Automatic mapping of earthquake damage using post-event radar satellite data:
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Abstract. Destructive earthquakes challenge Earth Observation (EO) systems to demonstrate their usefulness in supporting intervention and relief actions. The use of EO data in earthquake contexts, especially for damage assessment purposes, has been widely proposed and a number of results have been presented after every event, mostly based on optical data and manual interpretation. In this paper, the latest in a series, we instead try and focus on radar data and on automatization of the damage assessment procedure. Using COSMO/SkyMed data, made available thanks to the cooperation of the EUCENTRE with the Italian Civil Protection Department, we are investigating the possibility to use only post-event, Very High Resolution (VHR) radar data to estimate the damage level aggregated at the size of the city block. The usefulness of considering post-event only data lies in the independence from availability of pre-event VHR data, still quite scarce given the young age of meter-resolution spaceborne SAR systems. The latest disastrous earthquake event in Haiti is currently being investigated in close cooperation with the Italian Space Agency and this paper illustrates the latest findings.
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Introduction

In order to support and to manage rescue activities, in case of a strong and destructive seismic event, an early response is very important. In this framework, satellite remote sensing can be a useful instrument to help the decision chain of the civil protection authorities [1] [2]. The scientific community has shown interest and took much effort towards mapping the damage of buildings and infrastructures while exploiting information extracted from satellite images, so this data is becoming a valuable and reliable tool.  Nowadays it is technically possible to reach sub-meter spatial resolutions thanks to a new generation of spaceborne sensors, both optical and radar. Of course these new technologies can be very useful for the purpose of damage mapping. In literature it is possible to find several papers that show how to exploit in different ways the information carried by radar signal. Some methods explain how to create an index related  to  the damage level, combining  SAR  image  intensity  changes  and  the  related correlation coefficient [3]-[6]. Another technique consists of comparing SAR backscattering intensity changes and signal phase changes correlating them to the damage occurred in a seismic event [7]. In [8] Ito et al. show how exploit information carried by sensors working at different frequencies (L- and C- band) to derive change indicators. In [9] it is described a method to compare pre- and post-event backscattering data in order to detect strong modifications. In the framework of optical sensors, VHR images allow to detect damage at the single-building scale, but  unfortunately this kind of data is affected by problems such as presence of shadows and their variation due to the sun illumination and geometric distortions. For this reason the most used techniques require visual inspection and interpretation [10], [11]. In [12] it is presented a method based on the analysis of the edges in VHR data and in [13] is proposed a technique for the damage classification. More generally, in literature are available many papers that show automatic change-detection algorithms exploiting both optical [14], [15] and SAR  images [16], including multitemporal ones [17].  

1. Ground truth 

1.1. L’Aquila

Since SAR images are affected by speckle noise, single-pixel classification generally leads to unsatisfactory results, and this seems to hold true also when damage assessment is concerned. It is possible to obtain satisfying results if the damage is assessed at a block level. For this reason we divided the area under study, the city of L’Aquila, in 58 blocks [18] [19]. Each of these blocks has been compared with a layer containing footprints  of  severely  damaged  buildings visually  extracted  from  post-event  aerial  images  acquired  by  the Italian Air  Force  and  kindly  provided  by  the DPC.  Such data allowed assigning a “Damaged Area Ratio”  (DAR) to each block in the first layer:
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where: 

•  DARj is the DAR value on j-th GIS polygon 

•  dij is the "damage flag" (with values 0 or 1) indicating whether building i in polygon j was damaged by the earthquake 

•  ABij is the footprint area of the i-th building in j-th polygon 

•  APj is the total area of the j-th polygon 

In  the  case  at  hand, DAR  values  ranged  from  zero  to  46.4%, with  an  average  value  of  3.99%  overall,  rising  to  11.02%  if  the average is computed only on the 21 blocks with DAR>0.
1.2. Haiti

To obtain a ground truth, we used a map taken from the International Charter website [21]. We created a GIS layer dividing the city of Port-au-Prince in 165 blocks as shown in Figure 2, and then we associated each block to a damage level, from 1 to 3, according to the International Charter map as shown in Figure 3.
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Figure 2 : GIS layer of the city divided in 165 blocks
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Figure 3 : Ground Truth, with damage level




2. Remotely sensed data
In both the cases we could exploit COSMO/SkyMed SAR images provided to us by the European Centre for Training and Research on Earthquake Engineering (EUCENTRE) which is connected with the Italian Civil Protection Department (DPC), one of its founders, that is also the GMES Focal Point for Italy. Since the DPC has the access to COSMO/SkyMed imagery in emergency status and it was obviously activated, the research centre could obtain SAR images over the affected areas through the Italian Space Agency (ASI) soon after the catastrophic event took place. 
For this first case study we could base our analysis on a very abundant dataset composed by six different images: three acquired before the earthquake and three after the seismic event. 

Table 1 : L’Aquila data set features
	Image
	N° Satellite
	Off nadir angle
	Acquisition date
	Acquisition hour

	2454
	SAR-1
	50.57°
	05/04/09
	5:24.45

	2524
	SAR-1
	50.57°
	16/02/09
	5:25.20

	5457
	SAR-3
	19.07°
	22/03/09
	4:54.51

	2450
	SAR-3
	50.57°
	14/04/09
	5:24.38

	2451
	SAR-2
	50.57°
	13/04/09
	5:24.44

	5445
	SAR-3
	19.07°
	07/04/09
	4:54.39


In Table 1 are shown the main characteristics of the images used in case study of L’Aquila. All these images were georeferenced but not calibrated, due to focalization errors incidental to the images themselves.
For the case study of Haiti, we could base our analysis on different COSMO/SkyMed SAR images acquired at different times, with different incidence angle of the city of Port-au-Prince in Haiti. The support of the Italian Space Agency and the Italian Civil Protection Department are gratefully acknowledged also in this case.
Table 2 : Haiti data set features
	N° Satellite
	Off nadir angle
	Acquisition date
	Acquisition hour

	SAR-2
	38.56°
	12/12/09
	11:01.57

	SAR-1
	51.05°
	14/01/10
	22:30.44

	SAR-1
	38.56°
	21/01/10
	11:01.27

	SAR-3
	38.56°
	30/01/10
	11:01.21


All these images were georeferenced and radiometrically calibrated (i.e. translated into (0).

3. Texture maps and correlations
3.1. Texture maps

As mentioned earlier, SAR images are affected by speckle noise, so a good technique to extract information is the use of texture measures. In fact, with this method we don’t consider the value of single pixel, but the response of groups of pixels; moreover [22], texture measures are believed to reflect to some extent the differences in the expected distribution of backscattered intensities between orderly non damaged buildings and scrambled, heavily damaged buildings. As shown in Table 3, we previously performed some texture extractions with different pixel windows and we discovered that the best results were obtained with 21x21 window size and +3,+3 displacements.

Table 3 : Texture on different windows size
	
	21 x 21 (3; 3)
	21 x 21 (11; 11)
	51 x 51 (21; 21)

	MEAN
	0,502
	0,502
	0,508

	VARIANCE
	0,631
	0,631
	0,584

	HOMOGENEITY
	-0,385
	-0,386
	-0,368

	CONTRAST
	0,627
	0,603
	0,567

	DISSIMILARITY
	0,599
	0,579
	0,549

	ENTROPY
	0,357
	0,345
	0,363

	SECOND MOMENT
	-0,211
	-0,241
	-0,226

	CORRELATION
	0,115
	0,151
	-0,155


So co-occurrence texture extraction was performed on data using a 21×21 pixel window and (x=3 (y=3, in order to obtain eight different texture maps. 
3.2. Correlation, L’Aquila case

Texture  measures  were  averaged  over  every one  of  the  58 blocks; ATtexturetypej indicates  the  “texturetype”  texture  measure averaged  over  pixels  in  j-th  block.  Correlations  were  then computed  between  DARj  and ATtexturetypej for  j=1..58,  over different texture measures.
Table 4 : Correlation results
	
	5457
(pre 19°)
	2454
(pre 50°)
	5445
(post 19°)
	2450
(post 50°)
	2451
(post 50°)

	MEAN
	0.415
	-0.239
	0.502
	-0.222
	-0.217

	VARIANCE
	0.573
	-0.098
	0.631
	-0.115
	-0.103

	HOMOGENEITY
	-0.299
	0.296
	-0.385
	0.241
	0.218

	CONTRAST
	0.576
	-0.098
	0.627
	-0.129
	-0.109

	DISSIMILARITY
	0.533
	-0.116
	0.599
	-0.120
	-0.095

	ENTROPY
	0.268
	-0.273
	0.357
	-0.190
	-0.178

	SECOND MOMENT
	-0.175
	0.224
	-0.211
	0.209
	0.181

	CORRELATION
	0.337
	0.424
	0.115
	0.334
	0.344


Table 4 shows the correlation between texture maps and damage level; are represented the results of both pre-event and post-event images. As we can see the correlations are not so high, but enough far from zero. As  expected, the  correlations  for  the  post-event  images  are increased,  but  not  sufficiently  to  be  confident of a strong  link between damage and texture measure. Similar levels of correlation were found on the Guan Xian, P.R.C. test case [20], although with more complex  texture measures,  i.e.  homogeneity  on  a  51×51  pixel window  and  dx=21,dy=21. There are different results depending on time of acquisition (pre-, post-event) and incidence angle. Since is important understand how the result is influenced by chance, a new table is created, where are reported the differences between correlation of post-event and pre-event.

Table 5 : differences between correlation
	
	5445 - 5457
	2450 - 2454

	MEAN
	0.087
	0.017

	VARIANCE
	0.058
	-0.017

	HOMOGENEITY
	-0.086
	-0.055

	CONTRAST
	0.051
	-0.031

	DISSIMILARITY
	0.066
	-0.004

	ENTROPY
	0.089
	0.083

	SECOND MOMENT
	-0.036
	-0.015

	CORRELATION
	-0.222
	-0.090


As shown in Table 5, a relevant part of the correlation is due to chance, but it is still possible to find some texture measures that produce high values in both the columns, such as Entropy and Homogeneity.
3.3. Correlation, Port-au-Prince case

As done in the L’Aquila case study, we have calculated the correlation between the mean value of texture for each block, with the damage level from the ground truth, obtaining the following results shown in Table 6.

Table 6 : Correlation results
	 
	pre 38°
	post 51°
	post 38°
	post 38°

	MEAN
	0.223
	0.435
	0.283
	0.257

	VARIANCE
	0.224
	0.454
	0.230
	0.159

	HOMOGENEITY
	-0.239
	-0.493
	-0.344
	-0.340

	CONTRAST
	0.272
	0.473
	0.271
	0.195

	DISSIMILARITY
	0.323
	0.493
	0.353
	0.306

	ENTROPY
	0.256
	0.497
	0.356
	0.356

	SECOND MOMENT
	-0.186
	-0.457
	-0.255
	-0.265

	CORRELATION
	-0.233
	-0.152
	-0.228
	-0.246


Is possible to observe that also in this case we obtain different results depending on both time (pre- and post-event) and incidence angle. We can notice that the correlations due to the pre-event image are much lower than the correlations of the post-event image, so the component due to chance is less important. If we compute the difference between the results of the post- and pre-event images, we obtain the following results:

Table 7 : Differences between correlation
	 
	post 51 - pre 38
	post 38 - pre 38
	post 38 - pre 38

	MEAN
	0.212
	0.061
	0.035

	VARIANCE
	0.230
	0.005
	-0.065

	HOMOGENEITY
	-0.254
	-0.105
	-0.101

	CONTRAST
	0.201
	-0.002
	-0.077

	DISSIMILARITY
	0.171
	0.030
	-0.017

	ENTROPY
	0.240
	0.100
	0.100

	SECOND MOMENT
	-0.271
	-0.069
	-0.079

	CORRELATION
	0.081
	0.005
	-0.013


Even in this case study correlation texture such as Homogeneity and Entropy give high values in all the three column.

3.4. Comments

As seen in previous paragraphs, we can find some similarities in the calculated correlations of both the case studies. In fact Homogeneity and Entropy produces quite good results, especially in the Port-au-Prince case study. Some interesting facts emerge if one considers the scatterplots with damage levels (1 to 3, vertical axes) vs. texture values for pre- and post-event cases. 

In Figure 4 it is shown the trend of the texture "Entropy" on the case study of Haiti. We can see how the values of the four different images are distributed at the three damage levels. As we expected, the mean value of the pre-event image, represented in dark blue, is situated in the left part of the graph, in fact it has lower texture values than post-event images. Instead, the mean value of the other images are shifted towards the right hand side, because of higher value of texture if the post-event images. This displacement of the value for the post-event images is somehow linked to the damage level, in fact the higher the damage level, the stronger the displacement. The homogeneity texture shows an opposite trend (figure 5), in agreement with the negative value found for correlation.
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Figure 4 : Entropy scatter plot
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Figure 5 : Homogeneity scatter plot
4. Conclusions
Some investigations were performed in order to determine to what extent the expected change in radar reflectivity pattern induced by seismic damage caused to buildings may reflect into a change in texture statistics. Two case studies were considered, using SL-2 COSMO/SkyMed data, on L’Aquila, 2009 and Port-au-Prince, 2010 events. In both cases, some weak correlation emerged between a subset of texture measures (i.e. Entropy and Homogeneity) and the block-averaged damage level, for some selected incidence angles. Unfortunately the correlation is too weak to prefigure any operational use at this stage; the weaker performance for L’Aquila images may be due also to the fact that for those images it was not possible to perform a translation into (0 apparently because of errors in the calibration parameters found in the distributed .h5 files. Nonetheless, in the authors’ opinion this topic is worth further investigations especially in terms of attempting to derive a single, strongly correlated indicator from a series of weakly correlated texture measurer. The objective is to build an automated, texture-based classifier of the damage level using all-weather, quickly-acquired, post-event VHR radar data on sites damaged by seismic events.
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