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Magnetometer
• Magnetometer is one of the critical
instruments for space science studies.
• Measures B and/or dB/dt (vector and scalar).
• Wide application: metal detection, noncontact switch, non-destructive testing,
oil/coal exploration, military, space research,
etc.
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Project Goals: HamSCI Magnetometer Network

• To establish a densely-spaced magnetic field sensor
network to observe Earth’s magnetic field variations.
• Target performance level: ~10 nT field resolution at 1-sec
sample rate (note: Earth’s magnetic field ranges from
25,000 to 65,000 nT).
• Time-varying field measurement is sufficient: absolute
measurement is not necessary.
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Why Magnetometer?
• Magnetometer is one of the critical instruments for space
weather research.
• Data acquisition/handling is relatively straightforward
(especially for ground-based observations).
• Affordable off-the-shelf options are available.
• Relatively simple, in-house design/fabrication is also
possible.
• Great opportunity for citizen scientists and space
science/weather community.
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Why We Do This?

A densely-spaced magnetometer network will help
map magnetic field variations and equivalent
current systems to study how solar activity affects
the geospace system in a finer spatial scale.
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Solar-Terrestrial Research
Solar-Terrestrial Research: The study of the outflow of the solar wind from
the sun’s atmosphere and its interaction with the earth’s magnetic
environment and human technologies (“space weather”).

The Sun-Earth connection creates a unique geomagnetic field structure:
The Earth’s Magnetosphere
HamSCI Workshop 2019
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Solar Wind–Magnetosphere-Ionosphere (SW-M-I) Coupling

The Arctic and Antarctic regions are where the Earth’s magnetic fields are open and connected to the solar
wind. Therefore, the energy from the space enters these regions more easily than any other places. ---- So
what can we see there?
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Why Care?
Space is not benign! (Space Weather)
Perturbations to the geospace environment can have huge impacts on society:

HamSCI Workshop 2019

l

Spacecraft damage

l

Atmospheric drag

l

Power disruption

l

Human Health
(radiation)

l

Deviation of airplanes

l

Degraded navigation

l

Disrupted
communication

l

Radar clutter

l

Confused pigeons!
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March 13, 1989 Magnetic Storm
• A geomagnetic storm occurred in March
1989 caused the collapse of the entire
Hydro-Quebec’s electricity transmission
system and several at the Salem nuclear
plant in NJ, leaving 6 million people
without power for more than 9 hours.
• It could takes longer to replace large
transformers in case of larger storms.
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Ground Effect of Space Weather

∇×E = −

∂B
∂t

• Faraday’s law of induction: Changing magnetic fields creates voltage.
• Geomagnetically induced current (GIC)
• Affects transmission lines, oil/gas pipelines railways, etc.
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Magnetic Field Measurement on the Ground

• Ampere’s Circuital Law: Electric currents produce magnetic fields around the
loop that carries the currents.
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March 13, 1989 Geomagnetic Storm
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Distortion from Hydro-Québec

“Magnetic
Impulse Event” Observed by Ground Magnetometers
measurements (longer timespan)

• Inukjuak (INUK) B and dB/dt
correlate with harmonic distortion
from Hydro-Québec
measurements.
• A few tens of dB/dt could cause
geomagnetically induced currents
(GIC) on the ground.
this peak due
to grid activity

[Connors et al. 2017, AGU]
Conclusion:
Large nightside Magnetic Impulse Events arise
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Example of Magnetometer Network: SuperMAG

Run by JHU/APL, Funded by NSF.
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Example of Magnetometer Network: SuperMAG

Run by JHU/APL, Funded by NSF.
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Pro vs HamSCI Magnetometer Array
“Pro” Magnetometer Array

“HamSCI” Magnetometer Array

Installation

Designated (unmanned, in many cases)
observatories (non-magnetic
construction) in electromagnetically
clean areas.

• Your backyard
• Sorry, New Yorkers…

Cost

$$$

Your mortgage or rent? + ~$200-300

Performance
Requirement

• Sub nT resolution (< 0.1 nT) vector
measurement.
• pT-level scalar, absolute measurement
(also used for calibration)

~10 nT resolution vector measurement
(depending on level of magnetic cleanliness).

Spacing

> Hundreds of miles or depends on
science topics.

• Depends on participation
• < 50-100 mi expected.

Challenge

• Largely funding-dependent.
• Accessibility and maintenance
(remote area, internet, local staff)
• Vandalism (including wild animals)

Performance may depend on how and where
the sensor is installed à needs welldocumented protocol.
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Proposed Magnetometers for HamSCI SWS
Model

Anisotropic
Magneto-Resistive
(AMR)
Magnetometer
(Honeywell HMC
1001)

Magneto-inductive
sensor (RM3100)

Fluxgate FLC3-70

Manufacturer

Features

• Plug-and-play
Kyung Hee
University/Intorule

• ~250 USD (full package including
software (Windows))
• ~6 nT resolution

• ~13 nT resolution
PNI Sensor

• 20 USD (sensor only)
• Digital output (SPI or I2C)

Stefan Mayer
Instruments

• ~1 nT resolution
• 400 EUR (sensor only)
• Analog output
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Open Discussion
• Such a citizen-science level, large-scale, densely spaced magnetic field
observations have never been done before. There are still many
unsolved questions as to how the magnetosphere and ionosphere
respond to solar activity in greater details (in terms of spatial scale).
• Space weather research using a densely-spaced magnetometer
network
– What science?
– Spacing
– Sensor performance: resolution, sensitivity, noise level, etc.
– Quality control: installation, EMI issue, etc.
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EXTRA SLIDES
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“Imaging” Equivalent Current System Using Magnetometer Network
AMM ET AL.: TRAVELING CONVECTION VORTEX EVENT STUDY
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AMM ET AL.: TRAVELING CONVECTION VORTEX EVENT STUDY
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[Amm et al. 2002,theJGR]
SECS method. The movement of the vortex centers between 1453:00 UT and 1454:20 UT is indicated

Figure 1. Location of magnetometer stations used in this study, in geographic coordinates.

Figure 6. Instantaneous ionospheric equivalent currents in the TCV area at 1454:20 UT, as derived with
by the thick arrows.

[7] In this study we use the ground magnetic disturbances observed by five magnetometer networks from
Scandinavia to Canada to obtain instantaneous spatial
patterns of ground equivalent currents for a TCV event
on 31 January 1997. Using the SECS method of Amm
and Viljanen [1999], we infer for the first time such
instantaneous patterns of the mesoscale ionospheric
equivalent currents. Here this method has been extended
to also separate the part of the ground magnetic disturbance which is caused by currents induced into the Earth.
Under the assumption that gradients of the ionospheric
conductances are parallel to the electric field and that the
Hall to Pedersen conductance ratio is uniform, we can
translate these results into instantaneous spatial patterns
of FAC.

of divergence-free ionospheric elementary current systems
which are placed on a sphere at the ionospheric altitude
(here 100 km). By solving for the amplitudes of these
individual elementary systems, the ionospheric equivalent
currents ~
J eq; Ion are determined. The equivalent currents
resulting from the SECS method are inherently divergence-free.
[10] For this study we have extended this method by
adding a second sphere of divergence-free elementary
current systems located at 100 km depth inside the Earth,
to represent the magnetic disturbance field effect of currents
induced in the Earth. In the same way as for the ionospheric
plane we can thus simultaneously infer internal equivalent
currents ~
J eq; Int which are equivalent sources for these
magnetic field disturbances. Placing the internal equivalent
current sphere at 100 km depth means that only the
magnetic effect of true currents flowing at equal or larger
depths can be accurately represented. This accounts for the
fact that the spacing between our ground magnetometers is
too large to spatially resolve magnetic field effects caused
by near-surface induced currents (cf. Figure 1). The separation of the ground magnetic field disturbance into the
parts caused by internal and external currents is unique if all
three components of the disturbance field are continuously
given, as known from potential theory [e.g., Untiedt and
Baumjohann, 1993, and references therein]. No assumptions on the Earth’s conductivity structure need to be made
for this separation. The reliability of our method if measurements are only available at discrete points has extensively

• TCVs over Canada, Europe and Greenland.
• Need more extensive, denser array for finer-scale investigation.

2. Instrumentation and Analysis Technique
[8] To analyse the TCV event on 31 January 1997, we
use data of five different magnetometer networks: The
IMAGE [Viljanen and Häkkinen, 1997], Greenland [e.g.,
Stauning, 1995], MACCS [Engebretson et al., 1995], and
CANOPUS [Rostoker et al., 1994] magnetometer arrays,
as well as stations operated by the Geological Survey of
Canada. The locations of the stations used are shown in
Figure 1.
[9] To infer spatial, instantaneous ionospheric equivalent current patterns from the ground magnetic disturbance data, the spherical elementary current system

et al. [2001] who compared ground magnetometer data
with all-sky camera data and found that the maximum
upward FAC as indicated by the auroral emissions was
located at the rear edge of the equivalent current loop as
seen by the magnetometers. Secondly, as Figure 4d shows,
the integrated downward and upward FAC seem not to be
exactly balanced between the two vortices but are larger in
the downward FAC area, in agreement with the stronger
ground magnetic field disturbance level below the clockwise vortex (Figure 3). However, although the assumptions
stated above are in agreement with the TCV models of
Zhu et al. [1997, 1999] and with the available radar data
of the electric field, we cannot exclude the possibility that
they are not perfectly valid. To obtain a balance of the
FAC by assuming different values of a for the upward and
downward FAC region would, on the other hand, require a
larger value of a in the latter than in the former. The
maximum FAC amplitude of 1 mA m!2 agrees with the
earlier studies by Glassmeier et al. [1989], Glassmeier and
Heppner [1992], and Lühr et al. [1996]. Also, the total
integrated FAC of 260 and 390 kA for the upward and
downward FAC regions associated with the TCV lies in
the range of the results of these earlier studies but is
clearly larger than the estimate of Vogelsang et al, [1993].
internal partWorkshop
of the ground magnetic
[28] The
HamSCI
2019disturbance
resulting from our analysis (Figure 5b) is distinctively

conducting layer extending down to 250 km depth and a
perfectly conducting substratum below 250 km. This means
that the internal currents flow as mirror currents of the
ionospheric ones in a depth of 600 km, much further away
from the ground magnetometers than the ionospheric currents at 100 km altitude. Therefore it is not surprising that
their resulting internal currents are small. In our analysis, no
model of the Earth conductances needs to be assumed. A
ratio of the absolute values of the internal to total horizontal
magnetic field disturbance of 20– 40%, as resulted for most
stations in our analysis, agrees well with the results of
Tanskanen et al. [2001] for a situation with a rapidly
changing magnetic field (cf. Figure 2) under which the skin
depth of the internal currents is small [e.g., Kaufman and
Keller, 1981]. For two reasons this ratio can get even larger
under special circumstances: First, even for a basic electrojet configuration, at the flanks of a current system the
internal part becomes dominant since the internal contribution of the ground magnetic field disturbance typically
comes from a larger distance than the ionospheric one and
thus decreases more slowly with increasing perpendicular
distance from the current flow. Secondly, if the orientation
of the internal horizontal disturbance deviates by more than
90! from the external one, both the internal and the external
horizontal disturbance may have a 20
larger magnitude than the
total one. This is the case for one of the stations at the
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Figure 1. Map of Antarctica showing the locations of the Antarctic stations including South Pole Station (SPA), three
(P01, P03, and P05) of the automatic geophysical observatories (AGO), and newly deployed Autonomous Adaptive
Low-Power Instrument Platform (AAL-PIP) systems (PG1, PG2, and PG3), marked by the solid black dots. The red triangles
indicate the locations of the Greenland and Canadian magnetometer stations mapped to the Antarctic.
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the magnetopause model. The symbols in Figure 2d indicate the initial locations of each satellite during the
time period shown on top of the panel.

Figure 5. Ground equivalent convection inferred from the magnetic field data during the first pressure event that
occurred from 12:35 to 12:55 UT for Event 1. Latitudinally interpolated convection vectors are displayed in black lines
overplotted with the observed convection patterns in red lines.

• Ground observations of “Traveling
Convection Vortices (TCVs) due to
sudden increases in solar wind pressure.
• Shows how the magnetosphere and
ionosphere respond to the solar wind
[Kim et al. 2015, JGR]
ure 4. Magnetic field data from (a) ground stations in the Northern Hemisphere and (b) their conjugate stations in
flow dynamics.
Southern Hemisphere during Event 1.
Universal Time (hh:mm)
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ionosphere, the equivalent ionospheric propagation velocity near the TCV center is 17 km/s on the
ground because the longitudinal separation at the ground points is ∼170 km and the time lag is 10 s. The
propagation speed is quite high and is discussed in section 4.

FHB
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The azimuthal propagation of the event is also shown in the longitudinally spaced stations, the IQA-STF
and SKT-SCO pairs in the Northern Hemisphere and the SPA-PG3 pair in the Southern Hemisphere. The
propagation is consistently eastward (IQA to STF, SKT to SCO, and SPA to PG3), in agreement with the

NAQ
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12:30
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The Cluster satellites (C1 to C4) were also situated near the magnetopause during the event as shown in
Figure 2d. Magnetic field data from Cluster show that inward motion was observed at around 12:37 UT
(Figure 3). C1, C3, and C4 were in the south lobe before this event, while C2 was closer to the magnetopause
and thus measured a more bipolar magnetic field signature. All the Cluster spacecraft exited the magnetosheath at around 12:50 UT when they entered the noisy solar wind and foreshock. The spacecraft then
observed brief outward motion of the magnetosheath approximately from 13:22 to 13:24 UT.
Geomagnetic field responses to the solar wind pressure event shown above are clearly detected by the
ground network in both hemispheres. Figures 4a and 4b present stacked plots of ground magnetometer
data from the Greenland network (one exception is IQA, Canada) and their conjugate stations in Antarctica,
respectively, along the 40◦ magnetic meridian. The CGM coordinates of each station are labeled below each
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12:00

Magnetic field data from GOES-13 and 15 shown in Figure 2c indicate the compression of the magnetosphere associated with the solar wind pressure increases, starting at 12:35 UT. The second event (∼13:15 UT)
is, however, not clearly registered by the GOES spacecraft. GOES-13, which was located in the morning
sector, observed the more pronounced compression than GOES-15 which was located in the predawn
sector. The baseline of each component is subtracted from the original GOES satellite data to show magnetic
field variations only.
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14:00

Universal Time (hh:mm)

misphere. There is also a time diﬀerence in the TCV occurrences between the Northern and Southern
mispheres. The center of the TCV appeared at ∼12:42:30 UT in the Northern Hemisphere and at
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5

Geomagnetic Storm Observed by Ground Magnetometers

Solar Wind Data
Kangerlussuaq, Greenland

Poker Flat, AK

Radisson, QC

Ottawa, ON

Fredericksburg, VA

• Several hundreds of nT changes
at low/mid latitudes are typical
during geomagnetic storms.

Jenny Jump Obs, NJ
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Magnetometers
•

Scalar Magnetometers

– Proton precession
– Overhauser effect, etc.
•

Vector Magnetometers

–
–
–
–
–

Hall effect
Magnetoresistive
Fluxgate
Search-coil
SQUID (Superconducting
Quantum Interference Device),
etc.
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Magneto-Resistive (MR) Magnetometer

• One of the cheapest kinds but not appropriate for space weather
observations: very low resolution (~100 nT).
HAMSci Workshop 2018
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Anisotropic Magneto-Resistive (AMR) Magnetometer

• Adequate resolution for scientific use: ~3 nT
[Brown et al., Rev. Sci. Inst. 2014].
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In-House Fluxgate Magnetometer

• Prototype fluxgate magnetometer as part of Virginia
Tech ECE independent study project.
• Sensor: magnet wire, amorphous metal alloy ribbon,
3-D printed bobbins. Coils are wound by hand à
Great Hands-on experience!
• Electronics: can be either analog or digital. Most
components are inexpensive.
HAMSci Workshop 2018
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In-House Fluxgate Magnetometer
• Challenges
– Material/parts could be very low; however, labor-intensive (machining, coilwinding, electronics fabrication, test/calibration).
– Quality control: calibration, installation, EMI issues, etc.
SIGMA Fluxgate Mag
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