
models. It provides initial calibration for relative declination and
intensity records from sediments and is not intended for use as
an adequate representation of the global field for the past 10 ky.
As can be seen in Fig. 2 the archeomagnetic and volcanic data set
(brown symbols) is spatially biased towards the northern hemi-

sphere. It is also dominated by the most recent 3 ky in age, in-
evitably leading to a model that is predominantly dipolar during
its early epochs and generally lacking in structure in the south-
ern hemisphere throughout the whole time interval. The modelling
method is the same as for CALS10k.2 except that (in the absence
of sediment data) no calibration of intensity or re-orientation of
declination is required. Fig. 3 shows predictions of Virtual Axial
Dipole Moment (VADM) and inclination anomaly relative to an ax-
ial dipole field from the 10 ky temporal average of ARCH10k.1 and
Fig. 7(a), (d) provides the same perspective for B, at the CMB as
was given in Fig. 1 for gufmi.

CALS10k.2 and HFM.OL1.A1 are dominated by sediment records
extending to 10 ky. The same initial data set and uncertainty es-
timates for individual sediment records are used in each case.
The uncertainties are based on the cross-validation approach to
local spline fitting and comparisons with archeomagnetic data
(Panovska et al., 2012). These time series provide only relative
variations in paleointensity and often no absolute orientation for
declination, and must be calibrated using the best available abso-
lute information. Primary calibration of relative paleointensity (RPI)
observations and relative declinations is an important issue, and
the results are sensitive to the model used for calibration. The two
new models differ from one another in the iterative methods used
to derive absolute calibrations and orientations, although each uses
predictions from ARCH10k.1 for the first calibration.
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(a) VADM for ARCH10k.1 average

(b) inc anomaly for av ARCH10k.1

Fig. 3. (a) VADM (in units of 1022 Am?) and (b) inclination anomaly (in degrees) for precursory model ARCH10k.1 used to supply initial intensity calibrations for CALS10k.2

and HFM.OL1.A1, and as a starting model for HFM.OL1.A1.

Table 1
Some parameters for the precursory and final 0-10 ka models.
Model Data Data Rejected RMS v [
AV Sed (%) (nT2) (nT2a™%)
ARCH10k.1 12838 0 2.6 1.68 109 x 102 422
CALS10k.2 12838 67365 3.9 1.09 13.3x 102 581
HFM.OL1.A1 12838 67365 0.6 1.09 11.0x 102 2781

Data A, V and Sed are the initial number of data, available for time interval 8000 BC
to 1990 AD, for archeological plus volcanics materials and for sediments, respec-
tively. RMS is the root mean square misfit normalized by the uncertainty estimates.
W and ¢ are the spatial and temporal norms, respectively. These values are for
time intervals 8000 BC to 1600 AD. Note that CALS10k.2 is constrained to agree
with gufm1 from 1600-1990 AD, but HFM.OL1.A1 simply makes use of any available
paleodata.

For CALS10k.2 a geocentric axial dipole with g(l) =30 uT is used
as the starting model in the inversion of the calibrated data. The
L2 measure of misfit between model and data is used along with
iterative outlier rejection at the level of three standard deviations
resulting in a smaller final dataset. The recent part of the model is
constrained to agree with gufm1 taking due account of the lack of
intensity control prior to 1840 AD.

For HFM.OL1.A1, ARCH10k.1 is used as the starting model in the
non-linear iterative inversion. It invokes the L1 measure of mis-
fit between model and data and rejects data with residuals larger
than five standard deviations. The L1 misfit is implemented by iter-
atively reweighted least squares (Constable, 1988), retaining more
data than in CALS10k.2, but putting lower weight on data that
cannot be fit well. Co-estimation of RPI calibration and declina-
tion orientation values during the inversion in some cases leads
to slightly different final calibration and re-orientation values from
CALS10k.2. There is no requirement for HFM.OL1.A1 to agree with
gufml: it only uses paleomagnetic observations.

Table 1 lists the numbers of data, rms misfit, spatial and tempo-
ral norms for each model. As can be seen from the model norms,
CALS10k.2 model is slightly smoother in time (but not in spatial
variations) than HFM.OL1.A1, reflecting differences in choice of the
relevant damping parameters. This is also evident in the time se-
ries of dipole moment variations and in the spatial power spectra
(see Fig. 4).

2.2. Paleosecular variation activity index

The average radial field at the CMB (see Fig. 1) provides one
means of detecting geographic structure in the time-averaged field
and its standard deviation over some time interval serves as a
proxy for the level of secular variation. The PSV index (Panovska
and Constable, 2016) provides an alternative measure of field com-
plexity at Earth’s surface, that can be evaluated locally for a spe-
cific time P;(6, ¢,t), or as a local temporal average P;(0, ), and
its standard deviation over time, op, (0, ¢), is a measure of PSV ac-
tivity. Here ¢ is time and 6, ¢ are geographic colatitude and longi-
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Fig. 4. Dipole moment variations with time and time-averaged spatial power spectra
for the field and its secular variation for models CALS10k.2 and HFM.OL1.A1. Note
the differences in balance between temporal and spatial variability, with stronger
secular variation but lower spatial complexity in HFM.OL1.A1.

tude, respectively. For a field model like gufm1, maps of P;(0, ¢,t)
and P;(0,¢) serve as proxies for instantaneous and average de-
viation (in both direction and strength) from a “normal” stable
geocentric axial dipole field. Local field strength in the form of a
virtual dipole moment (VDM) is defined relative to the “normal”
current full dipole moment My = 80 ZAm?. As has often been the
case in paleosecular variation studies (Merrill et al., 1996), direc-
tional departures from a geocentric axial dipole are quantified by
angular deviation of the virtual geomagnetic pole (VGP) from the
geographic axis.

Pi(6, ¢,t) is a composite parameter incorporating both the pa-
leomagnetic directions and field strength variations. It effectively
uses VGP co-latitude (6, /) as a local measure of deviation from
an axial dipole field. This is actually expressed (Panovska and Con-
stable, 2016) in terms of absolute value of the VGP latitude, Ap,
to allow for continuity when the VGP crosses the equator during
an excursion or reversal. Taking the ratio of this term to the lo-
cal virtual dipole moment, M normalized by the present day value
Mg =80ZAm? (M/Mg) we have

(/2 —1ap O, ¢, DI/ [7/2 = |2p(0, ), D)|IMo

P;i(0,¢,t) = M@, ¢,t)/Mo - 7T M@, p,t)
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Fig. 5. Latitudinal variation in field properties at Earth’s surface for models CALS10k.2 and HFM.OL1.A1. At any given latitude each triangle represents a time average or
temporal standard deviation for a specific location (the range of values are from samples equally spaced around a small circle in longitude). (a) Average field strength (in nT)
over 10 ky interval spanned by the models; (b) Standard deviation in field strength (in nT) about the mean values given in (a); (c) VGP root mean square angular deviation
(degrees) from the geographic pole arising from temporal field variations over 0-10 ka. Colors highlight latitude bands of width 30°. Note the contrast in amplitude and

variability between equivalent latitudes in each hemisphere.

Note that both A, and M vary with location. When the VGP is lo-
cated in the northern hemisphere 6,(0,¢,t) < /2 as expected
Mo

for normal polarity stable fields we have P; = O Later we

TM "
map P;(0,$) time-averaged geographic variations in P; for var-
ious models and also show the geographic temporal activity via
op; (0, ¢) the standard deviation about the mean value. This pro-
vides an rms measure for secular variability over the time span of

the model.
3. Results

CALS10k.2 and HFM.OL1.A1 supersede all previously presented
models in both the CALS and HFM series (Korte and Constable,
2011; Korte et al., 2011; Panovska et al., 2015). The use of dif-
ferent modeling strategies on the same initial data set allows an
assessment of robust features in the results, and the opportunity
to identify important geodynamical processes. Predictions of local
field strength, VADM, VGP dispersion, and inclination anomalies
relative to the axial dipole are used to characterize the field at
Earth’s surface.

We begin with Fig. 5 which shows latitudinal variation in field
properties at Earth’s surface for models CALS10k.2 and HFM.OL1.A1,
and an overall departure from hemispheric symmetry about the

equator. The average field strength in (a) is lower at southern lati-
tudes than for equivalent northern latitudes, mainly reflecting the
influence of an average axial quadrupole contribution of 4.7% or 6%
of the dominant axial dipole term in CALS10k.2 and HFM.OL1.Al,
respectively. This is comparable to the time-averaged values of a
few percent obtained for data sets spanning longer time intervals
of a few million years (Johnson et al., 2008). The greater spread in
average intensity values in the south reflects a stronger variation
with longitude. Additionally, the greater variability in the south-
ern hemisphere is reflected in the temporal standard deviations
about the mean intensity values in Fig. 5(b) (compare light and
dark blue regions in south with light and dark green in north),
and in the VGP dispersions about the geographic pole in (c). Both
temporal and spatial variability are explicitly suppressed by the
regularization employed in the modeling process, so this is not an
artifact arising from data distribution, but a requirement for ade-
quate statistical fits to the data. At any given latitude in Fig. 5, the
spread across the symbols shows the effect of longitudinal vari-
ability in the field model. This is most pronounced in the southern
hemisphere. Again it is worth noting the greater overall tempo-
ral variability in HFM.OL1.A1 (parts (b) and (c)), represented by
the generally larger standard deviations than in CALS10k.2. While
both models show similar structure in the results, the details dif-
fer slightly with the modeling strategies producing stronger overall
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(c) VADM for HFM.OL1.A1 average

(d) inc anomaly for HFM.OL1.A1 average

Fig. 6. VADM and inclination anomaly for models CALS10k.2 and HFM.OL1.A1 averaged over 0-10 ka. In (a), (c) the VADM (in units of 1022 Am?) represents the moment of
the equivalent geocentric axial dipole as a function of position. (b), (d) Give the inclination anomaly in degrees relative to that predicted by a geocentric axial dipole.

asymmetry in HFM.OL1.A1. The robustness of the main results in
both models, despite differences in modeling procedures, ensure
the reliability of our findings independent of data treatment or
modelling methodology.

The longitudinal structure evident in the variability seen at
each latitude in Fig. 5 is further exposed in Fig. 6, where gross
geographic effects have been removed to show the temporally av-
eraged geographic variation relative to that expected from a geo-
centric dipole aligned with the rotation axis. Here we see (in
(a) and (c)) that the lowest average VADMs are concentrated at
extreme southern latitudes and that below average values ex-
tend into the western equatorial Pacific. Peak negative inclination
anomalies (parts (b) and (d)) relative to the purely latitudinal vari-
ation expected from the geocentric axial dipole fall near Indonesia,
but extend in a broad equatorial swath as far as Brazil. Inclination
anomalies in the Americas and west of there are small. This is also
mainly the case above mid-latitudes and in the polar regions. The
spatial structures in the two models are similar, but there are some
differences in the anomaly amplitudes. For example, when aver-
aged globally the VADM is 2.4% lower for HFM.OL1A1 (81.7 ZAm?)
than for CALS10k.2 (83.7 ZAm?). Similar figures for the preliminary
calibration model, ARCH10k.1 (Fig. 3) showed much less variability
in the overall structure, a reflection of its overall inadequate data
coverage in both time and space.

The 10000 year averages represented in Fig. 6 are different
in several ways from the structure of the modern field recon-
structed in gufmil from direct observations made from 1590 to
1990 AD (Jackson et al., 2000), and in the higher resolution satel-
lite dominated gufin-sat for the decade 2000 to 2010 (Finlay et al.,
2012). The longer time interval produces a model with greatly re-
duced structure as mobile small scale variations are averaged out.
The relative sparsity (especially in the southern hemisphere) and
lower accuracy of paleomagnetic data cannot produce models of
the same resolution as the modern field so that when downward
continued to the core-mantle boundary under the assumption that
the silicate mantle is well approximated by an insulator, the ra-
dial magnetic field lacks detail, especially in the form of the wave
train of intense flux patches (Finlay et al., 2012) both north and
south of the equator that underlie much of the westward drift seen

at Earth’s surface (compare Figs. 1(a) and 7(b), (c)). However, the
large scale high latitude flux lobes surrounding the tangent cylin-
der are clearly present in CALS10k.2(b,e) and HFM.OL1.A1 (c,f). It is
worth noting that the average position of the northern hemisphere
flux lobes differs from the 400 year average in gufmi. This confirms
what has been seen already in numerous other models (Korte et
al., 2009, 2011; Korte and Holme, 2010; Korte and Constable, 2011;
Nilsson et al., 2014; Panovska et al., 2015). The detailed motions
of the flux lobes have been tracked by (Amit et al, 2010) for
the past 3 ky in the CAL3k.3 model. There are also signs of un-
usual structure in the equatorial western Pacific, perhaps related
to standing oscillatory structure observed in the historical field un-
der Indonesia (Bloxham and Gubbins, 1985). The lack of structure
in B, and low temporal standard deviations in B, at the CMB in
Fig. 7(a, d) reflect again the paucity of southern hemisphere data
in ARCH10k.1, and show that it should not be used as a measure
of either average field or global secular variation for the Holocene.
Fig. 7(e) and (f) do better, the spatial structures are broadly similar
for CALS10k.2 (b, e) and HFM.OL1.A1, with high levels of tempo-
ral variability most evident at latitudes coincident with the peak
flux concentrations visible in B;. It is worth noting however, that
high variability does not appear restricted to the same longitudes
as the average flux lobe positions. This is related to the eastward
average location of the North American flux lobe compared with
gufml, probably reflecting the influence of some high values as-
sociated with high variability in B, located approximately beneath
Iceland.

The rapid field changes under the Indian Ocean that feature
in modern satellite observations (Holme et al., 2011) have been
proposed (Finlay et al., 2012, 2016) as part of a planetary scale
gyre episodically transporting flux from high to low latitudes, and
then westward under the Atlantic hemisphere. The detailed level
of field changes and flow models available for more recent times
cannot be recovered directly for the paleofield. However, the pale-
osecular variation index, P;, and its standard deviation over time
(see Section 2.2 and (Panovska and Constable, 2016)) serve as use-
ful proxies for geographic variations in field structure and activity
(Fig. 8). The largest values for the averaged 10 ky models are fo-
cused at high southern latitudes, and overall P; is stronger in the
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Fig. 7. Average B (uT) and its temporal standard deviation at CMB for preliminary calibration model ARCH10k.1 (a, d) and final models CALS10k.2 (b, e) and HFM.OL1.A1 (c, f).
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Fig. 8. (a), (c) PSV index, P; for each of the time-averaged field models HFM.OL1.A1 and CALS10k.2, and (b), (d) op,, its variability reflected in the temporal standard deviation.
Note the concentration of activity in the southern hemisphere, and low values in equatorial and mid latitude Pacific regions. Excursional fields would be expected for P; > 0.5.

Atlantic hemisphere than the Pacific region. The weakest signals
in P; correspond with regions of low Pacific secular variation in
gufml. These surface features generally support the views of B; in
Fig. 7, with the largest departures from an axial dipole structure
evident in the southern hemisphere longitudinal variations. How-
ever, the contribution to P; from directional variability tends to
emphasize contrast in the southern hemisphere compared with B,
variations.

The greatest variability in P;, represented by the activity in-
dex op,, the standard deviation in time samples throughout the
models, also occurs at the highest southern latitudes and in the
Southern Indian and Atlantic Oceans, supporting the idea of mo-
bile, highly variable structures episodically contributing to a long
term southern hemisphere gyre. In contrast the Northern Hemi-
sphere index is somewhat subdued, and much less variable in
time.
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Fig. 9. Test of robustness for P; evaluation using gufm1 and temporally varying spatial and noise distribution of data. (a) P; for the available temporally varying paleodata
distribution; (b) op; for the same simulation as in (a); (c) P; for data locations flipped between northern and southern hemisphere; (d) op; for the same simulation as in
(c); (e) variability of P; from gufm1 in 1990 AD. Note that large scale variability in (e) is reproduced in the temporally average models (a, c) while the standard deviations
due to noise and changing data locations in (b) and (d) are small in comparison with that due to the secular variation in CALS10k.2 and HFM.OL1.A1 (see Fig. 8).

Our results are inevitably influenced by the global distribution
and quality of the data and by details of the modeling proce-
dures. We tested the validity of our estimates for P; and op; via
simulations using the 1990 AD snapshot of gufm1 and the actual
temporally varying spatial distribution of data with realistic noise.
Two test models were constructed and the results are illustrated in
Fig. 9. In 9(a) and (c) 10 ky data samples were predicted from the
constant 1990 gufm1 model at the temporally changing data loca-
tions used for both CALS10k.2 and HFM.OL1.A1. The structure of P;
is similar to that for gufm1 in Fig. 9(e). The effect of changing data
locations is barely visible in op; as shown in (b) and (d).

In our second test we flipped the data locations available in
the northern and southern hemispheres to assess the effect of the
sparse southern hemisphere distribution. Again the structure visi-
ble in P; for the average model is similar to gufml in 1990. The
standard deviation remains well below the levels seen for the pa-
leosecular variations in Fig. 8 for our new models.

These tests using a constant field for the entire 10 Ky interval
together with the available data distributions and assigned uncer-
tainties indicate that these effects explain only a small fraction of
the field variability found in HFM.OL1.A1 and CALS10k.2 (see Fig. 9).
As more data come on line and provide better intensity calibra-
tions and improved spatial coverage and temporal resolution, we
can expect further refinements in field structure. Nevertheless, the
large scale results presented here seem robust.

4. Discussion and conclusions

The average field strength in the southern hemisphere is
weaker over the past 10 ky than in the north, as seen in Figs. 5(a)
and 6(a), (c). Additionally, the Atlantic hemisphere has sustained
consistently more active secular variation than the Pacific hemi-
sphere (Figs. 7(e), (f) and 8(b), (d)) with a persistent focus of
greater activity across the Indian and southern Atlantic Oceans.

The origin of these large scale differences in geomagnetic ac-
tivity cannot yet be unequivocally identified. Steadily accumulated
evidence from seismic observations and mineral physics experi-
ments (Garnero et al., 2016) indicate that the lowermost mantle

and core-mantle boundary are home to complex structure (with
associated compositional and phase variations) which can inhibit
or enhance heat flow from the core (Amit et al.,, 2015). Similarly,
the inner core exhibits variable structure, with seismic velocities
that are faster and more isotropic in the eastern than the west-
ern hemisphere (Deuss, 2014). Numerical dynamo simulations now
routinely incorporate tomographic boundary conditions drawing
on seismic velocity structures from the lowermost mantle and the
top of the inner core, and have more recently evolved to include
gravitational coupling between the inner core and mantle. Such
simulations indicate that conditions at the core-mantle bound-
ary and the inner-core boundary do influence outer core dynamics
and produce visible signatures in long term averages of the ge-
omagnetic field and core flow models. Recent studies (Aubert et
al., 2013; Driscoll, 2015) suggest that large scale heterogeneities in
conditions at the top or the bottom of the outer core may be visi-
ble in short term geomagnetic variations. However, the persistence
of high regional PSV activity in our 10 kyr models cannot on their
own resolve the question of how long a record is needed to detect
the impact of mantle structure.

Large low seismic shear wave velocity provinces (LLSVPs) have
been identified in extended regions of the lowermost mantle be-
neath Africa (Lekic et al., 2012) and the western Pacific. These are
likely to provide geographically variable boundary conditions, that
may well be different in each location, and are likely to have per-
sisted for millions of years at least. A recent analysis (Ziegler and
Constable, 2015) of geomagnetic paleointensity variations for the
time interval 0-300 ka identifies differences in regional field vari-
ability associated with LLSVPs and those results are consistent with
our work. The planetary scale gyre visible in the modern field may
thus be a prominent feature over the longer term, with develop-
ment of equatorial flux patches (and associated changes in dipole
moment) produced as part of this dynamic. This idea is compat-
ible with observations (Ziegler and Constable, 2015) that regional
intensity minima associated with geomagnetic excursions are more
pronounced and can appear first in the African LLSVP region, sug-
gesting greater instability in the Atlantic hemisphere. This seems
to require that the Pacific LLSVP has a different impact on the dy-
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namics, perhaps reflecting a different balance between thermal and
compositional structures in the super-plumes.

Do our results have any consequences for the question of dipole
decay and potential incipient reversal? The current decay does not
appear particularly unusual when viewed in the context of 0-10 ka
variations, since the dipole moment has been unusually high for
the past 3 ky. The recent decay may form part of a pattern of
changes in dipole moment involving mixed large scale advection
and diffusion mechanisms (Olson and Amit, 2006), with a signifi-
cant contribution to dipole decay caused by advection of concen-
trations of normal flux towards the equator, along with growth of
mid-latitude reverse flux patches in the southern hemisphere. Sim-
ilarly, periods of dipole growth could be stimulated by poleward
motion of normal polarity flux which, given the higher overall field
strength, may occur preferentially in the north. More light could
be cast on this topic by the acquisition of high quality 10 ky time
series of paleosecular variation in and around Africa, the Indian
Ocean and Australasia, potentially allowing the tracking of evolu-
tion of a series of equatorial flux patches over time. The acquisition
of more detailed knowledge regarding the kinematics seems nec-
essary before the deeper dynamical processes can be understood.
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