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Abstract: Post-earthquake analysis using radar interferometry has become a standard procedure
for assessing earthquakes with significant damages. Sentinel-1 satellite provides 6-day revisiting
time, and Sentinel-2 data has 5-day revisiting time and the same viewing angle that can enable the
detection of changes in surface/land-cover after a major seismic event. Using Sentinel-2 alongside
Sentinel-1 could bring new benefits when gathering spatial information about a post seismic event.
In our study, we focused on analyzing a major earthquake, which occurred on 14 November 2016
with 7.8 magnitude near the city of Kaikoura, New Zealand, using both Sentinel-1 radar images
and Sentinel-2 optical data. Hundreds of landslides were reported as a result of this earthquake. In
addition, substantial land uplift was detected in some parts of the sea shore. Differential
interferometry allowed us to estimate earthquake strength analyzing the distribution of absolute
vertical displacement values. Sentinel-2 pre- and post-earthquake images were used in order to
assess land-cover changes and automatically detect landslides, which occurred after the
earthquake. Linking DInSAR results with Sentinel-2 change detection analysis helped us to get a
more complex perspective on the earthquake impact, to create landslide inventory maps, and to
subsequently develop workflows for quick post-event analysis.
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1. Introduction

Earthquake impact assessment and subsequent landslide mapping have become the crucial
tasks that follow a seismic event. A strong earthquake can potentially trigger thousands of
landslides. Usually, the spatial extent that is affected by a strong earthquake is very big. In the case
of the Kaikoura earthquake, up to hundreds of square kilometers were affected, which made it hard
to quickly assess landslides using traditional mapping techniques. Radar interferometry offers
substantial operational advantages over optical sensors, such as weather independence. Since the
introduction of the ESA’s Sentinel-1B satellite, radar data has been made freely available at 6-day
revisit time. Radar data has been already successfully used to assess earthquake triggered landslides
[1], although usually L-band radar data (e.g.,, ALOS-PALSAR, JAXA) were used. When sensing
surface changes, L-band radar data has an advantage over C-band, as it penetrates through
vegetation and thus can get better coherence values.

A major effect of earthquakes is that they usually cause vertical changes and displacements in
affected areas. One of the prominent techniques that can quantify such changes is satellite-based
differential synthetic aperture radar interferometry (DInSAR) technology. This technique enables
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one to detect and measure displacements of the Earth’s surface over a period of time. DInSAR
exploits the information contained in the radar phase before and after the earthquake takes place. It
includes interferogram formation and the phase difference calculation between two satellite
acquisitions taken from almost the same satellite position [2]. The phase difference can have multiple
contributions from a flat Earth phase, topography, atmospheric effects, a phase noise, and a possible
ground displacement component in the line-of-sight (LOS) direction [3]. The sensitivity of the
DInSAR technique for displacements is usually in millimeters and can be used for long-term
monitoring of landslides [4]. Besides identification of slow vertical motions, differential
interferometry can be potentially used for detecting surface changes, which occur after strong
earthquakes.

Sentinel-2 has been used in studies regarding the detection of temporal changes in crops [5-7],
although when focusing on post-earthquake assessment, it is limited with regard to weather and
cloud coverage. With Sentinel-2B operational satellite, the revisiting time was reduced to 5 days,
which makes Sentinel-2 much more applicable. Combining SAR data with optical data thus can be
beneficial when evaluating catastrophic events. There have been some studies, which focused on
combining SAR data with optical data, but none of them focused directly on earthquake impact
assessment. The combination of SAR data and Landsat data was successfully used for agriculture
studies [8], forest structure mapping [9], and, recently, landslide mapping in Kenya [10]. To the best
of our knowledge, there is no study combining Sentinel-1 and Sentinel-2 data for seismic and
post-seismic hazard assessment while mostly working with the above-mentioned Landsat data or
simulated Sentinel-2 data [7]. Sentinel-2, in comparison with Landsat-8, offers higher spatial
resolution for selected bands (10 m in visible to near infrared bands), which allows mapping
landscape changes at higher spatial detail.

The 2016 Mw?7.8 Kaikoura earthquake occurred in the northeastern region of the South Island,
New Zealand on 13 November 11:02 (UTM). The damaging earthquake generated extreme surface
displacements, land deformations, and surface ground motions [11]. A detailed description of M7.8
Kaikoura complex rupture process is given by [12]. Hundreds of landslides were reported as a
consequence of the earthquake. Most of the landslides were located in Hurunui District, North
Canterbury, around Cape Campbell in Marlborough and in the Kaikoura Ranges [12].

In our paper, we demonstrate how DInSAR results derived from Sentinel-1 data and Sentinel-2
change detection analysis can be used to develop workflows for quick post-event analysis, to create
landslide inventory maps, and overall, to get a complex perspective on the earthquake impacts.

2. Experiments

2.1. Satellite Data

Tables 1 and 2 summarize used satellite data.

Table 1. Overview of Sentinel-1 scenes used.

Perpendicular Temporal

Date Baseline Baseline Track Pass
Sentinel-1A .
south 3 November 201615 November 2016 -9.84 m 12 days 52 ascending
tinel-1A
Sennl(?rih 3 November 2016-15 November 2016 -8.65m 12 days 52 ascending

Table 2. Overview of Sentinel-2 scenes used.

Date Track Pass
Sentinel-2A 3 October 2016 129 descending
Sentinel-2A 22 November 2016 129 descending
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2.2. Methods

As it was stated above, studies combining optical and radar remote sensing for landslide
detection have been, up to now, still rather rare. Both types of satellite data can serve simultaneously
as a source of different kinds of information. In our study, we have used radar interferometry for
vertical displacement generation. We generated differential interferogram, which was phase-filtered
using Goldstein phase filtering and multilooked using SNAP software. Phase unwrapping was done
using Snaphu software. Displacement was then calculated from the unwrapped interferogram. Both
differential interferogram and displacement in LOS direction were georeferenced using
Range-Doppler Terrain Correction and used as quantification of earthquake impact and as
indicators of the distribution of landslides [13].

Sentinel-2 data used in our study were, in the first step, atmospherically corrected using the flat
field calibration (e.g, [14]). Cirrus clouds and thick clouds, and snow and water were mapped and
masked out from the Sentinel-2 reflectance data. In order to map newly triggered landslides,
vegetation cover was mapped in both images before and after the earthquake. To differentiate
surfaces covered by vegetation from exposed surfaces, atmospherically resistant vegetation index
(ARVI, [15]) was calculated. Unlike NDV], this index is much less susceptible to atmospheric effects
and thus can overcome some of the atmospheric-induced errors. Differences in mapped surface
water classes were also assessed, as these could be caused by landslides or the earthquake itself.
Both radar- and optical-based layers were matched with fault network and with the database of
historical landslides in New Zealand, which is available to the public by the GNS Science (formerly
Institute of Geological and Nuclear Sciences Limited) (Lower Hutt, New Zealand).

3. Results and Discussion

Landslides triggered by the Kaikoura earthquake occurred within very wide area characterized
by complex terrain. Changes in vegetation cover were mapped using two scenes of Sentinel-2 and,
together with the vertical displacement obtained from an interferometric pair of Sentinel-1 images,
served as a basis for landslide analysis triggered by the earthquake. Figure 1 shows two maps with
two results of differential interferometry. Differential interferogram (A) was clipped by relevant
coherence (>0.5). Together with the displacement in the direction of LOS, it is possible to identify the
most affected area. The maximum displacement was around 1.5 m in the inland part with significant
displacement continuing towards the sea shore (B).

Landslides were mapped from the Sentinel-2 images over the most affected area of the South
Island (see vertical displacement map (Figure 1B)). Mapped landslides were displayed together with
the vertical displacement from the Sentinel-1 data and faults based on [16] (Figure 2). Areas,
representing clusters of landslides mapped by [17] within first three months after the earthquake
(hashed polygons, Figure 2), cover only some parts of the affected area. Results showed that all
major landslides mapped by [17] for some affected areas corresponded very well with the landslides
detected on the basis of Sentinel-2 images (Figure 3). However, using Sentinel-2 data we were able to
map potential landslides within the whole affected area. We can conclude that most of the landslides
identified from Sentinel-2 data are spatially connected with the known fault systems and within the
areas characterized by higher vertical displacement values (>700 mm).

In addition to landslides, new lakes/water bodies, created when new landslides
blocked/changed the water/river flows, can be potentially dangerous. In our study, Sentinel-2 data
allowed mapping such new water bodies, which is demonstrated in Figure 3 as an example of the
big water body resulting from the Hapuku landslide, the biggest landslide triggered by the Kaikoura
earthquake, with total area reaching 2 km2
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Figure 1. Two maps showing differential interferogram from Sentinel-1 data acquired between 3
November 2016 and 15 November 2016 (A) and displacement in LOS direction generated from the
same interferometric pair (B) are overlaid by major faults and the Kaikoura earthquake epicenter.
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Figure 2. Map shows areas that changed their surfaces to bare soil/rock following the Kaikoura
earthquake and that are likely to be landslides triggered by the earthquake (the blue polygons).
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Figure 3. Two major landslides caused by the Kaikoura earthquake, derived from Sentinel-2 data.

4. Conclusions

Synergic use of Sentinel-1 interferometric products and products derived from Sentinel-2
optical data could, taken together, allow for quick assessment and a complex earthquake impact
analysis. Radar interferometry allowed us to assess earthquake impacts via computing vertical
displacements and differential interferograms. Employing vegetation/water change detection on a
basis of pre and post-event Sentinel-2 data allowed us to identify the new landslides and water
bodies resulting from the Kaikoura earthquake. Sentinel-2 data provides more bands over visible
(VIS) and near-infrared (NIR) regions of the electromagnetic spectrum at a higher spatial resolution
(up to 10-m) in comparison with other satellites (e.g.,, Landsat), thus enabling more detailed
detection of land cover changes. Due to the short revisiting time of both Sentinel-1 and Sentinel-2
satellites, it is possible to analyze major seismic events and post-seismic impacts shortly after event
occurrence over large areas and identify critical “hot-spots” faster.
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Abbreviations
The following abbreviations are used in this manuscript:

ARVI: Atmospherically resistant vegetation index

DInSAR: Differential synthetic aperture radar interferometry
ESA: European space agency

LOS: Line of sight

NDVI: Normalized difference vegetation index
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SAR: Synthetic aperture radar
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