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Abstract. We study the directional structure
of the 1-minute magnetic variations and
demonstrate their polarization-like asymmetry:
statistically these directions are close to certain
2D plane in 3D space and the orientation of
such a plane depends on the observatory
location. We describe the method of the
magnetic data processing and some partial
results, however in this publication we are
avoiding the reasonings concerning the physical
origins of the detected effect and its
consequences for the observatory data analysis
in general.
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Introduction

The geomagnetic field is continuously measured by a
network of magnetic observatories, thus, the mathe-
matical and computational technologies for data pro-
cessing should take into account the actual conditions
in which observation of the Earth magnetic field is per-
formed at these observatories. For instance the effec-
tive identification of noise and elimination of its influ-
ence on final data is an important part of the data
processing.

A magnetic observatory should be constructed so
that only the natural magnetic field is present. In par-
ticular, the location is selected so that local magnetic
anomalies, be it from geological or artificial origin, must
be eliminated and this in principle should lead to the
fact that the observable short-term effects expected to
be homogeneous. The spatial structure of the mag-
netic field is therefore well-tested (typically this requires
the spatial gradients to be of the order of magnitude
1nT m_l), temporal magnetic field variations must be
identical inside the entire observation space. However
the study of the short-term variations was mainly re-
duced to their absolute or component estimations with-
out serious interest to their directional structure [Kho-



mutov et al., |2017].

What is important is that such a study of the direc-
tional structure may be extracted not necessarily from
the observatory datasets but also from a variometer,
which is a magnetometer designed to monitor the tem-
poral variations of magnetic field components relative
to a fixed baseline. The numerous magnetic stations
therefore give rise to more complete research of the lo-
cal specific details of the directional variations. Indeed
the installation of the variometer presumes the refer-
ence system (the most popular orientations are H, D,
Z and X, Y, Z) and that the variometer orientation is
stable over time.

We address to the directions that result from mag-
netic variations of the magnetic vector using either var-
iometer or observatory data. Such a direction is a unit
3D-vector and the data is in one-one correspondence
with the points of the unit sphere. The plan is to
consider some statistical effects using the experimental
probability density distribution. Generally speaking an
arbitrary collection of data does not allow application
of the statistical methods: the core of any statistics as-
sumes that the data population is the part of some sta-
tionary process. For this assumption of stationarity we
need some preliminary magnetic data processing since



in real conditions the magnetic vector is subjected to
daily and long-term secular variations, there are non-
perturbed days and magnetic storm distortions, also
the sufficient amount of data is necessary to reveal the
(initially hidden) statistical effects.

We may use for the 1-minute variations the term
“noise” which is by no doubt relative. For instance,
temporary signals in the magnetic field caused by the
sources in the ionosphere-magnetosphere are typically
considered as noise (especially during ground magnetic
survey and interpretation of results), the signals, which
have sources closer than a few tens of kilometres, typ-
ically considered as noise during the observatory mea-
surements [Santarelli et al., 2014]. Of course, there are
also some sources of man-made noise such as DC rail-
ways, which in the case of appropriate conductivity of
the crust can produce a significant effect in the mag-
netic data at large distances. It is important that these
effects in principle differ in their durations, spectral
shapes etc., the resolution of 1 s and the randomization
of the observational periods may reduce the chance that
the directional distribution results from the rare fact of
the exceptional man-made or natural noise.

With all this precautions it comes out that the ex-
perimental probability density of 1-minute variations is



not at all directionally isotropic. This is not new, since
the registered magnetic variations may result from the
induction effects of the electric currents in the crustal
layers — in the situation of homogeneity at the local
scale one may expect that the directions of magnetic
variations share the horizontal plane. This is not the
case however: indeed the 2D plane concentration of di-
rections exists but this plane is in general neither hor-
izontal nor perpendicular to the local magnetic field
lines. We checked also the orientation of these planes
in various observatories and saw no clear latitudinal or
longitudinal dependencies. We may speculate that this
is purely local effect but it is not equally obvious from
station to station. Also, this effect depends on the
strength of variation: the stronger the variation the
closer its direction to the preferred 2D-plane.

At present we have no clear physical interpretation.
For this we need at least several time-scales to state
that this polarization effect is purely local. So we ex-
hibit the approach now and plan to proceed with further
research using various scales in time and space.



Methods

Without the loss of generality we may assume the ini-
tial magnetic data to be the sequence {B}, of the 3D
magnetic vectors By = B(tx) where §t = ty. 1 — ty
equals to 1 minute. We aim to construct the popula-
tion of 1 min magnetic variations b = 9B whatever this
means. The real magnetic signal has some memory at
a scales larger than 1-minute but we want to exclude
this type of correlations in the sequence of variations.
Therefore we take into account some other time scale
At > 60t (in our implementation At is equal to 10
minutes) and perform some preprocessing.

The right plot at shows the almost linear
decay of the histogram, this corresponds to the absolute
difference of the two exponential distributions related
each to the intensities of |B| (the latter can be in turn
tested directly).

Data Preprocessing

Let us divide the time into sequential segments At-
periods (ty, tx + At] and construct the second order
approximation of (B(tx), ..., B(tx + At)) at each seg-
ment — this mimic the At-scale trends of the initial
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sequence. Now for an arbitrary t; € (tx, tx + At] we
use the vector value of this approximation B(t;) and

~

set u; = 6B; = B(t;) — B(¢t)).

It can be tested that the sequence {b}, demon-
strates much more stationary behaviour and less corre-
lations — see for instance — than those in the
sequence of the first differences {By 1 —B} (the latter
mimic the sequence of time derivatives). Nevertheless
at scales > At there persist long-term changes of the
absolute values |b| — this typically reflect the daily vari-
ation of the magnetic activity. The next transformation
b — u is the normalization: u = b/|b| therefore we
get the set U of unit 3D vectors u € R3. For this
we may use magnetic data collected in the fixed UTC
time interval (one or many). To illustrate here both
approaches we choose the following examples:

1. ARS unperturbed magnetic field. Time interval
12:00-13:00 UTC, data collected from 13.02.2013
to 27.02.2013 at Arti (ARS) observatory (location
56.433°N, 58.567°E),

2. EBR unperturbed magnetic field. Time interval
12:00-18:00 UTC, data collected from 23.05.2015
to 03.06.2015 at Ebro (EBR) observatory (location
40.957°N, 0.333°E),



3. KIV perturbed magnetic field. Data collected 00:00—
23:59 01.06.2013 at Kiev (KIV) observatory (loca-
tion 50.720°N, 30.300°E),

4. SPG perturbed magnetic field. Data collected 00:00-
23:59 18.03.2015 at Saint Petersburg (SPG) obser-
vatory (location 60.542°N, 29.716°E) [Sidorov et

al., 2017].

In fact we have considered also many other obser-
vatories and data sets. The selected examples are of
more or less typical behavior.

Directional Data Selection and Plots

Actual values for b that appear during the preprocess-
ing are very small in general and sometimes give zero
values for |b| (because of finite precision of magne-
tometer) and in that latter case directional unit vector
is not even defined. Zeros may also appear in one or
even two components of vector |b|, the corresponding
directions then will occupy coordinate planes or axes —
but this are exceptional rare situations and we exclude
them from U to concentrate our attention on visually
obvious features of a distribution over unit sphere S2.
The histogram (implemented as polar diagram see
ure 2)) of plane projection of vectors u onto OXY plane
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clarify the directional structure of the set U, however
in incomplete way.

In order to consider the 3D structure we may either
compute approximative density of points over sphere
(see details below) or use 3D plot to show points at
sphere S2; both approaches are shown for the ARS
magnetic data at [Figure 3] It is important for the 3D
plots to remember that in virtue of the discrete nature
of variations (remember the precision of the data!) we
sometimes get several different directions as one point
at the unit sphere S2.

We may define the average global density of N points
over sphere as ji = N /4w (where N is the total num-
ber of points). For a given latitude interval (6, 01)
in a similar way we define the corresponding density
,u(@o,@l) = N(Qo,@l)/S(Qo,Ql), here N(90,91) is the
number of points with latitude 6 € (6o, 01), S(6o, 01)
— the corresponding area. Now we may choose specific
latitudes {6;} to provide all equal areas S(0x_1,0x)
and to consider the relative densities u(0x_1,0x)//i;
this may show density irregularities. While the 3D-plot
of all points u € U may be too cumbersome, the plot
of smaller subset may reveal the geometrical pattern of
distribution.

Now address the KIV and SPG data: in general



A

1v /20
< |q| suoneuea 01 puodssiiod eyl /) S N suoidaJIp 3soyy Ajuo sse umoys :y3u
‘1 © n suoiaJIp ||e jo 10|d-q¢ :B|ppIW ‘(S|IeISP 9yl 40} 1X9] UIBW 99S) SaI}ISUIP
9AI1B[2J4 SOPN1IIL| JURJRYIP B3 404 (S|IEISP Y3 JO) 1X9) UIBW 99S) SDIISUSP dAIL[D.

Yo7 (x93 ulew 99s) elep di3BUSEW GYY SY3 JOj N suoldRUIp 3Y| ¢ 34NSi4
00} 0S 0 0g-

00L-
0

S0

S

K4




the typical variations |b| there are order of magnitude
stronger then those of ARS data, see[Figure 4] we also
obviously see the inhomogeneous nature of the direc-
tional distribution, the projections of the two clusters
are shown on |Figure 2|

For the corresponding 3D plots no selection of the
strong variations b is needed: the geometrical struc-
ture of density is obvious for both cases. Taking into
account 3D-plots of we may speculate that
the clusters of directions u are located in the vicinity
of certain inclined 2D-plane. We may even algorithmi-
cally compute the best 2D-plane Ax+ By + Cz = 0 that
approximates the given distribution of u in each case,
indeed we may compute the orientation tensor for all u
directions and derive its eigenvalues and corresponding
eigenvectors. The smallest eigenvalue defines the 2D
plane (that is perpendicular to the corresponding eigen-
vector (A, B, C)), the smaller this eigenvalue the more
concentrated u directions in the vicinity of this plane.
These inhomogeneous distributions seem to be the im-
portant feature of the magnetometer location which in
principle may affect the magnetic data. Let us further
name these planes as “polarization planes” for clarity
and shortness.

To clarify the relation between the intensities of the
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variations b and the densities of the corresponding points
at sphere S let us consider the mutual scatter plot of
the two quantities: |b| and «, where « is the angle
(in degrees) between the polarization plane and corre-
sponding u. We see on the obvious negative
correlation between them: the stronger the variation
b the closer its direction to the polarization plane and
smaller the angle a. This effect was already demon-
strated in a different way by [Figure 3] however for KIV
data the polarization plane is inclined 30° therefore the
dependencies of the density from the latitude are not
that obvious.

The polarization plane of EBR data is inclined even
more and here we may also use the alternative way
to present the relations between a angle and |b|, see
[Figure 7} We again have weak variations and therefore
polarization plane is less contrast on 3D plot.

Directions and Data Characteristics

By the nature of preprocessing algorithm the resulting
unit vectors u; are of different orientations, in real situa-
tion we get two big clusters that are oppositely directed.
Obviously vectors uy are linked to discrete derivatives
(first differences) {Bxi1 — Bk}, however, in virtue of
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Left: 3D plots of all directions u € U for the EBR data; right:

Figure 7.

absolute values of variations |b| in nT (top) and corresponding « angles in degrees
(bottom) for the EBR data (see main text). Horizontal axes show the sequential

number of the selected magnetic data, vertical axes show the intensity in nT.



the damping of local trends, we may postulate only
qualitatively “the bigger the derivative |B 1 — By| the
bigger the value of |b|". The cluster structure can be
revealed in two ways: either make the orthogonal pro-
jection of all u; onto the polarization plane and then
consider plane distribution or compute the usual polar
diagram at OXY plane.

Another type of analysis may clarify the relations
between |b|-values and the angles between the corre-
sponding b and polarization plane (see [Figure 6]). As
a general rule we see here the negative correlation be-
tween this two entities: “the bigger the |bj| the smaller
the angle between b and the polarization plane”. Since
the extreme values of field derivatives correspond to
large values of b therefore one may expect the strongest
field derivative to be parallel to the polarization plane.

What will happen if we change preprocessing to the
simple first-differences algorithm and then normalize
the discrete derivatives? Essentially the spherical dis-
tribution of directions will be much the same as shown
above, however some regular patterns (because of local
trends) may appear.



Results

After the routine cross-check of numerous magnetic
observatories we may state the following:

1. Almost any magnetometer reveals the existence of
the polarization plane for the directions of 1-minute
variations. However, especially if considered the
data from only the undisturbed periods of mag-
netic activity, the polarization effect at certain lo-
cations can be very weak. In contrast the data
from nearabout time of the magnetic storms show
the polarization effect in much more obvious way.

2. The orientation of the polarization plane does not
depend on the particular choice of the seasonal
data: such a plane seems to be stable for a given
magnetometer at least at the scale from one day
to decades.

3. The orientation of the polarization plane differs
from location to location: it need not to be hor-
izontal, sometimes (see for instance) it
is inclined more than 60° to the horizontal plane.
No clear dependencies between the inclination of
the polarization plane and the inclination of the lo-
cal main magnetic field lines were detected. Also



we were yet unable to derive any functional de-
pendency from the geographical locations (latitude
and longitude).

4. The strong 1-minute variations of the magnetic
field at each observatory demonstrate the clear ten-
dency to stay parallel to the polarization plane.
Moreover the strong variations show the structure
of two opposite clusters. In other words we may
expect the strongest variation to lie within rather
limited solid angle of 3D-directions.

Discussion and Conclusions

To stay within the traditional knowledge we may specu-
late that studied short-term magnetic variations mainly
appeared as local induction effects related to the elec-
tric currents in the crust. The structure of the con-
ducting media need not be necessarily homogeneous
therefore there is no reason to expect that all such
electric currents will provide only horizontal magnetic
variations. Nevertheless it seems amazing that there
exist the stable geometrical structure of the short-term
magnetic variations and it is not dependent of the time-
scale. We are not yet ready to compare the differ-



ent time-scales: right now we have considered only the
available most frequent magnetic variations [Gvishiani
et al., 2014].

It is important to remark that this polarization ef-
fect appeared obvious only after the non-linear trans-
formation (normalization) of variations. Without this
the plane polarization cannot be easily detected by the
separate component analysis of the magnetic field.

On the other hand this polarization effect can be
easily verified on a wide family of magnetic variome-
ters since we do not need any absolute calibration of
the magnetic data. Up to now we used mostly INTER-
MAGNET observatory data but the network of vari-
ometers sometimes is much more dense; the further
research will clarify the space scale of the polarization
effect using neighboring magnetic stations.

If only local conditions are responsible for the ori-
entation of the polarization plane we then indeed may
have a sort of statistical prediction of the local mag-
netic activity effects at least at the short time-scale.
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