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Abstract

We developed a calibration technique for the MAGDAS/CPMN ground magnetic field
data obtained by MAGDAS fluxgate magnetometer, and evaluated the accuracy of the
corrected data. The magnetic variations, measured by MAGDAS system, are well correlated
with the variation of the sensor-head temperature: so-called temperature drift. A new method
was developed to derive the proportional factor of the temperature drift. It is confirmed that
the raw magnetic field data can be corrected by subtracting the temperature drift component,
which will be estimated by the derived factor. We evaluated the quantitative validity of the
correction method. The correction method is concluded to be suitable for practical use.

Keywords: MAGDAS/CPMN, MAGDAS magnetometer, temperature drift, ground
magnetic data, calibration technique

1. Introduction

The MAGnetic Data Acquisition System of the Circum-pan Pacific Magnetometer Network
(MAGDAS/CPMN, PI: Prof. K. Yumoto, Space Environment Research Center: SERC, Kyushu
Univ.) is evolved from the present CPMN for the realtime monitoring of the electromagnetic and
plasma environment in geospace, conducive to the investigation of the space weather [Yumoto and
the MAGDAS group, 2006]. MAGDAS/CPMN consists two unique chains of magnetic
observatories (total of 50 stations), the one is installed densely along the 210° magnetic meridian,
and the other is installed whole local time sector along the magnetic equator as shown in Fig. 1.

For quantitative analysis of various geomagnetic phenomena, which are observed in wide
longitudinal and latitudinal area (e.g., as shown in Fig. 1), it is necessary to analyze precise and
standardized magnetic field data. For instance, the stability of the base magnetic variation and the
absolute sensitivity are very important for the study of the Equatorial Electrojet (EEJ) and Counter
Electrojet (CEJ) [e.g., Uozumi et al., 2008], S¢ [e.g., Kohta, 2006], SC/SI [e.g., Kitamura et al.,
1998] and ULF [e.g., Uozumi et al., 2004; Abe et al., 2006]. It is also indispensable to grasp the
accuracy of the data to be analyzed, because this matter critically limits the quantitative validity or
reliability of analyses. Thus in this paper, we have investigated and developed a calibration

Manuscript received on 11 July 2008; accepted on 28 November 2008

*  Space Environment Research Center, Kyushu University, Fukuoka, JAPAN;
uozumi@serc.kyushu-u.ac.jp

**  Tokuyama College of Technology, Yamaguchi, JAPAN

*** Meisei Electric Co., Ltd., gunma, JAPAN



96 Teiji Uozumi, K. Yumoto, K. Kitamura, S. Abe, T. Omoto
and MAGDAS Group

MAGDAS/CPMN

(MAGnetic Data Acqusition System/Circum-pan Pacific Magnetometer Network)

O Installed Magnetometer Onos 7
® Planned Magnetometer omco
A FM-CW radar ovs

Fig. 1. Location of the MAGDAS/CPMN stations (installed and planned)

technique for the MAGDAS/CPMN ground magnetic field data, which is obtained by MAGDAS
fluxgate magnetometer made by the Meisei Electric Co., Ltd. We have also evaluated quantitatively
the suitability of the method, and estimated the expected accuracy of the calibrated MAGDAS
magnetic data. The present result provides fundamental information on the accuracy limit of
MAGDAS magnetic data, and would be standard of the reliability on all geophysical results derived
by the MAGDAS data.

2. Methodology

2.1. Overview of MAGDAS magnetometer system

MAGDAS magnetometer system (Fig. 2) consists of the fluxgate-type magnetometer with
orthogonal 3-axial ring-core (amorphous metallic alloys) sensors. Magnetic field digital data (H
+0H, D + 0D, Z +6Z) are obtained with the sampling rate of 16 Hz, and then 1 second and 1 minute
averaged data are recorded and transferred from the oversea stations to the SERC, Japan in realtime.
The ambient magnetic field, expressed by H (Geomagnetic Northward), D (Geomagnetic Eastward)
and Z (Vertical Downward) components, are digitized by using the field-canceling coils for the
dynamic range of = 64,000nT/16bit. The magnetic variations (6H, 0D, 6Z) subtracted from the
ambient field components (H, D, Z) are further digitized by a 16-bit A/D converter. Two
observation ranges of = 1,000 nT and = 2,000 nT can be selected for low- and high-latitude
stations, respectively. The total field F +dF is estimated from the H+dH, D+6D, and Z+6Z
components. The resolutions of MAGDAS data are 0.031 nT/LSB and 0.061 nT/LSB for = 1,000
nT and % 2,000 nT range, respectively. The long-term inclinations (/) of the sensor axes are
measured by two tiltmeters with 0.2 arc-sec resolution. The temperature (7) inside the sensor-head is
also measured with 18 X 107°C resolution.
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Fig. 2. The components of the MAGDAS magnetometer system

2.2. Test operation of MAGDAS magnetometer

The thick curves in Fig. 3 plot the raw (original) magnetic field (4, D, Z, F) and the sensor-head
temperature (7), which was observed at Sasaguri station (GGLAT=33.64°, GGLON=130.51°)
during the period of September 7-18, 2007 in JST (UT+%hour). Sasaguri Station is the observatory
for experimental tests and calibration of MAGDAS/CPMN magnetometer system, and is located in
the suburban area near SERC (about 8km distance).

As shown in Fig. 3, nighttime variations of the H, D, Z and F tend to increase/decrease as T'
decreases. Dashed lines indicate the trend of the variation for each component around midnight. It is
well known that the base nighttime magnetic variation traces close to straight line for the first
approximation, except the time of active geomagnetic situation such as magnetic storm (e.g.,
Matsushita and Campbell, 1967). Thus magnetic variation, which is correlated with temperature
variation, is considered as not geomagnetic phenomena but artificial variation. The real geomagnetic
variation should be estimated by correcting the original data. The thin curves in Fig. 3 represent the
corrected data. The detail of the corrected data will be explained later. The corrected data represent
that the nighttime variation traced almost a constant value. On the other hand in daytime, daily
magnetic variation, so-called Sg (solar quiet) variation is usually observed. It is believed that Sg
variation is generated by the dayside ionospheric current with twin-vortex structure: one and another
vortex are located in the northern and southern hemisphere, respectively. The daily-pattern of the Sg
variation is commonly utilized for diagnosing the structure of the vortex current.

2.3. Correction method of MAGDAS magnetometer data

As shown in the previous subsection, the artificial component of the magnetic variation is well
correlated with the temperature variation. Thus, we assume here that the artificial component of the
magnetic variation is proportional to the temperature variation. We call this type of magnetic
variation as “temperature drift”. Based on this assumption, we try to develop a correction technique
of the MAGDAS magnetic field data. Magnetic field variation, which was observed by MAGDAS
magnetometer of the serial number 6 (SNO6) during the period of September 7-18, 2007, was used
as test data for developing the correction method.

Figure 4a shows the correlation coefficient between the sensor-head temperature (7) and each
component of the magnetic field (4, D and Z), which was calculated during the period of 21-03 LT
for each day. Coefficients of the H, D and Z component are marked by the circle, square and
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Fig. 4. (a) Correlation coefficient between the sensor-head temperature (7) and each component of the magnetic
field (H, D and Z), which was calculated during 21-03 LT for each day (Sep. 7-18, 2007, at Sasaguri by MAGDAS
SNO06). (b) Proportional factor between the sensor-head temperature (7) and each component of the magnetic field
(H, D and Z), which was calculated for the same interval as the correlation coefficients. Where, only the factors,
which have large value of the coefficient above 0.8, are selected. The median value of the selected factors for each
component is plotted by horizontal line, and the value is indicated beside the line.

triangle, respectively. Fig. 4b shows the proportional factor between the sensor-head temperature (7)
and each component of the magnetic field (4, D and Z), which was calculated for the same interval
as the calculation of the correlation coefficients. This proportional factor was calculated by applying
the linear least squares fit method. Where, only the factors, which have large value of the coefficient
above 0.8, are selected and marked in Fig. 4b. It is recognized that the selected proportional factors
are almost aligned with a constant value for each component. The median value of the selected
proportional factors for each component is plotted by horizontal line, and the value is indicated
beside the line. We define this median value as the temperature drift factor: P; [nT/°C] (the “i” in
“P;” refer to each magnetic component: H, D and Z). For SNO06, (P, Pp, P, were obtained as
(2.5104, -1.1595, 0.98467).

In the above, the criterion was set at 0.8 for selecting the proportional factors with high
correlation. However, it is acceptable to change the criterion depending on the situation of each test
result: for instance, in case the magnetic and temperature variation would have higher
proportionality, the criterion could be limited to 0.9. It will be expected to improve the accuracy of
the temperature drift factor.

Here we define the correction method to cancel the temperature drift component as follows:

Meorri(y=Ap {Morg;(0)-P;(Tiyper,()-To) } (M

where, Morg(f) and Mcorr(t) are the raw (original) and corrected magnetic field data at a time of ¢ for
each magnetic component of 7, respectively. T;,,,,,(?)is the interpolated (spline) sensor-head temperature
of the 3 hour averaged temperature data (1 min resolution) at a time of ¢. 7 is the reference temperature,
and in this paper it is chosen at 25 °C. “4y” is the amplitude correction factor, which should be
determined by calibrating with reference magnetic field data. The detail of the amplitude calibration is
explained later, but temporary this factor is set at 1 until the calibration completed.
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To calibrate the sensitivity of MAGDAS magnetometer and determine the amplitude correction
factor of Ay, the total magnetic field data, which is concurrently observed by an Overhauser type
magnetometer (in this study we use “OH-10” made by Tierra Tecnica Corp., Fig. 5), is referred to as
the reference level. Overhauser magnetometer measures total magnetic field by detecting the
frequency of the proton precession excited in the sensor-head. The frequency of the precession, f,
relates directly to the value of the ambient total magnetic field (F) according to the following
equation [e.g., Okada et al., 2005; Hrvonic et al., 2008]:

Jo=(r2mF

Pre-amp. ;

Fig. 5. Overhauser magnetometer: OH-10. Sensor-head and pre-amp.

where, 3/1,(:2.67515333><108 [T'sec)) is the proton gyro-magnetic ratio. The operating principal of
the Overhauser magnetometer is based on the quantum physics effect that applies to the proton
(proton Overhauser effect). The proportionality of the precession frequency and the total magnetic
field is perfectly linear, and independent of temperature variation. Owning to its high absolute
accuracy (|AF,../<0.5nT), Overhauser magnetometer is commonly referred to as a standard and used
for routine-base absolute magnetic observation.

The amplitude correction factor Ay is determined by the following procedure: (1) correct the
original magnetic field data of each component according to the Eq. 1 (temporary Ap=1), (2)
calculate total magnetic field from the values of the corrected three components MAGDAS
magnetic field: F,,,, (3) calculate the mean value of the corrected total magnetic field: <FCW>, @]
calculate the mean value of the total magnetic field, which is observed by ~OH-10:<F0H>, and (5)
then A is determined by the following equation:

cc

AF:<F0H>//<Fcorr> (2)
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For SN06, (Fy,y;) = 47556.2nT, and (F,,,,,) = 47843 .4nT, then Ay, is obtained as 0.993995.
Figure 6 indicates the total magnetic field observed by MAGDAS and OH-10 during the period
of Sep. 7-18, 2007. The thin and thick black curves represent the data of £, and F*,,,,, respectively:

corr?

where F,,, is the total magnetic field calculated from the original three components MAGDAS

magnetic field data. The thick gray curve represents F,. Figure 6 shows that the corrected
MAGDAS data are well accorded with OH-10 data, though the original data are considerably
deviated from OH-10 data.
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Fig. 6. Total magnetic field observed at Sasaguri during the period of Sep. 7-18, 2007 (JST): MAGDAS not
corrected (thin black), MAGDAS corrected (thick black) and OH-10 (thick gray).

2.4. Quantitative evaluation of the developed correction method

In this subsection, we will evaluate quantitatively the validity of the correction method defined
as the previous subsection. As stated the above, Overhauser type magnetometer has high absolute
accuracy, and is commonly referred to as a standard of the total magnetic field. Thus we evaluate the
validity of the correction method by comparing the MAGDAS data to the OH-10 data. Here we
define the following two values:

AF, nrg:F org_F OH

AF,

corr

=F corr7F OH
We use these quantities for evaluating the accuracy of the MAGDAS magnetometer data.

Standard deviations of AF,,, and AF,,, (0,, and ©,,,) are estimated for each day. These os
are obtained for total 58 days’ data, which were observed by four MAGDAS unit (SN02, 06, 08 and
17). Each MAGDAS unit was operated in a different period between November 17, 2006 and June
28, 2008. Figure 7 shows o as a function of the diurnal range of the sensor-head temperature: AT.
0, and 0, are plotted by open and solid circles, respectively.

Figure 7 shows that the corrected MAGDAS datas are less deviated from OH-10 data than the
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original one, namely accuracy of the original data are improved. It is seen that o tends to increase
with increasing AT. The dashed and solid line in Fig. 7 indicate the linear regression lines for 0,,,,
and O,,,,, respectively. 0,,, and 0,,,,. are fit to the following equations:

0,,—=0.63AT+1.43 A3)
0,,,=0.067AT+1.06 @)

corr

Standard Deviation of (MAGDAS F) - (OH10 F) vs AT
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Fig. 7. Standard deviation of (MAGDAS F)-(OH10 F) as a function of the diurnal range of the sensor-head
temperature: A7. Standard deviations for original (0,,,) and corrected (0,,,) data are marked by open and solid
circles, respectively. Two lines represent linear regression lines.

These equations mean that the temperature drift has been reduced about one-order by applying the
data correction method developed in this paper. Equation 4 implies quantitatively that F,
accorded with F,;, as shown in Fig. 6.

For the test operation, there is no thermo-insulator in the sensor-hut, thus the temperature of
sensor-head is normally proportional to the outside ambient temperature (see 7 variation in Fig. 3).
This situation emerges the temperature dependence of the magnetic field variation observed by
MAGDAS system, i.e. indicating the temperature drift of the observed magnetic field data. On the
other hand, we usually put a lot of plastic bottle of water (thermo-capacity) and stylofoam (thermo-
insulator) inside the sensor-hut in the actual installation. This treatment suppresses the daily
variation of the sensor-head temperature (A7) below 1~2°C level. A rough estimate from Eq. 4 gives
a value of o,,,, ~1.2nT for A7~2°C. This is the formal accuracy of the MAGDAS magnetometer in
normal routine-base operation. It is noted that 1.2nT is comparable or less than a few-percent of the
range of the normal diurnal magnetic variation, as shown in Fig. 6.

is well

orr
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3. Summary and Conclusion

We have developed a correction technique for the ground magnetic field data obtained by
MAGDAS magnetometer. It is found that the raw data of MAGDAS show well-correlated variations
with the sensor-head temperature: so-called temperature drift. We developed a new method to obtain
the proportional factor of the temperature drift by analyzing the proportionality between magnetic
and temperature variations. The magnetic field raw data can be corrected by evaluating the
temperature drift variation. The developed method can be formulated as following equation:

M"‘"'ri (t)zAF {Morgi (t)-Pi (Tinterp(t)'TO)}

where, Morg(f) and Mcorr(f) are the raw and corrected magnetic field data at a time of 7 for each
magnetic component of 7, respectively (the “i” in “Morg(#)” and “Mcorr(t)” refer to each magnetic
component: H, D and Z). “Ag” is the amplitude correction factor, which is determined by calibrating
with reference magnetic field data obtained by Overhauser magnetometer. P, [nT/°C] is the
temperature drift factor. 7},,,,(¢) is the interpolated (spline) sensor-head temperature of the 3 hour
averaged temperature data (1 min resolution) at a time of 7. 7}, is the reference temperature, and in
this paper it is chosen at 25 °C.

The quantitative validity of the correction method has been evaluated. We could confirm that the
correction method is suitable for practical use. The estimated standard deviation of the corrected
data (o,,,.) 1S O,,,,=0.067AT+1.06, where AT is the daily range of the sensor-head temperature. A
rough estimate from this equation gives a value of o,,,,~1.2nT for AT~2°C. This is formal accuracy
of the MAGDAS magnetometer in routine-base operation. The value of 1.2nT is comparable or less
than few-percent of the range of normal diurnal magnetic variation, such as Sq or EEJ. We conclude

that the correction method developed in this paper can be suitable for practical use.

corr
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