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ABSTRACT 

Global Navigation Satellite System (GNSS) satellite observations can obtain Total Electron Content 
(TEC) values in the ionosphere layer. The TEC value is obtained by decreasing the phase difference of 
the GNSS satellite’s two carrier waves (L-band). The calculation of the TEC value using GNSS can be 
used in disaster phenomena such as earthquakes observed in this study. The earthquake phenomenon 
can cause vertical deformation in the Earth’s crust, resulting in the appearance of acoustic waves 
propagating towards the ionosphere layer and changes in the ionosphere density in a moment. A 
propagating gravity wave has a speed of 0.3 km/ s towards the ionosphere layer. This disturbed 
ionosphere layer was detected within minutes of the mainshock. The anomaly in this study was 
detected by Global Positioning System (GPS) Pseudo Random Noise (PRN) 16 from 16 observation 
GNSS stations on the mainland of Turkey. The observed ionosphere anomalies were then modeled  
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using tomography modelling to obtain spatial information from these anomalies. The tomography 
results found that the PRN 16 GPS satellites contained positive and negative anomalies located 
northeast of the epicenter.  

Keywords: 3D Tomography, Earthquake, GNSS, Total Electron Content, Turkey Earthquake 

1. INTRODUCTION 

The study of earthquake and tsunami disaster mitigation in geodesy and geomatics can be 
done by utilizing GNSS (Global Navigation Satellite System) system technology. This GNSS system 
is conducted to position a particular point on the Earth’s surface accurately. GNSS is usually also used 
to monitor land subsidence (Anjasmara et al., 2018) and monitoring water vapor in the atmosphere 
(Cahyadi et al., 2018). Furthermore, GNSS satellite observations can be used to obtain TEC (Total 
Electron Content) values in the ionosphere layer. The TEC value obtained can be in the form of 
electron density along the line of sight (LoS) in the ionosphere layer called Slant TEC (STEC) or in 
the form of a vertical, which is commonly called Vertical TEC (VTEC). The use of GNSS satellites in 
obtaining TEC values is often used in observing ionospheric anomalies in earthquake phenomena 
(Cahyadi & Heki, 2015;	Cahyadi & Heki, 2013a; Cahyadi & Heki, 2013b; Cahyadi, 2014; Cahyadi et 
al., 2018; Heki & Cahyadi, 2012; Sharma et al., 2017; Liu et al., 2011), tsunami (Kakinami et al., 
2012; Muslim et al., 2020; Liu et al., 2006;  Rolland et al., 2010), and volcanic eruptions (Shults et al., 
2016; Nakashima et al., 2016; Cahyadi et al., 2020; Nakashima et al., 2014). Ionosphere disturbances 
can occur in several natural phenomena such as earthquakes, tsunamis, and volcanic eruptions. These 
phenomena can send acoustic waves propagating upward to the ionosphere layer, dominated by TEC 
(Cahyadi & Heki, 2015). 

There was a strong earthquake (Mw 7) (USGS, 2020) from the east-west normal fault, which 
occurred on October 30, 2020 (11:51 UTC) between the offshore Seferihisar Izmir, Turkey, and the 
island of Samos, Greece. The focal mechanism shows a normal fault oriented in an east-west 
direction. The earthquake also caused a tsunami 11 minutes after the aftershock [Dogan et al., 2021] 
to reach a height of 6 meters and caused several coastal towns to be submerged as deep as 2 meters 
[Yalciner et al., 2020]. The aftershock earthquake happened about three hours later with 5 Mw 
magnitudes with a depth of about 15 km.  

The vertical deformation resulting from the earthquake has caused the acoustic waves to move 
upward and sideways towards the ionosphere, disturbing electron density (Calais & Minster, 1995). 
Ionospheric disturbances observation using GNSS satellite have been carried out in the previous 
research (Cahyadi & Heki, 2015), which studied ionospheric disturbances caused by the 2012 North 
Sumatra earthquake with a magnitude of M 8.6. The quake was recorded as the largest strike-slip 
earthquake ever recorded and could destroy the oceanic lithosphere off the Indian Ocean coast of  
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North Sumatra. In this study, ionosphere anomalies were found 10-20 minutes after the 
earthquake occurred. Ionosphere disturbances were also observed in another research (Liu et al., 
2011) which studied ionospheric disturbances caused by the 2011 Tohoku Japan earthquake with a 
magnitude of M 9. The quake generated vibrations on the Earth’s surface which were very 
extraordinary and triggered a tsunami. Then the vertical deformation will produce disturbances in the 
ionosphere layer, which contains TEC assemblies. Ionosphere disturbances were recorded 7 minutes 
after the earthquake occurred with a velocity from the Earth’s surface to the ionosphere layer of 833 
m/s. Likewise, tsunami waves (even if only a few centimeters in the deep sea) can generate gravity 
waves which also move upward and sideways towards the ionosphere layer (Daniels, 1952). (Artru, 
2005) observed the tsunami that occurred due to the Peru earthquake Mw = 8.2 in 2001 using GNSS 
network GEONET in Japan. The tsunami propagated towards the coast of Japan in the range of 20 to 
22 hours after the aftershock. The amplitudes found in the traveling ionospheric disturbance show the 
magnitude of ±1 TECU. 

Various observations were done to understand general characteristics of ionospheric 
disturbances, but imaging the ionospheric layer is still rarely obtained. Land-based 2D tomography 
modelling was done by Austen et al. (1988), which was then developed to observe traveling 
ionosphere disturbance (TIDs) by Pryse et al. (995), and Comberiate et al. (2007) used space-based 
UV tomography to describe plasma depletion at low latitudes. Kunistyn et al. (1997) also discussed 
the possibility of near-space environment tomography with GPS and ground-based stations. They 
showed that applying combinations of different satellite systems is beneficial in near-space 
environment tomography realization. Tomographic modelling was also used by Feng et al. (2021), 
who studied the phenomenon of the geomagnetic storm on June 17 and June 22, which occurred in 
Wuhan, China. This study used the TEC value to perform spatial analysis using tomographic 
modelling of the observed anomalies electron density changes. However, there is no detailed spatial 
information regarding the anomalies of the ionospheric layer in some of these studies, and it still uses 
STEC for tomography material.  

The ionosphere observation method in this study was done using computerized tomography 
(CT). The usage of CT began in the previous survey (Austen et al., 1988), which introduced electron 
density depiction using CT modelling. The CT is beneficial to obtain spatial information on 
ionosphere disturbances detected in GNSS observations. This study will describe the ionosphere into a 
3D tomographic model based on the altitude layer. Tomography 3D modelling requires observational 
data with different azimuths and elevations obtained from many stations around the earthquake area 
over a large area. The case of this study was the M 7 earthquake that occurred in Turkey on October 
30, 2020. The result of this study is expected to plan an early warning system for the benefit of 
disaster mitigation. 
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The TEC value used in the study was obtained by differencing the phase difference of the 
carrier wave (L1 (~ 1.5 GHz) and L2 (~ 1.2 GHz)) from GNSS satellite observations. The TEC values 
obtained can be in the form of STEC and VTEC. STEC is the value of electron density contained 
along the LoS, while VTEC is the value of electron density that corresponds to the vertical direction 
of the ionosphere. The VTEC value is obtained by multiplying the cosine value of the zenith angle 
between the vertical direction and the direction of propagation of the GNSS satellite towards the 
Earth. The value of electron density is usually written as TECU (1TECU = 1016 electrons / m2). The 
STEC value can be compared with the polynomial number line curve to obtain STEC residual. 
Significant difference values of TEC changes can be indicated as anomalous values for the 
ionosphere. The intersection between the ionosphere layer and the LoS is called the Ionospheric 
Pierce Point (IPP), while the projections on the Earth’s surface are called the Sub-ionospheric Point 
(SIP).  

Figure 1. The distribution of GNSS observation stations and epicenter. The black triangle shows the 
location of GNSS stations, while the yellow star shows the epicenter location of the earthquake. 

The tomography block was settled with the dimensions of 1° east-west direction, 1.2° north-
south direction, and 75 km on the top-bottom side. Tomography blocks are assumed to be 
homogeneous. The division of ionosphere value for each LoS was done to get the electron density 
value in each tomography block based on the length of LoS penetration in a tomography block. The  
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length of LoS penetration is obtained from the length calculation of 2 LoS intersections with 
the sides of the tomography block. The value of density in the tomography block is obtained using the 
equation (He & Heki 2018): 

∆STECi =  

This equation is used to obtain the density value of each tomography block passed by LoS 
using the LoS penetration length component in each block, the total TEC anomalous density value, 
and considering the measurement error value (it is assumed that 0.05 TECU originates from the 
typical error of differential GNSS measurements (Coster et al. 2013)).  

3. RESULTS 

3A. Ionosphere Anomaly Shortly After an Earthquake and Tsunami 

          The calculations were carried out using the equation of ionosphere linear combination to obtain 
TEC value on GNSS observations in the ionosphere layer along the observation path. The TEC value 
obtained will then be combined with the comparison value using a reference curve from the 
polynomial number with 6th order polynomial based on the best fitting line. Ionospheric anomalies 
can be detected at a STEC residual value which is significantly different from the reference curve. The 
anomaly value is obtained by calculating TEC changes and reducing the TEC value with the 
polynomial value of order 6. Anomaly changes in ionosphere density that experience disturbances 
were detected about 45 minutes after the mainshock or about 35 minutes after the tsunami on the PRN 
GPS satellite 16.           

Figure 2. (Left) TEC time series from 2020 Turkey earthquake observed by PRN16 satellite. Two 
vertical lines indicate the time of earthquake and tsunami detected by USGS at 11.51 UT and 

12.02UT, respectively. (Right) SIP trajectory at 11.00 – 14.00 UT, the small black star shows the time 
of the earthquake, the red triangle shows the observation station’s location, and the yellow star shows 

the epicenter location. 
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Figure 2 shows ionosphere disturbances that occurred shortly after the mainshock repeatedly. 
The ionosphere anomaly was detected about 35 minutes after the tsunami, which was detected by 16 
observation stations scattered around the epicenter. Then, GPS PRN 16 observed the gravity wave 
velocity at the tsunami traveling ionospheric disturbance (TTID) propagation of 0.3 km s-1. This 
propagation is consistent with the velocity of the gravity wave. 

The deformation of Turkey’s 2020 earthquake on October 30 at 11:51 UT is detected as strike-
slip type. The Okada modelling calculation results based on the dip, strike and slip parameters 
obtained from the Global Centroid Moment Tensor (GCMT) are 246°, 67°, and -9 °. Figure 3 shows 
an uplift component for about 8 cm following the observation of Evelpidou et al. (2021). The vertical 
deformation of about 13 cm even mechanism of the earthquake is detected as strike-slip. Land 
subsidence was found more often compared to the uplift in this earthquake mechanism. 

Figure 3. The vertical movement of the Earth’s crust from 2020’s Turkey earthquake. The 
earthquake was calculated using the Okada model (1992) and using fault geometry from GCMT. 
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3B.  Tomographic model from Ionospheric Disturbance 

The PRN 16 GPS satellites detected several ionospheric anomalies a few minutes after the 
earthquake. Anomalies were seen within 35 minutes after the tsunami. The anomaly was detected by 
16 observation stations located around the epicenter of the quake. 

The tomographic model (Figure 4) reports the density distribution of the ionospheric anomaly 
at each altitude at 100 Km intervals. In each tomographic model, the voxels containing the most 
anomalous payloads are at an altitude of 300 – 400 Km. In Figures 4(a-c), the positive anomaly 
appears at a lower altitude of about 200 km. In comparison, the negative anomaly appears in the east 
at a higher altitude, i.e., from 300 Km – 400 Km. Figure 4b is the tomographic model that has the 
largest value. It can be seen from the dense voxel color; this is because many stations detect anomalies 
at 32 minutes after the tsunami or 42 minutes after the earthquake. 

Figure 4. Tomographic model of (a) 29 minutes, (b) 32 minutes, (c) 40 minutes, and (d) 43 minutes 
after the tsunami. The small yellow star indicates the location of the epicenter, while the blue color 
tomographic voxel indicates a negative anomaly, while the red color indicates a positive anomaly. 
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3C. Accuracy Test 

The checkerboard resolution test is used to analyze the reliability of electron density using a 
3D tomography model. In this research, the investigation of ionospheric changes was conducted on 
the 2020 Turkish earthquake. STEC LoS anomaly data were synthesized, assuming a checkerboard-
like distribution of electron density anomalies with 0.10 and –0.10 TECU/100 km. 

Figure 5 (output) shows the anomaly distribution recovered from the synthesis model of 
checkerboard data. The picture shows that the 3D tomography finishes the high structure perfectly, as 
shown on the input image. By comparing both output displays, it can be concluded that the resolution 
on the higher altitudes (~200 km) is slightly worse than those with lower altitudes (~100 km). It is 
reflected by better coverage (more availability) of LoS for lower blocks. The output image shows that 
the resolution is higher over land and worse over the ocean. 

Figure 5. 3D anomaly pattern of electron density was used for checkerboard resolution with the 
height of 100 km (left) and 200 km (right). The alternating pattern of positive and negative 

anomalies was given at 0,15 and –0,15 TECU/100 km. 
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The comparison of STEC post-fit residual was conducted (Figure 6 on the lower panel) using 
STEC residual observation (Figure 6 on the top panel). The post-fit residue in each case shows much 
smaller dispersion, and the deviation standard is similar to the assumed error of STEC observation.   

Figure 6. The input of STEC residual anomaly distribution (red) and the post-fit residual (x1011 

electron/m3) (green) for tomography model of (a) 29 minutes, (b) 32 minutes, (c) 40 minutes, and 
(d) 43 minutes after the tsunami. The post-fit residual becomes smaller than the observation, 

indicating that the tomography result has reproduced the observations adequately. 

4. CONCLUSIONS 

This study observed the 3D structure of the ionosphere’s electron density anomaly 
immediately after the 2020 Turkey earthquake (Mw7.0) using GNSS-TEC data taken from mainland 
Turkey as the data input for the 3D tomography program. The appearance of ionosphere anomalies 
was detected by satellite GPS PRN 16 and happened about 45 minutes after the mainshock, around 35  
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minutes after the tsunami. It was found that the tsunami waves triggered atmospheric 
disturbances, which then propagated at an average speed of about 0.3 km/s into the ionosphere layer 
and significantly disrupted the electron density. This propagation speed is consistent with gravity 
waves and caused by tsunamis (Artru et al., 2005; Tsugawa et al., 2011; Cahyadi & Heki, 2015; 
Rolland et al., 2010; Savastano et al., 2017).  

The visualization of ionospheric disturbances was done using tomography modelling to 
provide spatial information from the location of anomalies detected by GPS satellites PRN 16. 
Tomography offers information on the anomaly density of each voxel that has been arranged. The 
anomalies in this study were detected using PRN 16 GPS satellites were positive and negative 
anomalies located in the northeast of the epicenter. The usage of tomography can obtain spatial 
information from detected anomalies. The anomalies induced by gravity waves mainly distributed 
from 100 to 600 km in altitude, and their magnitude decreased with altitude. They showed similar 
orders of magnitude at the altitudes of 300 km and 400 km, and the magnitude decreased from 500 km 
with height. The performance of the tomography result was also confirmed using a resolution test, 
which is a checkerboard test. The result shows that the resolution at higher altitudes was slightly 
worse than at lower altitudes. The checkerboard test also indicates that the resolution is higher over 
land and worse over the ocean.  
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