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Geomagnetic jerks are sudden changes in the geomagnetic field secular variation related to changes in outer core flow patterns. Finding geophysical phenomena related to geomagnetic jerks provides a vital contribution to better understand the geomagnetic field behavior. Here, we link the geomagnetic jerks occurrence with one of the most relevant features of the geomagnetic field nowadays, the South Atlantic Anomaly (SAA), which is due to the presence of reversed flux patches (RFPs) at the Core-Mantle Boundary (CMB). Our results show that minima of acceleration of the areal extent of SAA calculated using the CHAOS-7 model (CHAOS-7.2 release) coincide with the occurrence of geomagnetic jerks for the last 2 decades. In addition, a new pulse in the secular acceleration of the radial component of the geomagnetic field has been observed at the CMB, with a maximum in 2016.2 and a minimum in 2017.5. This fact, along with the minimum observed in 2017.8 in the acceleration of the areal extent of SAA, could point to a new geomagnetic jerk. We have also analyzed the acceleration of the areal extent of South American and African RFPs at the CMB related to the presence of the SAA at surface and have registered minima in the same periods when they are observed in the SAA at surface. This reinforces the link found and would indicate that physical processes that produce the RFPs, and in turn the SAA evolution, contribute to the core dynamics at the origin of jerks.
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INTRODUCTION
The secular variation of the core geomagnetic field is generally characterized by smooth variations in time. However, since the end of the 1970s with the works of Courtillot et al. (1978) and Malin et al. (1983), the geomagnetic community has been interested in the occurrence of abrupt changes, not globally simultaneous (Brown et al., 2013), observed in the trend of the first derivative of the field elements, mostly Y (East) component, recorded at geomagnetic observatories, called geomagnetic jerks.
There exist many techniques to detect geomagnetic jerks, from spectral decomposition methods such as wavelet analysis (e.g., Alexandrescu et al., 1996) and Slepian functions expansions (Kim and von Frese, 2013) to nonlinear techniques such as nonlinear forecasting approach (Qamili et al., 2013). However, up to date, the most used technique to find out geomagnetic jerks is that based on the direct identification of V-shape in the secular variation of one geomagnetic field component (X, Y, Z) registered in ground geomagnetic observatories, mainly in the East component (Y) because it is the least affected by external fields at midlatitudes (Pinheiro et al., 2011; Torta et al., 2015). Following this approach, Pinheiro et al. (2011) used annual means of the geomagnetic components X, Y, and Z coming from geomagnetic observatories distributed around the world to estimate the occurrence time of the 1969, 1978, 1991, and 1999 geomagnetic jerks. Brown et al. (2013) improved the methodology applied by Pinheiro et al. (2011) using monthly means of the three geomagnetic components in more than 100 observatories, and then histograms with periods of most frequent jerk activity from 1957 to 2008 were estimated. Later, Torta et al. (2015) estimated the 2007, 2011, and 2014 jerks occurrence times following an analogous procedure to that described in Pinheiro et al. (2011) but using only the geomagnetic component Y. They used between six and four geomagnetic observatories to estimate the occurrence times of the most recent geomagnetic jerks.
In the last 2 decades, five well-defined geomagnetic jerks have been widely accepted by scientific community (see, e.g., Brown et al., 2013; Torta et al., 2015). These most recent geomagnetic jerks, reported in 1999 (Mandea and Macmillan, 2000), 2003 (Olsen and Mandea, 2008), 2007 (Olsen et al., 2009; Chulliat et al., 2010), 2011 (Chulliat and Maus, 2014), and 2014 (Torta et al., 2015), have been found to occur at a regular rate of one every 3–4 years. This suggests that they are caused by a quasi-oscillatory phenomenon within the outer core. New high-resolution satellite data provided by the last satellite missions, such as Swarm from European Space Agency (ESA) (Friis-Christensen et al., 2006), have improved the geomagnetic field models and, in turn, the knowledge of the dynamic processes occurring close to the outer core. As a result, one can obtain reliable estimations of the secular acceleration (SA) of the geomagnetic field and its time variations at the Core-Mantle Boundary (CMB). However, it is important to mention that the SA is less constrained for short wavelengths, which increases the difficulty to study rapid fluctuations at these scales (Gillet, 2019). Chulliat et al. (2010) and Chulliat and Maus (2014) observed that the geomagnetic jerks happened between two peaks of SA at the CMB and applied a Principal Component Analysis (Chulliat and Maus, 2014) to establish the principal modes of variability of the SA associated with the occurrence of the geomagnetic jerks. They found maxima and minima lobes of the SA located on the equatorial region in South Atlantic Ocean and South America and in the Indian Ocean. In a very recent work, Kloss and Finlay (2019) found that in these same sectors magnetic field acceleration pulses are produced by alternating prominent bursts of nonzonal azimuthal flow acceleration in the equatorial region beneath the CMB. Moreover, they found alternated sign of the acceleration at some regions that, when associated with large spatial scale structures, could cause geomagnetic jerks at the Earth’s surface.
By using global geomagnetic field models based on paleomagnetic data, Terra-Nova et al. (2016) observed that the reversed flux patches (RFPs) present at the CMB, that is, regions with an opposite polarity to that expected for an axial dipole, for the last three millennia, were mostly located in the Southern Hemisphere, especially in the South Atlantic and Indian regions.
In the last decades, the presence of two RFPs located beneath South America and South Africa from 1840 has been observed (Gubbins et al., 2006), although recent studies (Tarduno et al., 2015; Campuzano et al., 2019) point out that they could be even older (950 AD or earlier). These RFPs are commonly associated with the internal origin of the South Atlantic Anomaly (SAA) (e.g., Hulot et al., 2002; Olson and Amit, 2006; Laj and Kissel, 2015; Pavón-Carrasco and De Santis, 2016; Terra-Nova et al., 2017), a region with anomalously low values of geomagnetic field intensity at the Earth’s surface. In Figure 1, the present situation of the intensity and the radial component (Br) of the geomagnetic field at the surface and CMB, respectively, are shown. The SAA is also related to the continuous decreasing of the dipole moment of the geomagnetic field in the last 150 years (Finlay et al., 2016a; Terra-Nova et al., 2017). This has motivated some authors to study this feature as a possible precursor of a next geomagnetic transition, such as an excursion or a reversal (De Santis et al., 2013; Laj and Kissel, 2015; Pavón-Carrasco and De Santis, 2016).
[image: Figure 1]FIGURE 1 | Geomagnetic field on January 1, 2020. (A) Intensity at the surface and (B) radial component (Br) of the geomagnetic field at the CMB on January 1, 2020, from CHAOS-7.2 model (Finlay et al., 2020). The white line in (A) marks the contour line of 32,000 nT to highlight the area of the SAA defined following De Santis et al. (2012). In (B) the two RFPs related to the presence of the SAA at the surface are observed in red colors in the Southern Hemisphere. We use CHAOS-7.2 model until degree 13 to calculate the intensity at the surface and until degree six for Br at the CMB.
In the search for understanding geomagnetic jerks, an important element is to investigate possible correlations between these events and some other geophysical phenomena (see Mandea et al., 2010 for a review on some of the up-to-date suggested links). In the present paper, we suggest that the minima of the acceleration of the areal extent of SAA could be a reliable indicator of the occurrence of geomagnetic jerks, being able to register all of the well-defined geomagnetic jerks for the last 2 decades.
In the next sections, we describe the methods, together with the most important results, and then provide a discussion about the dynamic processes at the CMB that could be involved in this link and the possible identification of future geomagnetic jerks occurrence from this result.
METHODS AND RESULTS
This study has been carried out using the CHAOS-7.2 model, the release of the CHAOS-7 model (Finlay et al., 2020) that uses the Swarm preliminary baseline 0603 data up to the end of March 2020 and ground observatory data as available in February 2020. The Swarm satellite mission (Olsen and Haagmans, 2006 and references therein) was launched by ESA in November 2013. This mission, based on a constellation of three identical satellites (Alpha, Bravo, and Charlie), provides high quality measurements of the geomagnetic field in three different orbital planes, with Alpha and Charlie flying almost in parallel and Bravo orbiting alone at a higher altitude. These data, along with those given by other previous satellite missions (Cryosat-2, CHAMP, SAC-C, and Ørsted) and the global network of magnetic observatories at ground level, provide the possibility of obtaining high-resolution time-dependent geomagnetic field models such as the CHAOS-7 model and later releases.
According to Domingos et al. (2017), there are several ways to define the SAA position and, depending on the choice, the shape and evolution of the SAA could be slightly different. An operative and simple way to define the SAA in terms of its areal extent is to consider the area within the contour of 32,000 nT at the Earth’s surface following De Santis et al. (2012). We calculate its area (S) monthly from January 1998 to March 2020 using the CHAOS-7.2 model until maximum spherical harmonic degree 13 that corresponds to the main geomagnetic field. As can be observed in Figure 2A, the areal extent of the SAA has been continuously growing during the entire period, from 9.49 ∙ 107 km2 to 10.47 ∙ 107 km2. In order to evaluate in detail the evolution of this increase, we also study the rate of change of the areal extent of the SAA by applying the first and second derivatives to the previously calculated area (S) (Figures 2B–C). For the first derivative estimation, [image: image], we use the finite differences between successive times, ti and ti+1, from January 1998 to March 2020, centered in the mean time, using
[image: image]
with ti+1/2 = ti + 3 months and ti+1 = ti + 6 months, in order to provide smooth changes.
[image: Figure 2]FIGURE 2 | South Atlantic Anomaly evolution. (A) Evolution S, (B) first derivative S ̇, and (C) second derivative S ̈ of the areal extent of the SAA for the last 2 decades calculated from CHAOS-7.2 model monthly from January 1998 to March 2020. The fit of the areal extent of the SAA by using cubic splines is plotted in orange in (A). In dashed vertical gray lines, the mean occurrence times of the well-defined geomagnetic jerks for the last 2 decades are marked. Shaded bands mark the uncertainty of the occurrence times given by one standard deviation. With green arrows some interesting features are indicated (see Discussion in the main text for more details).
For the second derivative, [image: image], we use the finite differences method of second order following Tozzi et al. (2009), with ti+1 = ti + 6 months and ti−1 = ti−6 months for the same period.
Prior to the estimation of these derivatives, we smooth the areal extent of the SAA series by fitting the data using a cubic splines basis with knot points every year from 1998 to 2020.2 in order to avoid subsequent mathematical artifacts from the derivatives (orange line in Figure 2A).
As expected, the [image: image] values are positive (Figure 2B); that is, the areal extent of the SAA is increasing in the analyzed time interval with an average rate of 4.4 ∙ 105 km2/yr. In Figure 2C it is observed that this increase of the SAA is not continuously accelerated (see also Pavón-Carrasco and De Santis, 2016), alternating periods of accelerations (beginning –1999.0, 1999.9–2000.9, 2002.2–2004.0, 2005.1–2006.1, 2006.8–2008.8, 2011.0–2012.0, 2013.3–2016.0, and 2017.8–2019.6) and decelerations (1999.0–1999.9, 2000.9–2002.2, 2004.0–2005.1, 2006.1–2006.8, 2008.8–2011.0, 2012.0–2013.3, 2016.0–2017.8, and 2019.6– end). The time intervals when the [image: image] reaches positive values (2000.7–2001.1, 2003.6–2004.4, 2007.4–2010.3, 2011.6–2012.5, 2014.8– end) are characterized by longer displacements of the areal extent of the SAA. These intervals present a duration from 1 to 3 years, being the longest period of positive [image: image], that is, the maximum increase of areal extent of the SAA for the last 2 decades, between 2007 and 2010. Actually, the longest period with positive [image: image] would be from 2014.8 up to now, but this result must be considered carefully because it could be affected by edge problems of the CHAOS-7.2 model. These edge problems could also be present at the beginning of the model, the borders being the periods most subject to change. On the other hand, in the minima of [image: image] (1999.9, 2002.2, 2005.1, 2006.8, 2011.0, 2013.3, and 2017.8) the areal extent of the SAA is slowing down its advancement.
The comparison between the occurrence of these minima and the well-defined geomagnetic jerks reported during the last 2 decades is shown in Figure 2C. Since the geomagnetic jerks are not registered simultaneously in all geomagnetic observatories, we can find differences between observations of the same jerk in two different observatories even of around two years (e.g., Mandea et al., 2010). The shaded bands in Figure 2 give information about this fact. For representation of shaded bands, we have taken the occurrence times from previously published works. In detail (the following occurrence times for the different jerks are summarized in Supplementary Table S1):
- The 1999 geomagnetic jerk occurrence time: occurrence dates of the 1999 geomagnetic jerk were given in Supplementary Table A4 by Pinheiro et al. (2011). They are 54 occurrence dates calculated from the annual means of the geomagnetic components X, Y, and Z in 42 observatories. The mean (and standard deviation) of these 54 occurrence dates provides the value of 1999.0 (±0.9) plotted in Figure 2C.
- The 2003 geomagnetic jerk occurrence time: the 2003 geomagnetic jerk is identified by a relative peak in number of global jerk identifications between 2002 and 2003 (see Figure 15 in Brown et al., 2013). This interval can be rewritten as 2002.5 (±0.5) and plotted in Figure 2C.
- The 2007, 2011, and 2014 geomagnetic jerks occurrence times: they were obtained by Torta et al. (2015) using the method proposed by Pinheiro et al. (2011) on Y component. The 2007 geomagnetic jerk occurrence time was calculated in five different geomagnetic observatories providing five occurrence dates. The 2011 geomagnetic jerk occurrence time was calculated from four different observatories and the 2014 one from six different observatories. The mean (and standard deviation) of the occurrence times are 2006.7 (±0.9), 2011.1 (±1.1), and 2013.9 (±0.4), respectively. These values are plotted in Figure 2C. It is important to note that these observatories are not evenly distributed geographically. More space and time extended studies of magnetic observatories could result in more accurate estimations of the occurrence times of these jerks.
As we can observe, the minima of the acceleration ([image: image]) of the areal extent of the SAA (Figure 2C) coincide quite well with the geomagnetic jerks occurrence for the last 2 decades.
To reinforce the obtained link, we have performed several tests to verify the independence of the results with 1) the model used to calculate the SAA areal extent and 2) the SAA definition. For the first objective, we have compared our results with those given by a previous version of the CHAOS model, the CHAOS-6-x8 (Finlay et al., 2016b), that used a previous version of Swarm data (v.0505) up to the end of August 2018 and ground observatory data available at the same epoch, and with the GRIMM-3 model (Lesur et al., 2011). This last model is mainly an improvement of GRIMM-2 (Lesur et al., 2010), which was generated from CHAMP satellite data and observatory hourly means, and it is valid from January 2001 to July 2009. As we can see in Supplementary Figures S1–S2 of the Supplementary Material, the minima of the acceleration of the areal extent of SAA are detected in similar times as when the CHAOS-7.2 is used (Figure 2C). The main differences are found in the earlier times but within the uncertainty shown by shaded bands.
For the second objective, we have changed the definition of the SAA using 1) a different contour line of 28,000 nT, which corresponds to the lowest value of geomagnetic field intensity registered over the interest area in 1840 AD, computed using the historical geomagnetic field model GUFM1 (Jackson et al., 2000), and 2) the new measure to characterize the SAA area proposed by Amit et al. (2020). The results (Supplementary Figures S3–S4 in the Supplementary Material) are in agreement with those obtained previously. The most notable discrepancies are seen using the definition proposed by Amit et al. (2020) in the second derivative of the SAA areal extent, especially in the recent times, where the edge effects could be more significant by the effect of the smoothing of the splines basis used to represent the temporal variations during the modeling process.
Despite some discrepancies mainly due to edge effects, these tests confirm the results obtained with CHAOS-7.2.
DISCUSSION
Reversed Flux Patches at the Core-Mantle Boundary and Their Relation With the South Atlantic Anomaly—Jerks Link
We have found that the occurrence of geomagnetic jerks seems to be related to the minima of the second derivative of the areal extent ([image: image]) of the SAA, independent of SAA definition and the model used. To better understand the internal processes that could give rise to this link and, therefore, the origin of the geomagnetic jerks, we study the [image: image] of the RFPs related to the appearance of the SAA at surface, located beneath South America and South Africa at the CMB. We define the areal extent of each RFP as the area within the contour line of −32,000 nT of the radial component (Br) of the geomagnetic field at the CMB. This choice is based on the contour line that allows isolating both RFPs during the studied time interval (map in Figure 3) by avoiding spurious values from magnetic equator, where Br is close to 0 nT or lower (see also Terra-Nova et al., 2015).
[image: Figure 3]FIGURE 3 | Secular acceleration of the areal extent of the RFPs at the CMB. Time evolution of the second derivative of the areal extent of the South American (blue line) and African (red line) RFPs and (green line) the sum of both areal extents at the CMB. The areal extent is calculated as the area within the contour line of −32,000 nT of Br (shown in the map in the figure) using CHAOS-7.2 model until degree 6, monthly from 1998.0 to 2020.2. In dashed vertical gray lines, the mean occurrence times of the well-defined geomagnetic jerks for the last 2 decades are marked. Shaded bands mark the uncertainty of the occurrence times given by one standard deviation. With green arrows other interesting features are indicated (see Discussion in the main text for more details).
We use the CHAOS-7.2 model to estimate the Br of the geomagnetic field, with maximum spherical harmonic degree equal to six in order to avoid the effect of shorter time scales of the higher degrees, which are the most poorly resolved and most affected by model parametrization (see, e.g., Chulliat and Maus, 2014), and be able to isolate both RFPs correctly. By applying the same methodology explained above, we obtain the evolution of [image: image] of the South American and African RFPs, together and separately, at the CMB as shown in Figure 3. We compare them with the occurrence times of the geomagnetic jerks and see that the minima of [image: image] of both RFPs together (green curve in Figure 3) are always close to a geomagnetic jerk. In the comparison with the minima of [image: image] of the SAA at surface (Figure 2C), one could expect that both measures were synchronous or that the minima in Figure 3 (at the CMB) occur before those in Figure 2C (at surface). However, this is not always so. One of the possible explanations of this discrepancy could be related to the fact that not all the minima registered at surface seem to be associated with the same RFP. For instance, the 2013.3 minimum at surface seems to be more likely due to the South American RFP (even if it is interesting to note that it is preceded by a low in the African RFP, which could correlate with 2014 geomagnetic jerk observations from southern African magnetic observatories, Kotzé, 2017). This lack of synchronization between RFPs makes it difficult to provide an accurate estimation of the time occurrence of the minima when both RFPs are considered together, and it reveals the complexity of the mechanisms involved.
According to Terra-Nova et al. (2016), the presence of RFPs at the CMB is due to upwelling of toroidal field from the core, related to temperature anomalies associated with lower mantle lateral heterogeneities (Tarduno et al., 2015; Terra-Nova et al., 2016). In order to interpret our results correctly, we have to take into account that 1) the South American RFP is vanishing while the African RFP is reinforcing (Supplementary Figure S5), 2) the smaller the area of the RFP is, the lower the absolute value of Br minimum in the RFP is (Supplementary Figure S6). This means that in the minima of the second derivative of the areal extent of the RFPs, which seem to be associated with the occurrence of the geomagnetic jerks, there is a decrease in the rate of evolution of the areal extent of the RFPs: the African RFP slows down its extent (slow reinforcement of Br) and the South American RFP vanishes slower (slow weakening of Br). This behavior could be due to a weakening and later reinforcing of the upwelling of toroidal field from the core in the case of the African RFP and vice versa for the South American RFP.
The 2005.0 Minimum and the New Geomagnetic Jerk
In Figures 2C, 3, green arrows have been plotted to highlight two interesting features. The first one is a minimum observed in 2005.1. A geomagnetic jerk in 2005 was already reported by Olsen and Mandea (2008). It had not been well observed in other works (e.g., Brown et al., 2013) but recently some interesting features have been observed around this time (Chulliat and Maus, 2014; Soloviev et al., 2017). Our findings would confirm the existence of an impulse of the geomagnetic field during this epoch. According to previous works (Chulliat et al., 2010; Chulliat and Maus, 2014; Kloss and Finlay, 2019) a geomagnetic jerk is characterized by acceleration changes rapidly before or after a pulse of the secular acceleration (SA) of the geomagnetic field at the CMB. Next, we study the second derivative (i.e., SA) of the Br calculated on regular grid of 10,239 points at the CMB. To be consistent, we apply the same methodology used in the determination of [image: image] of the SAA and RFPs, but with ti+1 = ti + 12 months and ti−1 = ti−12 months to provide smoother changes. To estimate the Br of the geomagnetic field, we use the CHAOS-7.2 model with maximum spherical harmonic degree equal to 6 as previously. Then, we calculate the global averaged squared SA of the Br at the CMB monthly during the last 2 decades. We also estimate the global averaged squared SA of Br considering only the positive values (SA of Br+) and negative values (SA of Br−) of the SA of Br in order to evaluate if lobes of some particular sign affect more the occurrence of geomagnetic jerks. Moreover, we also estimate the SA of Br by averaging for a region between 20°S and 70°S in latitude and between 90°W and 70°E in longitude, where the RFPs associated with the SAA at surface are located. The comparison of these estimations with the occurrence of geomagnetic jerks in the last 2 decades (Figure 4) confirms that those occur at the beginning or end of the SA pulses (Chulliat et al., 2010; Chulliat and Maus, 2014). This is also observed when the average is calculated on the region where the RFPs associated with the SAA are located, which reinforces the link between SAA and jerks. In this point, it is worth to mention that observed SA might be a time average of the true instantaneous SA, especially when using geomagnetic field models with temporal damping, such as CHAOS. This could be a limitation to correlate on a very accurate way some features of the SA in time.
[image: Figure 4]FIGURE 4 | Averaged secular acceleration of the geomagnetic field at the CMB. Time variation of the averaged squared secular acceleration of the Br calculated using maximum spherical harmonic degree six at the CMB. In black, the average is calculated globally. In green, we consider only positive lobes of the SA of Br for average. In red, we consider only negative lobes of the SA of Br. In blue, we consider the SA of Br in the region where the RFPs associated with the SAA at surface are located at the CMB (between 20°S and 70°S in latitude and between 90°W and 70°E in longitude). In dashed vertical gray lines, the mean occurrence times of the well-defined geomagnetic jerks for the last 2 decades are marked. Shaded bands mark the uncertainty of the occurrence times given by one standard deviation. With green arrows other interesting features are indicated (see Discussion in the main text for more details).
It seems that there is no clear relation between lobes of a particular sign and the origin of the geomagnetic jerks. However, the asymmetry of the contribution of the negative and positive lobes of SA of Br around 2004.0 is worth noting, registering a slight minimum in the SA of Br+ (also observed when only the region associated with SAA is considered). This means that the contribution of the positive lobes to the SA of the Br decreases in this epoch, which anticipates by some months the minima of acceleration of the areal extent of SAA in 2005.1 (Figure 2C) and of the areal extent of the African RFP (Figure 3). After that, a slight reinforcement of the African RFP is observed around 2006 (black arrow in Supplementary Figure S6).
However, a clear pulse of the SA of the geomagnetic field is not observed around 2005, as would be expected for a geomagnetic jerk. This could mean that the minimum detected in 2005.1 would not correspond with a “typical” geomagnetic jerk (i.e., related to the beginning or end of a pulse of the SA at the CMB). Therefore, this minimum could correspond with a new feature of the geomagnetic field, that is, an impulse related to the asymmetry between positive and negative SA lobes at the CMB. Other possibility is that it is a poor-defined geomagnetic jerk because it is too close to other jerks to clearly identify both with usual tools. Chulliat and Maus (2014) proposed that jerks observed near 2003 and 2005 were related to the same SA pulse, which presents a maximum in 2006. Soloviev et al. (2017) also showed SA pulses around this time. In any case, the analysis of the second derivative of the areal extent of SAA demonstrates to be a promising instrument to identify this kind of poor-defined jerks. Further investigations will be needed in order to confirm these possibilities.
The second interesting feature that is marked with a green arrow in Figures 2C, 3 is the minimum in 2017.8. This corresponds with a new pulse observed in recent times in the SA of Br (Figure 4), with a maximum in 2016.2 and a minimum detected in 2017.5. Both observations could indicate the occurrence of a new geomagnetic jerk as suggested by Brown and Macmillan (2018) and observed by Hammer (2018) and Whaler et al. (2020). Hammer (2018) analyzed the secular variation (SV) and secular acceleration (SA) over ground and virtual observatories calculated from Swarm data and found the characteristic V-shape in the SV and the steep change in the SA in the observatory of Hawaii in the Pacific region in 2017 and in the French Guyana, where the SAA is situated, at the beginning of 2016. Recent studies about the variations in the length of day (LOD) and its relation with the occurrence of geomagnetic jerks support the presence of a geomagnetic jerk in 2017, as well (Duan and Huang, 2020).
Whether the trend of the SAA areal extent does not change, the detection of a relative maximum of [image: image] of the SAA could indicate coming geomagnetic jerks with around 1.5 years in advance, according to Figure 2C. This is within the mean time of 6–7 years after which no reliable prediction for the field can be made following Qamili et al. (2013).
Finally, a spectral analysis using continuous wavelets applied on the global averaged squared SA of Br and the [image: image] of SAA and RFPs series reinforces the found link (Figure 5), by providing a common periodicity of around 2.5–4 years. This not only reinforces the obtained result but also links the SAA with the dynamic of the core associated with the origin of the geomagnetic jerks because the pulses of the SA of Br are related to their occurrence. These results are confirmed by applying the Empirical Mode Decomposition (EMD) following Flandrin (2009) and by estimating the power spectrum in function of the frequency (Supplementary Figure S7 in the Supplementary Material), where a longer period of around 5–10 years is also identified.
[image: Figure 5]FIGURE 5 | Frequency analysis. Wavelet analysis with Morlet basis functions of (upper panel) the global averaged squared secular acceleration of the radial component (Br) of the geomagnetic field at the CMB, (middle panel) second derivative (acceleration) of the areal extent of the South American and African RFPs, and (bottom panel) the second derivative (acceleration) of the areal extent of SAA for the last 2 decades. The shaded plot indicates the nonsignificant part of the analysis and the black lines mark the common period found.
Dynamic Processes at the Core-Mantle Boundary
The relation between geomagnetic jerks and pulses of the global averaged squared SA of the Br at the CMB seems clear from Figure 4 (see also Chulliat et al., 2010; Chulliat and Maus, 2014; Kloss and Finlay, 2019) but also with the SAA (even if with lower amplitudes between 2006 and 2014) as shown by the blue curve of the same figure. This means that possibly the particular core dynamics associated with the SAA, that is, the presence of RFPs at the CMB, is related to the detection of jerks at surface; that is, the SAA area is a region especially sensitive for the identification of geomagnetic jerks.
Chulliat and Maus (2014) carried out a Principal Component Analysis to determine the variability modes (Empirical Orthogonal Functions, EOF) of the SA of the geomagnetic field at the CMB associated with the occurrence of geomagnetic jerks. Three principal modes were obtained: EOF #1 and EOF #2 presented maxima and minima lobes of the SA located in low and middle latitudes of the Atlantic sector (where the SAA is located nowadays); EOF #3 was characterized by maxima and minima of the SA in the Indian sector.
We have estimated the SA of the Br at the CMB during the last 2 decades (see Supplementary Movie S1 in the Supplementary Material) following the methodology mentioned in the previous section. The SA maps of Br corresponding to January 1 for each year are shown in Figure 6. As can be observed, the geomagnetic jerks that occurred in 1999.0 and 2003.0 are dominated by the EOF #3, while the geomagnetic jerks of 2007.0, 2011.0, and 2014.0 are clearly dominated by EOFs #1 and #2. The lowest values of the SA of Br are associated with the 2003.0 geomagnetic jerk. We observe that the lobes over Atlantic sector change their sign after the unfolding of a geomagnetic jerk. Chulliat and Maus (2014) yet noted this feature for 2007.0 and 2011.0 jerks and suggested the presence of a standing magnetohydrodynamic wave with a period of about 6 years at the core surface, described by the sum of the first two EOFs. Torta et al. (2015) also reported on the change of sign in the SA of the geomagnetic field for 2014.0 jerk. More recently, Kloss and Finlay (2019) carried out a detailed analysis of the time-dependent low latitude core flow and geomagnetic field acceleration pulses at the CMB and found an alternated sign of the nonzonal azimuthal flow acceleration at particular longitudinal areas (South Atlantic sector and Indian region). They observed that the rapid acceleration sign changes are related to the occurrence of geomagnetic jerks, focusing their analysis on the 2014 geomagnetic jerk. Here, we note that a new configuration of lobes with opposite sign compared with those observed from 2012.0 to 2014.0 (when the last geomagnetic jerk occurred) is clearly observed in 2016.0 (see also Kloss and Finlay, 2019). This situation (Figures 6R–S) along with the new pulse of SA that was registered in 2016.2 (Figure 4) and the minimum observed in 2017.8 in [image: image] of the SAA (Figure 2C) and of the RFPs (Figure 3) could indicate the occurrence of a new geomagnetic jerk during these years. In fact, Whaler et al. (2020) found changes in the azimuthal flow acceleration beneath the Pacific region in 2017, which they linked to the occurrence of the geomagnetic jerk that was registered by Hammer (2018) particularly well in observatories in the Pacific. These changes in the flow were accentuated in the west side of the Pacific region, closer to the Indian sector considered as the EOF #3 by Chulliat and Maus (2014). Thus, the new jerk could be dominated by this region, even if it is difficult to identify clearly from Figures 6R–S.
[image: Figure 6]FIGURE 6 | Secular acceleration of the Br of the geomagnetic field at the CMB. Maps of the secular acceleration of the Br at CMB for January 1 for every year during the last 2 decades. We use CHAOS-7.2 model until degree six to calculate the Br.
Aubert (2018) proposed that the arrival of quasi-geostrophic Alfvén waves coming from the deep core to the CMB could produce this alternating sign with a period subdecadal. The periods found from the frequency analysis in this work (Figure 5; Supplementary Figure S7) agree with that scenario. Moreover, the flow accelerations are found mainly in the Atlantic and Indian sectors, the same positions where Terra-Nova et al. (2016) observed the presence of RFPs in the last three millennia and the locations of the RFPs associated with the presence of the SAA at surface. The RFPs are related to upwelling of toroidal field from the core, associated with temperature anomalies linked to lower mantle lateral heterogeneities (Tarduno et al., 2015; Terra-Nova et al., 2016). Regarding our work, this could mean that when the upwelling of toroidal field presents a change associated with a minimum in the second derivative of the areal extent of the RFPs and, in turn the SAA, a geomagnetic jerk is observed.
According to Kloss and Finlay (2019), under the Atlantic region a westward motion of azimuthal flow acceleration features is observed. They proposed that it could be due to a quasi-geostrophic Alfvén wavefront that arrives first under western Africa and then moves westwards. This could also agree with part of our results because we observe that the minimum in the second derivative associated with the 2014.0 geomagnetic jerk is observed previously on the areal extent of the African RFP and next on the South American RFP (Figure 3).
The physical mechanism that explains the link between jerks and SAA is not still completely clear, but it seems that the found link between these two apparently different phenomena of the geomagnetic field is an indication that the physical processes that produce the RFPs at the CMB and the SAA at surface involve also the internal dynamics associated with the origin of the geomagnetic jerks. It is possible that the arrival of quasi-geostrophic Alfvén waves at the CMB produces not only nonzonal azimuthal flow accelerations of alternating sign but also effects on the upwelling of toroidal field present at higher latitudes. When a rapid change of the sign of these flow accelerations is produced (Figure 6), this would coincide with a change of the upwelling regime. This could be observed as a pulse of the SA of Br over the RFPs region (Figure 4) and a minimum in the [image: image] of the RFPs at the CMB (Figure 3) and of the SAA at surface (Figure 2C), and the unfolding of a geomagnetic jerk.
CONCLUSION
We suggest a previously unreported link between the minima of the second derivative of the areal extent of SAA at surface and the occurrence of geomagnetic jerks for the last 2 decades. This result has been confirmed at the CMB, by studying the areal extent of the RFPs associated with the presence of the SAA at surface.
We have seen that global SA pulses at the CMB related to the occurrence of the geomagnetic jerks are also detected locally on the area at the CMB affected by the RFPs associated with the presence of the SAA at surface.
A new change of sign in the lobes of the SA of Br at the CMB over the Atlantic sector in 2016.0 epoch seems to reinforce the hypothesis proposed by Chulliat and Maus (2014) on the presence of a standing magnetohydrodynamic wave with a 6-year periodicity that is of the order of the periodicities reported in this work. This was also noted by other authors in more recent works (e.g., Aubert, 2018; Kloss and Finlay, 2019). A new pulse has also been observed in the global averaged squared SA of the Br, which has reached a maximum in 2016.2 and a minimum in 2017.5. This fact, along with the change of sign of the lobes of the SA of Br, the analysis of periodicities, and the minima registered in the second derivative of the areal extent of SAA and RFPs in 2017.8, would point to a new geomagnetic jerk. This argument is supported by recent observatory data analyzed by Hammer (2018) where the characteristic V-shape in the secular variation and the steep change in the secular acceleration are found in observatories in the French Guyana in 2016 and Hawaii in 2017.
We have seen that the areal extent of SAA is able to detect through its relative minima all impulses of the geomagnetic field at surface (and, therefore, observed in magnetic observatories). This fact is of particular interest because it could shed light on geomagnetic jerks identified in some, but not all, studies. In this work, the occurrence of the 2005.0 geomagnetic jerk is discussed. We propose that this event, detected as a minimum of the second derivative of the areal extent of SAA, could be an impulse of the geomagnetic field associated with the asymmetry of the positive and negative lobes of the SA of the geomagnetic field at the CMB. It could be considered as a new kind of impulse of the geomagnetic field but also as a poor-defined jerk. It is also important to take into account that the jerks can be poorly defined particularly when we have to distinguish between successive events in disparate regions of the globe that overlap in time. From this point of view, this work is encouraging because it aims to give links to effects at the CMB that help to simplify the view of the surface expressions.
Finally, we have observed that the RFPs at the CMB are mostly observed in the same sectors related to the geomagnetic jerks occurrence (i.e., Atlantic and Indian sectors). The fact of detecting jerks globally (outside of these regions) does not exclude the fact that singular situations of the core dynamics like the presence of RFPs can favor the detection of jerks. These regions seem to be characterized by upwelling of toroidal field from the core, related to temperature anomalies associated with lower mantle lateral heterogeneities (Terra-Nova et al., 2016). Following Kloss and Finlay (2019), it could be possible that the relation between the arrival of quasi-geostrophic Alfvén waves at the CMB and the presence of nonzonal azimuthal flow accelerations of alternating sign could affect the upwelling of toroidal field present in higher latitudes. When a rapid change of the sign of these flow accelerations is produced, this would coincide with a change of the upwelling regime, observed as a minimum in the second derivative of the areal extent of the RFPs at CMB and of the SAA at surface, and the unfolding of a geomagnetic jerk. This could provide an important hint about the dynamic processes that link the RFPs and, therefore, the evolution of the SAA nowadays, with the geomagnetic jerks at the interior of the Earth.
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