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In Magnetotellurics, two telluric and three magnetic components of the magnetotelluric field

Citation are generally recorded at the ground in the Cartesian coordinate system. In practice, however,

there are some difficult cases for setting two telluric- lines orthogonally to record telluric compo-
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Introduction

Magnetotellurics (MT) is a deep electromagnetic exploration

method to study subsurface resistivity structures from tens to
hundreds of kilometers depth using natural electromagnetic
field of the earth caused by solar wind and lightning activity
[1,2]. After the first study in 1953 [3], many variants such as
tensor method [4], audio frequency MT [5], radiofrequency
MT [6], marine MT [7], are developed and widely used in dif-
ferent problems, including groundwater [8], geothermal

[9,10], metal [11], petroleum [7,12], and etc.

In general, the MT records the time series of two telluric and
three magnetic components of the electromagnetic(EM) field
at the surface in orthogonal coordinate system with x, y, and z
axes, oriented in the north, east and vertical directions, respec-
tively. Therefore, two dipoles consisting of a pair of nonpolar
electrodes (called commonly telluric or electric lines, briefly

E-lines) should be installed to measure the telluric field. The

E-lines can be in the form of + or L shape and its length is
50-200 m. The longer the length, the better the signal--
to-noise ratio, but the effect of AC voltage on the local power

network can be increased.

At stations where the E-lines cannot be inevitably set in the
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north-south and east-west direction, the observation coordi-

nate system is generally rotated. However, in this case, the E--
lines should be orthogonal to each other [13]. For example,
the EMSLAB data [14] were recorded with an x-axis in the
magnetic north direction of -19.5° declination. Also, the SAM-
TEX data [15,16] were collected with different azimuth angle

of the x-axis which is generally not a true north direction.

However, in reality, there are difficult cases to orthogonally in-
stall two E-lines, due to the local surface conditions such as
roads, wetlands, rivers, cliffs, rice banks, buildings, etc. In
such case, it may be a solution to make the dipole length
longer, but this is not a good way in viewing working efficien-
cy. Alternatively, one can inevitably move the site position,
but it is also not a good way, since the exploration design has
been already given.

An example is shown in Figure 1. As shown in this figure, it is
difficult to set the E- lines orthogonally at stations 1-1 and 3-1
located at the corner of the island, because of the river flow-
ing. Such situations are frequently encountered in mountain-

ous, forest and urban areas, too.

In this paper, we propose a method to convert the MT telluric
data measured at non-orthogonal setup of E-lines into those
in orthogonal coordinate system by mathematical coordinate

transformation and show the model and field tests.

Figure 1: Example of sites that is difficult to set the E-lines at right angles (perpendicular) in MT (Duru Island region in Pyon-

gyang; number-site label, red circle-site. It is really impossible to set the E- lines orthogonally at the sites 1-1, 3-1, etc.)
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Method

We assume that the telluric components are measured in the
non-orthogonal coordinate system with the x'-axis deviated
by angle a from the north direction (x-axis) and the y'-axis de-
viated by angle p from the east direction ( y-axis ) (Figure 2).
So, the problem is to determine the telluric components Ex
and Ey in the Cartesian coordinate system xoy from the actu-

ally measured telluric components £,/ and E,, which are ne-

Ey = Eycosa+ Eysin o
E, = —E,;sinf + E, cos 3

Rewriting Eq. 1 into a matrix form gives

E,
E,

From Eq.(2), we can obtain Eq.(3).

(5 )=(

By
Ey

By Eq. (3), we can find the vector components E, and E, in
the Cartesian coordinate system xoy from components
B, and B, and angles o and B. That is, the telluric compo-
nents observed in the non-orthogonal coordinate system
(x’0y’) can be mapped to those in the orthogonal coordinate
system (xoy). Reversely, by Eq. (1), the telluric components in
the orthogonal coordinate system may be mapped to the non-

orthogonal coordinate system, too.

Synthetic Example

cosa  Sina E,
—sinf  cosf E,
cos «

1 Em,
—sin 3 COSB) ( E, )

) B 1 < cosf3
~ cos(a—pB) \ sinf
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cessary for data processing [17-19]. Here, we note that this

problem can be derived in both time and frequency domains
and angle a is generally not equal to p. Actually, the intercon-
version of a vector quantity between different coordinate sys-
tems is also discussed in the branch of precision mechanisms
[20].

In Figure 2, the vectors £,/ and E,, are the projections of tel-
luric field vector E to x' and y' axes, respectively. Thus, vectors

E,r and E are represented by E, and E, as follows:

(1)

) @

Sin «

e E.
cosa > < E, ) )

Mathematically, Egs. 2 and 3 are strictly derived transforma-
tion formulas. However, it is necessary to validate in MT,
whether it is actually effective to convert the MT data ob-
served in non-orthogonal coordinate system into the orthogo-

nal coordinate system, via the model calculation.

First, we generate the synthetic MT signal. To this end, some
methods are available [21-23]. Among those, we use the
method of [23].
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Figure 2: Geometry of MT telluric field vector in orthogonal and non-orthogonal coordinate systems (xoy-orthogonal coordi-
nate system, x'oy'- non-orthogonal coordinate system, E-telluric field vector, Ex, Ey - x and y components of E, respectively,

B, By - X and y’ components of E, respectively, a, - angles between x and x' axes and between y and y' axes, respectively).

The sampling frequency and the length of the time series are ~ frequency number of the signal is N/2 in the interval [fs/N,

chosen as fs = 150 Hz (At = 6.6667 ms), and N = 16384. The  fs/2] and the mutually independent complex white noise spec-

trum s = (s,, s,) is generated as follows:

Sy = ng},real 4. ng,zmag, Sy = n;u,real 4. ng,zmag (4)

The impedance Z(f) is simply calculated for a three-layered  [1000, 100, 1000]/2 Qm, and thickness h = [1000, 500]m.

medium with resistivity p,, = [1000, 100, 1000] OQm, p =
Then, the MT spectra are calculated as follows:

E=s-Z"? H=s-inv(Z'?%) (5)

Through inverse Fourier transform of the above spectra, we  Figure 4 shows the hodograph of the telluric vector in the

can get the synthetic MT time series. Cartesian coordinate system, where (a) is the whole signal

and (b) is the [0, 1] seconds interval.
Figure 3 shows the resulted time series of two horizontal com-

ponents as solid lines. The dotted line in the figure is the  Here, we can intuitively see that the original synthetic signal

transformation of the simulated signal to the measured signal ~ is mapped to a non-orthogonal coordinate system and then

in a non-orthogonal coordinate system with a=10°, p=-20° ac-  converted back to the orthogonal coordinate system, the accu-

cording to Eq. (3); rate reconstruction is made.

while the black points show the reconstructed time series
from the non-orthogonal coordinate systems to the original
orthogonal coordinate system using Eq.(2). Fig. 3 (b) shows

the zooming of the [0, 1]s interval.

In conclusion, we find that the vector field measured in the
non-orthogonal coordinate system can be reproduced in the
orthogonal coordinate system without ambiguity, provided

that the measuring noise is not considered.
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Figure 3: Time series of simulated telluric time series(solid line) and corresponding time series in non-orthogonal coordinate

system with a=10°, f=-20° (dotted line) and reconstructed it to the original coordinate system (dot) (a) total data, (b) 0-1 se-

cond interval.
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Figure 4: Time series of simulated telluric field time series(solid line) and corresponding time series in non-orthogonal coordi-

nate system witha=10°, f=-20° (dotted line) and reconstructed it to the original coordinate system (dot) (a) total data, (b) 0-1

second interval.

Field Test

In order to verify the validity of the proposed method, we car-
ried out a test measurement at a MT site (05-01 (39°49'19''N,

124°13'59"E)) in the northwest of the Korean peninsula. As
mentioned in [24], this site is at a rural area more than 20 km
from nearby city, where it is possible to measure relatively

high quality data.
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We acquired MT data using a 5-channel receiver, three mag-
netic induction sensors, and two electrical dipoles with Pb-P-
bCl, electrodes, manufactured in Kim Chaek University of
Technology (KUT). The sampling frequency of the three sub-
bands are fs = 2400 Hz, 150 Hz and 15 Hz (At =
4.166667x10-4 s, 6.666667x10-3 s, 6.666667x10-2 s).

First, both the magnetic and telluric sensors were installed in
the correct north-south and east-west directions to make the

data observation (orthogonal observation).

Next, only the E-lines were artificially installed in the direc-
tions of a = 10° and P = -20°, respectively to make the data

observation (non-orthogonal observation).

The number of recording samples is N = 327680 for each sub-
band, respectively, and the data recording time for orthogon-

al and non-orthogonal observations is about 6 h, respectively.

The MatLab code [24] was used for the recorded M T data pro-

cessing.

Figure 5(a) shows the sounding curves obtained from the pro-

cessing of orthogonal observation data. As shown in the fig-
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ure, curves are relatively consistent with those of [24].

Next, the processing results of non-orthogonal observations

are shown in Figure 5(b).

As shown in the figure, since the actual non-orthogonal obser-
vations are assumed to be orthogonal, the results are quite dif-
ferent from those obtained with orthogonal conditions (Fig-
ure 5(a)). In particular, the pxy curve corresponding to the of-
f-diagonal impedance is shifted upward and pyx curve is shift-
ed downward, especially the displacement of the p,, curve is

larger. This can be related to the fact of
o =10%,8=-20°|a| <|8].

Then, the non-orthogonal observations were transformed by
the proposed method, mapped to the observations of the or-
thogonal conditions, the resulted curves are shown in Figure
5(c). As shown in the figure, almost similar results are ob-
tained with the realistic orthogonal observation (Figure 5a).
The difference is somewhat large in the low frequency part,
which may be related to the measuring noise.

It is important to conclude that even when the E- lines are ins-
talled up non-orthogonally, the proposed method enable to
obtain curves similar to the orthogonal setup by simple coord-

inate transform.

10° 10
Period[s]

10 10 10!

10° 10
Period[s]

1 4

10° 10’ 10%
Period[s]

107

Figure 5: Field test of the proposed method at site 5-1 (39°49'19"'N, 124°13'59"'E).

(), (b) are curves for orthogonal and non-orthogonal data, respectively; (c) is for orthogonal data converted from the non-

orthogonal observations by the proposed method; the upper and lower panels in a, b, ¢ correspond to apparent resistivity and

phase curves; red, blue, magenta, and cyan colored denote the xy, yx, xx and yy components, respectively.
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Discussion and Conclusion

We have studied a simple method to deal with the data,

which are inevitably measured using non-orthogonal E-lines
at a given site, due to local surface conditions in MT. The mu-
tual transformation formulae between orthogonal and non-
orthogonal observations are derived, coded, and validated by
synthetic calculation and tested at a MT site with low noise.
The examples clearly show that close agreement can be
achieved with realistic orthogonal observation and recon-
structed one from non-orthogonal observations. Hence, we

conclude as follows.

e When inevitably not installed E- lines at right angles,
one can convert the measured non-orthogonal data

into the orthogonal data by the proposed method.

e What is more important is that using this method, E-
lines can be installed in arbitrary convenient
orientation. However, the actual orientation angles of

the E- lines must be measured accurately.

In fact, the application of MT has been considerably limited
due to the increased noise level and the difficulty in choosing
sites as urbanization progresses [25,26]. For example, [26] not-

ed that Urbanization is a biggest challenge nowadays for the
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application of MT as it introduces cultural noises and results

in the limited availability of locations for the data acquisition.
Therefore, using this method, MT field crews can achieve con-

siderable convenience in choosing site location and E- line set-

up.

Further work is needed to test this method at other MT sites
and to extend the applicability of the method based on more

rigorous simulation of MT time series data in complex 3D me-

dia.
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