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In order to attain good quality transfer function
estimates from magnetotelluric field data (i.e., smooth
behavior and small uncertainties across all frequencies),
we compare time series data processing with and without a
multitaper approach for spectral estimation. There are
several common ways to increase the reliability of the
Fourier spectral estimation from experimental (noisy)
data; for example to subdivide the experimental time
series into segments, taper these segments (using single
taper), perform the Fourier transform of the individual
segments, and average the resulting spectra. To further
reduce the bias of spectral estimation, a multitaper
approach can be adopted. In this approach, a number of
orthogonal taper functions are used to generate
independent estimates, from the same time segment,
which are subsequently averaged. We apply multitaper
spectral analysis to magnetotelluric time series data and
we show examples of responses from field data. The
results clearly show that this approach improves the
transfer  function responses, often  significantly,
particularly at the long periods.

The magnetotelluric method: The magnetotelluric
(MT) method is an electromagnetic technique used to
image the subsurface electrical resistivity distribution
(e.g., Tikhonov, 1950; Cagniard, 1953; Simpson and Bahr,
2005). It uses passive electromagnetic signals that are
generated in the atmosphere and ionosphere. At the
surface of the Earth, electric and magnetic field variations
are measured, comprising the experimental data in the
form of corresponding time series. The broad range of
periods of the signals gives sensitivity to a range of spatial
scales.

Processing of the time series data is required to obtain
the (frequency domain) response of the measured signals
(specifically, their coherent parts only). The (frequency
domain) transfer function between the (horizontal) electric
and magnetic fields is the complex-valued impedance
tensor, from which the apparent resistivity and impedance
phase can be determined. In order to convert the time
series into the frequency domain a (discrete) Fourier
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transform is used. For more details see, for example,
Chave and Thomson (2004), and references therein.

Time series processing and the multitaper approach:
Theoretically, when obtaining spectral information from a
signal by applying the Fourier transform each Fourier
coefficient reliably represents the relative phase and
amplitude of its corresponding time series. However, this
does not hold for experimental (noisy) data of finite
length. There are ways to increase the reliability of the
Fourier transform for experimental data. These approaches
include frequency averaging and window averaging,
which can be combined. In these approaches the average
over a number of adjacent frequencies is carried out or the
average of several smaller segments of the time series is
taken. Successive segments can be overlapping, which
increases statistical efficiency without significantly
effecting the independence of the segments (see Welch,
1967; Welch overlapped section averaging, WOSA). It is
common to taper the time series in this way with a single
taper. Applying a single taper to window each segment
(for example, Hanning, applying the Hann window)
reduces bias in the spectral estimation, but at the cost of
increased estimate variance (e.g., due to attenuation at the
beginning and end of each segment).

A multitaper approach, as introduced in the pioneering
work of Thomson (1982), overcomes some of the
limitations associated with standard Fourier analysis. It
does this by generating multiple independent estimates
from the same time segment. Each taper is applied to the
signal in a given segment to obtain a windowed signal,
from which it is possible to estimate the frequency
spectrum. Each taper is (pairwise) orthogonal to all the
other tapers. This means the windowed signals are
uncorrelated with each other. The final spectrum is
computed by averaging all the estimated spectra. This
approach can also recover part of the potential lost
information caused by the partial attenuation of the signal
when applying single tapers. The multitaper approach
reduces the variance of the estimates beyond what is
possible with a single taper, especially when only a small
number of segments are available (however, this comes at
the expense of a decrease in frequency resolution,
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although typically the desired resolution can be
predefined). Slepian functions (discrete prolate spheroidal
sequences, DPSS; Slepian, 1978, and references therein)
are typically chosen for the multiple tapers (Thomson,
1982) as they have been proven to be the optimal
windowing functions due to their mutual orthogonality
and special spectral concentration properties (see Percival
and Walden, 1993). For more information about
computational ~ procedures  for  estimating  the
magnetotelluric  response  from time series of
electromagnetic field variations see, for example, Egbert
and Booker (1986), Chave et al. (1987), Chave and
Thomson (1989).

Improvements with the multitaper approach: For
time series processing we used a code, written in
MATLAB, originally developed by Becken et al. (2014)
(see also Harpering, 2018; Kéaufl et al., 2020). In short, the
critical processing steps are cascade decimation of the
experimental time series, breaking the time series into
segments, windowing the segments with a taper, Fourier
transform of the windowed segments, and averaging
spectra using estimates from different decimation levels.
In MATLAB, the multitaper approach can be employed
with the function ‘dpss’; packages also exist in other
languages, for example in Python (e.g., Prieto, 2022).

Magnetotelluric time series processing was performed
in two manners, with the aim of attaining good quality
transfer function estimates (i.e., smooth behavior and
small uncertainties across all frequencies). First, transfer
functions were estimated using coherency masking, in
which only time intervals where the bivariate coherency
threshold was high (range of 0.80-1.00) were utilized.
This improved the quality of the estimates, as compared to
no coherency threshold, specifically at shorter periods
(e.g., from 0.01 to 1 s). Second, transfer functions were
estimated with a multitaper approach, described above, in
which we exploited the four leading Slepian sequences
(Fig. 1).

The multitaper approach improves responses, often
significantly, particularly at the long periods. Figure 2
shows examples of the results from field data. The
apparent resistivity and phase for each element of the
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Fig. 1. Plot of the four leading Slepian sequences (1*, 2", 3",
4™). This was generated with the MATLAB function 'dpss' (for
n =512, window length, and nw = 2.5, half bandwith).

impedance tensor is presented in the top and bottom plots,
respectively. The right panel presents responses estimated
without the multitaper approach, and the left panel
presents responses estimated with the multitaper approach
(to make computations faster, we typically do not use all
the high-frequency data for this approach, but rather can
merge results later).

Most major differences are observed at the long periods,
where there is a lack of time sequences, or at periods
where the number of samples has been reduced due to the
applied coherency threshold. Such differences could have
significant effects for magnetotelluric data modeling and
interpretation.
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Fig. 2. Apparent resistivity and phase for each element of the impedance tensor against period.
Left panel uses a multitaper approach; right panel does not. Magnetotelluric sites are (a) 2023-n5-650; (b) 2023-9-350, and (c) 2023-11-050, acquired
in Mongolia (Rigaud et al., 2023a; Rigaud et al., 2023b).
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