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Abstract:



Earthquakes are one of the most devastating types of natural disasters, and happen with little to no warning. This study combined Landsat-8 and interferometric ALOS-2 coherence data without training area techniques by classifying the remote sensing ratios of specific features for damage assessment. Waterbodies and highly vegetated areas were extracted by the modified normalized difference water index (MNDWI) and normalized difference vegetation index (NDVI), respectively, from after-earthquake images in order to improve the accuracy of damage maps. Urban areas were classified from pre-event interferometric coherence data. The affected areas from the earthquake were detected with the normalized difference (ND) between the pre- and co-event interferometric coherence. The results presented three damage types; namely, damage to buildings caused by ground motion, liquefaction, and landslides. The overall accuracy (94%) of the confusion matrix was excellent. Results for urban areas were divided into three damage levels (e.g., none–slight, slight–heavy, heavy–destructive) at a high (90%) overall accuracy level. Moreover, data on buildings damaged by liquefaction and landslides were in good agreement with field survey information. Overall, this study illustrates an effective damage assessment mapping approach that can support post-earthquake management activities for future events, especially in areas where geographical data are sparse.
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1. Introduction


Earthquakes are one of the most destructive types of natural hazards, and they often occur with little to no warning. Earthquakes generally affect large areas and cause major damage to buildings and other infrastructure. Fatalities are common during powerful earthquakes in populated areas. In addition to the primary damage caused by earthquakes, secondary damage can occur as a result of earthquake-induced natural disasters such as landslides, land subsidence, and soil liquefaction. These secondary events can also be very destructive to communities. Timely and accurate damage assessments can help to reduce adverse impacts on communities after earthquakes [1], and remote sensing technologies have been shown to be useful damage evaluation tools for post-earthquake emergency responses [2]. Measurements of the spatial and temporal scales of damage represent information that is critical to provide to international aid agencies for disaster management [3,4].



Satellite remote sensing is an effective technique for detecting changes that occur on Earth’s surface in inaccessible areas after dangerous earthquakes. The data types widely used for earthquake damage assessments include optical and synthetic aperture radar (SAR) images. Optical imagery for direct detection of building damage should be of a resolution higher than 1 m [5]. Building damage assessments have been conducted by both automated methods [6,7] and visualized interpretations with optical imagery [8]. However, such high resolution assessments can be expensive and typically only cover small scenes; furthermore, the viewing capacity may be limited by atmospheric conditions such as cloud coverage, especially during the rainy season.



Synthetic aperture radar technology is very useful for rapid disaster detection and monitoring, and it has the capacity to penetrate clouds and image the ground during both daytime and nighttime. Methods for intensity correlation and interferometric coherence analysis of multi-temporal SAR images have been developed for rapid damage assessments [9]. Interferometric coherence data from pre- and co-event times have been shown to be useful for earthquake damage assessments by many studies [10,11]. Hoffmann [12] mapped earthquake damage by interferometric coherence change during the Bam (Iran) earthquake in 2003 and achieved reliable results. Interferometric coherence by ALOS-2 (Advanced Land Observing Satellite-2)/PALSAR-2 (Phased Array Type L-Band Synthetic Aperture Radar) has been used successfully to detect Nepal earthquake damage in 2015 [13,14,15]. Furthermore, combinations of SAR data and optical images increased the accuracy of the earthquake damage assessments that were conducted after the Izmit and Bam earthquakes [16]. Based on a comprehensive review by Plank [9], damage assessment procedures should show worldwide applicability, be easy-to-use during the operational phase, and provide data suitable for end users.



The purpose of this study was to demonstrate a damage assessment mapping approach based on a combination of multi-interferometric SAR coherence and Landsat-8 data. Interferometric coherence analysis was conducted on multiple time point ALOS-2 imageries. Two images taken before an earthquake were used to compute the interferometric coherence during normal conditions, and two images taken around the time of the earthquake were used to determine the decorrelation induced by the earthquake. Landsat-8 data obtained after the earthquake were employed in this study because this remote sensing system can provide moderate-resolution data of very large areas at higher frequencies and lower costs than high resolution systems. Such data provide general surface information such as on waterbodies, forests, and urban areas and can reveal areas most affected by an earthquake. Data from the two sensors (e.g., ALOS-2 and Landsat-8) were integrated for damage assessment mapping during the 2016 Kumamoto earthquake. Through the combination, visualization of the damage assessment map could be improved. Furthermore, it will be helpful to users focusing on the adverse impacts of disasters in urban areas and in extracting more precise landslide areas.



This proposed method is fixable with an adaptive threshold for each satellite image that depends on data quality and time of acquisition. In this study, the method was used to extract information on three major damage types including damage to buildings caused by ground motion (Section 3.1), liquefaction (Section 3.2), and landslides (Section 3.3). The results presented high accuracies compared to ground truth data. Such an approach should be very useful for supporting disaster management activities during future earthquakes, especially in regions where geographic data are sparse.




2. Materials and Methods


2.1. Study Area and Data Collection


The Kumamoto earthquake series struck the west central Kyushu region, and it started with a 6.2 moment magnitude (Mw) foreshock on 14 April 2016 at 12:26 Coordinated Universal Time (UTC) or 21:26 Japan Standard Time (JST). After one day of foreshocks, the strong 7.0 Mw main shock occurred at 16:25 UTC (01:25 JST) beneath Kumamoto city of Kumamoto Prefecture at a shallow depth of approximately 10 km, as reported by the United States Geological Survey (USGS) [17]. These series of earthquakes were located on active faults, namely, the Futagawa and Hinagu faults [18]. According to the Japanese Red Cross report issued on 17 May 2016 [19], these earthquakes resulted in 67 casualties and more than 1600 injured. Additionally, more than 180,000 people had to be evacuated at the peak time of the crisis and an estimated 85,000 buildings, roads, and infrastructure facilities were damaged over an extensive area of land.



This study used several imagery scenes for the analysis, as shown in Table 1 and Figure 1. The main sensor for detecting earthquake damage is ALOS-2 PALSAR-2, which is operated by the Japan Aerospace Exploration Agency (JAXA). It operates in L-band, which enables a higher coherence over a longer time compared to SAR sensors using X- or C-band. This sensor provides high resolution data, owing to very accurate orbit control and an adequate revisit frequency (14 days) to meet the requirements for land and disaster monitoring. For the 2016 Kumamoto earthquake, ALOS-2 collected many images with PALSAR-2 in stripmap mode (SM1), and these data had a spatial resolution of 3 m over a swath width of 50 km. From the ALOS-2 images, path 23, scenes 2950 and 2560, were acquired for this damage assessment. They were in the format of single look complex (SLC) data. Moreover, the DInSAR analysis used ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiometer) GDEM (Global Digital Elevation Model) data with a resolution of 30 m to remove the phase due to Earth’s curvature and topography for earthquake displacement and geocode interferogram products. Combinations of data with Landsat-8 were used to improve the general surface information on the extent of damage, which was assessed by using both the before and after images. These data had a spatial resolution of 30 m with 16 revisit days. This study selected optical imagery after the earthquake for the damage assessment, as these data were useful for not only excluding vegetation and water areas from the urban area, but also for accessing large landslide sites.


Figure 1. Co-seismic interferogram of the study area and earthquake locations with magnitudes of more than 4.1 Mw between 14 April 2015 and 14 May 2015 from USGS. The earthquakes were mapped along the Futagawa and Hinagu faults (fault line data sources: Geological Survey of Japan). The right map outlines the ALOS-2 PALSAR2 and Landsat-8 images used in this study.
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Table 1. Satellite images used in this study.







	
Satellite Images

	
Acquisition Date






	
ALOS-2 before event

	
2015/11/30




	
ALOS-2 before event

	
2016/03/07




	
ALOS-2 after event

	
2016/04/18




	
Landsat-8

	
2016/05/23











2.2. Interferometric SAR Coherence


DInSAR is a geodetic technique that identifies ground movement and deformation of the Earth by repeat-pass interferometry [20]. This technique is very useful for disasters related to ground deformation. It can provide rapid observations on earthquake deformation in all kinds of weather and over large coverage areas at a centimeter-level accuracy, which is useful for measuring surface displacement following crustal movement induced by earthquakes [21,22]. Interferometric coherence products can assist in providing further details about observed damaged areas through analyses of the coherence change. In this study, after data transfer, SAR images were analyzed for interferometric coherence during two key periods related to the Kumamoto earthquake, namely, the pre-earthquake period (30 November 2015–7 March 2016) and during-earthquake period (7 March 2016–18 April 2016); these data had a spatial resolution of 10 m.



In this study, interferometric coherence was assessed with the GMTSAR open source processing system [23]. This system is advantageous in that it not only determines the quality of the interferometric measurements, but also extracts thematic information about objects on the ground. It describes SAR backscattering characteristics altered by the ground surface changes and collapses or damages to buildings [24]. The coherence is defined as the magnitude of the cross-correlation coefficient between two co-registered complex images as shown in Equation (1):
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(1)




where [image: there is no content] and [image: there is no content] are the corresponding complexes of two single look complex images. S* is the complex conjugate of S. It ranges from 0 (no correlation) to 1 (perfect correlation).



The coherence coefficient is a quantitative measure that is directly related to the amount of noise present in the interferogram between the two acquisitions. The main components of surface change consist of temporal surface correlations, geometric coherence proportional to the perpendicular baseline, and other noises including those inherent in the radar system and those due to data processing techniques and atmosphere conditions. For ALOS and ALOS-2, the perpendicular baselines are less than 200 m and have been demonstrated to produce high quality interferograms [25,26]. As shown by the data in Table 2, the perpendicular and temporal baselines of the pre-earthquake (30 November 2015–7 March 2016) and co-seismic interferograms at the same scene (7 March 2016–18 April 2016) during the Kumamoto earthquake had short and accurate values that were acceptable for the displacement detection and damage assessment.



Table 2. Perpendicular and parallel baselines and time intervals of DInSAR data.







	
DInSAR

	
Master (Date)

	
Slave (Date)

	
Perpendicular Baseline (m)

	
Parallel Baseline (m)

	
Time (Days)






	
Pre-EQ 23/2950

	
2015/11/30

	
2016/03/07

	
33.698301

	
−102.815781

	
98




	
Pre-EQ 23/2960

	
2015/11/30

	
2016/03/07

	
31.493618

	
−104.774610

	
98




	
During EQ 23/2950

	
2016/03/07

	
2016/04/18

	
−88.228228

	
−115.876068

	
42




	
During EQ 23/2960

	
2016/03/07

	
2016/04/18

	
−89.499914

	
−116.796991

	
42








Note: all scenes were captured from the descending trajectory with a right look direction.









2.3. Interferometric SAR Coherence Change for the Earthquake Damage Assessment


Temporal surface correlation contributes to the total interferometric coherence. An interferometric coherent image of the pre-event can show the degree of correlation between two SAR image acquisitions, and high coherence can be distinguished between urban and non-urban areas. During an earthquake, the decorrelation of coherence represents surface change such as that due to the earthquake itself, vegetation change, etc. To clarify the change of correlation between damaged areas and low coherence areas such as forests, plantations, and reservoirs, comparisons of pre-disaster and co-disaster interferogram correlations were used to evaluate the change caused by the Kumamoto earthquake. We evaluated buildings damaged by the earthquake [10,11,12] and detected areas of soil liquefaction [27]. The normalized difference (ND) of the coherence change (Equation (2)) was also used to detect damaged areas [9,13]:
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(2)




where [image: there is no content] represents the pre-earthquake SAR image pair and [image: there is no content] represents the pre- and co-earthquake image pair.



This high-level index can present a high level of detail regarding surface physical changes that are properly associated with surface movement and damage. Changes of interferometric coherence are thus a timely analysis approach to use over wide areas during rapid damage assessments, as demonstrated in Figure 2.


Figure 2. (a) Pre-earthquake coherence, (b) during-earthquake coherence, and (c) coherence change index (ND).
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2.4. Landsat-8 InformatioN: NDVI and NDWI


The Landsat-8 image contains data for nine spectral bands at different wavelengths such as visible, near-infrared, and shortwave light, which are collected at a spatial resolution of 30 m with the Operational Land Imager (OLI). Landsat data have been widely used to distinguish features like urban centers, water, forests, and other land uses. Some spectral bands of Landsat-8 were selected as supporting information for the damage assessment map produced from SAR coherence change. The necessary features extracted from Landsat-8 were waterbodies and highly vegetated areas. The locations of waterbodies can help one to understand the geology and damage due to liquefaction around deltas, lakes, and rivers. This study applied the modified normalized difference water index (MNDWI) for extracting waterbody data, because it generates less mixing between water and urban areas than the NDWI [28]. The MNDWI was calculated by using Equation (3):
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(3)




where the green reflectance was derived from band 3 and the shortwave infrared 1 (SWIR_1) was derived from band 6 of Landsat-8.



The normalized difference vegetation index (NDVI) was used to classify the land into vegetation and non-vegetation classes. Specifically, it was used to reduce the confusion between low and high impact areas, for which manmade structures and urban areas tended to suffer more adverse impacts than forested and agricultural areas. The Landsat images can be used during both the pre- and post-earthquake periods. In particular, by utilizing after-event data from Landsat-8, one can extract large landslide at the same time. The NDVI as the normalized difference between band 5 near-infrared (Nir) and band 4 red reflectance (Red) data was calculated by using Equation (4):
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(4)








2.5. Image Classification for the Earthquake Damage Assessment


This study developed a workflow that is less time consuming for unsupervised classifications after an earthquake. The ratio method (Equations (2)–(4)) can detect thematic information without training areas, and this reduces the time required for correcting and processing data. The classification was determined with an adaptive threshold that depended on the data quality in each study area.



The overall methodology is illustrated in Figure 3. Generally, earthquakes do not cause adverse impacts on waterbodies and vegetated areas. Therefore, the classification was designed at the first level based on waterbodies and vegetated areas by using MNDWI and NDVI data from Landsat-8. For water bodies or wetlands and highly vegetated areas, the threshold value determines whether a pixel belongs to a particular class by considering the influences of the next three classes. The suggested threshold was less than 0.0 in terms of the MNDWI for water body/wetland areas, and it was more than 0.7 in terms of the NDVI for highly vegetated areas.


Figure 3. Classification workflow and the proposed threshold. (A) OSM polygons for determining threshold value of building area (B) the original ND values of 144 buildings for confirming ranges of damage levels.
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Then, the coherence for the pre-earthquake period was used to differentiate urban and non-urban areas. A threshold of less than 0.2 was used for non-building or non-permanent areas, and a threshold of more than 0.2 was used for urban areas or permanent areas between two images during acquisition, because urban areas maintain high coherence values over a long period of time. Building footprints from OpenStreetMap (OSM) polygons (more than 160,000 polygons) were acquired for the near-population of buildings (Figure 3A). A threshold of more than 0.2 was found to be suitable for classifying buildings or urban areas correctly for more than 99% of the OSM building polygons.



Inner portions of the building areas were used to compute the normalized difference (ND) between the pre-event and co-event coherence, which ranged between −1.0 and 1.0. The ND of the coherence was classified into five classes using equal interval classification: −1.0 to −0.6, −0.6 to −0.2, −0.2 to 0.2, 0.2 to 0.6, and 0.6 to 1.0. The middle range (−0.2 to 0.2) represented non-change whole multi-temporal images. Therefore, values within −1.0 to −0.2 represented non-permanent areas, because pre-seismic coherence did not show a stable landcover. For building areas, the damage was classified into undamaged to slightly damaged urban areas (−0.2 to 0.2), slightly to heavily damaged areas (0.2 to 0.6), and heavily damaged areas and those with extensive destruction (0.6 to 1.0). Furthermore, using the original ND values of each survey building (144 buildings), the equal interval classification was confirmed suitable for representing damage levels around 84% of survey buildings (Figure 3B).




2.6. Accuracy Assessment


The confusion matrix and kappa coefficient were used to define the accuracy of the study results. The ground truth information was based on field observations collected on 16–17 June 2016, and on after-the-earthquake information derived from Google Earth [29], Google Maps [30], and the OSM project [31]. Ground truth data were manually interpreted as shown in Figure 4. Field surveys were conducted to determine the overall distribution of damaged locations and areas with very large damages. Google Map imagery in 3D mode provided very high-resolution data for defining damage areas and open street view helped in assessing damage levels.


Figure 4. Ground truth map for accuracy assessment.



[image: Ijgi 06 00188 g004]






Ground movement caused by earthquakes can cause damage to buildings. Moreover, earthquakes also cause other secondary hazards such as landslides. The phenomena that could be extracted in this study are as follows:

	
Damaged buildings caused by ground shaking and liquefaction: these results were validated with survey data from the Japanese Geotechnical Society (JGS) and Japan Society of Civil Engineers (JSCE) [32,33,34,35];



	
Landslide areas from the combination of ALOS-2 and Landsat-8 data: these results were checked with large landslide information from the Geospatial Information Authority of Japan (GSI) [36].










3. Results


The damage assessment map of Kumamoto is illustrated in Figure 5. This figure presents the major landcover classes and damage degrees including

	
A—Waterbodies or wetlands;



	
B—Forested areas or highly vegetated areas;



	
C—Non-building or non-permanent areas;



	
D—Urban areas with no to slight damage;



	
E and F—Affected areas including those with building damage, liquefaction regions in urban areas, and landslides induced by the earthquake.







Figure 5. Classification results for the Kumamoto earthquake damage assessment. More information is presented in Section 3.1, Buildings Damaged by Ground Motion; Section 3.2, Buildings Damaged by Liquefaction, and Section 3.3, Landslide Areas.
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Landsat-8 data were used to assess the distribution of the A and B classes. Waterbodies and wetlands can provide information for damage-related decision making and improve mapping details, such as the locations of landslides. Forested and highly vegetated areas were used to mask out noise through decorrelation analyses of the vegetated areas. Interferometric SAR coherence before the earthquake was used to separate the urban and non-urban areas. Coherence change between the pre- and co-event periods was computed for each level of damage. Data from two sensors were combined and classified as shown in the workflow presented in Figure 3.



The confusion matrix and kappa coefficient were examined to assess the accuracy of the results (Table 3). The overall accuracy of the classification was excellent, at 94.67%, and the kappa coefficient was 0.928. The accuracies of producer’s accuracy (classified result) and user’s accuracy (ground truth) were high for all classes.



Table 3. Confusion matrix for accuracy assessment (unit: pixel).







	
Classes

	
A

	
B

	
C

	
D

	
E and F

	
Total

	
UA






	
A

	
6427

	
38

	
257

	
4

	
1

	
6727

	
95.54%




	
B

	
0

	
13,545

	
0

	
33

	
0

	
13,578

	
99.76%




	
C

	
9

	
999

	
19,738

	
541

	
263

	
21,550

	
91.59%




	
D

	
2

	
0

	
7

	
4488

	
235

	
4732

	
94.84%




	
E and F

	
7 (0&7)

	
51 (11&40)

	
153 (3&150)

	
262 (257&5)

	
6681 (4921&1760)

	
7154

	
93.39%




	
Total

	
6445

	
14,633

	
20,155

	
5328

	
7180

	
All

	
53,741




	
PA

	
99.72%

	
92.56%

	
97.93%

	
84.23%

	
93.05%

	
Correct

	
50,879








Overall accuracy 94.67%, kappa coefficient 0.928. PA—producer’s accuracy, UA—user’s accuracy. The ground truth of E and F classes was combined into the affected area and included building damage as well as damage by liquefaction and landslides during the evaluation of the overall accuracy. For example, the E and F classes consisted of 4921 pixels from damaged buildings and 1760 pixels from liquefaction and landslides.








Combinations of multi-temporal interferometric coherence and Landsat-8 data were used to extract both the primary and secondary hazards. The specific types assessed were as follows:

	
Building damage caused by ground motion, i.e., buildings destroyed directly by surface movement. The degree of damage was classified into three damage patterns (see Section 3.1);



	
Damage caused by liquefaction. This damage was related to the ground subsidence and inclination of buildings, which lead to losses of coherence in the SAR images between the earthquake periods assessed. The liquefaction areas showed high coherence in the E and F classes (see Section 3.2);



	
Landslides induced by the earthquake. Interferometric SAR coherence combined with optical imagery or Landsat-8 data in this study were used to assess the landslides in a more precise manner than what could be achieved with SAR data alone. The areas surrounded by forests or highly vegetated areas were considered as potential landslide sites (see Section 3.3).








3.1. Buildings Damaged by Ground Motion


The results were validated by the confusion matrix (Table 4) and ground truth data of the damage extent collected by field surveys and high resolution images (Google Earth and Google Maps) after the earthquake. Categories of damage related to ground motion were modified from earthquake field guidelines issued by the Earthquake Engineering Research Institute [37] and damage patterns of buildings collected during the earthquake investigation by Okada and Takai [38,39]. There were three urban damage classes (Figure 6) used in this study, and these included areas with

	
D—No damage to slight damage: slight structural damage included walls with cracks, roofing tile displacements, and wall mortar that was somewhat peeled off;



	
E—Slight to heavy damage: this included considerable nonstructural and slight structural damage to considerable structural and extensive nonstructural damage, such as damage to portions of columns, beams, or walls and collapsed roof tiles;



	
F—Heavy to destructive damage: this included structures that were more economical to demolish than repair, such as inclined, nearly collapsed, and completely collapsed buildings.







Figure 6. Examples of the urban damage degrees considered as ground truth for the accuracy assessment. Damaged areas were observed from Google Maps (2017). Field surveys and Google Street View after the earthquake also confirmed the damage levels. The locations of ground truth examples are provided in Figure 7.
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Table 4. Confusion matrix for the accuracy assessment (unit: pixel).







	
Classes

	
D

	
E

	
F

	
Total

	
UA






	
D

	
4488

	
191

	
44

	
4723

	
95.02%




	
E

	
257

	
1606

	
229

	
2092

	
76.77%




	
F

	
0

	
186

	
2900

	
3086

	
93.97%




	
Total

	
4745

	
1983

	
3173

	
All

	
9901




	
PA

	
94.58%

	
80.99%

	
91.40%

	
Correct

	
8994








Overall accuracy 90.84%, kappa coefficient 0.854. PA—producer’s accuracy, UA—user’s accuracy.








As shown by the map in Figure 7, severely affected areas were detected at a high density in Mashiki town. The overall accuracy of the urban damage area assessment was 90.84%, and the kappa coefficient was 0.854.


Figure 7. Damage assessment map for the area around Mashiki town. D, E, and F are locations of ground truth examples in Figure 6.
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3.2. Buildings Damaged by Liquefaction


Liquefaction is a common phenomenon during earthquakes in areas with loose sand and silt that is saturated with water; these areas can behave like a liquid when shaken. The important factors governing whether liquefaction will occur include the geological, geomorphological, seismic, and geotechnical characteristics of the ground [40]. Earthquake waves cause the water pressure to increase in sediment, and sand grains lose contact with each other; thus, the sediment loses strength and behave like a liquid. Therefore, the soil loses its ability to support structures and this leads to damage to buildings, roads, and pipelines. Floodplains or alluvial lowlands are susceptible areas for soil liquefaction caused by earthquakes. Widespread liquefaction can occur and damage buildings and infrastructure long distances away from the rupture zone. Buildings on liquefaction-susceptible areas are mainly damaged by two processes: inclination and subsidence [39].



The interferometric coherence change between the pre- and during-earthquake periods was used to identify significant decorrelation caused by soil liquefaction. Water bodies and wetlands helped in determining the damage types. The results (Figure 8) presented clear liquefaction affected areas around the floodplain between the Shirakawa River, Kase River and Midorikawa River, and the findings were consistent with field survey data from JGS and JSCE [32,33,34,35]. Comparisons with photographic interpretations from field surveys revealed a good match, as shown in Figure 8 and Figure 9.


Figure 8. Liquefaction map obtained through analysis and liquefaction areas from the JGS and JSCE survey (black boundaries).
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Figure 9. (A–I) Example locations for damaged buildings in the liquefaction area. The damage patterns are subsidence, inclination and other structural building damage. (A) building damaged by high inclination and subsidence, (B) building with high subsidence level, (D) other structural building damage, (G) sand boils around buildings and (C,E,F,H,I) slight subsidence and inclination buildings
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3.3. Landslide Areas


The strong ground motion of earthquakes can induce landslides and disaster-triggered deforestation events. The interferometric coherence method has been implemented as an effective tool for evaluating disaster-induced deforestation in previous work [41]. The long wavelength ALOS-2 L-band was used to produce interferometric coherence for the rapid assessment of landslides in a wide area around Mount Aso in the Kumamoto Prefecture. Earthquake-induced landslides were assessed by the decorrelation of interferometric coherence between pre- and co-earthquake pairs. The pre-seismic coherence showed high values, due to negligible changes in the surface under normal situations. Co-seismic coherence showed low values because the surface changes from forest area to barren and rocky surfaces. Therefore, the normalized coherence between pre- and co-seismic coherence showed a high degree for landslides. The fusion of these data with Landsat-8 data collected after the earthquake allowed us to locate the landslides more precisely by NDVI. Landslides appeared to be in E and F classes and could be separated from urban areas by visual interpretation because they were on highly sloping lands and typically surrounded by forested areas.



The resulting map (Figure 10) was checked with 82 points of large landslide information from GSI [36]. The results classified landslides correctly at 64 points; incorrect classifications occurred at 15 points, and missing information was encountered at 3 points. According to the analysis, the overall accuracy was 78%.


Figure 10. The affected areas and surrounding high vegetation levels where landslides occurred; large landslide locations are from GSI.
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4. Discussion


4.1. Overall Study


This paper presents an approach that uses combinations of interferometric ALOS-2 coherence and Landsat-8 information to conduct damage assessments for both primary and secondary damage (liquefaction and landslides) induced by earthquakes. The overall accuracy of the damage assessment map constructed in this study was very high. This study thus demonstrates that it is feasible to combine and extend the advantages of two different remote sensing sensors for earthquake damage assessments. The urban damage levels following the 2016 Kumamoto earthquake were obtained from the degree of interferometric coherence of pre-seismic and co-seismic data, and the findings were consistent with the results of previous research reports that mapped the urban damage [11,12,13,15] and liquefaction areas [27] by using interferometric coherence.



The fusion of SAR and optical imagery has been shown to improve the results [16]. This study selected Landsat-8 data after the event to extract thematic information on water and vegetation indices, which helped to improve the damage classification and reduce the effect of ALOS-2 decorrelation between urban and vegetation areas. This study implemented the advantages of each sensor (i.e., ALOS-2 and Landsat-8) to develop a classification flow for earthquake damage assessments that does not require training areas; thus, the method is fast and is capable of creating good visualizations. The results from the integrated ALOS-2 and Landsat-8 data revealed three damage types covering an extensive area, namely, buildings damaged by ground motion, buildings damaged by liquefaction, and damage caused by landslides. The results were compared to ground truth data and an excellent overall accuracy at 94% was achieved.




4.2. Building Damage by Ground Motion and Liquefaction


Urban damage caused by ground motion was extracted from pre- and co-event interferometric coherence into three levels with high accuracy (90%). The accuracy was also high for buildings damaged by liquefaction; these areas were detected by the same method (ND) used for the damage caused by ground motion. This study also examined the different types of damage in detail. Waterbody/wetland areas and highly vegetated areas were extracted from Landsat-8 data, and these assisted in the damage type decisions. For example, the damage caused by liquefaction and the collapsed buildings could have been classified at the same damage level, but the patterns of damage were not the same. Therefore, information on waterbodies helped to roughly locate the floodplain and classify the liquefaction areas. Because some buildings displayed damage characteristics that could be attributed to both ground motion and liquefaction, this study separated the damage types to evaluate the accuracy. Notably, the results from this study showed good agreement with ground truth data for each of the damage types.




4.3. Landslides


Landslides extracted by fused sensor information were found to be more precise than those extracted by using only one type of data. The results assisted in the identification of large landslides at 78% accuracy based on large landslide location information from GSI. Landslides from optical imagery showed up as a loss of vegetation. However, it was sometimes unclear whether the vegetation change was from landslides or seasonal change. Therefore, SAR decorrelation data on the surface changes were used to extract the areas affected by the earthquake. In the same way, Landsat-8 data improved the landslide boundaries assessed by SAR coherence change. Moreover, results from SAR images are sometimes affected by SAR geometries, and this can lead to a loss of information such as foreshortening, layovers, and shadows. The damage assessment by SAR and Landsat-8 that captured the after-earthquake conditions was successful at extracting large landslides precisely (however, the extraction of smaller landslides was limited by the optical spatial resolution). In real applications, quick responses after a disaster are needed. Therefore, optical imagery before the earthquake may be analyzed first for a quick response and after-earthquake imagery can be analyzed after image acquisition. Moreover, multi-temporal optical imagery may be integrated to improve the quality of optical image results that may have been affected by seasonal change, cloud cover, and atmospheric conditions.




4.4. Recommendations


On the basis of this study, we recommend that additional data be used to improve damage types decisions if such data are available; these data could include building footprints and geology and geomorphology data related to building damage, liquefaction and landslides. Other image sensors could also be employed for a comprehensive and quick response after an earthquake.





5. Conclusions


A new approach for damage assessments was proposed based on a combination of interferometric SAR coherence and optical satellite imagery data. The approach can be implemented rapidly, because it does not require training areas. It is capable of making damage assessment maps with an adaptable method depending on the data quality and time of acquisition. Landsat-8 data collected after the earthquake were used to detect important information including waterbody/wetland areas and highly vegetated areas. ALOS-2 interferometric coherent images were analyzed during two periods. The coherence before the earthquake was found to be useful for separating urban and non-urban areas. The coherence before and during the earthquake were computed according to a normalized difference index to extract the damage levels. The combinations improve the damage assessment map visualization by allowing users to focus on adverse impacts in urban areas and landslide sites.



The approach was tested in the area damaged by the 2016 Kumamoto earthquake, and found to be accurate in terms of both primary (ground motion) and secondary (liquefaction and landslides) earthquake hazards; the results were compared to ground truth data, and an excellent overall accuracy at 94% was achieved. The data for buildings damaged by ground motion were divided into three levels of damage; specifically, none to slight, slight to heavy, and heavy to destructive damage. The overall accuracy of the results for the damaged buildings was still high at 90%. Buildings damaged by liquefaction were in good agreement with field survey data and survey information from JGS and JSCE. Moreover, the results assisted in the identification of large landslides at 78% accuracy based on large landslide location information from GSI. The workflow presented in this study should be applicable elsewhere and could generate useful damage assessment mapping information to support post-disaster mitigation work during future earthquakes.
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