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Abstract

A new imaging method for measuring the geomagnetic field based on the magnetic rotation effect is put forward. With the help of
polarization property of the sunlight reflected from the ground and the magnetic rotation of the atmosphere, the geomagnetic field
can be measured by an optical system installed on a satellite. According to its principle, the three-dimensional image of the geomagnetic
field can be obtained. The measuring speed of this method is very high, and there is no blind spot and distortion. In this paper, the prin-
ciple of this method is presented, and some key problems are discussed.
� 2007 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in
China Press. All rights reserved.
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1. Introduction

The geomagnetic field is one of the few fundamental
physical fields which joins the sun, the earth and the human
together. The geomagnetism has many important applica-
tions in scientific research, production, human life, avia-
tion, navigation, spaceflight, and military affairs, etc.
[1,2]. The result of geomagnetic measurement is widely
used in many fields such as earthquake prediction [3], mag-
netic prospecting [4], magnetic navigation [5], radio com-
munication [6], solar activity prediction [7], and volcano
prediction [8], and so on.

Research on the geomagnetic field will be certain to
relate to measurement. There are some existing measuring
methods of the geomagnetic fields now, which are ground
measurement, sea measurement, aeromagnetic measure-
ment, satellite measurement, magnetic observatory, etc.
[9,10]. Each of these measuring methods has its own
advantages and application areas. As research and applica-

tion of the geomagnetism go on, demand for good perfor-
mance of geomagnetic field measurement is becoming
greater and greater. The existing measuring methods of
geomagnetic field have shown some defects: (1) Measuring
speed is low. As two basic existing measuring methods of
the geomagnetic field used earlier, the ground measure-
ment and the sea measurement may spend a few years to
finish a measurement over a whole national territory or
a large sea area, and this may bring a distortion to the
measurement results [10]. It will also take a long time for
the aeromagnetic measurement and the satellite measure-
ment to finish a measurement task over the whole earth.
(2) There are some unreachable regions (the so-called blind
spot) in the ground measurement and the sea measure-
ment. Other measuring methods are difficult to reflect
the detailed structure of the geomagnetic field and the
magnetic local anomaly in some area where the geomag-
netic field structure is complex because the measuring
point is relatively sparse. (3) Measurement modes of most
of the existing methods are limited to zero-dimension (sin-
gle point measurement) or one-dimension (measurement
along orbit of airplane or satellite). It is somewhat difficult
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for existing measuring methods to describe the three-
dimensional spatial distribution and structure of the geo-
magnetic field.

The reason for these defects is that the current measur-
ing instruments could only get single-point information at
the position of the detector at one moment in the geomag-
netic field.

In order to overcome the defects of existing geomagne-
tism measuring methods, and to get a higher measurement
efficiency, we conceived that using an optical imaging
method to measure the geomagnetic field.

There are already some researches and applications of
optical method of magnetic field measurement. For
example, the magneto-optical effect was applied to mea-
sure a large current in HV transmission line by measur-
ing the magnetic field around the line [11,12]. By
observation and research on the magneto-optic phenom-
ena of celestial bodies, many magnetic stars have been
discovered. Magnetic field of white dwarf [13], neutron
star [14], galaxy, extragalactic galaxy [15,16], cluster of
galaxies [17,18], and even the universe [19] have been
measured. But these work all fall into one-point
measuring.

There are also many observations and researches on
image of magnetic field using optical method. In 1956,
Dillon et al. in Bell Laboratory observed the magnetic
domain structure in the yttrium iron garnet (YIG) single
crystal with a polarizing microscope [20]. The magnetic
domain structure in NiO single crystal had also been
observed using the magneto-optical effect [21]. And a
color imaging technique which can be used to show sta-
tic and dynamic magnetic domain structure of the mate-
rial visually was developed with the help of the near-field
scanning microscope and the magneto-optical effect [22].
Besides, a rapidly developing magneto-optic eddy current
imaging technique has been widely used in nondestruc-
tive test to get the image of crackles and defects on basis
of the magneto-optical effect and the electromagnetic
induction [23].

The present measuring methods of the geomagnetic field
still all fall into single-point measurement, and the imaging
method has not yet been reported. Only a local observation
on the geomagnetic field was attempted. From the satellite,
the NASA launched bursting cylinders, which can produce
the metal ion cloud suffusing a sphere of thousands of kilo-
meter at high attitude to ‘‘color’’ the invisible geomagnetic
field for observing and research.

Based on the previous studies, we put forward a new
measuring method of the geomagnetic field. With the help
of the polarized property of the sunlight reflected from the
ground and the magnetic rotation effect of the atmosphere,
the rotation angle of the polarized light can be measured by
the optical system on satellite after the light passing
through the atmosphere. Then the information of geomag-
netic field can be obtained. This new method has a great
imaging ability, and structure of the geomagnetic field
can be obtained directly.

2. Principle of the magnetic rotation imaging method

2.1. General working principle

The theoretical basis of this measuring method is the
Brewster’s law and the Faraday’s magnetic rotation effect.
The Brewster’s law tells that light reflected from a medium
surface is polarized, and the Faraday’s effect relates the
magnetic field to the measurable rotation angle of vibration
plane of the polarized light.

Since the sunlight reflected from the ground is polarized
(it is usually partial polarized light, and its vibration direc-
tion is perpendicular to the incidence plane) [24], we take it
as the light source in this measuring method, and take the
atmosphere as the medium of magnetic rotation. The rota-
tion angle of vibration direction of the polarized light after
it travels through the atmosphere is measured with an opti-
cal system on satellite, and then the information of the geo-
magnetic field can be obtained.

The basic operation principle of this method is shown in
Fig. 1, which illustrates that sunlight ray (unpolarized
light) is reflected at point A on the ground and becomes
a partial polarized light. At this moment, the dominant
vibration direction of this partial polarized light is perpen-
dicular to the plane determined by the sun (S), the reflec-
tion point A and the detector D. In this case, the initial
dominant vibration direction is perpendicular to the plane
of the figure. The partial polarized light travels from point
A, through the atmosphere, to the detector on the satellite
(the orbit plane of the satellite is perpendicular to the plane
of the figure). Under the magnetic rotation effect of the
atmosphere, and the action of the geomagnetic field, the
vibration direction of the partial polarized light turns an
angle. The vibration direction of the light at the position
of the detector can be determined by polarization analysis
and processing. The difference between this vibration direc-
tion and the initial vibration direction on the ground is the

Fig. 1. Basic principle.
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rotated angle of the light. This angle contains information
of the geomagnetic field.

2.2. Some models

The Faraday’s magnetic rotation effect can be illustrated
with a formula as below [11]:

h ¼
Z

VH � dl ð1Þ

where h is the rotated angle of the vibration plane of the
polarized light, V the Verdet constant, H the magnetic
intensity, l the distance that the light travels through the
medium. We need to measure the rotation angle h and then
calculate the magnetic intensity H. Here the medium is the
atmosphere whose Verdet constant changes with tempera-
ture, pressure etc.

Then some issues should be considered first: (i) The
route and distance that the light travels through the atmo-
sphere during its propagation from the ground reflection
point to the detector should be determined, when the satel-
lite is in any position. (ii) The Verdet constant of the atmo-
sphere under different air temperature and pressure should
be investigated. (iii) Models of the real atmosphere include
distributions of air temperature, pressure and composition
should be established.

In order to keep the angle between the incident and
reflected sunlight so as to ensure the degree of polarization
of the reflected light as high as possible, we install the
detector on a sun-synchronous satellite [25]. From the alti-
tude and shape of the satellite orbit, the relative position of
the satellite and the Sun, and position of target region on
the ground, the route and distance of the light ray that
starts from a given ground pixel and travels in the atmo-
sphere could be calculated using geometry method, no mat-
ter where the satellite is positioned. The model of the
satellite orbit and the model of the route and distance that
the light ray travels in the atmosphere are being built now.

The atmospheric models include the distribution model
of the air temperature, air pressure and air composition.
The primary model is the layered structure. Its notable fea-
ture is that temperature, pressure and composition change
with altitude [26]. In the dense atmosphere, air temperature
has a varying trend as the attitude changes, and the air
pressure drops as altitude ascends. In addition, the temper-
ature and pressure also change with alternation of day and
night, season, and latitude, while the air composition does
not change roughly in the dense atmosphere [25,26].

2.3. Realization of two-dimensional magnetic rotation

imaging

The sunlight reflected from the ground target point
passes through the atmosphere and arrives at the detector
installed on satellite platform. The detector is actually a
special aerial camera, and what displays on its imaging
plane is only an image of the ground scenery in fact. The

vibration direction of the polarized light can be gained only
after polarization analysis and processing.

The structure of the detector is shown in Fig. 2. The dot-
ted line frame is inside the detector. The main difference
between this detector and a common aerial camera is an
added polarization analyzer at the optical path. There is
synchronization between the drive device of the polariza-
tion analyzer and the data gathering device CCD. When
the polarization analyzer is rotating, intensity of the light
reaching the CCD will change correspondingly. When
intensity of the light received by a given pixel of the
CCD reaches its extremum, the rotated angle of the polar-
ization analyzer will indicate the polarization direction of
the light reaching this pixel.

The initial polarization direction of the light reflected
from every ground target pixel is always perpendicular to
its incident plane which determined by the Sun, the ground
target pixel and the detector. The difference between the
polarization direction of each ray in position of the detec-
tor and its initial polarization direction is just the rotation
angle of this ray after it travels along the path of light trav-
eling. This rotation angle can reflect information of the
geomagnetic field through the atmosphere. After the image
information collected by the CCD has been processed, a
two-dimensional distribution of the rotated angle of the
vibration plane of the light ray within the imaging plane
will be formed, and then a two-dimensional image of geo-
magnetic field can be obtained.

These two-dimensional images will be transmitted to the
ground with a radio system for further processing (tomog-
raphy processing).

The polarization analysis method used here is actually
the extinction method. Due to the precision of the extinc-
tion method is not high, we attempted to join together
the frequency doubling method of polarization analysis
and the image processing to improve the precision. Now
we have obtained some two-dimensional distribution
images of artificial magnetic fields (produced by permanent
magnets) in the laboratory [27].

Fig. 2. Structure of detector.
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2.4. Restructure of three-dimensional image of the

geomagnetic field

It can be noticed from above that: (i) The rotation angle
measured by the detector is actually an accumulation of the
effect of the geomagnetic field along the route of the
reflected light, and the quantity of the geomagnetic field
at a given spatial point cannot be determined directly. (ii)
What relates directly to the quantity of the rotation is
not the geomagnetic field vector itself, but its projection
along the direction of light propagation. We used the
tomography [28] to solve this problem and to regain the
geomagnetic field at every point.

Multiple two-dimensional imaging related to the tomog-
raphy processing is shown in Fig. 3.

The view direction of Fig. 3 is perpendicular to that of
Fig. 1. In Fig. 3, the satellite orbit plane is parallel to the
figure’s plane. The detector takes a two-dimensional image
at point A1 first, and this image is relative to the geomag-
netic field in the area of a1b1c1d1. After the satellite travels
a distance and arrives at point A2, the other two-dimen-
sional image is taken, which is relative to the geomagnetic
field in the area of a2b2c2d2. As the satellite travels contin-
ually, a series of two-dimensional images will be obtained.
The adjacent image areas are intersecting and overlapping.
This means a series of two-dimensional measurement of a
same area (the overlapping area of the multiple imaging)
are taken from different observation directions. Then the
geomagnetic field vector (including amplitude and direc-
tion) at any spatial point can be gained by the tomography
technique.

The tomography method used here is slightly different
from the common tomography technique. Firstly, configu-
ration of the light path is different. Secondly, the geomag-
netic field is a vector. So the common tomography should
be improved before being used here. However, the principle
and main idea of the tomography we used is the same as

that of the common tomography. The tomography algo-
rithm is being built now. We will introduce it in another
paper.

After an image processing using the tomography tech-
nique is finished, the three-dimensional spatial image of
the geomagnetic field is constructed. In fact, the three-
dimensional image cannot be displayed directly. The so-
called three-dimensional image here is actually an aggre-
gate of the data of the geomagnetic field in a three-dimen-
sional space. To meet a special demand, a two-dimensional
image in an arbitrary plane (or curved surface) can be
drawn from these data by a computer.

2.5. Some explanations

Because the magneto-optical effect of the atmosphere is
utilized, this method is only applicable to measure the geo-
magnetic field within the atmosphere (strictly within the
dense atmosphere), and it is not able to measure the geo-
magnetic field beyond the atmosphere.

The magnetic rotation effect is dependent of light wave-
length. Under the same condition, different wavelength of
the light will lead different rotation angle [11,29]. So what
should be applied in the measurement is monochromatic
light, not polychromatic light. A majority of the earth sur-
face is covered with oceans, and the Earth appears as a blue
planet. That is to say, the majority of reflected light from
the earth surface is blue. At the mean time, blue light is a
short wavelength visible light, and its magnetic rotation is
relatively high. Therefore, we selected the blue light in this
method. This is easy to be carried out technically.
Although the light reflected from the ground is polychro-
matic, we only need to add a blue light filter of given wave-
length (for example 450 nm) into the optical path of the
detector to let the light with given wavelength pass through
and obstruct the light with other wavelengths.

The magnetic rotation is a property of the polarized
light. In general, the reflected light from the Earth surface
is partial polarized light instead of linear polarized light. It
can be expected that the more this partial polarized light is
similar to linear polarized light, the easier its magnetic rota-
tion can be detected. According to some experiments, the
Brewster’s angle of water is about 55�, and the polarization
degree of reflected light from desert, soil, or rock reaches
maximum when its incidence angles is 63�, 75�, or 64�,
respectively [24]. Since the majority of the Earth surface
is covered with water, in order to make polarization degree
of the reflected light from the Earth as great as possible, we
set the incident angle of light at about 60� mainly according
to the Brewster’s angle of water and giving some consider-
ation to other representative earth surface such as desert,
soil and so on.

Thickness of the dense atmosphere is about 100 km, and
the angle between the reflected light ray and normal line of
the ground is about 60�, thus the distance that the reflected
light travels in the dense atmosphere is about 200 km. In
blue light waveband, the Verdet constant of air is aroundFig. 3. Multiple imaging while the satellite flying.
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10�4 0/cmÆmT. And average intensity of the main geomag-
netic field within the dense atmosphere is approximately
0.05 mT. Intensity of local magnetic anomaly field is about
0.01 mT, and the magnetic storm is about 500 nT [1].
According to Eq. (1), the total rotation angle of the
reflected light ray caused by the main magnetic field, the
local magnetic anomaly field, or the magnetic storm after
the light passing through the atmosphere is about 1.7�,
20 0, or 1 0, respectively (the magnetic rotation outside the
dense atmosphere is negligible). So the main field and the
local magnetic anomaly field can surely be measured effec-
tively by this method, and with a sensitive polarization ana-
lyzer and a sensitive imaging device, it is also possible that
the magnetic storm can be measured effectively.

Due to the lack of the data of variation of the magnetic
rotation property of air which changes with temperature
and pressure, we cannot effectively estimate how much
the irregularity and nonuniformity of the atmosphere influ-
ence on the measurement results now. It can be predicted
that the irregularity and nonuniformity in the atmosphere
will surely impair the measurement performance to some
degree. Only after the experiments on magnetic rotation
of atmosphere are finished, we can know whether the irreg-
ularity and nonuniformity of the atmosphere will cause
remarkable impairment.

3. Characteristics of the magnetic rotation imaging method

Based on its working principle, the magnetic rotation
imaging method has some advantages: (1) This method is
able to obtain the images of the geomagnetic field, giving
us a visual impression of the geomagnetic field. (2) Mea-
surement speed of this method is very high. With the well
designed orbit of the sun-synchronous satellite and the well
designed width of the measurement band on the ground, a
measurement over the whole earth is expected to be fin-
ished in several days. This also avoids a distortion on the
measurement result led by a too long measurement period.
(3) As an imaging method, the measuring points (or pixels)
are arrayed close to each other. There are no vacancy areas
among the pixels on the ground. So there is no blind spot in
the measurement by this method. Furthermore, the resolu-
tion can be improved with high resolution imaging appara-
tus. As a means of overall survey, ground resolution of this
method can reach the order of magnitude of several hun-
dred meters, which quite outgoes traditional overall survey
methods of geomagnetic field. (4) This method has a three-
dimension resolution. Therefore a three-dimensional pic-
ture of the geomagnetic field can be obtained. Geomagnetic
field at different altitude can be measured at same time.

However, it should be noted that, since the measurement
result is influenced by atmosphere condition, precision of
this method is lower than that of the current methods.

Because of above mentioned characteristics such as visu-
alization, three-dimension ability, high speed, and lower
precision, this method is suitable for a overall survey. In
practice, it should be used together with the traditional

methods. The new method can be applied to an all-weather
and near real-time monitoring on the geomagnetic field all
over the world, and to find magnetic anomaly at any
moment; and the traditional methods can be used for pre-
cise and detailed measurement in key regions and magnetic
anomaly region. The combination of the new method and
the traditional methods will greatly improve the efficiency
and accuracy of the geomagnetic field measurement.

4. Summary

The magnetic rotation imaging method is a complicated
technical system. We have successfully established its fun-
damental principle and main structure. The research on
this topic is just at the beginning. Now, some experiments
on ground reflection have been finished [24]. Magnetic
rotation imaging is being simulated in laboratory, and
some two-dimensional images of magnetic field around
permanent magnet have been obtained [27]. Algorithm of
the tomography is being developed. Experiments on mag-
netic rotation property of air are progressing. Models of
atmosphere and orbit of satellite are being built too. At
the meantime, it is necessary to study the influence of the
irregularity and nonuniformity of the atmosphere on the
capability and precision of this method.
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