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Novel method and tool to 
identify solitary waves in the 
Martian plasma environment

Sahil Pandey*, Amar Kakad and Bharati Kakad

Indian Institute of Geomagnetism, Navi Mumbai, India

This paper introduces a method and an innovative graphical user interface (GUI) 
tool to identify bipolar solitary wave structures in the Mars Atmosphere and 
Volatile EvolutioN (MAVEN) mission dataset. As input to this tool, we utilized 
medium-frequency burst mode calibrated electric field data obtained from the 
Langmuir Probe and Waves (LPW) instrument aboard MAVEN. To detect solitary 
waves, we first discuss the typical theoretical solitary wave structure and its 
key features. Based on these features, we developed a series of mathematical 
conditions that are applied to the LPW electric field dataset. After rigorous 
testing, a MATLAB executable GUI application named SWIT (Solitary Wave 
Identifying Tool) was developed. The output of SWIT provides the amplitude, 
width, and time of occurrence of the solitary waves. Furthermore, we evaluate 
the accuracy and limitations of SWIT. It is found that SWIT demonstrates high 
efficiency. It is a dedicated identifier for analyzing medium-frequency electric 
field measurements from the MAVEN spacecraft to search for solitary wave 
structures in the Martian plasma environment. It is suggested that this novel 
method can be applied to datasets from different spacecraft in other planetary 
plasma environments with minor modifications.
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 1 Introduction

Electrostatic solitary waves (ESWs) are nonlinear, isolated electric field pulses observed 
in space plasmas. These waves typically propagate along the direction of the magnetic 
field and exhibit negligible fluctuations in the perpendicular component of the magnetic 
field. They were first detected in auroral plasma by the S3-3 polar-orbiting satellite 
(Temerin et al., 1982). Later, high-resolution electric field measurements from the Geotail 
spacecraft revealed that broadband electrostatic noise (BEN) consists of isolated bipolar 
solitary structures (Matsumoto et al., 1994). Since then, ESWs have been observed in 
various regions of the Earth’s magnetosphere, such as the auroral zone (Ergun et al., 1998; 
Pickett et al., 2004), magnetopause (Cattell et al., 2002; Graham et al., 2015; Graham et al., 
2016), magnetosheath (Pickett et al., 2003; Holmes et al., 2018; Shaikh et al., 2024), bow 
shock (Hobara et al., 2008; Wang et al., 2014; Vasko et al., 2018; Vasko et al., 2020; 
Sun et al., 2022; Kamaletdinov et al., 2022), plasma sheet (Ergun et al., 2009; Tong et al., 
2018; Mozer et al., 2018; Wang et al., 2022), magnetotail (Norgren et al., 2015), inner 
magnetosphere (Vasko et al., 2017a), dusk flank region (Arya and Kakad, 2025), and so on. 
As new observations continue to emerge, theoretical (Singh and Lakhina, 2001; Pickett et al., 
2005; Kakad et al., 2007; Lakhina et al., 2008a; Lakhina et al., 2008b, 2009; Kakad et al., 2009;
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Lakhina et al., 2011a; Lakhina et al., 2011b; Olivier et al., 2015; 
Maharaj et al., 2015; Kakad et al., 2016; Singh et al., 2024) and 
simulation (Omura et al., 1996; Umeda et al., 2002; Kakad et al., 
2013; Kakad et al., 2014; Lotekar et al., 2016; Kakad A. et al., 
2017; Lotekar et al., 2017; Vasko et al., 2017b; Dillard et al., 2018; 
Lotekar et al., 2019; Kakad and Kakad, 2019) studies have been 
conducted to investigate their generation mechanisms. In general, 
monopolar (double layer), bipolar, and occasionally observed 
tripolar structures fall under the ESW category. In this paper, the 
term solitary waves refers specifically to bipolar solitary structures.

In fluid models, ESWs can be classified as ion or electron 
acoustic solitary waves (IASWs/EASWs), depending on the 
dominant driving species. EASWs exhibit phase velocities of a 
few thousand kilometers per second, whereas IASWs typically 
have phase velocities of a few hundred kilometers per second. A 
review article on ESWs as acoustic soliton models is provided by 
Lakhina et al. (2021). In kinetic models, ESWs are interpreted 
as ion or electron holes in phase space, depending on the 
polarity of the associated potential structures (Eliasson and 
Shukla, 2006; Aravindakshan et al., 2018a; Aravindakshan et al., 
2018b, Aravindakshan et al., 2020; Aravindakshan et al., 2021; 
Aravindakshan et al., 2023). In space plasmas, they play 
a role in the acceleration, heating, energy dissipation, and 
trapping of charged particles (Ergun et al., 2004; Andersson 
and Ergun, 2012; Mozer et al., 2013; Kakad et al., 2017a; 
Kakad et al., 2017b; Wang et al., 2023).

ESWs are not confined to Earth’s plasma environment; they have 
also been observed in the Martian magnetosheath (Kakad et al., 
2022; Thaller et al., 2022; Pandey et al., 2025a; Pandey et al., 2025c), 
the Venusian plasma environment (Malaspina et al., 2020), and 
Saturn’s magnetosphere (Williams et al., 2006). By studying the 
ambient plasma parameters, various generation mechanisms have 
been proposed for the ESWs (Singh et al., 2022; Rubia et al., 
2023; Varghese et al., 2024a; Varghese et al., 2024b). In case 
of Mars, in recent studies the ESWs have been reported using 
the electric field data from Langmuir Probe and Waves (LPW) 
instrument aboard the Mars Atmosphere and Volatile Evolution 
(MAVEN) mission. However, ESWs on Mars have not been 
studied as extensively as those on Earth. The LPW instrument 
measures the y-component of the electric field in the spacecraft’s 
coordinate system (Andersson et al., 2015). Therefore, limited 
information is available about the propagation of ESWs. A statistical 
study of ESWs would provide valuable insights into their occurrence 
in the plasma environment of an unmagnetized planet like Mars, 
helping to understand their role in particle dynamics. However, 
manual detection of solitary waves from such a large dataset is a real 
challenge.

In this paper, we present a tool for identifying bipolar solitary 
waves from the MAVEN dataset. Previously, Kojima et al. (2000) 
developed a method to identify ESWs from the Geotail spacecraft 
dataset. They employed a bit-pattern comparison technique using 
two sample waveforms of ESWs with opposite polarity. They defined 
an ESW index that quantifies the deviation from or similarity 
to the sample waveforms. This process is carried out by shifting 
the sample waveforms in time to match the observed signals. 
However, since the width of ESWs in the time domain can vary, 
different sample waveforms with varying pulse widths are required. 
Hansel et al. (2021) used the Solitary Wave Detector (SWD) on 

NASA’s Magnetospheric Multiscale (MMS) mission to map solitary 
waves in the Earth’s magnetosphere, identifying 60% of all bipolar 
solitary waves. It is based on a pseudo-standard deviation technique. 
In the present paper, we use a cumulative-integration-based 
approach to identify solitary waves. The developed tool is rigorously 
tested using LPW medium-frequency electric field data from the 
MAVEN spacecraft, and its efficiency in detecting solitary waves 
is examined. The paper is organized as follows: the methodology 
and module sequence in the program are detailed in Sections 2, 
3, respectively. The usage and requirements of the Solitary Wave 
Identifying Tool (SWIT) are elaborated in Section 4. The results 
are discussed in Section 5. Finally, the study is summarized and 
concluded in Section 6. 

2 Methodology

First, we present the mathematical formulation of a solitary wave 
and outline its key properties using cumulative integration and first-
order differentiation. We examined discrepancies between the ideal 
and observed solitary wave structures and used this information 
to ensure accurate identification of solitary waves in the real data. 
Below, in different subsections, we describe the specific criteria 
employed in the program to identify solitary waves. We assume the 
following form for the electric potential linked to the solitary wave 
structure, as outlined by Kojima et al. (2000) and Krasovsky et al. 
(1997),

ϕ (x) = ϕ0 exp(−x2

λ2) (1)

where ϕ0 is the peak of potential at position x = 0 and λ is the distance 
where potential falls by 1/e times of ϕ0. Spacecraft measurements 
provide electric field data in the time domain rather than the space 
domain. Therefore, on substituting x = vt in Equation 1 and using 
E(x) = − dϕ/dx, we get

E (t) = −1
v

dϕ
dt
= 2tϕ0

v
λ2 exp(−v2t2

λ2 ) (2)

where v is the magnitude of the phase velocity of the solitary wave 
and is assumed to be constant.

To reduce parametric dependency and focus on the behavior of 
the electric field as a function of time, we take v = 1, λ = 1, and ϕ0 =
1; then Equation 2 becomes,

E (t) = 2t exp(−t2) (3)

Equation 3 represents the typical electric field (E) profile of solitary 
waves associated with positive or negative potential and traveling 
in either negative or positive x−direction. Based on this, we label 
the electric field profiles, where the negative half-cycle occurs 
first, followed by the positive half-cycle, as type-1 solitary waves. 
Conversely, those electric field profiles where the positive half-cycle 
occurs first, followed by the negative half-cycle, are labeled as type-2 
solitary waves. Here, the positive and negative peaks in the solitary 
wave profile are termed as E+ and E−, with their corresponding time 
instances as t+ and t−, respectively.

An electric field profile of the type-1 solitary waves in the time 
domain is shown in Figure 1A. Its cumulative integration (CI), 
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FIGURE 1
The ideal form of the solitary wave: (A) electric field profile of the solitary wave waveform, (B) cumulative integration (CI) of the solitary wave waveform, 
and (C) the first-order derivative of the solitary wave waveform are shown as functions of time. Similarly, observation of a solitary wave from the LPW 
instrument on 1 January 2021: (D) electric field profile, (E) cumulative integration, and (F) first-order derivative are shown as functions of time in UT. In 
panel (D) ti and t f  are the initial and final time instances of the solitary wave waveform; t− and t+ are the time instances associated with E− and E+, 
respectively, with the midpoint marked by tc; d− and d+ represent the durations of the negative and positive half-cycles of the solitary wave, respectively.

defined as −∫E(t)dt, is displayed in Figure 1B. It may be noted that 
the negative sign in CI is used to maintain analogy with the electric 
potential. The first-order derivative of the electric field profile, E′(t), 
is shown in Figure 1C. The vertical blue dashed lines indicate the 
instance of t− and t+, with their midpoint (tc) marked by the black 
dashed line. The vertical red dashed lines indicate the initial (ti)
and final (t f) instances, where the peak of CI decreases by 99.7%. 
The width of the solitary wave structure (Δt) is defined as the time 
interval between t− and t+. Here, we list properties of the ideal form 
of solitary wave based on Figure 1; (i) Equal absolute values of E+
and E−, (ii) Equal durations of negative and positive half cycle, d− =
d+ (here d− = |ti − tc| and d+ = |t f − tc|), (iii) Continuous increase in 
the E(t) from t− to t+, (iv) In CI profile, no change in sign from time 
ti to t f , (v) Single turning point between t− to t+ in E′(t). Here, the 
type-1 or type-2 categories are used only for convenience, and they 
do not signify the polarity of the potential structure associated with 
the electric field. The polarity of the potential can not be identified 
unless the direction of propagation of solitary waves is known. We 
consider all the above-listed properties of the solitary wave while 
setting different criteria in a MATLAB executable GUI tool named 
SWIT to identify solitary waves. In reality, the observed solitary 
wave structure does not follow its exact ideal form. Therefore, while 

dealing with the data, the properties mentioned above are treated 
as references and conditionally modified to meet the requirements. 
The modified conditions and their implementation in the SWIT are 
discussed in the next Section 3.

As an example, the type-1 solitary wave structure seen in 
LPW electric field data is displayed in Figure 1D with its CI 
in panel (E) and first-order derivative in panel (F). We mark 
the instances ti and t f  by following the turning points in the 
electric field before and after the t− and t+, respectively. The 
turning points are the locations where the slope of the curve 
changes its sign. As far as the first property of the solitary 
wave structure is concerned, it is unlikely that in real data, we 
encounter |E+| = |E−|. Therefore, we define a symmetry parameter 
for amplitude as Sa =min{|E+|, |E−|}/max{|E+|, |E−|}. Here, Sa can 
vary between 0 and 1, and Sa = 1 represents 100% symmetry 
in amplitudes. We set a minimum acceptable limit on Sa as 
0.6. If Sa falls below 0.6, then the bipolar electric field pulse is 
not treated as solitary wave. In Figure 1D, the absolute positive 
and negative peaks differ by 0.17mV/m and Sa = 0.95. Hence, 
it satisfies the acceptance criteria for being selected as solitary 
wave. Similarly, achieving equal durations for the positive and 
negative half-cycles is an ideal scenario (i.e., property-2). We defined 
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FIGURE 2
Structure of the program flow used in the development of the SWIT GUI.

a symmetry parameter for solitary wave half-cycle duration as 
Sd =min{d−,d+}/max{d−,d+}. If Sd exceeds 0.6, then the bipolar 
pulse is selected. A threshold value of 0.6 was set after visually 
inspecting many burst datasets. For values greater than 0.6 (such 
as 0.65 or 0.70), a significant number of solitary wave structures go 
undetected, even though they could have been identified through 
visual inspection.

Next, let us discuss the solitary wave properties (iii)-(v). 
The solitary waves are typically observed in high-resolution 
electric field data. Between t− and t+, a few outliers may 
disrupt the continuous increase of the electric field, introducing 
the local irregular slope variations. These variations may not 
be visually apparent, but they can result in multiple turning 
points in E′(t) within t− and t+. To address this issue, the 
moving average smoothing method is employed. Ideally, one 
anticipates a single peak in CI associated with the solitary wave. 
Therefore, we also examined the turning points before and after 
the peak of the CI. These conditions are elaborated in the next
Section 3. 

3 Module sequence in SWIT

This subsection describes the logical workflow of different 
modules in the computer program, emphasizing the significance 
of each step in the process. For clarity, the explanation focuses 
solely on type-1 solitary wave, as the logic used to detect the type-
2 solitary wave is identical, differing only in sign at specific points. 
A flowchart illustrating the main structure of the SWIT program is 
presented in Figure 2. It may be noted that SWIT is developed using 
MATLAB software.

3.1 Data loading and filtering

In this study, we use the medium-frequency (100 Hz–32 kHz) 
burst-mode calibrated electric field data obtained from the LPW 
instrument onboard MAVEN (Andersson, 2024). The sampling 
frequency ( fs) is 65,536 Hz, and the duration of a single burst is 
typically 62.5 ms (4,096 data points) or an integral multiple of this. 
Initially, using “process_burst_events.m” program file, the user can 
convert electric field raw data into individual “.mat” files that contain 
the electric field and time information for each burst event that 
occurred on a given day. These individual burst files (time and 
electric field) serve as input to the SWIT module. At this stage, 
the electric field signal and corresponding time series data for a 
single burst event get loaded. Additionally, the user must provide 
the sampling rate of the data in Hz.

A Butterworth bandpass filter is applied to the electric field 
signal based on the input sampling frequency, with appropriate 
lower cut-off ( flc) and upper cut-off ( fhc < fs/2) frequencies. 
The lower cut-off frequency ( flc) is used to eliminate long-term 
variations in the signal. Essentially, this process detrends the 
cumulative integration of a signal. Also, the higher cut-off frequency 
helps in removing the high-frequency noise. As an example, a 
series of electric field pulses observed in LPW electric field data 
on 9 February 2015 are depicted in Figure 3A. We can see that 
the solitary wave marked with the dashed rectangle exhibits small 
kinks. The frequency associated with these kinks is significantly 
higher than the frequencies of the solitary waves. The process of 
filtering removes these kinks. Figure 3B depicts the filtered signal, 
where the kinks have been eliminated. The flc and fhc are chosen to 
ensure that the overall solitary wave structure of the signal remains 
largely unaffected. We have selected flc = 100 Hz and fhc = 15 kHz 
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FIGURE 3
An electric field signal illustrating solitary waves: (A) original data showing solitary waves with small kinks, visible in the zoomed-in view of the 
grey-shaded region; (B) data after filtering, demonstrating the removal of kinks in the same region; (C) cumulative integration (CI) of the filtered data;
(D) a zoomed-in view of the CI peak (marked by an asterisk), highlighting turning points t1 and t2 before and after the peak (see dashed vertical lines).

for medium-frequency LPW electric field measurements. Figure 3C 
depicts the CI for the filtered electric field signal shown in Figure 4B. 
The use of CI in solitary wave identification is elaborated in the next 
subsection.

3.2 Cumulative integration and peak 
identification

Theoretically, each bipolar electric field pulse of type-1 will 
give rise to one positive peak in CI. We used this approach 
to identify the location of likely solitary waves in the observed 
electric field signal. The CI of the filtered signal is calculated, and 
the location of several peaks apparent in CI is identified. Each 
peak in CI corresponds to the center of the respective solitary 
wave structure (see Figure 3C). A peak in CI is identified if the 
amplitudes of the five preceding and five following points are smaller 
and decrease continuously on both sides of the peak. Next, the 
occurrence of turning points in CI preceding and following such 
peaks are identified and marked as t1 and t2. As an example, the 

time variation of CI associated with one solitary wave structure 
is shown in Figure 3D. The turning points in CI before and after 
a peak shown with a blue asterisk are marked by vertical dashed 
black lines. It is noted that the solitary wave structure is located 
within t1 and t2 only. We estimated E+ and E−, and if their magnitude 
exceeds 0.5 mV/m, then that solitary wave structure is considered 
for further analysis. The resolution of electric field data is 0.3 mV/m; 
therefore, we chose a limit of 0.5 mV/m as the acceptance criteria 
for solitary wave structures. In this way, each peak in the CI 
undergoes similar scrutiny. We ensure that each identified solitary 
wave structure is well-separated and is not a part of wave oscillations. 
This is carried out by checking the number of turning points 
in E(t) between two successive solitary waves identified by the 
program. If there are two or more turning points between E+ of 
the first solitary wave and E− of the next solitary wave in the 
case of two successive type-1 solitary waves, such structures will b
e selected.

It may be noted that a major part of the solitary wave 
identification is covered by different steps elaborated so far. 
However, electric field data often possess small amplitude 
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FIGURE 4
A schematic of the solitary wave waveform, illustrating the allowed ranges for the first and second turning points before t− and after t+, aids in 
formulating the conditions to reduce false positives while detecting solitary waves. The values of the electric field at turning points tFTP

±  and tSTP
±  are 

examined, where the superscripts FTP and STP denote the first and second turning points, respectively. The subscripts ± indicate positive and negative 
half-cycles. The permissible range for FTP, shown in the blue-shaded region, lies between 0.25 E− and 0.25 E+. Similarly, the STP range, represented by 
the green-shaded region, also lies between 0.25 E− and 0.25 E+. These thresholds were determined based on the extensive testing with electric 
field data.

oscillations close to the solitary wave structure. Therefore, solitary 
waves identified within the turning points obtained in the 
previous step undergo further refinement to minimize error in 
the identification of solitary wave. A previously discussed issue 
involves the presence of multiple turning points in E′(t) within the 
interval from t− to t+. To address this, the filtered signal from t−
to t+ is further smoothed using n points, where n is determined as 
one-fourth of the signal length between t− and t+. This criterion is 
developed by examining numerous examples of solitary waves. If 
multiple turning points persist after smoothing, then such solitary 
waves are rejected. We also examined the values of the electric 
field signal at its various turning points in and around the solitary 
wave, as illustrated in the schematic of the solitary wave profile 
in Figure 4. We check the values of signals at tFTP

± , tSTP
± . Here, the 

superscripts FTP and STP refer to the first and second turning 
points, respectively. The subscripts ± represent the positive and 
negative half-cycle of solitary wave. The ranges for FTP and STP, 
within which the values must fall, are represented by the blue and 
green shaded regions in Figure 4. For FTP, in positive and negative 
half cycles, the limits are set as 0.25E+ and 0.25E−, respectively, 
which is indicated by blue shaded rectangles. Similarly, for STP also, 

in positive and negative half cycles, the limits are set as 0.25E+ and 
0.25E−, respectively, as marked by green shaded rectangles. The 
limits for FTPs and STPs are provided as input parameters in the 
GUI, expressed as percentage values of E+ and E−. In the ideal case, 
we do not expect oscillations attached to solitary wave. However, 
in real data, because of such oscillations, we encounter turning 
points in E(t). Therefore, it is essential to apply conditions on the 
amplitudes of their turning points. It minimizes the selection of the 
false positive solitary waves. If we reduce the limit to less than 0.25, 
we are making conditions stringent, and the selection criteria tend 
towards the ideal solitary wave. These ranges are selected based on 
the visual inspection of several electric field signals to minimize 
the false positives. Finally, we check the duration of the positive 
and negative half-cycle. Here, the time of the first turning point 
associated with positive and negative cycles are t f  and ti, respectively. 
As mentioned in the preceding section, we consider the identified 
structure as solitary wave only if they have minimum 60% symmetry 
in their amplitude and width (i.e., Sa ≥ 0.6 and Sd ≥ 0.6). Finally, in 
the output, we write E+ and E− of solitary waves, with their time of 
occurrence t+ and t−, width of solitary waves in milliseconds, and 
type of solitary wave, i.e., type-1 or type-2. 
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4 Solitary wave identifying tool

By integrating all the conditions mentioned above, we developed 
a stand-alone desktop GUI application, SWIT, using MATLAB 
software. The requirements and instructions for the use of SWIT are 
given below. 

4.1 Hardware and software requirements

This stand-alone desktop application SWIT is developed using 
MATLAB 2024b. It is freely available at https://zenodo.org/doi/10.
5281/zenodo.15174978 for download (Pandey et al., 2025b). The 
package includes an installer (.exe) that contains the MATLAB 
Runtime R2024b, which provides the necessary shared libraries for 
the execution of the program. To install the application, users must 
download the ZIP file, extract its contents, and run the installer on 
a Windows 10 or later version (64-bit). The installation requires a 
system with at least an Intel or AMD x86-64 processor (2 GHz or 
faster), a minimum of 4 GB RAM (8 GB or more is recommended), 
and at least 8–10 GB of free disk space for the MATLAB Runtime and 
application files. Detailed installation and usage instructions can be 
found in the included ReadMe file. 

4.2 Instructions for SWIT

Upon executing the file, a window appears at the center of the 
screen, as shown in Figure 5. There are three load buttons for input 
parameters: electric field, time series data, and number density data. 
Users are required to load these data files in .mat format only. Among 
these, the electric field data is mandatory, while time series data and 
number density data are optional. The time series data is used solely 
for plotting purposes. If time series data is not loaded, an array will 
be considered in its place, ranging from 1 to m, where m is the length 
of the electric field signal (i.e., the number of data points). To the 
right of these buttons, there is a field displaying the filenames of the 
loaded files. To the right of this button, units for labels are shown. The 
background number density data is used here to obtain the electron 
and ion plasma frequencies. There are two options: users can either 
load density data, which must have the same length as the electric 
field data, or provide a single value of number density in the given 
field. In the latter case, the same number density value will be applied 
across all time instances. It may be noted that electric field burst 
mode data have durations in milliseconds, whereas the ambient 
plasma density data is available at either 4 or 8 s. Therefore, in the 
case of MAVEN medium frequency electric field data, the second 
option is more suitable. Users can choose the appropriate unit of 
density, either in cm−3 or m−3. By default, this value is set to 5 cm−3, 
and the user can change it based on the event under consideration. 
If both an array and a single value are provided, then the priority is 
set to the array. Users must also provide the sampling frequency in 
Hz, which is set to 65,536 Hz here for the medium-frequency electric 
field data from the LPW instrument.

Other parameters like Sa and Sd that show amplitude and width 
symmetry are set to 0.6 (recommended limit). Users can vary it 
between 0.6-1, where 1 represents 100% symmetry and width match, 
which is an ideal scenario. The threshold values for EFTP

±  and ESTP
±  are 

set to 25% which are recommended limits. Users can reduce these 
numbers to zero, which means there are no oscillations attached to 
solitary wave, which depicts an ideal case.

Once the electric field data is loaded, the user can click on 
the “View” button to plot the electric field in the upper panel and 
its spectrogram in the lower panel. There will be two horizontal 
black dashed lines in the lower panel corresponding to the electron 
plasma frequency ( fpe) and ion plasma frequency ( fpi). This will 
provide a hint to the user as to whether the solitary waves are 
driven by electrons or ions. Solitary waves are often associated 
with an enhancement in the power spectral density (PSD) across 
a broad frequency range. If the enhanced frequencies lie below 
the ion plasma frequency, the waves are likely to be ion-driven. 
Conversely, if the frequencies fall between the ion and electron 
plasma frequencies, the waves are likely to be driven by electrons. 
Next, by clicking the “Run” button, the user can execute the internal 
program to identify solitary waves. It marks E+ and E− with red and 
blue circles, respectively, in the upper panel. The plotted Figure can 
be exported in various formats, such as . fig, .jpeg, .png, .eps, .ti f, 
and .pd f. A “Download” button allows users to save the output in 
.mat, .dat, .txt, .csv, and .xlsx file formats. The output file consists 
of a matrix with six columns, where the number of rows equals the 
number of solitary waves identified. These columns, respectively, 
indicate the E+, E−, t+, t−, solitary wave width, and type (either 1 or 
2) for identified solitary waves. To reuse the program, the user can 
click the “Reset” button. The error message or running status of the 
program is displayed in the remark field provided at the bottom side 
of the GUI window.

To evaluate SWIT’s baseline performance, we used a Dell 
G15 5,330 system with Windows 11, powered by 13th-generation 
Intel Core i5-13450HX CPU (2.4 GHz), and 16 GB RAM. The 
start-up time of SWIT is approximately 6–9 s after launch. Its 
RAM usage, measured as the active private working set, ranges 
from 100 to 300 MB. The total memory footprint (working set) 
is approximately 900 MB, including around 200 MB of shared 
memory. We evaluated the CPU time required for data loading 
and visualization. For example, loading a 62.5 ms signal sampled 
at 65,536 Hz takes approximately 0.6 ms. On average, loading a 
1-s burst signal takes around 8 ms. Similarly, the time required 
to plot the signal and its spectrogram also varies with signal 
length. For a 1-s signal, rendering both panels takes about 3 s of
CPU time. 

5 Results

In this section, we discuss the efficiency of SWIT and some 
results based on the analysis of medium-frequency calibrated burst 
mode electric field data from MAVEN for February 2015. In the 
development of SWIT, we ensure high efficiency, which is needed 
for the automatic identifier. However, in spite of all these measures, 
the automatic program may detect some solitary waves, which may 
be either false positive or false negative. Therefore, the number of 
solitary waves identified by visual inspection and through automatic 
programs can differ. In such a scenario, one needs to check the 
efficiency of SWIT by comparing the number of solitary waves 
identified visually and through SWIT. For this purpose, we took 
the electric field data from 1 January 2021 as an example. It 
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FIGURE 5
GUI of SWIT, featuring multiple buttons, input fields, and two subplots for waveform visualization. In the waveform panel, the red and blue circles 
indicate the E+ and E− of identified solitary wave structures in a burst dataset by SWIT. The horizontal black dashed lines in the spectrogram indicate 
electron and ion plasma frequencies.

contains 2,966 individual burst datasets having durations between 
62.5 and 375 ms. Each individual burst is loaded in SWIT GUI with 
recommended input criteria (i.e., Sa = 0.6, Sd = 0.6, EFTP

±  = 25%, 
and ESTP
±  = 25%), and solitary wave characteristics are documented. 

Next, for all these individual 2,966 bursts, through visual inspection, 
we identified the presence or absence of solitary waves and noted 
the total number of solitary waves for each bursts. This analysis 
is summarized in the Appendix Table A1. Figure 6 represents the 
four different burst signals from panel (A)-(D) observed on 1 
January 2021. Panels (A) and (B) represent good examples of burst 
illustrating a series of solitary waves. Whereas panels (C) and (D) of 
Figure 6 represent burst examples with no solitary waves. It may be 
noted that in panel (A), there is one solitary wave, which is marked 
with a dashed rectangle. This solitary wave was selected in visual 

inspection, but SWIT discarded it. This is the case of a false negative. 
This solitary wave was discarded by SWIT due to the presence of 
more than one turning point in E′(t) between t− and t+ as described 
in Section 3.2. However, SWIT has identified major solitary wave 
structures. In Figure 7A, we have plotted the number of solitary 
waves identified by SWIT (red circle) and through visual inspection 
(blue asterisk) for bursts grouped in 10 bins. Here, each bin contains 
296 burst datasets, except for the last one, which contains 302. 
The corresponding efficiency is shown in Figure 7B. One can see 
that for most of the bins, efficiency is above 90%. Overall, a total 
of 738 solitary waves have been identified by visual inspection, 
whereas SWIT identifies 698 solitary waves. This clearly indicates 
that SWIT operates with high efficiency. We defined efficiency as, 
ϵ = 1− [|Nobs −NSWIT|/max{Nobs,NSWIT}]. The efficiency, ϵ can vary 
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FIGURE 6
Four examples of electric field burst datasets: (A) A good case where solitary waves have been identified with one false negative solitary wave 
waveform (see solitary wave marked with a dashed rectangle). (B) Shows another case where all solitary waves have correctly identified. (C,D) Depict 
cases with no solitary waves, and SWIT GUI does not detect solitary waves for these two cases.

between 0–1, where 1 indicates 100% efficiency. For 1 January 2021, 
the average efficiency is ⟨ϵ⟩ =  0.94.

To justify the choice of parameters Sa, Sd, and the turning 
points threshold, we considered Sa and Sd values of 0.55, 0.60, and 
0.65, and turning points thresholds of 22.5%, 25.0%, and 27.5%. 
(see Table 1). Efficiency was estimated by comparing solitary waves 
identified through (i) visual inspection and (ii) SWIT. This analysis 
was performed for burst events on 1 January 2021. The efficiency was 
found to be highest when Sa and Sd were set to 0.60, and the turning 
points threshold to 25%. A confusion matrix corresponding to these 
optimal values is provided in the Appendix (see Table A2).

Further, to test SWIT, we analyzed the electric field burst 
datasets for 19 days in February 2015. A total of 50,835 bursts 
were recorded during February 2015. SWIT identified a total of 
3,682 solitary waves. The mean amplitude and width of these 
waves are approximately 3.2 mV/m and 0.328 ms, respectively (see 

Table A3). The amplitude as a function of width is shown in 
Figure 7C for these identified solitary waves. It may be noted that, 
in general, the amplitude varies between ∼0.5− 60 mV/m, and the 
durations vary between ∼0.5− 1.5 ms for the considered datasets. 
The number of solitary waves identified in a given signal through 
visual inspection can vary with individual users. This variability 
arises because many solitary waves observed may deviate from their 
ideal form (refer to Figure 1). While building a SWIT, we have 
defined a series of criteria for identifying solitary waves. If any 
criterion is nearly satisfied but not fully met, the program rejects 
the waveform to identify it as a solitary wave. For instance, we 
impose a condition requiring up to 40% deviation between Emax
and Emin. If the symmetry is 59.9%, the program will reject the 
solitary wave waveform. However, a user may not visually recognize 
the difference between 60% and 59.9% deviation. This scenario 
can slightly affect the detection of solitary waves. Nonetheless, 
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FIGURE 7
(A) Represents the number of solitary waves detected visually and by SWIT for 2,966 burst events on 1 January 2021. These events are grouped in 10 
bins, and the total number of solitary waves in each bin is plotted. Solitary waves identified by SWIT are marked with red circles, while those identified 
visually are shown with blue asterisks. The corresponding efficiency of SWIT is shown in (B). The dashed line in (B) indicates the 90% efficiency. The 
mass plot of the peak electric field amplitude as a function of the width of solitary wave identified by SWIT by processing 50,835 burst events recorded 
on 19 days in February 2015 is shown in (C).

TABLE 1  The efficiency (ϵ) is evaluated by varying Sa and Sd over the values 0.55, 0.60, and 0.65, and the turning point limits to 22.5%, 25%, and 27.5%. 
The maximum efficiency is observed when Sa and Sd are both set to 0.60, and the turning point limit is 25%.

Turining point limits (in %) [Sa,Sd = 0.55] [Sa,Sd = 0.60] [Sa,Sd = 0.65]

27.5 ϵ = 0.79 ϵ = 0.91 ϵ = 0.90

25.0 ϵ = 0.92 ϵ = 0.95 ϵ = 0.78

22.5 ϵ = 0.90 ϵ = 0.79 ϵ = 0.65

these criteria are essential to minimize the identification of false 
positives. Sometimes, a solitary wave is embedded within random 
oscillations. While such a solitary wave may not be considered 
significant during visual inspection, SWIT can identify it if all 
the defined conditions are met.

6 Summary and conclusion

The paper presents a new automatic tool to identify bipolar 
solitary waves from high-resolution electric field measurements 
by a spacecraft. It is named as SWIT and is well tested for 
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the medium-frequency (100 Hz–32 kHz) calibrated burst mode 
electric field data recorded by MAVEN spacecraft. We began by 
discussing features of the ideal form of the solitary waves and 
then compared them with the observed electric field bipolar pulse. 
Accordingly, the criteria to identify solitary waves in the electric 
field data were built. The series of implemented criteria and their 
significance in the logical development of the computer program 
are elaborated. Fundamentally, SWIT is based on the cumulative 
integration of filtered electric field signals to identify the locations 
of the bipolar structures present in the data. In the output, SWIT 
provide E+ and E− of solitary waves, with their time of occurrence 
t+ and t−, type (i.e., type-1 or type-2) and width (in milliseconds). 
Additionally, the Figure visible in GUI can be exported in . fig, 
.jpeg, .png, .eps, .ti f, and .pd f formats. SWIT is optimized for 
scalability with medium-frequency burst mode electric field data. 
The burst durations are in multiples of 62.5 ms and could go up 
to 437.5 ms. The efficiency of SWIT is tested with the medium 
frequency electric field data recorded by MAVEN, which is found 
to be above 90%. While SWIT effectively identifies bipolar solitary 
waves, their interpretation as phase space holes or acoustic solitons 
is beyond the scope of the present work. Additionally, it should 
be noted that MAVEN measures only a single component of 
the electric field, which can limit the detection of solitary waves 
depending on the angle between the wave propagation direction 
and the orientation of the probes, i.e., the y-axis of the spacecraft 
coordinate system.

The SWIT GUI is developed using MATLAB 2024b as a 
stand-alone desktop application for Windows. In order to run this 
application, users need the MATLAB Runtime, which is included 
in the installer. The instructions for the installation and usage of 
SWIT can be found in the accompanying ReadMe file. Initially, 
using “process_burst_events.m” program file for MATLAB, the user 
can convert electric field raw data into individual “.mat” files that 
contain the electric field and time information separately for each 
burst files that occurred on a given day. These individual burst 
files (time and electric field) serve as input to the SWIT module. 
The recommended parameters for Sa, Sd, EFTP

±  and ESTP
±  are 0.6, 

0.6, 25% and 25%, respectively. However, the user can change 
these parameters. When Sa and Sd are increased and/or EFTP

±  and 
ESTP
±  are decreased, then the conditions tend towards the ideal

solitary wave.
SWIT serves as an important resource for conducting detailed 

statistical analyses, enabling users to explore the characteristics 
of solitary waves and their relationships with altitude, local time, 
and space weather conditions, particularly for the Martian plasma 
environment. The insights gained from this analysis help in 
understanding the generation of solitary waves in the plasma 
environment of unmagnetized planets like Mars. This automatic 
tool will reduce analysis time and aid in processing large-
scale, high-resolution data acquired by spacecraft. SWIT is a 
versatile package that allows modifications in its code to make 
it applicable for high-resolution electric field datasets from other 
spacecraft, enabling comparative studies of solitary waves across 
different planetary plasma environments. In a nutshell, SWIT 
will be useful to explore the dynamics of bipolar solitary wave 
structures with good accuracy and efficiency in planetary plasma
environments.
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Appendix A

A1 SWIT output summary: 1 January 
2021 datasets

TABLE A1  Summary of SWIT’s output for the dataset from 1 
January 2021.

Number of bursts processed 2,966

Number of SWs detected by SWIT 698

Visually identified “SWs” 738

SWIT identified SWs that matches 
with the “Visually identified SWs”

544

Mean/Median amplitude of SWs Mean = 2.31 ± 0.08 mV/m and 
Median = 1.65 mV/m

Mean/Median width of SWs Mean = 0.368 ± 0.008 ms and Median 
= 0.320 ms

A2 confusion matrix: 1 January 2021 
datasets

TABLE A2  Confusion matrix based on SWIT’s predictions for the 
presence of SWs on 1 January 2021. Columns indicate the visually 
identified presence or absence of SWs, while rows show the SWs 
detected by SWIT. The False negative rate is estimated to be 0.26.

By SWIT

Visuallymets 

Visually 
identified 
“SWs-yes”

Visually 
identified 
“SWs-no”

SWIT identified 
“SWs-yes”

TP = 544 FP = 154

SWIT identified 
“SWs-no”

FN = 194 TN = Undetermined

Falsenegativerate = FN
TP+ FN

= 194
544+ 194

= 0.26

 Our dataset consists of continuous electric field measurements 
over time, which may include solitary waves (SWs) with varying 
characteristics (e.g., amplitude and width). Moreover, there is no 
defined criterion for how many SWs should appear in a given burst 
signal. The signal segments that exclude visually identified SWs can 
be considered as true negatives; however, they remain unquantified. 
Therefore, it is not possible to estimate the number of true negatives.

A3 SWIT output summary: February 
2015 datasets

TABLE A3  Summary of SWIT’s output for the dataset from 
February 2015.

Number of bursts processed 50,835

Number of SWs detected by SWIT 3,682

Mean/Median amplitude of SWs Mean = 3.20 ± 0.07 mV/m and Median = 
1.61 mV/m

Mean/Median width of SWs Mean = 0.328 ± 0.004 ms and Median = 
0.275 ms
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