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The long-term temporal behavior of intense geomagnetic flatches at the core-
mantle boundary and the relation with lower mantle lateetetogeneity are under de-
bate. We apply an algorithm to detect centers of intense fahes and track their
time-evolution in a recent archeomagnetic field model ireotd study the kinematics of
such intense magnetic flux patches on millennial time scdle.find that most intense
flux patches appear near the edge of the tangent cylindersi@taionary periods with
small oscillations of patches occur more than drifts. Detacomparison of the archeo-
magnetic patches’ behavior with that seen in numerical thosawith tomographic heat
flux boundary conditions suggests that core-mantle theomapling could be the cause
of a statistical preference for some longitudes on the lemgnt which does not exclude
significant time spent away from the preferred longituddsis Tould explain the roughly
coincident locations of high-latitude patches in the hisa geomagnetic field with that
of the time-average paleomagnetic field together with thehmweaker patches intensity
in the latter. Alternating eastward and westward drifts @s® observed. The drifts are
more westward than eastward, especially in the southerrispbere, indicating that the
time-average zonal core flow may also be driven by core-raghttrmal coupling. An
average patch lifetime of 300 years is found, which we hypothesize may indicate the
vortex lifetime in the outer core.

Keywords: Archeomagnetic field, Intense flux patches, Geatho, Mantle heterogeneity.

1 Introduction

The geomagnetic field is generated by convective motion @lectrically conducting fluid in
Earth’s outer core. Measurements of the geomagnetic fieldtarsecular variation (SV) pro-
vide vital constraints on the working of the geodynamo. Gaémlmodel (Jackson et al.,
2000) spanning the historical period shows that the geoetagfield at the core-mantle
boundary (CMB) is characterized by high-latitude intense fbatches. These patches also
seem to appear in archeomagnetic field models over milleiima scale (Korte and Con-
stable, 2005; Korte et al., 2009) as well as in some paleogtagmodels representing the
time-average field over the past five million years (Kelly &wbbins, 1997). Furthermore,
intense high-latitude magnetic flux patches are reprodbgatlmerical dynamo simulations
(Christensen et al., 2010) where downwelling flow at the eafghe tangent cylinder concen-

trates field lines on the outer boundary (e.g. Christensah,et998).

If the non-zonal structures in the paleomagnetic field moded indeed robust, the most

natural way to explain preferential longitudes in the syeedre field is by the impact of the
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heterogeneous mantle on the geodynamo. Numerical dynandelswwith a heterogeneous
heat flux outer boundary condition have indeed demonstri#i@dmantle control can affect
the locations of intense magnetic flux patches on the CMBx{&m, 2002; Olson and Chris-
tensen, 2002; Gubbins et al., 2007; Aubert et al., 2008). é¥ew the time-dependence of
these structures is under debate. In highly supercritivsederical dynamos with comparable
thermal and magnetic diffusivities and rolumetric buoyancy sources or sinks, magnetic
field structures are very mobile and the mantle signatureeaygpclearly only in long-term
time-averages over several magnetic diffusion times (Bdow, 2002; Olson and Christensen,
2002). In contrast, in slightly supercritical numericalndynos with magnetic diffusivity an
order of magnitude smaller than thermal diffusivity and #&weetric buoyancy source, mag-
netic field locking to the boundary heterogeneity is obtdiaad the patches are practically
stationary (Gubbins et al., 2007; Willis et al., 2007).

Recently Amit et al. (2010), from hereafter AAH10, studieddietail the behavior of in-
tense flux patches in highly supercritical numerical dynamith heterogeneous CMB heat
flux inferred from a lower mantle seismic tomography modebg@trs et al., 2000). They de-
signed an algorithm to identify and track these magneticsires. They found that the patches
oscillate about preferred locations prescribed by the tedrdgterogeneity with episodic drift
events from one preferred location to another. The drifinévevere attributed to azimuthal
motion of fluid downwelling structures that concentrate metge flux. They also observed
more time-dependence in the southern hemisphere due toraystrnorth-south shear in the

mantle-driven zonal thermal wind there.

In order to improve the understanding of the dynamics ofriséeflux patches in Earth’s
core and better constrain numerical dynamo models, a desization of the behavior of
intense geomagnetic flux patches over long time periodstessary. Time-dependent archeo-
magnetic field models spanning millennial time-scales laeebiest available tool for that pur-
pose. Constable et al. (2000) noticed that the patches ipabethree millennia are mobile
and not fully locked. This was confirmed in a recent study byt&€and Holme (2010), who
investigated how much deviation from different time-aggréield configurations was required
by a 7 kyr global dataset. While the existence of both nortfaerd southern hemisphere flux

lobes proved compatible with the data in the time average biet not mandatory, they found
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evidence for considerable variability of these featuresloorter time scales. Dumberry and
Finlay (2007) focused on azimuthal motions of Earth’s maigrild features by investigating
the time-dependent, non-zonal, high-pass filtered pahefield modelCALS7K.2Korte and
Constable, 2005). They visualized the azimuthal motiorthese features by time-longitude
plots and calculated the dominant azimuthal motions at &dithde using a technique based
on the Radon transform (Finlay and Jackson, 2003). Theiuatthd most of the azimuthal
motions to the mobility of the high-latitude intense flux gas in the northern hemisphere.
Wardinski and Korte (2008) inverted the same field model avidd® the flow responsible for
such changes at the top of the core. Their flow solutions semte200-years time-averages
(rather than snapshots) expanded up to degree 5, refletnkmited temporal and spatial
resolution of the archaeomagnetic field mod@tspitethesecautionanmeasures, Such inver-

sions might be severely biased by uncertainties in the arohgnetic SV.

This paper complements the previous ones by using a diffeqgmroach and focusing on
the dominant geomagnetic flux patches often found at higtut¢kes. Here we apply the algo-
rithm developed by AAH10 to the rece@ALS3k.3archeomagnetic field model spanning the
past three millennia to assess the behavior of the patcliles &MB. Thanks to a significantly
increased data base, this model based on spherical hasrinripace and cubic B-splines in
time exhibits higher resolution than its predecessitd S3k.1(Korte and Constable, 2003)
and CALS3k.2Korte and Constable, 2005). Particularly the southernigghere resolution
has increased, although the amount of data from the nortitemsphere still dominates. The
model is expanded to spherical harmonic degree 10 in spabewiO year knot-point spacing
of the splines, but the actual resolution is significantlydéo. Archeo- and paleomagnetic data
contain large uncertainties, both in the magnetic data iebres and in the age determination.
Regularizations in both space and time have been appliédimbdeling to trade off the fit to
the data against what is assumed to be a realistic and romastra of structure, based on the
comparison of geomagnetic power spectra. We use the fudlrireldel to extract the kinemat-
ics of intense flux patches, including quasi-stationaryqos. Our analysis enables tracking
the 2D trajectory of the patches, i.e. both azimuthal anddigral motions. Analysis of the
timeseries of patches coordinates allows quantifying éfetive periods in which the patches

are quasi-stationary or drifting, and their average andimar lifetimes.



113 The outline of the paper is as follows. In section 2 we red#l method of AAH10 for

ua identifying and tracking intense patches on timeseriesapshots. We refine their algorithm
us for compatibility with the larger scale archeomagneticdiatodels. In section 3 we present
ue the results of our analysis. Comparison with previous gsidgeophysical implications and
u7 consequences for data reliability assessment are distussection 4. We summarize our

us mMain findings in section 5.

» 2  Method

120 Following the principles of the&eonnected component labelimgethod previously used for
122 detecting plumes in mantle convection simulations (Lakep2002), AAH10 identified intense
122 patches in images from numerical dynamos by searching giitpwhere the absolute radial

122 magnetic fieldB, on the outer boundary is larger than a critical threshold

124 |Br(¢7 0)| > fb|Br(¢a 9)|maa} (l)

125 Where¢ and @ are longitude and co-latitude spherical coordinates &sgdy. For the in-

126 Stantaneous small-scale dynamo field, AAH10 et 0.6. For the large-scale time-average
127 fields, however, they used larger fractional values in otdexdjust to the larger length-scales
12s and different zonal components in the time-average maps.idéntified extreme points were
129 then grouped based on the spherical distance between aeenexpoint to another. Once all
130 extreme points were assigned to a given group, a center of wes calculated for each group.

11 These centers of mass represent centers of intense fluxgsatch

132 We use the recel@ALS3k.3archeomagnetic field model of Korte et al. (2008ph a grid

133 Size of5° in longitude and latitude. The snapshots in this lower resolution heavily damped
1z« field model resemble in terms of spatial scales the timeameedynamo fields. A low,

135 value is therefore prone to produce large connectivity @lbigh-latitude belts and therefore
136 biased patch locations in some snapshots. A Igggalue, however, might leave some patches
17 unidentified. We therefore use the non-zonal figl¢f to break the connectivity between the

18 patches. Together with criterion (1), we also require

139 |B:}Z (¢v 9) | > fnZ|B:LZ (¢v 9) |maa: (2)
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restricting criterion (2) for normal polarity flux only.

The identification method is demonstrated in Fig. 1 with abiteary snapshot from
CALS3k.Jor f, = 0.7 andf,,, = 0.2. The identified intense points (Fig. 1a) are connected in
the northern hemisphere through the polar region, so wii€f.) alone would cause erroneous
patch location there. The identified normal polarity nomalgoints (Fig. 1b) readily separate
the northern hemisphere lobes, but include many weak (sntstl-latitude) features in both
hemispheres. The combination of the two criteria (Fig. Bsuits in a satisfactory detection

of the centers of mass of the intense flux patches (Fig. 1d).
Fig. 1

Tracking of patches from one snapshot to the next is perfdrasen AAH10. Two patches
in consecutive snapshots are labeled as the same patclsifitieeical distance between them
is smaller than a critical value that corresponds to an attialuwistanced® = w®At, where
w® ~ 0.2°/yris used as an upper bound longitudinal drift value basedfenrgd low-latitude

fast drifting geomagnetic features (Bloxham and Jacks®81)landAt is the time step.

An analysis of the timeseries is performed following AAHFst, we calculate the time-
derivatives of the longitudes of the intense flux patchesniSationary periods termed 'St’
are characterized by small time-derivatives whereassdefe characterized by large time-
derivatives, with the threshold being/2At = w¢/2. Integrated amounts of time of east-
ward and westward drifts are denoted by 'Ea’ and 'We’ respebit The absolute rms drift
rates (without distinguishing east or west) are also regbriSecond, we quantify the time-
dependence of the patches by their average and maximumigfet, andr,,. Unlike AAH10,
we avoid reporting probabilities of patches to be in a vigimf a time-average patch because
the time-average archeomagnetic field is expected to diften the true long-term time-
average field and calculating such probabilities would rtyelae biased to large values. All
guantities are given for each hemisphere separately. Thatseof the synthetic analysis are

summarized in Table 1.
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3 Results

We first examine the locations of intense magnetic flux pat@ehéime-average field models.
In Fig. 2a we applied our method for the time-average arclagpmatic field between -1000 to
1850. For comparison, Figs. 2b and ¢ show the time-averaigepagnetic field models of
Kelly and Gubbins (1997) and Johnson and Constable (198pgctively. The identification
method using the non-zonal criterion proves useful espged@ the latter which has a very
dominant axial dipole component. In this model indeed, if amdy relied on criterion (1),
patches would be falsely identified very close to the gedgcagbpoles. Instead, the non-zonal

criterion enables identifying ridges that correspond to-zonal deviations.
Fig. 2

Despite the very large time disparity, the locations of tlaécpes in the time-average
archeomagnetic and paleomagnetic field models display somirity, although they also
display some significant differences. The time-averagessomagnetic field shows two intense
patches in the northern hemisphere and one in the southerisbleere, all at high-latitudes
near the edge of the tangent cylinder (Fig. 2a). The paleostagfield model of Kelly and
Gubbins (1997) also exhibits two patches in somewhat si@itations in the northern hemi-
sphere and only one patch in the southern hemisphere (FiglrRtontrast, the paleomagnetic

field model of Johnson and Constable (1995) has two patchesscim hemisphere.

The sensitivity of the results to the choice of the criticabnsity threshold is examined by
considering timeseries and synthetic analysis viijtb- 0.7 and f, = 0.8. Comparison of Figs.
3 and 4 and their corresponding values in Table 1 shows tindarger f, fewer patches are

identified. However, the main trends and statistics areadMeeakly dependent on the choice
of fb-

Fig. 3
Fig. 4
Table 1

A movie of the identified intense flux patches spanning theogerl000 to 1850 with
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fr = 0.75 is given inCALS3k.3.gif(diamonds mark instantaneous patches, asterisks denote

the time-average locations of the patches in the paleontiagiedd model of Kelly and Gub-
bins, 1997). Fig. 5 shows the corresponding timeserieseop#ich coordinates in each hemi-
sphere. We also visualize in Fig. 6 the corresponding patawy of the patch trajectories in
each hemisphere (each patch is denoted by the same colagsn Fiand 6). Figs. 5 and 6
clearly highlight the lower data sampling of the archeon&ignfield model in the southern

hemisphere.
Fig. 5
Fig. 6

To compare these results with those previously obtained AK20 with numerical dy-
namo models, we repeat our analysis by using a larger tinpeadté¢t = 150 yrs (Table 1)
to match the temporal data density of the dynamo models. F@gpmpares the timeseries of
the northern hemisphere longitude of the archeomagnetitiigh corresponding timeseries
of 3000 years intervals from cag&lr of AAH10 (which most resembles the statistics of the
archeomagnetic field model, see Table 2). Note that timeemtmerical dynamo models
has been re-scaled compared to the original scaling usedilA. This is justified in sec-
tion 4 where the comparison between the behavior of patechéseiarcheomagnetic field and

numerical dynamos is discussed.
Fig. 7

We end the analysis of the archeomagnetic field model at 188@a@amplete the temporal
coverage with the higher resolution historical geomagni¢ild modelgufmlderived from
direct measurements (including intensity) for the peri8d@-1990. The movigufm1.gifand
Fig. 8 demonstrate that the method performs adequateéadnistorical model as well. Note
that the patches identified in the beginning of the histbpesiod below North America, cen-
tral Asia and southeast Pacific (Fig. 9) also appear at theoétite archeomagnetic period
(Fig. 5), so the two geomagnetic field models exhibit contynim the behavior of the patches.
The 150-years period is very short for tracking significamtet variability (Fig. 9). Between
1840-1915 two high-latitude patches in the northern heh@spand one in the southern hemi-
sphere are present. In 1920 another high-latitude soutinamisphere patch is detected. In
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1935 a low-latitude patch below Africa emerges. These fiiehms remain until 1985. In

1990 one high-latitude southern hemisphere structure @realind loses its status as a patch.
Fig. 8

Fig. 9

4 Discussion

We begin by comparing our results with previous studies tis®d different approaches to
analyze the archeomagnetic field. Dumberry and Finlay (R@fiihd coherent azimuthal mo-
tions in the northern hemisphere, but practically none engbuthern hemisphere, arguing that
the low resolution of the archeomagnetic field model theev@nts detecting non-zonal fea-
tures. We also identify many fewer patches in the southemms@here, although some south-
ern hemisphere patches are nevertheless detected. It astampto recall that th€ ALS3Kk.3
archeomagnetic field model used here contains more datapatidlsstructure, especially in
the southern hemisphere, than the magiaL S3k.2ised by Dumberry and Finlay (2007). The
direction of drift in our analysis alternates between eastiand westward, in agreement with
Dumberry and Finlay (2007) and with Wardinski and Korte (00The magnitude of- 0.2
°/yr drift rates in our results is again in agreement with thtes reported by Dumberry and
Finlay (2007).

Interestingly, based on longitudinal cross-correlatidfardinski and Korte (2008) found
in some periods opposing trends in the northern/southemspheresDumberry and Blox-
ham (2006) also argued that the equatorial symmetry is broke on millennial timescales.
This is in contradiction to equatorially-symmetric columnar flomat is thought to prevail in
Earth’s core on shorter timescales due to the expected dmoénof rotational effects (Busse,
1975; Olson et al., 1999; Jault, 2008; Pais and Jault, 209®air of prominent intense flux
patches in both hemispheres n@éilV (Fig. 5) is possibly the surface expression of columnar
flow. To test this hypothesis, we focus on periods in whicthlqmatches are simultaneously
presentin Fig. 5. Between -800 to -600 and between -50 tol®Adrthern patch moves east-

ward, whereas the southern generally moves westward. Betd250 to 1850 the northern
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patch drifts westward, whereas the southern alternategdeet eastward and westward mo-
tions. Overall, these results do not support equatorialrsgtry in the kinematics of intense
flux patches. It is worth stressing, however, that the kingsaf the high-latitude intense
flux patches does not necessarily reflect core flow, but coltddnatively result from wave
propagation(Braginsky, 1972, 1974; Braginsky and Burlatskaya, 1979; iRlay and Jack-
son, 2003)or a combined effect of magnetic field advection and diffagiBloxham, 1986;
Bloxham and Gubbins, 1986; Amit and Christensen, 2008; Chuikt and Olsen, 2010)
AAH10 argued that the drift of the patches in their dynamo glsa@orresponds to azimuthal
propagation of fluid downwelling structures that concetetthe magnetic field on the CMB.
Therefore caution should be taken in interpreting lack afaqrial symmetry in patches tem-

poral behavior as lack of equatorial symmetry in core flow.

The oscillatory motion of patches around a preferred lacetiFigs. 5 and 6) may be related
to the phenomenon of archeomagnetic jerks, which are defisesharp regional directional
variations and intensity maxima in the archeomagnetic {i@dllet et al., 2003). Dumberry
and Finlay (2007) speculated that archeomagnetic jerkarosben intense patches change
the direction of their azimuthal oscillation. The occurerntimes of archeomagnetic jerks
determined from French archeomagnetic data have been stimeochéy Gallet et al. (2003)
as approximately -800, 200, 800, 1400 and perhaps 500 ar@l T&fnparison of these times
with the movement of northern hemisphere flux lobes from oaitysis (Fig. 5) does not show
a systematic relation between archeomagnetic jerks andpfiishes directional change of
motion. The proposed times of archeomagnetic jerks seewingide with times of significant
intensification or weakening of regional magnetic flux, wbendetection method respectively
begins or ends classifying the features as intense flux patdfe emergence or disappearance
of a patch could thus be related to archeomagnetic jerksilgggy contributing to build the
hemispherical asymmetry of the field (Gallet et al., 2008).

We now turn to compare the behavior of the patches in the arnbgnetic field and in the
numerical dynamos investigated by AAH10 (Fig. 7). As algeadted, this comparison re-
quires appropriate re-scaling of the time in the simulagiohAAH10. Re-dimensionalization
of time in numerical dynamos is indeed non-unique (Chrstanand Wicht, 2007). AAH10

used the magnetic diffusion time to re-scale time in theiraiyjo models. However, as recently
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emphasized by Lhuillier et al. (2011), re-scaling dynamalgidime by using secular variation
timescales (Hulot and LeMouél, 1994) may be much more apjai® for comparisons with
geomagnetic observations. Such re-scaling amounts todinting a factor ofRm/Rmc to

the time used by AAH10 (Christensen and Tilgner, 2004). gg$im*c = 760 for Earth’s core
(Christensen and Tilgner, 2004, taking into account thend&fn of Rm used by AAH10) we
obtain in Table 2 the same order of magnitude of drift ratesapproach similar average life-
times in the archeomagnetic field studied here and in the riaahelynamo models of AAH10.
Cas€Tlolr of AAH10 is closest in its, value to the archeomagnetic field, so we compare in-
tervals of 3000 (re-scaled) years from this model with thalysis of the archeomagnetic field
(see Fig. 7).

Our analysis shows that the archeomagnetic field shares sommon features with the
field produced by the tomographic numerical dynamos of AAHII@e patches in the archeo-
magnetic field model appear near the edge of the tangentdeylirDne exception is a patch
below equatorial western Pacific between 350 to 588le orangeline in Fig. 5b). This
patch could be related to the intense low-latitude flux pegabbserved in the historical field
(Jackson, 2003), one of which below Africa is classified @srise by our algorithm (Figs. 8
and 9). Even though our analysis reveals somewhat less ityabithe archeomagnetic field
models than in the numerical dynamos (see larger St valugatle 1 than in Table 2), Fig. 7
shows that the dynamo models can exhibit some periods withasibehavior characterized
by intense patches also residing away from their long temme-{average coordinates. Several
archeomagnetic patches in Fig. 7a oscillate about the &veeage paleomagnetic flux patch
below north America (Fig. 2b), whereas the other patchesaatively distant from the Asian
paleomagnetic patch. A similar behavior is seen in @a¥e of AAH10 during the zoom-in of
Fig. 7b, where intense patches are often found in betwegpréferred long term time-average
locations. At other times (e.g. in Fig. 7c) these patche®apo be near their time-average
locations, just like over the past centuries the geomagfietd patches locations appear near
the time-average paleomagnetic flux patches seen in theamremisphere (Fig. 9). These
observations support a statistical behavior proposed by BAAin which locations of high-
latitude patches roughly coincide with that of the timerage paleomagnetic field while the

latter appears to be much weaker.
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Finally, it is worth pointing out that in the archeomagnéiatd westward drift occurs more
often than eastward. Moreover, the net drift is much moreatieg (i.e. more westward) in
the southern hemisphere than in the northern. Although tl¢hern hemisphere contains
fewer identified patches (probably due to lower data sargpimd resolution there), the few
drift events are often westward (see black curve betwee@ t80600 andurgueisepurple
curve between 0 to 250 in Fig. 5b), whereas the northern h@rare is more balanced (Fig.
5a). The hemispheric dichotomy in the net drift is in agreetwath time-average core flow
models inferred from inversions of geomagnetic SV datagRaid Hulot, 2000; Amit and
Olson, 2006) and supports the speculation of AAH10 that healriven thermal wind may
cause stronger time-dependence of patches and weakenaagjaetic patches in the southern

hemisphere.

In contrast to the results of AAH10, no patch is observed detimg a full drift from one
preferred location to another. Zoom-ins of the dynamo medésdo rarely show a full drift
from one preferred location to another within a period of @@@ars, but a tendency for such
a mobility can sometimes be identified (see e.g. Fig. 7d)dtiteon, the average lifetime of
a patchr, is longer in the southern hemisphere than in the northeminag contrast with the
findings of AAH10. The latter discrepancy could be due to loghaomagnetic data resolution

in the southern hemisphere.

It is worth-while comparing the average lifetimg ~ 300 years with other analyses of
archeomagnetic field models and with some theoretical égga@lues. Dumberry and Fin-
lay (2007) found that a period of abol®0 years is required to change the azimuthal drift
direction while the duration of a drift event is about a few hundred yeas. Wardinski and
Korte (2008) found an average dominant perio@@f years in their inverted core flow3he
study of Dumberry and Bloxham (2006), which tried to relate onal flows reconstructed
from archeomagnetic field models with length of day variatios, also provide a timescale
of approximately 800 years for drift events. AAH10 argued that the time-dependence of
intense magnetic flux patches is related to the motion of toidnwelling structures that con-
centrate magnetic flux. Vortices may either split when entea shear zone, or merge when
approaching other vortices. The magnetic field passivedpoads by splitting and merging

with the vortex evolution. If that is the case, the averafgitne of 7, ~ 300 years may be

12



339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

related to vortex lifetime in the outer core.

S5 Summary

Identifying and tracking intense archeomagnetic fielddtrces provides insight into the work-
ing of the geodynamo over millennial timescales. Here wdiapphe method of AAH10 on
the recent field modeCALS3k.3 As in the historical (e.ggufm) and some paleomagnetic
(e.g. Kelly and Gubbins, 1997) field models, we also find thegnse flux patches reside at
high-latitudes close to the tangent cylinder. The patclsemlly oscillate about some longi-
tudes rather than exhibit strictly monotonous drifts. Theation of the motions alternate
between eastward and westward, but more westward driftaerwbd, especially in the south-
ern hemisphere. The latter result is in agreement with soone tow inversions from the
historical geomagnetic SV (Pais and Hulot, 2000; Amit andd@| 2006) and numerical dy-
namos with tomographic boundary conditions (AAH10), iradicg that thepattern of the

zonal core flow is possiblgriveninfluenced by lower mantle heterogeneity.

In this study we argue that the nature of time-dependencegbflatitude intense geomag-
netic flux patches inferred from archeomagnetic field modela agreement with the same
scenario proposed before by AAH10 based on numerical dymaodels. The temporal vari-
ability of these patches is comprised of statistically lengeriods near preferred locations
represented by the long term time-average paleomagndtg¢ fi@viding some likelihood for
the present geomagnetic flux patches to correlate with trepegnetic patches. However,
the patches are mobile enough and can be found at times fartirese preferred locations,
hence resulting in the weaker non-dipole signature in thegmaagnetic field with respect to

the present geomagnetic field.

As in previous studies of archeomagnetic field models (eugnBerry and Finlay, 2007;
Wardinski and Korte, 2008), our analysis clearly suffemirlow statistical sampling, both
in space and in timdt is therefore possible, for example, that in some cases apprances
and disappearances of patches might be caused by incompletata distribution, although

such biases seem unlikely because several sediment recosgan the whole time interval.
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To confirm the robustness of our findings, higher resolutimm@omagnetic field models are
required. Especially in the southern hemisphere, morerdscare needed to resolve more
detailed structure. Improving archeomagnetic field modkdarly poses a high-priority chal-

lenge for better probing the behavior of the geodynamo.
Acknowledgments

C.C. acknowledges support from NSF grant EAR 0809A8@. thank Mathieu Dumb-
erry and an anonymous reviewer for their constructive commats that improved this

manuscript. This is IPGP contribution xxxx.

14



374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

References

Amit, H., Aubert, J., Hulot, G., 2010. Stationary, oscilhaf or drifting mantle-driven geomag-
netic flux patches? J. Geophys. Res. B07108, doi:10.10Q94BD06542.

Amit, H., Christensen, U., 2008. Accounting for magnetiffugiion in core flow inversions

from geomagnetic secular variation. Geophys. J. Int. 175;-924.

Amit, H., Olson, P., 2006. Time-average and time-depengdarts of core flow. Phys. Earth
Planet. Inter. 155, 120-139.

Aubert, J., Amit, H., Hulot, G., Olson, P., 2008. Thermo-theal flows couple the Earth’s

inner core growth to mantle heterogeneity. Nature 454, 768

Bloxham, J., 1986. The expulsion of magnetic flux from thehégacore. Geophys. J. R. Astr.
Soc. 87, 669—-678.

Bloxham, J., 2002. Time-independent and time-dependéwavbaur of high-latitude flux bun-
dles at the core-mantle boundary. Geophys. Res. Lett. 2,0d9029/2001gl014543.

Bloxham, J., Gubbins, D., 1986. Geomagnetic field analys\. -Testing the frozen-flux
hypothesis. Geophys. J. R. Astr. Soc. 84, 139-152.

Bloxham, J., Jackson, A., 1991. Fluid flow near the surfacéhefearth’s outer core. Rev.
Geophys. 29, 97-120.

Braginsky, S., 1972. Analytical description of geomagnééld of the past and spectral anal-

ysis of magnetic waves in the Earth’s core. Geomag. Aeron122—-1105.

Braginsky, S., 1974. Analytical description of geomagnéald of the past and spectral anal-

ysis of magnetic waves in the Earth’s core Il. Geomag. Aetdn522-529.

Braginsky, S., Burlatskaya, S., 1979. Spherical analysith® geomagnetic field based on
archeomagnetic data. I1zv. Akad. Nauk. SSSR, Fiz. zimli 83,-895.

Busse, F., 1975. A model of the geodynamo. Geophys. J. RoMsioc. 42, 437-459.

15



398

399

400

401

402

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

Christensen, U., Aubert, J., Hulot, G., 2010. ConditionsHEarth-like geodynamo models.
Earth Planet. Sci. Lett. 296, 487—-496.

Christensen, U., Olson, P., Glatzmaier, G., 1998. A dynaradehinterpretation of geomag-
netic field structures. Geophys. Res. Lett. 25, 1565-1568.

Christensen, U., Tilgner, A., 2004. Power requirement efgeodynamo from ohmic losses in

numerical and laboratory dynamos. Nature 439, 169-171.

Christensen, U., Wicht, J., 2007. Numerical dynamo sinntet In: Olson, P. (Ed.)lreatise

on Geophysicsvol. 8. Elsevier Science.

Chulliat, A., Olsen, N., 2010. Observation of magneticwkfbn in the Earth’s outer core from
Magsat, Orsted and CHAMP data,. J. Geophys. Res. 115, db229/2009JB006994.

Constable, C., Johnson, C., Lund, S., 2000. Global geontiadietd models for the past 3000
years: transient or permanent flux lobes? Philos. TransoR.[Snd. A358, 991-1008.

Dumberry, M., Bloxham, J., 2006. Azimuthal flows in the E&tbore and changes in the
length of day at millennial timescales. Geophys. J. Int., BZ5-46.

Dumberry, M., Finlay, C., 2007. Eastward and westward dfithe Earth’s magnetic field for
the last three millennia. Earth Planet. Sci. Lett. 254, 145~

Finlay, C., Jackson, A., 2003. Equatorially dominated nedigrfield change at the surface of
Earth’s core. Science 300, 2084—-2086.

Gallet, Y., Genevey, A., Courtillot, V., 2003. On the possibccurrence of archeomagnetic
jerks in the geomagnetic field over the past three millenBath Planet. Sci. Lett. 214,
237-242.

Gallet, Y., Hulot, G., Chulliat, A., Genevey, A., 2008. Geagnetic field hemispheric asym-
metry and archeomagnetic jerks. Earth Planet. Sci. Lett, 289—-186.

Gubbins, D., Willis, P., Sreenivasan, B., 2007. Corretatbearth’s magnetic field with lower
mantle thermal and seismic structure. Phys. Earth Plamiet. 162, 256—-260.

16



423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

440

441

442

443

444

445

446

447

Hulot, G., LeMouél, J.-L., 1994. A statistical approachtie Earth’s main magnetic field.
Phys. Earth Planet. Inter. 82, 167-183.

Jackson, A., 2003. Intense equatorial flux spots on thesaidathe Earth’s core. Nature 424,
760-763.

Jackson, A., Jonkers, A., Walker, M., 2000. Four centurfegemmagnetic secular variation
from historical records. Phil. Trans. R. Soc. Lond. A3587-9890.

Jault, D., 2008. Axial invariance of rapidly varying difiosless motions in the Earth’s core
interior. Phys. Earth Planet. Inter. 166, 67—-76.

Johnson, C., Constable, C., 1995. The time averaged ge@tiadeld as recorded by lava
flows over the past 5 myr. Geophys. J. Int. 122, 489-519.

Kelly, P., Gubbins, D., 1997. The geomagnetic field over thst p million years. Geophys. J.
Int. 128, 315-330.

Korte, M., Constable, C., 2003. Continuous global geomagfield models for the past 3000
years. Phys. Earth Planet. Inter. 140, 73—-89.

Korte, M., Constable, C., 2005. Continuous geomagneticatsoidr the past 7 millennia ii:
Cals7k. Geochem. Geophys. Geosyst. 6(2), Q02H16.

Korte, M., Donadini, F., Constable, C., 2009. The geomagfietd for 0-3ka: 2. a new series
of time-varying global models. J. Geophys. Res. 10, Q0606810.1029/2008GC002297.

Korte, M., Holme, R., 2010. On the persistence of geomagriktx lobes in global field
models. Phys. Earth Planet. Inter. 182, 179-186.

Labrosse, S., 2002. Hotspots, mantle plumes and core hesatHarth Planet. Sci. Let. 199,
147-156.

Lhuillier, F., Fournier, A., Hulot, G., Aubert, J., 2011. dlygeomagnetic secular-variation
timescale in observations and numerical dynamo modelsp@eo Res. Lett. 38, L09306,
doi:10.1029/2011EL047356.

17



448

449

450

451

452

453

454

456

457

458

459

460

461

462

463

464

Masters, G., Laske, G., Bolton, H., Dziewonski, A., 2000eTrelative behavior of shear
velocity, bulk sound velocity, and compressional veloditythe mantle: Implications for
chemical and thermal structure. In: Karato, S., Forte, Agbermann, R., Masters, G.,
Stixrude, L. (Eds.)Earths deep interiar\Vol. 117. AGU monograph, Washington D.C.

Olson, P., Christensen, U., 2002. The time averaged maxgfredt in numerical dynamos with

nonuniform boundary heat flow. Geophys. J. Int. 151, 809-823

Olson, P., Christensen, U., Glatzmaier, G., 1999. Numknuadeling of the geodynamo:
Mechanisms of field generation and equilibration. J. GespRes. 104, 10383—-110404.

Pais, A., Hulot, G., 2000. Length of day decade variatiomsjonal oscillations and inner core
superrotation:evidence from recovered core surface Ztoves. Earth Planet. Sci. Lett. 118,
291-316.

Pais, M. A., Jault, D., 2008. Quasi-geostrophic flows resgme for the secular variation of
the earth’s magnetic field. Geophys. J. Int., doi:10.1113§5-246X.2008.03741.x.

Wardinski, I., Korte, M., 2008. The evolution of the corafage flow over the last seven
thousands years. J. Geophys. Res. 113, doi:10.1029/2003084.

Willis, P., Sreenivasan, B., Gubbins, D., 2007. Thermakemantle interaction: Exploring

regimes for 'locked’ dynamo action. Phys. Earth Planeeint65, 83-92.

18



465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

Figure captions

Figure 1 Demonstration of the patches identification method for thdial field B, of the

archeomagnetic mod€ALS3k.3n year -800. (a) Intense points based on criterion (1)
with f, = 0.7; (b) Non-zonal points based on criterion (2) with. = 0.2; (c) Points that
pass the two criteria; (d) The identified centers of patchiEmtified points in (a)-(c) are
denoted by small empty diamonds; Centers of identified st (d) are denoted by
large filled diamondsSolid black lines mark the latitudes where the tangent cyliler
intersects the CMB.

Figure 2 Time-average radial magnetic field on the CMB and the idextifiatches. (a) The

archeomagnetic mod€@€ALS3k.3f Korte et al. (2009) for the past three millennia; (b)
The paleomagnetic model of Kelly and Gubbins (1997) for thast ive million years;
(c) The paleomagnetic modeSEN1of Johnson and Constable (1995) for the past five
million years. In all cases we s¢t = 0.75 and f,,. = 0.2. Centers of identified patches
are denoted by diamondsSolid black lines mark the latitudes where the tangent

cylinder intersects the CMB.

Figure 3 Timeseries of the longitude (upper panel) and latitude €lopanel) of the centers

of mass of the intense patches (distinguished by differeldrs) in modelCALS3k.3
with f, = 0.7 and f,,. = 0.2 in the northern (a) and southern (b) hemispheres. Coordi-
nates units are in degrees. Dashed horizontal lines demetbrdinates of the patches
identified in the time-average field of Kelly and Gubbins (Zp& each hemisphere (see
Fig. 2b). Dotted horizontal lines in the latitude (lower)bglots denote the tangent
cylinder. As time progresses, each new color representsvgoatch. For a given color,
positive/negative trends correspond to eastward/westywatch drift in the longitude

curves, or northward/southward in the latitude curves.

Figure 4 Sensitivity test: As in Fig. 3 foff, = 0.8.
Figure 5 Asin Fig. 3 for f, = 0.75.

Figure 6 Polar views of patches trajectories corresponding to Figd&ted horizontal lines

denote the tangent cylinder. Each patch has the same collog. 5. The locations
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of the time-average paleomagnetic patches of Kelly and @®sl{h997) are denoted by

green diamonds.

Figure 7 Comparison betwee@ALS3k.3a) and the dynamo mod#&l0/r of AAH10 (b-d).

In (a) the model was down-sampled &g =150 for compatibility with the sampling
density in (b-d). In (b-d) time was re-scaled Byn/Rm*¢ compared to the original
scaling used in AAH10 (see discussion for details). Onlytimeseries of the northern
hemisphere longitudes are shown. The dashed lines in (esept the coordinates of
intense flux patches in the time-average paleomagnetiafiettel of Kelly and Gubbins
(1997), while in (b) the dashed lines are the time-averagedioates in the numerical

dynamo model.

Figure 8 Patches identification in the radial geomagnetic field ofal®8m gufm1(Jackson

et al., 2000) withf, = 0.8 and f,,. = 0.2.

Figure 9 Timeseries of the longitude (left) and latitude (right) betcenters of mass of in-

tense patches (distinguished by different colors) in maggmiwith f, = 0.8 and

fnz = 0.2 in the northern (a) and southern (b) hemispheres. Coomlnanits are in

degrees. Dashed horizontal lines denote the coordinati® gfatches identified in the
time-average field of Kelly and Gubbins (1997) in each hehesg (see Fig. 2b). Dot-
ted horizontal lines in the latitude (right) subplots dentite tangent cylinder. As time
progresses, each new color represents a new patch. Forraapia, positive/negative
trends correspond to eastward/westward patch drift in oingitude curves, or north-

ward/southward in the latitude curves.
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« lables

i At NH
St Ea We Ne Rate 7, Tm Ny
0.7 50 831 24 145 -—-12.1 020 239 950 1.8
0.75 50 844 26 130 —-104 0.18 264 950 1.6
0.8 50 889 14 97 =83 017 275 950 1.5
0.75 150 84.0 80 8.0 0.0 0.16 525 1350 1.8
SH
St Ea We Ne Rate 7, Tm Ny
0.7 50 689 66 246 —18.0 0.19 327 900 1.2
0.75 50 628 7.0 30.2 —232 0.18 289 900 0.9
0.8 50 576 6.1 364 -30.3 0.18 325 850 0.7
0.75 150 44.5 11.1 444 -33.3 0.15 319 900 0.9

Table 1: Synthetic analysis GALS3k.Jor different f, and At values (in all caseg,. = 0.2).
The time stepAt is given in years. Percentage of time with semi-stationaents is denoted
by 'St’, percentage of time with eastward/westward drifte denoted by 'Ea’/’'We’ respec-
tively. The net drift is defined by Ne=Ea-We. The thresholstidguishing semi-stationary
events from drifts isv/2. The rms values of the absolute drift rates (denoted by "Rate
given in°/year. The average and longest lifetimes of patcheandr,, are given in years
and the average number of patches per snapshot ¥,. The analysis is given for each
hemisphere, with northern/southern hemispheres dengt&tHiSH respectively.
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Case NH
St Ea We Ne Rate 7, Tom
T0lr 43.3 233 328 —=9.5 0.20 298 6099
T0 525 28.1 194 87 0.15 653 3947
TOhr 529 221 250 -29 021 654 6020
TOhg 53.2 224 244 —2.0 0.15 819 7892
SH
St Ea We Ne Rate 7, Ton
T0lr 36.2 23.0 40.8 —-17.8 0.21 251 2866
T0 49.7 199 304 -10.5 0.15 405 6135
TOhr 488 229 283 —54 0.21 590 4545
TO0hg 40.0 19.2 40.8 —-21.6 0.16 383 2885

Table 2: Synthetic analysis of the numerical dynamos timesé&om AAH10, where time is
however re-scaled bigm/Rm*® with Rm® = 760 compared to the original results of AAH10
(their Table 3). All quantities are defined as in Table 1, thes$hold distinguishing semi-
stationary events from drifts being als6/2.

fv=0.7 and

Figure 1:
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(a) cals3k.3

Figure 2:
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(a) cals3k.3 northern hemisphere fo=0.7
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(a) cals3k.3 northern hemisphere =0.8
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(a) cals3k.3 northern hemisphere fs=0.75
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