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DETERMINATION OF THE EARTHQUAKE EPICENTER USING THE
MAXIMUM DISPLACEMENT METHOD OBTAINED BY SENTINEL-1A/B
DATA VIA ESA SNAP SOFTWARE

This article discusses a method for determining an earthquake’s epicenter using modern radar data
from the Sentinel-14/b remote sensing satellite. To determine the epicenter of the earthquake, finding
the maximum displacement from the radar image data was used. The displacement (displacement) of
the earth’s crust was obtained by processing on the ESA SNAP software. Two earthquakes that occurred
in 2020 were studied to determine the epicenters in the ascending and descending orbits of the satellite.
These earthquakes occurred in Western Xizang, China, and Doganyol, Turkey. The maximum deviation
from the epicenter s officially registered coordinates was 15.6 km for Doganyol and 3.2 km for the West
Xinjiang Earthquake.

Keywords: Displacement, Radar image processing, Phase difference, artificial intelligence,
Interferometric processing, Earthquake Epicenter.

Introduction. The concept of artificial intelligence and machine learning to help
analysts do their jobs faster is discussed in the geospatial industry, but often only in the
context of looking at a single image. What happens when an analyst receives up to fifteen
images of the same area every day, while being responsible for monitoring several locations
at once? When huge amounts of geospatial data arrive on a daily basis, even an entire team
of analysts cannot scrutinize all the details. That’s why artificial intelligence must become
part of every analyst’s workflow.

The deep learning capabilities of artificial neural networks allow them to be applied
in various fields. In [1] the authors give an overview of deep learning methods of
artificial neural networks and a brief review of works on the application of artificial
neural networks in solving a number of applications, including the processing of
remote sensing data obtained using unmanned aerial vehicles. In [2], a method for
recognizing buildings on satellite images, based on the use of a fuzzy neural network
for classification and the proposed set of informative features for constructing a rule
base is presented. The best segmentation result has been obtained using a combined
method consisting in the sequential application of the region growth method and fuzzy
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C-means clustering. The application of fuzzy clustering reduces the number of regions
and improves the quality of segmentation. It was revealed that in order to improve the
quality of segmentation of satellite images it is advisable to perform morphological
processing, which provides a reduction in the number of analyzed regions by merging
segments and removing irrelevant fragments in terms of the considered problem. The
average value of the number of correctly recognized buildings was 86%. Of particular
interest is the possibility of applying ultra-precise neural networks based on the YOLO
library to solve the problem of detection and recognition of objects using an unmanned
aerial vehicle [3]. The authors argue that this algorithm can be used not only within
the ground-based processing complex, but also on board an unmanned aerial vehicle,
providing a real-time video information processing mode.

Interferometric processing of remote sensing radar data makes it possible to visually
detect the earthquake epicenter from the phase image. The results of radar image
processing show that the location of the epicenter is visible in the form of repeating
linear spectra in the color palette of the phase image [4, 5]. The linear pattern, which
has a rainbow pattern characteristic of an earthquake, it is concentrated in the epicenter
zone in the form of concentric phase transitions, in the center of which as we can
assume the center of the earthquake, and it is proportional to the earthquake magnitude.
Radar remote sensing satellites Sentinel-1A/B launched since 2014 can be used to de-
termine these earthquake epicenters [6, 7]. The main feature of these remote sensing
data Sentinel-1A/B, first, they can be used to detect earthquake epicenter with greater
coverage than others and second, they are free for end users. Monitoring of the same
area can be repeated every 12 days with the same viewing geometry or angle. The
epicenter of an earthquake is more easily detected than those caused by landslides and
land subsidence [8-10]. The obtained radar images can be processed by special software
such as ROI_PAC, GMTSAR, GAMMA, ENVI SARscape, ESA SNAP [11-14]. Some
software is licensed for more than $10,000 and may not be available to the end user.
On the contrary, ESA SNAP open source software developed by the European Space
Agency and being in free access can be successfully used for earthquake epicenter de-
termination [15]. In the future, we will use it to determine the location of the earthquake
epicenter and develop an algorithm for the sequence of steps in the processing of Earth
remote sensing radar data.

Data for the study. Two earthquakes are being studied. The first one was in Turkey
near Doganjol on January 24, 2020. The second was in China, western Xinjiang the same
year on July 22. They were with magnitudes M6.7 and 6.3. Sentinel-1 remote sensing radar
data before- and after the earthquake were used to create a VV polarization phase differ-
ence with its topographic component subtracted (Figures 3-8). Sentinel-1A/B remote sens-
ing radar data satellites operate at a wavelength of approximately 5.6 cm. Sentinel-1A and
Sentinel-1B radar remote sensing data were used with ascending and descending orbits for
two earthquakes (see Table 1). All these data were downloaded from https://scihub.coperni-
cus.eu/. These data were obtained for the territory of Turkey and Western Xinjiang, which
is shown in Fig.1, 2.
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Table 1 — Satellite data

Ne | Study area Date Orbit Data from remote sensing radar satellites
1 18.07.2020 SIA IW_SLC__1SDV_20200718T121528 20200718T121555 033509
03E207 57A0
— Rising
2 ) 30.07.2020 SIA IW_SLC 1SDV _20200730T121529 20200730T121556 033684
China, 03E765 141D
—1 Eastern
3 Xinjiang 14.07.2020 S1A IW _SLC 1SDV_20200714T000951 20200714T001018 033443
03E012_72CA
— Descending
4 28.07.2020 S1A IW_SLC 1SDV_20200726T000952 20200726T001019 033618
03E572_17E0
5 15.01.2020 S1A IW_SLC 1SDV 20200115T152550 20200115T152618 030813 0
o 388EA 9B20
— Rising
6 27.01.2020 S1A IW_SLC 1SDV_20200127T152550 20200127T152618 030988
038F14_4686
7 16.01.2020 S1A IW_SLC_1SDV_20200116T032559 20200116T032627 030820 _0
) 38928 F5DC
— Descending
8 28.02.2020 S1A_IW_SLC__1SDV_20200128T032559 20200128T032627 030995
|| Turkey, 038F51 7D4F
9 | Doganjol | 21,01.2020 SIB IW_SLC 1SDV_20200121T152522 20200121T152549 019917 _
o 025AC5_405C
— Rising
0 02.02.2020 SIB IW_SLC 1SDV_20200202T152522 20200202T152549 020092
02606E_C4D
1 22.01.2020 SIB IW_SLC 1SDV_20200122T032514 20200122T032541 019924
) 025B00_46C6
— Descending
2 03.02.2020 SIB IW_SLC 1SDV_20200203T032513_20200203T032540_020099 _
0260A8 412D

Figure 1 — Area of interest (yellow square outline) and trace of selected Sentinel-1A master scenes
for both ascending and descending orbits. West Xizan, China.
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Figure 2 — Area of interest (yellow square outline) and trace of the selected master scenes of Senti-
nel-1A/B for both ascending and descending orbits. Doganjol, Turkey.

Figure 3 — Image of the phase difference of Sentinel-1A data for the earthquake in Western Xinjiang,
China (ascending orbit).

Six interferometric pairs of Sentinel-1 data were obtained using ESA SNAP software
(Figure 3-8):

1) the first pair of dates: July 18 and July 30, 2020.

2) Second pair of dates: July 14 and July 26, 2020.

3) Third pair of dates: January 15 and January 27, 2020.

4) Fourth pair of dates: January 16 and January 28, 2020.

5) Fifth pair of dates: January 21 and February 2, 2020.

6) Sixth pair of dates: January 22 and February 3, 2020.
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Figure 4 — Image of Sentinel-1A data phase difference for earthquake in Western Xinjiang,
China (descending orbit).

Figure 5 — Image of Sentinel-1A data phase difference for the earthquake in Doganjol,
Turkey (ascending orbit).

Figure 6 — Image of Sentinel-1A data phase difference for the earthquake in Doganjol,
Turkey (descending orbit).
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Figure 7 —Image of Sentinel-1B data phase difference for the earthquake in Doganjol,
Turkey (ascending orbit).

Figure 8 — Image of Sentinel-1B data phase difference for the earthquake in Doganjol,
Turkey (descending orbit).

Radar image processing. Processing of radar images is performed using ESA SNAP
software (see Fig. 9). Processing of radar images includes many steps, one of the important
is the formation of the interferogram after the procedures of joint registration of each sub-
band of Sentinel-1 data [16]. The output products of interferogram formation are difference-
phase and coherent images. Phase difference is calculated as follows for each pixel for a pair
of jointly registered radar images:

b.
A¢ = arctan (%) —arctan (a—z) =0, -0,

2

where a,, a, are the real part of the complex number from a pair of radar images, and b,
b, are the imaginary part of the complex number of each pixel of these radar images. The
intensity or amplitude of the value is calculated from these parts of the complex number
[17]:
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A=+a’ +b?

The phase difference is the sum of several components associated with offset Ag /» 1OP-
ographic phase related A, atmospheric phase delay Ap , ~and noise A, effect [18]:

A(p = A(pdqfo + A(ptopo + A(patmo + A(pm)ise

An earthquake causes a displacement of the earth's surface, where the phase associated
with the displacement is much larger than the phase associated with the atmosphere and
noise Ag,, o> A, AP Knowing this, we can conclude that. The sum of atmospher-
ic and noise phase effects is negligible compared to what is caused by the displacement
from the earthquake. Therefore, the phase associated with the displacement is calculated as

the subtraction of the topographic phase from the phase difference:
A(pdefo = A(p - A(pl‘opo

Figure 9 — Block diagram of radar images processing
for earthquake epicenter detection

The topographic phase subtraction is used to calculate the phase associated with the
displacement when processing radar images. The topographic phase depends on the spatial
baseline B, [19] (see Fig. 10). The topographic phase is calculated as follows:

4t B,

Ao, ==
Pere =537 Rsin()
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Figure 10 — Application of Sentinel-1A/B remote sensing radar satellites for phase
difference imaging from data before earthquake (SAR 1) and after earthquake (SAR 2)

The topographic phase subtraction procedure is performed using a digital elevation
model (DEM) and a phase difference image. The DEM image contains the value of
elevation h. DEM image is used to calculate the topographic phase component A@
[20-22].

The phase associated with the offset can be distorted by noise. Noise can arise from
temporal decorrelation, geometric decorrelation, volumetric scattering, and processing
error. A Goldstein filter is used to eliminate or partially reduce the effect of phase noise
[23-27].

Approximate determination of the earthquake epicenter location begins after the Gold-
stein filter. The location of the earthquake epicenter can be seen in the filtered displacement-
related phase images as a rainbow pattern periodically repeated in the color palette, their
concentration consisting of a large number of phase transitions from -z to +m (see Figure
).

The displacement associated with the West Xinjiang earthquake can be estimated
using the phase profile between «O» and «9» (a distance of 10 km) in Figure 11. Here
the number of phase transitions k on the linear profile is 9. If we multiply this number
by the Sentinel-1 wavelength (A=5.6 cm), we can find the displacement relative to the
line of sight:

topo

d

Two radar images before and after an earthquake with the same geometric perspective
(view) are sufficient to detect the earthquake epicenter by displacement. Using ESA SNAP
software, the absolute phase image is converted into a displacement image. Before this, it is
necessary to perform a phase sweep, i.e. the calculation of the absolute phase of the image,
which is performed by a script developed by Chen and Zebker [28-30]. This script is written
in C and must be executed separately in the ESA SNAP software.

=kA=9x56=50cMm

los
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Figure 11 — Phase image associated with the displacement (top) and phase profile (bottom).
Earthquake in Western Xinjiang in 2020. The phase image was created from
Sentinel-1A data for July 14 and 26.

The maximum displacement coordinate is determined using a geocoded displacement
image. The epicenter of the earthquake is clearly visible in the displacement image. If the
color palette or maximum threshold is chosen correctly, it stands out well in the processed

radar image (see Figure 12).

Figure 12 — Expanded phase image (left) and earthquake-induced crustal displacement (right)
in Western Xinjiang with different color palettes.

The absolute phase of the expanded phase image has a maximum value of 57.078 in Fig.
12. If the threshold value is greater than 24.24, the epicenter becomes clearly visible in the
color palette of the expanded phase image on the left side of Fig. 12. The maximum value
of the absolute phase Qg consists of the number of phase cycles N, which is calculated as

follows:
¢ 57,078

— Tabs

=9,08
2n 6,283
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The number of phase cycles is approximately equal to the number of phase transitions
A, which is shown in Fig. 11. The maximum value of the offset deviation associated with
an earthquake is 0,252 meters. If the threshold value is greater than 0,1 m, the epicenter
becomes visible in the displacement image color palette on the right side of Fig. 12.

Results. To determine the epicenter of the earthquake, different images of both the ris-
ing and falling orbits of Sentinel-1A/B were obtained. See Figure 13-15. The baseline of
each interferometric pair of radar images is shown in Table 2.

Table 2 — Evaluation of the baseline

. Before After the Bascline B

Ne Research area Orbit earthquake earthquake ’
date date meters
1 Western Xinjiang, ascending 18.07.2020 30.07.2020 110,411
2 China descending | 14.07.2020 | 26.07.2020 122,695
3 Doganjol, Turkey ascending 15.01.2020 27.01.2020 21,374
4 descending 16.01.2020 28.01.2020 76,907
5 ascending 21.01.2020 02.02.2020 58,858

6 descending 22.01.2020 03.02.2020 39,15

Figure 13 — offset images to determine the epicenter of the West Sizzan earthquake with coordinates.
Left: Sentinel-1A with ascending orbit from dates July 18 and 30, 2020. Right:
with a downward orbit from dates July 14 and 26, 2020.

Figure 14 — Images of displacements to determine the epicenter of the Doganyol earthquake with
coordinates. Left: Sentinel-1A with ascending orbit from dates 15 and 27 January 2020. Right:
with a downward orbit from dates January 16 and 28, 2020.
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Figure 15 — Images of displacements to determine the epicenter of the Doganyol earthquake with
coordinates. Left: Sentinel-1B with ascending orbit from dates January 21 and February 2, 2020.
Right: with a downward orbit from dates January 22 and February 3, 2020.

Accuracy of determination of epicenters of earthquakes was carried out according to official
data of the USA Geological Survey using a priori information about epicenter coordinates.
Western Xinjiang: 33.144°N 86.864°E; Doganol: 38.431°N 39.061°E. Distances between
official epicenter of this earthquake and data received after processing of Sentinel-1A/B RS
radar data are shown in table 3 and on fig.16. Distances between nearest epicenters S1A and
S1B with ascending and descending orbits equal 0,4 and 0,03 km for Doganyol earthquake.

Table 3 — Accuracy of determination of earthquake epicenters

Before After the Deviation
Ne Research area Orbit earthquake from official
earthquake date .
date data, distance
1 Western Xinjiang, S1A ascending 18.07.2020 30.07.2020 2.38 km
2 China S1A descending | 14.07.2020 26.07.2020 3.2 km
3 S1A ascending 15.01.2020 27.01.2020 15.2 km
4 S1A descending | 16.01.2020 28.01.2020 14.4 km
Doganyol, Turkey ;
5 S1A ascending 21.01.2020 02.02.2020 15.6 km
6 S1A descending | 22.01.2020 03.02.2020 14.37 km

Note: S1A - Sentinel-1A, S1B - Sentinel-1B remote sensing radar satellites

Figure 16 — Distance between official and received earthquake epicenters for western Xinjiang and
Doganol with ascending (asc) and descending (desc) orbits of Sentinel-1A/B satellites
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Conclusion. Sentinel-1A/B radar remote sensing data are applicable to determine the
epicenter of the earthquake. The maximum error of distance deviation from the official
one is 15.6 km for the Doganyol earthquake. The distance between descending orbits for
the Doganyol earthquake is up to 0.4 km. The same geometric survey with ascending or
descending orbits shows the minimum distance between the obtained epicenters. A different
geometric view with different orbits (ascending and descending) leads to a larger deviation
of the distance error. The case of the Doganhol earthquake, we have volumetric scattering
from vegetation; therefore, the phase goes with more noise than in the Xinjiang case. The
western Xinjiang case has a distance error of 3.2 km, which is better than the Doganol case,
probably this is because of the large baseline of 110-120 meters.

Determining the location of the earthquake epicenter associated with displacement can
be found by the maximum value (in centimeters) of displacement pixels in the obtained
image. This method will be referred to as determining the earthquake epicenter from the
maximum displacement. The displacement threshold value was chosen to be 10 cm. This
value indicates that more than this value the pixels will refer to the earthquake zone in the
displacement image.

The next step is to improve the algorithm for automatically extracting the maximum
offset value from the interferometric pair of Sentinel-1A/B radar images using ESA SNAP
software. It takes a long time to process the radar images to create the offset images and
extract their maximum value. The execution time depends on the quality of the phase image
as it is distorted by noise due to temporal decorrelation and seasonal changes during snaphu-
unwrapping processing. Shaphu-unwrapping for a complete Sentinel-1 scene can take one
day. Fast automatic processing of radar images requires a supercomputer with large RAM.
That’s because the original Sentinel-1 data takes up 14 gigabytes of data, and it can grow
several times due to intermediate data during processing. We can use the Graph Builder tool
in ESA SNAP software to automate radar image processing in the future.
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C. C. BPHMJKAHOBAY, A. A. AXMAJJHS, H. K. HABHEB®,
X. MOJITAMYPAT*

'«A. Batumypcwinos amoinoazel Kocmanaii onipnix ynueepcumemiy KEAK,
Kocmanaii, Kazaxcman
[lvipaxbex Kabvinbaes amoinoasvt KP IIM Kocmanail akademusicel,
Kocmanaii, Kazaxcman
3C. Ceupynnun amoinoaswl Kazax Acpomexnuxanvix, Yuueepcumenm,
Hyp-Cyaman, Kazaxcman
JILH. I'vmunes amoinoazel Eypaszus ¥immuotx Yuueepcumemi, Hyp-Cynman, Kazaxcman

ESA SNAP BAFJAPTAMAJIBIK KAMTAMACBI3TAHABIPY/IBI KOJJAHA
OTBIPBII SENTINEL-1A/B MOJIMETTEPIHEH AJIBIHFAH MAKCUMAJIJIbI
BIFBICY DJICI BOMBIHIIA KEP CIJIKIHICIHIH DTIMIEHTPIH AHBIKTAY

byn makanaoa Sentinel-14/B XKepoi KaublKmviKman 30HOMAy CRYMHUIHIY 3AMAHAYU PAOAPIbIK
Odepekmepin KoNOaHa Omulpuln, dcep CLIKIHICIHIY Snuyenmpin aHblkmay 20ici Kapacmulpbliaosl. Kep
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KbIPMbLCHIHbIY bI2bLCY (0pblH aybicmblpy) kopinici ESA SNAP 6az0apramansiy s'cacaxmamacolhoa oHoey
apkwlibl anviHovl. 2020 dncwlavl O0N2aH eKi dHcep CLIKIHICT CHYMHUKMIK HCOAPblL JHCaHe MOMeH opoumana-
Pbl ApPKbLILL dnUYeHmpiepoi anvlkmay 0andiei sepmmendi. bByn swcep cinkinicmepi bamvic Hlvigoicanoa,
Kvimaitioa sicone JJoeanvonoa, Typrusoa 6010vl. DnuyeHmpoiy pecmu mipkeiceH KOOPOUHAMbIHAH MAKCU-
Manovl ayvimryvl [loeanvon yuin 15.6 km scone bamoic viyorcanoa scep cinkinici ywin 3.2 km 6010bl.

Tyitin co30ep: opvin aybicmuipy, padap cypemmepin 6H0ey, paza atblpmacsl, Hacanobl UHMELLEKN,
uHmep@epeHyUsIbIK OHOEY, Heep CLIKIHICIHIK dNuYyeHmpi.

C. C. BPUMJKAHOBA"?, A. A. AXMAJHUA*, H. K. HABUEB®,
X. MOJITAMYPAT*

'HAO «KPY umenu A.batimypcoinosa», Kocmanaii, Kazaxcman
’Kocmanaiickas akaoemust MBI] PK umenu Illvipaxbexa Kabvinbaesa,
Kocmamnaiu, Kazaxcman
3 Kaszaxcruii Aepomexnuueckuti Ynusepcumem um. C. Cetighynnuna,
Hyp-Cynman, Kasaxcman
* Espasutickuti Hayuonanonwiti Ynueepcumem um. J1. H. I[ymunesa,
Hyp-Cynman, Kasaxcman

ONNPEAEJIEHUE DQITMIEHTPA 3EMJUIETPACEHUA 110 METOAY MAKCH-
MAJIBHOI'O CMEIIEHMUA, ITIOJTYYEHHOI'O 110 JAHHBIM SENTINEL-1A/B
C UCITOJIB30OBAHUEM INPOI'PAMMHOTI'O OBECTIEYHEHUS ESA SNAP

B oannoti cmamve paccmampugaemcs Memoouka onpeoeneHus SNUYeHmpa 3eMAempsACceHus ¢ UCNob-
308aHUEM COBPEMEHHBIX PAOAPHBIX OAHHBIX CHYMHUKA OUCIAHYUOHHO20 30HOuposanus 3emau Sentinel-
1A/B. Memoovl unmennekmyanibHo20 aHaiu3d, NOUCKA U pacnosHA8aHUs Yeneeblx 00beKmMos Ha OAHHbIX
QUCTAHYUOHHO20 30HOUPOGanus 3emau 6onvbuio2o 0b6vema. s onpedenenus SNUYeHmpa 3emiempsiceHs
UCNONB308ANCA MEMOO HAXOIHCOEHUS MAKCUMATLHO20 CMEWeHUs N0 OAHHBIM PAOUOIOKAYUOHHO20 U300pa-
orcenusi. Kapmunvl cmewenust (nepemeuyenus) 3eMHOU KOpbl ObLIU NOLYYEHbl 00PAOOMKOU HA NPOSPAMM-
Hom obecneuenuu ESA SNAP. /[éa semnempscenus, komopwvie npousouinu ¢ 2020 200y Ovinu uzyueHvl Ha
npeomem mouHoOCmu OnpedeieHus SNUYEHMPOs8 NO BOCX00AW el U HUCX00suell opoumam cnymuuxa. dmu
semnempacenus umenu mecmo 6 3anaonom Cunvysane, Kumae u [Joeanvone, Typyusa. Makcumanvnoe om-
KIOHEeHUe 0m OQUYUATLHO 3aPecUcmpupo8anHoll KOOpOuHamyl snuyenmpa cocmaguno 15.6 km ons Jlo-
eanvona u 3.2 km 0 3anaono-CuHbY3AHCKO2O 3eMIeMPCEeHUs.

Kniwoueswie cnosa: cmewenue, 06pabomxa padaphuvix uzoopaxdcenuil, pazHocms Gasvl, UCKYCCMEeH-
HYL uHmennekm, unmepgepomempuieckas oopabomra, SNUYEHMp 3eM1empACeHs.



