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ABSTRACT. Noise recorded during measurements can diminish the quality of 
AMT data. This can lead to decreased penetration depth and unreliable 1D 
inversion models. This study aimed to reduce noise and improve data quality 
by analyzing coherence, curve trend, and skewness. Coherence analysis was 
performed using robust processing and XPR editing, yielding an average 
coherence value of 77.5%, an improvement of 10.8% from the raw data. Noise 
can also alter data dimensionality; hence, skewness analysis was used to 
determine the effect of distortion on the impedance tensor. Results showed 
that the 3D dimensionality effect at 6 stations was significantly reduced 
following coherence and curve trend analyses. 
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1. Introduction 

Audio-magnetotelluric (AMT) is a passive geophysical method that utilizes natural electromagnetic waves by 

measuring perpendicular magnetic and electric fields to determine subsurface resistivity variation (Vozoff, 

1972, 1990). AMT refers to the advancement of the MT method fundamental theory was first introduced by 

Cagniard (1953) and Tikhonov (1950). The AMT method uses a frequency range of 1 Hz to 20 kHz to provide a 

survey depth range from hundreds of meters to several kilometers (Jiang et al., 2019). This penetration is deeper 

compared to other electromagnetic geophysical methods such as Ground Penetrating Radar (GPR) and Direct 

Current (DC resistivity) methods (Erkan, 2008). In recent decades, this method has been widely used in various 

fields such as oil and gas exploration (Zhang et al., 2014), geothermal exploration (Arafa et al., 2023), and mineral 

exploration (Jiang et al., 2022). Unfortunately, the natural and wide field sources are uncontrollable and sensitive 

to electromagnetic noise, including coherent noise caused by natural activity –such as lightning and solar wind– 

or incoherent noise caused by human activity (Pratiwi et al., 2018). This noise affects data quality and causes an 

unrepresentative resistivity model that leads to misinterpretation; therefore, noise reduction is needed.   

        Coherence is an important parameter often used for analyzing data. In general, we can use coherence to 

estimate the MT impedance to discuss the data quality for a specific period simultaneously (Chen et al., 2022). 

Coherence refers to a spectral ratio that explains the correlation between perpendicular electric and magnetic 

fields, which can be expressed mathematically (Mwakirani, 2014): 

𝜓 =
(�⃗� ∗�⃗⃗� )

√(�⃗� ∗�⃗� )(�⃗⃗� ∗�⃗⃗� )

                                                          (1) 

        Where ψ is the coherence, �⃗⃗�  is the magnetic field, �⃗�  is the electric field, and * denotes the complex 

conjunction. Coherence has values ranging from 0 to 1, with 1 indicating the lowest noise contamination and 

completely coherent signals. However, the �⃗�  and �⃗⃗�  fields will never be fully coherent, as noise will always be 

present., the minimum requirement coherence value for good-quality AMT data is approximately 0.75 or 75% 

(Hidayat et al., 2016; Maryani et al., 2016; Widodo et al., 2021).   

        The survey for this study was conducted around Haruman Peak, Mount Malabar, precisely at Warjabakti 

Village, Cimaung District, Bandung Regency, with six stations (Figure 1). The Center for Geological Survey (CGS) 

carried out the survey using the Audio-Magnetotelluric (AMT) method and the instrument MTU-5A Phoenix 

Geophysics at frequencies from 0.35 Hz to 10400 Hz. 

 
Figure 1. Regional Geological Map of the Survey Location (modified from Bachri et al., 1992) 

 

        Mount Malabar is the highest volcano in the mountain group surrounding the Great Bandung Basin. Based 

on the geological map, the research area is located at the formation in the rock unit of the Malabar-Tilu Volcanics 

(Qmt), beneath the Undifferentiated Efflata Deposits of Old Volcanics (Qopu), and the Waringin-Bedil Andesite, 

Old Malabar Formation (Qwb) (Bachri et al., 1992). Malabar mountain is a tropical rainforest with dense 
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vegetation and high rainfall (Harja et al., 2021). Harja et al. (2023) discovered a shallow and unconfined aquifer 

at a depth of 40 meters. Based on the morphology and shallow aquifer information from previous research, it 

is suspected that a deep aquifer zone can be identified using the audio-magnetotelluric method.  

        Noise in data can also affect its dimensionality, leading to 3D distortion of the magnetotelluric impedance 

tensor (Chave and Jones, 2012) and reduced depth penetration (Junursyah et al., 2019). The dimensionality of 

AMT data can be examined using parameter skewness (Swift, 1967). This study aims to improve AMT data quality 

by analyzing coherence parameters, with additional information from curve trend and skewness analyses. Noise 

reduction results using coherence analysis can provide qualitative and quantitative information on improving 

data quality for a more reliable AMT model. 

 

 
2. Research Metodology 

 
Figure 2. Research Flow Diagram 

 
2.1 Coherence Analysis 

        The data used in this study are the results of AMT measurements in a time series containing five 

components of the earth's electromagnetic field measured simultaneously. Fast Fourier Transform (FFT) 

transforms the time series into the frequency domain. This process is important because some parameters 
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cannot be analyzed in the time domain (Widodo et al., 2021). The noise reduction process is then performed 

using the frequency domain's robust and XPR edit processes.  

        Robust is a statistical estimation using iterative weights of the residual distribution between observations 

and predictions of the least squares model and provides results resistant to outliers (Chave et al., 1987; Egbert 

and Booker, 1986; Seheult et al., 1989). Robust processing is also made to simplify and speed up the time needed 

for manual editing in the XPR edit. There are 3 weighting parameters in this process, which are: (1) No Weight, 

which weights the data equally at each frequency (it can also be considered raw data); (2) Rho Variance, which 

weights the data according to its apparent resistivity by giving more weight to the smaller error; and (3) Ordinary 

Coherence, which weights the data according to its coherence by giving more weight to the higher coherence 

value. This weighting parameter is critical because it affects the step function in the weighting scheme (Phoenix 

Geophysics, 2005). The robust results of the three parameters are compared, and the one with the highest 

coherence value is selected for XPR editing. XPR represents a partial data set combining apparent resistivity and 

phase values at each frequency divided into 100 partial data. XPR is manually edited by selecting data at 

frequencies with high average weights and eliminating data with low weights to reduce the effects of noise and 

minimize outliers so that the trends of the two curves become smoother (Fahrurrozi and Junursyah, 2019). 

 

2.2 Curve Trend Analysis 

        Curve trend analysis is done manually on the apparent resistivity and phase angle curves from the XPR edit 

by eliminating the outlier data from the curve trend so that both curves are smoothly aligned with the curve 

trend by D+ smoothing (Beamish and Travassos, 1992). The data from the curve trend analysis are next analyzed 

using the skin depth (δ) calculation to confirm the enhanced data quality, which is indicated by the higher skin 

depth values for deeper penetration depths. Skin depth is defined as the depth in a homogeneous medium 

where the electromagnetic fields are attenuated to 𝑒−1 of their amplitudes at the Earth’s surface (Simpson & 

Bahr, 2005). The expression of skin depth can be written as: 

𝛿 = √
2𝜌

𝜔𝜇
= √𝜋𝑓𝜇𝜎   ≈ 503 √

𝜌

𝑓
                                                (2) 

  

2.3 Skewness Analysis 

        The dimensionality of magnetotelluric data may be 1-D, 2-D, and 3-D, or it may be because of data 

processing errors that cause dimensionality changes. Skewness analysis determines if there is any irregularity 

or telluric distortion in the observed impedance tensor. The phase sensitivity skewness (η) shows the effect of 

distortion in the impedance tensor and can be mathematically written as follows (Bahr, 1991): 

𝜂 = √
|𝑅𝑒𝑍𝑥𝑥  𝐼𝑚𝑍𝑥𝑦−𝑅𝑒𝑍𝑦𝑦 𝐼𝑚𝑍𝑥𝑦+𝑅𝑒𝑍𝑥𝑦 𝐼𝑚𝑍𝑦𝑦−𝑅𝑒𝑍𝑦𝑥 𝐼𝑚𝑍𝑥𝑥|

|𝑍𝑥𝑦−𝑍𝑦𝑥|
                                  (3) 

        η values above 0.3 can be categorized as the response of the 3-D electric structure below the surface, η values 

below 0.3 are categorized as the response of 2-D electric structures, while the η = 0 indicates the ideal 1-D or 2-

D structure conditions (Bahr, 1991; Xiao et al., 2011). However, in some cases, values smaller than 0.3 are 

assumed to represent the responses of a 2D structure (Garcia et al., 1999).  

 
3. Results and Discussion 
3.1 Coherence Analysis 

Table 1. The result of the Coherence Analysis from 6 stations 

STATION 
RAW DATA (%) 

AVERAGE 
ROBUST 

PARAMETER 

ROBUST (%) 
AVERAGE 

XPR EDIT (%) 
AVERAGE 

RHO XY RHO YX RHO XY RHO YX RHO XY RHO YX 

MB01 43.4 62.1 52.7 RV 44.5 64.2 54.4 76.2 81.5 78.9 
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OC 47.7 66.2 56.9 

MB02 63.1 67.7 65.4 
RV 64.4 69.9 67.1 

70.6 80.3 75.6 
OC 64.8 69.2 67 

MB03 71.7 75 73.3 
RV 72.9 76.7 74.8 

76.7 80.3 78.5 
OC 73.4 76.5 75 

MB04 66 69.8 67.9 
RV 67 71.2 69.1 

74 76.2 75.3 
OC 67.9 71.9 69.9 

MB05 66.1 73.8 70 
RV 66.5 74.8 70.6 

76.3 82.4 79.4 
OC 68.2 75.9 72.1 

MB06 72.9 69.5 71.2 
RV 73.9 70.5 72.2 

79.2 76.3 77.8 
OC 73.6 71 72.3 

 

        Data coherence values for raw data, robust processing data, and XPR-edited data are shown in Table 1. The 

raw data of preliminary AMT measurements at Mount Malabar showed poor quality, with all stations having 

coherence values < 75%, with the lowest coherence value of 52.7% (MB01) and the highest reaching 73.3% (MB03). 

After the robust process, the coherence values improved, with four of the five stations showing the best values 

using the Ordinary Coherence (OC) parameter, with the lowest coherence value of 56.9% (MB01) and the highest 

reaching 75% (MB03). On average, robust processing only improved the quality of the average coherence value 

by 1.7%. The coherence value of the XPR edits increased on average by 9.1%, with the lowest coherence value of 

75.3% (MB04) and the highest of 79.4% (MB05). Overall, the highest increase in coherence value is at station MB01 

by 26.2%, from 52.7% to 78.9%, while the lowest increase is at station MB03 by 5.2%, from 73.3% to 78.5%.  
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Figure 3. Apparent Resistivity and Phase Curves : (a) MB01 raw data, (b) MB01 after robust, (c) MB01 after XPR 
Edit, (d) MB04 raw data, (e) MB04 after robust, (f) MB04 after XPR Edit 

        The apparent resistivity and phase curves show qualitative data quality improvement based on coherence 

analysis. These are the curves for station MB01, which has the largest increase in coherence that could show a 

clear contrast in quality, and station MB04, which shows the lowest coherence value of all points indicating a 

less smooth curve. The increased coherence value is also compatible with the data curves processed with robust 

and Edit XPR, which appear than the raw data curves. Figure 3 shows that the robust process is not very useful 

for smoothing the graph, but is highly effective for minimizing the effects of outliers (black circles). This is 

evident in MB01 curves at frequencies 530 Hz and 3600 Hz, while in MB04 around frequencies 13.7 – 7.5 Hz and 

229 – 320 Hz.  

 

3.2 Curve Trend Analysis 

 

Figure 4. Apparent Resistivity and Phase Curves : (a) MB01 after XPR editing, (b) MB01 after XPR editing based 
on curve trend, (c) MB04 after XPR editing, (b) MB04 after XPR editing based on curve trend 

        The results from the coherence analysis can be further validated with the curve trend analysis. This is done 

by eliminating the points that do not fit the trend. Based on curve trend analysis on data after XPR editing, 17 

data were eliminated at MB01 (Figure 4a and 4b) in intervals 0.35 – 0.59 Hz and 229 – 10400 Hz. While at MB04 

(Figure 4c and 4d), 15 data were eliminated in the frequency range 0.35 – 1.17 Hz; 115 Hz; 900 – 3000 Hz. The 

results of the curve trend analysis show a decrease in the amount of data eliminated. The highest amount of 

data used is at station MB06, 48, and the lowest is at stations MB01 and MB02, 43. The highest increase in the 

amount of data used is at station MB01, which is 34 data; this is also continuous with the highest rise in 

coherence value at station MB01 of 26.1%. 

 
Table 2. Total data used based on curve trend analysis in the raw data, robust process, and XPR edit 

 

STATION TOTAL DATA DATA USED 

mailto:a.harja@unpad.ac.id


Jurnal Phi: Jurnal Pendidikan Fisika dan Fisika Terapan. Vol 10 (2), 2024; ISSN: 2549-7162 Hal. 1-9 

 
 

Kusuma, NP., Rahmawati, N., Hanifah, SD. 2024. Analysis of Audio-Magnetotelluric Data Quality. Vol 10 (2), 2024        a.harja@unpad.ac.id  7 

 

RAW DATA ROBUST EDIT XPR 

MB01 60 9 10 43 

MB02 60 30 33 43 

MB03 60 32 36 46 

MB04 60 25 29 44 

MB05 60 35 37 46 

MB06 60 32 35 48 

 

        We can find the average coherence value of 66.8% by utilizing 27 data or eliminating 33 data to see the 

correlation between curve trend analysis and coherence analysis on raw data. Based on the correlation of 

coherence analysis in the robust process, we can see the average coherence value of 68.9% by utilizing 30 data 

or eliminating 30 data. Achieving the best results in the XPR edit process, the correlation of coherence analysis 

has the most data points of 45 or eliminates 14 data, with the highest average coherence value of 77.5%. These 

two analyses show that the data contains a lot of noise that cannot be reduced by the robust process alone, 

especially at station MB01, which only has 10 out of 60 data even after the robust process. The XPR edit proved 

very effective in reducing noise and can improve the data quality to achieve coherence >75% with eliminated 

data <20 out of 60 data units. 

Table 3. Total data used based on curve trend analysis in the raw data, robust process, and XPR edit 

STATION 
MAXIMUM SKIN DEPTH (m) 

RAW DATA ROBUST EDIT XPR 

MB01 377690 297269 381670 

MB02 21381 21519 48183 

MB03 9219 13072 48215 

MB04 1328 1090 7499 

MB05 1318 824 4338 

MB06 829 794 3315 

 

        Apparent resistivity and frequency from curve trend analysis were then used to determine the penetration 

depth by using the skin depth (Eq. 2) to validate the quality of AMT data based on coherence analysis. The skin 

depth process determines the best penetration depth for all data from the curve trend analysis. Based on the 

skin depth calculation, the average depth for raw data is 4473 m, after robust processing, it is 5976 m, and after 

XPR editing, it is 18369 m. The shallowest penetration depth reaches 3315 m at MB03, while the deepest 

penetration depth reaches 381670 m at MB01. We could also see that the robust process reduces the penetration 

depth at some stations, but showed a major improvement after the XPR editing, aligned with results from 

coherence analysis.  

3.3 Skewness Analysis 
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Figure 5. Number of data with a value η > 0.3 

 

        Based on the quantitative skewness analysis of raw data, data after robust, and data after XPR edit (Figure 

5), there is a significant difference in reducing the effect of 3D data dimensionality. The value of η> 0.3 in the 

raw data is 24, with the highest number found at stations MB04 and MB06. After the robust process, the value 

of η > 0.3 instead increased at all stations to 44, with the highest at MB02 (14) and the lowest at MB01 (1). From 

these results, we can conclude that although robust is sensitive to outliers, it does not smooth out data 

altogether, so it instead increases the 3D effect. Only after XPR editing, did the 3D effect reduce the value of η 

> 0.3 to only 5. MB02 and MB06 had two, MB04 had one, and MB01, MB03, and MB06 had none. 

 

 

4. Conclusion 
The results of coherence analysis using the robust process and XPR editing on AMT data at Mount Malabar, show 

an increase in coherence value of over 75% at all stations. In each processing, the average coherence value has 

increased, with details of raw data at 66.8%, robust at 68.9%, and XPR editing at 77.5%, which denotes the greatest 

average improvement by the XPR edit of 9.1% and 1.7% by the robust process.  

        The improvement in data quality from the coherence analysis is also evident from the increase in the depth 

penetration, the increase in data used in the trend curve analysis, and the decrease in the 3D dimensional effect 

from the skewness analysis. Results of the skewness analysis show that the reduction of 3D dimensionality 

effects is less effective in the robust process. Qualitatively, the increase in coherence in the robust process does 

not significantly affect the changes in apparent resistivity and phase curves compared to the raw data. Still, the 

changes occur notably in the XPR edit process, which shows that the apparent resistivity and phase curves 

become much smoother. 
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