Reviewer 1:

Point 1: Page 1 Line 25 in abstract — PPV, FDR, TPR and FNR are best added their full

names.

Response 1: The full names of PPV, FDR, TPR and FNR will be added.

Change 1: P1L24-This is the first time that the ability to predict earthquakes has been
evaluated based on the positive predictive value (PPV), false discovery rate (FDR),
true-positive rate (TPR) and false-negative rate (FNR).

Point 2: Line 35-The “TIR” might be repeated with the “outgoing longwave satellite”
Response 2: "outgoing longwave" will be deleted.

Change 2: P2L7-Several studies have detected space-time anomalies in TIR satellite

imagery,

Point 3: Page 3 * Add the names of the main faults in Fig.1. An overall map of China and
Sichuan could also be considered.

Response 3: Because there are abundant faults in the study area, the figure will be in a
mass and be confusing when the names of faults are added. Moreover, the names of

faults are not necessary in our study.

Change 3:



/_ Faults |:| Lake

/— Provincial Boundaries

Point 4: There are three spatial resolutions -250m, 500m, 1000m of the MODIS data,
which one was used in your paper? Line 32- How did you get this conclusion-“But
earthquakes caused by ground subsidence, human factors and so on will not cause
TIR anomalies”?

Response 4: The spatial resolution of our data is 5600m. And the line 32 | have deleted itin
the manuscript.

Change 4: P6L8-The LST data were retrieved at 5,600 m using the generalized
split-window algorithm. In the day/night algorithm, daytime and nighttime LSTs are

retrieved from pairs of day and night MODIS observations in seven TIR bands.

Point 5: Page 6 * Maybe I did not understand the calculation process, but the right sides of
the formula (11) and (12) are the same as the right sides of the formula (5) and (6). What’s
the purpose for repeating the same expression?

Response 5: yes, they are the same. But, they have different meaning. In (5) and (6) the
left of these formulas are the final calculated values used for finding the ALICE. And the
(11) and (12) is an iterative process, the values will be changed with the iterative process,

in other words, the A in formula (11) and (12) are different. But the formula and method



are little bit confusing and hard to understand, so | changed the organization of method.

Change 5: P8L25

A(I', T) = Al (7", t) & AZ (7", t) (9)

EvteT[AV(T,t)'A(T,t)] (1 0)

Vrer (T, £ T) = Dveer A(T,t)

_ YAV (r,0)-A(r,0)— pay (r,0)]?
oZ/(r,T,T) = — ol (11)

Point 6: “In ELEFTHERIOU’s study” should add the reference. Line 29- “one
of 5) and 5)” is “one of 5) and 6)”?

Response 6: the reference will be added. And the 5) and 5) will be corrected to 5) and 6)

. ®,,(r,z,T) -
Change 6: POL18-The RETIRA ~4¥ > 2. In Eleftheriou’s study, the threshold was
set at 4 (Eleftheriou et al., 2016) ;

P10L5-but do not satisfy at least either 5) or 6),

Point 7: Page 9 Line 3- Period A is from 2002.09 to 2007.12, is Period B also from 2002.09 to
2007.12? Line 9- I cannot find the brown rectangle.

Response 7: Period B is 2008.01 to 2018.03, and in Page 9 Line 3, it should be “Period A”
not “Period B”, | will correct it. And in the fig, it is an orange rectangle, | will correct it.
Change 7: P12L3-Further evidence is presented in Table 1, where earthquakes of M > 5.0
that occurred during period A (from 2002.09 to 2007.12) are detailed.

P13L2-The orange rectangle represents the study area (27°N to 37°N,97°E to 107°E).

Point 8: Page 12 Line 31- “Thermal anomalies are more likely to be extracted and TIR
anomalies are more likely to correspond to earthquakes”. Do you have a standard of the
thermal anomaly? Just as the size and the amplitude of the anomaly.

Response 8: the standard identification | have shown in chapter 3.3, these rules are quoted

form “Long-Term RST analysis of anomalous TIR sequences in relation with earthquakes



occurred in Greece in the period 2004-2013”.

Change 8: no changes.

Point 9: There are 61 anomalies with period C, but 60 anomalies without period C because
of the more cloud in period C in study area, however, little difference of clouds in Fig.7 and

Fig.8 can be detected. Should you make the difference more obvious?

Response 9: Sorry for my unclear expression. There is little difference between in the

distribution of clouds, but what | want to show is the relationship between the earthquakes

distribution and clouds distribution. In period C, many earthquakes happened in the

position that always blocked by clouds.

Change 9: no changes.

Point 10: Page 14 * In Fig.9, the percentage of PPV and TPR with magnitude 7.4 is 0, is
there no TIR anomalies for these earthquakes? I have read some papers that there were TIR
anomalies when Wenchuan 8.0 earthquake occurred. * In 4.3 The evaluation of earthquake
prediction ability for RST and 5 Discussion, the description is complicated, can you
simplified them slightly?

Response 10: Yes | have also read some papers that indicate the TIR anomalies before

Wenchuan earthquakes, but may use different data, different method and different

identification rules for TIR anomalies. In this paper, | do not mean that there is no TIR

anomalies before Wenchuan Earthquake, and | cannot give the results that there is or

there is not a TIR anomaly corresponding to some earthquake. This article is only to

evaluate and study whether the results extracted by RST with use of MODIS LST data are

effective.

Change 10: no changes.

Point 11: Page 16 Line 37- “the prediction ability of RST in Sichuan area is limited”. I think
this sentence is too absolute. Many earthquakes occurred in Longmenshan fault in Sichuan

area had been studied by scientists, and got some anomalies before or after



the earthquake. For example, Singh (2010) had found precursory signals using satellite
and ground data associated with the Wenchuan earthquake of 12 May 2008. Zhang
Yuan-sheng (2010) also detected the TBB anomalies before Wenchuan earthquake;
and Zhang Xuan (2013) had analyzed the thermal infrared anomaly before the Lushan
7.0 earthquake. So, maybe the data was not suitable for this region, not simply because
of the cloud. This should be descripted in the paper.

Response 11: The expression in my paper is unclear. | did not negate the validity of
Thermal Infrared for earthquake prediction studies, nor did | negate the validity of this
method. | just want to say things based on the results, the prediction ability of RST method
and MODIS data in Sichuan area is limited, it may be caused by weather, data,
identification of TIR anomalies or others.

Change 11: P23L10-As such, the prediction potential of RST using MODIS LST data in the
Sichuan area is limited. However, it doesn’t indicate that the RST is not effective for
earthquake prediction, on the contrary, many other cases prove that this method is very
effective for extracting TIR anomalies. The low PPV and TPR may be caused by the
limitation of RST, nature of MODIS LST data, special topographic and weather

background of study area, or something else.

Reviewer 2:

Point 1: The paper needs to be rewritten in better English as it is incomprehensible in many
cases, distracting from the authors’ primary contribution. I suggest the authors substantially
revise, through elimination of ancillary matters (reduce the extend of the text and try to
eliminate any repetitions).

Response 1: | have invited a native-speaker to help me polish the English and almost the
whole paper have been modified.

Change 1: English Polishing.



Point 2: Fig.1: The faults cannot be well discriminated. You should change the color or the
width of the symbol.

Response 2: | will make Fig.1 more clearly.
Change 2:

P5 Fig.1

/— Provincial Boundaries

Point 3: Page 3, last line: What do you mean with the word “scope”?

Response 3: “scope” is the “range”, | will modify the expression.

Change 3: P5L6- As shown in Fig.1, the range of the study area is 27°N to 37°N,
97°E to 107°E.

Point 4: first line: The coordinates have been given in the previous page.

Response 4: | will delete the repeated information.

Change 4: P4L20- In this paper, RST is applied to a mountainous area in China.

Point 5: Page 3: You repeat the same information about the study area.

Response 5: | will simplify the information about the study area.

Change 5: P5L4-L15



The southeastern Gansu province and its neighboring regions were selected as the study
area, to assess the correlation between TIR anomalies and earthquakes from September
2002 to March 2018. As shown in Fig.1, the range of the study area is 27°N to 37°N,
97°E to 107°E. The study region is located at the intersection of Gansu, Qinghai, and
Sichuan provinces; it also includes the intersection of the northern section of the
north-south seismic belt and the Kuma seismic belt. Structures in this area are complex
and strong earthquakes are frequent (Yang, Zhang et al., 2002). The area is on the
eastern edge of the Tibetan Plateau, belonging to the upper part of the rhombic block in
the southeast Gansu province. The Xian River fault, the Longmen Shan Fault, and the
Anning River fault intersect here, and the structure is Y-shaped. This type of
geomorphology is widely encountered in plate tectonics, and the Longmen Shan fault in
the north-northeast direction becomes a steep slope in the southeast Sichuan Basin and
an erosion plateau northwest of the study area.

Point 6: Page 4, lines 30-35: I think it would be more helpful to give a distance radius.
Response 6: It is a good advice, however in this paper the latitude and longitude will make
it more easy to understand and memorize.

Change 6: no changes.

Point 7: Page 4, line 42: Please give the year of Eleftheriou et al publication.

Response 7: | will correct it.

Change 7: P6L1- The RST approach is based on multi-temporal analyses of historical
satellite observational datasets acquired under similar observational conditions

(Eleftheriou et al., 2016).



Point 8: Page 6, lines 8-10: “And because the blizzard, forest fire and the large area of clouds
usually cause the abnormal increase or decrease in LST with a magnitude that far bigger
than the change caused by earthquakes.”

Response 8: This sentence is a repeated information, and the meaning of this sentence

has been expressed separately in the preceding paper.

Change 8: This sentence has been deleted.

Point 9: In your methodology section it is not clear whether you use RETIRA index or not.
In the abstract you write: “In this paper, a refined RST data analysis and Robust Estimator
of TIR Anomalies (RETIRA) index were used to extract the TIR anomalies from 2002 to
2018 in Sichuan 20 area with use of Moderate-resolution Imaging Spectro-radiometer
(MODIS) LandSurface Temperature (LST),” but I cannot find any reference to RETIRA

index in the main text.

Response 9: | will add the reference of RETIRA.

Change 9: P9L3-The RETIRA (Robust Estimator of TIR Anomalies, Filizzola, 2004) must

be computed,

Point 10: I think that RST methodology must be re-written in order to become clear where
the already known RST RETIRA methodology stops and how your refinements have been
implemented.

Response 10: Sorry for my inaccurate expression, | have not done a refinement for RST,
and the RST methodology have been rewritten.

Change 10: P6 Chapter3.2

Point 11: Page 6, lines 37-38: The sentence is : : :.strange???

Response 11: | will correct it.

Change 11: P9L3-The RETIRA (Robust Estimator of TIR Anomalies, Filizzola, 2004) must
be computed, and the bigger the absolute value is, the more evident the anomaly is.

By (#,7,T) is the RETIRA of location r at time t, which belongs to the time series T.



Point 12: Eleftheriou et al., 2016 applied the RST RETIRA index and not the ALICE index.
As far as I know, these are two different indexes. In pages 6 and 7 you mention ALICE.

Response 12: | have made a mistake, what | use in this paper is RETIRA and there is no

ALICE, | will correct it.

Change 12: All the ALICE have been replaced by RETIRA

Point 13: Page 7: The conditions need to be refined using better syntax.

Response 13: The conditions have been modified.

Change 13:

POL18

1)

The RETIRA ®ar(":T:1) 5 5 | Eleftheriou’s study, the threshold was set at 4

(Eleftheriou et al., 2016) ; however, from a statistical perspective, when the value
is greater than two times the standard deviation, it already falls within the
abnormal category. In this study, therefore, the threshold is set at 2.

The V(r,t) is not blocked by clouds or affected by other factors.

Spatial persistence: The TIR anomalies cluster together and are not isolated,
being part of a group covering at least 150 km? within an area of 1°x1° (400
pixels in the images).

Temporal persistence: At least one more TIR anomaly appears within 7 days after
the first TIR anomaly.

The TIR anomalies appear 30 days before or 15 days after the eq(r,t)
(Eleftheriou et al., 2016) .

The shortest distance from a given point in the TIR anomalies group to the

epicenter of eq(r, t) is less than R, = 10%43M,



Point 14: Page 7, line 29: Please correct the sentence: one of 5) and 5) mean that there are
TIR anomalies but no corresponding earthquake.

Response 14: The sentence will be corrected.

Change 14: P10L6- but do not satisfy at least either 5) or 6),

Point 15: Page 7, line 30: What do you mean? Please explain.

Response 15: The sentence has been modified.

Change 15: P10L6- There are also cases wherein no TIR anomalies occur.

Point 16: Page 8, first paragraph: Please refine your English or exclude this paragraph. In
my opinion, Fig. 2 is enough. Fig. 3: Its caption needs refinement. I propose to move this fig
and the first two paragraphs of page 10 in the STUDY AREA Section.

Response 16: | will refine this paragraph, and thanks for your advice, but | think it is

necessary to summarize the Fig.2. The caption of Fig.3 will be refined, and thanks for your

advice, but the purpose of the Fig.3 is to show that many earthquakes are gathering in

certain regions, and the Study area section focused on the distribution of faults and the

geologic background.
Change 16:

P10L19- First, the temporal distribution shows that the seismicity from 2002 to 2018

was most active in 2008, and that it increased in frequency and violence from that time.

The bottom of Fig. 2 indicates that there were 3,615 earthquakes in the study area(3.5 <

M<4, 2262, 4<M<5, 1,124; 5<M<6, 198, 6 <M<7, 26; and 7<M<8, 5.

Therefore, the study area is characterized by severe seismic activity. As may be seen

from the upper part of Fig. 2, the average earthquake frequency during period A (from

2002.09 to 2007.12) was around 78. However, the total number of earthquakes in 2008

increased to 981 including the May 12 2008 Ms 8.0 Wenchuan Earthquake, the most



serious earthquake in China in recent years. Although the frequency decreased
substantially after 2008 (the average frequency during this period was 243), it remained
much higher than it had been during period A. The temporal distribution indicates that
seismic activity prior to 2008 had been relatively weak, but in 2008, the seismic activity
was extremely intense and reached its peak. After 2008, seismicity in this area continued
to maintain this intensity.

Fig. 2 The temporal distribution from 2002.09 to 2018.03 of earthquakes with M > 3.5 in
the study area, and the distribution of seismic frequency with earthquake magnitude.

Fig. 3 The spatial distribution of earthquakes in the study area. The orange rectangle
represents the study area (27 Nto37 N,97°E to107°E). Earthquakes beyond the
parameters of the study area are shown because earthquakes close to the study area
may also cause TIR anomalies within the study area.

Point 17: Fig. 4: Please, rewrite the caption of the Figure.

Response 17: The caption will be rewritten.
Change 17:

Fig .4 Two examples of the correlation between TIR anomalies and earthquakes: on the
left is the TIR anomaly recorded on 2006.12.29 that corresponded to two earthquakes,
and on the right is the TIR anomaly recorded on 2010.10.22 that did not correspond to

earthquakes.

Point 18: Page 13, line 12: “ : : :.is far from enough”. I don’t understand. Is it good? Is it
Very good? or the opposite?

Response 18: It is not good, and | will rewrite this sentence.



Change 18:P18L8- With the aim of evaluating the earthquake prediction potential of RST
using MODIS LST data for the Sichuan area, the true-positive rate (TPR) of
correspondence between TIR anomalies and earthquakes with M > 4.0 alone is
insufficient. Therefore, four types of data are incorporated, with four types of ratio

calculated as follows:

Point 19: Section 4.3: (The evaluation of earthquake prediction ability for RST). It is very
complicated. I think that you must make this section more attractive and easy to be read.

Response 19: | will refine this section.

Change 19: Chapter 4.3.

Point 20: Page 19: “Conclusions” and not “Conclusion”.
Response 20: It will be corrected.

Change 20: P26L9- Conclusions

Point 21: And of course one simple question: Many researchers and among them Eleftheriou
et al., use to call “thermal anomaly” the pixels with 4_id’(x,y) > 4. The fact that you
selected a threshold equal to 2 instead of 4, makes the results comparable?

Response 21: The criterion for determining TIR anomalies is relatively subjective, and there
is no universal standard to judge whether there is TIR anomalies. For instance, R; values
have been classified as ‘anomalous’ pixels for different threshold: >2.0, >2.5, >3.0
and >3.5(Tramutoli, Cuomo et al. 2005) ; = 2.0 and > 3.0 (Genzano, Aliano et al. 2007);
> 2.0, =225and > 3.0 (Pergola, Aliano et al. 2010). In ELEFTHERIOU’s study, the
threshold was set to 4, however, from the point of view of mathematical statistics, when
the value is greater than two times the standard deviation, it has already belonged to the

abnormal category, so in this study, the threshold is set to 2.



Genzano, N., C. Aliano, C. Filizzola, N. Pergola and V. J. T. Tramutoli (2007). "A robust
satellite technique for monitoring seismically active areas: The case of Bhuj-Gujarat
earthquake." 431(1): 197-210.

Pergola, N., C. Aliano, I. Coviello and C. Filizzola (2010). "Using RST approach and
EOS-MODIS radiances for monitoring seismically active regions: a study on the 6 April
2009 Abruzzo earthquake." Natural Hazards & Earth System Sciences 10(2): 239-249.
Tramutoli, V., V. Cuomo, C. Filizzola, N. Pergola and C. J. R. S. o. E. Pietrapertosa (2005).
"Assessing the potential of thermal infrared satellite surveys for monitoring seismically
active areas: The case of Kocaell (Izmit) earthquake, August 17, 1999." 96(3): 409-426.

Change 21: No changes.

Reviewer 3:

Sincerely thanks for your suggestions and questions.

I do have learned a lot from your comments.

Main comments 1,2: Whole paper needs to be rewritten in a better English. In particular
some sections, like the paragraph 3.2 (RST methodology) or paragraph S (Discussion), are
not clear and only after various readings the paper can be understood. The major part of
citations should be revised, both in the form (sometime given name is used instead of
surname like at line 6 of page 2) and in content (some wrong citations have been used or
some important citations miss, as for RETIRA index).

Response for main comments 1,2: The major part of citations should be revised, both in the
form (sometime given name is used instead of surname like at line 6 of page 2) and in
content (some wrong citations have been used or some important citations miss, as for
RETIRA index).

I will rewrite my paper in English and invite a native speaker to help me polish it. And | will



check my paper and revise the citations.

Changes for main comments 1,2: | have asked a professional English editing service to

polish our manuscript. The citations have been revised .

Main comments 3: To identify thermal anomalies possibly related to impending earthquakes,
you used LST (Land Surface Temperature) products retrieved by the radiance collected by
MODIS sensor on board of the polar satellites EOS/AQUA and EOS/TERRA.

Taking in mind that Authors who proposed the RST approach shown the advantages offered
by the use of sensors onboard of geostationary platforms instead of sensor onboard of polar
satellite packages (see the paper Filizzola, C., N. Pergola, C. Pietrapertosa, and V. Tramutoli
(2004), Robust satellite techniques for seismically active areas monitoring: a sensitivity
analysis on September 7, 1999 Athens’s earthquake, Phys. Chem. Earth, 29(4-9), 517-527,
doi:10.1016/j.pce.2003.11.019), since 2004 the major part of RST applications to thermal
monitoring of seismogenic areas have been carried out using TIR satellite records acquired
by sensors onboard of geostationary satellites (as also you have reported in the your paper).
Now, my question is why you prefer to use EOS/MODIS data instead that TIR records
collected by sensor on geostationary platforms (e.g. the Japanese MTSAT satellite)?
Moreover, LST (Land Surface Temperature) products have been take in account. LST
products are very useful to reduce variability of atmospheric water vapor, but in the
computation of LST several approximations are necessary (e.g. emissivity, total water
vapour content, ecc.), which should produce errors (also of 4-5 K degree) in the satellite LST
estimations. Taking in mind, that thermal anomalies possibly related to seismic activity are
of low intensity, wrong LST estimation could mask and/or generate false anomalies. Have
you an idea of the impact of this errors on the your analysis?

Response for main comments 3: Firstly, we can compare the MODIS with other kinds of

thermal infrared satellite receiving instruments (GMS-5 and AVHRR), in the following table

some characteristics have been shown.

Table 1 The characteristics of three kinds of satellite thermal infrared data receiving

instruments.
Parameter GMS-5 AVHRR MODIS
Spatial resolution/km 5 1 1

Bit 8 10 12



Bands 4 5 36

Thermal Infrared Bands 2 3 6

Band Width 100 20

Scan method Line-scanning Line-scanning CCD-scanning
SNR 9~20 >=500

From the table, it can be concluded that MODIS outperforms other sensors in terms of

spatial resolution, data accuracy and Thermal infrared bands. Moreover, it can provide

global daily nighttime data which is also suitable for TIR anomalies extraction.

Secondly, some researchers have published papers about the TIR anomalies before

earthquakes with use of MODIS LST data or other LST data. D. Ouzounov found

evidence for a thermal anomaly LST pattern that is apparently related to pre-seismic

activity with use of MODIS LST data(Ouzounov and Freund 2004). And that is a strong

evidence to prove that the MODIS LST is also can be used for TIR anomalies study.

Moreover, other researchers have also conducted the studies with t MODIS LST

data(Choudhury 2005, Panda, Choudhury et al. 2007, Pergola, Aliano et al. 2010). So, |

think that MODIS LST data is also suitable for this study.

In this paper, the structure is intact, and to compare different data extraction TIR

anomalies is not the purpose, which can be conducted in the coming research.

Main comments 4: Earthquake catalogue (China Seismic Information; http://www.csi.ac.cn/)
used to verify possible correlation with TIR anomalies is inaccessible. Please provide a
correct URL. Anyway, consulting a different seismic catalogue, i.e. UGSG catalogue
(https://earthquake.usgs.gov/earthquakes/search/), using a similar criteria (M>3.5; Depth >0;
region from 25°N to 40°N and from 95°E to 110°E; time since August 1, 2002 up to April 15,
2018) I found 2369 earthquakes, respect to 3615 seismic events reported in the your paper. A
comparable numbers of seismic events, i.e. 3828, is obtained when the USGS catalogue is



consulted starting by 1965. Have you use seismic data from 2002 or from 1965? In the first
case (i.e. 2002) how you explain this difference (2369 vs 3615)? In the second case (i.e. 1965),
because MODIS data are available since 2002, how is possible found some relations among
TIR anomalies and earthquakes (before 2002)? In this last case, please provide a correct

analysis.

Response for main comments 4: hitp://www.csi.ac.cn is the Chinese Official website to

publish the Earthquake information. And | am sorry for that | cannot get on this website

either and | do not know why. And | refer to another website China Earthquake Datacenter

(http://data.earthquake.cn), and the earthquake catalog is the same as before. | can

attach my seismic catalog in the attachment. The catalog obtained from USGS is different

from China, especially for the earthquakes with M<5.0. This is because the nearer to the

epicenter, the more abundant and accurate information the stations can get, so the

earthquake catalog provided by Chinese officials is more suitable for this study than

USGS.

Main comments 5: About the performed correlation analysis among the appearances of TIR
anomalies and earthquake occurrences, you should be in mind that working in the optical
band, a wide presence of meteorological clouds, as well as the lack of satellite data, do not
allow to give continuity to the observations, which is necessary to identify possible TIR
anomalies or to fully appreciate a possible space—time persistence of previously occurred
TIR anomalies, producing in this way a possible overestimation of missed events. Please,
consider this suggestion and provide a more convincing analysis. As consequence also your
conclusions should be reconsidered.

Response for main comments 5: A wide presence of meteorological clouds, lack of satellite

data surely will influence the TPR or FNR. However, | think we should not to remove the

earthquakes influenced by clouds or lack of data. | think this analysis is a simulated

forecast, the prediction ability is to evaluate how many earthquakes can or cannot be

predicted with this method and data. Surely, earthquakes are unable to be predicted when


http://www.csi.ac.cn/
http://data.earthquake.cn/

there is large wide of clouds, but in other words, this is also a great limitation and defect of

the RST method or Thermal Infrared data, and how to solve these problems is the key to

enhance the ability of earthquake prediction. Some earthquakes cannot be predicted by

this method is the truth, we should not to avoid or remove them, on the contrary, the

earthquakes correspond to no TIR anomalies should be counted in missed rate. But the

high missing rate does not mean that the RST or MODIS data are not valid for earthquake

prediction study, it reflects some limitations of this method and data in other aspects.

Point 1: Page 1 - Lines 18-19; In the abstract, you announced that a refined RST data
analysis and Robust Estimator of TIR Anomalies (RETIRA) index were used, but in the text
I have not read any new improvements to the RST methodology, if not those reported in
Eleftheriou et al. (2016). Otherwise please explain better the refinements made to the RST
technique. Moreover, add the reference of RETIRA index.

Response 1: sorry for that, there is no refinement for the RST, but the statistical method, |

add PPV, FDR and FNR to evaluate the earthquakes prediction ability. And | will add

reference.
Change 1:

PIL3-The RETIRA (Robust Estimator of TIR Anomalies, Filizzola, 2004) must be

computed

Point 2: P1 - L25; Please provide the complete name of PPV, FDR, TPR and FNR.
Response 2: | will add the full name of PPV, FDR, TPR and FNR.
Change 2: P1L24- This is the first time that the ability to predict earthquakes has been

evaluated based on the positive predictive value (PPV), false discovery rate (FDR),

true-positive rate (TPR) and false-negative rate (FNR).

Point 3: P1 - L26; The sentence "the prediction ability of RST in Sichuan area is limited" is



too strong!

Response 3: | will change the sentence. “The prediction ability of RST with use of MODIS

in Sichuan area is limited.”

Change 3: P1L26- The statistical results indicate that the prediction potential of RST with

use of MODIS is limited with regard to the Sichuan region.

Point 4: P4 - L34-36; I not understand the sense of this sentence ""Moreover, Tronin
indicated that the anomaly was sensitive to crustal 1000kmearthquakes with a magnitude
more than 4.7 and for distance of up to 1000km" in this position.

Response 4: That is the reason why | choose earthquakes with M>=3.5, because those
earthquakes have covered the earthquakes with M>=4.7.

Change 4: No changes.

Point 5: PS - L14-24; Cloudy pixel, as well as pixels declared as edge clouds, should be
exclude before the computation of AV(r,t) otherwise effects due to cloudiness are not
removed and false TIR anomalies could be generate.

Response 5: yes, | have eliminated the cloudy pixels and the edge clouds. And this have

also been presented in this paper.

Change 5: No changes.

Point 6: PS5 - L.25-31; How you identify the extreme weather events (e.g. blizzard)?

Response 6: two ways. 1. The ko-clipping processing can eliminate some influence of

extreme weather. 2. By using satellite cloud map, wind direction map and meteorological

knowledge, the meteorological data in this area are analyzed. For example, there is wide

blizzard in this area from Jan. 2008 to Mar. 2008. And these works have been completed

in the pre-processing and construction of background field, so this is a repeated

information, | will delete it.

Change 6: This sentence has been deleted.



Point 7: P6 - 1L9-13; The reference Saraf et al. (2009) is correct? I not found no mention

about effects of cloudy pixels on AV in this publication.

Response 7: Accepted, | have given the wrong reference, | will correct it.

Change 7: P7L28- As demonstrated by Aliano et al. and Genzano et al., the spatial

distribution of clouds over a thermal heterogeneous scene can significantly change the

value of AV in the cloud-free pixels(Aliano et al., 2008; Genzano et al., 2009).

Point 8: P6 - L13-20; Cold spatial average effect as reported in Aliano et al. (2009), Genzano
et al. (2010) and Eleftheriou et al. (2016) could affect the whole TIR scene. Rightly you have
take in account this effect, but in opposite way of Genzano at al. (2015) or Eleftheriou et al.
(2016) you work at pixel level instead of whole scene level. In this way, the above mentioned
effect could be not removed in the computation of reference fields.

Response 8: Maybe | have expressed it right, in this paper, when the cloudy fraction of the

land portion of the scene is >80%, all the pixels in this scene will be removed from the

calculation of background field.

Change 8: No changes.

Point 9: P6 - L32-35; The sentence "This process should be paid more attention, because in
the past papers, this process is always ignored." is wrong. In all applications of RST
approach, ko-clipping method (always applied) guarantee to remove outlier (i.e. extreme
events) from the computation of reference fields. Please, consider to rewrite better the
sentence.

Response 9: | will delete this sentence.

Change 9: This sentence has been deleted.

Point 10: P6-P7 (Change detection step); Although you have announced the computation of
ALICE index, the index reported in the equation 13 should be the RETIRA index (correct
equation can be found in Filizzola et al. 2004; Tramutoli et al. 2005). Please, correct it.

Response 10: | have made a mistake, | used the RETIRA in this paper not the ALICE.

Change 10: All the ALICE have been replaced by RETIRA.



Point 11: P7 L.9-23; The criteria used to identify TIR anomalies are the same introduced for
the first time in Genzano et al. (2015) and in Eleftheriou et al. (2016) in order to indentify
Significant Sequences of TIR Anomalies (SSTAs). Please consider to call it in similar way,
mentioning these two publications. Moreover, starting from a mathematical point of view
you have consider to set a threshold K equal 2, if you have a normal distribution (Gaussian)
a 2 times the standard deviation could be sufficient to identify anomalies. In addition,
RETIRA index (as well as ALICE index) give the possibility to evaluate in term of
SIgnal-Noise ratio (S/N) the intensity of anomalies (see Tramutoli at al. 2001 or Tramutoli et
al. 2005 for more details). Please, take in mind this suggestions when choose threshold k.

Response 11: Thanks for your advice, however, | think the expressions in my paper are

also OK, and they are also clear - TIR anomalies, TIR anomalies correspond to no

earthquakes.

Change 11: No changes.

Point 12: P9 L3; Period B is the same of period A (i.e. from2002.09 and 2007.12)?

Response 12: Period B is from 2008.01 to 2018.03, | will correct it.
Change 12:

P12L2-Further evidence is presented in Table 1, where earthquakes of M = 5.0 that

occurred during period A (from 2002.09 to 2007.12) are detailed. There were 229

earthquakes of M > 5.0, while the total number during period A was 24, which accounted

for 10.48% overall; the duration of period A accounted for 33.87% of the total timeframe

(i.e., period A + period B). Moreover, there were no earthquakes of M > 6.5 during period

A, but there were 14 earthquakes of M > 6.5 during period B (from 2008.01 to 2018.03).

All of this evidence indicates that seismic activity during period B was significantly more

violent and frequent.

Point 13: P10 Fig.4; Figure shown are not a good example of TIR anomalies possibly
associated to earthquakes. In the example on the right part (TIR map of 2010/10/22)
earthquakes seems not satisfy the rules announced in chapter 3.3. Moreover, to show the
whole sequence of TIR anomalies, not only one day with TIR anomalies, could help the
reader to better understand the concept of Significant Sequence of TIR Anomalies.



Response 13: | am sorry that | have made a mistake, right of the Fig.4 is the instance that

TIR anomaly do not correspond to earthquakes.

Change 13:

2006-12-29 2010-10-22

= <
% %

110°E 95°E 100°E 105°E M0°E

The boundary

of study area D Gisiids Detailed Information for Earthquakes:
Fsiili 1.M(5.0) +33 2.M(4.3) +13
_ aults
:l ®,,(r,7,T)>2. 3.M(4.4) -12 4.M(4.7) -1 5.M(4.9) +24
[} Earthquakes

Fig .4 Two examples of the correlation between TIR anomalies and earthquakes: on the

left is the TIR anomaly recorded on 2006.12.29 that corresponded to two earthquakes,

and on the right is the TIR anomaly recorded on 2010.10.22 that did not correspond to

earthquakes.

Point 14: P11 Fig.5; As reported in the caption "The cells in the blue rectangle mean that
this day is affected by a large area of clouds, ...", now, some days with TIR anomalies
belonging to several sequences of TIR anomalies (i.e. 2, 10, 27, 32, 35, 36, 37, 45, 50, 58, 59)
are affected by a wide cloudy coverage, all this lets thinks that TIR anomalies due to
meteorological effects are not removed from the analysis (as suggested in Eleftheriou et al.,
2016).

Response 14: Thanks for your advice, yes | have made a mistake, and | have corrected all

the related results, figs and analysis.
Change 14:

Fig.5, Fig.6, Table2, Fig.9, Table3, Table4, Fig.10 and Fig.11 have been redone. And all

the related contents in text have been corrected.



Point 15: P12 L21-33. Rightly, you are reported that cloudy coverage could prevent to
observe with continuity the presence of TIR anomalies, this is a intrinsically limitation of
satellite technologies which work in the optical band, and not of RST methodology. Please
revise your sentences.

Response 15: As what | have mentioned at the beginning of the reply, | will revise the

sentence.
Change 15:

P23L10-As such, the prediction potential of RST using MODIS LST data in the Sichuan

area is limited. However, it doesn’t indicate that the RST is not effective for earthquake

prediction, on the contrary, many other cases prove that this method is very effective for

extracting TIR anomalies. The low PPV and TPR may be caused by the limitation of RST,

nature of MODIS LST data, special topographic and weather background of study area, or

something else.

Point 16: P13-16 Paragraph 4.3 (The evaluation of earthquake prediction ability for RST);
The performed analysis not have any sense if carried out in this way. Mainly, the analysis on
the rate of earthquakes which correspond (""TPR") or not ("FNR") to TIR anomalies it is
very complicated to perform, because gaps in observations, due to the lack of satellite data
or to a wide presence of meteorological clouds make impossible to give a continuity to the
observations, which is necessary to identify possible TIR anomalies or to fully appreciate a
possible space—time persistence of previously occurred TIR anomalies, as consequences the
relation one to one (earthquake-TIR anomalies) that you are looking is corrupted by this
limitation. Anyway, before to comment the results of a some kind of sensitivity analysis this
circumstance should be announced.

Response 16: As what | have explained at the beginning of the reply, this is simulated

earthquake prediction, the limited prediction ability may be caused by lack of data, clouds

cover, method itself, the characteristics of the data, the limitation of RST or other things.

No matter what is reason that makes some certain earthquakes cannot be predicted,

some of earthquakes haven’t been correlated with TIR anomalies is the truth, so they

have to be counted in the missing rate. Our paper is not to study why these earthquakes



are not corresponding to TIR anomalies, but just evaluate the prediction ability.

Another thing | want to explain that, in this study, earthquakes and TIR anomalies are

not one-to-one but many-to-many.

Choudhury, S. J. L. J. 0. R. S. (2005). "Cover: Satellite detects surface thermal anomalies associated
with the Algerian earthquakes of May 2003." 26(13): 2705-2713.

Ouzounov, D. and F. Freund (2004). "Mid-infrared emission prior to strong earthquakes analyzed by
remote sensing data." Advances in Space Research 33(3): 268-273.

Panda, S. K., S. Choudhury, A. K. Saraf and J. D. J. I. J. 0. R. S. Das (2007). "MODIS land surface
temperature data detects thermal anomaly preceding 8 October 2005 Kashmir earthquake." 28(20):
4587-4596.

Pergola, N., C. Aliano, I. Coviello and C. Filizzola (2010). "Using RST approach and EOS-MODIS

radiances for monitoring seismically active regions: a study on the 6 April 2009 Abruzzo earthquake."

Natural Hazards & Earth System Sciences 10(2): 239-249.
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Abstract: Fhereis-atong-history-for-researehResearch in the field of earthquake prediction has a
long history, but weaknessthe inadequacies of traditiona approaches to the study of seismic

hazardthreats have been-mere-and-merebecome increasingly evident. Remote sensing and earth

observation technology, which-is-a-newan emerging method that can instantly-acquire-atarge-area

rapidly capture information concerning

anomalies associated with seismic activity across a wide geographic area, has for some time been

believed to be the key to the breakthrough-efovercoming the bottleneck in the study-of-earthquake
prediction—A—_studies. However, a multi-parametric approach-seems;-nstead;method appears to

be the most promising approach in-erder-te-increasefor increasing the reliability and precision of
short-term seismic hazard ferecasiforecasting, and TFhermal—tnfraredthermal infrared (TIR)

anemaly—is—an—anomalies are important part—of the—earthquake precursors. Theugh—many
scientistsWhile severa studies have studiedinvestigated the correlation among TIR anomalies

identified by the Robust-Sateltite-Fechniquesrobust satellite techniques (RST) methodology and
single earthquake,—there—isearthquakes, few studyto—extract-thestudies have extracted TIR

anomalies inover a long period andwithin a large study area. Moreover, a-statistical analysis-of

analyses are required to determine whether

there-is-the-existence-of- TIR anomalies before-earthquakeare precursors to earthquakes. In this

paper,-a-refined RST data analysis and the Robust Estimator of TIR Anomalies (RETIRA) index

were used to extract the TIR anomalies from 2002 to 2018 in the Sichuan area-with-use-ofregion

using Moderate-resolution_Resolution Imaging Spectro-radiometerSpectroradiometer (MODIS)
1
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Land-SurfaceTFemperatureland surface temperature (LST),—and-) data, while the earthquake

catalog were—alsowas used to studyascertain the correlation between TIR anomalies and

earthquake occurrences—of —earthquake.. Most of —the—thermal—infraredTIR  anomalies

correspondcorresponded to earthquakes, and statistical methods arewere used to prove that there-is
a-verify the correlation between the extracted thermal-infraredTIR anomalies and earthquakes.

And-thisThis is the first time to-evaluate-earthquakes-predictionthat the ability with-use-of-to

predict earthquakes has been evaluated based on the positive predictive value (PPV-), fase

discovery rate (FDR;-), true-positive rate (TPR) and false-negative rate (FNR;-the). The statistical

result-shewsresults indicate that the prediction abilitypotential of RST with use of MODIS inis

limited with regard to the Sichuan areadsHmitedregion. ,

Key Words: Therma tnfrared-Anemalies—tand-SurfaceFemperatureinfrared anomalies, land
surface temperature, MODI S, Earthquakeearthquake

1. Introduction
There-are-numerous-observations-of Changes in the surface temperature changes-of the earth’s™

crust prior to Earth’s-—erust-the occurrence of earthquakes have been attested to by numerous

observations (Tronin,—Hayakawa et a., 2002). Newadays—Therma Infrared—Remeote

Sensinginfrared (TIR) remote sensing has taken-to-berecently emerged as a new-methedpromising

technique for detecting seismic precursors-detecting. Anomalous thermal-infrared-TIR emissions

have been widely-detected by satellite sensors befereprior to the occurrence of major earthquakes

(Piroddi;-Ranieri et d., 2014). Several studies discoveredhave detected space-time anomalies in
TIR and-eutgeing-tongwave-radiation (OLR)-satellite imagery, ranging from weeks to days; both
before and after earthquakes (Wang, 1984;; Gorny,-Salman et a., 1988;; Qiang,Xu et a., 1991;;
Tronin, 1996;; Tramutoli;Bello et a., 2001;; Ouzounov and Freund, 2004;; Tramutoli-Cerrade et
a., 2015). tdentificationThe investigation of thermal-infrared(TIR)-_signals as seismic precursors

as-pre-seismic-signal-has gained suppert-ever-world,-especialhytraction worldwide, particularly in
Russia, China, India, the United States, and Italy, andwhile Saraf et a. observed suechsimilar

short-term anomalies areundin the epicentral region-ferregions of earthquakes in India, Algeria,

Iran, China, Pakistan and Indonesia through—using National Oceanic and Atmospheric
2
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Administration ~ Advanced ~ Very High Resolution Radiometer (NOAA-AVHRR;),

TerralAqua-Moderate Resolution Imaging Spectroradiometer (MODIS) and passive microwave

Defense Meteorological Satellite Program Specia Sensor Microwave/lmager (DM SP-SSM/I)

satellite data-and-calt-them, applying the term “transient TIR anemaliesanomalies’ (Saraf, Rawat et
al., 2009).

There isare few data-analysisanalytica techniques that can isolate residual TIR variations;
potentialy associated with earthquake occurrence, from the TIR signals of normal variability of
THR-sighal-dueattributable to other causes (Tramutoli;—Cueme et a., 2005).-But,—more-than

However, in over 10 years (since 2001) of application-ofapplying the general Rebust-Satellite

TFechniquesrobust satellite techniques (RST) (Tramutoli, 1998;; Vaerio, 2005;; Tramutoli, 2007)

methodology to the investigation of this issue, have shown-the abilitypotential of this approach te

diseriminatefor discriminating anomalous TIR signals pessiblypotentially associated with seismic
activity from normal fluctuations efin Earth’s thermal emissionemissions related to other causes

(e.g., meteorologica}), independent of the-earthguake—oecedrrencesseismic activity, has been
verified (Eleftheriou,—Filizzola et a., 2016). RST is based on the Robust AVHRR

the-use-efusing NOAA/AVHRR observations (Tramutoli, 1998). And-sirce-thenSince that time,

most of-the-anheunced RAT-reported applications of RAT have demonstrated theirthe technique’s
reliability as-wel-their-and exportability enfor different satellite sensors and geographic areas,
soand RAT has evolved into RST_(Tramutoli, 2007). RST eentainscomprises two main steps. the
first RST-requirement-is the-characterization of behavior inunder normal conditions; and the
second step-is the-establishment of the change -detection criteria whichthat should be specified for

each eonsideredclass of phenomenon elassconsidered, and ehesenfor the selected technology as

wet-asferand the time and place of the observation (Tramutoli, 2007),

With-use-of Severd studies have used RST;-many-researchers-have-extracted-THR-anomalies
inthe . i fer 10 inf .
in-different-earthquakes,extract and have-anayzedanalyze the space-time distribution of TIR

anomalies. _(henceforth, all TIR anomalies mentioned were extracted using RST) relating to

different earthquakes. Using MODIS land surface temperature (LST) data, Pergola et al. studied

the 6 April 2009 Abruzzo earthquake and found that spatially extended and time--persistent TIR
3
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anomalies (with-Robust Estimator of TIR Anomalies [RETIRA>] > 3) appearin-occurred with

some degree of space-time correlation with earthquakes of different-magnitudevarious magnitudes
that had occurred in Italy induring the eonsidered-period under consideration (15 March--15

April)), and sinee-sevenfrom 7 days befereprior to the Abruzze-main shock in Abruzzo (Pergola;
Aliane et d., 2010),-while-Mebrouk. Meanwhile, Bellaoui et al. studied the 21 May 2003

Boumerdes earthquake and detected a thermal-TIR anomaly persistingthat had persisted for al
week during the menth-preceding the-earthguakemonth (Bellaoui;—Hassint et al., 2017).-Many

researchers- Severd studies have also used data offrom other satellites;: Aliano et al. —used 8

yearsyears’ worth of Meteosat TIR observations to analyze the 21 May 2003 Boumerdes/Thenia
(Algeria) earthquake and found that the area of interest was affected by significant positive

thermal anomalies (S/N> > 2.5-—3) abeut-enearound 1 month before the main shock_(Aliano;

Corrade et d., 2007), and-M-while Lis et a. studied the 6 April 2009 Abruzzo earthquake with-the

use—of-using NOAA/AVHRR TIR observations and THR—anemalies—were-identified inTIR

anomalies that had some degree of spacetime correlaion with the Abruzzo

earthguakeearthquake’s epicenter between 30 March and 1 April_(Lisi;Fitizzela et al., 2010).
Genzano et al. havea so studied the 2009 Abruzzo with-use-efevent using different satellite data (5

years of Meteosat Second Generation/Spinning Enhanced Visible and Infrared Instrument

[MSG/SEVIRI;-15years] observations, 15 years of NOAA/AVHRR observations, and 8 years of

Earth Observation System [EOS/]/MODIS);-t observations), but no similar results have been

observed in—coenfutation(Genzano,—Cerrade et al., 2010). Besidesln addition to analyzing the

analysisfor- TIR anomalies infor a single earthquake, Tramutoli et; al.-have studied the causes of
TIR anomalies—they—performed: a test over an area affected by variable gas emissions, to
studydetermine the correlation between TIR anomalies and seismicity, and-found that the-genera
gas dispersion models and the-gpatial features follow-lend support to the hypothesis of a striet
relationrobust relationship between greenhouse gas releasesemissions and TIR anomalies related
to seismic activity(Tramutoli, Aliano et a., 2013).

Nowadays,—someSeveral researchers have done—aconducted long-term statistica
analysisanalyses to determine the ecorrespondencecorrelation between TIR anomalies and
earthquakes. Genzano et al. used data-of GMS-5/VISSR TIR measurements to studyinvestigate

earthquakes with M>_> 4 that occurred in a wide area areundsurrounding Taiwan, iaduring the
4
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month of September from 1995 to 2002;-and; the false--posditive rate (FPR) remained at zero when
the-earthquakes with M> > 4 or M>4.5 were considered, and the false-pesitive rateFPR remained
tessthanunder 6% when thea threshold of M > 5 iswas applied (Genzano, Filizzola et al., 2015).

Tramutoli et d. studied the earthquakes with M> > 4.0 in Halythe southern Apenninesin Italy’s Po

plain from July 2012 to June 2013 and the testi

they-found that the false-positive rateFPR was lesser| ess than 33%%, while the missing rate is-up
towas as high as 67%% (Tramutoli, Corrado et d., 2015). Eleftheriou et d. studied the

earthquakes that occurred in Greece in-periodbetween 2004- and 2013 with-use-ofusing TIR

images acquired bywith MSG/SEVIRI, and found that more than 93% of al identified TIR
anomalies occurred in the prefixed space-time window around the time and location of eecurrence

of-earthquakes (with M>_ > 4)-and-the, with an overall false-pestiverate-is<FPR < 7%%
(Eleftheriou, Filizzola et a., 2016). It seems that RST is an effect-method-to-extracteffective

means of extracting TIR anomalies before that occur as precursors to earthquakes, but thereis-no

such study ferhas hitherto been conducted on the Chinese mainland-ef-China.

However,—some—researchersSeveral  studies, however, have provedproven that some

singleindividual earthquake results are unreliable. Some so-caled TIR anomalies are caused by
weathermeteorological anomalieswhieh that are netrelatedunrel ated to earthquakes. An-instance
is-thatFor example, Matthew et a. studied the Gujarat (India) earthquake of 2001, and he-found
that the-previous studystudies, which_had indicated there-was-the presence of TIR anomalies
beforeprior to the earthquake, was-net-reliable.were unreliable. They concluded that there was no
robust evidence for the existence of LST anomalies prior to the 2001 Gujarat earthquake, and that
cloud eeveringcover was enea possible cause forof the anomalies (Blackett, \Wooster et al., 2011).
Se;-aAs such, rigorous rulestatistical analyses of thermal-TIR anomaly-judgement-andanomalies
over long period-statistical-analysisperiods are necessary.

In this paper, RST will-beis applied for-theto a mountainous area in China—{(27-H—
372N 97° b — 107" k) to-Study-a-meuntainous-area-of- China—Fhelong). Long-term analysis (from
SepSept. 2002 to Mar. 2018) witl-conformis used to verify the eorrespondencecorrel ation between

TIR anomalies and earthquakes. Based on the datistical results, the earthquake prediction

abititypotential of RST will be evauated-a-this-paper.
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Fig.1 The distribution of faults in East-Southern Gansu province and its neighberneighboring™ ™

regions.

East-southernThe southeastern Gansu province and its neighberneighboring regions arewere

selected toas the study area, to assess the correlation efbetween TIR anomalies and earthquakes

from Sep.September 2002 to Mar-March 2018. As-it-is shown in Fig.1, the scope-range of the
study area is 27°W& 37°N, 97°kt 107k . The sudy region is located at the
junetionintersection of Gansu, Qinghai, and Sichuan;_provinces; it is-aso includes the intersection
of the Nerthnorthern section of Nerth-Seuththe north-south seismic belt and the Kuma seismic
belt,-moreover,-struetures. Structures in this area are complex and strong earthquakes are frequent
(Yang, Zhang et d., 2002). The areais on the eastern edge of Fibetthe Tibetan Plateau, belonging
to the upper part of the rhombic block in the eastern-southernsoutheast Gansu province. The Xian
River fault, the Longmen Shan Fault, and the Anning River fault are-connectedintersect here, and
the shape-of-the-structure is like-a—Y¥"Y-shaped. This kindtype of geomorphology eontains

abundantis widely encountered in plate tectonics, and the Longmen Shan fault in the

north-northeast direction ef NNE-becomes thea steep dope ofin the Seutheastsoutheast Sichuan

Basin and thean erosion plateau-in-the northwest of the study area.

3. Dataand method <3
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3.1 Dataintroduction

MODIS data isare used to calculate the TIR anomalies, and the earthquake information® ™ ~ "{F“ma“ed’ Line spacing: 1.5 lines

gotused for statistical  analysis was provided by (China Earthquake Datacenter
(http://data.earthquake.cn)
: - o i thi "

The MODIS instrument is eperatingused on both the Terra and Aqua Spacecraftsspacecrafts.
It has a viewing-swath width of 23302,330 km and views the Earth’s entire surface of-the-Earth
every onel to twe2 days. Its detectors measure 36 spectral bands between 0.405 and 14.385 pm,

and it aeguirescan acquire data at three spatial resolutions—250m;-500m,-1000m: 250, 500, and

1,000 m. In this study, nighttime MODIS Land-Surface FemperaturelL ST daily data (MYD11C1)

isare used for-the-extraction-ofto extract TIR anomalies. Because LSTsLST data are susceptible to
solar radiation during the daytime, the-nighttime data isare selected for use. The LSTsLST data
fswere retrieved at 5600m—by5,600 m using the generalized split-window algorithm. In the
day/night agorithm, daytime and nighttime LSTs are retrieved from pairs of day and night
MODIS observations in seven TIR bands. Moreover, the daily nighttime Cleud-Maskcloud mask
data (MYD35L2) isare used for-excludingto exclude the LST data covered by the cloud. The

resolutionresolutions of Cleud-Maskthe cloud mask data is-250mare 250 and 1000m1,000 m, so

the resolution have tomust be downscaled to correspond with the LST data.

Earthquakes caused by block movement and crust compression is-a-kindrepresent an extreme type

of severe-geological movement;; earthquakes are the-instantaneous bursts of accumulated energy,

and they may lead-te-targe-arearesult in the presence of TIR anomalies—Fhe-earthguake-happens

out-of across a large area. Earthquake occurrences within the study area will aso cause the TIR

anomalies near-thecl ose to its boundariesin-study-area;-so; therefore, for the previous-analysis - the
earthquakes happened-that occurred within the area25°N & 40°N, 95°E & 110°& will aso be

wsedanalyzed to studyexamine the TIR anomdies #aat 27°N & 37°N, 97°kt& 107°k .

ButHowever, earthquakes caused-byattributed to ground subsidence-human_and anthropogenic
factors and-so-en-witlare not eause associated with TIR anomalies, se-theand therefore earthquakes

withwhere depth=_= 0 sheuld-beare excluded-—Meoreover, from analysis. Tronin indicatedet al.
8

J
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observed that the-anemaly-wasanomalies were sensitive to crustal earthquakes with a magnitude of

more than 4.7 and ferover a distance of up to 2000km1,000 km (Tronin,-Hayakawa et al., 2002).

SoTherefore, we select-the-earthquake-withselected earthquakes of M > 3.5 and depth > 0

happened-inthat occurred within the areaof 25°W & 40°N, 95°K £ 110’k for studyanalysis, and

after screening, theatotal number-of 3,615 earthquakes satisfied these conditionsis-3615.

3.2 RST Methodology «— — — 7| Formatted: Indent: Left: 0cm,

The RST approach is based on a-multi-tempora analysisanalyses of historical data-set-of*

satellite observationsobservational datasets acquired Hunder similar observational conditions

(Eleftheriou,Fitizzela et d., 2016). BecauseSince the surface environment is relatively constant,
the-location-of-high-- and low-temperature and-tow-temperature-is-locations are also relaively
steady—Along-with-the-change-ofconsistent. Over time, the infrared brightness temperature will
change, but-it-changes-in-dow-speedabeit very gradualy and in small scaleincrements with

obvious seasonal characteristics. Put-aside-nflueneeAside from the influences of meteorologica

factors and earthquake thermal—infrared—anemalyTIR anomalies, the brightness temperature

Hwithin the same area and during the same time period of-the-year-has-strongexhibits robust

stability and regularity. SeTherefore, the basic theory—efprinciple that guides RST is that the

background field is constructed to extract the thermal anomalies, and the mean and variance of the
tand-—surface—temperatureLST are used to measureevaluate the degree of thermal—infrared
anemaliesTIR anomaly.
This method consists of three main steps, itis-as follows:
® Pre-processing
RST is used to construct a reference, which is regardedconsidered to be atin a normal state
under no influence from other factors, and to measure and extract the anomalies at the
corresponding time. ¥(r, t) isare LST datain location r at time t. SeTherefore, the first step isto
eliminate the data affected by clouds, and to remove outliers.
» To diminate the influenceeffect of day—-to—-day climatological changes or
seasonseasonal time drifts, a-pre-processing wit-be-conducted-foris applied to the daily
LST data:

AV, ) =V(@r,H)-VEH) (1)
9
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Where AV(r, 1) is the difference between the value of LST value-acquired at time t in -~ {F”ma“ed’ Font: Italic

location r and its spatial average, V(¢), computed enin the investigated area considerin
only those pixels belonging to the same class,-while; in this study area, al the-pixels belong
to the land class.

» To-buildThe cloud- mask with-use-of Cloud-Maskis constructed using cloud mask data

(MY D35L2).-tr-erder-te-be-sure To ensure that only cloud-free radiances contribute to
the computation of the reference fields; (RFs), not only those pixels but also the 24

onespixels in athe surrounding 5x-5-bex—areund-it{very-often-x 5 area (frequently
belonging to cloud edges) havebeenare excluded byfrom the following RFs

computations ef reference fields(El eftheriou,-Fitizzola et a ., 2016).

0,i fhelt rwooa h ¢ a b f

A1) = 1,0 hei

(2
»  To-buHd-anAn outlier-mask is constructed.

This step is to determine the outliers, and these values should be excluded from the

construction of the background field and the extraction of TIR anomaliesApart-from-the

A:(rt, 1) =6;(r,t, 1) *8:(r,t,T) * 8.(r, t, T)

3A=(r8)

B L < T . L S
{ Lorhir——

(3
1/

=

Asit is shown in eg. (3), &, &, 5._are three kinds of data that should be excluded from the* ™~ w

construction of backfields. As demonstrated by Aliano et al. and Genzano et al., the spatial

distribution of clouds over a thermal heterogeneous scene can significantly change the value

of AV_in the cloud-free pixels(Aliano et a., 2008; Genzano et al., 2009-#10). The large

cloud cover areawill introduce a cold spatial average effect to the computation of the RFs, so

that when V(r, ) <-iggiy: — 2 * oy (here, piy_is the temporal average and the iy, is its

10
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standard, these pixels’ values will be excluded, Eleftheriou et al., 2016).
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can determine the V(1) values and the values of the considered signal AV(r, 1), scarcely _ - - { Formatted: Font: Ialic )

representative of the actual conditions of cloud-free pixels, so that when the cloudy fraction

of the land portion of the sceneis > 80%, all pixels must be excluded from the computation

of the RFs (Eleftheriou et al., 2016).
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4;_isused to remove the outliers (where k = 2), and its expression is as follows:
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a(r, £, 1) = a8, (r, £,0) * 85 (r, £,¢) = &,(r, £,¢)_computed using an iterative ku-clippinq*‘“{F“ma"ed””de"“ Left: 0.74 cm

technigque, which begins by computing &(r,£,¢) based on the first determination of

iy (a8 (r, 1, 1) and e (r,4,71), and continues by updating their values using only

space-time locations with &(r, £, 1) = 1,_asfollows:

1 4y — Zveer[A¥(rE)-Are)]
“A".(r’!']) - Dveer A(Tt) —(Z)

Z[AW () A(rE)—giay (D))"
Yveer A(r,t) — 8

-'.-'Z.,,(r,J,'.l')E

The process should be iterated until no further exclusions are determined, using the latest* ™~ W Formatted: Indent: Left: 0.74 cm, Li”e}

spacing: 1.5 lines

determination of & (Tramutoli, 1998). And the final result of & is the A, what we want.
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» The jipg(r,t,AT) _is the mean of location r for time series T. The variance
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> To-determine-whether-theWhether ®,, (r,t,T) is affected by cloud—n_should be

determined. From the results, it ean-bemay easily be concluded that some area-in-certain
timeareas will lack of -data at certain times, and for these situations-we-have-to

Hmplementscenarios a specia value te—irformmust be implemented to indicete that

thisthese data isare affected by clouds and it-should net-be analyzed-inexcluded from the
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feHewingpartensuing analyses.

3.3 Identification of TIR anomalies 1

After the calculation of ®,, (r,t,T) K&5wT1), the next step is to determine-whether—it«

isidentify the TIR anomalies and to-correl ate the THR-anomaliesthem with earthguakesearthquake

occurrences. In this paper, thea ®,,, (r,t ,T) K@+ -bigger-thanthat exceeds the threshold

means that-there-is-a-indicates the presence of a TIR anomaly;-mereover,-other; further conditions

will be applied to eonfermconfirm the correlation-between-the-HR-anemalies-and-earthguakes.

For_®,,(rt,T) K&=PH-and e (r,£), only thesein those cases ebeywhere the following

conditions; are satisfied can it be concluded that the TIR anomaly isrelated to & (r, £):

1) The ALICERETIRA ®,,(r,t,T)> 2. In ELEFTHERIOU sEleftheriou’s study, the

threshold was set toat 4 (Eleftheriou et a., 2016) ;; however, from the-peint-of view-of

mathematical-statisticsa statistical perspective, when the value is greater than two times

the standard deviation, it has-already belonged-tefalls within the abnormal category;-se-in.

In this study, therefore, the threshold is set toat 2.

2) Thel(r,t) issurely-not-be blocked by clouds or affected by other factors.

3) Spatia persistence, The TIR anomalies are-gatheringcluster together; and they-are not

isolated, being part of a group covering at least 150 & < within an areaof 1°* 1° (400
pixelsin the images).

4) Tempord persistence Fhere-are-at-: At least one more TIR anomaly appearingappears
within 7 days after the first TIR anomaly-in-7-days.

5) The TIR anomalies appearsappear 30 days before or 15 days after the e (r,£))
(Eleftheriou-Fitizzola et al ., 2016) .

6) The shortest distance for-enefrom a given point in the TIR anomalies group to the
epicenter of & (r,f) islessthan fip = 10~ ™.

Fhe-eases thatWhere the TIR anomalies satisfy conditions 1), 2), 3) and 4)), but do not satisfy

at least one-ofeither 5) and-5)-mean-that-there-are-or 6), TIR anomalies butare present with no
corresponding earthquake. And-other-kindsof There are also cases are-ofwherein no TIR anomalies

14

— — 7| Formatted: Indent: Left: 0 cm,
Hanging: 0.63 cm, Line spacing: 1.5
lines

o ‘[Formatted: Line spacing: 1.5 lines

‘ [ Field Code Changed

[ Field Code Changed

[ Field Code Changed

- {Formatted: Font: Not Italic

== ‘[ Formatted: Font: Not Italic




10

15

20

25

30

Ooccur.

-«

4. Resultsand analysis

A comprehensive statistical analysis and the TIR extraction results are showndetailed in this* ~

chapter. In chapter 4.1, a statistical analysis is conducted to describe—toascertain the basic

seismological conditions in the study area—And, while the statistical results for the correlation

between earthquakes and TIR anomalies are shownpresented and analyzed in chapter 4.2. Finaly,
an andysis of the earthquake prediction ability-forpotential of RST will-be-shownis presented in

chapter 4.3.

4.1 AbasicstatisticalStatistical analysis for-earthquakesof earthquake activity in the study area

Before studyingPrior to investigating the correlation between TIR anomalies and earthquakes,

a simple analysis forof the temporal and spatial characteristiecharacteristics of the earthquakes is
conduetedrequired.
FirsthyFirst, the temporal distribution shows that the seismicity in-2008-is the mest-active from

2002 to 2018 was most active in 2008, and the-seismicity-after 2008-is-obviousy-more-frequent
that it increased in frequency and vielent-than-it-before-2008violence from that time. The bottom

of Fig. 2 indicates that there are-3615were 3,615 earthquakes in the study area (3.5 <M < 4-is

2262, 2,262, 4 <M< 5453124, 1124; 5<M<6-is, 198; 6 <M< 7-s, 26; and

7 <M <8-is, 5. SoTherefore, the study area is a region—withcharacterized by severe

earthguakesai smic activity. Ard-asitisshowntnAs may be seen from the upper part of Fig. 2, the

average earthquake frequency induring period A (from 2002.09 to 2007.12) is-abeutwas around 78.

ButHowever, the total number of earthquakesin 2008 inereasesincreased to 981 including the May

12 2008 Ms8M s 8.0 Wenchuan Earthquake, which-is-the most serious earthquakesearthquake in

Chinain recent years. FTheugh;Although the frequency decreases-alotdecreased substantially after

2008 (the average frequency induring this period iswas 243), it is-stifremained much higher than
the-frequeney-init_had been during period A. The temporal distribution tetlsindicates that the
seismic activity beforeprior to 2008 ishad been relatively weak, but in 2008, the seismic activity

rswas extremely intense and reached theits peak-value-after. After 2008-the, seismicity in thisarea

st-maintainsarelatively-strong-statecontinued to maintain this intensity.
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2002:092.09 andto 2007-1207.12).) are detailed. There arewere 229 earthquakes withof M = 5.0,

butwhile the total number #aduring period A iswas 24, which is-accounted for 10.48%;-white%

overall; the duration of period A is-accounted for 33.87% of the total time{timeframe (i.e., period

A + period B). Moreover, there iswere no earthquakes withof M = 6.5 induring period A, but

there arewere 14 earthquakes withof M = 6.5 induring period B_(from 2008.01 to 2018.03). All

theseof this evidence tell-usindicates that the-seismic activity induring period B is-mueh-was

significantly more violent and frequent.
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Fig. 3 theThe spatia distribution of earthquakes in the study area—and-the. The brown-orange® ™ {F”ma“ed’ Line spacing: 1.5 lines

rectangle refers—torepresents the study area (27 Wi 37'N,97° k& 107 E). Fhe reason

shewingEarthquakes beyond the earthquakes-outparameters of the study area isthat-the-are shown

because earthquakes elosedclose to the study area may also cause thermalinfrared(TIR )

anomalies inwithin the study area.

Fig:Figure 3 shows the spatial distribution of earthquakes—TFheresult—indicates—that—the
earthguakes—mainhy—gather within the study area. The results indicate that seismic events are

clustered primarily in the west and center of the study area (25°'Nto40°N,95E to 110°E)
wherewhich are mountainous and-theregions. The earthquakes are mainly aggregated along faults,

white-thewith a much sparser spatial distribution in the east and in the Sichuan Basin-is-mueh

more-sparse. Thereis a clustering phenomenon centered on earthquakes withof M = 6, the reason

ts—that—since earthquakes usually occur in—faditsalong the fault lines of active geologica

movements.
The purpose to-studyof investigating the temporal and spatial eharacteristiecharacteristics of
earthquakes is ferto acquire a genera understanding of the seismic activities inwithin the study

area. But-thereThere is another important reason, however, which is to avoid the-targesignificant

accumulation of earthquakes iwithin a short time-andtimeframe, and concentrated within a small

area, andwith the result that with-lead-te-the same TIR anomaly corresponds to tee-manynumerous
earthquakes;; this phenomenon wit-excessively inereasedistorts the statistical results in-the-tatter
part—t-isfound-that-there-are-abeutpresented above. Around 233 earthquakes were observed to

occur after the 12"-May 12 2008 Ms8Ms 8.0 Wenchuan earthquake, ane-thein locations of these

earthguakes-are-close to the epicenter of Wenchuan earthguakeevent. In chapter 4.2, the statistical

analysis will be divided into two part;sections: one isdealing with the earthquakes inthat occurred

during period C (from 2008.04 to 2008.07), and the other is-witheut-thedealing with those that

occurred outside of period C.

4.2 ThestatisticaStatistical anaysis ferof the correlation between TIR anomalies and earthquakes
In this section, the TIR anomalies are extracted and a statistical anaysis aiming-at-studyingof

the correlation between TIR anomalies and earthquakes withof M = 4 is alsa-been-conducted.
19
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The-way-to-judgeEvaluation of the TIR anomalies isconforms strictly eenfoermedto the rules

mentionedguidelines detailed in chapter 3.3.
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Fig .4 Two instance forexamples of the correlation between TIR anomalies and earthquakes, and:™* ™~ { Formatted: Line spacing: 1.5 lines

on the left is the TIR anomaly inrecorded on 2006.12.29 eorrespendingthat corresponded to two
earthquakes, and_on the right is the TIR anomaly iarecorded on 2010-.10-.22 eorrespondingthat

did not corresponded to three-earthquakes.

As they-are-shown in the-Fig. 4, the TIR anomalies are extracted by-theusing RST and the

20




identification rules are applied to determine the correlation between TIR anomalies and

earthquakes. After
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Fig. 5 Correlation analysis among TIR anomalies and earthquakes with magnitude bigger than 4.0 in the Sichuan area from September 2002 to March No&w

All 61 TIR anomalies are identified, and each row corresponds to one TIR anomaly. The first day of the TIR anomaly is shown in yellow, while the Smu

o

cells denote the ensuing persistence. The cells in the blue rectangle indicate that this day is affected by alarge area of cloud cover, and the green cell isthe

final limitation for each anomaly. Cells with numbers indicate days of occurrence, and magnitude, of seismic events. The rows in the dotted box mean that

there is no earthquake corresponding to this TIR anomaly.
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extraction, the total number of TIR anomalies is 61-58 and the correlation result-is-shownresults®™ {F“ma“ed’ Line spacing: 1.5 lines

J

are presented in the-Fig. 5. Considering the examples reported in Fig. 4, which are summarized in
rewrows 48-17 and 3334, the céls in yellow corresponding to the first day of TIR anomaly are
2006-12-29 and 2010-10-22, respectively. It eanmay be concluded from-thebased on Fig. 5 that 35

30 TIR anomalies correspond to earthquakes, while the other 26-28 do-net,-which-are (rows 4,-2,-3;

1,2,3,4,7,89

13, 15, 16, 18, 19, 20, 21, 22, 31, 34, 36, 38, 41, 42, 43, 44, 45, 49, 50, 51 and 54) }-do not. The

correlation rate is 5741.7%. And-as-it-is-shewn-inlt may be seen from Fig. 6 that most TIR

anomalies appear beforeas precursors to earthquakes.
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Fig. 6 Distribution of TIR anomalies with respect to the—earthguakes—oceurrenceearthquake® - /{F“matted’““e spacing: 1.5 lines

occurrences for different elassclasses of magnitude.

However, as it-has-been-mentioned in section 4.1-that, period C may be associated with a

significant increase in the total number of TIR anomalies and the correlation rateatot-So. As such,

the experiment was also performed without period C-is-also-been-condueted, and the number of

TIR anomalies is 604till 58, while the correlation rate is 56:71.7%, both of which are roeughly-the
same as the former result. Theoretically, inperiod-C,-the high earthquake frequency of-earthguakes
ishigh-and the-magnitude of-earthquakes-istarge-whichmagnitudes of period C should generate a

tet-efnumerous TIR anomalies and have good-correspendencescorrel ate strongly with earthquakes.

But-there-isHowever, only enea single TIR anomaly corresponding to 5five earthquakes,Fig: was

observed. Figure 7 may indicate the reason.—t-indicates-that for this. earthquakes are-gathering
incluster along severa faults, but the spatial lecationlocations of these faults are dways blocked
by theclouds;-and-thecloud cover with a percentage isbiggerthan-in excess of 90%. With the leng

time-andlengthy persistence of cloud coverage over a large area-ef-cloudsbloeking, the TIR

anomalies caused by the-earthquakes induring period C may-cannot be extracted byusing RST.

Foer-a-mere-comprehensiveComprehensive analysis ferof Fig. 5 reveals that there are 2322

phenomenon;: in period A, the magnitudes-of-earthquake intensity magnitudes are small, the
frequency is low, and nearlyalmost half of the-earthquake-ocedrsall earthquakes occur in the
cloudy region, or its-adjacent area—so-the-earthquakes-are-to it; therefore, it is difficult to

correspond-te-determine any correspondence between the earthquakes and the extracted anomalies,

and some petential-anomalies may have not been extracted because-of-clouds—As-ferowing to the
cloud cover. Regarding the results infrom period B, the frequency and magnitudemagnitudes of

earthquakes in the sparsely eloudsclouded areas inerease-alot,-thermal-anomalies-are-mere tikely
to-be-extracted-and-are significantly increased, so that TIR anomalies are more likely to be

extracted and more likely to correspond to earthquakes.
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Fig. 7 The distribution of earthquakes in-period-C-and the frequency of each pixel being blocked® { Formatted: Line spacing: 15 lines |

by cloud cover in period C—and-the, higher values meanindicate that the pixels are more

frequentfrequently blocked by clouds.
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J

being blocked by cloud cover in period C;-ane-the; higher values meanindicate that the pixels are

more freguentfrequently blocked by clouds.

4.3 The-evaluationEvaluation of the earthquake prediction abiity—ferpotential of RST_using

MODIS LST datain Sichuan area

Aiming-at-With the aim of evaluating the earthquake prediction abititypotential of RST using

MODIS LST data —infor the Sichuan area, enly-the true-positive rate for(TPR) of correspondence

between TIR anomalies and earthquakes with M = 4.0 isfar-frem-enrough—Sealone is insufficient.

Therefore, four types of data are eeunted—and-incorporated, with four types of rate—areratio
29
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calculated as follows:

TP1: True—Pesitive-positive 1, the total number of TIR anomalies eerrespendingthat
correspond to earthquakes.

FP: FalsePesitive-positive, the total number of TIR anomalies ecorrespondingthat do not
correspond to neany earthquakes.

TP2: True-Positive-positive 2, the total number of earthquakes eorrespondingthat correspond
to TIR anomalies.

FN: False-Negative-negative, the total number of earthquakes eorrespondingthat do not
correspond to aeany TIR anomalies.

Positive predictive value (PPV:): The rateratio of TIR anomalies whiehthat correspond to

earthquakes to the total number of TIR anomalies.

FPR:Fal se discovery rate (FDR): The rateratio of TIR anomalies whichthat do not correspond

to neany earthquakes to the total number of TIR anomalies.

TPR: The rateratio of earthquakes whiehthat correspond to TIR anomalies to the total
earthquakes.

FNR:TFheratenumber of earthquakeswhi

FNR: The ratio of earthquakes that do not correspond to any TIR anomalies to the total* ™~ "{F”ma“ed’ Line spacing: 1.5 lines

number of earthquakes.

Table. 2 ThestatisticalresuttStatistical results of earthquakeswith M = 5.4

o JC U

TP1 FP P2 FN
1915 4243 3207 218223 “« ‘[Formatted: Line spacing: 1.5 lines
- o o o \\ \\ ‘[ Formatted: Line spacing: 1.5 lines
M=>50 PPV 31A250% TPR____ 12108% ‘\\\ N {Formatted: Line spacing: 1.5 lines
o TP1/(TP1+FP) TP2/(TP2+FN) - \\ ‘{ Formatted: Line spacing: 1.5 lines
{ Formatted Table

FDR———68.974.1% == — —

FNR: 8789.2% FN/(TP2+FN) ‘[Formatted. Line spacing: 1.5 lines
FP/(TP1+FP)

« ‘[Formatted: Line spacing: 1.5 lines

For a more accurate understanding of the 8eight parameters, an example is shewnpresented in
Table 2. The example studiesconsidered the earthquakes withof M = 5.0, and result-indicatesthe

results indicate that there-are 6158 (TP1+FP) TIR anomadlies appearing-in-stuey-appeared over the
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duration of the study period, and 19-15 (TP1) of themthese correspond to earthquakes while the

other 42-43 (FP) do not; as such, the probability of exact correspondence between the-TIR

anomalies and earthquakes is 31-125.9% (PPV})), while the probability of no correspondence is
68.974.1% (FPRFDR). Moreover, there-are-250 (TP2+FN) earthquakes withof M = 5.0 were
recorded in the study area-and; 32-27 (TP2) of themthese correspond to TIR anomalies, while the

other 218-223 (FN) eerrespond-to-ne-THR-anemaliesdo not; as such, the probability of exact

correspondence between the earthquakes and TIR anomalies is 3210.8% (TPR) while the

probability of no correspondence is 8789.2% (FNR). We have calculated the earthquakes with
M=m (m=f ={3.5, 3.6, 3.7,...,7.8, 7.9, 8.0})-And-beth}), and the experiments are conducted
both with and without period C-are-caleulated,-the. The results show that they-are-roughly-the

samethese do not differ significantly, so in this section,-we only discuss-the result-withresults

including period C are discussed.
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As itisshown-in-may be seen from Fig: 9, PPV declines as the magnitude increases, while FP ‘

obvioudy-inereases-this's also clearly seen to increase. This phenomenon indicates that with the |

inerease-of theincreased magnitude, the number of TIR anomalies eorrespondingthat correspond to
the earthquakes decreases. TPR and FN can be seen to decrease steadily,-because as the total
number of earthquake samples is-decreasingdecreases.

But,-what-needs-mereThe ratios (PPV_and TPR) demand closer attention-is-the-rates-(PPV;

|
|

TPR)—Firstly, however. First, a general perceptual analysis shewsrevedls that PPV decreases iy

steadily with-thethereasing-efas M increases, while TPR isthereasing-increases when-M M< 6.5
and M=6.8~7.3< 6.6 and M = 7.2,7.3;; the maximum of TPR is 50% when M= = 6.6-and-7.3,

and the- TPR decreases when M=6.5~6.8 = 6.7~7.1. When M is 3.5 and 4.0, PPV is 6563.86%

and 5751.47%, it-meansrespectively, indicating that when there-is-a TIR anomaly appearingis

evident, there is a pessibitity-of-653.86% (5751.47%) possibility that earthquakes withof M= >
3.5 (4.0) will happenoccur. When the M is 5, 6, or 7,-the E PPV is31.125.9%, 15.59-7%, 1.73:3%,
and these are much lower than the PPV of M= = 3.5 and 4.0. It ismay be concluded from the
change ofin the PPV curve that where thereis-a TIR anomaly is present, there will be a more than
50% possibility of an earthquake with M_>3.5 (4.0) in the study area. However,-this-It does not

reannecessarily follow, however, that when there is a TIR anomaly, there will be strong

earthquakes with M=_=> 5.0 in the study area. On the contrary, the probability ofthat earthquakes

withof high magnitude issti-net-highwill occur remains low.

The TPR curve of TPR-tellsindicates the probability ef-athat an associated TIR anomaly will
be present when earthquakes occur. When M _=3.5 the TPR is 3:22.7%, and with-the inereasing-of
Mas M increases, TPR increases steadily, butalthough it keeps-in-aremains low state—when
M [3.5,5.4] and the TPR areis lower than 20%. The results show that the-lower-magnitude
earthquakes with-lew-magnitude-have-are reatively low-possibitity-less likely (less than 20%) to
correspond to TIR anomalies, however,-thewhile earthquakes withof M=_> 6.0, which are very

destructive, have a relative-highrelatively high likelihood of corresponding. High correspondence:

TFhe-high—correspendence—is—of —great—significance is particularly significant with regard to
36
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earthquake prediction-—t-tells-us-that-a-considerable-number-of-the-: it indicates that destructive

earthguake-searthquakes are considerably more likely to be predieted-bypredictable using-this
methedin this case.

According to tweboth sets of results, it-can-be-coneludedwe may conclude that; when a TIR
anomaly eceursis present, there is a 57.31.7% possibility ofthat an earthquake withof M=_=> 4.0

will occur, and when-there-is-a-strong-earthguake-within the case of earthquakes of M=_> 6.0
occurs, more than /3-of-the-earthguakes-one third correspond to thermal-TIR anomalies. Most

TIR anomalies correspond to the-earthquakes withof M=_> 4.0,-hewever. However, when M=

> 6.0, the PPV isrdatively low, and-that-meanstheresulting in a higher false alarm rate for strong

earthquakes-is-high-—Fer. TPR;-it-isthereasing increases with the-magnitude, and when M= =-6.
and 7.3, it is 50%. It canmay be concluded frembased on the TPR curve TPR-that the greater thean

earthquake’s magnitude-of-an-earthquake-is, the more likely-it-isto-be-predicted-byeffective this
method-But,-in-faet islikely to bein predicting it. However, the PPV and TPR are low, or in-other

werdsthe FPRFDR and FNR, which are negative ferwith regard to the predietion-abititypredictive

potentia of RST, are realty-high. AH-in-alOveral, the false larm rate for M=_> 4.0 is 42.68.3%,

with-the tnereasing-of M-the FPR-witl-become-higher,-and theas M increases so too does FDR. The

missing rate for M= > 4.0 is 96.2%, and it seems that when M< < 5.5, there is no obvious

correlation between TIR anomalies and earthquakes—theugh-; nevertheless, TPR wititends to

increase when M is-becoming-bigger,—white-theincreases, though its maximum ef-TPR-is

stitremains at 50%, which is also an unsatisfiedunsatisfactory value. SoAs such, the prediction

abititypotential of RST_using MODIS LST data -in the Sichuan area is limited. However, it

doesn’t indicate that the RST is not effective for earthquake prediction, on the contrary, many

other cases prove that this method is very effective for extracting TIR anomalies. The low PPV

and TPR may be caused by the limitation of RST, nature of MODIS L ST data, specia topographic

and weather background of study area, or something else.

<«— — — 7| Formatted: Indent: Left: 0 cm,
Hanging: 0.63 cm, Line spacing: 1.5
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5. Discussion

To compare thethese results with thethose from previous similar studies, the-summarya™ ~ -
‘[Formatted: Line spacing: 1.5 lines ]

summaries of thefour simitarsuch studies is-shewnare presented in Table: 3. It is ebviousevident

that PPV of thispaper-isrelatively lower in this study than in the others, so it isimportant to verify
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its actual added value in comparison with a random alarm function (see, for instanceexample,

Eleftheriou et a., 2016). The detailed method is aceessibleavailable in chapter 3.4 of (Eleftherioy;

Filizzola-et-al-;2016),El eftheriou et al. (2016), and the result is shewnpresented in Fig. 10. When

M = 3.5, the point is at the upper partextreme of the random guess, which-means-with the result
that there is no obvious correlation between TIR anomalies and earthquakes with M = 3.5t

seems-that-it-is-of -a-casual—; rather, the corrdation appears to be casua. When M = 4.0 and

M= 4.5, both of these twe-points are still very close to the line, but-it-isthough at the lower part,
and-that-meansmeaning that a non-casual correlation is actualy existspresent among the extracted
TIR anomalies and earthquakes (M = 4.0 and = 4.5). However, the correlation is not strong. The

result in this paperstudy is different from Eleftheriou’s-studysthat achieved by Eleftheriou: in her

study, there-is-a-much-more-ebvious-andthe strong correlation between the TIR anomalies and

earthquakes-The-cause is much more evident. This may be attributable to the fact that, as it-being

shown in Fig. 8, the east and southeast corner of the study area is alwaysconsistently blocked by

the-clouds, and-tetal-i.e., for over 90% of the timetaken-up-is-ever-90%; at-the same time there-are
many. Several earthquakes happeningalso occur in this area, and-these-but insufficient data

prevents correlation between the earthquakes eannet-berelated-toand TIR anomalies-because-of

the tack-of data, and they are inevitably eountedclassified into FNR, which is v in Molchan error
analysis, making the correlation weaker. For theM = 5.0,5.5 and 6.0, the points are ebvieusclear
under the random guess, with-the-inereasing-ofand as M_increases, the non-causal correlation is
becoming-strongerstrengthened.

Tronin indicated that the anomaly was sensitive to crustal earthquakes withthat were of a

magnitude meregreater than 4.7 and-forover a distance of up to 1000km1,000 km (Tronin,

Hayakawa et al., 2002). But-inln this study, however, when M= = 4.7, the TPR is 9.6% and the

FNR is 90.4%, and at the point in Fig. 10,-when at which M = 4.5; is very close to the random
guess, so-the gtatistical result does not support the epinientheory that the TIR anomaly is senditive
to the earthquakes withof M = 4.7. When M = 5.9, the-earthquakes seemappear to be senditive to

TIR anomalies-according-to-the, as may be seen from Table: 3. Thereason-for-thisThis failure to

conform to previous eonclusionconclusions may be attributable to the regional structure and
geological movement, cloud cover, theand effectiveness of the method for extracting TIR

anomalies-and-so-on, among other factors. Further study is neededrequired, however.
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Table 34 A general summary forof research siudyingon the satistical correlation between -~ W Formatted: Font: Bold, Font color

TIR anomalies and earthquakes:

A s « { Formatted Table

Data Source Study area Duration PPV
nameAuthor

100%(M= 4 or 4.5)

L = { Formatted: Line spacing: 1.5 lines

Genzano GMS-5/VISSR Taiwan 1995.09-2002.09

94%(M= 5.0)

Italian southern

Tramutoli 2012.07-2013.06 67% « - { Formatted: Line spacing: 1.5 lines
Apennines
Eleftheriou « - { Formatted: Line spacing: 1.5 lines
MSG/SEVIRI Greece 2004-2013 93% (M= 4.0)
Alexander
China, Sichuan . . . :
Ying Zhang MODIS 2002.09-2018.03  57.41.7%(M=4.0) ¥~ [ Formatted: Line spacing: 1.5 lines
Area ‘[ Formatted: Line spacing: 1.5 lines
- { Formatted: Line spacing: 1.5 lines

We have-countedcalculated the total number of TIR anomalies and numbernumbers of FP

infor each month of twoin both studies-And-it-is, and found that the-in Eleftheriou’s study TIR

anomalies are-gatheringclustered in November, September, January and February-in-Eleftheriou’s

study, while in this-paperHR-anemaliesare-gatheringthe present study they cluster in November,
September and January. A line which-meansindicating the percentage of area not blocked by

clouds in the Sichuan arearegion is aso presentedillustrated in Fig. 11. In this paper, there is a
significant positive proportional correlation between the number of TIR anomalies and the area
not blocked by clouds. When the percentage is high, the number of TIR anomalies is aso high,
and when the percentage is low, the number of TIR anomalies is low.-So-there-might-be-many

Therefore, while several TIR anomalies related to earthquakes,—but_may be present, they are

blocked by the-cloudscloud cover and cannot be extracted. However, the question of what is-the
true cause-blocked-by-—clouds—caused-by is, i.e., cloud clover, seasona wegther, or else?-Ht-is

remainedsome other factor, remains to be solvedanswered satisfactorily. Moreover, there-is

another interesting phenomenon is that manyseveral TIR anomalies coerrespendingthat do not
correspond to neany earthquakes are-gatheringcluster in November and September, and-both of

which are cold months arethat do not tend to be cloudy-ane-are-tr-cold-weather—Sewhy-rany-FP
39




are-gathering-in. Therefore, the clustering of numerous FPs during these twe2 months is-also

remathedremalns to be studiedfully investigated.
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Fig..10 Molchan error diagram analysis computed for different elassclasses of magnitude and TIR® ™

anomalies enduring the study period (from 2002.09- to 2018.03),-and); the red circles refer to
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earthquakes that occurred before and after the appearancesappearance of TIR anomalies.
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Fig. 11 The monthly average percentage of the area not blocked by clouds in stuelyregion-in*~ { Formatted: Line spacing: 1.5 lines

Zhang’s study,-er—in-other-words—in—_region, i.e., that of this study. And-theThe bar chart

ispresents the numbers of different-kindvarious types of TIR anemaliesanomaly. “Total in Z’ is the
total number of TIR anomalies in this study;; ‘FP in Z’ is the number of TIR anomalies

eerrespendingthat do not correspond to asany earthquakes in this study:; ‘Total in E’ is the total

number of TIR anomalies in Eleftheriou’s study;; ‘FP in E’ is the number of TIR anomalies

eorrespondingthat do not correspond to neany earthquakes in Eleftheriou’s study.

<«— — — 7| Formatted: Indent: Left: 0cm,
Hanging: 0.63 cm, Line spacing: 1.5
lines

6. Conclusions

(1) 18yearsstatisticalStatistical analysis ferof 18 years’ worth of data on the correlation between™ ~

h ‘[Formatted: Line spacing: 1.5 lines

earthquakes and TIR anomalies showsindicate that 5751.74% of TIR anomalies correspond to
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theearthquakes withof M = 4.0 in the Sichuan arearegion, and the biggerhigher the M-is, the
more likely it is that the earthquakes will correspond to TIR anomalies. The low PPV and TPR
may be dueattributable to the large areas-inportions of the study region that are covered by
clouds aH-throughout the year-round.

The low PPV and TPR suggest that the earthquakesearthquake prediction abitity-in-potential
of RST using MODIS LST data with regard to the Sichuan area-with-use-ef RST-region is

limited. For the-strongstronger earthquakes, with M = 6.0, theughalthough the false alarm
rate is high, the missing rate is relatively low. RST was applied to the study area and has

certain-prediction-abitity-forwas found to have significant predictive potential with regard to

strong earthquakes.
There is no obvious correlation between the-earthquakes withof M < 5.0 and the TIR

anomalies extracted byusing RST and MODIS L ST datain the Sichuan arearegion. However,

the underlying causes of this situation need-te-bemerit further studiedinvestigation.

The RST put—upproposed in this paper—orstudy and in Eleftheriou’s study is still
serioustyconsiderably affected by the-eloudscloud cover and the-seasonsseasonal influences. It
is necessary to improve and optimize algorithms and statistica methods to—excludethat

facilitate the influenceexclusion of eleudscloud and seasensseasona influences.
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