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Abstract

We propose a new approach to the calculation of regular baselines at magnetic observatories. The proposed
approach is based on the simultaneous analysis of the irregular absolute observations and the continuous time-
series deltaF, widely used for estimating the data quality. The systematic deltaF analysis allows to take into account all
available information about the operation of observatory instruments (i.e., continuous records of the field variations
and its modulus) in the intervals between the times of absolute observations, as compared to the traditional baseline
calculation where only spot values are considered. To establish a connection with the observed spot baseline values,
we introduce a function for approximate evaluation of the intermediate baseline values. An important feature of the
algorithm is its quantitative estimation of the resulting data precision and thus determination of the problematic frag-
ments in raw data. We analyze the robustness of the algorithm operation using synthetic data sets. We also compare
baselines and definitive data derived by the proposed algorithm with those derived by the traditional approach using
Saint Petersburg observatory data, recorded in 2015 and accepted by INTERMAGNET. It is shown that the proposed

method allows to essentially improve the resulting data quality when baseline data are not good enough. The
obtained results prove that the baseline variability in time might be quite rapid.

Keywords: Geomagnetism, Observatories, Instruments and techniques

Introduction

The Earth’s magnetic field (EMF) is the one of the most
important sources of information about the physical pro-
cesses occurring inside the Earth and in the circumter-
restrial space. The data on the magnetic field’s state and
its temporal variations are registered using modern mag-
netometers installed on special satellites and ground-
based magnetic observatories. Despite the advantages
of satellite measurements, there are a number of limita-
tions that do not allow us to abandon the classical mag-
netic field measurements of stationary observatories.
The measuring satellites are relatively recent and inevi-
tably have a limited lifetime. The typical duration of the
continuous satellite data time series does not exceed
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and indicate if changes were made.

10 years, whereas the oldest geomagnetic observatories
provide continuous series of observations lasting more
than a 100 years. Such records are of exceptional value
for the fundamental researches in the field of geomagne-
tism assuming the study of the evolution of the Earth’s
magnetic field and the associated dynamic processes in
the outer core over longtime intervals. The development
of science in the study of the magnetic fields of the Earth
and the Sun requires a permanent improvement of the
quality of the data provided by the observatories as the
adequacy of reproducing the characteristics of the mag-
netic field outside the points of actual measurements
using appropriate mathematical models depends directly
onit.

Over the past decades, the highest international stand-
ard for the quality of geomagnetic observations was elab-
orated within the framework of the INTERMAGNET
program (Love and Chulliat 2013). To date, this standard

© The Author(s) 2018. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,


http://orcid.org/0000-0002-6476-9471
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40623-018-0786-8&domain=pdf

Soloviev et al. Earth, Planets and Space (2018) 70:16

corresponds to about 130 observatories united into a sin-
gle network and providing continuous, quasi real-time
data online (http://www.intermagnet.org). The methods
for the data preparation established in INTERMAGNET
are the de facto standard for any geomagnetic observa-
tory included in the network. The quality of the magnetic
field component records relates to the two main compo-
nents: the hardware used for the measurements and the
processing of the collected data. The main instrument of
the magnetic observatory, providing the continuity of the
measurements, is a quartz-of fluxgate-type vector mag-
netometer, also called a variometer. At the INTERMAG-
NET observatories, variation measurements are carried
out with a sampling rate varying from ~ 250 to 0.05 Hz.
Despite the development of methods for measuring the
magnetic field, the present high-precision vector mag-
netometers do not allow automatic measurements of
the total values of the magnetic field components in an
autonomous mode. Temperature changes, pillar move-
ments, aging of electronics and many other factors
inevitably influence the magnetic field vector measure-
ments. To ensure the precision needed for contemporary
researches, a periodic calibration of the variation mag-
netometer should be carried out at every observatory.
Such calibration is provided as a result of observation
of the absolute magnetic field values (absolute observa-
tions), performed by a trained specialist using the non-
magnetic theodolite, on which a single-axis fluxgate
magnetometer is mounted. The corresponding instru-
ment is called an absolute magnetometer or a declinom-
eter/inclinometer. A single absolute observation series is
a fairly long routine process, which takes 10—15 min, at
best; in addition, the result directly depends on the accu-
racy of the procedure performed. However, even with
the strict fulfillment of all the requirements, the resulting
measurements can be still burdened with inaccuracies
due to increased geomagnetic activity or weather con-
ditions during the absolute observations. The resulting
measurements make it possible to calculate the calibra-
tion corrections, the so-called baseline values, for each
component of the vector magnetometer (Jankowski and
Sucksdorff 1996).

Spot (or observed) baseline values are calculated using
the results of absolute observations, as well as spot values
of the component variations and the field modulus (total
intensity) registered with two independent instruments
at times of absolute observations. Further, they are used
to obtain a regular series of baseline values applied for
the correction of 1-min (or 1-s) data, which are derived
from continuous variometer recordings. According to the
INTERMAGNET rules for the data processing, such reg-
ular series should represent daily values resulting from
the interpolation of the observed baseline values. The
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interpolation algorithm is selected by each observatory
independently, ensuring the smoothness of the result-
ing baseline. Most observatories solve this problem by
using cubic smoothing splines or the approximation with
polynomials.

Nevertheless, the described approach has some serious
disadvantages. First of all, application of interpolation to
obtain the baseline values for the periods of the absence
of the absolute observations does not take into account
the physical effects caused by the behavior of the mag-
netic field during the corresponding time intervals. That
is, the common agreement that the baseline variations
should be described by smooth functions (quadratic pol-
ynomials, splines, etc.) based on the absolute observation
values generally has no rigorous physical justification.
At the same time, the field behavior between the time
moments of absolute observations can be fully taken into
account, as observatories normally provide continuous
and independent registration of both relative variations
of the field components and its modulus values. In the
current observatory practice, when calculating the regu-
lar baselines, continuous records of the components and
the modulus of the magnetic field are not used. Taking
into account the detected EMF signals with the ampli-
tude of several nT with a spatial scale of some hundred
meters and less than 1-day duration (Lesur et al. 2017),
this circumstance becomes especially critical. Indeed, the
distance between the vector and the scalar magnetom-
eters at observatory is often about a hundred meters,
so such signals can affect the record of only one of the
two instruments. Also, the selection of baseline values
at each time moment is carried out for each component
independently, which does not allow to take into account
the accuracy of orientation and orthogonality of the vec-
tor magnetometer sensors. Another disadvantage of the
widely accepted method is that it does not admit base-
line value variations within a day, which may well occur
in actual practice due to an abrupt temperature change in
the pavilion or small-scale EMF signals described above.
The mentioned disadvantages necessarily lead to the
deterioration of the quality of the definitive data, which
in turn introduces errors in model predictions built using
observatory data, especially when studying rapid (shorter
than a year) core field variations.

In the present paper, we propose a new approach to
the calculation of regular baselines in which both of the
mentioned disadvantages are eliminated. The proposed
approach is based on the simultaneous analysis of the
results of absolute observations and the values of the
regular time series AF = AF(t) which is widely used for
estimating the data quality (Reda et al. 2011). The latter
represents a series of differences between the field modu-
lus recorded with a scalar magnetometer and calculated
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from the full component values, which are derived from
the vector magnetometer data. In the proposed method,
the systematic AF analysis allows to take into account all
available information about the operation of observatory
instruments in the intervals between the moments of
absolute observations. Of course, it implies a continuous
recording of the absolute field modulus at observatory.
To establish a connection with the observed baseline val-
ues, we introduce a function for approximate evaluation
of the intermediate baseline values. This paper continues
the series of studies set out in (Lesur et al. 2017), where a
method is proposed for the estimation of the error statis-
tics of resulting data by solving the inverse problem in a
linear form. In our case, the solution of the inverse prob-
lem has an initial, nonlinear form.

In the first part of the paper, the description of the
algorithm for the calculation of the regular baselines,
based on the minimization of the proposed functional, is
given. In the second part, we analyze the results of the
algorithm operation by the examples of synthetic data.
The third part is dedicated to the algorithm application
to real data obtained at the Saint Petersburg INTERMA-
GNET observatory. In the two final sections, we provide
the results of comparison between the 2015 definitive
data obtained by the classical and proposed methods, as
well as their discussion and conclusions.

Calculation of regular baselines

The traditional method for the definitive data preparation
does not require a continuously recording scalar mag-
netometer at the observatory. Despite this, many INTER-
MAGNET observatories (more than 85 according to the
2015 definitive data statistics) (http://www.intermagnet.
org) perform continuous recordings of the total intensity
of the magnetic field by means of a proton-type scalar
magnetometer.

The difference AF between the calculated value of the
total Earth magnetic field intensity according to the base-
line-corrected vector magnetometer data and the sca-
lar magnetometer record is the one of the basic quality
criteria provided by the observatory (Reda et al. 2011).
Thus, the presence of approximate full values of the three
components of the field vector and the time-synchro-
nized values of its modulus allows the operational cal-
culation of the AF record. The corresponding time series
reflects the consistency of the operation of vector and
scalar magnetometers, which in turn enables continuous
monitoring of the quality of work of the devices. At the
same time, this approach ensures the quality control of
the variometer to a greater extent because current scalar
magnetometers are characterized by a long-term stable
operation and practically no sensitivity to external cli-
matic influences (Hrvoic and Newitt 2011). It should be
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noted that such approach to quality control is not appli-
cable for error detection in the variometer data resulting
from whole and permanent motions like drifts due to
pier inclinations or rotations. Also, since the proposed
method for estimating baselines involves the AF time-
series analysis, it can be applied only to the data from
the observatories that carry out the continuous registra-
tion of total intensity F. Usually, the vector and the scalar
magnetometers sample geomagnetic field with different
frequencies; therefore, they must first be brought to a
single timeline by averaging. In particular, time-synchro-
nized min data are calculated by averaging the original,
noise-cleared data using a Gaussian filter (St-Louis 2012).

Let us analyze the calculation procedure of the inter-
mediate (regular) baseline values using the proposed
method. For a calculation, the following initial data sets
are used:

1. Three orthogonal component variations of the EMF
V= Xy, Yy, Zy), measured with a vector magnetom-
eter with a frequency /;;

The EMF total intensity values EMF F,, measured
with a scalar magnetometer with a frequency /;;

2. The observed baseline values By = (Xg, Yl?,Zg), cal-
culated using the results and at time moments of the
absolute observations carried out with a non-regular

frequency of an average value [, < /;.

In the real practice of the geomagnetic observatory,
the /; value is within 1/60—1 Hz, and the /, is about 1-2
measurements per week. The observed baseline values
are preliminarily processed for the elimination of errone-
ous measurements leading, in particular, to spikes. Using
the processed series, the range of acceptable baseline val-
ues is determined for each component. The similar pro-
cedure is carried out for all fragments of the observed
baseline values separated by abrupt changes (jumps) due
to modifications in the observatory environment; we give
the algorithm description for one such fragment.

At the first stage, for the calculation of a regu-
lar series of approximate baseline values, a grid

S:{X;;

nents within the ranges of acceptable values. Definition
of the grid step is based on the required accuracy of the
baseline calculation. The informal essence of the algo-
rithm is in the selection of such a combination of base-
line values for every time moment that (1) the resulting
AF tends to zero, (2) their discrepancy with the adjacent
observed baseline values is minimal. Let us formalize
the first criterion as a function G tending to zero, and
the second one—as the minimization of the function
A. We introduce the target function ¢, which is a linear

I v/
oY

J
O,Zﬁ |10< } is constructed for three compo-
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combination of the G and A functions connected with
a weighting factor 1. For every tlme moment ¢ in every

node of the grid S¥* = (X /s Yl , b , the function ¢ will
have the following form:
o(6,87%) =16+ - a4, Lelol. )

To optimize the computational process, while calcu-
lating the ¢ function, we set the time step equal to 1 h.
For this, it is necessary to assume that the baseline values
remain unchanged during an hour, which is quite per-
missible due to the assumption of the baseline constancy
during a day accepted by INTERMAGNET (St-Louis
2012). Then, the G function will be calculated using the
formula:

G= Z<\/x +x0) +(YV+Y;;)2+<ZV+Z§)2—Fa>2,
@)

where F, = F, + Ej and F) = const—the difference of the
total field intensity between the site of installation of the
scalar magnetometer and the site of installation of the
absolute magnetometer. Therefore, when analyzing the
1-min X, Y,, Z, and F, data, at every step the G function
is calculated from 60 values of the three components and
the total intensity of the magnetic field.

The A function, which is responsible for the corre-
spondence of the considered combination of baseline
values to two neighboring observed values, has the fol-
lowing form for each time moment:

= (1B -3 iwy) "+ (1B§ -3 mw)", )
where B is the previous observed baseline vector, B”
is the next observed baseline vector, S is the _current
vector of the grid, w,, is a factor of closeness to Bo, w, is
a factor of Closeness to B" Herein, we use the factors of
closeness within [0, 1] that vary linearly:
Aty

wp=1—7, wy=1-— T ()
where A, is a distance in time from the current moment
to the moment of the previous observed baseline vec-
tor, At, is a distance in time from the current moment
to the moment of the next observed baseline vector, and
T = At, + At,, is a distance in time between the previous
and the next observed baseline vectors in relation to the
current time moment. In principle, nonlinear factors of
closeness can also be used, such as ; +1A ; or e AT,

Hence,
> def .
B(t) = (X,, Y, Z,) = argmin p(t),
Siok

VieT,
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where B(t) is the desired baseline vector for the time
moment ¢ on a regular time interval 7' with a step of 1 h
and “argmin” returns the value of S k which minimizes
¢(¢) over the set of candidates.

Validation of the method on synthetic data

Let us analyze the application of the method to par-
tially synthesized data. As the initial variation val-
ues V = (Xy,Y,,Z,), we use the variations of the three
orthogonal field components registered by the vector
magnetometer at the Saint Petersburg INTERMAG-
NET magnetic observatory (IAGA code SPG, Leningrad
Region, Russia), cleaned from anthropogenic noise. The
initial digital registration frequency is 1 Hz, so for our
purposes the data are preliminarily averaged to 1-min val-
ues according to the Gaussian filer using the weight fac-
tors recommended by INTERMAGNET (St-Louis 2012),
with centering to the beginning of the UTC min. Also, it
is necessary to define a priori a certain synthetic regular
baseline B(t) = (X}, Y,,Z,). In the future, the accuracy
of the solution found by the algorithm is estimated from
its proximity to this series. Generally, a regular base-
line series can be set by means of an arbitrary function
defined on a time interval T = {tk = kh},k =1,...N,h
is 1 h. In our case, we use a sine function with a phase
and frequency shift between the components and an off-
set with respect to zero:

Xp = ay sin(fit) + cx,
Yy = aysin(fyt) + ¢y,
Zy = ag sin(f;t) + ¢,

where a,, a,, a,—the amplitude factors of the baseline, f,

fy, f,—the factors of the alternation frequency, c,, €y C;—
the baseline offsets. The values of the applied factors are:

(6)

e a=2,f=0.2,c=— 22 for X component,
o a=—5,f=0.1, ¢ =40 for Y component,
o« a=2,f=0.1, c=120 for Z component.

The factors c,, ¢y €, for each component are chosen
equal to mean values calculated from real observations at
the Saint Petersburg observatory. The factors f,, fy, f, are
arbitrary. a,, a, a, are defined from real dispersions of
the baseline measurements at the observatory. The series
generated this way adequately reflect the baseline behav-
ior for the Saint Petersburg observatory.

The set of the pseudo-observed baseline values
Bo = (XO, YbO,Zg) is defined as a subset of regular values
for the predefined irregular time moments T, = {£’} C T,
where |T| < |T].

Further, from the 1-min values V and the 1-h values B
we calculate 1-min values F,, which represent synthetic
total intensity, using the formula:
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F, = \/(XV +X,)% + (Y, + Y,)2 + (Zy + Z,)2 + W, (1),

@)
where W ,(¢) is an additive white Gaussian noise with the
RMS ¢ = 0.1 and the mean y = 0.

Now let us analyze the results of the algorithm appli-
cation to the initial data \7, F, and By on the obser-
vation interval 7' = 21 days with A = 0.5. In Fig. 1, the
baseline values of the EMF components are presented.
The synthetically generated regular baseline is marked
with green, and the selected pseudo-observed values
are marked with an asterisk. The obtained hourly base-
line values are marked with blue. The step of the grid S
in the ¢ function minimization is taken 0.25 nT for each
component.

An important indicator of the quality of the calculated
baseline values is the difference function G (Fig. 1). As
it is seen, its values are within the [— 0.5 0.5] interval,
which indicates the high definitive data quality accord-
ing to the INTERMAGNET regulations. The values of
the minima of the target function ¢ for every hour of the
processed data are also presented in Fig. 1. Let Q, be the
time series of the found minima of the function ¢ values:

Qy(t) = rgn,li“p<t §i”'k). ®)

It is seen that during the periods of increasing variabil-
ity of the baseline curve and at the moments, which are
remote in time from the observed baseline values, the
minimum of the ¢ function increases. On the contrary,
in between the two first observed baseline values Q, does
not show any significant peaks, as (1) these two values
are very close for each component, and (2) vector/scalar
measurements are in good agreement. We recall that the
value of the weighting factor A = 0.5 means equal “con-
fidence” of the algorithm both in the observed baseline
values and in the coherence of vector and scalar meas-
urements of the EMF.

The algorithm validation process consisted of 100 com-
putational experiments based on the synthesized data. In
every computational experiment, an additive Gaussian
white noise with a RMS o = 0.5 and a mean ¢ = 0 was
added to the pseudo-observed baseline values:

X (®) = Xp () + Wi5(0),
p() =Y, (6) + W5 (), ©)
Zy,(6) = Z)(6) + W55(2),
where i is an experiment number.
During every computational experiment, a baseline
calculation was performed consequentially for A = 0.1,

0.5 and 0.9. Such values were selected in order to explore
the computational side effects of the algorithm when
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a confidence factor is selected incorrectly. The results
of the algorithm work for the one of the computational
experiments are given in Fig. 2.

As shown in Fig. 2a, when A = 0.1 the increased con-
fidence of the algorithm in the observed baseline values
reduces the dispersion of the computed baseline val-
ues; however, the dispersion of the G function values
increases with that (STD ~ 0.19 nT). On the other hand,
when 1 = 0.9, representing the excessive confidence of
the algorithm in the quality of the work of the scalar and
vector magnetometers of the observatory, the decrease
in the dispersion of the G function (STD ~ 0.03 nT,
Fig. 2¢) is seen. Accordingly, the lack of confidence in the
observed baseline values decreases smoothness and adds
a noise component to the calculated baselines, which can
adversely affect the quality of the definitive data.

The hourly series Q,, is a main characteristic function
for definitive data obtained using the proposed algo-
rithm. For instance, the local Q, maxima can indicate
excessive variability of the observed baseline values over
the corresponding time interval (Fig. 2) or the problems
with synchronous data registration by the scalar and the
vector magnetometers. The latter may include wrong
scale factors, time desynchronization, sensor tempera-
ture effects and others. As shown in Fig. 2, the Q,, series
depends on the predefined A value.

During the algorithm validation, 100 sets of result-
ing data were received for each value of A. In Fig. 3, the
Q, time series for all the computational experiments
are plotted. As it is seen from the figure, the alternation
of the confidence factor A does not have a significant
impact on the distribution of the local maxima of the
Q, functions. However, with increasing the confidence
in the function G (A — 1) the contribution of the noise
component of the variometer values increases, which
leads to the occurrence of noise effects in the Q, values
(Fig. 3c). With this, the order of magnitude of the total
noise effect becomes comparable to the one of the noise
rate of the observed baseline values, which almost com-
pletely masks possible problems with the baseline values
on the Q, data. Also note the overall increase in the abso-
lute Q,, values due to the fact that by the definition of the
function ¢ [see formula (1)] and the functions G and A
contained in it [see formulas (2) and (3)], the Q, values
are expressed in nT% At the same time, the function G
expresses the sum of the squares of the deviations for all
values over an hour, while the function A is calculated for
one baseline value per hour.

Let us consider the function Q, in more detail for
A = 0.5 (Figs. 2b, 3b). The local maxima of the func-
tion are clearly seen and strictly localized in time on
all random sets of test data. This indicates that the
change in noise characteristics in the initial data does



Soloviev et al. Earth, Planets and Space (2018) 70:16 Page 6 of 14

nT
|

05-.52.15 12.04.15 19.04.15 26.04.15

40

39

38

nT

37

36
E

05.82.15 12.04.15 19.04.15 26.04.15

122

121.5 -

121

nT

120.5

"ef;\
N

1
05.%3.15 12.04.15 19.04.15 26.04.15

N Y V
= 06 \/M i m\;‘\iﬂw/\
0.4 i A Ah M

AL L TR A

Woder Pty
b Ms;

05.02.15 12.04.15 19.04.15 26.04.15

05.64.15 12.04.15 19.04.15 26.04.15
Fig. 1 Calculated hourly baseline values (blue) with A = 0.5, pseudo-observed values (red) and functionally defined hourly baselines (green) for the
X (first plot), Y (second plot) and Z (third plot) components of the EMF. Fourth and fifth plots represent the corresponding Q, and G functions




Soloviev et al. Earth, Planets and Space (2018) 70:16

not significantly affect the result of the algorithm. The
found local maxima of Q, correspond to the intervals
of low confidence of the algorithm in the obtained
definitive data quality with respect to its general level.
For instance, the local Q, maxima on the time interval
from 13.04 to 21.04 are caused by high variability of
the baseline values. On the contrary, local Q, minima
indicate a higher quality of the resulting data. They
occur at the time moments corresponding to the pres-
ence of pseudo-observed baseline values. However, the
significant difference between the neighboring pseudo-
observed values and their insufficient frequency cause
the occurrence of local maxima in Q, at the interme-
diate points; their time moments are close to the mid-
points of the intervals between the pseudo-observed
baseline values (Figs. 2b, 3b).

Let us illustrate the variability of the algorithm opera-
tion by introducing changes to the initial synthetic data.
Figure 4a shows a result of the algorithm’s operation after
the pseudo-observed value on 17.04 was removed. Before
the removal of this point, in its time neighborhood there
were two local Q, maxima with amplitudes of about 0.9
nT? before 17.04 and 0.6 nT? after 17.04 (Fig. 1). The point
removal led to the appearance of one local Q, maximum
on the time interval from 13.04 to 21.04 with an amplitude
approximately twice higher, about 1.3 nT% On the con-
trary, the increase in the frequency of the pseudo-observed
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baseline values leads to the disappearance of local maxima
on Q, and, therefore, to increasing the level of confidence
in the resulting data. This circumstance is illustrated in
Fig. 4b, where two measurements on 15.04 and 19.04 are
added, leading to the disappearance of local maxima on
Q, as shown in Fig. 1. Thus, the function Q, represents a
quantitative measure of the quality of the initial data and,
as a consequence, reflects the level of confidence in the
resulting data. The latter is one of the most important fea-
tures of the developed algorithm.

Validation of the method on real data

To validate the method in real conditions, we used initial
data from the Saint Petersburg geomagnetic observatory
(IAGA code SPQG), obtained during 2015. The obser-
vatory is located 100 km north from the city of Saint
Petersburg (60.542N, 29.716E) and based at the site of
the former Krasnoe Ozero (Red lake) observatory, where
continuous observations were carried out from 1960 to
1990. Through the efforts of the GC RAS in 2014, it was
equipped with the modern magnetometric instrumenta-
tion, and in 2016 the first definitive data set for 2015 was
produced. These data were accepted by INTERMAG-
NET, and the observatory was officially included into the
network (Soloviev et al. 2015; Sidorov et al. 2017). The
continuous data recording at the observatory are pro-
vided by the following instruments:
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« FGE 3-axial fluxgate magnetometer (DTU, Denmark)
for recording the variations of the EMF components;

+ GSM-19 scalar magnetometer (Gem Systems, Can-
ada) for recording the modulus of the EMF vector.

The fluxgate magnetometer is installed in the separate
pavilion and provides measurements with the frequency
of 1 Hz. It is oriented in such a way that the sensor axes
are aligned along the directions to the geographic north,
east and vertical line, so the measured components of
the EMF are X, Y and Z, respectively. The scalar mag-
netometer carries out measurements with the frequency
of 0.33 Hz and is installed in another pavilion. In the
same pavilion, absolute observations of magnetic dec-
lination and inclination are carried out by operator 1-2
times per week, using the MinGeo 020B declinometer/
inclinometer (MinGeo, Hungary). The distance between
the pavilions is about 25 m. The data from both mag-
netometers are continuously transmitted to the Magrec
data logger (MinGeo, Hungary), where their temporal
synchronization, min averaging by Gaussian filter, pre-
liminary processing and further transmission to GC RAS
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are performed (Soloviev et al. 2013; Gvishiani et al. 2014,
20164, b).

To demonstrate the advantages of the described
method, herein we provide its comparison with the tradi-
tional method used by the INTERMAGNET community
by the example of the SPG data over 2015. Let us remind
that the data obtained by the traditional method have the
official status of definitive data, published on the INTER-
MAGNET Web site (http://www.intermagnet.org).
According to the AF record constructed for the 2015
definitive data, the processed data from the magnetom-
eters have a high level of coherence, as the AF amplitude
does not exceed 1 nT during the whole year. The base-
lines over the whole period of absolute observations in
2015, which correspond to the definitive data, have the
following maximal amplitudes: 5 nT for X component, 10
nT for Y component and 2 nT for Z component. Exceed-
ance of 5-nT span in Y, was due to short-period problems
with the variometer electronics that were soon resolved.
It was found out experimentally that during the year the
baseline value F) for the total field intensity record was
constant and equal to -5.5 nT.
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Fig. 5 Comparison between the baseline values for the three EMF components, obtained by the classical and the proposed methods for the
period from February 20 to October 1, 2015. The baseline according to the classical method with the use of the smoothing spline interpolation is
marked with red (X), the hourly baseline values obtained by the described algorithm are marked with blue (nXQ), the daily values calculated by
averaging the hourly values nXg are marked with green (nXg), and the observed baseline values are marked with light-blue circles (spot)
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As the input data for the developed algorithm, we used
the min variations of the components and the EMF mod-
ulus record, cleaned from anthropogenic disturbances
using the algorithms (Bogoutdinov et al. 2010; Soloviev
et al. 2012a, b; Sidorov et al. 2012), as well as the abso-
lute observations after outlier removal. In the calcula-
tions, the confidence factor 1 was set equal to 0.5; the
observed baseline values, if done more than once a day,
were averaged and bound to a nearest whole hour. If we
keep several close in time measurements within a day,
the resulting curve will tend to their average (given that
A = 0.5). In the following section, we present the results
of the comparison of the two methods by the example of
the data for the period from February 20 to October 1,
2015, as it is the longest time interval of almost continu-
ous measurements during a year. In early February and
at the end of October, there are big losses of variometer
data.

Discussion

Figure 5 demonstrates the comparison between the daily
baselines calculated according to the classical method
using the smoothing spline interpolation (X;), the hourly
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baselines obtained by the algorithm described in the
paper (nX%), the daily baselines calculated by averaging
the hourly values X% (nX%) and the observed baseline
values (spot). Let us remind that we use the grid (S) step
0.25 nT for calculating hourly baseline values (see “Vali-
dation of the method on synthetic data” section), whereas
INTERMAGNET requires daily values. While averag-
ing 24 values we get a higher accuracy exceeding 0.1 nT,
which falls within INTERMAGNET standards. The com-
parative analysis of the results displays much more varia-
bility of the baseline values calculated by the new method
both for the hourly and for the daily cases. At the same
time, it is seen from the plot that the values of both series
are very close to each other.

The main indicator for the proposed method efficiency
is the resulting curve AF, which is widely used in INTER-
MAGNET practice as the data quality measure (Reda
et al. 2011). The general difference from the AF series,
derived from the approved definitive data of the SPG
observatory, is the significant decrease in the root-mean-
square deviation from ¢ = 0.226 nT to o = 0.041 nT when
using the hourly baseline values (Gi,,,,) and ¢ = 0.088
nT when using the daily baseline values (Gg,,), and the
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Fig. 6 Comparison between the AF, obtained from the definitive data accepted by INTERMAGNET (G, blue), and the AF curves obtained using
the new method from hourly (G, green) and daily (Ggay, red) baseline values for the period from February 20 to October 1,2015
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decrease in the mean to 0. In Fig. 6, the three correspond-
ing AF plots are presented (G, Ghour Gaay) for the whole
interval under consideration; Fig. 7 shows histograms of
their value distributions in percentage.

Also, the Q, series was plotted for the whole interval
under consideration, characterizing the level of con-
fidence in the definitive data for each value. The result-
ing Q, plot is given in Fig. 8. As it is seen from the plot,
the data with the highest confidence level (the lowest Q,
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values) are obtained in July and August. High-frequency
low-amplitude spikes around July—August are due to
electric works that took place nearby and consequently
affected G function. Low confidence level according to
Q, (the highest Q, values) corresponds to the time inter-
vals of the most intense baseline variations, for example,
at the end of April, at the end of May and at the end of
June. Single spikes in the Q, values correspond to the
intervals of technical gaps in the initial data and can be

Fig. 7 Histograms of the value distributions for G
from February 20 to October 1, 2015
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excluded from consideration when evaluating the pro-
cessing results.

Thus, the comparative analysis shows that the definitive
data obtained using the developed algorithm meet the
INTERMAGNET requirements. Moreover, due to the
new method, the data quality indicators are essentially
improved, comparing to the classical approach, and also
a relevant estimation of the measurement quality during
the analyzed time interval is provided. Taking this esti-
mation into account, it becomes possible to set the mini-
mal quality level required for the final data and, when
processing the observations from several observatories,
to rank the individual data fragments according to their
quality.

Conclusions

The developed approach allows to build a baseline in a
semiautomatic mode using all the available data from the
observatory. They include not only the observed base-
line values derived from spot values of the magnetic field
components and its total intensity at the times of abso-
lute observations, but also the continuous data of vector
and scalar magnetometers. The latter are not used in tra-
ditional observatory practice when calculating the regu-
lar baselines. The developed approach is based on the
minimization of the target functional ¢, which is a linear
combination of two functions G and A, connected with
a weight factor A. The G function is responsible for esti-
mating the difference of the vector magnitudes obtained
from the independent vector and scalar recordings, and
the A function represents the conformity of the consid-
ered baseline vector to the observed ones at two nearest
times. The resulting series of the found minima of the
¢ function (Q,) represents a quantitative estimation of
confidence in the obtained baseline values for each time
moment. The method is adopted for Cartesian compo-
nent measurements of the magnetic field and will not
work in its present form for dIdD or LAMA variometers
as they record spherical components.

It should be noted that the traditional approach to
quasi-definitive (Peltier and Chulliat 2010) and defini-
tive data preparation involves the interpolation of the
observed baseline values. With that, the interpolation
parameters are defined individually for each observa-
tory and depend on the instrumentation used, the meas-
urement quality, the typical baseline value dispersion,
etc. In the proposed method, the free parameter A has
a clearer physical meaning, and its selection is less sub-
jective. Moreover, the selection of the parameter can be
automated, for example, by the analysis of statistical fea-
tures of the initial data. An important feature of the algo-
rithm is the possibility of a quantitative estimation of the
resulting data precision and, thus, determination of the
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problematic fragments in initial data without operator
intervention.

The algorithm operation was evaluated both on syn-
thetic examples and on real data registered in 2015 at
the Saint Petersburg INTERMAGNET observatory. The
data obtained using the proposed method were com-
pared with the definitive data officially accepted by
INTERMAGNET. The advantages of the new method
are demonstrated, and it is shown that it allows to essen-
tially improve the resulting data quality as compared to
the classical approach. The obtained results prove that
the baseline variability in time should not necessarily be
smooth. In particular, this may be due to the distance
between the variation and absolute pavilions: the more
this distance, the less smooth is the baseline (Lesur et al.
2017). At the same time, the assumption of the base-
line smoothness might lead to the loss of the informa-
tion about the geomagnetic signals of small spatial scale
(100-200 m) but quite lasting (~ 1 day long), with the
amplitude of several nanoteslas. In turn, this will add
significant distortion into the models of rapid core field
variations built using observatory data.

Abbreviation
EMF: Earth's magnetic field.
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