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Abstract The magnetic poles or dip poles are the points on the Earth's surface and circum-terrestrial
area where the magnetic field is vertical, so the horizontal component vanishes. They are not coincident
with geomagnetic poles, which are the points where the dipole axis, obtained by analytic models,
intersects the Earth's surface, and their instrumental sampling determination from ad hoc ground

surveys is difficult due to the harsh environmental conditions and remoteness of the areas where they

are located. In this work, we use magnetic field measurements from ESA's Swarm satellites covering

5 years (2015-2019), and determine the position of the magnetic poles by modeling the yearly average
horizontal magnetic field component through analytic two-dimensional Taylor polynomial fit and finding
the locations where this component is minimum. The yearly dip poles positions at average satellites
geocentric altitudes are also projected at ground level based on WGS84 geodetic reference system.
Reliability of our method is evaluated by an optimized Monte Carlo test applied to combined International
Geomagnetic Reference Field (IGRF) model and Swarm data. The availability of several years of data
allows us to investigate the long term variation and dynamics of the magnetic poles, also in comparison
with the results provided by IGRF model (both IGRF12 and IGRF13). Our results agree with the model,
in better accordance in the north hemisphere with IGRF13, indicating that both magnetic poles move in
the north-west direction, with a speed of ~37-72 km/y (lower in year 2016) for the north dip pole and of
~5-9 km/y for the south one.

1. Introduction

The regular observations of the Earth's magnetic field from different points of the planet, older than those
of meteorology and seismology, allowed Gauss since mid of 19th century to reconstruct from the spherical
harmonic analysis that the main contribution to the field comes from its internal dipolar component. The
quality of the Gauss analytic models has been improved along the decades thanks to the growing number of
contributing observatories spread around the world. In this contest, an important contribution comes from
the observations collected from remote and inaccessible areas, as those from the polar regions where the
field is stronger than in any other place, its geometric dipolar pattern shows high space gradients and asym-
metric spatial features and temporal variations are also present. The Earth's magnetic poles (also known as
vertical or dip poles), defined as the points where the horizontal component of the field vanishes, are locat-
ed in polar areas; they are not coincident with the geomagnetic (analytic) poles nor the poles of rotation of
the Earth (geographic poles) as discovered during the epic voyages of the past centuries.

The famous captain James Ross was the first person who located the north magnetic pole in 1831 at 70° 05'
N, 96° 46' W (Ross, 1834). Following determinations culminated in the last published location by Newitt
et al. (2009) at 83° 57' N, 120° 43' W in 2007, as an average results from different analyses based on ground
measurements. A detailed list of past determinations derived from ground measurement is also published
in Newitt et al. (2009).

Direct measurements of the south magnetic pole location started later than those of the north hemisphere,
since Antarctic continent is more difficult to reach, being surrounded by the most stormy seas of the world,
contrarily from the Arctic which is surrounded by inhabited lands. The first reliable surveys are dated back
to 1899 by Bernacchi and Colbeck (Bernacchi, 1901); later, in 1909, Mawson, David and Mackay (McGre-
gor et al., 1982) stated the first precise location of the south magnetic pole at 72° 25" S, 155° 16' E. Few
upgrading measurements took place along the 20th century, and the latest observation put the pole at 64°
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40" S, 139° 01' E in 2000 (Barton, 2002). In summary, simple outcomes from such measurements suggest
that magnetic poles are not antipodal and they move along time with different speed rates and patterns,
having covered distances of approximately 1,000 km in the last 120 years. An interesting dissertation about
the asymmetric behavior of the magnetic dip poles can be found in Mandea and Dormy (2003) and Korte
and Mandea (2008); they also show that in the north hemisphere the dip pole has been migrating in the
north-western direction, from north Canadian territories toward Siberia, while in the south hemisphere the
dip pole has been moving westward. Conversely, the geomagnetic poles, which are derived from the first
three terms of the spherical harmonic analysis of the Earth's magnetic field, show to be almost stationary
(Thébault et al., 2015).

The independent behavior of the magnetic poles is a reflection of the secular variation of the Earth's inter-
nal (core) field, which is the main source of the whole geomagnetic field. On the Earth' surface every meas-
urement contains the contribution from the core field plus the smaller in magnitude crustal and external
field, which cannot be separated in the experimental data (Newitt et al., 2009). Nor the models, even the
most sophisticated, can perfectly reach the goal since they are based on observations “contaminated” at the
source, not to say that their reliability critically depends on the distribution of observational points, still un-
balanced because of their scarce presence in polar areas and open oceans. Nevertheless, in models based on
spherical harmonic expansions, choosing the right combination of the order and degree of their coefficients
and isolating contributions from dipolar and non-dipolar origin, some aspects of the separation between
internal and external contributions to the geomagnetic field can be explained but some others need to be
further modeled and investigated. Indeed, considering not only the centered magnetic dipole but also the
eccentric dipole and higher order terms, the presence of the geomagnetic poles and of the dip poles, togeth-
er with their not-antipodal characteristics, may be well distinguished as described by Fraser-Smith (1987).
At time scales shorter than 1 year, even the contribution from external sources (magnetospheric and ion-
ospheric currents) is needed to explain the short time dip poles displacements, such as their cyclic diurnal
paths (Dawson & Newitt, 1982).

Among the group of “pole” family, (geomagnetic, eccentric, geographic, pole of inaccessibility, etc.) the dip
poles are the unique poles which can be located by means of direct experimental measurements which re-
main, in principle, superior of any response from any model, rather they contribute to test and increase the
accuracy of global and regional models, especially in polar regions. The fascinating topic about the nature
of the Earth’' magnetic field and its main features, like the ones related to the displacement and velocity of
the north and south dip poles, attracts the curiosity of the general public and, hopefully, a new generation
of students. The attractive possibility to use observational satellite data, benefiting from their lifetime and
huge data production, allows to monitor the position and motion of such poles through month-by-month
analysis using physical measurements (and later through models which require long times to be released)
and helps to keep the interest on these topics alive. The time-space evolution of the dip poles, which is an
independent parameter reflecting the existence of internal processes of our planet, should foster the inves-
tigation of scientists belonging to different domains of knowledge than Earth's magnetism. As in the past
through the @rsted (Hulot et al., 2002) satellite mission, which provided an improvement in the knowledge
of the Earth magnetic field, nowadays we rely on the ESA's (European Space Agency) three Swarm satel-
lites, coded as Alpha (A), Bravo (B) and Charlie (C), provide a huge amount of data, allowing us to overcome
at once the criticisms of deriving the dip pole positions from ground-level surveys (Campbell, 2003):

* From few spot measurements (weak statistics)
* Inevitably under unpredictable magnetic external conditions during scheduled and time-limited surveys
* With contamination by crustal unwanted contributions

Ground surveys in polar remote regions cover a limited and well definite area, have a short duration and
need to be planned in advance with big logistics efforts, no matter the possible sudden change of the exter-
nal forcing conditions leading to less reliable results.

On the contrary, Swarm satellite mission provides a continuous and progressively longer data set, collect-
ing data at different global magnetic conditions (quiet, moderate and disturbed). Moreover, at the satellite
altitudes crustal small scale wavelength structures give very weak contributions to the field recorded by on-
board equipment. Obviously the external contributions are present in Swarm measurements and can trigger

REGI ET AL.

20f 18



/Y ed N |
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2020JA028513

a short term variability of the dip poles position; this feature can be an advantage in studying the Sun-Earth
relations; however, in our case it can be disregarded since we are focusing on the long term dip poles varia-
bility and averaging procedures imply that the external contributions are negligible.

In a previous paper, based on the data set from Swarm A and B, Jan 2014-Apr 2016, the dip poles positions
and their spatial shift under different geomagnetic conditions were estimated (Lepidi et al., 2018). In this
paper, we use a larger data set, from Swarm A, B and C, during years 2015-2019, in order to establish a
robust mathematical method for determining the dip poles positions and their long term displacement in
the analyzed time interval. Years 2015-2019 mark the descending phase of solar cycle 24, spanning from
high-moderate to low level of solar activity. The dip poles positions found from Swarm data are also com-
pared with the ones derived from the last generations of the International Geomagnetic Reference Field
(IGRF) model. Its 12th generation (IGRF12, Thébault et al. (2015), https://www.ngdc.noaa.gov/IAGA/
vmod/coeffs/igrfl2coeffs.txt) was released in 2015, and so its results for 2015, relying on updated geomag-
netic data for that year, are the best ones to which Swarm data set can be compared. A further opportunity,
was given us by the latest IGRF release: the 13th generation of the model (IGRF13, https://www.ngdc.noaa.
gov/TAGA/vmod/coeffs/igrf13coeffs.txt), dated on December 2019, which allows a further comparison, be-
ing more reliable for years 2016-2019, which are not any more resulting from extrapolated predictions as
they were for IGRF12. The long-term variation of the Earth's magnetic field is a topic of current deep sci-
entific importance for terrestrial physics. The monitoring of the intriguing different behavior of south and
north dip poles, especially evident in their mutable positions and velocities along the years, may contribute
to the knowledge of the mechanisms that are fundamental in the generation of the Earth's magnetic field.
Current availability of satellite datasets allows us to determine in short time (within months) the dip poles
positions and their displacements. Once verified that experimental data from satellite equipment are statis-
tically consistent with those from the traditional ground-based geomagnetic observatories through global
models but with some limitations better explained in the next sections, we prove the advantages of a prompt
knowledge of the pole positions without the need for global models to be released (typically every 5 years).

2. Data and Methods

Swarm satellite constellation consists of three satellites in polar orbit; each of them orbits 15 times in a day
(about 95 min per orbit) and in one second covers about 8 km, corresponding to a latitudinal amplitude 4
~0.072°. We use Swarm A, B and C magnetic field measurements provided by three-axis stabilized vector
field magnetometers (VFM) at 1 s sampling rate and projected in the North-East-Center (NEC) geocentric
reference frame. For each sample and for each satellite, also geocentric radial distance r, latitude 4, and
longitude ¢ are provided. Swarm mission started on November 22, 2013 and all satellites reached stabilized
altitudes approximately in May 2014 (https://earth.esa.int/web/guest/missions/esa-operational-eo-mis-
sions/swarm/data-access/orbit-instrument-availability): Swarm A and C fly in a tandem configuration at
altitude h of ~450 km (considering h = 0 at the standard average Earth's radius), while Swarm B, which is
azimuthally shifted with respect to Swarm A and C, at ~530 km. Actually, all these altitude values are re-
ferred to 2014 and decrease with increasing time at a rate of ~0.1 km/month (B) and ~0.3-0.6 km/month (A
and C) during 2014-2019. For further details on the Swarm satellite instruments visit https://earth.esa.int/
web/guest/missions/esa-eo-missions/swarm/instruments-overview; see also Merayo et al. (2008), Qamili
et al. (2018), Toffner-Clausen et al. (2016), and references therein. The Swarm satellite data set is subject to
reprocessing procedure leading to progressive releases from the ESA team when their improved quality is
reached (e.g., removing systematic noise). For this reason, we use data available at the ESA data portal since
September 2019. We are interested in estimating the dip pole location at a given time and reliable altitude,
and so to minimize the effect of progressive magnetic poles displacement and decrease of spacecraft orbital
altitudes we analyze magnetic field measurements by considering 1-year time intervals; each interval is
centered at January 1st of each year from 2015-2019; within a year, the maximum altitude deviation with
respect to its central value is about 0.7% for Swarm A and C and about 0.1% for Swarm B. The dip pole iden-
tification procedure can be subdivided in two different sub-procedures: the subset selection and the regional
modeling scheme. These procedures are separately described in the following subsections.
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2.1. The Subset Selection
The generation of a subset of our target data can be summarized as:

1. The original time series are magnetic field measurements at 1 Hz sampling rate in the NEC reference
frame, that is, consisting in By, B and Bc components. In the present analysis, we do not use the Bc
component

2. The magnetic field measurements are grouped into a regular grid identified by 1 and ¢ distinct intervals,
separately for the south and north hemisphere

3. For each grid cell, the average values By and Bj; and their variances oy and oy are computed from data
which are in the range 20%-80% of the empirical cumulative distribution function, independently for the
three Swarm satellites; each average value is attributed to the center of the corresponding grid cell. Each
cell is also associated to its number of data, that is, to its degrees of freedom (DoF)

For obtaining reliable and significant results, the choice of the grid, that is, of the cell dimension A1 and
A¢, is fundamental to get the appropriate balance between the need of a good spatial resolution and a sig-
nificant DoF in each cell. In this regard, we use a grid resolution of ~0.4° in both directions. The average
magnetic field components computed with the procedure described above will be hereafter indicated as
Swarm subset; we have a different subset for each satellite and for each year.

An example of the horizontal magnetic field H = \B% + B2, computed by using Swarm A 2015 data, is
shown in Figure 1 for the north (panel a) and south (panel b) hemisphere. The standard deviations of the

horizontal field o; = /o3 + o2 , normalized to the average H, are also shown in panels (c) and (d). Overall
availability of data falling in each cell (DoF) contributing to the Swarm subset for both hemispheres can be
seen in panels (e) and (f). Circular gaps around the north and south geographic poles in all panels corre-
spond to the areas uncovered by Swarm A satellite, whose orbits do not pass over them. Similar features are
obtained for the other two satellites, Swarm B and C (not shown here).

2.2. The Regional Modeling Schemes

The location of each magnetic pole could be, in principle, identified as the minimum of the horizontal field
from Swarm subset above computed. However, each ensemble linked to a specific cell is a result of the his-
tory of the geomagnetic activity and its associated average magnetic field could be higher/lower than from
the other nearest ensembles due to statistical fluctuations. In addition, the possible selection of particular
geomagnetic activity conditions would reduce the DoF and the reliability of the averages, leading to spatial
gaps in the extreme cases. Moreover, the dip pole position, estimated as the minimum of H in experimental
data, is subject to the spatial resolution determined by the grid dimension that can be made smaller at the
cost of a weaker statistics.

We retain that the dip poles position should be better identified by using an appropriated analytic model
on the satellite data subset. Several regional analytical methods were historically adopted for this purpose:
the spherical cap harmonic analysis (SCHA; Haines [1985]; Haines [1988]) and two-dimensional Taylor
polynomial (TP) fit (e.g., Meloni et al. (1994); Newitt et al. (2009)). Although the SCHA should be better in
principle for a data set over a sphere, guaranteeing the orthogonality of the harmonic functions, we prefer
to use the TP method which is simpler and applicable to regional magnetic field measurements regardless
the orthogonality of the base functions, conversely required by SCHA approach. Moreover, the TP fit can
be used also when the number of observations is limited, that is, when the SCHA could lead to unstable
solutions (see, e.g., Newitt et al. (2009)), then allowing to conduct also short term analyses or analyses under
particular conditions.

The modeling scheme can be summarized as it follows:

1. Regional analysis by means of a polynomial model implies to restrict the spatial domain to have a better
convergence of the fit procedure. Therefore, we numerically identify the minimum value of the horizon-
tal component of the magnetic field H and its coordinates (1o, ¢,) and then restrict our investigation to
the region 4, + 10° and ¢, + 10°. The dip poles motion rates at short time scale (Dawson & Newitt, 1982)
guarantee that the dip poles, within each year, are well inside the chosen regions.
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Figure 1. Average horizontal magnetic field H in the north (a) and south (b) hemisphere during year 2015 (Swarm A). The corresponding normalized standard
deviations oy/H are shown in panels (c) and (d), while the corresponding numbers of 1 Hz data (degrees of freedom, DoF) are shown in panels (e) and (f).
White small circles at the center of each figure are data gaps since the satellite does not cover the small areas just around the geographic poles. Each map is
obtained by using an orthographic projection and looking downward to the pole.

2. The squared experimental horizontal field values H?, one value for each cell of the grid, are fitted by
using a TP method of this kind, in order to obtain a modeled field A, ,f,,,d

N M
Hppog(n) = Co + X X Ap(2 = 29)" (6 — d)" ¢))

n=0m=0

where the maximum orders M = N = 5 are chosen and the unknown coefficients A, (n, m = 0,1,2,..,5),
are estimated through least square method by using weighted estimations, with weights represented by
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H (nT) DoF; 4 and ¢, represent the origin of expansion, while C is intro-
duced to set the minimum value of H,.q to zero.
780 3. We identify the reliable dip pole location by estimating the minimum
value of the horizontal field modeled by TP fit (Hy,0q). For this pur-
6000 pose, we use a grid with a resolution at least 20 times higher than that
used to compute the Swarm subset, which corresponds to an angular
5000 resolution of 0.02° (~2.4 km at approximate average satellite altitude
of 450 km).
4000
Regional modeling described above requires the area of interest to be
3000 small enough in order to guarantee that a plane approximation holds
and, at the same time, large enough to contain a reasonable number of
2000 data samples and to reduce in the core area the effect of possible instabil-
ities at the edge of the spatial domain (Newitt et al., 2009). Figure 2 shows
{60 an example of the south dip pole identification procedure based on the
TP fit above described, by using 2015 Swarm A subset. In this example,
g the rectangular grid is defined by ¢, ~ 135.8° E + 10° and 4o ~ —64.4° N

Figure 2. An example of the application of the Taylor polynomial (TP)
fit to determine the south magnetic pole from Swarm A subset during
2015. The horizontal field (H) is shown in color scheme (panel a), while

+ 10° (as previously explained, ¢, = 135.8° E and 4, = 64.4° N are the co-
ordinates of the grid cell where the experimental H minimizes). The cell
extension has been properly chosen to be quite symmetric with respect to
the field geometry to guarantee a good convergence of the TP fit. It can be

the light blue lines mark the intensity levels of the modeled field (Hyoq). seen that H levels of Swarm A subset (in color scheme) match very close-
The dip pole determined as the minimum of horizontal field (red dot)and ~ ly with those represented by TP fit whose intensity levels, with 1,000 nT
that estimated by using the TP fit (light blue cross) are also indicated. The spacing, are shown as light blue curves which are well approximated by

Antarctic sector shown in panel (a) is highlighted in panel (b) with green

contour.

ellipses. It is clear that the pole position identified as minimum of H (red
dot) is not coincident with the center of the lower H level where the min-
imum of Hy, is found (light blue cross): a distance between these two
minima of ~22 km is found, probably due to uncertainty induced by grid
resolution and statistical fluctuations. We can definitely state that considering the minimum of the modeled
field leads to a significant improvement with respect to considering simply the minimum of the experimen-
tal data, in that the light blue cross better indicates the center of the color contours.

As shown in Figure 1, the north magnetic pole is closer to the geographic one and to the corresponding data
gap with respect to the south one. Since Equation 1 describes a function that is not continuous in corre-
spondence of the geographic pole, which represents the singularity of the spherical coordinates, it is clear
that TP fit method in geographic coordinates is not easily applicable to the north hemisphere, as we verified
in a separated analysis not shown here. This limitation will be easily mitigated by using an appropriated
reference frame; the problem indeed could be solved by using a spherical cap-centered reference frame (see
for example Haines [1988]), defining the new coordinate axes such that the z axis is far from the geographic
pole. In our case, this corresponds to choose a new x axis that passes through the point P(4, ¢,), as described
in A. Practically, this consists in a rotation procedure from the geographical Cartesian coordinates to the
cap-centered reference ones, by defining the origin of Equation 1 as P (4o, ¢,) that identifies the new x axis.
In this reference frame, Equation 1 is simplified as it follows:

N M
Hpoa(A,®) = Cy + X X 4,,A"0" ©)
n=1m=1
where in the cap-reference frame A, ® and A Co represents the new coordinates and coefficients,
respectively.

The TP method requires a plane approximation, so it cannot be applied to a large region over a sphere.
Therefore, on the basis of previous discussion, we set the maximum amplitude of the cap-centered domain
to 20°.

In Figure 3, the results obtained from 2015 Swarm A subset by using the cap-centered reference system
are shown for both hemispheres. It can be noted that, in both hemispheres, the H intensity levels are not
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Figure 3. Left panels: the same of Figure 2 obtained using cap-centered reference system for the north (a) and south
(b) hemisphere; the horizontal field (H) from Swarm A subset during 2015 is shown in color scale; intensity levels of H
computed by means of the Taylor polynomial (TP) fit are marked as light blue lines. The dip poles found by TP method
are shown by light blue crosses and the ones determined as the minimum of horizontal field are shown by red dots.
Right panels: a zoom of the area around poles where also the International Geomagnetic Reference Field (IGRF13) dip
poles are shown by green triangles.

circles (as expected for a dipole field) but ellipses, with a greater eccentricity (i.e., the ratio between the
major and minor axis of the ellipse) around the north with respect to the south magnetic pole. This feature
clearly indicates the presence of a non-dipole field contribution, more evident in the north hemisphere. The
distance between the dip poles from TP fit (light blue crosses) and the ones determined as the minimum of
the horizontal field (red dots), using an average satellite altitude of ~450 km, are ~11 km and 35 km in the
north and south hemisphere, respectively. In the right panels of Figure 3 we show a zoom of the area around
the dip poles, where also the ones from IGRF13 model (green triangles) are reported, computed using the
iterative procedure described in the following Section 3.1 and referred to the approximate average satellite
altitude. It is evident that the dip poles from TP fit are very close to the ones from the model (the distances
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are ~1 and ~4 km in the north and south hemisphere, respectively), differently from the ones determined
as horizontal component minimum.

3. The Dip Pole Positions During 2015-2019 Observed by Swarm Satellites

The TP method is used to identify a reliable dip pole position in both hemispheres for years from 2015 to 2019.
However, before applying it to the experimental Swarm data and showing the results, it is important to test
the reliability and possible limitations of the method. The present section is then subdivided in two distinct
subsections. In the first one, the TP method is applied to geomagnetic field data from a numerical model of the
Earth's magnetic field, to check its efficiency, while in the second one the method is used for the identification
of the dip pole positions in both hemispheres using geomagnetic field data from Swarm satellites.

3.1. Reliability and Efficiency of TP Method

In this section, we investigate the reliability of TP method. For this purpose, we use, separately, both IGRF12
and IGRF13 models; obviously, since our purpose is just to test a mathematical method, the use of the two
models should be perfectly equivalent.

The magnetic poles derived from IGRF, hereafter indicated as IGRF-dip poles, are identified by the follow-
ing iterative procedure, independently applied to both hemispheres and both IGRF models:

*  We define, at the first step, a regularly spaced grid and we calculate for each cell of the grid the IGRF
H value at the center. We use, as initial IGRF-dip pole coordinates, the cell where the horizontal IGRF
field minimizes

* Then, we iteratively increase the grid resolution around the minimum from previous iteration, and we
consequently identify a more reliable IGRF-dip pole position

* The procedure continues until the coordinates of the IGRF dip pole are stable within 107> km.

For this procedure, we use a cap-centered reference frame, centered around the horizontal IGRF field ini-
tial minimum. The January 1, of each year is chosen as center of the 1-year time interval for IGRF-dip pole
estimation, consistently with the procedure for computing the Swarm subset. Since, our final purpose is to
estimate the dip pole position from Swarm satellites, also in this test procedure based on IGRF model data
we conveniently use the geocentric (not geodetic) reference frame at the average satellite altitude h, com-
puted over each year in each hemisphere.

For outlining both the uncertainty and reliability of the TP method, we perform a Monte Carlo (MC) test
based on Q iterations as it follows:

* By an B components of the geomagnetic field are computed, over the same Swarm subset grid, from
IGRF model and, at each iteration, the deviations nyoy and 7oy are added to the By an Bg values, leading
to the horizontal component deviated data set

H? = (By +nyoy)* + (Bg + nz05) ®3)

* where oy and o are the standard deviations of the satellite data over the corresponding grid cell and
year, and 7y and 7 are random coefficients uniformly distributed in the range [—1,1]

* The TP method is applied to the H data set, estimating the coordinates of the dip pole, which in principle
could be dislocated with respect to those of the modeled IGRF-dip pole

* The procedure is iterated Q times, producing a set of Q-dip pole coordinates.

MC test requires an assigned number Q of iterations, or runs, following the concept that the higher the Q
value, the better the estimation of the coordinates. However, for a practical purpose, it is useful to determine
an optimum value of Q.

By considering the dip pole coordinates evaluated from each MC run as a random variable, function of Q,
we study the convergence of MC test to a stable solution. For this purpose, we perform 50 independent MC
tests for Q = 10, 50, 100, 500, and 1,000 and, for each Q, we compute the average coordinates 2 and 5 and
their standard deviations A, and Ay; the latter quantities are fundamental to determine the MC convergence.
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Figure 4. The convergence of Monte Carlo (MC) test. The normalized
standard deviation A(%) on 50 independent MC tests with 10, 50, 100, 500,

and 1,000 iterations, for the north (a) and south (b) hemisphere are shown.

The results for the latitudes (black dots) and longitudes (green triangles)
are well fitted by an exponential law (solid lines). The red straight lines
indicate the A = 5% value whose corresponding numbers Q (A) are also
reported.

Figure 4 shows the dependence of the normalized A)(%) and Ay(%) on the
number of MC iterations Q. It is clear the decrease of A for increasing Q,
indicating that MC method converges to a common solution for high Q
values. In particular, from the MC convergence test, a reduction greater
than 95% in the normalized standard deviations is observed for Q > 500
for both hemispheres. Moreover, the examined MC convergence is well
represented by an exponential law, which clearly suggests us that Q ~
1,000 is a reasonable value in order to obtain A values well below 5%. In
this figure, the MC test is applied to IGRF12; from IGRF13 equivalent
results (not shown here) are obtained.

Figure 5 shows the MC test results obtained by using TP method to syn-
thetically modified IGRF12 and IGRF13 datasets and by using Q = 1,000
iterations. The dip pole coordinates estimated through this test for the
north and south hemisphere, together with their standard deviations, are
compared with the corresponding IGRF-dip poles coordinates. It can be
seen that dip poles from IGRF and those from TP method applied to ran-
domized IGRF data are comparable, with maximum differences of few
kilometers in the north hemisphere and even smaller in the south one. In
any case, the IGRF-dip poles are well within the MC estimated dip poles
confidence intervals. The differences between IGRF models results will
be discussed in the following sections.

In the above described procedure, the TP method is applied to IGRF data
computed at altitude h, and deviated with oy and og, where hy, oy, and
or are from Swarm A satellite; the procedure is also repeated by using
Swarm B and C and results (not shown here) are consistent with those
obtained for Swarm A, clearly testifying the reliability of the TP method.

3.2. Dip Poles Identified by Using the TP Method on Swarm
Satellites Data

In this section, we show the resulting dip poles positions estimated in
the cap-centered reference frame with the TP method applied to Swarm
satellites data. For comparison, we also estimate the dip poles through
both IGRF 12 and 13 models applied to the same cap-centered grid used
for estimating TP dip poles from Swarm data.

It is useful to calculate the confidence intervals for the estimated dip
poles coordinates, 1. and ¢.. By using By, B, oy and oy from satellite
subset, we compute the upper/lower H? as it follows

H} =(By oy) +(Bg op)’ (4)

and we estimate the dip poles coordinates confidence bounds by applying the TP fit to H. 2

In Figures 6 and 7, we show the dip poles coordinates estimated by TP method for Swarm A and B, respec-
tively, and their confidence intervals (red), together with the dip poles coordinates estimated using IGRF12
(black) and IGRF13 (green) models at the average satellite altitudes for each year of the interval 2015-2019.
Swarm C results are not shown since they are practically the same as those of Swarm (A).

It can be seen a general good correspondence between experimental and model dip poles coordinates time
series; indeed, the correlation coefficients attain values at least of 0.98, where the 95% correlation threshold
from null-hypothesis of uncorrelated five points is ~0.88. The highest correspondences with both models
are found for all the considered years in the south hemisphere, where the two IGRF models give similar
results and the differences between the TP and both IGRF poles are very small, well within the confidence
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Figure 5. Consistency Monte Carlo (MC) test of Taylor polynomial (TP) method for the identification of the dip poles
based on 1,000 iterations. The dip pole coordinates (4, ¢) from synthetically modified IGRF data set (see text for details),
together with their standard deviations are compared with the International Geomagnetic Reference Field (IGRF)-dip
poles for the north (a-b) and south (c—-d) hemisphere, for the 2015-2019 time interval.

interval. Conversely, in the north hemisphere for years 2016-2019 a significant difference between IGRF12
and IGRF13 emerges and this allows to state that experimental data better agree with the latest model re-
lease. The highest coincidence between dip-poles coordinates from Swarm, IGRF12 and IGRF13 is reached
in both hemispheres for year 2015, when IGRF12 was released and both models rely on geomagnetic data,
being consequently more reliable. The main difference between the two models emerges for 2016-2019
north dip pole latitudes, with IGRF13 model better following experimental results from Swarm data with
respect to IGRF12. For this reason, hereafter we use the IGRF13 model.

Tables 1 and 2 report the dip pole coordinates estimated by TP method applied to all satellites data for the
north and south hemisphere, respectively, together with yearly average satellites altitudes. For simplicity,

R . 1/2
in these tables we report the errors A1 (and similarly A¢) calculated as A4 =1/ 2[(1 A +(A- /1_)2} ,
where A =1/ 2(A, + A_) indicates the central value of the interval. It is clear how Swarm A and C sense the

same dip poles positions, with slight differences in the longitude of the south hemisphere; moreover, it is
also clear that the satellites altitudes h progressively decrease along the growing years as stated in Section 2.

We can note from the tables that the dip poles coordinate from Swarm A and C are the same but are slightly
different than those from Swarm B which is at a greater altitude; this difference is particularly evident in
the north dip pole longitude.
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Figure 6. Dip poles coordinates by using Taylor polynomial (TP) method on Swarm A subset (red circles), together
with their confidence intervals (red bars), and those estimated by using IGRF12 (black circles) and IGRF13 (green
circles) models at average satellite altitude for the north (a-b) and south (c-d) hemisphere are shown.

This is due to the geomagnetic anomalies contribution to the Earth's magnetic field, whose potential is an-
alytically represented by Gauss coefficients g, and #," of degree n greater than 2 of the spherical harmonic
expansion of the main geomagnetic field and whose decrease with increasing altitude is sharper than that
of the dipolar field.

Making more clear this aspect, we computed the geocentric altitude dependence of the IGRF13 dip poles
coordinates obtained taking maximum order of spherical harmonic expansion of the geomagnetic field
and following the iterative procedure explained at the beginning of Section 3.1. The results are shown in
Figure 8 in both hemispheres for years between 2015 and 2019 (solid blue and magenta lines, respectively).
These 2 years are the first and the last one of the analyzed time interval; results for intermediate years (not
shown) lie, quite regularly spaced, between them.

We can note an altitude dependence of the IGRF dip pole coordinates: up to approximately 1,000 km, both
IGRF dip poles move slightly poleward; moreover, the north one moves eastward and the south one moves
slightly westward. Our observations are in good agreement with those obtained by Korte and Mandea (2008)
using different models of the main magnetic field. In particular, near Earth's surface the variation with altitude
of the location of the north dip pole, especially of its longitude, is stronger than that of the south one. From
the figure, it can be also seen the good agreement between the dip poles coordinates from Swarm A and B data
(green circles and black crosses, respectively) and the IGRF coordinates at the corresponding altitude and year.

Figure 8 also shows the geomagnetic poles coordinates estimated as the altitude invariant reference point
(red dashed lines and circles) which do not change with changing altitude. On the contrary, the coordinates
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Figure 7. The same of Figure 6 for Swarm B subset.

of dip poles (blue and magenta solid lines) are affected by magnetic anomalies for altitudes up to 10> km.
Conversely, for higher altitudes (~ 100 Re) the effects of geomagnetic anomalies vanish and the IGRF dip
poles coordinates attain asymptotic values represented by geomagnetic pole coordinates.

For practical purposes, it is important to know the magnetic poles coordinates at ground level. We extrapo-
late Swarm dip poles positions to i = 0 using the altitude dependence found from IGRF13 in the geocentric
reference frame. For this purpose, some considerations should be highlighted: (1) the magnetic poles from
Swarm data do not exactly coincide with those evaluated from IGRF model at the corresponding altitude;
(2) the Earth surface significantly deviates from the spherical shape in correspondence of polar areas. In
this regard, we perform the following procedure:

* The altitude dependence used for extrapolating the dip pole coordinates at ground level for each of the
examined years is the one found from IGRF13 for the corresponding year

* For each year, we shift the geodetic altitude dependent coordinates of IGRF13 dip poles to have a perfect
agreement with Swarm satellite dip pole coordinates; then, from the resulting curve, we extract the dip
pole position at h = 0 in the geocentric reference frame

* We convert the dip poles coordinates at h = 0 from geocentric to geodetic reference frame; this conver-
sion is applied both to the IGRF13 and to Swarm dip poles positions. For this purpose we use the World
Geodetic System 1984 (WGS84, https://earth-info.nga.mil) ellipsoidal reference frame

In order to, have unique dip poles locations at ground level for each year, we compute the averages of the
dip pole coordinates from the three Swarm satellites; the resulting values, together with their standard error
of the mean, are shown in Table 3. For a comparison, also the IGRF13 dip poles geodetic coordinates are
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Table 1
Geocentric North Dip Pole Coordinates at Swarm Satellites Altitudes h and Their Errors A, Computed by Using TP
method

TP method to Swarm data IGRF
A AL ¢ A¢p h Ah A ¢

Year Swarm (deg N) (deg) (deg E) (deg) (km) (km) (deg N) (deg E)
2015 A 86.32 0.04 222.53 2.35 455.72 8.91 86.32 222.78
B 86.32 0.04 224.41 2.33 507.71 3.44 86.33 224.33

€ 86.32 0.05 222858 2.51 455.71 8.90 86.31 222.87

2016 A 86.56 0.05 216.85 3.15 444.52 8.91 86.54 218.90
B 86.61 0.04 218.41 3.12 502.91 3.44 86.55 220.84

© 86.56 0.05 216.85 3.18 444.55 8.90 86.54 218.88

2017 A 86.69 0.04 215.05 2.79 438.90 8.91 86.75 214.44
B 86.74 0.05 216.79 3.17 500.97 3.44 86.75 217.06

(© 86.69 0.04 215.05 2.79 438.90 8.90 86.75 214.43

2018 A 86.96 0.03 206.81 3.42 435.57 8.91 86.93 209.74
B 86.91 0.04 212.73 2.85 499.86 3.44 86.94 212.72

C 86.96 0.03 206.81 3.42 435.57 8.90 86.93 209.71

2019 A 87.11 0.03 202.80 3.35 433.23 8.91 87.09 204.50
B 87.15 0.04 205.51 3.67 499.08 3.44 87.11 208.24

87.11 0.03 202.80 3.35 433.24 8.90 87.09 204.48

Note. Last two columns report the dip poles estimated by IGRF13 model at satellites altitudes.
IGREF, International Geomagnetic Reference Field; TF, Taylor polynomial.

reported. The Swarm and IGRF13 dip poles positions reported in Table 3 are also shown in Figure 9, in or-
thographic maps as points with error bars; it is evident that both dip poles move in the north-west direction.

From the yearly dip poles positions reported in Tables 1 and 2, extrapolated to h = 0, we compute the dip
pole velocities for each satellite and, consequently, the yearly average velocities (reported in Table 4), togeth-
er with their standard error of the mean: for the north hemisphere they attain values between ~37 km/y
and 72 km/y, with the lowest value during year 2016; conversely for the south hemisphere they are between
~5km/y and 9 km/y. Note that the different velocity in the two hemispheres is responsible for the larger dif-
ference in the north pole position errors as reported in Tables 1 and 2. In fact, their uncertainty can be trivi-
ally estimated as Ax = VAt, where V is the velocity (greater in the north) and At is the time interval (1 year).

4. Discussions and Conclusions

The magnetic poles of the Earth are situated in polar areas of both hemispheres, in locations that are diffi-
cult to reach for collecting on-site measurements. Furthermore, any occasional ground surveys of data are
subject to the external magnetic conditions (ionospheric and magnetospheric environment modifications)
which, in turn, may significantly alter the determination of the position of the magnetic poles on the surface
of the Earth. Such conditions are unpredictable, making potentially fruitless the attempt to catch the poles;
they have inevitably characterized the first epic explorations carried out in the past centuries and are still
a heavy limitation even for modern surveys. Nowadays, an important contribution to the measurement of
the Earth's magnetic field comes from the satellites missions, in orbit for covering the observations of many
parameters. They return a large amount of data, in different magnetic conditions, implicitly overcoming
the limitation of reaching harsh areas of the Earth's surface and allowing to achieve reliable results thanks
to robust statistics.

This work investigates the possibility to derive the location of the magnetic poles of the Earth from data
collected by the ESA's Swarm constellation of three satellites put into orbit at the end of 2013, specifically
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Table 2
The Same of Table 1 Referred to the South Hemisphere
TP method to Swarm data IGRF
! AL ) A h Ah yl ¢
Year Swarm (deg N) (deg) (deg E) (deg) (km) (km) (degN)  (degE)
2015 A —64.52 0.06 136.15 0.21 473.92 8.45 —64.53 136.16
B —64.58 0.06 136.05 0.19 526.00 3.37 —64.61 136.13
© —64.52 0.06 136.13 0.16 473.90 8.48 —64.53 136.17
2016 A —64.48 0.06 135.99 0.19 462.99 8.45 —64.48 136.03
B —64.56 0.06 135.91 0.19 521.28 3.37 —64.57 135.99
C —64.48 0.06 135.96 0.18 462.98 8.48 —64.48 136.04
2017 A —64.44 0.06 135.87 0.18 457.42 8.45 —64.43 135.89
B —64.55 0.06 135.82 0.16 519.28 3.37 —64.53 135.87
(@ —64.44 0.06 135.82 0.16 457.43 8.48 —64.44 135.91
2018 A —64.41 0.06 135.73 0.18 453.98 8.45 —64.40 135.79
B —64.51 0.05 135.68 0.21 518.22 3.37 —64.48 135.71
(© —64.41 0.06 135.73 0.16 453.98 8.48 —64.39 135.77
2019 A —64.39 0.06 135.68 0.16 451.69 8.45 —64.35 135.64
B —64.47 0.06 135.59 0.16 517.41 3.37 —64.45 135.59
(© —64.39 0.05 135.63 0.16 451.70 8.48 —64.36 135.64

IGREF, International Geomagnetic Reference Field; TF, Taylor polynomial.

equipped with both vector and scalar magnetometers. The almost polar orbits of the three satellites ensure
adequate coverage of the polar areas, although a small data gap is systematically present around the geo-
graphic poles. In particular, we analyze 5 years (2015-2019) of Swarm satellites data. For each year, Swarm
data are averaged over a regular grid covering a spherical cap region and the resulting average field is ana-
lyzed to determine the position of the dip poles, defined as the point where the horizontal component of the
magnetic field minimizes. Being interested in the yearly location and long term migration of the magnetic
poles, within each year we do not apply any selection about time, magnetic activity or external conditions
(actually we just exclude data outside the range 20%-80% of the empirical cumulative distribution function),
since annual averages cancel the negligible contribution of the daily or even seasonal fluctuations in the po-
sition of the poles as well as any displacement related to the magnetospheric and ionospheric dynamics of
external origin. For each year, we determine the dip poles coordinates by means of two-dimensional TP fit
method, after proving its reliability by using a MC test. A further step, consists in verifying the agreement of
the derived locations of both poles with those gathered from the mathematical derived models of the field,
such as the IGRF model; we consider both the 12th generation of this model (IGRF12), released in 2015,
and the latest version (IGRF13), released in December 2019. Our analysis shows a general good agreement
between experimental and model positions; the best agreement is found for 2015, when both IGRF mod-
els rely on geomagnetic data and are consequently more reliable than in the following years (2016-2019)
when results came from extrapolated (for IGRF12) or interpolated (for IGRF13) projections. For the south
hemisphere, results from IGRF12 and IGRF13 models are quite close for the whole 2015-2019 period and
both are in good agreement with experimental dip poles positions observed by our study. Conversely, for
the north hemisphere during years 2016-2019 the two models provide appreciably different results and
IGRF13 better follows the experimental north magnetic pole positions with respect to previous IGRF12
model. We underline that both IGRF models are based on a combination of Swarm, historical satellite data
and ground-based observatory data (Olsen et al., 2015).

The positions of the magnetic poles found from Swarm data correspond to the altitude of flight of each
satellite; for practical purposes, these positions have to be projected to the ground, for continuing the series
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Figure 8. (Panels a-d) The dependence of the dip poles coordinates from IGRF13 model on the geocentric altitude above the Earth surface for 2015 and 2019
(solid blue and magenta lines, respectively) together with the 2015 IGRF13 geomagnetic poles coordinates (dashed red lines; the ones for 2019 are essentially
the same). The dip pole positions estimated by Taylor polynomial (TP) method on Swarm A (green circles) and B (black crosses) data are also indicated at
corresponding altitudes. (Panels e-f) The altitude dependent International Geomagnetic Reference Field (IGRF) dip pole positions for 2015 and 2019 (in blue
and magenta, respectively) projected over orthographic maps. Red circles indicate the geomagnetic poles; blue and magenta circles indicate the IGRF dip poles
at ground for 2015 and 2019, respectively.

of the historical recordings made on-site. In this regard, a method to project the dip poles from spacecraft
altitudes to the ground, based on the IGRF model, is developed. The resulting geodetic dip poles positions at
ground allow us to estimate the dip poles drift velocity: for the north hemisphere it attains values between ~
37 km/y and 72 km/y, with the lowest values during year 2016, while for the south hemisphere, it is between
~5 km/y and 9 km/y. Interestingly, the observed north dip pole velocity minimum during 2016 could be
probably related to the jerk which, according to Aubert and Finlay (2019), occurred in 2016.

Noteworthy considerations can be made from a comparison between the two hemispheres: we can note that
in the north hemisphere the field geometry around the magnetic pole has a greater ellipticity with respect
to the south hemisphere, where it more closely resembles a circular symmetry; moreover, the north mag-
netic pole position exhibits a sharper dependence on altitude than the south one. Both these features well
agree with findings by Korte and Mandea (2008) based on geomagnetic field models, and seem to indicate a
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Table 3

The Geodetic North and South Dip Pole Coordinates at Ground Level
Estimated as the Average of Values From the Three Swarm Satellites for
Years From 2015 to 2019, Together With Their Standard Error of the Mean
(SEM)

Swarm IGRF
A SEM; ¢ SEMy A ¢
Year deg N deg deg E deg deg N deg E
North magnetic pole
2015 86.16 0.02 203.72 1.38 86.17 203.71
2016 86.40 0.03 194.52 1.82 86.37 196.49
2017 86.46 0.02 189.30 1.68 86.50 189.06
2018 86.58 0.02 179.28 1.87 86.58 181.16
2019 86.60 0.02 171.66 1.99 86.57 173.40
South magnetic pole
2015 —64.01 0.03 136.42 0.11 —64.03 136.47
2016 —63.99 0.03 136.25 0.11 —63.99 136.32
2017 —63.96 0.03 136.12 0.10 —63.94 136.15
2018 —63.92 0.03 135.98 0.11 —63.90 136.02
2019 —63.89 0.03 135.89 0.09 —63.86 135.88

Note. Last two columns report IGRF13 dip poles coordinates at ground
level.

IGREF, International Geomagnetic Reference Field; TF, Taylor polynomial.

major presence of crustal contributions to the field in the region around
the north magnetic pole, confirming previous results reported in Mandea
and Dormy (2003). Moreover, the north magnetic pole during the years
moves really faster with respect to the south one, confirming previous
results reported in Mandea and Dormy (2003). A possible explanation is
that the position and motion of the poles are certainly linked to the core
field dynamics and its long-term time variation; however, the two dip
poles can be differently free to move, due to the different local field mor-
phology (Korte & Mandea, 2008; Mandea & Dormy, 2003) which is con-
firmed by our findings. Indeed, as discussed by Thébault (2006), Swarm
data can provide an unprecedented capability of detecting lithospheric
features both at global and local/regional scale. All these considerations
could well explain why the coincidence between Swarm and IGRF13
model magnetic poles positions for years 2016-2019 is slightly worse for
the north hemisphere: model results appear to follow with greater dif-
ficulty the short scale field features in the area surrounding the north
magnetic pole.

We believe that our work can give an important contribution to the almost
real-time determination of dip poles positions, going beyond the limits
which are intrinsic in the determination of the poles from the IGRF mod-
el: the model is based on experimental data for the year of its release, then
for this year it can be used to accurately determine the poles positions;
however, in the years following the release, its extrapolated projections
can track with minor accuracy the poles positions; this is what we have
shown to happen for IGRF12, which well indicates the poles positions for
2015, the year of its release, but for 2016-2019 does not follow so closely
the north magnetic pole position. Only at the end of 2019, with the latest
IGRF13 release, we could check the experimental dip pole positions for

years 2016-2019. We are confident that also in future years, before the release of the next IGRF generation,
reliable determination of the poles can be obtained by using Swarm data through methods like the one we
here propose. The mathematical procedure we describe in this paper, based on the two-dimensional TP fit,
focuses on the determination of the minimum of the experimental horizontal component of the magnetic
field and not on a complete modelization of the field itself in the surrounding region, as the SCHA does. So
this method is easier to be applied also in case of scarcity of experimental data, when the SCHA could lead
to unstable solutions (Newitt et al., 2009). In this sense, the method we propose is applicable for determin-
ing the magnetic poles positions also for time periods shorter than one year or for selected magnetospheric
or solar wind conditions to study the magnetic poles short term dynamics.

Table 4

Yearly Average Velocities at Ground Level of the North and South Dip Poles
(Vn and Vs, Respectively), Together With Their Standard Error of the Mean
SEMYy,, and SEMy,

North South

Vi SEMy,, Vs SEM ¢
Year km/y km/y km/y km/y
2015.5 71.4 1.9 8.9 0.5
2016.5 36.8 0.4 7.4 0.7
2017.5 68.9 7.1 8.0 0.5
2018.5 50.6 6.8 5.4 0.8

Note. The first column indicates the center of the time interval over which
the average velocities are computed.

Appendix A: Rotation procedure from geographic to
cap-centered reference frames

The complete rotation matrix can be generally expressed as product of
three elementary rotation matrices around each given axis in the orig-
inal frame, while, in the Cartesian to cap-centered rotation procedure,
two angles are needed: the rotation angle a around the z-axis, which
corresponds the new x’ and y’ axes, and the consequent rotation angle
B around the y’-axis, which corresponds the new x” and z”. By choosing
a = ¢y and 3 = Ao, the Cartesian to cap-centered reference frame can be
expressed as it follows:

cosff 0 sing
R =R,R. 0 1 0
—sinff 0 cospf 0 0 1

cosa sina 0

—sina cosa 0 (A1)
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Figure 9. The geodetic Swarm and IGRF13 dip poles positions at ground (red and blue points, respectively) in
orthographic maps for the north (a and b panels) and south (c and d panels) hemisphere. The standard errors of the
mean are also shown as red bars. The spatial domains shown in panels (a) and (c) are highlighted in panels (b) and (d)

with green contours.

In this coordinate system any function of 1 and ¢ expandable by means of Taylor two-dimensional function

of the form f(A,¢) = X o XM o A, (A — 29)" (4 — dy)" can be simplified as it follows:

n=lm=1

gA®) = T T 4,,A"D"
N M

With this system it is possible to choose a spherical cap region with the center near the minimum/maxi-
mum of the g (A, ®) function, confining any polynomial instability to the periphery of the spherical cap

(A2)
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region. In addition, the symmetry of the spherical cap with respect to the center, near the true pole, makes
the resulting fitted quantities reliable.
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