We are uploading our point-by-point response to all referee comments and specify
all changes in the revised manuscript, combined with a marked-up manuscript
version showing the changes.

Response to Reviewer 1:

We are very grateful to your comments for the manuscript. They have important
guiding significance for our manuscript and our research work. We have revised the
manuscript according to your comments. The response to each revision is listed as
follows:

Comment 1:

The method of detection of anomalies of the borehole strain, is not well-known to
non-specialists, and — I would say — to the specialists neither. In my opinion, at least
one additional explanatory paragraph entirely devoted to this subject is needed, in the
“Introduction” Section.

Response:

This is a constructive suggestion! We did not mention the background of
negentropy in the “Introduction” Section. An explanatory paragraph has been
supplemented. The corresponding references are also added to the “References” Section.

Changes:

We have supplemented an explanatory paragraph in the “Introduction” Section:

“Hence, it is implied that possible precursor anomalies lead to an increase in
disordered components of observation data during earthquake preparation processes. K.
Eftaxias et al. (2008) proved that the pre-catastrophic stage could break the persistency
and high organization of the electromagetic field through studying fractional-
Brownian-motion-type model using laboratory and field experimental electromagetic
data. In view of Lévy flight and Gaussian processes, Lévy flight mechanism prevents
the organization of the critical state to be completed, since the long scales are cut-off
due to the Gaussian mechanism (S.M. Potirakis et al., 2019).

Entropy can serve as a measure of the unknown external energy flow into the
seismic system (Akopian, S. T., 2014). K. Karamanos et al (2005, 2006) quantified and
visualized temporal changes of the complexity by approximate entropy, they claimed
significant complexity decrease and accession at the tail of the preseismic
electromagetic emission could be diagnostic tools for the impending earthquake. Yukio
Ohsawa (2018) detected earthquake activation precursors by studying the regional
seismic information entropy on earthquake catalog. Angelo De Santis (2011) recalled
the Gutenberg - Richter law and considered the negative logarithm of b-value is the
entropy of the magnitude frequency of earthquake occurrence associated with two
earthquakes in Italy.

Negentropy definition is based on the entropy and it is also widely used to detect
non-Gaussian features. Yue Li (2018) proposed an arrival-time picking method based



on negentropy for microseismic data. In this study, the negentropy is applied to borehole
strain at Guza station associated with the Wenchuan earthquake, approximated by
skewness and kurtosis. Subsequently we study the extracted negentropy anomalies in
different scales to investigate correlations with crustal deformation.”

Comment 2:

In my opinion, in Fig. 6, “kurtosis=0.28699skewness™2-0.28696 should boil
down to “kurtosis=0.287(skewness™2-1)”, I mean that in equation (9), A=B which is a
Remarkable result, if it holds true !!! At least one additional explanatory paragraph
entirely devoted to this result is needed, in the “Discussion and Conclusions” Section !

Response:

We can change the parabolic relation into “kurtosis=0.287(skewness™2-1)”. Since

in our case, A is always equal to -B because the kurtosis and skewness of the study
period were normalized. There are

E(skewness) = E(kurtosis) =0, (D)
and
D(kurtosis) = E(kurtosis®) = D(skewness) = E(skewness ) =1. ()
According to equation (9) in the manuscript and equation (1) and (2), there is

E(kurtosis) = E(A-skewness® + B) = lz (A-skewness’(i)+n- B)

i=l1
= A-lZSkewnessz(i)+B 3)
n-;

= A- D(skewness)+ B
=A+B=0

Thanks to your inspiration, we have derived a new relation based on this relation
and supplemented it after equation (9) in the “Methodology” Section. Besides, the
corresponding explanation has been supplemented in "Discussion and Conclusions"
Section.

Changes:

We have supplemented an addition equation after equation (9) in Line 101-103 in
the “Methodology” Section:

“Here we calculate the normalized skewness and kurtosis in the study period, so
equation (9) can be derived into

kurtosis(X) = A-(skewness*(X)—1) (10)

indicating when the negentropy is outside the range (-1,1), the test day is super-
Gaussian.”

We have also supplemented an explanatory paragraph. But combined with the
comments of reviewer 2, the explanatory paragraph was not shown in the final revised



manuscript.

“In the skewness-kurtosis domain, we observed the evolution of the negentropy

distribution prior to the earthquake. Negentropy gradually transformed its distribution
to a parabolic relation since July 2007, indicating a relatively stable state was broken

due to the non-Gaussian mechanism ."

Comment 3:

In line 153, is stated that “k*=1.1130". What is the meaning of keeping so many
significant digits ? Why not “ k*=1.1 “ or “k*=1.11" ? Please explain ! At least one
additional explanatory paragraph is needed !

Response:

The meaning of k* value itself is a threshold for extracting negentropy anomalies.
First, k* is calculated by Otsu’s method by searching for k when the within-class
variance of negentropy becomes the maximum, according to equations (10) to (13).
Second, the format of the negentropy depends on the sample data. The YRY-4 borehole
strainmeter has a measurement accuracy of 10, but in practical calculations, we
usually cutoff four digits after the decimal point. Therefore, the calculated k* is
consistent with the accuracy of the negentropy and the strain data, resulting in 5
significant digits.

In fact, when we take the threshold k* as 1.1 or 1.11, there are 367 or 363 anomaly
days respectively in study period (912 days), which is almost no difference with
“k*=1.1130" (363 anomaly days). However, we still keep this result for the above
reason when the numbers of anomalies are counted and accumulated.

Changes:

We have supplemented an explanatory paragraph after Line 131:

“Otsu threshold k* here is consistent with the accuracy of the negentropy and the
strain data, The YRY-4 borehole strainmeter has a measurement accuracy of 107,
however, we usually cutoff four digits after the decimal point in practical calculations.”

Comment 4:
In line 157, Fig.5, explain the Units !

Response:

X-axis and y-axis of the Fig. 5 are negentropy and its variance. The negentropy is
defined as the weighted square of skewness and kurtosis in equation (6) in this
manuscript. Because the skewness and kurtosis can be seen as ratios according to
equation (7) and (8), there are no units.

Minor corrections:



7"

(1) -Inline 17, “earthqake” — “‘earthquake
It has been modified.
(2) - Inlines 26 and 27, the citation has no uniform style !
(M.J.S. Johnston et al., 2006, Chi S. L. et al., 2014) has been modified as
(Johnston M.J.S. et al., 2006, Chi S. L. et al., 2014).
(3) - Inlines 295 and 296, of the References list, there are quotation marks in the title
of the Reference. This is the only place in the whole list where this happens !
It has been modified.
(4) - Inline 153, there are superscripts in the middle of the sentence, for no reason !
It has been modified.
(5) - Inline 157, the end dot (final punctuation mark) is missing !
It has been added.
(6) - In line 159, it is mentioned “Fig 6(a)” instead of the correct “Fig. 6(a)” (the dot
is missing) !
It has been added.
(7) - Inline 297, “Gutenber” — “Gutenberg” !
It has been modified.
(8) - Inline 325, the style is not uniform ! Dots are missing !
It has been modified.
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1618-1641, 2015.

Response to Reviewer 2:

We are very grateful to your comments for the manuscript. They have important
guiding significance for our manuscript and our research work. We have revised the
manuscript according to your comments. The response to each revision is listed as
follows:

1. The manuscript is mostly well organized and written, the figures are mostly of
sufficient quality excepted Fig.1 which is too dark and lack details about the active
faults and the earthquake rupture location.

Response:

Thank you for your suggestion. Fig.1 in the manuscript is not professional enough.
We have updated the figure with the active faults and the earthquake rupture location.
Besides, we have supplemented three stations aiming to discuss our findings in the
“Confusion discussion” Section.
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Fig. 1 Location map showing the epicentre of the Wenchuan earthquake and three stations. The
epicentre was located in Wenchuan County, Sichuan Province, at 31.01°N, 103.42°E. The red circles
are aftershocks (Ms>3.0) from the main shock to October 2008. The green curve is the schematic

curve of the main rupture zone and the black curves are faults.

2. Major comment 1:
- In particular, the nearest strain station (GUZA) is located far from the earthquake
source (150 km), so that the network configuration to study strain precursors is far to



be optimal. If the precursory phase implied widespread crustal changes, some changes
should have been detected by other sensors, therefore other set of data (GPS?
Seismometers? Groundwater? ...) located in the near-field of the earthquake should be
analyzed. Despite strainmeters are highly sensitive instruments, I have concerns about
their capability to detect subtle strain changes at such large distance. Strain signals are
mostly sensitive to local variations (hydrology, rain, air pressure, ...), so it would be
interesting to see precipitation, groundwater and barometric records near GUZA
station if available. I agree that the observed strain changes are spurious and the fact
that they may roughly coincide with the onset time of the event makes them even more
interesting, but there is absolutely no evidence that they are linked to the precursory
phase of the earthquake. If the negentropy increased before the earthquake, why did it
stay to a high level months after the rupture (Fig. 4)?

In particular at L. 305-307 (and also L. 296-299), the authors stated that A'n
negentropy anomalies ... may be a reflection of the subsurface medium and fault
activities in the focal area associated with the Wenchuan earthquake A z. This is a
strong conclusion which came with no proof. Thus, based on only one station, the
authors should point out that some strain changes are spurious but they shouldn't try
to link these changes to the precursory phase with such a few observations. Therefore,
the Discussion section should be modified and it should be clearly stated that further
data are required to decipher a potential precursory phase.

Response:

Thank you very much for your suggestion.

We agree the “Discussion and Conclusion” section is kind of unreasonable based on
the borehole strain data of one station.

Referring to your guiding suggestions above, we have studied the correlation
between the negentropy anomalies and the Wenchuan earthquake through three parts.
1. Comparison of random time periods. 2. Comparison of different stations. 3.
Exclusion of co-seismic events and weather factors.

We first introduce the three supplemented parts and answer your other specific
questions next.

Changes:

We have divided the “Discussion and Conclusion” Section into ‘“Confusion
Discussion” Section and “Conclusion” Section.

We have also discussed our findings more carefully in the “Confusion Discussion”
Section and objectively stated further researches are required to decipher a potential
precursory phase in the “Conclusion” Section.

To study the correlation between extracted anomalies and earthquakes, Parrot (2011)
proposed a method for random earthquake distribution. The location of the earthquake
epicentre is randomly changed, but the size of the study area and the study time is kept
unchanged. The anomalous variation is compared between the random region and the



actual seismic region, and the correction between the anomalies and the earthquake is
determined. In order to verify the relationship between negentropy anomalies and the
Wenchuan earthquake, we did a similar random earthquake distribution study as
follows.

1. Comparison of random time periods.

We randomly selected March 20, 2011 and March 24, 2014 as the random earthquake
days, and study the strain data for 200 days before and after the earthquake days at Guza
station. The selected periods are required to be in the absence of strong earthquakes and
with higher quality. We performed negentropy analysis on these two random periods
and compared them with the results of negentropy analysis associate with the Wenchuan
earthquake as shown in Fig. 2.
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Fig. 2 The comparative analysis of cumulative frequency of negentropy anomalies between
earthquake period and random time periods. The green triangles correspond to the random
earthquake on March 20, 2011, the blue triangles correspond to the random earthquake on March
24,2014.

As we can see in Fig. 2, the cumulative frequency of negentropy anomalies of
random periods have statistical linear increases. However, in the Wenchuan earthquake
periods, as the earthquake approaches, the cumulative frequency of negentropy
anomalies increases rapidly and recovered to a slow growth after the earthquake.

2. Comparison of different stations.

We supplemented two other stations to find out if their observations received strain
changes. We chose Xiaomiao station and Renhe station, their locations are shown in
Fig. 1. Corresponding to the Guza station, we did the negentropy analysis of the two
stations as shown in Fig. 3.
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Fig. 3 Cumulative frequency of negentropy anomalies of Xiaomiao station and Renhe station from
September 16, 2007 to June 30, 2009. The negentropy analysis of Guza station is from January 1,
2007 to June 30, 2009, because of the different installation time of the instruments. The red vertical
line is the inflection point of the fitting curve of Guza station. The blue vertical line is the inflection
point of the fitting curve of Xiaomiao station. The black dashed line is the earthquake day.

As we can see in the Fig. 3, the cumulative frequency of negentropy anomalies of
Xiaomiao station are also well fitted by the sigmoid function. The accumulation curve
is growing rapidly before the earthquake and concave downward after which is similar
to the Guza station, although the inflection point of Xiaomiao station is about two
months preceding the earthquake moment. However, since the curve is approximately
linear before and after the inflection point, the value of inflection point exists a range.

Cumulative anomalies of the Renhe station are basically linear, indicating that the
Renhe stations may don’t receive pre-earthquake anomalies.

Renhe station is far from the end of the Wenchuan earthquake fault, according to the
fracture mechanics, so it is reasonable that no abnormal changes are observed. However,
Xiaomiao station is located between the Guza station and Renhe station, it may receive
some changes. The fitting result also shows that there is a similar trend to the Guza
station, with a weaker curvature. So, for the nearest station to the epicentre, Guza station
may able to receive more pre-earthquake anomalies.

Furthermore, Qiu (2012) found that the anomalies at Ningshan station were similar
to the anomalies at Guza station. Such two stations have observed similar Wenchuan
earthquake precursor anomalies, which may not be accidental. Since the Ningshan
station is actually located at the northeastern end of the Longmenshan fault zone. This
location is a correspondence with the southwestern end of the fault where the Guza
station is.

3. Exclusion of co-seismic events and weather factors.

We studied the Earthquake events data from the USGS National Earthquake
Information Center (NEIC) catalog instead of continuous seismic waveforms recorded
by seismometers, and consider all the Ms3.0+ events in the catalog which occurred in
the study region during the study period as shown in Fig. 4(a). We count the multiple
earthquakes occurred in one day as one event. Comparing the results in the manuscript,



we accumulate the earthquake event as Fig. 4(b). Before the earthquake, the cumulative
frequency of earthquake events increased linearly, indicating there was no rapid growth
phase of earthquake events in the region. This phenomenon is different from the
cumulative frequency of negentropy anomalies extracted by borehole strain, which also
verify that the co-seismic events didn’t cause the pre-earthquake anomalies recorded by
borehole strain before the Wenchuan earthquake at Guza station. While after the
Wenchuan earthquake, there is a rapid growth rate of the cumulative frequency due to
numerous aftershocks. With the restoration of the crust in the seismic source region, the
accumulation after the Wenchuan earthquake is gradually slow, which is similar to the
accumulation of negentropy anomalies after the earthquake at Guza station.
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Fig. 4 Earthquake catalog (Ms>3.0) of the study region during the study period and the cumulative
frequency of earthquake events.

We also agree that strain signals are mostly sensitive to a few meteorological factors,
such as the air pressure, temperature and rainfall. The water level data of Guza station
are not available before 2009. As shown in Fig. 5, we display the detrend borehole strain,
pressure variations, temperature variations recorded at Guza station and the daily
rainfall measured by Tropical Rainfall Measuring Mission (TRMM) satellite which are
downloaded through the NASA GIOVANNI-4 for the same period and the same area
(http://giovanni.gsfc.nasa.gov/giovanni/) . There are clearly annual variations in the
strain, air pressure, temperature and rainfall data. The air pressure and temperature have
been steadily fluctuating within a certain range, and the rainfall is also shown to be
more in summer and less in winter.

While we calculated the differential data of the strain for negentropy analysis. So,
we make differential calculations for all three influencing factors as shown in Fig. 6.

We observed that the air pressure, temperature and rainfall didn’t change abnormally
during the period when the extracted anomalies increase, whether we do differential
calculation.

To further examine the correlation, we calculated the correlation coefficient in each
sliding window (win=15 days) between the factors and the strain, and the results are
shown in the Fig. 7. Although the original factors and the original strain are not strongly
corrected, the correlation coefficients of differential data are far less than those of the


http://giovanni.gsfc.nasa.gov/giovanni/

original data. Therefore, we consider that the abnormal variations on the processed
strain signals are not caused by these factors.

Thanks for your suggestion, we revisited the strain for different time periods,
different stations and factors, then discussed them carefully. Considering the structure
of the manuscript, for the meteorological factors, we have only briefly discussed and
excluded them. A revised manuscript was attached in the updated manuscript.
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Fig. 5. Borehole stain, air pressure, temperature and rainfall variations during study period at Guza
station
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Fig. 6. Differential borehole stain, air pressure, temperature and rainfall variations during study
period at Guza station
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Fig. 7 (a), (b) and (c) are the results of correction coefficient between air pressure, temperature,
rainfall and strain. (d), (¢) and (f) are the results of correction coefficient between differential air
pressure, differential temperature, differential rainfall and differential strain.

We detailed the method of data pre-processing in major comment 2.

# [1] In particular, the nearest strain station (GUZA) is located far from the earthquake
source (150 km), so that the network configuration to study strain precursors is far to
be optimal.

Response:

As for the earthquake-monitoring capability of the borehole strain, Su Kaizhi (1991)
comprehensively considered the time characteristics of the strainmeters detection
capability, the amplitude distribution of the strain precursor and the occurrence time of
the strain precursor, started with the general relationship between the time scale and the
detected minimum strain amplitude, the epicenter distance and the magnitude, and
magnitude and the occurrence time of the strain precursors, combined with observations
of Chinese borehole strainmeters, and therefore obtained the estimated monitoring and
controlling extent of long- and medium-term, short-term, and impending precursors.
For the long-term precursor phase of the earthquakes of Ms8.0, the borehole strainmeter
has a monitoring capability radius of about 430 km, and for the short-term and
impending precursors, the scope is more than 700 km. So, the Wenchuan earthquake
source is within the monitoring capability of the borehole strainmeter at Guza station.

Besides, in the Fig. 1, we find the Guza station stands on the southwestern end of the
Longmenshan fault zone. From the point of view of fracture mechanics, the end point
of the fracture is where the stress concentrated or even the singularity occurs (Qiu Z.
H., 2012). According to this view, we think that the strainmeter is possible to record
information related to earthquakes at Guza Station.

Changes:
We have supplemented a short explanation for this distance in Line 56-58.

# [2] If the precursory phase implied widespread crustal changes, some changes should
have been detected by other sensors, therefore other set of data (GPS? Seis- mometers?



Groundwater? ...) located in the near-field of the earthquake should be analyzed.

Response:

We agree that it would be better to analyze other sets of data such as GPS and
seismometers which may record some changes. Unfortunately, some data are limited
for us for now. However, we can provide a few explanations.

Firstly, because borehole strainmeters are designed to record deformation that lies
between the spectral coverage of seismometers and GPS, and are ideal for capturing
strain transients that occur in periods of hours to years as shown in Fig. 8, we choose
borehole strain to study the pre-earthquake changes.
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Fig. 8 shows Instrumental characteristics of seismology, borehole tensor strain and GPS tectonics.
Source: http://www.earthscope.org. Borehole strain are ideal for revealing short-term (from seconds

to years); Seismographs are mainly used to determine relevant seismic parameters; GPS is a
relatively long-term observation (from weeks to decades).

Secondly, we studied the Earthquake events data from the USGS NEIC catalog
instead of continuous seismic waveforms recorded by seismometers. The comparison
result is in Fig. 4.

However, different instruments record signals of different characteristics. We are not
sure about the possibility that the crustal changes are recorded by other sensors. Besides,
we investigated the outgoing longwave radiation (Kong X., et al., 2018), radon
concentrations in water (Yan R., et al., 2011), water level and water temperature data
(Sun X. L., et al., 2016) before the earthquake. There are some similarities between
their results and the results in our manuscript. (We quoted their results at the end of this
response. )

Thirdly, according to the principle of the YRY-4 strainmeter, the four observations
Si, (i=1,2,3,4) are sampled by four independent sensors. This means that the sensors in
the four directions do not affect each other. We can think that the anomalies before and
after the Wenchuan earthquake were recorded simultaneously by four sensors.

Changes:
We have stated the further data and further researches are needed to confirm a
potential precursor phase in “Conclusion” Section.


http://www.erathscope.org/

# [3] If the negentropy increased before the earthquake, why did it stay to a high level
months after the rupture (Fig. 4)?

Response:

This is the empirical phenomenon after the main shock in the hypocentral region.
The Wenchuan earthquake is main-aftershock type. After the Wenchuan earthquake, the
earth's crust was still in a very unstable stage. As of October 2008, more than 900
aftershocks (Ms>3.0) occurred as shown in the Fig. 1. Therefore, the negentropy stay
to a high level after the rupture.

In addition, with the restoration of the crust in the seismic source region, the
accumulation of negentropy anomalies after the earthquake is growing slower as shown
in Fig. 8 in the manuscript.

# [4] In particular at L. 305-307 (and also L. 296-299), the authors stated that An
negentropy anomalies ... may be a reflection of the subsurface medium and fault
activities in the focal area associated with the Wenchuan earthquake. This is a strong
conclusion which came with no proof.

Response:

Thank you for your suggestion. This conclusion is indeed too positive. The
mechanism for these abnormal changes is needed to be discussed further. What we want
to express is the extracted negentropy anomalies may be related to the Wenchuan
earthquake.

We have modified the conclusions more prudently in “Conclusion” Section.

Major comment 2:

It’s not clear which data the authors use for the statistical analysis. Equations (1)
and (2) describe the protocol to derive areal strain from borehole gauge measurements
and they show that the 3 ways provide roughly similar areal strain signal. However, in
L. 91-92, the authors calculate the difference in the data. Why that? And what does this
sentence (L. 91-92) means? Is it the difference in strain data which is used for
negentropy analysis? If yes, why not using directly the areal strain signals which are a
robust measure of crustal strain changes? The authors removed tidal strain, but what
about borehole trend and air pressure correction? The description of the data is
confusing and should be improved.

Response:

Thank you for your suggestion. We did not describe the data pre-processing part
clearly, especially in L. 91-92. The detailed process is as follows.

First, equations (1) and (2) in the manuscript describe the protocol to derive areal
strain from borehole strainmeters. Then we show the component data satisfy self-
consistent through Fig. 2 in the manuscript to illustrate that the areal strain can replace
the observations of four components.

Second, we processed the areal strain. The procedures and reasons of data pre-



processing are as follows.
Step 1: Differential calculation

We set the areal strain data as X (n)and differential areal strain data as Y(n), we
know Y(n)=X(n)-X(n-1), F,(e’*) is frequency characteristic of X(n), F,(e’) is

frequency characteristic of Y(n) according to differential properties based on Fourier
transform
Fy(e")=(1-e"")F (')
This process can be equivalent to a filtering system, let the frequency response of

this system be H,(e’”), then

FY(ejw)
Fy(e’)

[H ()| =

:‘ —e_]w

=,/2(1-cosw)

It can be seen that when @ is very small or 0, the frequency response is 0, indicating
that the Step 1 removes the low frequency information of the signal, including borehole
trend and low frequency effects of the air pressure and temperature on the signal.

Step 2: Harmonic analysis

We remove the periodic term that still exists through daily harmonic analysis. We

set the fitting function as Fourier series. The reserved signal Z(n) can be simplified as

Z(n)=Y(n)— Zn: A, sin(kayn +@,)

k=1
F,(e’?) is frequency characteristic of Z(n), this process can also be seen as a
z q Yy p

filtering system, let the frequency response of this system be H,(e’”).

FY(ej"’)—Zmélk[5(a)—ka)0)—5(a)+ka)0)]/2‘

(") = ‘ F, (") ‘

Minimize Z(n) by least squares method in time domain, then ideally for the system
gain
" 0 w=ko,
‘H 2 (€ )‘ = 1

o = others

The frequency response after two steps is



o =kao,

|H(e_;w)|:| Hl(ejw)Hz(e./‘“)lz {\/m @ = others

Therefore, the Step 2 removes the periodic terms in the signal. We think the period
terms here mainly includes the periods related to the solid tide, also includes the
periodic effects of air pressure.

Finally, we performed the negentropy analysis for the processed data.

We randomly selected one day to explain the effects of the data pre-processing as
shown in Fig. 9.
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Fig. 9. (a). Areal strain of January 19, 2009. (c). Areal strain after differential calculation. (e).
Differential areal strain after harmonic analysis. (b), (d), and (f) are the data distribution of (a),
(c) and (c).

There is an abnormal change on the original areal strain curve at about 1400 minutes
in Fig. 9(a). The areal strain is obviously non-Gaussian in Fig .9(b). The data presents
a U-shaped distribution, and its negentropy has no meaning. This change becomes
obvious after the differential calculation (Fig. 9(c)), but the negentropy is small due to
the amplitudes of the periodic terms (Fig. 9(d)). After the harmonic analysis, the
negentropy value increases significantly (Fig. 9(f)). Therefore, the small changes in the
curve are amplified by the data pre-processing.

Our ultimate goal is to study negentropy (non-Gaussian characteristic) of the signals.
The low frequency components and periodic components affect the Gaussian
characteristic of the areal strain signals. This is why we processed the areal strain
signals, although the areal strain is a robust measure of crustal strain changes. We are
more concerned about the remaining high frequency variations. This is what we want
to express in L. 91-92 in the manuscript.

Since the data processing part is not the most important part of this manuscript, we
have not added all the description to the revised manuscript.

Changes:
We have updated the description of data processing in Line 64-71.



Other comments :
- Abstract (L. 7) : 12 May 2012 — 12 May 2008.
We have modified.

- Introduction : L. 22-27 is confusing as it gives the impression that precursory strain
has been detected prior to the 2013 Ruisui earthquake (Canitano et al., 2015), which
has not.

Besides, as the study involves the use of strain signals to study preseismic changes, it
would be interesting to have exemples of previous studies which aimed to detect
changes in the hypocentral regions of large earthquakes using strain data. For instance,
short- period strain observations prior to the 1987 Supersition Hills earthquake
(Agnew & Wyatt, 1989), 1989 Loma Prieta EQ (Johnston et al., 1990), 2010 L’Aquila
(Amoruso & Crescentini, 2010) or 2013 Ruisui (Canitano et al., 2015) were all
unsuccesfull. Note that those studies have been conducted on several stations located
in the near-field of the shock, therefore under more optimal detection conditions.

Response:

Thank you for your suggestion. Canitano also gave us a short comment about his
research. We have updated our expression.

Besides, we have supplemented these references in “Introduction”.

- L. 25: "borehole strain data, which record the direct crustal changes’ —borehole
strainmeters which detect the crustal changes. Why ’direct’ crustal changes ?

Response:

Earthquake occurrence is the process of mechanics. "Direct" indicates that the
borehole strain also record force, to distinguish from other kinds of observations.
Strictly speaking, “direct” is a little inaccurate.

Changes:
We have modified as “Borehole strainmeters which detect the crustal changes”

- L. 43 : non-Gaussian — non-Gaussian distribution
We have modified.

- L. 57-58 : A" n Hence, it is implied ... preparation processes A" z : do you have a
reference for this sentence ?

Response:

This is our language expression problem. In fact, this sentence follows the last two
paragraphs. There are 3 references among them indicate this point of view, then, there
are 2 other references in this paragraph also support this sentence.

Changes:
We have modified this sentence into in Line 36. “Thereby, it is possible that precursor



anomalies lead to an increase of disordered components in observation data.”

-L. 65-66 : ’dozens of meters’: can you be more specific ?
Yes, we have been more specific.
“... have been deployed at depths of more than 40 metres ...”

- L. 178-180 : it is not clear why negentropy anomalies clustered on the left side of the
parabola could be a signature of crustal deformation related to earthquake ?

Response:

There are two main reasons. First of all, these anomalies are different from this
normal background. Since after the data processing, it is normal for the daily strain to
be Gaussian distribution. Secondly, since the similar characteristics of the anomalies
cause the cluster phenomenon to appear on the parabola before and after the Wenchuan
earthquake.

Whether the negentropy falls on the left or right side of the parabola is determined
by the sign of the skewness. The relationship between skewness and data distribution
is as shown in Fig. 10. Negentropy anomalies (red points in Fig. 6 in the manuscript)
clustered on the left side of the parabola shows that the observations of these abnormal
days have negative skewness. In other words, there are a lot of negative extreme values
in the observations of these days.

(a) Negatively skewed (b} Normal (no skew) {c) Positively skewed

WMean
Madian
Maede Mode

Freguency

X X

Negative Direction Perfectly Symmetrical Positive Direction
Distribution

Fig. 10. Schematic diagram of the relationship between skewness and data distribution. Source:
https://ss.csdn.net/p?https://mmbiz.qpic.cn/mmbiz_png/heS6WRSHVMkoXmWbecSLSvBtFqZRIJ
WIMPickoP99bO 1zu6cbtBul34xjKpOObcRGErLkeSVGRrToJgd8Cria3tqw/640?wx_fmt=png.

From Fig. 6 (b) in the manuscript, we can see as the earthquake approaches, the
abnormal days are basically clustered on the left side of the parabola. According to W.
Marzocchi et al. (2014), spatio-temporal clustering is generally believed to represent
the most striking departure from randomness for the large earthquake occurrence
process.

Therefore, we suspect negentropy anomalies clustered on the left side of the parabola
could be related to the earthquake. In order to study the possible correspondence with
the earthquake process, we calculate the cumulative frequency of negentropy anomalies
later in the manuscript.

Changes:



We have updated this sentence as “Besides, the extracted negentropy anomalies are
clustered strongly on the left side of the parabola, which exhibit similar characteristics
different from the normal Gaussian distribution.”

- L. 200: please consider remove 'famous’.
We have removed “famous”.

- L. 237-238: the authors stated that anomalies increased in 2008 when earthquake
approaches and decreased after. That’s no so obvious according to Fig. 4 for which
anomaly rate seems to increase after the earthquake. Can you explain why?

Response:

The anomalies there refer to the frequency of anomalies. In fact, the anomalies did
not decrease immediately after the earthquake, since the earth's crust was still in a very
unstable stage. As of October 2008, there are more than 900 aftershocks (Ms>3.0) as
shown in the Fig. 1.

However, after extracting the negentropy anomalies that greater than the threshold in
Fig. 4 in the manuscript, we calculated the cumulative frequency of negentropy
anomalies and fit them by sigmoid function as shown in Fig. 8 in the manuscript. Based
on the fitting result for the entire process in Fig. 8, we see the inflection point is almost
at the earthquake moment. And before the inflection point, the accumulation of anomaly
frequency has an exponential increase trend. After the inflection point, there is an
opposite increase trend. Therefore, we stated that anomalies increased when earthquake
approaches and decreased after.

- L. 244-245: Can you explain how you link the earthquake moment with the estimate
of the inflection point based on negentropy analysis? What does that mean that the
earthquake moment is proved to be a critical time during the earthquake?

- Fig. 8: where is the critical point? Can you explain it further?

Response:

We calculated the cumulative frequency of negentropy anomalies. Since in general,
accumulated value of a typical random process usually has a linear increase. In
particular, in case of critical phenomena, we would expect more frequent anomalies
when they approach the critical point, and less frequent anomalies after (De Santis, A.
et al. ,2017). However, the cumulative frequency of negentropy anomalies is well fitted
by sigmoid function.

Sigmoid function is expressed as

(Al - 42)
T k0 0

(I+e )

y=A4A2+

where A1, A2, x0 and dx are calculated by fitting and x0 is the inflection point of the
function. The sigmoid function is a power law temporal behavior with an upper
concavity and a subsequent power-law behavior after the inflection, with an opposite



concavity.

Also, the value of x0 obtained in the fitting result is very close to the time of the
Wenchuan earthquake as shown in the Fig. 8 in the manuscript. The inflection point is
the black vertical solid line, the earthquake day is the black dashed line. The two lines
almost coincide in the Fig. 8 in the manuscript.

Therefore, we link the earthquake moment with the estimate of the inflection point.

Since the fitting curve is concave upward before the earthquake and concave
downward after the earthquake. As the earthquake approaches, the slope of the curve
increases, reaching its maximum near the earthquake, and then slowly decreasing.

Therefore, we stated the earthquake moment is proved to be a critical time during the
earthquake. We also learned from De Santis, A. et al. (2017), they calculated the
cumulative number of magnetic anomalies detected by Swarm satellite and also fit it
by the sigmoid function. They thought inflection point in this function is a reasonable
estimation of the time of the significant change in the critical dynamical system.

In Fig. 8, the critical point refers to the inflection point. We have unified the words
as “infection point” and supplemented a brief explanation in Line 169-171 and Line
177-181.

Reference:
Su K. Z., Earthquake-monitoring capability of borehole strainmeter Earthqauke, vol (5):
P38-46, 1991.

QiuZH, TangL, Zhang BH, etal .Extracting anomaly of the Wenchuan Earthquake

from the dilatometer recording at NSH by means of Wavelet-Overrun Rate

Analysis . Chinese J . Geophys. (in Chinese), 2012, 55(2): 538-546, 2012.

De Santis, A., et al. Potential earthquake precursory pattern from space: The 2015 Nepal
event as seen by magnetic Swarm satellites. Earth and Planetary Science Letters
461: 119-126, 2017.

W. Marzocchi, D. Melini. On the earthquake predictability of fault interaction models.
Geophysical Research Letters, 41(23): 8294-8300, 2014.

Amoruso, A. and L. Crecentini. Limits on earthquake nucleation and other pre-seismic
phenomena from continuous strain in the near field of the 2009 L’Aquila
earthquake. Geophysical Research Letters, 37(10), L10307, 2010

Johnston M. J. S., Linde A. T., Gladwin M. T., Near-field high resolution strain
measurements prior to the October 18, 1989, Loma Prieta Ms 7.1 earthquake.
Geophysical Research Letters, 17(10): 1777-1780, 1990.

Agnew D. C., Wyatt F. K. The 1987 Superstition Hills earthquake sequence: Strains
and tilts at pinon flat observatory. Bulletin of the Seismological Society of
America, 79(2): 480-492, 1989

Kong, X., et al. A Detection Method of Earthquake Precursory Anomalies Using the
Four-Component Borehole Strainmeter. Open Journal of Earthquake Research
07(02): 124-140, 2018.

Sun X L, Wang, G C, Yan R. Extracting high-frequency anomaly information fluid



observational data: a case study of the Wenchuan Ms8.0 earthquake of 2008.
Chinese J. Geophysics. (in Chinese ), 59(5):1673-1684, 2016.

Yan R., et al. Study on critical slowing down phenomenon of radon concentrations on
water before the Wenchuan earthquake Ms8.0 earthquake. Chinese J. Geophysics.
(in Chinese), 54(7):1817-1826, 2011.

We tried our best to improve the manuscript and made some revisions in the
manuscript. These revisions will not influence the content and framework of the paper.

We appreciate for Editor and Reviewers’ warm work earnestly, and hope that the
correction will meet with approval.

Once again, thank you for your advice, hope to be able to learn more knowledge
from you.



Appendix:

Kong X., et al. (2018) extracted the anomalies of the outgoing longwave radiation (OLR)
data by calculating CD value (they defined).
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Fig. 8.  Comparative CD value of grids 1, 2. 3, 4 in Wenchuan area, from 28th September, 2007 to 12th May , 2008, yellow line represents Wenchuan earthquake
date,

Sun X. L., et al. (2016) extracted the anomalies of the fluid data by calculating A°.
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Fig. i Curves of high-frequency fluid anomaly information before Wenchuan Mq8, 0 earthquake



Yan R, et al. (2011) extracted the anomalies of the radon concentrations by calculating
AR(1) coefficient (they defined).
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Negentropy anomaly analysis of the borehole strain associated with
the Ms 8.0 Wenchuan earthquake
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Abstract. A large earthquake of 8.0 magnitude occurred on 12 May 26422008, 14:28 UTC, with the epicenter in Wenchuan.
To investigate the pre-earthquake anomalous strain changes, negentropy is introduced to borehole strain data at Guza station,
approximated by skewness and kurtosis revealing the non-Gaussianity of recorded fluctuations. We separate the negentropy
anomalies from the background by Otsu’s method and accumulate the anomaly frequency in different scales. The results
show the long-scale cumulative frequency of negentropy anomalies follows a sigmoid behaviour, while the inflection point
of the fitting curve is close to the occurrence of the earthquake. For the short-scale analysis before the earthquake, there are

two cumulative acceleration phasesee

Wenehuan-earthquake—We-consider-thatnegentropy-. Combined with the confusion discussion for different time periods and

stations, we consider the negentropy analysis exhibits potential for the-analysis-ofearthquake precurserstudying pre-earthquake
anomalies.

1 Introduction

Changes in crustal deformation fields over time have preceded-been recorded at least some large earthquakes (Thatcher, W.
et al., 1981), such as the 2011 Tohoku earthquake (Hitoshi Hirose, 2011) and the Ruisui earthquake in Taiwan in 2013 (Can-
itano A. et al., 2015) . Borehole strain-data;—whichrecord-the-direct-erustal-changes—strainmeters which detect the crustal
changes provide an opportunity to investigate preparation process prior to earthquakestkinde-. Many strain observations were
of research significance (Linde A. T, et al.,1996, Hsu, Y. -3J. et al., 2015);, although there were some unsuccessful detections,
such as 1987 Superstition Hills earthquake (Agnew D. C,, et al., 1989), 1989 Loma Prieta earthquake (Johnston et al., 1990
Various methods are used in identifying borehole strain anomalies based on large amount of monitoring data. Experienced
scholars extract borehole strain anomalies by discriminating patterns of waveform behaviors compared to those during the
normal stage (Johnston M.J.S. Jehnsten-et al., 2006, Chi S. L. et al., 2014). In the time domain, Qiu Z. H. et al. (2010)
identified abnormal strain changes by overrun rate and wavelet decomposition for the Wenchuan earthquake. While in the
frequency domain, Qi L. et al. (2011) thought the signal with a period of 10 to 60 minutes might be anomalies through S-

transform compared with the background signal. In addition, statistical methods are proved effective in distinguishing borehole
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strain anomalies with regard to large earthquakes, such as principal component analysis (Zhu K. G. et al., 2018) and correlation
coefficients along with the consistency relation (Kong X. et al., 2018).

The probability distribution function (PDF) of observation data is also an informative way of extracting potential anoma-
lies contained in earthquake generation processes. P. Manshour et al. (2009) extracted variance anomalies of the probability
density of the Earth’s vertical velocity increments, and successfully found a pronounced transition from Gaussian to non-
Gaussian distribution prior to 12 moderate and large earthquakes. Before the Wenchuan earthquake, the high-frequency fluid
observational data deviated from Gaussian distributions at 16 water level and 14 water temperature stations (Sun X. L. et al.,
2016).

Rather than the whole PDF, often its moments are utilized, moments may be estimated quite reliably from relatively small
amounts of data (Sattin, F. et al., 2009). In 2016, Chen H. J. et al. applied skewness and kurtosis (the third- and fourth-order
moments) of the geoelectric data to pick up non-Gaussian distribution anomalies to predict impending large earthquakes in
Taiwan. On the other hand, for turbulent or disordered systems, the non-Gaussian distribution of time series in skewness-
kurtosis domain attracts attention. Observation data series from various fields of geophysics indicate that a parabolic relation
between skewness and kurtosis holds in fields such as seismology (M. Cristelli, et al., 2012), oceanography (Sura, P. et al.,

2008) and atmospheric science (A. Maurizi, 2006).

HeneeThereby, it is implied-thatpessible-preeu
proeesses—possible that precursor anomalies lead to an increase of disordered components in observation data. K. Eftaxias et
al. (2008) proved that the pre-catastrophic stage could break the persistency and high organization of the electromagetic field
through studying fractional-Brownian-motion-type model using laboratory and field experimental electromagetic data, In view
of Lévy flight and Gaussian processes, Lévy flight mechanism prevents the organization of the critical state to be completed
before earthquakes, since the long scales are cut-off due to the Gaussian mechanism (S.M. Potirakis et al., 2019).

Entropy can serve as a measure of the unknown external energy flow into the seismic system (Akopian, S. T., 2015). K.

Karamanos et al. (2006, 2005) quantified and visualized temporal changes of the complexity by approximate entropy. they
claimed significant complexity decrease and accession at the tail of the preseismic electromagnetic emission could be diagnostic
tools for the impending earthquake. Ohsawa Yukio (2018) detected earthquake activation precursors by studying the regional

Negentropy definition is based on the entropy and it is also widely used to detect non-Gaussian features. Li Y., et al. (2018)
proposed an arrival-time picking method based on negentropy for microseismic data. In this study, the negentropy is applied

to borehole strain at Guza station associated with the Wenchuan earthquake, approximated by skewness and kurtosis revealing

the non-Gaussianity of borehole fluctuations. Subsequently we study the extracted negentropy anomalies in different scales to

investigate correlations with crustal deformation. Furthermore, we did a confusion discussion for different time periods and

stations.



60

65

70

2 Observation

YRY-4 borehole strainmeters, which are designed to record continuous deformation occurring over periods of minutes to years,
have been deployed at depths of dezens-ef-more than 40 metres at more than 40 terrain-sensitive locations within China. These
strainmeters are capable of resolving strain changes of less than one-billionth. The data sampling rate is once per minute.

The study period is from January 1, 2007, to June 30, 2009. The obj
theregion; whieh-is shown-inFigure-study area is shown in Figure. 1. We find the Guza station stands on the southwestern end

of the Longmenshan fault zone. Besides, the epicentre is about 150km away from the station, which is within the monitorin
capability of the borehole strainmeters (Su. K. Z., et al., 1990).

Elevation m

approximately—t4—tm—The-epicentre was located i —Si inees—at 31.01°N, 103.42°E. The red circles are
aftershock distribution from the main shock to October 2008. The green curve is the schematic curve of the main rupture zone and black

curves are faults.

Because the four gauges of the YRY-4 borehole strainmeter are arranged at 45° intervals, this design has improved its self-
consistency. This arrangement produces four observation values: S;, (¢ = 1,2,3,4) (Qiu Z. H.,et al., 2013). The self-consistency

as shown in equation (1), which can be used to test the reliability of the data among the four gauges.
S1+53=5+54 (D

In practical application, the higher the correlation between both sides of the equation (1), the more reliable the data.

Generally;—we—use-In that case, we can use areal strain S, for-the-areal-strain—infor describing the subsurface strain state
ofthe-observation-area-as-shown-in-equation-2-instead of four component observations. S, is expressed as

Sa:(Sl+SQ+Sg+S4)/2. 2)
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The borehole strain of Guza station is highly consistent ameng-thefour-gauges-at-the-Guza-station(Qia(Qiu Z. H., et al.,

2009) ;-as shown in Figure. 2.
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Figure 2. Self-consistency of the borehole strain at Guza from January 1, 2007, to June 30, 2009.

We first calculate the €4

et-al—20+4)—differential signals to remove the low frequency information, including borehole trend, low frequency effects
of the air pressure and temperature on the signals. We then remove the
periodic terms of the signals through a daily harmonic analysis. The remainingresidual high-frequency signals are shown in
Figure. 3. In particular, small changes in the curve are amplified by the processing.
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Figure 3. High-frequency areal strain at Guza from January 1, 2007 to June 30, 2009.

3 Methodology
3.1 Negentropy and non-Gaussianity

The entropy-based negentropy is a statistically justified measure of non-Gaussianity (A. Hyvarinen, et al., 2000). The entropy

of a random variable X = {x1,29,...,2;,... }His defined as
H(X) ==Y P(X =;)log P(X = x,), 3)
i

where P is the probability density function. Entropy measures the randomness of a random variable. The Gaussian random
variable has the largest entropy of all other random variables with equal variance (T.M. Cover et al., 1991). The definition of

negentropy is given by

_H(X), @)
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in which X4, is a Gaussian random variable with the same mean and covariance matrix as X . The entropy of a Gaussian

random variable can be estimated by
1 n
Xguass = ilog\det2|+§(1+log27r), &)

where n is the dimension of the variable, and X is its covariance matrix.

However, the theoretical calculation of negentropy also depends on the prior probability density of random variables and
other information which are difficult to determine accurately. In practical applications, higher order statistics (HOS) and density
polynomial expansion are usually used to approximate one-dimensional negentropy (Jones, M. C. et al., 1987). The approxi-

mation results are as follows:

1 1
J(X) =~ Eskewness2 (X)+ @kurtosis2 (X). (6)

This definition suggests that any deviation from a Gaussian distribution will increase the negentropy J(z). The skewness

and kurtosis are the third- and fourth-order statistics, respectively, which are defined as

ps _ Bl(X —p)?
skewness(X) = ;2 = W v
and
N4
kurtosis(X) = e M -3, ®

S ot E[(X -

where p is the mean of X and o is the standard deviation of X. Skewness is a measure of asymmetry in a PDF. A symmetric
distribution has zero skewness. Kurtosis is a measure of the heaviness of the tails. Distributions that are more outlier-prone
than the normal distribution have kurtosis values greater than zero.

Moreover, the relation between the skewness and kurtosis is universal, they approximately align along a quadratic curve
(Sattin, F., et al., 2009):

kurtosis(X) = A - skewness*(X) + B. )
Here we calculate the normalized skewness and kurtosis in the study period, so equation (9) can be derived into
kurtosis(X) = A- (skewness*(X) — 1), (10)

indicating the test day is super-Gaussian when the skewness is outside the range (-1,1).

This relation is trivial in a Gaussian fluctuating system; it reduces to a fixed mass around zero (skewness=0 and kurtosis=0).

In a turbulent environment where fluctuating quantities obey non-Gaussian statistics, the moments obey the above relation.
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3.2 Otsu’s thresholding method

To solve the negentropy anomaly detection problem, we designed a simple thresholding hypothesis test using the Otsu method
(Otsu, 1979) that provides an optimal separation between background and seismic-related activities. For any given value k, we

can separate the previously calculated J(z), as shown in equation (6), into the following two classes:

Co(k)={J(z)<k},

1D
Cqi(k)={J(x)>k}.
Using these classes, the weighted average value pr(x) of J(x) can be expressed as follows:
pr () = Ao(k)po(x; k) + A (k) pa (23 k), 1)

Xo(k) + M (k) =1.
where (x5 k), p1(x; k) are the mean values of the class C;(k), i=0, 1, and \;(k) is the percentage of points belonging into
each class. Following the thresholding scheme of Otsu (1979), we define the following cost function:
op? = No(k) (no(x: k) — pr (k)2 4+ M (k) (pa (w5 k) — o (a3 ))?,
= o(k)A (k) (pa (23 k) — po (3 k).

13)

where o2 is the within-class variance of negentropy. Then, by finding the k* value searching for & when 032 becomes the

maximum
k* :arng?XUBQ(k), (14)

the optimal value k* here separates the background set and anomaly set.
In this test, our initial assumption is that the sliding window is composed of a Gaussian signal of non-seismic-related
activities. When our test negentropy exceeds the critical value k*, this initial hypothesis is not valid, and the alternative is true,

indicating the presence of a negentropy anomaly within the window.

4 Results

According to the empirical hypothesis that geophysical signals deviate from the Gaussian distribution when they record abnor-

mal activities, and based on the results of previous studies, we perform the following investigation.
4.1 Extracting negentropy anomalies

As the negentropy is calculated using a 2-hour long sliding window, we assume that it reaches the maximum values when the
time window contains anomalies from seismic-related activities. The negentropy during the study period is shown in Figure. 4.
The within-class variance 032 and negentropy value distribution are compared in Figure. 5. According to equations (11) to

(14), when k* = 1.1130, o 3? reaches its maximum. Therefore, the negentropy were separated by k* into the quasi-Gaussian
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Figure 4. Negentropy at Guza from January 1, 2007, to June 30, 2009. The red dotted, horizontal line is the optimal threshold £* calculated
by Otsu method.

background and non-Gaussian anomalies from 2007 to 2009. Otsu threshold k* here is consistent with the accuracy of the

negentropy and the strain data. The YRY-4 borehole strainmeter has a measurement accuracy of 10~2, however, we usuall
cutoff four digits after the decimal point in practical calculations.
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Figure 5. Within-class variance o 52 of the negentropy (red line) and negentropy histogram.

In the skewness-kurtosis domain, the statistical relationship of the borehole areal strain is consistent with parabolic behaviour
as described in equation (10) (Figure. 6(a)), verifying that the turbulent system of borehole strain is significantly non-Gaussian.
HeweverBesides, the extracted negentropy anomalies are clustered strongly on the left side of the parabola, which eould-be
distribution. Here, there are four points on the right side; one occurred in early 2007, and the others occurred after the earth-
quake. Therefore, we will not discuss them in the following.

In addition, as shown in Figure. 6(b), at times far from the earthquake, the negentropy distribution is basically Gaussian
in the skewness-kurtosis domain. However, at times closer to the earthquake, the relatively stable state was broken due to the
non-Gaussian mechanism, with more negentropy anomalies appearing on the left side of the parabola. While in 2008, almost
all of the negentropy present left-skewed.

Fhese-The phenomena prompt us to study the-origin-of-thisteft-skewed-distribution—and-its possible correspondence with

the seismogenic process.
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Figure 6. Negentropy distributions in the skewness-kurtosis domain in (a) January 1 ,2007, to June 30 2009, and (b) four shorter periods
before the earthquake. Red denotes that the negentropy is greater than k*, and grey indicates that the negentropy less than k*. The blue curve
is the quadratic fit with a 95% confidence.

4.2 Negentropy anomaly frequency accumulation

The transition of negentropy anomalies in the skewness-kurtosis domain is quantified as the change of the anomaly frequency
per unit time through a logarithmic-linear model. Logarithmic-linear models are often used of interest to estimate the expected
frequency of the response variable at the original scale for a new set of covariate values, such as the fameus-Gutenberg-Richer
law, in which a linear relationship exists between the logarithm of the cumulative number of seismic events of magnitude M
or greater versus the magnitude M (Gutenberg and Richer, 1954).

The logarithmic-linear regression model is proposed as
logN = 1 x kj+ Bo +e¢, (15)

where k takes different threshold values according to the J(z) values, N is the number of occurrences in which J is greater
than or equal to threshold &, 51 and 3 are the regression coefficients, where a lower slope (31 indicates that there are more
higher J values, implying there are more anomalies at that moment, and ¢ is the random error that represents the model
uncertainty.

We use the logarithmic-linear model to solve the relationship between the negentropy anomaly frequency and different
thresholds each day using the ordinary least squares method (OLS) method. Afterwards, an optimal threshold k*, calculated

by the Otsu method, is chosen for all models, where

Ny (t) = exp(Pr(t) x k" + Bo(t) +2(¢)) (16)
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and the N;(t) under the threshold k£* is shown in Figure. 7. The model theoretically solves the problem of selecting the length
of the time window. In addition, the estimated N (t) is considered as the expected frequency of anomalies.
The goodness of fit for each logarithmic-linear model was evaluated using analysis of

n n

RP=1-Y(N; = N;)*/> (N; = \;)? (17)

i=1 i=1

and the root-mean-squared error(RMSE).

RMSE = | Y (N;—N;)?/n. (18)
i=1

The R? and RMSE values in the study period (912 days) show that the logarithmic-linear relationship can explain the

relationship between the negentropy anomaly frequency and different thresholds. The mean of R? is 0.9695, which is close to

1, and the variance of R? is 0.0435. The mean and variance of the RMSE are also small (0.1098 and 0.1301, respectively).
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Figure 7. Estimated expected frequency N, under the optimal threshold &*

e-We calculate the negentropy

cumulative frequency of the study period is-as shown in Figure. 8. We-net-only-de-There is not only a long-scale analysis

of the whole earthquake-proeessperiod, but also earry—out-a short-scale analysis of the pre-earthquake process. In general,
accumulated value of a typical random process usually has a linear increase. In particular, in case of critical phenomena, we
would expect more frequent anomalies when they approach the critical point, and less frequent anomalies after (De Santis, A.

For the entire earthquake process, a two-month long sliding window is selected for accumulationas-shewn-in-Fig-—, In Figure.
8(a)-Beginningin-, after July 2007, the negentropy anomalies gradually accumulated. Qiu (2009) and Chi (2014) also observed

anomalies of this period at Guza station, they speculated that abnormal strain may reflect small-scale rock formation rupture
before the earthquake. In particular, we find more frequent negentropy anomalies in 2008 as the earthquake approaches, and

less frequent anomalies after, so a sigmoid function is used to fit the acceleration, before the earthquake and the deceleration
after. Aeecording-to-De-Santis;A—et-al2047;-Sigmoid function is expressed as
(A1 — A2)

z—xzg )

y=A2+
(I14e @)

19)
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where Al, A2, 20 and dz is the inflection point. The sigmoid function is a power-law temporal behavior with an upper

concavity and a subsequent power-law behavior after the inflection point, with an opposite concavity. The inflection point in

this function is a reasonable estimation of the time of the significant change in the critical dynamical system —Our-caleulation
sheows-that-the-inflection—pointx0-of(De Santis, A. et al. ,2017). Also, the value of x0 (8.3337) obtained in the fitting result
surprisingly-elose-to-the-actual- time«8.3871 y-of-the- Wenchuan—earthquake-after conversion. Thus, the-earthquake-mementis
proved-to-we consider the Wenchuan earthquake day may be a critical time during the whole Wenchuan earthquake process.
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Figure 8. (a) Results of the long-scale negentropy anomaly frequency for the Wenchuan earthquake at Guza station from January 1, 2007, to
June 30, 2009. Each circle represents an anomaly negentropy for 2 months. The cumulative frequency of negentropy anomaly is represented.
The earthquake day is represented as a vertical setid-black dashed line. The red line is a sigmoidat-sigmoid fit that underlines a-eritieal-an
inflection point (vertical dashed-solid line) is close to the occurrence of the earthquake. (b) Results of the short-scale negentropy anomaly
frequency prior to the earthquake, every grey point is an anomaly for one day, the blue and red lines are two segment sigmoid fit results. Two

green lines represent the liner regression for the two phases, the first phase slope is 0.00147, the second one is 0.0021.

When we narrowed the accumulated window to one day, we observed two negentropy anomalies before the earthquake as
shown in FigFigure. 8(b). The first anomaly frequency increase occurred from August to October 2007. In March 2008, there

was a second phase of anomaly increase, and the cumulative frequency then slowly increased to a plateau period near the time

of the earthquake. This probably due to the stress is in deadlocked phase. Since before the Wenchuan earthquake, the elastic

deformation of the crust reaches its limit and the deformation is resisted in the hypocentral region, which is measured by GPS
data (Jiang Z. S. , 2009).

These two phases prior to the earthquake are also approximated with sigmoid functions. In order to further compare the
anomalies of the two phases, we use linear regression to fit the central part of the two sigmoid curves. We find that the second

acceleration is greater than the first acceleration.W

10
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Fault zones contain relatively weak and relatively strong parts. The former is the area where strain release begins, while the

latter is the stress locking part and the beginning of rapid instability (Noda et al., 2013). Ma Jin (2014) proposed the deformation
characteristics in the sub-instability stage of faults before earthquakes. She thinks accelerated expansion of the strain release

zone in fault zone is a sign of entering the inevitable earthquake stage. There are two instabilities before earthquakes, the

former is related to the release of weak parts, and the latter is related to the rapid release of strong parts ef-the—fault-during
strong earthquakes. The accelerated expansion of the former promotes the occurrence of the latter. We-Thus, we speculate that

the two

anomaly may correspond to two stress releases.

5 Confusion discussion

5.1 Comparison of random time periods

We randomly selected the strain data for 200 days before and after March 20, 2011 and March 24, 2014 at Guza station. The
selected data for the two periods are required to be in the absence of strong earthquakes and with higher quality. We performed
negentropy analysis on these two observations and compared them with the results of negentropy analysis associate with the

11
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Figure 9. The comparative analysis of cumulative frequency of negentropy anomalies between earthquake period and random time periods.
The zero point of green dots is March 20, 2011, the zero point of blue dots is March 24, 2014

As we can see in Figure. 9, The cumulative frequency of negentropy anomalies of random periods have linear increase.
However, in the Wenchuan earthquake periods, as the earthquake approaches, the cumulative frequency of negentropy anomalies
increases rapidly and recovered to a slow growth after the earthquake.

5.2 Comparison of different stations

We selected Xiaomiao station and Renhe station to find out if their observations received strain changes. Their locations are
shown in Figure. 1. Compared with the Guza station, we did the negentropy analysis of these two stations as shown in Figure.
10.

As we can see in the Figure. 10, the cumulative frequency of negentropy anomalies of Xiaomiao station are also well
fitted by the sigmoid function. The accumulation curve is growing rapidly before the earthquake and concave downward
after which is similar to the Guza station, although the inflection point of Xiaomiao station is about two months preceding
the earthquake moment. However, since the curve is approximately linear before and after the inflection point, the value
of inflection point exists a range. Cumulative anomalies of the shert-period-signal-of-borehole-areal-strain-based-on-Otsu’s
thresholding assoctated-with-the-Wenehuan-earthquake Renhe station are basically linear, indicating that the Renhe station may_

Renhe station is far from the end of the Wenchuan earthquake fault, so it is reasonable that no abnormal changes are observed.
However, Xiaomiao station is located between the Guza station and Renhe station, and the fitting result shows that there is a
similar trend to the Guza station, with a weaker curvature. So, for the nearest station to the epicentre, Guza station may able to
receive more pre-earthquake anomalies.

Furthermore, Qiu (2012) found that the anomalies at Ningshan station were similar to the anomalies at Guza station,

Such two stations have observed similar Wenchuan earthquake precursor anomalies, which may not be accidental. Since the

12
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Figure 10. Cumulative frequency of negentropy anomalies of Xiaomiao station and Renhe station from September 16, 2007 to June 30,
instruments. The red vertical line is the inflection point of the fitting curve of Guza station. The blue vertical line is the inflection point of the
fitting curve of Xiaomiao station. The black dotted line is the earthquake day.

Ningshan station is actually located at the northeastern end of the Longmenshan fault zone. This location is a correspondence

with the southwestern end of the fault where the Guza station is.

5.3 Exclusion of meteorological factors

The strain signals are sensitive to a few meteorological factors, therefore, we display the pressure variations, temperature
265  variations recorded at Guza station and the daily rainfall measured by Tropical Rainfall Measuring Mission (TRMM) satellite
which are downloaded through the NASA GIOVANNI-4 for the same period and the same area (http://giovanni.gsfc.nasa.gov/giovanni/)
in Figure. 11. There are clearly annual variations in the strain, air pressure, temperature and rainfall data. The air pressure and
temperature have been steadily fluctuating within a certain range, and the rainfall is also shown to be more in summer and less
270 While we calculated the differential data of the strain for negentropy analysis. So, we make differential calculations for all
three influencing factors as shown in Figure. 12.
We observed that the air pressure, temperature and rainfall didn’t change abnormally during the period when the extracted
anomalies increase, whether we do differential calculation. Therefore, we consider that the abnormal variations on the processed
strain signals are not caused by these factors.

275 6 Conclusions

In our work, the extracted negentropy anomalies of borehole strain associated with the Wenchuan earthquake are analyzed.
The cumulative frequency of negentropy anomalies are 4
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Figure 11. Borehole stain, air pressure, temperature and rainfall variations during study period at Guza station.
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Figure 12. Differential borehole stain, air pressure, temperature and rainfall variations during study period at Guza station.

frequeney-are-studied in both long- and short-scale, Through the confusion discussion, we compare the cumulative anomalies of
280  different time periods and different stations with those at Guza station during the study period—We-eensider-, and preliminarily.
exclude meteorological factors, We suspect the negentropy anomalies eerresponding-to-crustal-stress-changes-at Guza station

may have recorded abnormal changes related to the Wenchuan earthquake.
Since the tectonic dynamics of earthquakes during seismogenic and seismic processes are very complex, the mechanism of
such abnormal changes is undoubtedly needed to be discussed. In particular, borehole strain signals are sensitive to external
285 influence. Besides, because of the different characteristics and accuracy of different types of observations, a joint analysis has
not been carried out yet. Further researches are needed to decipher a potential precursory phase. However, which-may-be-a
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we may be able to ensure that the negentropy analysis has great potential in the study of earthquake precursors.

Data availability. The borehole strain data is a confidential information and therefore cannot be made publicly accessible. The air pressure
and temperature data can be downloaded from National Earthquake Precursor Networks Center only through approval (qzweb.seis.ac.cn).

The rainfall data are downloaded through the NASA GIOVANNI-4 (http://giovanni.gsfc.nasa.gov/giovanni/).
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