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Abstract

:

Abundant infrared remote sensing images and advanced information processing technologies are used to predict earthquakes. However, most studies only use single long-wave infrared data or its products, and the accuracy of prediction is not high enough. To solve this problem, this paper proposes a statistical method based on connected domain recognition to analyze multi-channel anomalies. We extract pre-seismic anomalies from multi-channel infrared remote sensing images using the relative power spectrum, then calculate positive predictive values, true positive rates and probability gains in different channels. The results show that the probability gain of the single-channel prediction method is extremely low. The positive predictive value of four-channel anomalies is 41.94%, which is higher than that of single-channel anomalies with the same distance threshold of 200 km. The probability gain of the multi-channel method is 2.38, while that of the single-channel method using the data of any channel is no more than 1.26. This study shows the advantages of the multi-channel method to predict earthquakes and indicates that it is feasible to use multi-channel infrared remote sensing images to improve the accuracy of earthquake prediction.
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1. Introduction


Earthquake prediction is a complex and challenging theme. Since scientists discovered pre-seismic infrared abnormal phenomena in the 1980s [1], scholars around the world have undertaken various relevant research. Qiang et al. put forward a relatively reasonable theoretical mechanism, which indicates that the main causes of the abnormal temperature increase before the earthquake are gases released from the earth’s crust and the change of the electric field, based on various observations and experiments [2]. The change of water content in the earth’s surface soils is also able to cause infrared anomalies before earthquakes [3]. Some experiments proved that the infrared radiation of the rock changes when it is pressed by stress [4]. Their studies provide theoretical support for the development of earthquake prediction using infrared radiation data.



Infrared remote sensing images have a definite advantage of wide-field and continuous observation over ground-based observation and are widely applied to earthquake prediction [5,6,7,8]. Most researchers only analyzed single-type data, mainly using long-wave infrared radiation or its products, such as land surface temperature (LST) and outgoing long-wave radiation (OLR) [9,10,11]. In some case studies, the pre-seismic infrared anomaly is discovered from remote sensing images as a common phenomenon [12,13,14]. There are only a few studies about the middle-wave infrared anomalies before earthquakes, whose trend is similar to the anomalies in the long-wave channel [5,15]. Other earthquake case studies found that there are abnormal changes in water vapor content in the atmosphere before and after the event [16,17]. Most infrared data used to predict earthquakes are from NOAA satellites, Terra/Aqua satellites and Fengyun satellites [18,19]. Wei et al. found the infrared anomalies before the Ms8.0 earthquake in Sichuan, China, using single-channel images from the FY-2C satellite [20]. Ouzounov et al. found the anomalies before several strong earthquakes in Xinjiang, China, using OLR data from NOAA satellites and the FY-2D satellite [21]. Zhong et al. found the infrared anomaly associated with the 2017 M6.5 Jiuzhaigou earthquake from the data of two Fengyun satellites (FY-2E and FY-2G) [22].



Researchers have proposed different methods that were successfully used to extract pre-seismic anomalies, such as robust satellite techniques [23], interquartile, wavelet transform, Kalman filter methods [24], power spectrum [25] and some artificial intelligent methods [26]. Although abundant remote sensing data and advanced information processing technologies are used to predict earthquakes, there has not been any stable and valid algorithm to eliminate the influence of non-seismic factors, such as seasonal changes, weather conditions and human activities [18]. This is because of the complexity and variability of the earth system and the space environment. As a result, most methods merely work well in a few cases, lacking statistical evidence. Some statistical results in a small region show that there is an infrared anomaly before most earthquakes, but they did not analyze the proportion of the anomalies followed by an earthquake. In a study of 20 earthquakes in the Tibet region, the anomalies of the brightness temperature appeared before 17 earthquakes, and that of long-wave radiation appeared before 16 earthquakes [27]. The accuracy of earthquake prediction is unable to be estimated without PPV. Some statistical studies show a low positive predictive value (PPV). The statistical results based on the robust satellite techniques indicate the true positive rate (TPR) is high but the PPV of pre-seismic infrared anomalies, which is 25.9% in Sichuan province, is too low to put into practice [28]. The accuracy of earthquake prediction in the statistics by Jiao and Shan is 6.01% [29]. The PPV calculated by Filizzola et al. is 7.61% [23]. This means that most prediction results are wrong. Some studies do not even support the feasibility of earthquake prediction based on infrared remote sensing data [30]. Although some researchers obtained the PPV of 76.1% and the TPR of 67.1%, the spatiotemporal occupation of anomalies is high at 43.4%, which may cause a large prediction range and excessive public panic [31].



To explore a more valid algorithm for earthquake prediction using the data of infrared remote sensing, both data and research methods are improved. For one thing, multi-channel infrared images are used in this paper, and the four channels could provide more information about the state of the earth’s surface and atmosphere. For another thing, the statistical method based on connected region recognition is proposed to analyze the correlation between infrared anomalies and earthquakes, which could recognize spatiotemporal characteristics of anomalies in the long-term and wide-region studies. In this paper, the relative power spectrum method is respectively used to extract the anomalies from data of every channel. Both statistical analysis and case study are used to compare the prediction performance of the data from any single channel. Finally, four-channel anomalies are analyzed statistically. The results show that multi-channel anomalies could provide larger PPV and probability gain. It proves the potential of multi-channel infrared data in earthquake prediction and shows that it is possible to identify anomalies associated with earthquakes using multi-dimensional or multi-source data. The statistical method based on connected region recognition could be used to analyze pre-seismic anomalies from most kinds of remote sensing data. It lays the foundation for more data to be used in earthquake prediction.




2. Materials and Methods


The full research method is shown in Figure 1. Section 2.1 introduces the data and research range (time and region). The wavelet decomposition and relative power spectrum are used to extract anomalies from the time series on every pixel, which is detailed in Section 2.2. Then, the statistical method based on connected region recognition is proposed to analyze the correlation between anomalies and earthquakes, which is detailed in Section 2.3.



2.1. Data and Study Area


Feng Yun-2G is the fifth operational satellite of the first generation of geostationary meteorological satellites launched by China on 31 December 2014, which can observe the parameters of the earth’s surface and atmosphere widely and continuously. The main remote sensor is the visible and infrared spin scanning radiometer with 5 channels, including one visible channel (VIS), one medium-wave infrared channel (IR4), one water vapor channel (IR3) and two long-wave infrared channels (IR1 and IR2). The detailed parameters of each channel are shown in Table 1.



In this paper, the original data are the images from four infrared channels of the Feng Yun-2G satellite, which are provided by the National Satellite Meteorological Center. (http://satellite.nsmc.org.cn/PortalSite/Data/Satellite.aspx, accessed on 25 June 2022). One full-disk data file is generated every half hour or one hour. The file structure is shown in Figure 2, including file attributes and scientific datasets. Every file includes the geographic location of the image center, cloud classification, five-channel images and calibration tables and is saved as the hierarchical data format (HDF). The red digits are the number of the datasets, while the white digits are the size of one dataset. Moreover, the center also provides a lookup table so that the users could calculate the longitude and latitude of every pixel in the image.



Due to the high transmittance of the earth’s atmosphere in the atmospheric windows, the radiation value from two long wave channels and one middle wave channel mainly depends on the temperature and the emissivity of the earth’s surface. The emissivity of the same target is usually constant. The peak wavelength of most objects on the earth’s surface is in the long-wave infrared channel, so the brightness temperature data from the long-wave infrared channel could show the temperature change trend of most objects on the earth’s surface [32]. The data from the medium-wave infrared channel show the temperature change of the high-temperature targets and are affected by the reflection of solar radiation in the daytime, so data at night are selected in this paper. The water vapor channel is in the strong absorption band of water vapor, which is one of the main infrared absorption gases in the earth’s atmosphere [33].



China is located between the Pacific seismic zone and Euro–Asia seismic zone, so earthquakes happen frequently there, especially in Qinghai–Tibet Plateau, Yunnan–Guizhou Plateau and Taiwan. In China, the terrain is high in the west and low in the east, as shown in Figure 3. The lines in different colors are the different types of plate boundaries. The topography data are provided by the University of Califonia San Diego. (http://topex.ucsd.edu/marine_topo/mar_topo.html, accessed on 23 July 2022). China has a wide territory and rich soil resources, mainly including 15 types of soil. The variation of water content in the soil during the earthquake preparation period may also lead to anomalies in infrared remote sensing images [3]. The study area of this paper is between 0° N to 60° N and 70° E to 140° E, including China and the surrounding area. All images in this region from June 2015 to December 2020 are applied to extract abnormal signals. There are 358 earthquakes with a magnitude over five in the area from 31 January 2016 to 1 January 2021. The strongest earthquake in the study range was the earthquake with a magnitude of 7.3 that happened in Kyushu, Japan on 16 April 2016. According to the theoretical model proposed by Dobrovolsky, the relationship between the radius of earthquake preparation region R and the earthquake magnitude M is shown in Equation (1) [34].


R = 100.43M,



(1)







The earthquake magnitude in this study is between 5 and 7.3, so the radius of the influenced region varies from 141 to 1377 km.




2.2. Anomaly Extraction


The relative power spectrum is a common method to extract seismic information from infrared remote sensing images and is used in some case studies with significant results. The process is shown in Figure 4 and was programmed using Python in the Spyder platform. The algorithm is introduced in detail as follows [35,36]:




	(1)

	
Pre-processing: We could not gather complete earth surface radiation data because of cloud coverage and the limitation of the remote sensing system. Some pre-processing is necessary before extracting anomalies. Infrared radiation could not go through clouds, so the infrared images in the region covered by clouds reveal the temperature of the top of the clouds, which is far lower than that of the earth’s surface. After obtaining brightness temperatures by the look-up table method, we remove the invalid values that are 1.5-times the standard deviation below the average to decrease the effect of clouds [27]. Then, the average temperature every day is calculated. Finally, the spatiotemporal data become continuous through the nearest-neighbor interpolation method.




	(2)

	
Wavelet decomposition: The infrared radiation on the earth’s surface is also affected by seasonal changes, weather conditions, geological activities, human activities, and so on. High-frequency information and low-frequency information are separated by wavelet decomposition and wavelet reconstruction. The low-pass part of seventh-order wavelet decomposition retains long-period information and is regarded as the background field. The low-pass part of second-order wavelet decomposition eliminates high-frequency information and is used to attenuate the influence of weather and human factors. The low-pass part of the second-order wavelet decomposition is subtracted by that of the seventh-order wavelet decomposition to eliminate the background field and high-frequency components.




	(3)

	
Power spectrum: The power spectrum reflects the change of signal power with frequency. We take 64 days as the window length and 1 day as the step length to calculate the time–frequency distribution of the power spectrum in each window [37].




	(4)

	
Characteristic frequency: We calculate the relative amplitude for each pixel and frequency, and select the frequency with the largest amplitude change as the characteristic frequency to obtain the spatiotemporal data of the relative power spectrum at the characteristic frequency.









In this paper, the algorithm is used to process the data from every channel of FY-2G, respectively, to compare the difference between channels and improve prediction performance using multi-channel data.




2.3. Statistical Method


Accuracy of earthquake prediction is the basis of practical application, because wrong predictions may cause serious economic losses and public panic. The PPV of infrared abnormal signals can evaluate the accuracy of its application in earthquake prediction, which is defined as the proportion of abnormal signals related to an earthquake in total anomalies, as shown in Equation (2) [28].


  PPV =    N 0     N a    ,  



(2)




where N0 is the number of abnormal signals related to an earthquake, and Na is the number of total abnormal signals in the research area. To calculate the PPV, we propose a method based on the connected domain to identify the spatiotemporal occupancy range of abnormal signals. We deem the point where the relative power spectrum is more than five as abnormal. The connected region of abnormal points is regarded as the spatial–temporal range of a single abnormal phenomenon, and abnormal regions with relatively small areas or short-term are ignored to eliminate the infrared radiation increase caused by human activities. In this paper, an anomaly that covers less than 500 pixels or lasts less than 3 days is ignored. In previous studies, anomalies appeared on average one to three weeks before the earthquake [38]. As a result, the anomaly is regarded to be related to the earthquake, if the distance between the abnormal region and the epicenter is less than the distance threshold (Td) and the anomaly appears within one month before the earthquake.



The TPR is the proportion of earthquakes with pre-seismic infrared abnormalities in total earthquakes, which is defined as Equation (3) [28].


  TPR =    N 1     N e    ,  



(3)




where N1 is the number of earthquakes with any pre-seismic anomaly, and Ne is the number of total earthquakes in the research area. It is used to assess the universality of infrared anomalies before earthquakes.



It provides higher PPV and TPR to increase the distance threshold, but the spatial accuracy of prediction would decrease. Therefore, earthquake prediction needs to predict more earthquakes successfully with lower spatiotemporal occupancy. The probability gain is the ratio of TPR to spatiotemporal occupancy, shown as Equation (4) [39,40]. It can be regarded as a criterion for selecting the optimal distance threshold.


  Gain =   TPR  τ  ,  



(4)




where TPR is the true positive rate, τ is the fraction of space–time occupied by the predicted range, and is associated with the distance threshold. Matlab platform was used for statistical analysis and results display.





3. Results and Discussion


3.1. Channels Comparison


Some previous research found the epicenter of an impending earthquake may be far from the anomaly [41,42,43,44,45], so both the abnormal region and the region around the anomaly should be considered as the predicted region. The possibility that there is any upcoming earthquake in the predicted region is larger if the area of the predicted region is larger. PPVs with different distance thresholds in four channels are calculated and shown in Figure 5. There are a total of 619 anomalies from 2016 to 2020, including 155 in the IR1 channel, 161 in the IR2 channel, 132 in the IR3 channel, and 171 in the IR4 channel. PPVs vary obviously with the change of the distance threshold. The difference between the PPVs in any two channels is less than 0.08 for the same distance threshold. It means that there is not much difference between the PPVs of anomalies from different channels.



Figure 6 shows the TPRs with different distance thresholds in four channels. The TPRs in the two long-wave infrared channels are similar. The TPR in the IR4 channel is the highest among all channels whatever the distance threshold is, while that in the IR1 channel is the lowest. The difference between the TPRs in the IR2 channel and the IR3 channel becomes large with the increase in the distance threshold. The long-wave infrared channels (IR1 and IR2) behave worse on PPV and TPR, although they were earlier used for earthquake prediction.



The infrared anomalies of 358 earthquakes in the study area were analyzed statistically. As shown in Figure 7, the horizontal axis is a four-digit number whose four digits represent the state of four channels (IR1, IR2, IR3, IR4) successively, where 1 means there was an anomaly before the earthquake, and 0 means there was no anomaly before the earthquake. For example, 1111 means there were abnormalities in all four channels. The state of the anomalies in the two long-wave channels is similar. There were only 26 earthquakes with four-channel anomalies within 400 km around the epicenter, and 18 of them were within 200 km.



As shown in Figure 8, the Gain in each channel varies slightly with the distance threshold. The probability gain cannot be improved by changing the distance threshold. The gains in the IR3 channel are highest among those in all four channels for the same distance threshold and only a little higher than that in other channels.




3.2. Case Study


Considering regional differences, three seismic cases in different provinces were taken as examples. Detailed seismic information is shown in Table 2. The magnitude of the Sichuan earthquake was the largest. All three earthquakes occurred at shallow depths.



3.2.1. Sichuan Earthquake


There was a strong earthquake with a magnitude of 7.0 in Sichuan at 21:19:46 on 8 August 2017 (LT). The epicenter was at 103.82° E, 33.20° N. The depth was 20 km. At 07:27:52 on the next day (LT), an earthquake with a magnitude of 6.6 occurred in Xinjiang. The epicenter was at 82.89° E, 44.27° N. The depth was 11 km.



The information on pre-seismic anomalies in different channels is shown in Table 3. In Table 3, the start time and the end time are the numbers of days that the start time and end time of the anomaly relative to the earthquake time. Negative numbers are before the earthquake and positive numbers are after the earthquake. The anomalies of the two long-wave channels appeared 25 days before the earthquake, as shown in Figure 9. On that day, there were discrete high-value points north of the epicenter in the images of the four channels, and the anomaly area of the long-wave infrared channels was larger, so it was identified earlier. As shown in Figure 10, there were high-amplitude and large-area anomalies in four channels on the 19 days before the earthquake. On that day, IR1, IR2 and IR4 obtained their maximum abnormal value. The anomalies were located between the epicenters of the two earthquakes and more close to that of the Sichuan earthquake. Figure 11 shows the largest coverage area of anomalies in the earthquake preparation region. During the abnormal period, the abnormal area of the four channels went through two times of increase and decrease. The abnormal area in the IR3 channel was less than 500 pixels 19 days before the earthquake, while that in the IR4 channel was also too small during the first time of increase and decrease. They are both ignored in Table 3. Anomalies in all channels lasted until 18 days before the earthquake.




3.2.2. Taiwan Earthquake


An earthquake with a magnitude of 5.2 happened in Taiwan on 16 December 2018, 05:21:05 (LT). The location of the epicenter was 23.71° N, 121.80° E, and the focal depth was 26 km. On the same day, an earthquake with a magnitude of 5.7 broke out at 12:46:07 (LT) in Sichuan. The location of the epicenter was 28.24° N, 104.95° E, and the focal depth was 12 km.



As shown in Table 4, the IR3 channel appeared abnormal at first, and anomalies in other channels appeared simultaneously and disappeared simultaneously, which were a little later than that in the IR3 channel. In images from the IR3 channel, a high-value region arose on 6 December 2018, shown in Figure 12. In the IR3 channel image, there was a weak anomaly between the two epicenters. Relatively, there were more obvious anomalies in the high latitude region, but they were far from the two epicenters, which is not significant for the prediction of this earthquake. It became an isolated region on 8 December 2018, while the anomalies in the other three channels just started, as shown in Figure 13. The anomalous positions of the two long-wave channels and the medium-wave channel were close, but the anomaly area of the medium-wave channel was smaller. The anomaly area of the IR3 channel was the largest, and it has obvious location deviation from the other three channels. On 9 December 2018, the anomalies in IR1 and IR3 obtained their maximums, as shown in Figure 14. In the abnormal region of the IR3 channel image, the southern part is closer to the epicenter of Taiwan, in which anomaly intensity was significantly higher than that in the northern part. Similar to the first case, the anomaly occurred between the epicenters of the two earthquakes. The abnormal region was mainly on the land and distributed along the coastline. The epicenter of the Taiwan earthquake was at the edge of the anomaly. The anomaly in the IR3 channel was closest to the epicenter. There was only 1.7 km between the anomaly and the epicenter. The anomalies in four channels all disappeared completely on 12 December 2018. According to Figure 15, the anomalies went through appearance, increase, decrease and disappearance before the earthquake. The anomaly in the IR4 channel intersected with that in other channels, but the distance from the epicenter was far beyond the radius of the earthquake preparation region calculated theoretically.




3.2.3. Tibet Earthquake


Tibet is located on the Qinghai–Tibet Plateau with high altitudes and complex terrain. There was an earthquake with a magnitude of 5.6 at 17:22:14 on 19 July 2019. The epicenter was located at 27.67° N, 92.89° E. The depth was 10 km. Anomalies before the earthquake are shown in Table 5. From 30 days to 20 days before the earthquake, only the IR4 channel showed abnormalities. Anomalies in the IR3 and IR4 channels appeared on the 11th day before the earthquake. IR1 and IR2 showed abnormalities later. The occurrence time and disappearance time of the anomalies in the four channels were relatively close. The relative powers spectrum on 9 July 2019 is shown in Figure 16. Anomalies in all four channels were close in location. The distance between the anomalies and the epicenter is 11.5 km. The cover area of the anomalies before and after the earthquake is shown in Figure 17. The variation trend of the cover area of anomalies in the four channels is similar during the four-channel abnormal period. For this seismic case, the anomalies of the four channels show obvious similarities in spatiotemporal characteristics and the evolution process.





3.3. Multi-Channel Anomalies


To improve the accuracy of earthquake prediction, we scan the relative power spectrum data in the four channels and identify the region of four-channel anomalies, which means the region where all of the four channels are abnormal at the same time. The statistical result is shown in Table 6. A larger distance threshold can improve PPV and TPR, but can not improve the probability gain. The probability gain is the highest when the distance threshold is 200 km. Figure 18 shows the comparison between the PPV, TPR and gain of multi-channel methods with that of the single-channel method with the distance threshold of 200 km. The PPV and probability gain of the multi-channel method are higher than that of any single-channel method. In particular, the probability gain is roughly doubled, although the TPR is very small. Only 19 earthquakes are associated with the multi-channel anomalies because the multi-channel method only considers simultaneous anomalies of four channels, and earthquakes with anomalies of no more than three channels will be missed. The locations of the epicenters of these 19 earthquakes are shown in Figure 19. Four-channel infrared anomalies were found before the earthquakes in different regions, which indicates the phenomenon is not only suitable for a specific region. The distribution of anomaly time is shown in Figure 20. Eight earthquakes occurred one to two weeks after the anomalies appeared. Only one earthquake occurred three to four weeks after the anomaly appeared. Figure 21 is the Molchan diagram of the different methods. The spatiotemporal occupancy of the four-channel anomaly is much smaller than that of the single-channel anomaly. Although the miss rate is so high, enough small space–time occupations could provide a high value of probability gain.



To compare the multi-channel method with other methods, the authors, data, study region, study period, earthquake magnitude and their results in previous studies are shown in Table 7 [23,28,29,31,46]. The anomaly time means the number of days from anomaly to earthquake. The multi-channel method could obtain the highest probability gain, although the TPR is the lowest. This means that this method reduces the uncertainty of earthquake prediction more obviously than other methods. The PPV of the multi-channel method is also the highest in the studies on earthquakes of magnitude five and above. It means that the multi-channel method has higher accuracy in earthquake prediction than previous methods for earthquakes with magnitude five or above.





4. Conclusions


Based on the relative power spectrum method, we propose a statistical method based on connected domain recognition to calculate the PPVs, TPRs and probability gains in different channels. The results show that the PPV and TPR could be improved by increasing the distance threshold. The probability gain is low and its change with distance threshold is not obvious. In addition, we also statistically analyzed the multi-channel infrared anomalies before 358 earthquakes. There is at least one channel anomaly within one kilometer of the epicenter within one month before 36.87% of the earthquakes, but there are only 26 earthquakes with four-channel anomalies within 400 km of the epicenter and 18 earthquakes with four-channel anomalies within 200 km of the epicenter.



In the study of three earthquake cases, four-channel anomalies appeared and disappeared before the earthquake. The epicenter is at or some distance from the edge of the anomaly. Due to the low PPV and probability gain of the earthquake prediction method using single-channel data, multi-channel infrared remote sensing images are used for earthquake prediction. The PPV of four-channel anomalies is 41.94%. This is higher than that of single-channel anomalies at the same distance threshold of 200 km. Meanwhile, the method causes a lower TPR. Significantly, the spatial–temporal occupancy of four-channel anomalies is very low, and the probability gain is doubled.



This study shows the difference between pre-earthquake anomalies in multi-channel infrared remote sensing images and indicates that multi-channel infrared remote sensing images may have more advantages in the PPV and the probability gain of earthquake prediction than single-channel data. In earthquake prediction, the PPV, which indicates the reliability of the algorithm, is more important than the TPR. This is because the accurate prediction of a single earthquake can also save a lot of life and property. However, it is still difficult to use the four-channel infrared data to obtain high enough accuracy for the practical application of earthquake prediction. The purpose of this paper is to show the advantages of multi-channel data over single-channel data. The results could be compared with other types of pre-seismic anomalies to study the mechanism of anomalies during the earthquake preparation period and explore a better method for earthquake prediction.



Earthquake prediction needs a lot of remote sensing data and ground-based observation data. In future studies, we can improve the performance of earthquake prediction with the following aspects:




	a.

	
FY-2 contains eight satellites. By assimilating data from multiple satellites, it is possible to capture longer observations and count more earthquakes;




	b.

	
The second generation of Fengyun geostationary meteorological satellites (FY-4) carried the advanced geostationary radiation imager and the geostationary interferometric infrared sounder. The former has 14 infrared channels, while the latter can detect the temperature and humidity of the vertical atmosphere. The data may provide more information for earthquake prediction;




	c.

	
The new prediction method that combines remote sensing data and surface observation data should be explored.









The anomaly extraction algorithm in this paper can be used for time series analysis of other remote sensing data, and the statistical method can be used for other types of wide-field and long-time spatial–temporal data. Some parameters may need to be adjusted for using other data.
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Figure 1. The flow of the research method. 
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Figure 2. The structure of the data file. 
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Figure 3. The terrain in the study area. 
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Figure 4. Flow chart of anomaly extraction algorithm. 
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Figure 5. Positive predictive values in different channels at different distance thresholds. 
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Figure 6. True positive rates in different channels at different distance thresholds. 
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Figure 7. Infrared anomalies before earthquakes. 
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Figure 8. Probability gains in different channels at different distance thresholds. 
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Figure 9. Power spectrum images on 14 July 2017. 
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Figure 10. Power spectrum images on 20 July 2017. 
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Figure 11. The cover area of the anomalies before and after the Sichuan earthquake. 
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Figure 12. Power spectrum images on 6 December 2018. 
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Figure 13. Power spectrum images on 8 December 2018. 
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Figure 14. Power spectrum images on 9 December 2018. 






Figure 14. Power spectrum images on 9 December 2018.



[image: Applsci 12 07958 g014]







[image: Applsci 12 07958 g015 550] 





Figure 15. The cover area of the anomalies before and after Taiwan earthquake. 
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Figure 16. Power spectrum images on 7 July 2019. 
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Figure 17. The cover area of the anomalies before and after Tibet earthquake. 
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Figure 18. Comparison of single-channel method and multi-channel method. 






Figure 18. Comparison of single-channel method and multi-channel method.



[image: Applsci 12 07958 g018]







[image: Applsci 12 07958 g019 550] 





Figure 19. Epicentres of earthquakes following four-channel anomaly. 
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Figure 20. The number of days between anomalies and earthquakes. 
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Figure 21. Molchan diagram of different methods. 
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Table 1. The specific information of each channel.
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	Channel
	Spectral Interval
	Spatial Resolution





	VIS
	0.55–0.75 μm
	1.25 km (5 km)



	IR1
	10.3–11.3 μm
	5 km



	IR2
	11.5–12.5 μm
	5 km



	IR3
	6.3–7.6 μm
	5 km



	IR4
	3.5–4.0 μm
	5 km
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Table 2. Seismic information.
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	Province
	Date
	Magnitude (M)
	Latitude (°N)
	Longitude (°E)
	Depth (km)





	Sichuan
	8 August 2017
	7.0
	33.20
	103.82
	20



	Taiwan
	16 December 2018
	5.2
	23.71
	121.80
	26



	Tibet
	19 July 2019
	5.6
	27.67
	92.89
	10
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Table 3. The spatial–temporal characteristics of anomalies before the Sichuan earthquake.
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Channel

	
Start Time (Days)

	
End Time (Days)

	
Maximum

	
Time of Maximum (Days)

	
Maximum Cover Area (Pixes)

	
Distance (km)






	
IR1

	
−25

	
−18

	
28.9379

	
−19

	
2275

	
244.1042




	
IR2

	
−25

	
−18

	
29.9185

	
−19

	
2569

	
244.1042




	
IR3

	
−24

	
−22

	
27.2232

	
−24

	
765

	
267.2322




	
−20

	
−18

	
26.1566

	
−19

	
1447

	
482.0594




	
IR4

	
−21

	
−18

	
25.7784

	
−19

	
1146

	
567.8146
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Table 4. The spatial–temporal characteristics of anomalies before the Taiwan earthquake.
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	Channel
	Start Time (Days)
	End Time (Days)
	Maximum
	Time of Maximum (Days)
	Maximum Cover Area (Pixes)
	Distance (km)





	IR1
	−8
	−5
	22.1271
	−7
	2068
	134.1929



	IR2
	−8
	−5
	21.1125
	−6
	2202
	134.1929



	IR3
	−10
	−6
	19.0396
	−7
	1587
	1.6510



	IR4
	−8
	−5
	23.6295
	−6
	1625
	240.8767
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Table 5. The spatial–temporal characteristics of anomalies before the Tibet earthquake.
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Channel

	
Start Time (Days)

	
End Time (Days)

	
Maximum

	
Time of Maximum (Days)

	
Maximum Cover Area (Pixels)

	
Distance (km)






	
IR1

	
−10

	
−6

	
25.8302

	
−10

	
2366

	
11.4747




	
IR2

	
−10

	
−6

	
21.7490

	
−7

	
2569

	
11.4747




	
IR3

	
−11

	
−5

	
17.1277

	
−9

	
3147

	
11.4747




	
IR4

	
−30

	
−20

	
36.5649

	
−25

	
7125

	
184.2958




	
−11

	
−5

	
35.2557

	
−9

	
3237

	
11.4747
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Table 6. Statistical result of multi-channel anomalies.
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	Distance Threshold
	200 km
	400 km
	600 km
	800 km
	1000 km





	PPV
	0.4194
	0.4516
	0.4839
	0.5484
	0.6129



	TPR
	0.0531
	0.0670
	0.0754
	0.1061
	0.1117



	Gain
	2.3833
	1.9869
	1.6286
	1.7731
	1.5110
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Table 7. The statistical results in previous studies.
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Authors

	
Data

	
Region

	
Period

	
Magnitude

	
PPV

	
TPR

	
Gain

	
Anomaly Time






	
Ching-Chou Fu et al. [46]

	
OLR 1

	
Taiwan, China

	
2009–2019

	
≥6.0

	
None 5

	
77%

	
None

	
<25 days




	
Ying Zhang et al. [28]

	
ST 2

	
Sichuan, China

	
2002–2018

	
≥5.0

	
25.9%

	
10.8%

	
<1.5

	
<30 days




	
Ying Zhang et al. [31]

	
OLR

	
China

	
2007–2017

	
≥4.0

	
76.1%

	
58.1%

	
1.34

	
<50days




	
Carolina Filizzola et al. [23]

	
TIR 3

	
Turkey

	
2004–2015

	
≥4.0

	
32.9%

	
≈12% 6

	
1.3

	
<30 days




	
≥5.0

	
None

	
≈20%

	
2.2




	
Zhong-Hu Jiao et al. [29]

	
ST

	
Global

	
2010–2018

	
≥5.0

	
7.61%

	
98.4%

	
None

	
<120 days




	
Yingbo Yue et al.

	
BT 4

	
China

	
2016–2020

	
≥5.0

	
41.9%

	
5.3%

	
2.38

	
<30 days








1. OLR means outgoing long-wave radiation; 2. ST means land surface temperature; 3. TIR means thermal infrared radiation; 4. BT means brightness temperature; 5. None means that the parameter was not mentioned in the study; 6. ≈ means the value was estimated according to the point in the images.
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