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Introduction: The Discovery of Geomagnetic Reversals

Bernard [START_REF] Brunhes | Recherches sur la direction de l'aimantation des roches volcaniques[END_REF] was the first to measure magnetization directions in rocks that were approximately antiparallel to the present Earth's field. [START_REF] Brunhes | Recherches sur la direction de l'aimantation des roches volcaniques[END_REF] recorded magnetizations in baked sedimentary rocks that were aligned with reverse magnetization directions in overlying Miocene lavas from central France (Puy de Dome). In so doing, [START_REF] Brunhes | Recherches sur la direction de l'aimantation des roches volcaniques[END_REF] made first use of a field test for primary thermal remanent magnetization (TRM) that is now referred to as the "baked contact" test. [START_REF] Matuyama | On the direction of magnetization of basalts in Japan, Tyosen and Manchuria[END_REF] was the first to attribute reverse magnetizations in (volcanic) rocks from Japan and China to reversal of geomagnetic polarity, and to differentiate mainly Pleistocene lavas from mainly Pliocene lavas based on the polarity of the magnetization. In this respect, [START_REF] Matuyama | On the direction of magnetization of basalts in Japan, Tyosen and Manchuria[END_REF] was the first person to use the sequence of geomagnetic reversals as a means of ordering rock sequences.

The reality of geomagnetic reversals was then progressively established with the studies of [START_REF] Hospers | Remanent magnetization of rocks and the history of the geomagnetic field[END_REF]Hospers ( , 1953) ) in Iceland, and [START_REF] Roche | Sur les caracteres magnétiques du système éruptif deGergovie[END_REF][START_REF] Roche | Sur les inversions de l'aimentation remanente des roches volcaniques dans les monts d'Auvergne[END_REF][START_REF] Roche | Sur la date de la derniere inversion du champ magnetique terrestre[END_REF] in the Massif Central of France. The work of Hospers on Icelandic lavas was augmented by [START_REF] Rutten | Paleomagnetic dating glaciations and chronology of the Plio-Pleistocene in Iceland[END_REF] and [START_REF] Wensink | Paleomagnetic stratigraphy of younger basalts and intercalated Plio-Pleistocene tillites in Iceland[END_REF] who subdivided Pliocene-Pleistocene lavas in Iceland into three polarity zones from young to old: N-R-N. Magnetic remanence measurements on basaltic lavas combined with K/Ar dating, pioneered by [START_REF] Cox | Geomagnetic polarity epochs and Pleistocene geochonometry[END_REF] and McDougall andTarling (1963a, b, 1964), resulted in the beginning of development of the modern geomagnetic polarity timescale (GPTS). These studies, and those that followed in the mid-1960s, established that rocks of the same age carry the same magnetization polarity, at least for the last few million years. The basalt sampling sites were scattered over the globe. Polarity zones were linked by their K/Ar ages, and were usually not in stratigraphic superposition. [START_REF] Doell | Geomagnetic polarity epochs: a new polarity event and the age of the Brunhes-Matuyama boundary[END_REF] designated the long intervals of geomagnetic polarity of the last 5 Myrs as magnetic epochs, and named them after pioneers of geomagnetism (Brunhes, Matuyama, Gauss, and Gilbert).

Then, the discovery of marine magnetic anomalies confirmed seafloor spreading (Vine and Matthews 1963), and the GPTS was extended to older times [START_REF] Vine | Spreading of the ocean floor: new evidence[END_REF][START_REF] Heirtzler | Marine magnetic anomalies, geomagnetic field reversal and motions of the ocean floor and continents[END_REF][START_REF] Lowrie | One hundred million years of geomagnetic polarity history[END_REF]. Since then, the succession of polarity intervals has been extensively studied and used to construct magnetostratigraphic timescales linking biostratigraphies, isotope stratigraphies, and absolute ages (see [START_REF] Opdyke | Magnetic stratigraphy[END_REF], "Magnetic stratigraphy", for a review).

The Geomagnetic Polarity Timescale

The fit of the land-derived polarity timescale, from paleomagnetic and K/Ar studies of exposed basalts, with the polarity record emerging from marine magnetic anomalies (MMA) (Vine and Matthews 1963;[START_REF] Vine | Spreading of the ocean floor: new evidence[END_REF][START_REF] Pitman | Magnetic anomalies over the Pacific-Antarctic Ridge[END_REF][START_REF] Heirtzler | Marine magnetic anomalies, geomagnetic field reversal and motions of the ocean floor and continents[END_REF]) resulted in a convincing argument for synchronous global geomagnetic polarity reversals, thereby attributing them to the main axial dipole. This intense research effort has culminated with the work of [START_REF] Cande | Revised calibration of the geomagnetic polarity timescale for the late cretaceous and cenozoic[END_REF] based on the Marine Magnetic Anomalies record, using the South Atlantic as the fundamental template with inserts from faster spreading centers in the Indian and Pacific oceans. [START_REF] Cande | Revised calibration of the geomagnetic polarity timescale for the late cretaceous and cenozoic[END_REF] adopted the astrochronological age estimates for the Pliocene-Pleistocene polarity reversals and fixed the age tie-point at the Cretaceous-Tertiary boundary at 65 Ma (Fig. 1).

The Changing Frequency over Time and the Duration of Geomagnetic Reversals

Examination of the geomagnetic polarity timescale reveals some of the major characteristics of geomagnetic reversals. First, a clear characteristic is the widely different duration of periods of stable polarity separating geomagnetic reversals. Long periods of time during which there were no reversals have been clearly identified, such as the Cretaceous Long Normal Chron (also called the Cretaceous Superchron, about 118-183 million years ago) or the Kiaman Superchron, which lasted approximately from the late Carboniferous to the end of the Permian.

The frequency of reversals decreased prior to the Cretaceous Superchron, and slowly increased over the 80 million years from the end of this Superchron to the present. It has been suggested [START_REF] Mazaud | 15-Myr periodicity in the frequency of geomagnetic reversals since 100 Myr[END_REF][START_REF] Mazaud | The 15 m.y. geomagnetic reversal periodicity: a quantitative test[END_REF] that in this last period the frequency does not increase randomly but presents a dominant frequency corresponding to a period of approximately 15 million years. This suggestion has, however, been received with some skepticism [START_REF] Mcfadden | Comment on" a periodicity of magnetic reversals?[END_REF]. The most recent analyses seem to converge toward a nonstationary Poisson process or at least a gamma process with k only slightly greater than 1 [START_REF] Lowrie | Geomagnetic polarity timescales and reversal frequency regimes[END_REF].

Another characteristic, revealed from the very beginning by the studies of reversals, is that the Earth's magnetic field strength drops to low levels during polarity reversals. There has been some debate on whether this drop is symmetrical or not on each side of the reversal. [START_REF] Valet | Geomagnetic field intensity and reversals during the last four million years[END_REF] suggested that the dipole intensity slowly decreases over a long period of time preceding a reversal and rapidly increases immediately after (the so-called sawtooth hypothesis). These authors also suggested that there is a positive correlation between the magnitude of the increase in intensity and the length of the subsequent polarity interval.

The sawtooth pattern, however, is not present in many sedimentary records [START_REF] Tauxe | Relative paleointensity record from the Ontong-Java plateau[END_REF]Tauxe and Hartl 1997; [START_REF] Laj | Relative geomagnetic field intensity and reversals for the last 1.8 My from a central Pacific core[END_REF][START_REF] Channell | Geomagnetic palaeointensities and astrochronological ages for the Matuyama-Brunhes boundary and the boundaries of the Jaramillo Subchron: palaeomagnetic and oxygen isotope records from ODP site 983[END_REF][START_REF] Channell | Stacking paleointensity and oxygen isotope data for the last 1.5 Myr (PISO-1500)[END_REF]. Interpretations of the sawtooth pattern, other than true geomagnetic behavior, have been given, either assuming sedimentary postdepositional artifacts [START_REF] Mazaud | Sawtooth variation in magnetic intensity profiles and delayed acquisition of magnetization in deep se acores[END_REF] or the presence of a cumulative viscous component not removed by alternating field demagnetization (Kok and Tauxe 1996a, b). Moreover, [START_REF] Mcfadden | Sawtooth paleointensity and reversals of the geomagnetic field[END_REF] have strongly questioned the suggestion that the duration of polarity intervals could be determined by the amplitude of the field recovery after the reversal. The fast recovery of the field intensity after the reversal does not appear either in a recent reconstruction of the Brunhes-Matuyama transition, based on four independent records, where the pre-and posttransitional intensity records appear symmetric about the reversal [START_REF] Leonhardt | Paleomagnetic recontruction of the global geomagnetic field évolution during the Matuyama/Brunhes transition: iterative Bayesian inversion and independent vérification[END_REF]. In summary, the experimental evidence for the sawtooth hypothesis is controversial.

Also clearly apparent from the geomagnetic polarity timescale is the extremely short duration of polarity reversals compared to periods of stable polarity. The time it takes for the reversal to happen has been roughly estimated from the early works [START_REF] Harrison | Behaviour of the earth's magnetic field during a reversal[END_REF][START_REF] Cox | Geomagnetic polarity epochs and Pleistocene geochonometry[END_REF][START_REF] Cox | Reversals of the Earth's magnetic field[END_REF][START_REF] Cox | Geomagnetic reversals[END_REF] to be between 10 3 and 10 4 years, with some estimates up to 28,000 years. In a recent article, [START_REF] Clement | Dependence of the duration of geomagnetic polarity reversals on site latitude[END_REF] presents an analysis of available sedimentary records and shows that these records yield an average estimate of 7000 years for the duration of a reversal. Moreover, the duration varies with site latitude, with a shorter duration observed at low-latitude sites. This short duration has been one of the most delicate factors to overcome in studying the detailed structure of reversals.

The Morphology of Geomagnetic Reversals

Because of its importance to dynamo theory, the morphology of the geomagnetic field during reversals and whether or not it displays statistical asymmetries has been a subject of continuous research for many years. Records of geomagnetic field changes during a polarity transition have, however, been difficult to obtain, not only because of their short duration mentioned above, but also because the magnetizations of the rocks is weak due to the low intensity of the transitional field. It is only with the advent of sensitive magnetometers that the number of published transitional records has rapidly increased.

In probably the most famous of the early records, [START_REF] Hillhouse | Brunhes-Matuyama polarity transition[END_REF] showed that the Virtual Geomagnetic Pole (VGP) (The Virtual Geomagnetic Pole is defined as the pole of the geocentered axial dipolar field that would give the observed direction of the field at the observation site. If the VGPs observed at several sites at a given time coincide, then the field has a dipolar structure.) path for the Brunhes-Matuyama transition recorded in sediments from Lake Tecopa (California) was different from the one previously obtained by [START_REF] Niitsuma | Detailed studies of the sédiments recording the Matuyama-Brunhes geomagnetic reversal[END_REF] from the Boso Peninsula in Japan, thereby providing evidence that the transitional field is not dipolar. Although in a more recent article Valet et al. (1988a) showed that the AF demagnetization used by [START_REF] Hillhouse | Brunhes-Matuyama polarity transition[END_REF] did not completely remove a strong overprint, the conclusion that the transitional field was not dipolar was maintained.

Another famous record was obtained from a Miocene lava sequence at the Steens Mountain [START_REF] Mankinen | The Steens Mountain (Oregon) geomagnetic polarity transition. 1. Directional history, duration of the episodes, and rock magnetism[END_REF][START_REF] Prévot | The steens mountain (Oregon) geomagnetic polarity transition. 2. Field intensity variations and discussion of reversla models[END_REF]. The record displays several phases with large swings, one of which occurring at the extremely rapid rate of 50 AE 21 per year, while the intensity change was 6700 AE 2700 mT per year, about 10-50 times larger than the maximum rate of change observed for the non-dipole field in historical records. These amazing rates of change are still a matter of discussion among geophysicists.

Other transitional records were obtained from lava sequences in French Polynesia [START_REF] Roperch | Transitional geomagnetic field behavior: volcanic records from French Polynesia[END_REF][START_REF] Roperch | Records of geomagnetic reversals from volcanic islands from French polynesia 1. Paleo-magnetic study of a polarity transition on a lava sequance from the island of Huahine[END_REF][START_REF] Chauvin | Records of geomagnetic reversals from volcanic islands of French polynesia, 2-paleomagnetic study of a flow sequence (1.2 to 0.6 Ma) from the Island of Tahiti and discussion of reversal models[END_REF]). These records appear to indicate that a zonal field dominates the beginning of the transition, then non-dipolar terms emerge without any preferred axi-symmetry, consistent with an earlier suggestion by [START_REF] Hoffman | The testing of geomagnetic reversal models/récent developments[END_REF].

Transitional records from sequences of relatively high accumulation rate marls in Western Crete (Greece), were reported in a series of papers by Valet andLaj (1981, 1984) and by [START_REF] Valet | Two different R-N geomagnetic reversals with identical VGP paths recorded at the same site[END_REF][START_REF] Valet | High resolution sedimentary record of a geomagnetic reversal[END_REF]Valet et al. ( , 1988b)). The results from multiple records indicated that the reversal process observed for four sequential transitions remained unchanged for about 1.3 Ma. In one record, obtained from a particularly high sedimentation rate section, fast directional fluctuations, reminiscent of the Steens Mountain record, were observed whose amplitude significantly increases during the transition. Slight smoothing of the data reveals that almost periodic fluctuations occurred on a longer timescale during the transition [START_REF] Valet | High resolution sedimentary record of a geomagnetic reversal[END_REF].

Two landmark papers were published almost simultaneously and independently in 1991. [START_REF] Clement | Geographical distribution of transitional V. G.P.'s: evidence for non-zonal equatorial symmetry during the Matuyama-Brunhes geomagnetic reversal[END_REF] examined records of the Brunhes-Matuyama transition obtained from the northern, equatorial, and southern latitudes in the Atlantic sector. The VGP paths from the mid-latitudes in the northern and southern hemispheres are nearly coincident and extend over the Americas. Paths from the equatorial site track almost antipodal to the other paths. These results suggest that during the reversal VGPs tend to fall along two longitudinal bands.

From a compilation of all the available sedimentary records from several sites and spanning about 12 million years, [START_REF] Laj | Geomagnetic reversal paths[END_REF] suggested that reversals and excursions exhibit geometric regularity: the VGP paths of these transitions tend to fall along either American or Asian-Australian longitudes, that is, the same as for the Brunhes-Matuyama reversal (Fig. 2). As remarked by the authors a persistent geometry over 12 Ma has important geomagnetic consequences: since the duration between transitions is longer than both the core's convective and magnetic diffusion timescales, the most plausible mechanism by which the core could retain a memory of previous transitions, particularly preferred longitudinal bands, is through some form of core-mantle coupling. This argument was reinforced by [START_REF] Laj | Geomagnetic reversal paths[END_REF] who noted the apparent correlation between preferred longitudes and lower mantle seismic velocity variations, possibly arising from thermal heterogeneities.

The suggestion of preferred longitudinal bands for transitional VGPs has, however, been met with some skepticism, some authors questioning the adequacy of the geographical distribution of the sites [START_REF] Valet | Paleomagnetic constraints on the geometry of the geomagnetic field during reversals[END_REF], or the reliability of transitional records from sediments [START_REF] Langereis | Longitudinal confinement of geomagnetic reversal paths: as a possible sedimentary artefact[END_REF][START_REF] Barton | Inclination shallowing and preferred transitional VGP paths[END_REF]. Statistical analyses of the distribution of path have not given a clear answer [START_REF] Weeks | Sedimentary records of reversal transitionsmagnetization smoothing artefct or geomagnetic field behaviour?[END_REF][START_REF] Mcfadden | Do virtual geomagneitc poles follow preferential paths during geomagneitc reversals ?[END_REF][START_REF] Quidelleur | Paleomagnetic records of excursions and reversals: possible biases caused by magnetization artefacts[END_REF]). An initial analysis of transitional records from lavas (which are devoid of many of the problems of sedimentary magnetizations) appeared to indicate that transitional VGPs are statistically axi-symmetric [START_REF] Prévot | Absence of preferred longitudinal sectors for poles from volcanic records of geomagneitc reversal[END_REF]. However, a more recent analysis by [START_REF] Love | Paleomagnetic volcanic data and geometric regularity of reversals and excursions[END_REF][START_REF] Love | Statistical assessment of preferred transitional VGP longitudes based on paleomagnetic lava data[END_REF] using a mathematical approach in which the records are normalized taking into account differences in recording density of the paleomagnetic directions, has concluded that the volcanic transitional VGPs indeed show a significant tendency to fall along American and Asian-Australian longitudes, consistent with the sedimentary data. The existence of preferred longitudinal bands for transitional VGPs must, therefore, be considered as a realistic suggestion.

Alongside with the observations of records of geomagnetic reversals, phenomenological models have been developed to account for at least the main characteristics of the records. As early as 1976, [START_REF] Hillhouse | Brunhes-Matuyama polarity transition[END_REF] suggested that if the usual non-dipole drift remained unchanged during the reversal, then one should observe large longitudinal swings in the reversal PGV paths. As this was not observed, these authors proposed that an invariant component dominates the field when the usual dipole has vanished (the so-called standing field hypothesis) . Subsequently, [START_REF] Hoffman | Polarity transition records and the geomagnetic dynamo[END_REF] and [START_REF] Hoffman | Behaviour of the geodynamo during a reversal: a phenomenological model[END_REF] proposed a model in which reversals originate in particular regions of the core and progressively extend to other regions (the so-called flooding model). None of these models was, however, capable of predicting VGP paths from particular sites on the Earth.

A significant step forward has been made recently, with the development by [START_REF] Leonhardt | Paleomagnetic recontruction of the global geomagnetic field évolution during the Matuyama/Brunhes transition: iterative Bayesian inversion and independent vérification[END_REF] of a Bayesian inversion method devised to reconstruct the spherical harmonic contents of the geomagnetic field during a reversal from paleomagnetic data. The validity of this inversion technique is proven, in particular, by iteratively combining four geographically distributed high quality paleomagnetic records of the Brunhes-Matuyama reversal into a single scenario without assuming an a priori common age model. The obtained results successfully describe most independent Brunhes-Matuyama transitional records. [START_REF] Leonhardt | Paleomagnetic recontruction of the global geomagnetic field évolution during the Matuyama/Brunhes transition: iterative Bayesian inversion and independent vérification[END_REF] were able to discuss many questions about the transitional field, which had been controversially discussed (see, e.g., [START_REF] Merrill | The magnetic field of the earth[END_REF]) so far: primarily the question of contribution of dipole versus nondipole fields during the reversal process. The results of their modeling indicates a strong increase of non-dipolar energy a few kyrs before the reversal. The non-dipole energy prevails on the dipole some 5 kyrs before the dipole minimum, after which both the non-dipole and dipolar energies decrease. Following the minimum in dipolar energy, the non-dipolar energy drops further, while the dipolar energy increases first sharply then progressively recovers (Fig. 3a). The model also shows that, during the reversal, the inverse flux penetrates the tangent cylinder (the imaginary cylinder aligned with the Earth's rotation axis and tangent to the inner core).

Geomagnetic Field, Polarity Reversals, Fig. 2 The compilation of sedimentary records for the last 12 My [START_REF] Laj | Geomagnetic reversal paths[END_REF] indicating the existence of preferred longitudinal bands for transitional VGPs. The blue shaded zones are characterized by fast seismic velocities in the lower mantle

Dynamo Mechanisms and Reversals

For many years, scientific opinion has been divided on what causes geomagnetic reversals. Initial suggestions have been made that geomagnetic reversals are not due to spontaneous processes in the Earth's dynamo, but rather that they are triggered by external factors (such as arrival of continental slabs near the core-mantle boundary as a result of plate tectonics, or even mantle-core shear forces linked to external impacts).

Today, most geophysicists believe that reversals are inherent aspects of the dynamo, which generates the geomagnetic field. Recent developments in numerical dynamo models, which take advantage of modern supercomputers, and also an experiment with a laboratory dynamo, point strongly that this is the only sustainable mechanism. In these models the equations describing the time-dependent thermal, compositional, velocity and magnetic field are solved simultaneously in the three-dimensional spherical geometry appropriate to the core. There is no a priori prescription for reversals, so, if they happen, they are an intrinsic property of the mechanisms of the geodynamo. The first of these numerical models aiming to simulate Earth-like characteristics was published by [START_REF] Glatzmaier | A three-dimensional self-consistent computer simulation of a geomagnetic field reversal[END_REF]. This three-dimensional, selfconsistent model was able to maintain a magnetic field for over 40,000 years. The model, considers a finitely conducting solid inner core, in agreement with findings by [START_REF] Hollerbach | Influence of the Earth's inner core on geomagnetic fluctuations and reversals[END_REF] that a solid inner core tends to stabilize the geodynamo. Over the period of 40,000 year the model undergoes several polarity excursions and finally a reversal is observed. The model, therefore, shares some similarities with real reversals of the geomagnetic field, and therefore may provide insight into the mechanisms of geomagnetic reversals.

In this respect, [START_REF] Glatzmaier | The role of the Earth's mantle in controlling the frequency of geomagnetic reversals[END_REF] and [START_REF] Coe | An examination of simulated geomagnetic reversals from a paleomagnetic perspective[END_REF] have run numerical simulations of the Glatzmaier-Roberts dynamo using a variety of thermal boundary conditions. The model displays a range of behavior that resembles records of real reversals of the Earth's magnetic field. Reversals occurred during both the homogeneous and tomographic simulation (in this last case the heat flux at the Core-Mantle Boundary is patterned after a seismic velocity model from tomographic investigation of the lower mantle). All reversals appear spontaneously, with no external triggering required. The tomographic model of [START_REF] Glatzmaier | The role of the Earth's mantle in controlling the frequency of geomagnetic reversals[END_REF] also appears to offer some support for the hypothesis that VGPs during reversals correlate with areas of higher than average heat flux.

The question of how well the geodynamo model represents the Earth's field is of course fundamental. Indeed, if the Earth's values for the radius and the rotation of the core are used, then, owing to computation limitations, viscous diffusivity values at least three to four orders of magnitude larger than those of the Earth must be used. So, while some modelers have argued that the field produced by models should be fairly realistic, other modelers are less confident that the results can be directly extrapolated to the Earth, even at the large scales. In the author's opinion, numerical models have very largely improved our understanding of the mechanisms inherent to the production of the Earth's magnetic field.

Finally, a benchmark experiment showing how magnetic field reversals can be generated without any external triggering in a turbulent conducting field has been obtained recently in a laboratory environment, the so-called VKS experiment (this acronym stands for Von Karman Sodium) [START_REF] Berhanu | Magnetic field reversals in an experimental turbulent dynamo[END_REF]). In 2000 experiments in Riga [START_REF] Gailitis | Magnetic field saturation in the Riga dynamo experiment[END_REF] and Karlsruhe [START_REF] Stieglitz | Experimental demonstration of a homogeneous two-scale dynamo[END_REF] showed that fluid dynamo could be generated by fluid sodium flows, when a favorable geometry is imposed to the flow. In the more recent VKS experiment, a turbulent flow is produced in a copper cylinder filled with liquid sodium whose flow is created by two counter-rotating impellers. When the speed of the impellers exceeds a critical value, the flow spontaneously generates a magnetic field that is self-sustained by the flow itself. This field undergoes large fluctuations, originating from the high level of turbulence. The most spectacular result was observed when the two impellers were counter-rotated at different speeds: in this case the temporal evolution of the field is characterized by a series of erratic reversals of polarity. These reveal remarkable similarities with the Earth's magnetic field, in the sense that the duration of the transitions is very short compared to the periods of stable polarity. In addition, excursions are also present, during which the field decays to very low values before growing again without a change in polarity (Fig. 4). Although similarity to the Earth's magnetic field should not be overstressed, this laboratory experiment clearly shows that reversals can appear spontaneously, as a consequence of the complexity of the fluid flow, without any necessity for an external triggering.

Outlook: The Future of Geomagnetic Reversals

The geomagnetic dipole has decreased in recent historical times at a rate of 5% per century, which is about 10-12 times the rate of free Ohmic decay of the geomagnetic dipole field in the core. Additional evidence for this rapid decrease is the poleward migration of large patches of reverse magnetic field at the core-mantle boundary that have largely contributed to the historical dipole field drop [START_REF] Olson | Changes in the Earth's dipôle[END_REF]. Therefore, this is a very rapid change for the geodynamo, which has led to speculations about the possibility of an impending field reversal [START_REF] Constable | Is the Earth's magnetic field reversing?[END_REF]; [START_REF] Olson | Changes in the Earth's dipôle[END_REF]). Because an intensity drop is also associated with excursions this second possibility should also be considered.

The inverse model of [START_REF] Leonhardt | Paleomagnetic recontruction of the global geomagnetic field évolution during the Matuyama/Brunhes transition: iterative Bayesian inversion and independent vérification[END_REF] may allow to have a deeper insight on this scenario. Indeed, when applied to the study of the Laschamp excursion [START_REF] Leonhardt | Geomagnetic field évolution during the Lascamp excursion[END_REF]) the model indicates that both dipolar and nondipolar energies at the Earth's surface decrease at approximately the same time with similar rates. The dipolar energy reaches its minimum slightly later than the non-dipolar energy. Then, for a brief interval the non-dipolar energy prevails, contrary to the Brunhes-Matuyama reversal discussed above where the non-dipole energy prevails on the dipole [START_REF] Berhanu | Magnetic field reversals in an experimental turbulent dynamo[END_REF] some 5 kyrs before the dipole minimum, after which both the non-dipole and dipolar energies decrease (Fig. 3b). The time evolution of the dipole versus non-dipole fields is different for a reversal or an excursion and could, therefore, be an indicator for an incoming reversal or excursion.

At present, however, the non-dipole field energy is about one order of magnitude smaller than the dipolar term. This latter is still larger than the dipole energy calculated before either a reversal or an excursion using the Leonhardt and Fabian approach. So despite the decreasing trend of dipole energy, there is no indication in the present field that would point toward either type of instability. Together with [START_REF] Olson | Changes in the Earth's dipôle[END_REF], [START_REF] Leonhardt | Geomagnetic field évolution during the Lascamp excursion[END_REF] therefore consider that it is not justified to consider the present decrease in dipole energy and an indication of an imminent reversal. We will have to wait some more time to know whether we are heading toward a reversal, an excursion, or whether we are simply undergoing an intensity fluctuation.

  The geomagnetic polarity timescale for the last 160 My. Numbers indicate the marine magnetic anomalies

  Polarity Reversals, Fig. 3 (a) Evolution of the dipole and non-dipole energies during the Matuyama-Brunhes polarity transition. (b) Evolution of the dipole and nondipole energies during the Laschamp excursion

  Evolution of the magnetic field measured inside the flow vessel during the VKS experiment. The main component (red) is the azimuthal one. Note that all components decay to zero at a reversal. The bottom graph shows the evolution of the power driving the flow. (Adapted from
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