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Abstract

One of the primary challenges in magnetotelluric data processing is the presence of noise and outliers
(anomalous values). These disturbances often come from human-made sources such as power lines,
electronic devices, and nearby infrastructure. They can significantly affect the results related to apparent
resistivity and phase, leading to unreliable models of subsurface electrical resistivity.

To identify and remove these outlier and noisy components, the Mahalanobis distance method is proposed as
an effective solution. This approach — applied here in a four-dimensional feature space comprising the real
and imaginary parts of two components of the impedance transfer function — calculates the distance of each
data point from the dataset, meanwhile accounting for variances, covariances, and correlations between
variables, thereby enabling the detection of anomalous points more accurately than simpler (2D) approaches.
In this study, to identify outliers, we applied the Mahalanobis distance method to real data from a single MT
station located at the Chassenon Forage site within the Rochechouart impact structure, France. The results
demonstrate that this approach not only improves the accuracy of subsequent analyses and enables the
extraction of more precise information from subsurface structures, but also reduces processing time by
efficiently eliminating contaminated windows before final impedance estimation.
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1. Introduction

The magnetotelluric (MT) method is a
passive geophysical technique that utilizes
natural electromagnetic waves over a wide
frequency range to characterize subsurface
electrical resistivity structures (Vozoff,
1972). The foundational concepts of this
method presented by researchers including
Rikitake (1946), Price (1950), Kato and
Kikuchi (1950), Tikhonov (1950), and
Cagniard (1953). In magnetotelluric, the
horizontal components of the electric field in
two orthogonal directions and the magnetic
field in three orthogonal directions are
measured at the Earth's surface. Variations in
these measured fields are then used to
compute the impedance transfer function.
The resulting impedance provides critical
insights into the electrical anisotropy of the

subsurface in a given area (Daud, 2010).

MT data processing faces significant
challenges due to the presence of noise and
outliers, which can bias impedance estimates
and lead to unreliable subsurface models
(Egbert & Booker, 1986; Chave et al., 1987,
Ritter et al., 1998). Over the decades, various
approaches have been developed to mitigate
these issues, including robust estimation
techniques (Egbert, 1997; Smirnov, 2003),
remote reference methods (Gamble et al.,
1979), coherence-based selection (Swift,
1967; Jones & Jodicke, 1984), polarization
direction filtering (Weckmann et al., 2005),
and more recently, automated pre-selection
tools based on Mahalanobis distance (Platz &
Weckmann, 2019) to detect and reject noisy
segments or outliers prior to impedance
calculation. Despite these advances, effective
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outlier rejection in single-station data
remains an active area of research,
particularly when remote reference data are
unavailable or when the focus is on
automated, multivariate approaches.

In this article, the stages of magnetotelluric
data processing are outlined, with a detailed
examination of outlier and noise removal
using the novel Mahalanobis distance
approach. To facilitate a better understanding
of the method, an overview of
magnetotelluric theory is first presented. The
theoretical framework for the MT method in
a layered Earth—fundamentally derived from
the propagation of plane electromagnetic
waves in a homogeneous, isotropic, linear,
and lossy medium—was introduced by
Cagniard (1953) and Keller and Frischknecht
(1966). In such an environment, the electric
and magnetic fields propagate orthogonally,
and the ratio of the electric field to the
magnetic field at any instant is called
impedance.

Zyy = 5_); 1)
In this frequency-domain equation, Z
represents the impedance, Ey is the electric
field strength in the north direction, and Hy is
the magnetic field in the east direction. Based
on Equation (1) and assuming the Earth
behaves as a system responding to an input
signal with a corresponding transfer function,
the magnetic field serves as the input signal,
while the electric field represents the output
signal from the Earth system. In other words,
the interaction of the magnetic field (as
input) with the Earth's surface induces a
secondary electric field within the subsurface
(Ajithabh & Patro., 2023), which is recorded
as the Earth's response to the input signal.
The impedance tensor, which is essentially a
transfer function, is expressed as a complex
impedance tensor in the following form:

1=z 22l @

The components of the impedance tensor are
complex values with defined magnitude and
phase at each frequency. The apparent
resistivity (p) is related to the magnitude of
the impedance, while its phase (¢) represents
the phase difference between the electric and
magnetic fields at each instant, calculated as
follows:

p=g-l2l ®)

@ =tan™! (M) (@)

Re(2)
Im(Z) = ImaginarypartofZandRe(Z) = RealPartofZ

where p, is the magnetic permeability of free
space, =2xf is the angular frequency, and
|Z| denotes the magnitude of the impedance.
In practice, for the off-diagonal elements of
the impedance tensor (typically Z,,, or Z,,),
apparent resistivity and phase curves are
derived separately for each polarization,
providing diagnostic information about
subsurface conductivity structure.
The tipper transfer function also establishes a
relationship between the horizontal magnetic
field components (H,, H,) and the vertical
magnetic field component (H,), expressed as
follows:

H
H, = [T Ty] [Hy] (5)
where T and T,, are the complex components
of the tipper vector. The tipper vector is used
to identify the direction of induction arrows
and to understand lateral conductivity
variations, ultimately improving horizontal
resolution (Ajithabh & Patro., 2023). Upon
closer examination of the tipper relationship,
it can be inferred that the horizontal magnetic
field components act as the input to the Earth
system, while the vertical component
represents the output. In other words, the
horizontal components arise from the wave-
generating source, whereas the vertical
component results from induction processes
within the Earth—a fact that can be readily
demonstrated by examining the transmission
and reflection relationships of
electromagnetic fields.

2. Methodology

Magnetotelluric data processing requires a
sound understanding of electromagnetic
wave theory and time-series analysis to
accurately compute the impedance using
various mathematical relationships based on
linear systems. One of the most common
challenges is that the five recorded
components of electric and magnetic fields
(Figure 1) are non-stationary signals that are
perturbed by the presence of noise. A precise
understanding of noise and its types is
essential, as it typically originates from
anthropogenic sources such as power lines,
electronic equipment, and infrastructure. In
magnetotelluric signal processing, through a
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complex computational workflow, noise is
ultimately removed, and the impedance and
tipper transfer functions are estimated.

Given the processing of magnetotelluric data
in the frequency domain, spectral analysis of
raw data represents one of the most critical
components of the processing workflow.
Various techniques exist for transforming the
recorded time series into spectral information
in the frequency domain. Although these
methods are theoretically equivalent, as they
all derive Fourier components, significant
practical differences arise depending on the

HylmVim) Hx(mVim)  Ey(mVim) Ex(mVim)

Hz(mV/m)

signal characteristics and the underlying
assumptions about the signal's nature
(Hermance, 1973). In practice, physical
insight into the results from each method
plays a key role in determining their
preferred application (Hermance, 1973).

A general overview of the processing
workflow is presented in Figure 2. For a
more detailed understanding, these steps are
elaborated below, and ultimately, the
Mahalanobis distance method is used to
identify outliers and noisy data and is
evaluated using real data.

TMN)

Figure 1. Raw time series of the five recorded magnetotelluric components (Ex, Ey, Hx, Hy, Hz). The displayed segment
consists of 512 samples (500 ms), with the x-axis corresponding to time.
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Figure 2. General schematic of the magnetotelluric data processing workflow.
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The first step in magnetotelluric data
processing is windowing the acquired data in
the time domain. Given the presence of noise
in many survey areas, a portion of the
collected information is typically
contaminated with noise. Therefore, during
acquisition and considering the random
nature of noise, magnetotelluric recording is
conducted over longer time intervals to
facilitate noise removal and enhance data
quality. This interval can range from several
hours to several days, depending on the study
objectives. During this recording period, the
electric and magnetic field components are
continuously registered at a specified
sampling rate. The data are then divided into
smaller windows that contain a sufficient
number of periods for the minimum required
frequencies.

Due to the extended duration of
magnetotelluric data acquisition, dividing the
data into smaller windows introduces an
approximately linear trend in the windows.
The most critical aspect of this segmentation
is determining an appropriate window length.
This length is calculated based on the
minimum window length. For this purpose,
the empirical formula proposed by Borah et
al. (2015) is employed.

WindowLength =

MinimumW indowLength X 2™ (6)
wheren=1,23...

Building on the condition proposed by Borah
et al. (2015), the number of windows can be
calculated as follows:

Totalnumberofsamples

— - > 20n @)
MinimumWindowLengthx2™
Totalnumberofsamples

- MinimumWindowLength X 2™

By determining the maximum n that satisfies
the aforementioned condition, the number of
windows (N) can be calculated. It is essential
to note that increasing the window length
reduces the number of windows, resulting in
less effective noise reduction. Conversely,
decreasing the window length lowers
frequency resolution. Therefore, selecting an
optimal window length is the most critical
aspect of this step, as neglecting it can
significantly impact the final results.

After windowing, given the presence of noise
associated with electrical currents in the
survey environment, a notch filter is designed
with center frequency Fc (50 Hz and its

harmonics) and a specified bandwidth to
remove these frequencies from the data.

In the subsequent step, the linear trend is
removed from the magnetotelluric data
(detrending), and a Hanning window is then
applied to prevent spectral leakage in the
frequency domain caused by windowing. All
data must now be transformed to the
frequency domain using the Fourier
transform to enable the remaining processing
steps to be performed in the frequency
domain. Subsequently, the magnetic field
data recorded by the coils must be calibrated
using the calibration coefficients for each coil
and converted to nanoTesla (nT) units.

Due to the slow varying nature of the
impedance function in the frequency domain,
spectral values at a target frequency are
averaged using the Parzen window (Jenkins
& Watts.,, 1968). The advantage of
employing the Parzen window for averaging
is that it assigns lower weights to values
farther from the target (central) frequency.
The Parzen window is defined as follows:

e Ife=fl=0
_ J(sin(u))4 0 <lfe _f|< £ (8)
u

w= =D/

where f; represents the target frequency and
frradius of the Parzen window. The radius of
the Parzen window is determined based on
the sampling frequency (Borah et al., 2015).
Once the Parzen window values are
specified, a weighted averaging is performed
at each target frequency for the spectral
values. Finally, after computing the averaged
spectral values, the components of the
impedance tensor and the tipper vector are
calculated (Simpson & Bahr, 2005) as
follows:

(BcHz) = ) (B x He') X PV)

9
/Z sum(PV) ( )
_ (HyH;xExHx*) - (HyH;xExH;)
Zxx B <HXH;)(HyH;) - (HxH;xHyH;) (10)
_ (H HXE Hy) — (H H) (E Hy) (1)

T H Hi ) (H Hy) — (H Hy Y Hy H)



Mahalanobis Distance Method for Enhancing .../ Parnian-Khoy et al. 79

YX T (H H)(Hy Hyy) — (Hy Hyp )(Hy, H) (12)
CHHE,H) — (H,H)E, HS)
2oy = T, Ho ) H ) — (R H W )
* = CH, H2)H, Hy) — (H,Hy W, H)
_ (BN — GLELES) o

Y (HyH;)(H,H;) — (H Hy)(H,Hy)

The bracket terms represent averaged
auto and cross spectral values. After
computing the impedance tensor and tipper
vector across all windows, the next step is
to remove noise and outliers in the frequency
domain using statistical methods. Common
approaches include the coherence
test, examination of electric and magnetic
fields polarization direction, and calculation
of the Mahalanobis distance. In this study,
the Mahalanobis distance method is
implemented in a four-dimensional feature
space to robustly identify and remove
outliers. This approach not only significantly
improves data quality and analytical accuracy
but also reduces computational processing
time.

The coherence test is briefly employed to
assess the linear relationship between the
measured and predicted electric fields, with
low values indicating the presence of
incoherent noise (Jones & Jodicke., 1984).
Similarly, field polarization directions can
serve as a simple tool for detecting certain
types of noise (Fowler et al., 1967).

The main method under investigation is the
Mahalanobis distance, a multivariate measure
for outlier detection. Originally introduced by
Mahalanobis (1936), this approach computes
the distance of a point from the distribution
center while accounting for correlations and
variances, rendering it scale-independent.
This property makes the Mahalanobis
distance a powerful tool for identifying and
removing outliers and noisy data in
magnetotelluric processing.

Following the application of these analytical
methods, the final impedance results are

computed using the robust estimation
method. This statistical method is applicable
to datasets with a normal distribution but is
contaminated by outliers and is not sensitive
to non-Gaussian errors. Various robust
estimation methods have been developed,
and robust estimation methods with
maximum likelihood are commonly used in
MT data processing. The maximum
likelihood method is an iteratively
reweighted adjustment technique that
prevents the estimated values from being
controlled by a small number of data points
(Egbert & Booker, 1986). In this study, the
Huber M-estimator was utilized for robust
estimation (Ritter at el., 1998). To use the
Huber method, an initial value is required,
which is acquired using the Jackknife
estimator (Efron., 1982; Chave et al., 1987).

3. Mahalanobis Distance (MD)

The Mahalanobis distance is a highly
effective tool for the automatic rejection of
noisy data in the magnetotelluric method
(Platz & Weckmann, 2019). Since only a
single impedance value exists at each target
frequency, noisy windows must be removed
at various stages, ultimately yielding one
final window from the remaining ones in the
last step.

If the real and imaginary parts of the
impedance components across all windows
are plotted on a complex scatter diagram for
a given frequency (Figure 3), a cluster with
scatter around the mean value is observed,
representing the impedance estimates. In this
diagram, values far from the cluster center
(outliers) are removed using the Mahalanobis
distance method.

The Mahalanobis distance for a given
frequency across different windows is
calculated as follows (Platz & Weckmann,
2019):

MD; =/ (x; — ) C O — )7 (16)

where u represents the mean and C, the
covariance of the dataset x. The index i
denotes  calculations across  different
windows.
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Real Z'y vs Imag Ziy

Xy

Imag Z

Real Z
xy

Figure 3. Complex scatter diagram showing the real
and imaginary parts of Z,, impedance
component for all windows at a frequency of
8531 Hz. Axes are in (mV/m)/nT.

In magnetotelluric processing, the
Mahalanobis distance method is applied to
remove outliers, considering the electric field
polarization direction. Based on Equation (2),
the impedance components Z,, and Z,, are
derived using the Ex component, while Z
and Z,, are derived using the Eycomponent.
To form the data matrix x, for example in the
Exelectric field direction, the following
structure is used, which results in a four-
dimensional feature space consisting of the
real and imaginary parts of two impedance

components:
X1 X2 X3 X4
Real(Z,,1) Imag(Z,1) Real(Zyy1) Imag(Z,,1)
x = : : : H
Real(Z,m) Imag(Zymn) Real(Zyymn) Imag(Z,,m)

(17)

This four-dimensional approach allows the
Mahalanobis distance to account for
correlations between all four variables
simultaneously, improving outlier detection
compared to bivariate method.

Subsequently, the mean vector p and the
covariance matrix C of the data matrix x are
computed as follows:

n= [“1 HoHs H4]

C, =

(18)

Cov(X1,X2)
Cov(X2,X2)
Cov(X3,X2)
Cov(X4,X2)

Cov(X1,X3)
Cov(X2,X3)
Cov(X3,X3)
Cov(X4,X3)

Cov(X1,X1)
[Cov(XZ,Xl)
Cov(X3,X1)
Cov(X4,X1)

(19)

Cov(X1,X4)
Cov(X2,X4)
Cov(X3,X4)
Cov(X4,X4)

1

where X; = Real(Z,,), X, = Imaginary(Z,,),
X; = Real(Z,,) and X, = Imaginary(Z,,).
With the data matrix X, mean p, and
covariance C now available, the Mahalanobis
distance values are readily computed using
the matrix form of the equation above. The
four-dimensional formulation ensures that the
covariance structure between all impedance
components is properly considered in the
outlier detection process.

Finally, by setting a threshold for the
Mahalanobis distance, impedance matrix
values exceeding this threshold are removed.
It should be noted that in the steps described,
the Mahalanobis distance is calculated for a
single frequency across different windows.

4. Case study

To validate the effectiveness of the proposed
method, the Mahalanobis distance approach
was applied to real magnetotelluric data from
two stations — the Chassenon Forage station
and the Forét Beaulieu station — both
located within the Rochechouart impact
structure in France (Quesnel et al., 2021).
These datasets represent typical field
conditions with a moderate level of
environmental and anthropogenic noise.
Although a detailed noise analysis is beyond
the scope of this study, the presence of noise
is reflected in the error bars of the apparent
resistivity and phase curves shown in the
results. Therefore, these data provide an
appropriate case study for evaluating the
performance of the proposed outlier rejection
technique under realistic conditions.

At the Chassenon Forage station, a sampling
frequency of 65,536 Hz, a target frequency of
8,531 Hz, and an acquisition duration of one
minute were selected to evaluate the
method's performance under E, polarization.
At the Forét Beaulieu station, a sampling
frequency of 4,096 Hz, a target frequency of
40 Hz, and an acquisition duration of 25
minutes were used. All other processing
parameters — including the polarization type
(Ex) and the three Mahalanobis distance
thresholds (MD = 1.5, MD = 3, and MD =5)
— were kept identical to those used for the
Chassenon Forage station to ensure direct
comparison.

These thresholds were tested to assess their
influence on outlier removal and overall data



Mahalanobis Distance Method for Enhancing .../ Parnian-Khoy et al.

quality. The processed results, including
apparent resistivity and phase curves over the
available frequency range (determined by
each station's sampling rate), were
systematically compared. Additionally, the
computational time required for each
threshold was recorded to evaluate
processing efficiency.

The resulting apparent resistivity, phase, and
complex scatter diagram for thresholds of
1.5, 3, and 5 are presented in Figures 4 to 9
(subplots a to c), respectively.

First, the threshold of 1.5 was examined for
the Chassenon Forage station. The complex
scatter diagrams for the Z,, and Z.
impedances at 8,531 Hz are shown in Figures
4a and 4b. The processing time was 37

Real Zr’ vs Imag Zw
(MD Threshold=1.5 & Target Frequency= 8531 Hz)
a

xy

Imag Z

200 Pes jo |

Pompumary (M5

Froqumacy (W1}

(©)

mag Z"

81

seconds, with 343 outliers and 136 inliers
identified. The resulting apparent resistivity
and phase curves show smooth variations,
indicating stable subsurface resistivity
responses.

The same threshold was then applied to
the Forét Beaulieu station at 40 Hz.
The corresponding complex scatter diagrams
for the Z,, and Z,, impedances are presented
in Figures 5a and 5b. The processing
time was 45 seconds, with 610 outliers
and 139 inliers detected. The resulting
apparent resistivity and phase curves
also show smooth and consistent variations,
confirming the effectiveness of the
method  under  different  acquisition
conditions.

Real Zu vs Imag Zu
(MD Threshold=1.5 & Target Frequency= 8531 Pg.)

Figure 4. Chassenon Forage station, Threshold = 1.5. (a) Complex scatter diagram of real vs. imaginary parts of Zxy
impedance. (b) Complex scatter diagram of real vs. imaginary parts of Zxx impedance. (c) Apparent resistivity

and phase curves for Ex polarization.
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and phase curves for Ex polarization.

Next, a threshold of 3 was applied to the
Chassenon Forage station, with the results
shown in Figure 6 (a—c). The processing time
increased to 65 seconds, with 138 outliers
and 341 inliers detected. The apparent
resistivity and phase curves remained smooth
and showed little variation compared to the
threshold of 1.5.

The same threshold was then applied to

10*

Frequency [Mz)

(©
Figure 5. Forét Beaulieu station, Threshold = 1.5. (a) Complex scatter diagram of real vs. imaginary parts of Zxy
impedance. (b) Complex scatter diagram of real vs. imaginary parts of Zxx impedance. (c) Apparent resistivity

the Forét Beaulieu station (Figure 7). In
this case, the processing time increased to
91 seconds, with 333 outliers and 416
inliers identified. Similar to the previous
threshold, the apparent resistivity and
phase curves remained stable and exhibited
only minor differences compared to
the results obtained with a threshold
of 1.5.
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Figure 6. Chassenon Forage station, Threshold = 3. (a) Complex scatter diagram of real vs. imaginary parts of Zxy
impedance. (b) Complex scatter diagram of real vs. imaginary parts of Zxx impedance. (c) Apparent resistivity

and phase curves for Ex polarization.
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Figure 7. Forét Beaulieu station, Threshold = 3. (a) Complex scatter diagram of real vs. imaginary parts of Zxy
impedance. (b) Complex scatter diagram of real vs. imaginary parts of Zxx impedance. (c) Apparent resistivity

and phase curves for Ex polarization.

In the final step, both stations were evaluated
using a threshold value of 5. The results
for the Chassenon Forage station
are presented in Figure 8 (a-c). At this
threshold, the processing time increased to 90
seconds, with 42 outliers and 437 inliers

identified.

The corresponding results for the Forét
Beaulieu station are shown in Figure 9 (a—).
In this case, the processing time reached 121
seconds, with 41 outliers and 708 inliers
detected.
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Figure 8. Chassenon Forage station, Threshold = 5. (a) Complex scatter diagram of real vs. imaginary parts of Zxy
impedance. (b) Complex scatter diagram of real vs. imaginary parts of Zxx impedance. (c) Apparent resistivity
and phase curves for Ex polarization.
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Figure 9. Forét Beaulieu station, Threshold = 5. (a) Complex scatter diagram of real vs. imaginary parts of Zxy
impedance. (b) Complex scatter diagram of real vs. imaginary parts of Zxx impedance. (c) Apparent resistivity

and phase curves for Ex polarization.

A comparative analysis of the three tested
thresholds indicates that selecting an
appropriate Mahalanobis distance value plays
a critical role in both processing efficiency
and data quality. A very low threshold (MD
= 1.5) removes a large number of data
windows, which in some cases reduces the
natural variation of apparent resistivity across
frequencies. In contrast, a high threshold
(MD = 5) allows noisy and outlier-
contaminated windows to remain in the
dataset, leading to out-of-range values,

increased error bars, and deviations from the
expected smooth resistivity trend.

The intermediate threshold (MD = 3)
provides a more balanced result. Although
the associated error bars are slightly higher
than those for MD = 1.5, the apparent
resistivity and phase curves show consistent
and smooth variations while preserving data
integrity. Moreover, choosing an optimal
threshold reduces processing time, which is
particularly beneficial for long-duration and
low-frequency MT surveys. Overall, the
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results demonstrate that MD = 3 offers a
suitable  compromise  between  noise
suppression, computational efficiency, and
geological reliability of the final impedance
estimates.

5. Conclusions

This study presented a comprehensive
overview of magnetotelluric data processing,
from initial time-series windowing and
spectral transformation to final impedance
estimation. Within this framework, the
critical challenge of noise and outlier
removal was addressed through the
application of the Mahalanobis distance
method.

The four-dimensional Mahalanobis distance
— simultaneously incorporating the real and
imaginary parts of two impedance
components (Zy and Z,,) — demonstrates
clear advantages over conventional two-
dimensional approaches. By forming a
multivariate feature space, it more effectively
captures inter-component correlations and
improves the detection and rejection of
outliers, leading to more stable and reliable
impedance estimates.

The proposed method was tested on field
data from two stations, Chassenon Forage
and Forét Beaulieu (Rochechouart impact
structure, France), using three distinct
thresholds: MD = 1.5, 3, and 5. The results
from both stations confirm that:

- The four-dimensional implementation
provides more reliable outlier detection than
conventional two-dimensional approaches,
reducing  noise  contamination  while
preserving the essential geophysical signal.

- Threshold selection plays a critical role in
balancing data integrity and processing
efficiency. A low threshold (MD = 1.5)
removes a large number of data windows,
which may limit natural variations in the
apparent resistivity curves. A high threshold
(MD = 5) retains most windows but allows
noisy or outlier-contaminated estimates to
influence the final resistivity and phase
responses, sometimes leading to larger error
bars and less stable trends.

- An intermediate threshold (MD = 3)
provides the most balanced performance for
both  stations, yielding smooth and
geophysically consistent resistivity and phase
curves with reasonable processing time.

Overall, the four-dimensional Mahalanobis
distance method improves the robustness and
efficiency of MT data processing by
enhancing multivariate outlier rejection in
impedance space. This leads to more reliable
apparent resistivity and phase estimates,
which are essential for accurate subsurface
interpretation. In addition, the reduction in
processing time makes the method
particularly suitable for long-duration and
low-frequency MT datasets.

Future work will involve applying this
approach to additional MT profiles from the
Rochechouart dataset, including sites located
near power lines where anthropogenic noise
levels are higher. Such data will provide a
valuable opportunity to further evaluate the
performance of the four-dimensional
Mahalanobis distance method under more
challenging noise conditions.
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