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Abstract:

This paper presents the detection of the equatorial plasma bubbles (EPB) using
the Global Positioning System (GPS) ionospheric tomography method over
Peninsular Malaysia. This paper aims to investigate the capability of the GPS
ionospheric tomography method in detecting the variations of the EPB over the
study area. In doing so, a previous case study during post-sunset 5th April 2011
has been selected as a reference for the detection of the EPBs over the study
area. It has been observed that at least three structures of the EPBs have been
captured based on the rate of change total electron content (TEC) index (ROTI)
from 12 UT until 19 UT. Therefore, the three-dimensional ionospheric profiles
have been reconstructed over Peninsular Malaysia using the tomography
method during the study period in order to capture the signature of the EPBs.
In this study, the detection of the EPBs using the tomography method is based
on the rate of change of electron density (ROTNe). The results from three-
dimensional ionospheric tomography show only two structures of EPBs are
detected during the study period. It has been observed that the ROTNe depleted
up to ~-12x109el/cm. Overall, the results in this study show that the GPS
ionospheric tomography capable to be utilized in detecting the variations of
EPBs in support of ionospheric studies and monitoring in the Malaysian region.
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Introduction

The ionospheric conditions over the equatorial region are considered unique compared to the
middle and high latitude region (Oryema et al., 2016). This may due to the low inclination of
the geomagnetic field lines and the increasing/decreasing of the electron density which
controlled by the strength of electric current from the lower part of the ionospheric layer such
as E-layer (Abdu, 2016). The equatorial ionosphere region is common with the occurrences of
ionospheric special features or irregularities such as the equatorial electrojet (EEJ) (Amechi et
al., 2020), equatorial plasma bubbles (EPB) (Sarudin et al., 2017; Tsunoda, 2015), equatorial
spread-F (ESF) (Huba and Liu, 2020; Gurram et al., 2018), equatorial ionization anomaly
(EIA) (Khamdan et al., 2019; Patel et al., 2017), field aligned irregularities (FAI)
Martiningrum et al., 2020) and others.

The EPB, associated with the night-time irregularities, which initiated during the post-sunset
and lasted up to few hours and sometime will be extended up to the topside of the ionosphere
layer (Aa et al., 2020; Mersha et al., 2020). This irregularity is initiated through the generalized
Rayleigh-Taylor instability (RTI) mechanism, where it is an instability of an interface between
two layers with different densities which occurs when the lighter layer is pushing the heavier
layer (Nade et al.,2020). Since the peak of the electron density are located around 350 km to
450 km above the Earth’s surface, this layer is supported by the lighter layer of the electron
density at the bottom-side of the ionosphere F-layer.
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Figure 1: lllustration of The Bubbles from Botto té'-Upper Layer of |

(Source: National Institute of Information and Communication (NICT), 2021).

Figure 1 shows the illustration of the initiation of the bubbles from the bottom layer (lighter
densities) to upper layer (heavier densities) of the ionosphere. In the evening, due to
recombination of the bottom-side of the ionosphere, its density become unstable and triggered
the RTI mechanism. Based on Kil (2015), the perturbation that initiated in the bottom
ionosphere F-layer rise like a bubble and penetrates the top layer of the ionosphere. Then, the
occurrences of irregularities not only can be observed along the trace of the bubbles, but also
within and around the rising bubbles.

The EPB structure is determine based on depletion of the electron density with respect to the
background ionosphere at the bottom F-layer. It produces a broad scale of ionospheric
irregularities with a scale size from meters to hundreds of kilometres and highly affected by
local time, longitude, seasonal, solar cycle and geomagnetic activity (Buhari et al., 2014;
Tsunoda et al., 2014). The development and movement of EPB is controlled by the electric
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field, reduction of ionosphere E-layer conductance at night and occurrence of the pre-reversal
enhancement after sunset (Timocin et al., 2020; Abadi et al., 2015; Magdaleno et al., 2015).
Previously, the EPB structure are detected using an airglow imager, incoherent scatter radar
and ionosonde. However, due to the limited spatial imaging coverage of those instruments
(Fukao et al., 2006; Yokoyama et al., 2004), the Global Positioning System (GPS) has been
used in order to detect the EPBs structure. With a dense network of GPS all over the globe, it
is an advantage for GPS to monitor the structure of the EPBs as it grows to the topside of the
F-layer and has a larger width at the bottom-side of the ionosphere (Buhari et al., 2014).
Following the current trend of research, the three-dimensional structure of the EPBs has been
observed (Kil, 2015; Yokoyama et al., 2015).

Therefore, by using a dense network of GPS, this study will observe the three-dimensional
structure of EPBs using the GPS ionospheric tomography method over the study area. The
tomography method from Khamdan et al. (2020) will be used to reconstruct during post-sunset
5th April 2011 to observe the three-dimensional EPBs structures based on the previous study
as presented by Buhari et al. (2014) over the Peninsular Malaysia.

Determination of EPB using GPS Tomography Method

During 5th April 2011, Buhari et al. (2014) has been observed several structured of EPBs over
the Southeast Asian region. The detection of the EPBs is based on the TEC-derived from GPS
measurements where large depletion of the electron densities creates the EPBs form after sunset
cause the TEC to fluctuate or depleted. In order to differentiate the small-scales depletion of
the TEC due to the EPBs, the rate of change TEC index (ROTI) has been used at 5 minutes
intervals (Sarudin et al., 2017; Buhari et al., 2015; Nishioka et al., 2008). The ROTI is defined
as the standard deviation of the TEC difference, the so-called rate of TEC change (ROT) which
mathematically derived as below (Buhari et al., 2014;).

where t is time and At is 30 seconds intervals. Then, the ROTI map or known as keogram can
be generated in order to detect the irregularities (Yokoyama et al., 2004).

In this study, a dense GPS network over Peninsular Malaysia has been utilized to reconstruct
the three-dimensional ionospheric profile over the study area. The tomography method that
was used in this study are based on Khamdan et al. (2020). Since, the ionospheric tomography
method providing the ionospheric profiles in term of electron density, therefore, to serve the
purposes of this study, a modification of Equation 1 as proposed by Khamdan (2018) has been
made in order to estimate the rate of change of electron density (ROTne). Equation 2 shows the
mathematical equation of ROTe.

ROTy, = (ebter) )

where N, represents the electron density. Figure 2 shows the workflow of the reconstruction
of the GPS ionospheric tomography in detection of EPBs structures. To serve the purposed of
the study, the reconstruction of three-dimensional ionospheric tomography will be
reconstructed after the local post-sunset within 12 UT to 19 UT with 1 hour interval. Up to the
author knowledge, there are no studies that have reported monitoring the EPBs structure in
terms of three-dimensional and utilizing the tomography method over the study area. The ROTI
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maps from the previous study will be used as a reference in order to detect the occurrences of
the EPBs structure over the study area. Meanwhile, for the tomography method, the detection
of the EPBs structure will be based on depletion of electron density from ROTne maps.

GPS lonospheric Tomography
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Figure 2: Workflow of The Reconstruction of GPS lonospheric Tomography to Detect
The Structure of The EPBs.

Results and Analysis

Buhari et al. (2014) has been observed at least 16 striations of the EPBS on the night-time over
the 4°N that covered the Southeast Asian region. It has been observed that during the study
period, low solar activity with low values of Kp-index has been reported. Figure 3 shows the
results from Buhari et al. (2014) that has been generated for every 5 minutes.
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Figure 3: Detection of EPBs Structure from Buhari Et Al. (2014) Based on ROTI Maps
That Covered the Southeast Asian Region Over Latitude 4°N. The Red Box Highlighted
The Focused Area In This Study.

Based on the figure above, at least three structures of the EPBs, which are EPB-8, EPB9 and
EPB-10, has been observed over the study area as highlighted in the red box. It can be
categorized the EPB-9 has a large depletion of TEC as its structure shows a thicker formation
of EPB and lasted longer compared to EPB-8 and EPB-10. Noted that there is missing plot
(white) in the ROTI maps due to no GPS measurements over the area which are located at
South China Sea.
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Rate of Change of Electron Density (ROTNe) at4°N
(5 April 2011)
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Figure 4: The ROTne Over Cross Section of Latitude 4°N. The Red Dotted Circle
Highlighted the Depletion of Ne Which Represent the EPBs Structure Over the Study
Area.

Figure 4 maps the cross section of the three-dimensional EPBs structure at 4°N using
tomography method. It is noted that the structured of the EPBs are highlighted with the red
dotted circle and red arrows. Based on the results, it was found that the tomography able to
capture at least two EPBs structure out of three EPBs structure over the study area with
depletion values up to -12x10° el/cm. Both structures that were detected grow towards east
direction with time and appear stronger across the study area. One of the structures appeared

approximately around 12 UT and forming thicker formation of EPB, while another thinning
structure later was observed forming around 15 UT.

By comparing the ROTne map with ROTI map from Bubhari et al. (2014), the EPBNe-1 most
probably represent the EPB-9 while EPBne-2 represents EPB-10. This deduction is conclude
based on the time occurrences of the EPBs structures as well as its locations. This shows that
the tomography is only able to detect the thicker formation of EPBs that occurred over the
study area. This shows the capability of the tomography only capable to capture the thicker
formation of the EPBs, where the tomography unable to detect the structure of EPB-8.
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Based on Huang et al. (2012), a weaker structure of the EPBs has a small amount of depletion
of electron density and looks thinner. Most likely, this structure has a shorter lifetime and may
stop growing at lower altitude. Due to this, it is difficult for tomography to detect the weaker
structure of EPBs (i.e., EPB-8). The differences of the numbers of the EPBs structures that
were detected by the tomography might be due to the time interval of the reconstruction. The
ROTI map from Buhari et al. (2014) were estimated for every 5 minutes while the tomography
was reconstructed for every 60 minutes.

Overall, the results in this study shows the capability of the GPS ionospheric tomography
method to capture the three-dimensional structure of EPBs. This show that the tomography can
be utilized in detection and monitoring the ionospheric irregularities especially over the
equatorial region.

Conclusion

This paper presents the reconstruction of the ionospheric tomography in detection of EPBs
structure based on the previous case study. The result shows that the tomography capable to
detect the structures of the EPBs, especially the stronger structure during the study period.
Small fluctuation that occurs unable to be detected due to the large data gap of the
reconstruction. Hence, it is recommended to decrease the time gap of the reconstruction to 5 to
30 minutes. Overall, it can be concluded that the GPS ionospheric tomography suitable to be
used to capture the signature of EPBs.
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