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Abstract

On 6th February, a pair of significant earthquakes with magnitudes of 7.8 and 7.6 struck Kahramanmaras, Turkey. The Earthquake
InSAR Data Provider (EIDP) promptly produced interferograms and offset tracking results within 3 hours of acquiring Sentinel-1
satellite data. However, it was challenging to unwrap the interferograms correctly due to high displacement gradient near the
rupture. Hence, early displacement fields were derived from Pixel Offset Tracking (POT) method both in range and azimuth
direction with low resolution depending on pixel sizes of Sentinel-1. We used the Burst Overlap Interferometry (BOI) method to
extract the accurate along-track displacement and unwrapped the BOI interferogram using Azimuth Offset Tracking (AOT) data
as a guide. Combining the unwrapped BOI interferogram and the AOT data, we derive a high-quality along-track displacement
field that illuminates the entire earthquake rupture over 300 km and exhibits +4 m displacement in the along-track direction.
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1. Introduction

On 6% February 2023, Turkey experienced two devastating earthquakes within 10 hours. The hypocenter of the first
7.8 Mw event was Nurdagi in Gaziantep province at a depth of 17.9 km, while the hypocenter of the second earthquake,
measuring 7.6 Mw, was Ekinozii in the Kahramanmaras province at a depth of 10 km, approximately 100 km north of
the epicenter of the first earthquake. The confirmed total number of fatalities from the earthquakes was over 50,000,
and 120,000 citizens were injured in Turkey within 10 cities around the earthquakes' epicenters. Additionally, the
death toll reached 8,000 in Syria. With such a high number of casualties, this event stands as the deadliest natural
disaster in modern Turkish history. Regarding the deformation caused by the earthquakes, geodetic measurements
indicated that the 7.8 Mw earthquake resulted in a 300 km fault rupture on the East Anatolian Fault (EAF).
Additionally, the second magnitude 7.6 earthquake generated a 150 km rupture zone on the Cardak and Dogangehir
faults [1].

The magnitude of the earthquakes and the extensive fault ruptures present challenges for standard interferograms
in detecting the total displacement and tracking surface ruptures in near fields. In such cases, Pixel Offset Tracking
(POT) is a common method based on amplitude information rather than the phase component to extract both range
and azimuth displacement from radar images [2], [3]. The principle of POT method is to track subpixel amplitude
information and find offsets in range and azimuth by applying cross-correlation technique [4]. Furthermore, Split-
bandwidth interferometry, which exploits Spectral Diversity (SD), is another common method to estimate
deformations in both azimuth and range directions [5]. The method splits the raw SAR signal into upper and lower
spectral sub-bands and then applies double difference interferogram to estimate 2D displacements, also referred to as
Multiple Aperture Interferometry (MAI) [6].

Moreover, Grandin (2016) proposed Burst Overlap Interferometry (BOI) to employ burst overlap region in
Sentinel-1 TOPS mode since burst overlaps already have two acquisitions with different geometries, backward- and
forward-looking due to the squint angle in the azimuth direction (1°); this leads to a larger spectral separation in burst
overlaps, compared to spectral separation of synthetic lower and upper sub-bands in MAI method [7]. Previous studies
show that this advantage of Sentinel-1 TOPS mode supplies remarkable accuracy in azimuth displacement compared
to MAI and POT methods [8]-[10], but the overlap areas only correspond to +10% of the whole frame. The method
is originally employed to coregister secondary images to a primary image in TOPS processing as called Enhanced
Spectral Diversity (ESD) [7].

Regarding BOI, if the phase difference between neighboring pixels exceeds the ambiguity band, the phase
difference becomes wrapped, leading to an aliased estimate. In such cases, the BOI technique requires an unwrapping
process. However, due to the intervals between each burst overlap (£17 km), the unwrapping step becomes challenging
using conventional 2D methods like SNAPHU [11]. Therefore, in this paper, we utilize the azimuth offset tracking
result to guide the unwrapping process for BOI.

The paper is structured as follows. The second section provides a brief introduction to the Earthquake InSAR Data
Provider (EIDP) and its role in monitoring Turkey's earthquakes. Additionally, the section compares the results
obtained from interferograms and offset tracking provided by EIDP. The third section discusses a novel unwrapping
method for BOIL, which utilizes azimuth offset tracking as a guide. Furthermore, the section presents a comparison
between the final unwrapped BOI results and those obtained from Pixel Offset Tracking.

2. InSAR data of the Kahramanmaras Earthquake

EIDP operated by the Centre for the Observation and Modelling of Earthquakes, Volcanoes, and Tectonics
(COMET), generated the interferograms for the event within 3 hours of the first acquisition by the Sentinel-1 satellite
after the earthquakes [12]. EIDP utilizes the Looking into the Continents from Space with Synthetic Aperture Radar
(LiCSAR) infrastructure to generate co-seismic interferometric pairs in an automated and rapid manner during an
earthquake event. It also produces pre- and post-seismic interferograms and publishes these datasets on the COMET
LiCS portal. These datasets are made widely and freely available for everyone [13].

When a minimum 5.5 Mw earthquake occurs in a continental area worldwide, the Earthquake InSAR Data Provider
(EIDP) is triggered to initiate the framing of the potentially affected regions by the earthquake. Subsequently, the
standard LiCSAR process begins generating the required interferograms [12]. LiCSAR utilizes the European
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Commission's Copernicus Sentinel-1 A/B constellation, which operates in the C-band of the electromagnetic spectrum.
While the Sentinel-1 A satellite, launched in April 2014, is still operational and captures images, the Sentinel-1 B
satellite, which commenced its mission two years later, experienced a failure on 23 December 2021 and is no longer
operational. The resulting products were made available on the LiCS portal, which can be accessed at the following
link: https://comet.nerc.ac.uk/earthquakes/us6000jllz.html. As seen in Fig. la, the conventional interferogram
generated from Sentinel-1 exhibits phase aliasing and complete decorrelation in the near-fault field. These issues arise
due to the presence of a high displacement gradient in that area.
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Fig.1. EIDP response to Kahramanmaras Earthquakes. The Sentinel-1 data acquired 29/01/2023 and 10/02/2023, before and after the
earthquakes. The frame ID is 021D_05266_252525 in the LiCS portal. (a) Standard Interferogram, the black arrow shows the flight direction, red
stars are the earthquakes’ epicenters, and bold black lines indicate the faults, (b) Range offset tracking, (¢) Azimuth offset Tracking, and (d) Burst

overlap Interferogram.

This problem of phase aliasing and decorrelation poses challenges for accurate phase unwrapping, making it
difficult to identify fault traces and determine deformation values in the near field. In the literature, Pixel Offset
Tracking (POT) is commonly referred to extract unambiguous ground displacements in areas with large deformations,
such as fault ruptures and volcanic craters [4], [14], [15]. It is also exploited as auxiliary information to unwrap
standard interferograms [9], [16].

To overcome the same issue for Turkey earthquakes, EIDP incorporates pixel offset tracking that generates results
of lower sensitivity to displacements yet capturing the high deformation gradient of such strong co-seismic signal, see
Fig. 1b, ¢ for outputs of range and azimuth pixel offsets. For the POT, we searched for azimuth/range offsets using
128/64 windows spaced by 40/16 pixels, respectively, in oversampled previously deramped mosaics of Sentinel-1
TOPS data. We select offsets with cross-correlation coefficient over 0.1 and spatially filter resulting offsets using
median filter. BOI was also generated for the earthquakes to obtain more sensitive measurements in the azimuth
direction, as shown in Fig. 1d.

3. Unwrapping Burst Overlap Interferogram through Azimuth Offset Tracking
In TOPS (Terrain Observation by Progressive Scans) mode, the squint angle from backward to forward in the along-

track direction creates two distinct viewing geometries. The BOI method utilizes the inherent spectral diversity in the
burst overlap regions to produce the double difference interferogram, @,,,;, as

Doy = (41 * Siv1) (1 - 87)° (D
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where r and s denote the primary and secondary complex images, indices i and i+1 the backward- and forward-looking
views, respectively, and the asterisk indicates conjugate multiplication. Scheiber and Moreira (2000) showed that
phase differences derived from double-difference interferogram give along-track displacement as

Ao =27 * My 5%+ Aty @
where Af,,,,; is spectral separation (~4300 Hz) within burst overlap areas in TOPS mode, Ax is azimuth pixel size
(~14 m), At denotes azimuth sampling (~0.002 s) and Ax,, is azimuth displacement. In BOI, thus, a complete cycle
of phase (2@ radians or 1 “fringe”) is caused by ~150 cm of azimuth displacement. Consequently, an unwrapping
process becomes necessary when dealing with deformations that exhibit a very large displacement. Fig. 1.d illustrates
the wrapped BOI signal for the Turkey Earthquakes, indicating that the phase needs to be unwrapped to accurately
determine the true phase differences across the interferogram. Performing a standard unwrapping algorithm within
each burst overlap area and dealing with the empty area between burst overlaps is challenging because of the narrow
strip of data available and because of areas of noise. To our knowledge, there is no study in the literature that addresses
the unwrapping issue of BOI.

In this study, we use the low-resolution AOT as a guide to help unwrapping the BOI (Fig. 2). Firstly, we convert
the unit of the azimuth offset from meters to radians using Eq. 2. Then, we unwrap the BOI by adding the wrapped
difference between the BOI and the azimuth offset to the azimuth offset. The unwrapped BOI would be correct if the
error in the azimuth offset is within the range of - @ to m. If the azimuth offset was wrong by more than + m, an
unwrapping error would occur. To address this issue, we look for discontinuities that are present in the unwrapped
BOI but not in the wrapped BOI and correct the error by adding or subtracting multiples of 2@ from the affected region.
By following the flowchart outlined in Fig. 2, the unwrapped BOI for Turkey earthquakes is obtained. The resulting
unwrapped BOI clearly reveals the fault traces of the East Anatolian Fault (EAF) and indicates significant left-lateral
displacement reaching +4 meters in along-track direction (Fig. 3). Furthermore, it is evident that the BOI is influenced
by decorrelated areas such as regions with dense vegetation, forests, lakes, and areas with significant displacement
gradients in the near field. Consequently, these areas may appear as noisy pixels in the BOI rather than providing
reliable phase information, similar to the standard InSAR observations. To tackle this issue, BOI is filtered using
adaptive filtering during the production step in LICSAR with the "adf" command in GAMMA software [17].
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Fig. 2. Flowchart of Unwrapping BOI with Azimuth Offset. The units of the input and output are the radian (Left). Illustration of simplified AOT
and BOI regarding to expected surface displacement (Right).

While the unwrapping process is successfully carried out, it is important to note that the BOI method is applicable
only within the burst overlap areas, which account for approximately 10% of the entire frame. To address the empty
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Fig. 3. Comparison of BOI before and after unwrapping. (a) The whole unwrapped frame of BOI. Red rectangular represent the zoomed area to
see the comparison in detail. The black arrow shows the flight direction. (b) The wrapped BOI with the radian unit, (¢) the unwrapped BOI with

the meter unit.

areas outside the burst overlaps, we utilize AOT to capture the overall trend of displacement. However, it is worth
mentioning that the AOT has lower accuracy compared to BOI (Fig. 4). By combining the BOI and AOT results, we
can obtain a more comprehensive representation of the displacement field, considering both the high accuracy of BOI
within the burst overlap areas and the general trend provided by AOT. In Fig. 4, the sensitivity of BOI is clearly
demonstrated, resulting in distinct burst overlaps compared to the blurred AOT pixels that encompass them.

The cross-section analysis also depicts the response of both methods to a significant displacement gradient present
along the fault (Fig. 4b). The AOT method demonstrates a gradual and smooth change along the profile, including a
gradual transition over the fault area. On the other hand, the BOI method exhibits a sharper and more sudden change
over the fault, emphasizing its ability to capture and depict abrupt displacement gradients. In addition, BOI cross-
section shows a fluctuation near the fault because of the unwrapping error and low decorrelation around the fault. This
noise can be removed by applying a filtering or removing/adding 27.
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4. Conclusion

Standard InSAR may not be effective in extracting displacement and fault trace information in a large-magnitude
earthquake event with a significant displacement gradient. Furthermore, standard InSAR techniques provide
displacement information only in the Line-of-Sight (LOS) direction. Although Pixel Offset Tracking (POT) and
Multiple Aperture Interferometry (MAI) can extract displacement information in both the azimuth and range directions
their measurement accuracy is limited by the azimuth pixel size and effective bandwidth, respectively. On the other
hand, Burst Overlap Interferometry (BOI) can provide high-quality and high-resolution displacement measurements
in the along-track direction at pixels in the burst overlaps. We develop a method for unwrapping of the BOI data using
the azimuth offset data as a guide and produce the highest quality along-track displacement field for the 2023 Turkey
earthquakes.
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Fig. 4. (a) Unwrapped BOI in burst overlaps and AOT between burst
overlaps areas to fulfil the emptiness. A and A’ indicates the start and
endpoint of the cross-section to compare BOI and AOT over fault. The
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