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Earthquakes are one of the natural phenomena that threaten human life in
areas around faults. Mathematical transformations are tools that can provide
useful information to researchers in generating synthetic accelerograms,
analyzing signals and accelerograms. With the help of mathematical trans-
formations, recorded accelerograms of earthquakes can be considered as
input signals and analyzed. Using the Fourier transform, the frequencies
present in the signal can be obtained, but it does not provide the temporal (or
spatial) information of the signal's constituent frequencies. The wavelet
transform is a tool suitable for analyzing non-stationary waves and com-
pensates for this weakness by providing not only the frequencies present in
the signal but also the time (or location) of the frequencies. By changing the
scale and translation parameters in the wavelet transform, the constituent
frequencies of the earthquake wave and their occurrence time can be
obtained. In this research, frequency analysis using wavelet transform was
performed on the accelerograms of the 2020 Mosha earthquake in near,
intermediate, and far fields. Based on this analysis, the dominant frequencies
of each wave and their occurrence moments were obtained, showing that in
the near field, the dominant frequency of the earthquake wave is larger
compared to the far field. In other words, as the distance from the fault
increases, the dominant frequency of the earthquake wave decreases, which
is dangerous for tall structures with high natural periods due to the resonance
phenomenon. The results indicate the high capability of the continuous
wavelet transform method in calculating the constituent frequencies of earth-
quake waves and their occurrence times. With this analysis, structures whose
period matches the dominant period of the earthquake wave can be identified,
and the effects of waves on structures can be examined more accurately.
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1. Introduction

Earthquakes, as natural events, have been a
subject of discussion and research among many
scientists from the past to the present. The damage
and impacts of them have on human life have
made their analysis of great importance to
researchers. Studying earthquakes to gain inform-
ation about energy levels, location, time, and the
behavior of structures in response to them is
particularly significant. The likelihood of large
earthquakes occurring near cities close to faults is
much higher, and these events have specific
characteristics that distinguish them from those
occurring far from faults. Some of these charac-
teristics, if not considered, may lead to under
estimating earthquake forces in structural design.
In most processing approaches, the raw signal is
available as a time-domain signal. The signal's
amplitude values over time are represented in the
time domain, but this representation may not be
sufficient for a complete description of the signal.
In many cases, valuable information about the
signal is hidden in its frequency domain. The
spectrum of a signal represents the different
frequencies present in the signal and indicates the
presence and strength of each frequency. Fourier
transform is a tool that can extract the frequency
content of a signal. However, Fourier transform
does not provide any temporal or spatial informa-
tion about the signal and only gives frequency
information. In other words, Fourier transform
cannot determine the time or location of different
frequencies in the signal. To address this limitation,
wavelet transform is used as a tool for signal
processing (Newland, 1993). Wavelet transform is
particularly suitable for analyzing non-stationary
waves. In a country like Iran, where many major
cities are near large faults, a proper understanding
of ground behavior and assessing its effects on
structural behavior is crucial. One significant factor
that can considerably affect the dynamic behavior
of structures under earthquake excitation is the
proximity or distance from the fault causing these
events. Previous studies have shown that the
nature of earthquakes near the causative fault
can be significantly different from those occurring
in more distant areas (Boore, 1983, 2003; Aki,
1967 ; Brune, 1970; Beresnev & Atkinson, 1997;

Berensev & Atkinson, 2002). Research and studies
indicate that shear and moment base values for
near-fault motions are significantly higher than
those for far-field motions, and the distance to the
fault plays a crucial role in shaping the intensity of
the earthquake spectrum. Earthquakes are cate-
gorized into three groups (Tehranizadeh, 2015):
- Near-field: Distance less than 20 km from the

fault.
- Intermediate-field: Distance between 20 and

50 km from the fault.
- Far-field: Distance greater than 50 km from the

fault.
Earthquakes in the near-field can exhibit

specific characteristics that result in significant
changes in the behavior of structures. Therefore, it
is necessary to consider these characteristics and
differences in the nature of earthquakes near and
far from faults during the design and construction of
structures in these areas. A thorough examination
and analysis of these factors enables the selection of
appropriate methods and strategies to design and
improve the performance of structures against
earthquakes. Additionally, adherence to regulations
and standards related to seismic design during the
construction and operation of structures is crucial.
Overall, when precise information about spectral
changes in ground motions is needed, processing
limited data may not provide complete information.
Displaying recorded time histories of large
earthquakes, especially at stations near faults,
provides a more comprehensive set of these events
information. Based on the complex nature of
records in the near-field domain, using simple and
systematic models to accurately represent these
records may be challenging in some cases. In such
situations, employing wavelet functions can lead to
more complex models capable of capturing more
effects from near-field records. Wavelet functions
allow for the detection and representation of more
intricate patterns in records. Through wavelet
functions, models can be constructed to extract
more information from near-field records. However,
wavelet-based models also have their limitations.
One of their main constraints is calibrating
supplementary parameters in defining wavelet
functions. This implies the need for precise
determination and adjustment of wavelet parameters
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for each specific problem (Nazari et al., 2018).
In fact, an earthquake wave is a non-stationary

wave, and its constituent frequencies do not
occur uniformly over the entire duration of the
event. This means that an earthquake encompasses
a wide spectrum of frequencies that vary at
different moments (Majidi & Heidari, 2020). High
frequency implies rapid changes in a mathematical
variable, while low frequency indicates minimal
changes in a signal. The concept of frequency
denotes the rate of change within a signal and is
typically measured in Hertz (cycles per second).
Mathematically, a transform on a wave provides
more information about the raw wave. Applying
mathematical transforms to an initial raw signal
attempts to extract new features that are not
directly observable in the original signal.

However, it should be noted that the return
period of large earthquakes is long, and many
seismic-prone areas in Iran lack access to strong
motion records. This shortage may be due to
insufficient coverage of earthquake recording
networks and, in general, a limited number of
events that convey the effects of near-field seismic
activity. To have a reliable seismic design plan for
structures in regions near active faults, such as many
large cities in Iran, a dataset is required for analysis
and design. These data should either be recorded
within the construction sites or be at least compatible
with the site characteristics. One common method
to obtain this data is through artificial accelerogram
generation methods and accelerogram simulation.
Mathematical transformations are tools that can
provide useful information to researchers in generat-
ing synthetic accelerograms, analyzing signals and
accelerograms, thereby capturing their attention
and importance (Daryoushi, 2021).

2. Wavelet Transform

Wavelets are a natural extension and develop-
ment of Fourier analysis (Daubechies, 1992). Other
researchers such as Strang and Nguyen (1996) and
Mallat (1998) have provided detailed and excellent
explanations of wavelet decomposition in their
respective studies. Wavelet transform serves as a
powerful tool for time-frequency (or time-space)
analysis of signals in the frequency domain, attract-
ing significant research attention over the past few

decades. Wavelet transform maintains dual focus
in both frequency and time (or space) domains,
enhancing the resolution of frequency details across
different time steps (Ghodrati Amiri et al., 2006).
Baker (2007) conducted a study on analyzing
ground motions near faults using wavelet analysis.
Yaghmaei-Sabegh (2010, 2013) utilized wavelet
decomposition for examining and detecting im-
pulsive seismic events. Ji et al. (2012) investigated
changes in geomagnetic anomalies associated with
some microseismic events in the Korean Peninsula
using wavelet-based seismic similarity analysis.
Rastegar and Kouhdaragh (2017) conducted a
frequency analysis of the Bam earthquake time
history using wavelet transform. Shamgani and
Saffari (2024), used wavelet transform to analyze
the effects of Mosha 2020 earthquake on different
sites. In the context of generating synthetic
accelerograms compatible with the environment,
which is crucial for mitigating the lack of real data
on strong motions both near and far from faults,
wavelet transform plays a crucial role. Indeed, the
invention of wavelet transform as a tool for time-
frequency analysis has enabled more precise and
suitable examinations in non-stationary frequency
domains. The continuous wavelet transform is
defined as follows (Mallat, 1998):

*
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In Equation (1), τ  represents the translation
parameter, which determines the shifting of the
wavelet window and includes temporal information.
In wavelet transform, unlike the direct frequency
parameter, the scale parameter s is used, which is
inversely related to frequency. Scaling is akin to a
mathematical operator that compresses the signal
for s < 1, revealing details, and expands the signal
for s > 1, showing generalities. In Equation (1), ψ
denotes the wavelet function, also known as the
mother wavelet, and *ψ  is its complex conjugate.

The term "mother wavelet" is used because the
wavelet function serves as a template or prototype
for generating scaled and translated versions that
are used in wavelet transform analysis. The term
"mother" signifies that all scaled and translated
versions are constructed based on this initial
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function. In other words, the mother wavelet is the
pattern for generating other wavelet windows in
the wavelet transform. One example of a mother
wavelet function that is also used in this research
is the Morlet wavelet. The complex Morlet wavelet
includes both real and imaginary coefficients.
These coefficients are used to calculate the
amplitude and phase information of a signal, which
highlights the analytical advantage of complex
wavelet transforms in frequency content analysis.
This ability to extract both magnitude and phase
information provides a more comprehensive
understanding of the signal's characteristics, making
the complex Morlet wavelet particularly effective
for analyzing non-stationary signals like seismic
waves. The complex Morlet wavelet function is
defined as follows (Teolis, 1998):

2 /21( ) bx fifcx

b

x e e
f

−πΨ =
π                                       (2)

In Equation (2), the parameter fb controls the
bandwidth of the wavelet, while fc represents the
central frequency of the wavelet. The complex
Morlet wavelet, illustrated in Figure (1), is charac-
terized by these parameters. To ensure that the
scale parameter corresponds to the wavelength,
fc is typically set to 1 (Cooper & Cowan, 2008).

In this section, the inverse relationship of the
wavelet transform and the conditions under which
this relationship is invertible from a mathematical
perspective is briefly examined. Equation (1) is
said to be invertible if:

( ) 0  t d tψ =∫                                                          (3)

In all functions, regardless of whether the
basic functions are orthogonal or not, to establish
Equation (3), which is the condition for the inverti-
bility of the wavelet transform, it is necessary that
the selected mother wavelet function be oscillatory.
This can be easily verified. The inverse relation of
the wavelet transform is calculated as follows:
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Cψ  in Equation (4) is the admissibility constant,
which is a fixed value that ensures the invertibility
and complete reconstruction of the transform,

Figure 1. (a) Real part of the complex Morlet wavelet and
(b) Imaginary part of the complex Morlet wavelet.

depending on Cψ  and the chosen mother wavelet.
Therefore, the admissibility condition is presented
as Equation (5):
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ψ)  in the above relation is the Fourier transform
of the mother wavelet function.

3. Analyzing the Earthquake Signals Using
Wavelet Transform

In previous studies, such as the work by Rastegar
and Kouhdaragh (2017), only the time history of
the Bam earthquake was analyzed. However, in this
research, the time history of an event at various
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distances from the source has been analyzed
and examined. This allows for a clearer under-
standing of the effect of distance on the dominant
frequency of an accelerogram. By considering
different distances from the earthquake source, the
variation in dominant frequencies can be observed
more distinctly, providing valuable insights into
how seismic waves behave across different
locations. In this study, using the wavelet transform,
the analysis of near, mid, and far-field accelerograms
for the Mosha earthquake, which occurred on
May 7, 2020, at 20:18 with a magnitude of MW = 5,
was performed to calculate the timing of the
earthquake's frequency components. By using the
scale parameter, various frequencies present in
the signal can be calculated. In this method, by
computing Equation (1) for different shift and
scale parameters, the effect of the desired scale
(frequency) on the main wave is assessed. If the
resulting value is large, it indicates that the desired

scale (frequency) is one of the main components of
the accelerogram. Otherwise, the desired scale
(frequency) is not present in the wave (Gurly &
Kareem, 1999).

For this purpose, the Mosha-3 station with an
epicentral distance of 13 km was chosen as the
near-field site, the Rudehen station with an
epicentral distance of 22 km as the mid-field site,
and the Tehran 303 (Shahid Rajaee University)
station with an epicentral distance of 57 km as
the far-field site from the 2020 Mosha earthquake.
The accelerograms related to this event were
obtained from the Iranian Strong Motion Network
(ISMN, 2024). In this study, the preprocessing of
the accelerogram and baseline correction were
performed using the SeismoSignal software. After
completing the baseline correction, the corrected
accelerogram was utilized for analysis in this
research. Figure (2a) shows the recorded
accelerogram of the near-field Mosha 2020

Figure 2. (a) The accelerogram recorded for the near-field of the 2020 Mosha earthquake at the Mosha-3 station (13 km distance);
(b) The wavelet transform of the accelerogram recorded for the near-field of the 2020 Mosha earthquake at the Mosha-3 station
(13 km distance).
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earthquake at the Mosha-3 station, and Figure (2b)
illustrate the wavelet transform of this accelero-
gram.

As shown in Figure (2b), the highest value of
the Continuous Wavelet Transform (CWT) is 0.066,
which occurs at a frequency of 11.63 Hz and at a
time of 23.718 seconds (0.3953 minutes). In other
words, the frequency of 11.63 Hz has the most sig-
nificant impact on this accelerogram, corresponding
to a period of 0.086 seconds.

In Figure (3a), the accelerogram recorded for
the medium-field of the 2020 Mosha earthquake at
the Rudehen station is shown, and in Figure (3b),
the wavelet transform of this accelerogram is
depicted.

According to Figure (3b), the highest value of
the Continuous Wavelet Transform (CWT) is
0.068, which occurs at a frequency of 10.85 Hz
and at a time of 17.72 seconds. In other words, the

frequency with the most significant impact on this
accelerogram is 10.85 Hz.

Figure (4a) shows the accelerogram recorded in
the far-field zone of the Mosha 2020 earthquake at
the Tehran 303 station (Shahid Rajaee University),
and Figure (4b) shows the wavelet transform of this
accelerogram.

As shown in Figure (4b), the maximum value
of the Continuous Wavelet Transform (CWT)
function is 0.013, which occurs at a frequency of
3.84 Hz and at the time 24.282 seconds (0.4047
minutes). In other words, the frequency that has
the most significant impact on this accelerogram is
3.84 Hz, equivalent to a period of 0.26 seconds,
which has increased compared to the previous two
cases.

4. Discussion

The wavelet transform is a powerful tool in

Figure 3. (a) The accelerogram recorded for the medium-field of the 2020 Mosha earthquake at the Rudehen station (22 km
distance); (b) The wavelet transform of the accelerogram recorded for the medium-field of the 2020 Mosha earthquake
at the Rudehen station (22 km distance).

(b)
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decision analysis. Among its applications in civil
and earthquake engineering is the similarity analysis
of wavelet transform earthquakes. It is also possible
to mention the creation of artificial ground motions
and the recognition of the pulse-like accelerograms.
The summary of the three aforementioned analyses
shows that by applying the continuous wavelet
transform on the recorded accelerograms of the
2020 Mosha earthquake from the near, intermediate,
and far fields, the dominant frequencies were found
to be 11.63 Hz, 10.85 Hz, and 3.84 Hz, respectively.
This indicates a decrease in dominant frequency
and conversely, an increase in the dominant period
of the earthquake wave. Note that the periods
mentioned in this study refer to the period of the
ground surface (the site of the accelerometer), and
the period of the structure will reflect its dynamic
properties. The calculated dominant periods or

Figure 4. (a) The accelerogram recorded for the far-field of the 2020 Mosha earthquake at the Tehran 303 station (Shahid
Rajaee University, 57 km distance); (b) The wavelet transform of the accelerogram recorded for the far-field of the 2020
Mosha earthquake at the Tehran 303 station (Shahid Rajaee University, 57 km distance).

(b)

frequencies should not be directly considered as
the dominant period or frequency of the structure.
According to structural dynamics principles, the
closer the natural frequency of the structure is to
the frequency of the site, the greater the resonance
effect and seismic damage will be.

In the studies mentioned in previous sections,
the effect of distance was not considered. As is
evident, this parameter was taken into account in
this research, and the results clearly indicate that
as the distance from the earthquake source
increases, the dominant frequency decreases.

5. Conclusion

Using Fourier transform, the frequencies present
in a signal can be extracted, but it does not
provide temporal (or spatial) information about
the frequencies within the signal. The wavelet
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transform, however, is a tool that can offer valuable
information to researchers for generating synthetic
accelerograms, signal analysis, and accelerogram
analysis. This transform is well-suited for analyzing
non-stationary waves and compensates for the
shortcomings of the Fourier transform. Given that
the output of continuous wavelet analysis is a
curve in the time-frequency-amplitude domain, a
clearer and more detailed view of earthquake
accelerograms can be obtained.

The main advantage of the wavelet transform
is its ability to identify the timing of each frequency
within an earthquake wave, allowing for the
determination of the moment when the acceleration
has the greatest impact on the ground. Additionally,
the wavelet transform can reveal how often a
specific frequency occurs throughout the duration
of an earthquake. The most significant outcome from
frequency analysis using the wavelet transform is
identifying the dominant frequency in an earthquake
wave and the timing of its occurrence. Structures
whose natural frequency matches the dominant
frequency of the earthquake wave can experience
resonance, leading to potential structural failure.

In this study, it was shown that the dominant
frequency in accelerograms from the 2020 Mosha
earthquake decreases with increasing distance
from the fault. This finding is crucial for structures
in distant areas, as they generally have higher
periods and are more susceptible to resonance
during strong ground motions.

Specifically, the dominant frequency of the
2020 Mosha earthquake was 11.63 Hz at 23.718
seconds for the near field (13 km from the source),
10.85 Hz at 17.72 seconds for the intermediate
field (22 km from the source), and 3.84 Hz at
24.282 seconds for the far field (57 km from the
source).

As a general conclusion, the wavelet transform
is a useful tool for frequency analysis of earthquake
waves. By examining the continuous wavelet
transform (CWT) at various frequencies and times,
the impact of earthquake acceleration on different
structures with varying natural periods can be
assessed.

This includes investigating phenomena such as
resonance at the moment of maximum earthquake-
induced force.
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