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Abstract

Geomagnetism, similar to other areas of geophysics, is an observation-based science. Data agreement between
comparative geomagnetic vector observations is one of the most important evaluation criteria for high-quality
geomagnetic data. The main influencing factors affecting the agreement between comparative observational data
are the attitude angle, scale factor, long-term time drift, and temperature. In this paper, we propose a method based
on a genetic algorithm and linear regression to correct for these effects and use the distribution pattern of points in
Bland—Altman plots with a 95% confidence interval length to qualitatively and quantitatively evaluate the agreement
between the comparative observational data. In Bland—Altman plots with better agreement, that is, with the cor-
rected data, more than 95% of the points are distributed within the 95% confidence interval and there is no obvious
pattern in the distribution of the points. Meanwhile, the length of 95% confidence interval decreased significantly
after the correction. The method presented here has positive effects on the vector instrumentation detection and
would enhance the robustness of geomagnetic observatory by bringing the data quality of the backup variometer
data in line with the primary variometer.

Keywords: Geomagnetic vector comparative observations, Data agreement, Genetic Algorithm, Bland—Altman plot

*Correspondence: huxx@cea-igp.ac.cn

! Institute of Geophysics, China Earthquake Administration,
Beijing 100081, China

Full list of author information is available at the end of the article

. ©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
@ Sprlnger O pe n permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
— original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://orcid.org/0000-0002-6460-524X
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40623-022-01583-9&domain=pdf

He et al. Earth, Planets and Space (2022) 74:29

Page 2 of 18

Graphical Abstract

After daily comrection

After long-term correction

dH

dD

dZ(nT) Z(nT) dD(nT) D(nT) dH(nT) H(nT)

Mo

time(second)

dz

Main text

Introduction

Vector observations of the geomagnetic variation field
are the primary means used to study internal and exter-
nal magnetic field sources, such as rapid magnetic vari-
ations and magnetospheric currents (Curto et al. 2007;
Xu et al. 2015), and the instrument most commonly
used for such observations is the fluxgate magnetometer
(Jankowski and Sucksdorff 1996). To enhance the opera-
tional robustness, some observatories use two sets of
fluxgate magnetometers with the same type of probe to
enable comparative observations. However, actual com-
parative observational data can be somewhat divergent,
that is, the measurement data from the two sets of instru-
ments do not exactly agree. This leads to a reduction in
the credibility of the data recorded by one instrument
when the other fails, to the point, where it is impossi-
ble to determine whether it is reasonable to use the data
from the backup instrument at the time of failure. Fur-
thermore, vector observations of the geomagnetic field
are expected to qualitatively reflect the magnetic field
variations at the measurement points and, therefore,
to invert the relevant physical mechanisms. Morpho-
logical differences in the comparative observational data
might cause uncertainty on the studies related to physi-
cal mechanisms of rapid geomagnetic variations, such as
geomagnetic sudden commencements (Araki et al. 2004;
Segarra and Curto 2013). Therefore, analyzing and cor-
recting the agreement between the comparative geomag-
netic vector observational is a basic but important step
for data quality assurance.

Morphological differences in the comparative geomag-
netic vector observational data have a variety of causes.
For fluxgate magnetometers with the same type of probe,
influencing factors that can introduce significant mag-
netic measurement differences include the attitude angle,

scale factor, long-term time drift, and temperature. For
daily variations, the attitude angle and the scale factor
cause the geomagnetic vector difference to show a char-
acteristic pattern and would bring about 2 nT fluctua-
tions in measurement difference according to different
parameter deviations. The effects of the long-term time
drift and temperature are more often seen in long-term
observations. In China, most geomagnetic observatories
have a strict temperature control of 0.04 °C/day in their
variation rooms. The variation rooms of the three Chi-
nese geomagnetic observatories selected for this study
all meet this requirement. Therefore, when examining
the agreement between the daily-variation data, only two
aspects—the attitude angle and the scale factor—are ana-
lyzed. For long-term observations (greater than or equal
to 3 months), the effects of the long-term time drift and
temperature cannot be neglected and would bring a sig-
nificant fluctuation in measurement difference which can
exceed even 5 nT.

The traditional index for evaluating the agreement
between comparative geomagnetic vector observational
data is the Pearson correlation coefficient (Han et al.
2004; Berezin and Tlatov 2020). This correlation coeffi-
cient gives a clear agreement judgement when comparing
measurement data from two different means of observa-
tion (e.g., satellite magnetic observations versus ground-
based observations). When the measurement platform
is consistent, the observational environment is good,
the instrument quality is high, and the correlation coef-
ficient is often very close to 1. However, the geomagnetic
vector differences can still be relatively large and show
some regularity. This means that the correlation coeffi-
cient does not adequately distinguish the degree of agree-
ment between the comparative observational data. This
paper proposes a qualitative and quantitative analysis
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of the agreement between comparative geomagnetic
vector observational data using Bland—Altman (B-A)
plots. Disagreement can be visually detected from the
shape of the distribution of the points on the B—A plots,
and the length of the 95% confidence interval can sig-
nificantly distinguish the superiority or inferiority of the
agreement.

To analyze the influencing factors affecting the agree-
ment between the comparative geomagnetic vector
observations and to calculate the corresponding correc-
tion parameters, the Lijiang (LIJ), Maguan (MAG), and
Yunlong (YUL) geomagnetic observatories in southeast-
ern China, which have two sets of fluxgate magnetom-
eters operating simultaneously, were selected. These
three observatories are equipped with two sets of GM4
fluxgate magnetometers with a resolution of 0.01 nT and
a sampling rate of 1 Hz. The magnetic variometer GM4
is developed by the Institute of Geophysics, China Earth-
quake Administration. GM4 has a ®180 mm x 100 mm
probe and linear cores made of permalloy. When GM4
works in compensated operation mode, the dynamic
range is+2500 nT and the linearity is better than 5%o
(Shen et al. 2021). The selected data range is from Janu-
ary 1, 2020, to July 31, 2021.

Characteristics of and calculation methods

for the correction parameters

Attitude angles are important for geomagnetic vector
observations. Traditionally, the determination of the azi-
muth of the fluxgate magnetometer by the staff is made
in conjunction with the fluxgate theodolite according to
the geographical orientation (Jankowski and Sucksdorff
1996). A high-precision tiltmeter is used to record the
tilt of the instrument above the abutment. Alternatively,
a suspended fluxgate magnetometer is used to circum-
vent the effects of tilt. However, in practice, tilt effects are
often ignored for observatories in non-permafrost envi-
ronments. Unattended platforms, such as the SeaFloor
ElectroMagnetic Station, use direct attitude measure-
ments by means of tiltmeters and fiber optic gyroscopes
(Toh et al. 2006).

Researchers have also tried to correct the attitude
between two fluxgate magnetometers using genetic algo-
rithms (Liu et al. 2019). A genetic algorithm is a com-
putational model that simulates the process of natural
selection and genetic evolution observed in biological
evolution; this is a well-established method for finding
the global optimal solution of an objective function (Hol-
land 1992; Weile and Michielssen 1997). Earlier studies
have used genetic algorithms to calibrate the orthogo-
nality of fluxgate magnetometer probes (Jiao et al. 2011).
Three-component fluxgate magnetometer data naturally
contain attitude information, and ideally the difference in
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the data between the two sets of instruments only arises
from the difference in the attitude angles. Accordingly,
the genetic algorithm calculates the attitude relationship
between two fluxgate magnetometers and has natural
advantages such as high measurement accuracy, no inter-
ference with the probe, and a minimal use of peripheral
instruments.

A genetic algorithm for an optimization search prob-
lem usually consists of basic steps such as population ini-
tialization, fitness evaluation, selection, recombination,
mutation and replacement (Sastry et al. 2005). The num-
ber of individuals and their characteristics is usually used
to artificially designate population. These characteristics
as decision variables are coded to facilitate the computer
practice of selection, recombination and mutation steps.
In this paper, individuals’ characteristics are attitude
angles and scale factors. The value range of attitude angle
should strictly be [—180°, 180°], but usually we have a
rough judgment of the relative attitude angle of the two
sets of instruments. [— 10°, 10°] is sufficient for observa-
tory data. In addition, the range of the scale factor is usu-
ally taken as [0, 1.5]. The fitness evaluation should be able
to give quantitative indicators to distinguish between
good and bad results through the objective function.
Selection, recombination, and mutation mimic the prin-
ciples of nature selection and genetics, giving offspring
with different characteristics that are better adapted to
the "objective function" to achieve higher fitness. In this
paper, universal truncation selection and uniform crosso-
ver are chosen as the operators of selection and recom-
bination. To avoid a high possibility of genetic patterns
being corrupted and based on the program effect, the
crossover probability and the mutation probability are
taken as a typical value of 0.7 and 0.047, respectively. For
the generality and computational efficiency of genetic
algorithms, the choice of operators and parameters is
very important. However, for the physical interpretation
of specific optimization search problems, more attention
should be paid to the objective function which is used for
fitness evaluation.

The objective function Obj of the genetic algorithm
used in this paper is the sum of the absolute values of all
elements in the objective matrix ObjM derived below, as
shown in Eq. (1).

n 3
Obj = > " |Dyl (1)

j=1 i=1

In Eq. (1), D, ; is the i, j entry of matrix ObjM and n
is the length of the data set. The objective function Obj
has a global minimum when the decision variables, which
are the attitude angle and scale factors in this paper, take
appropriate values.
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Fig. 1 Influence characteristics of the attitude angle and scale factor in the morphology of comparative geomagnetic observations. The figure
shows the daily geomagnetic variation and vector difference on June 17, 2020, at the Yunlong (YUL) observatory. Because of the heading angle
deviation, the difference, dH, has a similar morphological change to the D component. Because of the scale factor, the dD and dZ differences are
similar to the morphological variations of the D and Z components, respectively
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The objective matrix ObjM is the difference between
the value of the tested instrument data normalized to the
standard instrument coordinate system and the value of
the standard instrument data, as shown in Eq. (2).

/

ObjM = Data

-1
= T "Dataesy — Datagndard

standard D atdsandard

)

In Eq. (2), the subscripts standard and test represent the
data in the standard coordinate system and in the tested
coordinate system, respectively, and the superscript ’ rep-
resents data converted from another coordinate system.
Data,,, and Datay, 4.,q denote the comparative obser-
vational data of the H D Z components of the magnetic
induction intensity obtained from the observatories. Both
sets of data are only performed the demeaning process
before entering the genetic algorithm analysis. The calcu-
lation results of the vector relative observational data col-
lected from the three observatories and the vector absolute
observational data collected from the Lijiang experiment
show that the demeaning process in the daily correction
does not affect the calculation of the scale factor and can
significantly improve the accuracy of the attitude angle
calculation. The rotation matrix T is obtained by multi-
plying the rotation matrices represented by the tilt angles
Roll, Pitch, and the heading angle Yaw in sequence during
the conversion from the standard coordinate system to the
tested coordinate system, as shown in Eq. (3).

1 0 0
0 cos(Roll) sin(Roll)
0 —sin(Roll) cos(Roll)

T = Troi Tpitch T Yaw =

cos(Pitch) 0 —sin(Pitch) cos(Yaw) sin(Yaw) O

0 1 0 - | —sin(Yaw) cos(Yaw) 0

sin(Pitch) 0 cos(Pitch) 0 0 1
3)

This order cannot be changed, because the attitude
angles correspond to the rotation angles only when the
matrix is multiplied in this order.

The presence of deviations in the attitude angles
between the two fluxgate magnetometers results in a
geomagnetic vector difference in one direction, reflect-
ing a morphological change in the other direction due to
projection (Wang et al. 2017). Taking the deviation of the
heading angle Yaw as an example, as shown in Fig. 1, the
difference dH of the H component reflects the morpho-
logical variation of the D component.

Even for the same probe, the coefficient used to convert
the voltage to the magnetic induction intensity during the
instrument commissioning process is not the same. In
this paper, we refer to the parameter that results in meas-
urement differences between the two instruments due

Page 5 of 18

to differences in voltage-magnetic conversion coefficient
as the scale factor. Therefore, the scale factor matrix also
needs to be added to the objective matrix, as in Eq. (4):

’

ObjM = Data — Dﬂtastandard

standard

(4)

11
= Sf T Dataiest — Datagyndard

Here, the matrix Sf is the scale factor matrix, which
is a diagonal array with its diagonal elements being the
scale factors of the corresponding components. Even in
the ideal case, where there is no relative attitude angle
between the two sets of instruments, the voltage-mag-
netic conversion coefficient is still not the same. Therefor
scale factor naturally exists and acts on the tested instru-
ment data first, as in Eq. (5), and the attitude rotation
matrix and the scale factor matrix acting on the tested
instrument data are not interchangeable.

/

Dataiest = T - Sf . Datastandard (5)

Note that the attitude angle and scale factor parameters
are for the instrument being tested relative to the stand-
ard instrument. The positive direction of the angle is a
counterclockwise rotation around the rotation axis, and
each scale factor consists of the tested instrument data
divided by the standard instrument data.

The presence of the scale factor between the two
instruments results in a geomagnetic vector difference in
one direction, reflecting a morphological change in this
same direction. As shown in Fig. 1, the D component dif-
ference, dD, exhibits its own morphological variation,
that is, it exhibits the morphological variation of the D
component.

In the literature (Liu et al. 2019), after selecting the
appropriate genetic algorithm parameters, the tested
instrument data are first obtained by an angular rotation

Table 1 Calculated results of the comparative attitude angle
observation experiment

No. Roll (°) Pitch (°) Yaw (°)
1 —1.139 0.674 30.129
2 —0.866 1.136 30.075
3 —0.978 0.202 29.953
4 —1.122 1.737 29.942
5 —1.001 1.091 29.932
6 —1.450 1376 29.922
7 —1.063 1.565 29.909
Average —1.088 1.112 29.980
Standard deviation 0.171 0491 0.079
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of the standard instrument data and then a genetic algo-
rithm is used to calculate the attitude angle. The differ-
ence between the corrected tested instrument data and
the standard instrument data is up to 10~* nT (the maxi-
mum absolute value of the difference). We can make
slight improvements by running each attitude angle
calculation 10 times; then, after excluding results that
are more than one standard deviation from the mean,
the mean value can be used as the attitude angle solu-
tion to further constrain the convergence of the genetic
algorithm solution. In this way, the maximum absolute
difference between the tested instrument data after the
attitude angle correction and the standard instrument
data can reach 107 nT.

Actual observations are often not so ideal. During the
period of June 2-July 15, 2021, we conducted related
experiments at the LIJ. Two sets of fluxgate magnetom-
eters of the same type were used to make comparative
observations. The standard instrument and the tested
instrument were spaced 7-m apart, and both were placed
on a stone pier in the variation room, with a deviation of
30° in the heading angle between the two. The 7 days with
the smallest standard deviation for the results calculated
by the genetic algorithm were taken, and the results are
shown in Table 1.

The calculated heading angle of 29.980° is very close to
30° with a small standard deviation of 0.079°, which indi-
cates that the method used here is able to calculate large
existing angles between two fluxgate magnetometers
with high accuracy. However, smaller angles, where the
standard deviation of the calculated angles over multiple
days is greater than the mean value, need to be consid-
ered separately.

In the comparative geomagnetic vector observations,
the static attitudes of the two fluxgate magnetometers
often differ to some extent. Furthermore, the vector dif-
ference between the tested instrument data and the
standard instrument data after the attitude angle cor-
rection is stabilized within approximately 0.5 nT. This
requires that the standard deviation of the calculated
angle be less than 0.057° (e.g., for a residual magnetic
field of 100 nT). However, this requirement is not always
satisfied as a result of the quality of the data or distur-
bances in the observational environment. Therefore,
when designing the correction process, we chose, as the
criterion to judge the correct calculation of the attitude
angles, the uncertainty of all three angles of the multi-day
calculation results to be less than 0.1° or the uncertainty
of the calculation results of significantly large attitude
angles (greater than 1°) to be less than 0.057°.

As for the scale factor, the calculated uncertainty
(expressed as the standard deviation of the multi-day
scale factors) is small. It is approximately 0.002 for
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observatories with a good observational environment,
resulting in an uncertainty of less than 0.1 nT for the
magnetic field. In this paper, after determining the rela-
tive attitude angles of the two instruments, we calculate
the scale factor for each day in 3 consecutive months
and perform linear regression to obtain the base scale
factor (intercept) and the long-term time drift (slope).
Instrumental scientists and engineers assume that
the long-term time drift of a fluxgate magnetometer
is linear (Gordon and Brown 1972; Esper 2020); such
behavior is characterized by tiny fluctuations in the
short-term observations and non-negligible and linear
variations in the long-term observations. If the long-
term time drifts of the two instruments are different,
there will be a linear change in the scale factor between
the instruments over time. This is a relative relationship
and does not specify whether the drift comes from the
tested instrument or the standard instrument or both.
However, for the correction of the long-term observa-
tional agreement, it is sufficient to assume that the drift
comes from the tested instrument.

Temperature has an important effect on fluxgate
magnetometers (Primdahl 1979). New fluxgate mag-
netometers have been able to achieve a thermal drift of
less than 0.1 nT/°C in the laboratory (Korepanov and
Marusenkov 2012). However, the effect of temperature
on fluxgate magnetometers is still very important and
non-negligible in long-term observations. Even though
the temperature difference between two sets of instru-
ments in the same variation room is nearly constant
(the mean value of the temperature difference between
the two sets of instruments at LIJ from January 1, 2020,
to March 31, 2020, was 0.9672 °C, and the standard
deviation was 0.0863 °C), the measurement difference
caused by the fixed temperature difference is not con-
stant, which means that the temperature change affects
the measurement difference between the two sets
of instruments. The top section of Fig. 2 shows the Z
component difference, dZ, and temperature variation
of the two sets of instrumental data from January to
March 2020 at LIJ after the attitude angle, scale factor,
and long-term time drift corrections. The dZ pattern,
showing a decrease followed by an increase, is very
similar to the temperature variation. This relationship
is approximately linear, as seen in the scatter plot of dZ
versus temperature (middle section of Fig. 2). The tem-
perature, rather than the temperature difference, has a
linear effect on the vector difference between the two
sets of instruments. This can be interpreted as the dif-
ference in the temperature coefficients between the two
sets of instruments leading to differences in the meas-
urements at different temperature points (the red line
at the bottom of Fig. 2), even though the temperature
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Fig. 2 Influence of temperature on comparative geomagnetic vector observations. The relative temperature coefficient describes the linear effect
of the temperature on the vector difference between the comparative observations, mainly resulting from the different temperature coefficients of

difference is always constant (the blue line at the bot-
tom of Fig. 2).

Parameter estimation and data corrections

The morphological differences and the data disagreement
in the comparative geomagnetic vector observations are
primarily due to the attitude angle, scale factor, long-
term drift, and relative temperature coefficients. The
calculations of the attitude angle and the scale factor are
based on the genetic algorithm. The long-term time drift
and relative temperature coefficients are then obtained

via linear regression. The long-term correction calcula-
tion flow considering the above four parameters is shown
in Fig. 3.

The calculation results for the attitude angle and the
scale factor based on the genetic algorithm are shown in
Table 2.

Of the nine attitude angles shown in Table 2, only the
three attitude angles of YUL and the heading angle of
MAG are available, because their mean values are large
and their standard deviations are small. In particular, the
computed mean values of the heading angles of the YUL
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Geomagnetic vector comparative
observations data for three consecutive
months

Perform regression analysis of
the scale factors for the three
months to obtain base value and
slope of the scale factor

Calculate the daily attitude angle of the
tested instrument with respect to the
standard instrument

Select the closest attitude
angle of not less than 7
days of calculation
results.And reconstrain
the genetic algorithm
angle range with the
mean and standard
deviation.

At least 15 days of calculation
results, the standard deviation of all three
attitude angles are less than 0.1 ° or the standard
deviation of the larger attitude angle (greater than
1 °) is less than 0.057 °

Correct the tested instrument
data according to the parameter
attitude angle, scale factor and
long-term time drift and
calculate the difference between
itand the standard instrument
data

Take the mean value of the above
results as the attitude angle

Perform linear regression
analysis on the difference and
temperature data to obtain the

Calculate the daily scale factor of the
tested instrument relative to the standard
instrument

relative temperature coefficient

Fig. 3 Calculation flow chart for the long-term correction parameters

and MAG exceed 1°, while their standard deviations are
less than 0.057°. The remaining five attitude angles have
average values close to 0 and standard deviations greater
than the average. In the actual correction procedures, it
was assumed that there was no angular deviation on the
axis between the two sets of instruments.

All three observatories have large heading angle devia-
tions between the two sets of instruments, while only
the YUL has a large tilt angle deviation, which is mainly
related to the horizontal calibration and orientation of
the instruments.

A common method of orienting the magnetometer to
the magnetic field coordinate system is to turn the mag-
netometer carefully so that the uncompensated D-com-
ponent shows zero value in undisturbed field after level
calibration (Jankowski and Sucksdorff 1996). Orienting
the tested and standard instruments at different times

obviously brings some deviation in heading angle devia-
tion, which is in good agreement with the large devia-
tion in heading angle at all three observatories. The main
reason for the large tilt angle deviation at YUL compared
with the other two observatories is considered to be that
there is no vacant marble pillar in the variation room at
YUL so that the tested non-suspended magnetometer
GM4 is calibrated at the ground level and thus some hor-
izontal error occurred.

The calculation of the scale factor was performed
after the attitude correction. The results of 3 consecu-
tive months of calculations were linearly regressed after
removing significantly erroneous data to obtain the inter-
cept and slope, which were used as the scale factor and
long-term time drift correction parameters, respectively.

The parameters used to correct the single-day data are
the attitude angle and the scale factor. For the sake of
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Table 2 Calculation results for the attitude angle and the scale  relative temperature coefficient correction is called the
factor long-term correction whose parameters are obtained by
the calculation flow shown in Fig. 3. The daily correction

YUL 2020/05- Attitude angle (°) K . X
2020/07 , differs from the long-term correction not only in the cor-
Roll (ave/std) Pitch (ave/std) Yaw (ave/std) . . . .
rection parameters but also in the demeaning operation
0.487/0.087 0.421/0.097 —2.341/0.074 . .
of the data preprocessing. Because the geomagnetic vec-
Scale factor . . L
N 5 . tor observations are concerned with the variation of the
geomagnetic field and the geomagnetic vector baseline
1.008585 0.980915 0.994477

is determined by other methods at the observatory, the
mean value of each component needs to be subtracted
from the raw vector data for the single-day correction;

LIJ 2020/01-2020/03  Attitude angle (°)
Roll (ave/std) Pitch (ave/std) Yaw (ave/std)

0053/0.105 —0018/0148 - —0067/0.117 meanwhile, the long-term correction subtracts the mean
scale factor value of the magnetic field corresponding to the length of
: X ‘ the time series.
VAG 2021/01 2'9_65224 o 1002734 0:958902 The daily variation comparison curve of YUL on June
2021/03 R;tlllt:avi/as:j)e ) pitch (ave/std) Yaw (ave/std) 17, 2020 shown in.Fig. 4, is taken as ap example of the
00930098 —0147/0681  —1100/0.051 parameter cglculatlon and.the correction effe.ct (,)f the
daily correction. As shown in the red rectangle in Fig. 4a,
scale factor the morphology of dH is clearly similar to that of the D
i b z component, while the correlation with the H component
0.992251 1.002943 1.001010

itself is not obvious. This is a typical feature of morpho-
logical disagreements due to a heading angle deviation,
which agrees well with the calculated result: a larger
brevity, the corrections for attitude angle and scale fac- heading angle deviation between the two instruments

tor are called daily corrections and their parameters are  (the yaw angle at YUL is—2.341°). After just the atti-
calculated by the genetic algorithm using 1-day data.

The attitude angle, scale factor, long-term time drift, and

tude angle correction, as shown in the red rectangle in
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Fig. 5 Linear regression of the long-term time drift (left) and the relative temperature coefficient (right)

Fig. 4b, the morphological correlation between dH and
D is weakened; however, the morphological correlation
between dD and D is still strong which is highlighted in
the blue rectangle in Fig. 4b. As shown in the blue rectan-
gle in Fig. 4c, the correlation between dD and D is weak-
ened after performing the attitude angle and scale factor
corrections. The maximum value of the geomagnetic vec-
tor difference is reduced from approximately 1.3 nT with
the original data to approximately 0.5 nT after the daily
correction.

Taking LIJ with its complete temperature measure-
ments and small environmental disturbance as an exam-
ple, a linear regression analysis of the long-term time
drift and relative temperature coefficient over 3 months is
shown in Fig. 5. Note that the long-term time drift of the
instrument is given in units of nT/day and is obtained by
multiplying the slope of the scale factor by the amplitude
of the daily variation (in the case of 30 nT). The residual
magnetic field strength is not multiplied by the slope of
the scale factor here, because when the instrument is
misoriented or other factors cause the residual magnetic
field strength of a component to be large, this will cause
the calculated value of the long-term time drift to be too
large. The effect of the long-term time drift varies from
instrument to instrument and is generally not significant.
However, the effect of temperature is more than was

expected. Even though the D component appears to have
two fitted straight lines, which are discussed below, the
3-month continuous temperature variation has a good
linear relationship with the vector difference and a large
slope of approximately 3 nT/°C, which is important for
studies of the data agreement between long-term com-
parative observations.

The difference between the comparative observational
data after the long-term correction is shown in Fig. 6. It
can be seen that, after the daily correction (Fig. 6b), the
daily variation of the geomagnetic vector difference is
significantly reduced and its trend is consistent with that
of the temperature. After temperature correction (Fig. 6¢
blue line), the dH and dZ variations are no longer temper-
ature-dependent. After the long-term correction (Fig. 6¢
black line), there is no clear temporal pattern in the vari-
ation of dH and dZ, showing flatter straight trends. In
addition, the black line overlaid on the blue line in Fig. 6¢
is slightly closer to the zero horizontal line due to the
long-term time drift correction. Note that, in Fig. 6b, dD
deviates significantly from the temperature change after
approximately 41 days (the thick red line) but its trend is
still the same as that of the temperature, which leads to
an increase in dD in the second half of Fig. 6¢c, instead
of continuing as a straight line. This is believed to reflect
the case in which a temperature inflection point causes
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Fig. 6 Long-term-correction effect. a Geomagnetic vector difference during the period of January-March 2020 at the Lijiang (LIJ) observatory
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a change in the trend, resulting in a change in the rela-
tive temperature coefficient of the probe pair on a certain
component, as explained in detail in the discussion. From
a quantitative point of view, the maximum value of the
geomagnetic vector difference is reduced from approxi-
mately 3 nT to approximately 0.5 nT after the long-term
correction.

B-A plots: a more appropriate method for data agreement
evaluations of comparative geomagnetic vector
observations

Traditionally, the data agreement between comparative
geomagnetic vector observations is often expressed by
the Pearson correlation coefficient. In the case, where the
comparison is between two different observation plat-
forms or two sets of instruments on the same platform
that are not precisely calibrated, the correlation coeffi-
cient can appropriately distinguish the degree of agree-
ment in the trend of the comparative observational data.
However, the resolution of ground-based observations
made by currently available fluxgate magnetometers

has increased significantly. With the precise orientation
adjustments made by observatory staff and the strict
temperature control available in geomagnetic variation
rooms, the correlation coefficients of the comparative
observations are often so high that they cannot ade-
quately describe data disagreements.

Take LIJ as an example. Its correlation coefficient prior
to the daily correction is generally higher than 0.9995,
and the difference between the correlation coefficients
before and after the correction is on the order of 1071°.
Prior to the long-term correction, the correlation coeffi-
cients of all three components of the comparative obser-
vational data for 3 consecutive months were higher than
0.995 and the difference between the correlation coeffi-
cients before and after the correction is on the order of
1071, This indicates that correlation coefficients are not
sufficient to reflect disagreements caused by the effects
of the attitude angle, scale factor, long-term time drift,
and temperature of the comparative observational data
and that the correlation coefficient difference is not a
good description of the effect of the data agreement




He et al. Earth, Planets and Space (2022) 74:29

Page 12 0f 18

dH

— — —mean(d) + 1.96Sd = 0.8

mean(d) =0.00

————— mean(d) - 1.96Sd =-0.8
T T

mean(d) =-0.00
mean(d) - 1.96Sd = -0.5

After daily correction

— — —mean(d) + 1.96Sd = 0.21
1 mean(d) =0.00
—-—mean(d) - 1.96Sd .21

— — —mean(d) + 1.96Sd = 0.15
mean(d) = 0.00
—mean(d) - 1.96Sd =-0.15
r T

— — —mean(d) + 1.96Sd = 0.22 (O
mean(d) = 0.00

mean of Z

N
o

0.2r1 — — —mean(d) + 1.96Sd 05

mean(d) =0.00
e I mean(d)-1.96Sd=-05|
-15 -10 5 0 5
mean of Z

Fig. 7 Bland-Altman (B-A) plots of the comparative geomagnetic vector observations on March 30, 2020, at LIJ

corrections. It has been argued (Giavarina 2015) that cor-
relation studies are inappropriate to assess the agreement
between comparative observational data.

B—A plots are often used as a statistical method to
analyze the agreement between two quantitative meas-
urements. This method is very popular in the field of ana-
lytical chemistry and statistical medicine and has been
popularized by J. Martin Bland (Bland and Altman 1986)
and Douglas G. Altman (Altman and Bland 1983). The
horizontal and vertical axes of a B—A plot represent the
mean and difference of two sets of data, respectively. The
mean of the difference £1.96 times the standard devia-
tion of the difference is the 95% confidence interval. If
the two sets of data are in good agreement, then there are
sufficient points distributed within the 95% confidence
interval and there is no significant pattern in the distribu-
tion of the points. The length of the confidence interval is

also relatively small and allows a judgement with respect
to whether the agreement between the two data sets
meets the criteria according to the specific requirements
of the comparative observations. This paper proposes a
visual analysis of the agreement between comparative
geomagnetic vector observations using B—A plots, which
can identify, to some extent, the reasons for the disagree-
ment between the comparative observational data and
can visualize the effect of the parameter corrections. Fur-
thermore, the numerical length of the 95% confidence
interval in B—A plots enables a quantitative evaluation
of the agreement between the comparative observational
data, which can be combined with the actual needs of the
comparative geomagnetic vector observations to deter-
mine the data availability and substitutability.
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Fig. 8 B-A plots of the comparative geomagnetic vector observations during the period of January-March 2020 at LIJ

Taking LIJ as an example, the B—A plots of the single-
day and long-term comparative observational data are
shown in Figs. 7 and 8, respectively.

More than 95% of the points in the B—A plots before
and after the daily correction of the single-day data are
distributed within the 95% confidence interval. This
indicates that the comparative observational data of
the two instruments are very similar with or without
the correction and that their general variation trends
are the same. However, there is a significant skew in the
distributions of the points in the B-A diagram of the H
and Z components that disappears after the daily cor-
rection. This indicates that the geomagnetic vector dif-
ference in the original data is influenced by the attitude
angle and the scale factor and that the agreement is
significantly improved after correcting the correspond-
ing parameters. Meanwhile, the values of the 95% con-
fidence interval decreased significantly before and after

the correction, for example, from [— 0.8, 0.8] to [— 0.21,
0.21] for the H component, and the interval length was
reduced from 1.6 nT to 0.42 nT. The 95% confidence
interval lengths for the D and Z components reached
0.3 nT and 0.44 nT after the correction, respectively.
This means that, for the three components of the geo-
magnetic daily variation after the daily correction, the
absolute value of the difference between the vast major-
ity of the comparative observations is less than 0.22 nT
and the fluctuation of the difference is less than 0.44 nT.

The B—A plots of the long-term comparative observa-
tions are similar. The raw data, the daily corrected data,
and the long-term-corrected data all satisfy the con-
dition in which more than 95% of the points are dis-
tributed within the confidence interval. However, the
particular characteristics of the point distributions weak-
ened sequentially. Again, the absolute value of the 95%
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confidence interval decreased significantly after the long-
term correction. The interval lengths of the H, D, and Z
components decreased from 5.6 nT, 4.9 nT, and 6.7 nT
to 0.4 nT, 1.84 nT, and 0.42 nT, respectively. The larger
length of the 95% confidence interval after the long-term
correction of the D component is related to the tempera-
ture inflection point, which affects the relative tempera-
ture coefficient as described above.

Discussion

(1) In Fig. 6b, the D component difference, dD (black
line), does not match the temperature (red line) in
the second half of the time period well. Even though
both trends remain the same, the variation curve
of the geomagnetic vector difference deviates from
that of the temperature. This deviation causes the
long-term-corrected dD in Fig. 6¢ to climb in the
second half of the panel. The change in the relative
temperature coefficient can be visually described
by a linear regression plot of the geomagnetic vec-
tor difference versus the temperature. As shown in
Fig. 5, there are two well-fitted regression lines in

the scatter plot of dD versus the temperature. Com-
bined with the actual data, it can be determined
that the relative temperature coefficient of the
probe pair of the D component changes after the
arrival of the temperature inflection point. Conse-
quently, we believe that the calculation and correc-
tion of the relative temperature coefficient can be
roughly determined by the timing of the tempera-
ture inflection point.

No geomagnetic vector comparison observations
were performed at LIJ prior to January 2020, and
therefore, we divided the long-term comparative
observational data (from March 1, 2020, to July 31,
2021) into three time periods based on the approxi-
mate temperature inflection points that occurred in
September 2020 and March 2021; the time periods
are from March 2020 to August 2020 (warming),
from October 2020 to February 2021 (cooling), and
from April 2021 to July 2021(warming). The linear
regressions of the relative temperature coefficients
over the three time periods and the long-term-
corrected B—A plots are shown in Figs. 9 and 10,
respectively.
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Figure 9 indicates that the relative temperature coef-
ficients of the probe pairs for the different compo-
nents may change before and after the temperature
inflection points. The relative temperature coeffi-
cients for the different time periods can be obtained
from a linear regression analysis of the geomagnetic
vector difference and the temperature. Figure 10
shows that the agreement between the comparative
observational data after the long-term correction is
good in all three time periods, with no significant
influence of the attitude angle or the scale factor.
Moreover, the length of the 95% confidence interval
is significantly reduced compared with that prior to
the correction.

The effects of the four parameters on the agree-
ment between the comparative geomagnetic vector
observations show different characteristics in the
B-A plots. As shown in the top section of Fig. 11,
the attitude angle parameter causes the distribu-
tion of the points to take the form of a “connected
domain” in a B-A diagram, that is, the white block
surrounded by the data points. The scale factor,

as shown in the bottom section of Fig. 11, causes
the points to be distributed diagonally. As shown
in the top section of Fig. 12, the long-term time
drift parameter causes the mean value of the geo-
magnetic vector difference in the B—A diagram to
deviate somewhat from the zero point. The rela-
tive temperature coefficient parameter, as shown in
the bottom section of Fig. 12, results in a horizon-
tal streak-like distribution of points and an overall
larger deviation to one side of the mean value of
the difference. In general, before the correction, the
measured values of the two fluxgate magnetom-
eters always include the contributions of these
influencing factors, making the difference between
the measured values of the comparative geomag-
netic vector observations related to the mean of the
measured values, resulting in points on the B—A
plot that do not conform to a normal distribution.
This is key to the B—A plot clearly and qualitatively
describing the agreement between the comparative
geomagnetic vector observation data. Furthermore,
additional comparative observational experiments
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The correction parameters for the agreement
between the comparative geomagnetic vector
observations are not constant, especially the atti-
tude angle and the relative temperature coefficient.
The relative temperature coefficient was discussed
previously. Even though most observatory instru-
ments are set up on bedrock or marble piers, the
long-term accumulation of slow changes or seis-
mic activity can cause slight changes in the atti-
tude angle. Therefore, it is necessary to determine
whether the points distributions of the B—A plots of
daily and long-term observations show an unusual
pattern and the correction parameters need to be
recalculated every 3 or 4 months.
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Fig. 11 Characteristics of the attitude angle and the scale factor in a B-A plot
are needed to explain, in detail, the reasons for the =~ Summary

In the variation room of a geomagnetic observatory
with a good environment, the attitude angle and the
scale factor are the main influencing factors that affect
the agreement between the single-day comparative
observational data. For long-term observations, the
long-term time drift and the temperature also need to
be included. In this paper, we analyzed the characteris-
tics of these influencing factors using geomagnetic vec-
tor variation plots and calculated the corresponding
correction parameters based on a genetic algorithm and
linear regression analysis. The effect before and after the
attitude angle and scale factor corrections was analyzed
for YUL, which has a large heading angle deviation.
Meanwhile, the effect before and after the long-term
time drift and relative temperature factor corrections
was analyzed for LIJ, which has complete temperature
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records. A B—A plot enables a qualitative and quantita-
tive evaluation of the data agreement between compara-
tive geomagnetic vector observations. For comparative
observational data with good agreement, that usually is,
with the corrected data, more than 95% of the points in
the B—A plot are distributed within the 95% confidence
interval and without significant patterns. Meanwhile,
the length of 95% confidence interval decreased signifi-
cantly after the correction. We found that the relative
temperature coefficient changes before and after tem-
perature curve inflection points. Furthermore, we dis-
cussed the special distribution characteristics of most of
the points in a B—A plot under each influencing factor.
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