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Abstract:



Landslides cause damages and affect victims worldwide, but landslide information is lacking. Even large events may not leave records when they happen in remote areas or simply do not impact with vulnerable elements. This paper proposes a procedure to measure spatial autocorrelation changes induced by event landslides in a multi-temporal series of synthetic aperture radar (SAR) intensity Sentinel-1 images. The procedure first measures pixel-based changes between consecutive couples of SAR intensity images using the Log-Ratio index, then it follows the temporal evolution of the spatial autocorrelation inside the Log-Ratio layers using the Moran’s I index and the semivariance. When an event occurs, the Moran’s I index and the semivariance increase compared to the values measured before and after the event. The spatial autocorrelation growth is due to the local homogenization of the soil response caused by the event landslide. The emerging clusters of autocorrelated pixels generated by the event are localized by a process of optimal segmentation of the log-ratio layers. The procedure was used to intercept an event that occurred in August 2015 in Myanmar, Tozang area, when strong rainfall precipitations triggered a number of landslides. A prognostic use of the method promises to increase the availability of information about the number of events at the regional scale, and to facilitate the production of inventory maps, yielding useful results to study the phenomenon for model tuning, landslide forecast model validation, and the relationship between triggering factors and number of occurred events.
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1. Introduction


Landslides can occur anywhere in the world, creating victims, and causing economic losses, and property damage [1]. Despite their importance, landslide information is lacking [2]. In many cases, large events remain unnoticed unless they impact or interact with vulnerable elements. This scarcity of information is critical for the comprehension of the phenomena at a global/continental scale in relationship to triggering events, for landslide modeling, and for landslide forecast models performance validation [3].



A landslide is the movement of a mass of rock, debris, or earth down a slope under the influence of gravity [4]. Landslides can be caused by natural phenomena including earthquakes, rapid snow melting, and intense or prolonged rainfall, or they can be induced by human activities such as timber clearcut or road construction, or a combination of both [5]. A multitude of landslides caused by a single trigger will be called here event landslides [6].



Getting information about landslides occurrences can be hard, especially when they take place in remote areas. Traditionally, landslides are manually detected, interpreted, and mapped through visual interpretation of stereoscopic aerial photography, in some cases aided by field surveys [7,8]. Manual interpretation is usually applied “on demand” because it is time-consuming and expensive, aerial photographs cover small areas and acquisitions, and flyovers revisiting intervals are limited or irregular. Furthermore, remote sites can be difficult and dangerous to access [9]. Consequently, a multitude of events remain unnoticed or unreported.



The large availability of high-resolution satellite data and the development of image processing techniques for event landslide detection and mapping is a potential source to obtain information on slope instabilities over large areas [2,10]. Researchers concentrate most of their effort in the implementation and validation of methods for mapping known event landslides using optical images, or in the use of advanced Differential Interferometric Synthetic Aperture Radar (DInSAR) techniques and Synthetic Aperture Radar (SAR) images for monitoring slow moving landslides [2,11]. On the contrary, the systematic and automatic interception or detection of new event landslides is not a subject of extensive research [11]. This paper wants to investigate the possibility to be informed about the occurrence of an event landslide and eventually, about its potential localization using measures of spatial autocorrelation in a multi-temporal series of SAR images. Zhou et al. [12] proposed a method to detect anomalies in regions caused by floods using autocorrelation analysis of multi-temporal series of optical satellite images. In this work, the framework proposed in [12] is modified and adapted for the use of SAR images and applied to measure the effects of an event landslide that occurred in Chin Division, Myanmar, triggered in July 2015 by strong rainfalls.



SAR amplitude/intensity images can be used to detect and map changes in the land surface cover [13,14]. Changes can be caused by natural events, including floods [15], natural fires [16], and earthquakes [17]. SAR amplitude/intensity images are occasionally used to map single landslides at slope scale [18] but not exploited at event (catchment) scale [11]. Problems and obstacles in their use are represented by a complex pre-processing, the acquisition geometry that can affect the quality of the images over mountainous areas where landslides are likely to occur, a certain difficulty in using the SAR signal in traditional statistical classification approaches (mainly due to speckling) [19], and perhaps a certain attitude against using this kind of product in the landslide mapping community. Land surface cover changes occurring between two images acquired over the same area but in different times can be measured through some pixel-by-pixel image comparison carried out by difference, or by a ratio operator to reduce the speckling effect typical in SAR images [13,14,20,21]. When event landslides occur in previously vegetated areas, they usually remove the vegetation to leave the soil bare or partially bare. Vegetated and bare surfaces have different properties (e.g., roughness, the dielectric value of the backscattering material), and then the backscattered waves amplitudes recorded by the pre- and post-event SAR images can change, helping to detect landslides [18,22].



Spatial autocorrelation is the correlation among values of a single variable strictly attributable to their relatively close locational positions on a two-dimensional surface [23]. Spatial autocorrelation prevails in virtually all georeferenced data [24], and it is widely used in Remote Sensing for information extraction [25,26,27], for landslide susceptibility [28] and hazard modeling [29]. The method to measure changes of spatial autocorrelation proposed in this work is based on the analysis of the temporal evolution of the Moran’s I index [23], and semivariance measure [25,27] applied to the Log-Ratio (LR) layers obtained coupling consecutive SAR intensity images. In the study areas, the two indexes showed a quite constant behavior in the LR layers obtained coupling images before the event (LR-pre) or images after the event (LR-post) and a consistent increase in the LR layer when pre- and post-event images were coupled (LR-between). The increase was due to land cover changes caused by the event landslides that gave origin to clusters of pixels with similar values, raising the level of spatial autocorrelation in the layer. The positioning of areas of changes candidate to be landslides was obtained through a process based on a digital image segment optimization [30] adapted for landslide mapping [10]. The new clusters recognized by the optimal segmentation all lay in areas of changes due to landslides, independently mapped through a Support Vector Machine classification of a pre- and a post-event optical Rapid Eye images.



The landslide event occurred in Myanmar in 2015 introduced enough changes in the land cover to result in a measurable change in spatial autocorrelation inside SAR images. This information was used to assess when and where the event occurred and it can be preparatory for a prognostic use of the procedure for new event landslide detection. This work aims at showing a way to increase the availability of information on landslide events otherwise unnoticed starting from an unused point of view: it advices for the occurrence of an event in between two consecutive images measuring a global change and for its location finding local changes in the post-event image.



Other techniques can be then addressed to produce inventory maps [2,11,31]. More frequent information on landslide occurrence promises to facilitate the validation of landslide forecast models at catchment scale that do not require the production of an inventory (i.e., threshold-based at catchment/slope unit scale) [32], and to better understand landslide phenomena at a global scale in relation to triggering factors.



The paper is organized as follows. In Section 2, the test case, the event, data availability, and relative pre-processing are introduced. In Section 3, the proposed method is presented in mathematical terms, together with the results obtained in the study. Results are discussed in Section 4. In Section 5, the lesson learned is summarized.




2. Test Case


2.1. Study Area and Event Description


The study area is located in Chin Division, Myanmar (Figure 1) where exceptional rainfall triggered a large number of landslides in late July 2015, including the giant Tonzang landslide (Figure 2). It is preliminary delimited by the available Sentinel-1 images swath (around 2597356w, 719663s, 2716753e, 504281n in EPSG 32646 WGS84 UTM zone 46 projection) and further refined by the analysis and by the coverage of RapidEye images later procured (around 571500w, 2591500s, 596500e, 2640500n in EPSG 32646 WGS84 UTM zone 46 projection) .


Figure 1. Study areas location and the event landslide map. On the left: overlapped with the Google physical map, the study areas delimited by the available Sentinel-1 (black and white) and Rapid-Eye (colored) images. It is located in northern Myanmar, Chin division. On the right: the event landslide inventory map obtained through the Support Vector Machine overlapped to the post-event Rapid-Eye.
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Figure 2. The Giant Tonzang landslide. The picture was obtained overlapping the post event RapidEye image to the available Digital Elevation Model.
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According to the ASTER Digital Elevation Model (DEM) at 30 m [33], elevation ranges 2363 m from 328 to 2691 m with a mean value of 1411 m. Slope ranges 64.5 degrees from 0 to 64.5 degrees and has a mean value of 25.6 degrees. Many natural watercourses flow among mountain ranges running from north to south, forming valleys and gorges. Land is mainly covered by tropical forest with spots of bare soil on the north-west part caused probably by recent fires, antecedent the event. Chin State is sparsely populated. A succession of sub vertical sub parallel layers of metasedimentary and sedimentary rocks from Jurassic to Cretaceous assemble the geology of the study area [34]. The “Myanmar post-disaster needs assessment of floods and landslides July–September 2015” report compiled by the Government of the Republic of the Union of Myanmar [35] states that the Myanmar’s climate is largely tropical with three seasons: the monsoon/rainy season (May–October), cold season (November–February), and hot season (March–April). Rainfall during the monsoon season totals more than 500 cm in upper Myanmar.



Myanmar is exposed to a range of natural hazards, including floods, cyclones, earthquakes, landslides, and tsunamis. Within the last seven days of July 2015, over 30 percent more rain fell than in any other month over the past 25 years [35]. In July and August 2015, widespread floods and landslides affecting 12 out of the 14 states in Myanmar displaced 1,676,086 people and caused 132 fatalities. They destroyed public and private infrastructure, including houses, railways, roads, bridges, schools, health facilities, and monasteries, and had extensive impacts on the agriculture sector. Unprecedented extreme rainfalls caused landslides in the Chin State in particular in remote areas difficult to access [35], peculiar was the reactivation of a large, old, and deep-seated landslide on which as a detailed geologic and geo-engineering study revealed parts of Hakha had been built (Figure 2) [36]. The just described event is the only one occurred the period covered by the multi-temporal series of available SAR images.




2.2. Available Data and Pre-Processing


Sixteen Sentinel-1A SAR images were downloaded from the Sentinel Scientific Data Hub [37] in Level-1 Ground Range Detected (GRD) high-resolution (HR) format (GRDH), with VV-VH polarizations and Interferometric Wide (IW) acquisition mode. GRDH images are already multi-looked with a number of looks with a pixel spacing in range and azimuth of 10 m [38]. GRDH images only include amplitude and related intensity bands in digital numbers (DN) for each polarization. Images were acquired in descending relative orbit 4 from 17 October 2014 to 27 May 2016 with irregular acquisition intervals due to the ramp-up phase of the satellite. In the period from June 2015 to November 2015 no images were made available. For each single SAR image, first, the precise orbit was downloaded and applied, then the thermal noise was removed. Intensity digital pixel values were converted in radiometric calibrated backscatter [image: there is no content]. All the images were then singularly co-registered to a master (the first acquired image of the available series) using a DEM-assisted procedure. Images were later filtered for speckling reduction using the adaptive Frost filter with a filter size in X and Y of three pixels, and a damping factor of two [39]. The LR index layer was then computed in every pixel for each couple of VV polarization and VH polarization consecutive images (Figure 3) using the following formula:


LR=ln(σ0,iσ0,i-1),



(1)




where i is the image index with i ranging from 2 to the number of images, ln the natural logarithm. Every single LR layer was later projected and ortho-rectified in UTM WGS84 using a DEM. Pixels in layover or in shadows (around 0.1% over the entire Sentinel-1 scenes) were masked. All the just-described steps were carried out using SNAP 5.0 (the free software provided by the the European Space Agency under the Scientific Exploitation of Operational Missions framework), and all the pre-processing steps involving a DEM (including layover and shadows masking) used the Shuttle Radar Topography Mission (SRTM) 3Sec DEM directly auto-downloaded from the SNAP software.


Figure 3. Examples of Log-Ratio (LR) layers. Left: the LR layer obtained using the last two pre-event synthetic aperture radar (SAR) images (LR-pre). Middle: the LR layer obtained using the last pre- and the first post-event SAR images (LR-between). Right: the LR layer obtained using the first two post-event SAR images (LR-post).
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Two pre-event optical RapidEye images acquired on 9 March 2015, and two post-event RapidEye acquired on 18 February 2016 were later obtained and used to contextualize the analysis and to obtain the map of changes (including landslides) as ancillary data. Images were obtained with a 3A pre-processing level, which includes radiometric and geometric corrections. All RapidEye images were first atmospheric corrected using the Fast Line-of-sight Atmospheric Analysis of Hypercubes (FLAASH) module available in ENVI Software [40]. The two post-event and the two pre-event images were respectively mosaicked to obtain a unique post-event scene and a unique pre-event scene. The relative geometric co-registration between the pre- and post-event scenes was checked using 30 homologous pixels in each scene, and the overall mis-registration error resulted smaller than the pixel size. Unfortunately, very few pixels (seven) were found in mountainous areas. Like in Mondini et al. [9], the Normalized Differential Vegetation Index change, the Spectral Angle, and the fourth principal component (the most correlated to the previous indexes) between the pre- and post-event images were obtained and stacked to get a multi-layer composition of changes. The stack of changes was successively classified using a Support Vector Machine trained with five training areas in regions that experienced changes, and 10 training areas in areas which apparently did not experience changes. The final map is a binary changes/no-changes map. About 97% of the area resulted unchanged, while the remaining 3% was mostly ascribable to the presence of new landslides including their runouts (93%) and sparse deposits of debris along the rivers (7%). Rivers were removed manually.





3. Method and Results


The flow chart of the procedure is shown in Figure 4. The method first measures the spatial autocorrelation in a temporal series of LR layer using global or local spatial statistics including Moran’s I index and semivariance S. When some measures deviate from reference values, an anomaly caused by a change is expected, and eventually identified. The event is further localized using a segmentation process.


Figure 4. Procedure flow chart. Pre- and Post- are two consecutive Sentinel-1 images. The spatial autocorrelation analysis can be done at different scales, depending on the situation. If the test results positive, then the event is captured, and further localized through the segmentation process.
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The Moran’s I index compares the differences between neighboring pixels to the standard deviation to provide a measure of local homogeneity. It ranges between [image: there is no content] and [image: there is no content], where [image: there is no content] is strong spatial autocorrelation, 0 spatially uncorrelated data, and [image: there is no content] strong negative spatial autocorrelation [41]. I is calculated in ENVI as follows [23]:


I=∑i=1n∑j=1ncij(yi-y¯i)(yj-y¯j)/∑i=1n∑j=1ncij∑i=1n(yi-y¯i)2n,



(2)




where n is the number of spatial units (pixels) indexed by i and j, y is the value of the LR index in each pixel, [image: there is no content] the mean of y, and [image: there is no content] are elements of the spatial weight matrix C that is assigned through the definition of the neighborhood rule that defines which adjacent pixels to compare to the central pixel. Weights are 1 for adjacent pixels and 0 otherwise. The index can also be estimated at a defined lag distance of pixels. The semivariance S measures the dissimilarity within a dataset through the squared difference between neighboring pixels’ values (Equation (3)):


S=121n∑i=1n(yi+h)-yi)2,



(3)




where h is the value of the maximum lag of pixels.



In this work, the I index was preliminary computed for all the layers over the entire scene of the GRDH Sentinel-1 images (25,360 samples, 16,632 lines) adopting the “Queen’s” rule which takes into account the eight neighboring pixels, and with a maximum lag of 30 pixels. The LR-between layer showed higher values of spatial autocorrelation than in all the LR-pre and LR-post layers in both the polarizations and for all lags (e.g., [image: there is no content] for the last pre-event layer, [image: there is no content] in between the event, and [image: there is no content] for the first post-event layer at a lag distance of five pixels, for the VH polarization).



Only in the LR-between layer, I was also computed inside 5000 × 5000 and 2000 × 2000 pixel moving windows scanning the whole layer with horizontal and vertical steps of 1000 pixels.



In at least four local areas, the screening showed values of I higher than the values obtained in the LR-pre, and LR-post layers, with an increase ranging from about 50% to the maximum of about 1000% depending on the window size and the area covered by the window. Maximum gap was experienced for 2000 × 2000 pixel windows with [image: there is no content] ([image: there is no content], [image: there is no content]). Three local areas are situated in flat regions along rivers (yellow boxes in Figure 5) and they show signs left by floods (water in the pre-event image and no water in the post-event) with a strong LR signal, or flooded areas (green boxes in Figure 5) with low values of LR. In the fourth local area, which is situated in a mountainous region, the event landslide was visually recognized. The three areas with floods show an increase of I in general higher than the area with landslides.


Figure 5. Log-Ratio (LR)-between layer in part of the Sentinel-1 swath. The yellow squares show areas with signs probably left by recent floods, the green current flooded areas, and in red event landslides. Squares here do not coincide with moving windows.



[image: Remotesensing 09 00554 g005]






A more detailed analysis was conducted over the area covered by the GeoEye images (Figure 1) selected to overlap as much as possible the windows where an increase of spatial correlation caused by landslides was experienced. The correlograms of I and S, with a maximum lag distance of 30 pixels and obtained using again the “Queen’s” rule, for the VH polarization layers are shown in the top of Figure 6. Further analyses were conducted masking in the images the areas where the three biggest landslides (the Tozang landslide, with a total area of 6,302,634 [image: there is no content], the second and the third both about 1/4 of the Tozang landslide side) are. The correlograms are shown in the bottom of Figure 6. The latter has the purpose of simulating a much smaller event.


Figure 6. Correlograms for the Moran’s I index and the semivariance with maximum lag = 30 for all the LR layers, VH channel. For all figures, in red, pre-event curves/values, in blue, post-event curves/values, and in green the curves linked to the event. Top-left: semivariance correlograms of the complete analysis. Bottom-left: semivariance correlograms excluding the three biggest landslides. Top-right Moran’s I index correlograms of the complete analysis. Bottom-right Moran’s I index correlograms excluding the three biggest landslides.
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Green curves in Figure 6 represent the I and S correlograms for the LR layer of the event (LR-between), while blue curves and red curves respectively the pre-LR and post-LR layers. Blue and red curves group together defining standard values of spatial autocorrelation inside the layers far from the event, while the green curve shows an occurred change. Values of I and S are very stable before the event (maximum gap of 0.05 at a lag of 7 pixels for I and of 0.03 at lags of pixels higher than 10 for S). Immediately after the event, I and S are higher of few percents and they decrease till the pre-event values after few months.



As an example, in the VH polarization LR layers, obtained using the last two pre-event SAR images (LR-pre), the last pre- and the first post-event SAR images (LR-between), and the first two post-event SAR images (LR-post), I assumes values, respectively, of 0.056, 0.197, and 0.102 at a lag distance of five pixels. The corresponding values for the VV polarization LR layers, are 0.070, 0.160, and 0.987. At least in this test case, the change in the index is more evident in VH polarization than in VV polarization.



LR-pre, LR-between, and LR-post layers, clipped by the area defined by the RapidEye images, were segmented to locate clusters of pixels with eventually high spatial autocorrelation. Segmentation allows an image to be partitioned (in this case the LR layers) into regions of interconnected pixels. Using the segmentation module available in ENVI, it is possible to extract segments only, without performing rule-based or example-based classification [42]. The segmentation process is based on a “watershed algorithm” which sorts pixels by increasing gray scale value, then begins with the minimum pixels and “floods” the image, partitioning the image into basins (regions with similar pixel intensities) based on the computed watersheds [43]. Segmentation results depend on a set of parameters, including Intensity level for feature detection, adjust the merging scale level using any Lambda schedule, and the kernel dimension [42]. Using a simplified single scale version of the procedure proposed by Martha et al. [10] for landslide detection optimal segmentation, the best set of parameters for segmentation was obtained for the three VH and VV polarization LR layers. The procedure proposed by Martha et al. [10] wants to minimize the under- and over-segmentation through an iterative process of parameters selection to maximize an objective function.


F(v,I)=f(v)+f(I),



(4)




where [image: there is no content] and [image: there is no content] are the normalization functions of the intra-segment variance and v the Moran’s I index of the segments obtained with a set of defined parameters. Fixing the kernel dimension at three, the two-dimensional space of the Intensity/Lambda parameters space values both ranging from 0 to 1 or 0 to 100 percent was scanned with steps of 0.1. The intensity and Lambda parameters that optimize the segmentation are (0.2;0.2), (0.2;0.5), and (0.2;0.4), respectively for LR-pre, LR-between, and LR-post for the VH polarization. Some measures of the obtained segments are reported in Table 1. In the LR-pre (Figure 3), there is a dominant salt-and-pepper behavior consequence of speckles in the original images and no evidence of emerging clusters (Figure 7). Compared to the LR-pre, the LR-between layer (Figure 3) shows a reduction of the number of the segments and the presence of much larger segments (Figure 7). Percentile values shown in Table 1 confirm an increase of the clusters size in the LR-between layer. Overlapping the segmentation to the classification obtained using the optical images, all segments with area larger than the average area from the bulk (95th percentile of the LR-pre layer) lie or intersect regions classified as changes, and they cover about 65% percent of the class. LR-post (Figure 3) layer segmentation shows an intermediate condition. The position of the emerging clusters represents a potential localization of the event landslides.


Figure 7. Optimal segmentation results for the VH layers. (Left) the optimal segmentation obtained for the LR-pre. (Right) the optimal segmentation obtained for the LR-between. The scale for the LR-between was obtained using the “natural breaks” function available in Qgis to maximize the variance between individual classes and least variance within each class. The scale of the LR-pre was adapted according to the LR-between scale.
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Table 1. Segments properties values obtained using the optimal segmentation







	

	
Pre

	
Between

	
Post






	
Number

	
221,066

	
120,654

	
226,885




	
Max area ([image: there is no content])

	
165,600

	
5,143,700

	
570,900




	
Min area ([image: there is no content])

	
100

	
100

	
100




	
Intensity

	
0.2

	
0.2

	
0.1




	
Lambda

	
0.2

	
0.5

	
0.3




	
50th percentile

	
800

	
3300

	
2300




	
95th percentile

	
3800

	
27,400

	
20,600




	
99.9th percentile

	
25,300

	
113,569

	
50,500










Starting from the 95th percentile (Table 1), clusters in the in-between layer size larger than all clusters found in the pre-event layers and indicate where to look for the localization of the event.



The optimal segmentation applied to the VV polarization still shows the capacity to locate the event but with a lower number of big clusters in particular in the 95th percentile (24,300) and in the 99.9th percentile (98,561), confirming the lower spatial autocorrelation compared to the VH channel.




4. Discussion


In this work, the possibility of detecting an event landslide using multi-temporal SAR intensity satellite images and spatial autocorrelation measures was investigated and verified. In the period covered by the series of the available Sentinel-1 dual-polarization SAR images, fifteen layers of land cover changes for each polarizations were obtained.



In the pre-event (8) and post-event (6) layers the spatial autocorrelation measured using the Moran’s I index and semivariance S is almost constant.



In correspondence of the event, the autocorrelation typically doubles. A smaller event was simulated removing from the analysis the areas where the tree largest landslides occurred and the general behavior was confirmed.



The process that changed the radar backscatter between the pre- and the post-event images is ascribable to the changes of the land cover structure, roughness at the wavelength scale of the C band, and the change of the land dielectric constant (moisture content) in the passage from dense canopy to bare soil [13,19] caused by event landslides. In addition, the local incident angle can change the backscattering coefficient, but in this case it is not an issue, assumed to be almost constant in the used temporal stack of images acquired with the same relative orbit and using a ratio-based index. Even if the entire process is not investigated from a physical point of view, in this study, the VH polarization showed more sensitivity to changes probably due the depolarization effects over the vegetation and the post-event rough surface left by the event landslides. Nevertheless, VV polarization still showed enough sensitivity to intercept the event suggesting for an exportability of the method in areas where only VV polarization images are available.



The pre-processing can also influence the extraction of the information from SAR images. Being that the GRDH images are already multi-looked, filtering is probably the most delicate point. The adaptive Frost filter was chosen to smooth the noise in the single radar images because it is able to account for the local properties of the terrain backscatter and is particularly adapt to work in mountainous environments [44]. Parameters were chosen to spatially restrict the action and preserve local discontinuity features in case of landslide presence. In this work, the salt-and-pepper effect in the LR layers far from the event, which is due to the incomplete remotion of the speckles in the images and is seen as highly-structured changed areas, helps to highlight the appearance of new and more homogeneous zones caused by event landslides. Also the use of a pre-event DEM could introduce some local errors in the pre-processing of the post-event SAR images, in particular, in correspondence of very big landslides when layovering and shadows masks are obtained, and in the ortho-rectification step. The statistical approach used in this procedure should mitigate the impact of local problems of ortho-rectification [45]. Potential but not ascertained errors in masking should be limited to the three big landslides that certainly changed the pre-existing orography. The use of good quality post-event DEMs would be in some circumstances desirable even if barely achievable just after an event.



The increase of spatial autocorrelation in the changes occurred in the larger scene in between the event (partially represented in Figure 5) is caused by more effects, the event landslides, and some floods. In this case, I does not provide unique information about landslides but it alerts that some changed have occurred. More effective and resolutive was the analysis at windows level that recognized areas with different levels (low and high) of spatial autocorrelation. Compared to floods, landslides usually give rise to smaller, more disperse changes and with a more heterogeneous signal. Windows covered by floods typically showed higher values of spatial autocorrelation, but in this work different causes of changes were distinguished a posteriori by visual interpretation of the shape and by contextualizing the changes, ascribable in mountainous areas to landslides, or in proximity of rivers to floods. Since only one event landslide is present in the entire scene, this work does not give numerical, systematic and direct evidence that changes triggered by different phenomena (including landslides, floods, and fires) at catchment scale can be automatically distinguished. More experiments must be conducted in terms of window size and ways of moving the window in relationship to different events. Contextual and ancillary information related to the environment, the susceptibility to the events of the area, and the different spectral responses in the images are information that can be used to link a change to its cause.



In the area covered by the available optical images, the change in spatial autocorrelation is caused by the event landslides. The I and S curves (Figure 6 for the VH polarization) show spatial autocorrelation values at different lags of pixels quite constant in correspondence of the LR layers obtained before and after the event, and a dramatic increase in the layer that measures changes between the two last pre- and first post-event images of the multi-temporal stack (answering when the event occurred). The I and S changes advise for an occurred land cover change which is small and estimated from the inventory obtained from the optical images of about 3% of the study area and about 2.1% excluding the three largest landslides that account for more than 30% of the affected area. After the event, considering the entire database of landslides, I and S showed a progressive decrease reaching at the end of the used temporal series values typically shown before the event. This can be an indication of a persisting but decreasing superficial activity of the land inside the large landslides. Excluding the three largest landslides, the temporal behavior of I and S before and after the event is nearly identical.



I and S don’t give information on where changes have potentially occurred. The formation of clusters responsible for the increase of the spatial autocorrelation in the LR-between is trapped segmenting the LR layers (answering where to look for). The segmentation procedure was laborious and demanding, but it guaranteed that the parameters Intensity and Full Lambda Schedule used to obtain the final segments were good statistical indicators of optical image segmentation [10]. They minimized the overall intra-segment variance (high similarity of the pixels response inside the segment) and the inter-segment correlation (heterogeneity among the pixels values inside the segment compared to the surrounding segments pixels values), giving the sampling step of 0.1 in the Intensity/Full Lambda Schedule domain. A more dense sampling was not considered, because around the best values of Intensity and Lambda that maximized the F function (Equation (4)), F typically showed a plateau and resulting segmentations were very similar. The texture kernel size was kept constant and low a priori to avoid introducing further filters and because it was suitable in areas with higher variance [42]. Different geographical contexts and pixel resolutions might require customized choices. For the VH polarization, the final segmentation of the LR-between layer of the event shows an increase of 2500 [image: there is no content] in the 50th percentile, of 19,600 [image: there is no content] in the 95th percentile, and of 88,269 [image: there is no content] in the 99.9th percentile of the segments areas as an indication of a dramatic growth of the spatial autocorrelation in the LR-between compared to the LR-pre. Those clusters address potential event landslides locations. Percentile values can change according to different boundary conditions including, geo-settings of the affected area, and intensity of the triggering hazard. In the test case presented here, they all lie in or intersect with areas where changes occurred due to landslides. This confirmed that the increase of the autocorrelation value in the LR layer over the event was a consequence of the new landslides. Similar behavior was obtained using VV polarization. In this study, the LR-between optimal segmentation is not enough to get a complete or qualitatively good landslide inventory map. Large segments (from 95th percentile) tend to correctly overlap large landslides of about 70% or 80%, depending on the cases. In general, landslides are covered by more than one segment, and the capacity to recognize segments associated with landslides decreases with the decreasing of the landslide size. This behavior can be ascribable to the different ability to intercept heterogeneities into the two different spectral ranges (optical and SAR). Since the implementation of the formula is complex and the time to scan the space of the parameters (Intensity and Lambda) required a lot of time, the suggested procedure considers first the use of the spatial autocorrelation functions to identify among many pairs of images when an event has occurred (the LR-between), and then to carry out the optimal segmentation only over the selected LR-between, eventually, the final inventory map can be obtained using other strategies [2,11].



In this study, Sentinel-1 GRDH images were not available for about 6 months in between the event. The last pre-event was acquired in June around one and half months before the event, and the first post-event image in November, around four months after the event. Now the frequency acquisition of Sentinel-1 is constant over the area, allowing for a continuous monitoring at high temporal and spatial resolution. The future deployment of this work in other areas is also desirable to assess the reproducibility of the procedure in different geo-environmental contexts. Minimum requirement for the application of the same analysis in other areas is the availability of at least a DEM for pre-processing purposes, and a set of Sentinel-1 images acquired before a potential event. In this study, the variability of the spatial autocorrelation in the pre-event layers resulted very low (below 10%) making possible to assess the reference values of the pre-event status using the first four or five images of the series, there is no evidence that the same number of images would be enough in other areas, in particular in environments where seasonal effects are stronger. Ancillary data like conceptual DEM based susceptibility maps [46], can help in the a-priori characterization of the event. Furthermore, the analysis was primarily set up to ascertain that an event landslide can cause measurable spatial autocorrelation changes. Results allowed a posteriori to correctly identify the layer, among fifteen for each polarization, that traps the event. The correct labeling of the layers suggests for a prognostic use of the procedure to trap future events. From this perspective, more test cases will be helpful to implement a validation strategy and improve the success rate of the entire framework.




5. Conclusions


Over an area of about 42,200 [image: there is no content] including the Chin district in Myanmar, where an event landslide triggered by strong rainfalls occurred in July 2015, a multi-temporal series of fifteen log-ratio index layers measuring land cover changes between consecutive Sentinel-1 SAR images from October 2014 to May 2016 was obtained.



Far from the event, spatial autocorrelation inside the log-ratio index layers estimated using the Moran’s I index and the semivariance showed values nearly constant over the entire scene covered by the Sentinel-1 images and in smaller moving windows of 5000 × 5000 and 2000 × 2000 pixels. In correspondence of the event, the autocorrelation increased. In some moving windows, the increase was due to the presence of landslides, in others, it was caused by floods triggered by the same rainfall. In this work, floods caused an increase of spatial autocorrelation, locally higher than the increase caused by landslides but the two natural events were distinguished visually considering the different shapes of the changes and their locations (mountainous areas for landslides and in proximity of rivers for floods).



In a subset of the Sentinel-1 frame covered by a couple of available RapidEye images and including the event landslide, a more detailed analysis was conducted. the Moran’s I index and the semivariance doubled in the log-ratio index layer intercepting the event. In the layer, event landslides gave origin to clusters of pixels with similar values, while in stable areas, and in pre-event layers, a salt and pepper effect was predominant. Clusters originated by the event landslides resulted larger in size than clusters found in stable areas and in all pre-event layers using an optimal segmentation process. These clusters intersect landslides mapped using the optical images but they are not enough to obtain an inventory map.



In future, research can address the question if the size of the change of the spatial autocorrelation can be used to know a priori the type of event without any visual interpretation. This can be obtained applying the procedure in more and different contexts. One of the characteristics of the framework is its high level of automation: the method can be deployed at regional scale and run where SAR images are acquired systematically, facilitating the possibility of better discriminating the events, and increasing the availability of spatial and temporal information about landslides, which is particularly important where future climate conditions are expected to raise the frequency and the intensity of landslide occurrence.
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