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ABSTRACT YRY-4 borehole strainmeters have been installed in Sichuan Province, China, since 2008,
aimed at monitoring the crustal activities associated with earthquakes. In this study, data from six YRY-
4 strainmeters at the southwestern endpoint of the Longmenshan fault zone were analysed, to study the
relationship of tectonic strain changes with the 2013 Lushan earthquake. We developed a state-space
model to remove the strain response due to air pressure, solid tides and the changes in the water level to
preferentially isolate non-tectonic disturbances. Strain responses to each influencing factor were estimated
using the environmental coefficients computed in the state-space model by an adaptive Kalman filter with
measurement noise. The results were consistent with the expected response of the strainmeter systems. The
corrected strain considered to originate from underground tectonics provides new insights into the changes
in the pre-earthquake strain. Approximate negentropy (ApNe) and b value were introduced to quantify the
probability distribution of the corrected borehole strain and compared with the local seismic activities. The
nearest station and two further stations, almost simultaneously recorded short-term ApNe anomalies six to
four months before the earthquake. The anomalous region also had a correspondingly low b value. Moreover,
the anomaly acceleration rates of each stationwere dependent on the epicentral distances. Further comparison
with the strain of random periods illustrated the significance of the extracted anomalies. Our results indicate
that the corrected strain may contain seismogenic information and reflect the accelerated strain accumulation
of focal areas before the earthquake.

INDEX TERMS State-space model, Kalman filter, ApNe, b values, short-term strain anomalies, Lushan
earthquake.

I. INTRODUCTION
The preparatory process and occurrence of a major shallow
earthquake are typically accompanied by crustal deforma-
tion [1], [2] (e.g., the 2011 Tohoku earthquake [3] and the
2004 Kii Peninsula earthquake in Japan [4]). Deformation
data obtained by available geodetic means have now been
widely used in studies on crustal motion and earthquake
monitoring [5]–[10]. Among them, borehole strainmeters,
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which detect crustal changes at high resolution on different
time scales ranging from seconds to years [11], [12] provide
an opportunity to investigate the preparation process prior to
earthquakes [13]–[16], slow earthquakes [17], [18], seismic
strain steps [19], [20], and volcanic eruptions [21].

The 2013 Ms 7.0 Lushan earthquake is the second earth-
quake of magnitude 7.0 or higher that has occurred along the
Longmenshan fault zone in Sichuan Province, China, after
the 2008Ms 8.0 Wenchuan earthquake. Recently, significant
attention has been paid to the characteristics of whether the
earthquake generation process can be recorded with geodetic
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data [9], [22]–[24]. For sequences of observations that can
be used to monitor the changes in underground deformation,
Chi et al. [25] detected anomalies in the YRY-4 borehole
strain by investigating the principal stress direction deduced
from the abnormal strain excluding the interference from tele-
seismic waves and human factors. According to their results,
anomalies occurred for six to four months and four days
before the Lushan earthquake from the nearest GZ station
to the epicentre. Later, Yi et al. [26] and Zhu et al. [27]
respectively used wavelet analysis and principal component
analysis to confirm that the anomalies at the GZ station were
preceded by the Lushan earthquake; However, environmental
disturbances were not excluded from the borehole strain data
in their studies.

Borehole strainmeters, with resolutions of less than one
part per billion, increase the difficulties associated with cap-
turing tectonic strain signals because environmental factors
severely affect the identification of the changes in strain
caused by crustal deformation [28]–[30]. Air pressure act-
ing on the Earth’s surface can produce crustal deformation
of 10−9 [31], [32]. Water levels and rainfall are other impor-
tant factors that can affect the local strain [28], [33], [34].
In addition, solid tidal strains typically occur as external
strains, which can be used to analyse the tidal effects from
borehole strainmeters [35], [36]. Strainmeters often simulta-
neously record the changes in the strain from multiple exter-
nal influencing factors and tectonic plate movements. Thus,
to extract tectonic anomalies from deformation observations,
the non-tectonic disturbances should be isolated.

Numerous types of geophysical data are considered
random processes. For a random process, the probability
distribution of the observational data is an informative tech-
nique to extract potential anomalies in earthquake gener-
ation processes. For example, the slipping of two rough
and rigid Brownian-motion-type profiles, i.e., one over the
other, may generate the candidate electromagnetic precur-
sors [37]. Manshour et al. [38] extracted the variance anoma-
lies of the probability density of the Earth’s vertical velocity
increments and observed a pronounced transition from a
Gaussian distribution to a non-Gaussian distribution prior
to 12 earthquakes. Before the 2008 Wenchuan earthquake,
high-frequency fluid observational data deviated from the
Gaussian distribution at 16 fluid stations [39], and skew-
ness and kurtosis (the third- and fourth-order moments) were
applied to the geoelectric data to determine the non-Gaussian
distribution anomalies for predicting the impending large
earthquakes in Taiwan [40]. Therefore, previous studies have
implied that precursor anomalies can lead to an unusual distri-
bution in the strain data. In this study, we applied negentropy
based on high-order moments to quantify the strain distribu-
tion and illustrate the temporal changes in the strain.

In this work, we analysed the data from six stations selected
at the southwestern endpoint of the Longmenshan fault zone,
in combination with the results of the previous deformation
studies [22], [24]. To confirm the existence of the borehole
strain anomalies preceding the 2013 Lushan earthquake, this

is the first study to undertake a strain responses analysis
to distinguish whether the changes in the strain are due to
the environmental disturbance factors or tectonic motions.
We developed a state-space model for the YRY-4 borehole
strain data. The model is a comprehensive and straightfor-
ward method used to deconstruct the strain into its compo-
nent responses to each influencing factor. Using this model,
we removed the strain responses from the environmental
disturbances for the observed strain via a regression model
with coefficients estimated using a Kalman filter adaptive to
dynamic measurement noise. We then calculated the approx-
imate negentropy (ApNe) of the daily corrected strain and b
value to quantify the probability distribution of the strain data
and to comparewith the local seismicity. Finally, we extracted
the ApNe anomalies at six observation points to further dis-
cussion. The importance and advance of this study are that
we explored the strain anomalies from the multiple observa-
tions around the focal area and provided several comparative
analyses to confirm the pre-earthquake anomalies in the same
area. It is hoped that this research will contribute to a deeper
understanding of the relationship between the strain anoma-
lies and the earthquake in time and space.

II. OBSERVATIONS AND DATA
A. BOREHOLE STRAIN DATA
The Lushan earthquake, with a magnitude of Ms 7.0, was
a thrust earthquake that occurred at 08:02 on 20 April,
2013 in Lushan County, Sichuan, China (http://www. glob-
alcmt.org/). The epicentre of the Lushan earthquake was
located at 30.28◦N, 102.94◦E, with a focal depth of 13 km
according to the China Earthquake Networks Center of the
China Earthquake Administration. We selected six YRY-4
strainmetes from near to far south of the epicentre from
2011 to 2014 to revisit the evolution of the earthquake. These
stations are generally considered to be inside the acceptable
range for changes in the strain [41]. Figure 1 and Table 1 pro-
vide the details on these stations.

TABLE 1. List of borehole strain stations shown in Fig. 1.

YRY-4 borehole strainmeters have been deployed at depths
of more than 40 m throughout China. These strainmeters
have four gauges arranged at 45◦ intervals, with the capa-
bility of resolving strain changes of less than one part per
billion. This arrangement produces four observation values:
Si, (i = 1, 2, 3, 4) [42]. Gauge i in the cylinder directly
measures the change in the diameter of the corresponding
azimuth, θi, which results from changes in the strain state.
The relationship between the measurement, Si, and changes
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FIGURE 1. Location map showing the epicentre and six borehole strain
observation points. The region under study is displayed in the indexing
figure to the upper left. The epicentre was located at 30.28◦N and
102.94◦E. The green triangles show the observation points in the study
area. The black curves indicate the faults.

in the strain (ε1, ε2, ϕ) can be expressed as follows:

Si = A(ε1 + ε2)+ B(ε1 − ε2)cos2(θi − ϕ), (1)

where ε1 and ε2 are the maximum and minimum principal
strains, respectively, and ϕ is the principal orientation. Two
parameters, i.e., A and B, known as the coupling coefficients,
are physically determined by the elastic properties of the
materials involved and the geometry of the two-ring measur-
ing system [43]. In this case, we used areal strain, Sa, and
shear strain, Ss to describe the subsurface strain state instead
of the four component observations. Here, Sa and Ss can be
expressed as follows [42]:{

Sa = 2A(ε1 + ε2)

Ss =
√
s213 + s

2
24 = 2B(ε1 − ε2),

(2)

where 
S13 = S1 − S3
S24 = S2 − S4
Sa = (S1 + S2 + S3 + S4)/2.

(3)

Equation 2 is often used to derive the inversion, known as
the absolute in situ calibration. The sampling rate of the
strainmeters is one sample per minute.

B. ENVIRONMENTAL MEASUREMENTS
In strain-monitoring networks, air pressure and water level
are synchronously maintained at every borehole with the
same sampling rate, for use in comparative analyses. In this
work, co-located measurements were analysed at each sta-
tion. Air pressure and water level data were not available at

XM and RH stations and thus were replaced by those of the
ZT station. The rainfall data were downloaded throughNASA
GIOVANNI-4 on a 0.1◦ latitude 0.1◦ longitude grid measured
by the Tropical Rainfall Measuring Mission (TRMM) satel-
lite (http://giovanni.gsfc.nasa.gov/giovanni/).

C. EARTHQUAKE DATA
We used the earthquake catalogues issued by the China
National Earthquake Data Center (http://data.earthquake.cn/)
from 2011 to 2014. The study area is located at 27◦N-32◦N
and 100◦E-106◦E. We selected shallow earthquakes (with a
depth of 0–60 km) that occurred during the study period.
The 2013 Lushan earthquake was the only earthquake of
magnitude 7.0 or greater during the study period.

III. DATA PROCESSING
A. CORRECTIONS FOR ENVIRONMENTAL DISTURBANCES
To eliminate the possibility that the changes in the strain occur
due to the environmental disturbances, we applied a state-
space model to analyse the observed strain data, including
the areal strain San and shear strain Ssn, by assuming that
the induced strain from solid tides, En, air pressure, Pn, and
water level, Wn are additive. The state-space model can be
expressed as follows:

San = Scan + En + Pn +Wn + εn

Ssn = Scsn + En +Wn + εn

εn ∼ N (0,R), n = 1, 2, . . . ,N1 (4)

where Scan and Scsn are the corresponding corrected strain
changes, εn is the Gaussian noise with zero mean and covari-
ance of R, and N1 is the length of the observations. As the air
pressure does not depend on the direction, we ignored the air
pressure loading in the state-space model of the shear strain.
Here, En, Pn, and Wn are considered to be the time series
related to theoretical solid tide en, air pressure pn, and water
level wn, respectively, in the current and the past moments:

En =
l∑
i=0

aien−i (5)

Pn =
m∑
i=0

bipn−i (6)

Wn =

k∑
i=0

ciwn−i (7)

where l, m, and k are the orders for the earth tides,
air pressure, and water level, respectively, and a0, . . . , al ,
b0, . . . , bm, and c0, . . . , ck are the state vectors, indicating
the tidal, air pressure, and water level responses, respec-
tively. We used the Kalman filter adaptive to measurement
noise to analyse the state-space model, which is described
in the Appendix A, and recursively computed the optimal
state vectors. The strain data and these environmental data
were subsampled into hourly values. Then, we obtained the
corrected strain and a series of environmental parameters, i.e.,
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ai, bi, ci. These parameters are related to the response of the
strainmeter system and help the assessment of the installation
of the sensors or the quality of the mathematical inversion.

B. APPROXIMATE NEGENTROPY OF THE
CORRECTED STRAIN
In the analysis of the state-space model, the corrected strain,
scn, is assumed to change gradually and satisfy the random
walk model [34]. We used a detection method that quantifies
the probability distribution of the incremental time series, yn,
which is defined as yn = scn−s

c
n−1. Then, we detected the dis-

tribution of the daily incremental signal of the corrected strain
by using a high-order statistical parameter, i.e., Approximate
negentropy (ApNe). Appendix B describes the details of
ApNe. ApNe is an easily computable measure of the non-
Gaussian distribution used to obtain evidence of the strain
changes that lead to the point of instability [44], [45]. It is
note the hourly strain data were interpolated to one-minute
increments to improve the robustness of ApNe. The Gaussian
process has the largest entropy (minimum negentropy); thus,
we consider the Gaussian process as the most random and
most unorganized process. We assume that when external
energy flows in the seismic system [46], the stability of the
process will decrease, the signal will show organisation, and
entropy will decrease, i.e., negentropy will increase.

C. B VALUE CALCULATION
The b value in the Gutenberg-Richter relationship is a widely
reported seismicity parameter to detect the physical processes
of stress evolution and crack growth. The b value is inversely
proportional to the stress accumulation level [47]. Seismolo-
gists have attempted to use the b value to locate the locked
area of a subduction zone to identify the potential source
location of a large earthquake [48]. Several studies have
demonstrated the possible decrease in the b value prior to
large earthquakes, such as the 2008 Ms8.0 Wenchuan earth-
quake in China [49], the 2011Mw 9.0 Tohoku earthquake in
Japan [50], and the 2003 Tokachi earthquake [51].

As both the b value and strain data reflect the tectonic activ-
ities, a comparison of the two measurements would provide
a more realistic interpretation. The b value can be computed
using the maximum likelihood method [51]:

b =
1

ln(10)(M −Mc)
, (8)

where M denotes the average magnitude with M ≥ Mc in
a moving window and Mc is the corresponding magnitude
of completeness. We also provide the confidence limit of
the estimated b value using σb = b/

√
N2, where N2 is

the number of events with magnitudes greater than Mc [52].
We computed the temporal variations in the b value derived
by a moving window of 500 samples, with a 20-sample step
size. To compute the Mc within the window, we randomly
sampled a dataset of 500 events out of all the earthquake
events and then applied the maximum curvature (MAXC)

technique [53]. We averaged the results of 1,000 repetitions
as theMc of the window.

IV. ENVIRONMENTAL RESPONSES OF THE
STRAINMETER SYSTEMS
The responses of the environmental disturbances were
analysed based on the results in Table 2. Table 2 lists
the environmental parameters in the state-space model.
Figure 2 (a) and (b) show the raw and corrected areal strain
observed at the GZ station.

TABLE 2. Environmental parameters in the state-space model.

A. STRAIN RESPONSE TO EARTH TIDES
In Table 2, the areal tidal coefficients are generally dis-
tributed from 1 to 3. We further evaluated the tidal factors
of theM2 component through harmonic analysis using T-Tide
MATLAB package, with the tidal factors from 0.8 to 1.2 [54],
which agree with the values of the tidal response coeffi-
cients computed using the Kalman filter. The coefficients
are slightly larger because the coefficients of the state-space
model are correspond to all the components of the earth
tides. Tidal loading in shear strain is more evident because
the subtraction of the strain can eliminate some environ-
mental effects such as air pressure. The shear tidal coeffi-
cients are larger than the areal tidal coefficients ranging from
2 to 5, which agree with the behaviour of the steel cylinder,
i.e., changing its area is more difficult than changing its
shape. Therefore, the model is capable of removing the tidal
response in the strainmeters.

B. STRAIN RESPONSE TO AIR PRESSURE
Barometric interference is negatively correlated with strain.
We estimated the coefficients of the air pressure response,
b0, b1, b2, · · · , for six stations listed in Table 2. As the
fitting order of the model of each station is different, we show
only the first six coefficients of the air pressure response.
In Table 2, b0, as a timely load response, is the largest value
in the most case, which is within the range of −1∼-3nε/hPa.
According to Hooke’s law, the YRY4 strainmeters measure
the horizontal two-dimensional strain, where the horizontal
stresses are assumed as follows:

ε1 + ε2 =
1
E
(σ1 + σ2 − µ(σ1 + σ2)), (9)
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FIGURE 2. (a) Hourly raw areal strain (blue), water level, air pressure, and rainfall data at the GZ
station. (b) The first panel is the corrected strain (blue) and the raw strain (grey); other panels show
the induced strain of the water level, air pressure, and earth tides. (c) The increments of the
corrected strain (blue) and the daily approximate negentropy (ApNe).
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where ε1 and ε2 are the horizontal strain values, σ1 and σ2 are
the corresponding stresses, and E andµ are the Young’s mod-
ulus and the Poisson’s ratio, respectively. Assumingµ = 0.25
and E = 0.5 × 109hPa, the amplitude of the compressive
horizontal strain is−1.50 nε/hPa, which is comparable to the
observed values.

However, Hooke’s law is a simplemodel of elasticmechan-
ics. Based on the velocity of the pressure disturbance and
the depth of the crust, the air pressure response changes over
time. In the state-space model, the response to a step change
in air pressure can be expressed as the cumulative sum of
the air pressure coefficients. Figure 3 shows the estimated
response to a step change in air pressure obtained from all
air pressure coefficients. In general, the response gradually
reaches its limiting value, i.e., −4 to −17 nε/hPa, over a
period of approximately 5∼13 h. This time range is related
to the skin factor and the transmissivity of the borehole [55].

FIGURE 3. Response to a step change in air pressure with the air pressure
coefficients.

Theoretical calculations of the effect that the pressure field
on crustal loading show the relationship between the air
pressure coefficient of the areal strain, which changes with
the crustal depth, and the pressure disturbance period [32]:

ε =
3
2

1
2E

e−
πz
τv ((3.3µ− 3.7)+

4
5
πz
τv

(1− µ)) (10)

where E and µ are the Young’s modulus and the Poisson’s
ratio, respectively, z is the installation depth of the borehole
strainmeter, and τ is the period of a single air pressure
wavelength, and v is the velocity of the pressure disturbance.
Assuming that µ = 0.25 and E = 0.5× 109hPa, the average
disturbance velocity of the air pressure change is 4.5 m/s.
At a depth of 40 m in the crust hole, the pressure coefficient
is stable at approximately −4.27 nε/hPa. When there is a
relatively loose layer with small E values (e.g., 0.2×109hPa)
of a strainmeter,such as the XM and YS stations, the pressure
coefficient exceeds−10 nε/hPa. The porosity of the rock also
yields a discrepancy in the barometric coefficient. Previous
studies have used linear regression methods to obtain the
strainmeter response to air pressure [56]. Such estimates of

the air pressure coefficients are approximately 0 to−9nε/hPa
at these six stations. Therefore, we consider that the air pres-
sure coefficients are comparable to the expected values.

C. STRAIN RESPONSE TO WATER LEVEL
Rainfall, snowmelt, pumping, and changes in the water level
of a river or a reservoir cause changes in the loading around
a borehole. The strain and water level observations typ-
ically exhibit a negative correlation, i.e., when the water
level rises (loading increases), the strain curve decreases
(compression). Estimates of the induced areal strain due to
the changes in groundwater levels are within the range of
−0.5 to −7.0 nε/mm. We computed the theoretical hori-
zontal strain per meter of water level change (equivalent
to 104 Pa) using Equation 9. The groundwater response
to the strain is 0.15 nε/mm, consistent with the observed
values of −0.5 to −7.0 nε/mm considering the layers with
smaller G values or larger porosities. Liu et al. [56] linearly
added the influence of the water level to the Nakai model to
evaluate the fitting coefficients via the least square method.
The obtained water level efficiencies were also in the range
of 0 to −10 nε/mm.
The absolute amplitudes of the coefficients of the level

of the shear and theoretical strains induced by the changes
in groundwater levels have the same order of magnitude;
however, there are positive and negative coefficients. Local
conditions may be anisotropic owing to the influence of
the surrounding broken zones or reservoirs, changing the
linear strains of the four components. If the water level is
positively related to one of the component strains, it may
also be positively related to the shear strain. The situation
for each observation point requires further specific analysis.
The hydraulic environment adjacent to the borehole is also
important and thus should be considered when selecting the
installation location of strainmeters.

D. STRAIN RESPONSE TO RAINFALL
In general, rainfall infiltration increases the water level in
the borehole, which is affected by compressive stress, and
decreases the strain. The rainfall effect is usually expressed by
an autoregressive-moving-average model with the exogenous
input model that considers the immediate and delayed effects
of rainfall [34]. However, rainfall-induced strain is the most
complicated one of all the environment-induced strains. First,
not every rainfall event can be described by using a math-
ematical model; pore saturation is different for heavy and
light rainfall events. Second, there may be additional strain
from fluid pressure changes that take place due to rainfall
infiltration. Third, if there are rivers and reservoirs around a
borehole, rainfall will have a magnifying effect on the strain.
If the model results have large misfits, the error in the

corrected strains will increase. Therefore, we tend to analyse
the rainfall effect on strain case by case at present. We per-
formed a simple linear regression with observed strain values
and cumulative rainfall (without trends). The raw areal strain,
water-level-induced strain calculated by the Kalman filter
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FIGURE 4. Raw areal strain, water-level-induced strain, and cumulative rainfall-induced strain at
six stations.

method, and cumulative rainfall-induced strain are shown
in Fig. 4. These strain values showed a strong correlation
at the GZ, XM, ZT, RH, and TC stations. The response to
rainfall ranged from −1 to −6 nε/mm, consistent with the
response to the water level (−0.5 to −7 nε/mm) and air
pressure (−4 to −17 nε/hPa).

V. EXTRACTING PRE-EARTHQUAKE STRAIN ANOMALIES
FOR THE LUSHAN EARTHQUAKE
A. ApNe ANOMALIES OF CORRECTED STRAIN DATA
The interior physics of the earthquake process is complex.
For example, there may be certain precursors that origi-
nate from underground activities, which lead to larger earth-
quakes. However, there may also be certain precursors that
do not create anomalies. Thus, spatiotemporal clustering is
considered to represent the most striking departure from

randomness for the large earthquake occurrence process [57].
For clustered accumulation anomalies, the sigmoid function
was applied to describe such changes. The sigmoid function
is characterised by two power law behaviours with opposite
concavities before and after a centre point, which can be
expressed as follows:

y = A2+
(A1− A2)

(1+ e
x−x0
dx )

, (11)

where A1, A2, x0, and dx are the asymptotic lower limit,
asymptotic upper limit, inflection point, and time constant,
respectively. These parameters are widely used to describe
seismic anomalies [58]. If the earthquake events and anoma-
lies have no correlation, the accumulation for random anoma-
lies should increase linearly. In contrast, if the slope of the
accumulation curve increases prior to an earthquake, this
indicates a possible relationship between the anomalies and
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external strain sources, especially when local environmental
responses from the raw strain are eliminated via the state-
space model.

We computed the daily ApNe value of the corrected strain
from 1 January 2011 to 1 January 2014 to illustrate the under-
ground instability of the southwestern endpoint of the Long-
menshan fault zone. We assumed that an anomaly exists if the
ApNe value exceeds the mean plus two standard deviations.
In that case, we applied one count for the corresponding day,
then summed the counts over time. Figure 5 shows the cumu-
lative ApNe anomaly results for areal strain at six stations.

In Fig. 5(a), the ApNe anomalies at the GZ, XM, and RH
stations before the Lushan earthquake are not as random as
those in 2011. The first acceleration of the ApNe anomaly
accumulation occurred approximately six to four months
prior to the earthquake, showing an abrupt acceleration fol-
lowed by moderate acceleration, which indicates that non-
Gaussian changes in the borehole strain data began to appear.
This implies that strain anomalies changed from unorgan-
ised to organised. Based on Prigogine and Stengers [46],
the entropy can decrease depending on the energy flux ratio in
an open system. Accordingly, the increase in ApNe anomalies
may reflect the fact that the influence of external forces
stimulates energy accumulation in the formation of a seismic
source area [59]. In addition, from the day of the earthquake
until two months after the earthquake, the second cluster of
anomalies briefly increased and recovered to a stable state,
with a downward concavity, illustrating the deceleration and
recovery of anomaly accumulation. Moreover, the two clus-
ters of anomalies are consistent with the findings of previous
studies on borehole strain associated with the 2013 Lushan
earthquake [25], [42].

However, the accumulations of the ApNe anomalies at the
distant YS, RH, and TC stations are linear (Fig. 5(b)) and
can be regarded as random anomalies, indicating that these
stations may not have detected the pre-earthquake anomalies.
They are far from the Southern end of the Lushan earthquake
fault such that no observations of anomalous changes would
be reasonable.

To further investigate the relationship of the occurrence of
these anomalies with the Lushan earthquake, we statistically
analysed the acceleration rate of the ApNe anomalies from
each station before the earthquake. We selected the same
period with anomaly accumulation in the last three months
of 2012 at six stations and used their slopes to represent
the acceleration rate. For comparison, we normalised the
number of anomalies involved in the linear fit. As the epi-
central distance increased, the acceleration rate decreased
exponentially. In Fig. 5(c), the anomaly acceleration rate
and corresponding epicentral distance are strongly correlated
and subject to a linear logarithmic relationship: ARa =
−0.0063 log(R) + 0.019, with a goodness-of-fit of 0.65.
Here, ARa, and R are the acceleration rate for areal strain,
and epicentral distance, respectively. We performed the same

FIGURE 5. (a) Accumulation of ApNe anomalies at the GZ, XM, and ZT
stations. The solid dots are the cumulative ApNe anomaly counts from
2011-2014. The black, pink, and blue lines are the sigmoidal fits at the GZ,
XM, and ZT stations. The green line is the sigmoidal fit after the
earthquake at the GZ station. The vertical red line is the day of the
2013 Lushan earthquake. (b) The accumulation of negentropy anomalies
at the RH, YS, and TC stations. The black, pink, and blue lines are their
linear fits. (c) Relationship between the epicentral distance and
acceleration rate both for areal and shear strain values at each station.
Solid dots represent the acceleration rate of the areal strain, ARa, and
hollow dots correspond to the shear strain, ARs. The black lines are their
linear fits at logarithmic epicentral distances. (d) The accumulation of
ApNe anomalies for two random periods. Period 1 is from
1 January 2009 to 1 January 2012. Period 2 is from 1 July 2014 to
1 July 2016.
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process for the borehole shear strain, i.e., extracting the ApNe
anomalies, followed by fitting their anomaly accumulations.
The results for shear strain, ARs, were similar to the areal
strain results (Fig. 5(c)). The deviation at the ZT station was
large because it was surrounded by earthquake-prone areas
during that period, and the shear strain may have weakened
these changes. Generally speaking, as the epicentral distance
increases, the acceleration rate becomes less significant, indi-
cating that the ApNe anomalies are more sensitive near the
2013 Lushan earthquake epicentre. In other words, the ApNe
anomalies from the borehole strain data depend on the epi-
centre of the Lushan earthquake.

B. COMPARISON WITH RANDOM PERIODS
To improve the statistical significance of the anomalies,
we expanded the dataset and compared two random peri-
ods. Period 1 is from 1 January 2009 to 1 January 2012,
and period 2 is from 1 July 2014 to 1 July 2016. There
were no strong earthquakes in the selected periods, and
the data quality was high. We performed ApNe analysis
on these two random periods and compared them with the
2013 Lushan earthquake (Fig. 5(d)). The accumulation of the
ApNe anomalies in the random periods are characterised by
a statistically significant linear increase. These two periods
include five years’ worth of data, which implies that lin-
ear accumulation can be regarded as a normal-state back-
ground of ApNe accumulation. However, during the Lushan
earthquake period, as the earthquake approached (October to
December 2012), the number of ApNe anomalies increased
rapidly and recovered after the earthquake. This comparison
indicates that the extracted ApNe anomalies are different
from the normal-state background.

C. DAILY VARIATIONS OF B VALUES
Crustal deformation is a highly complicated process; an
integrated analysis and interpretation of other geophysical
observations can improve the understanding of the earthquake
process. From the elastic deformation stage to the unstable
stage of rock fractures, the number of small earthquakes
increases [60], which explains the earthquake sequences
before a strong earthquake occurs [61]. Based on an anal-
ysis of the earthquake catalogue from 1 January 2011 to
1 January 2014, we further investigated the b value prior to
the Lushan earthquake. Figure 6 shows the temporal varia-
tions in the b value derived by a moving window of 500 sam-
ples, with a 20-sample step size. The b value started to
increase in 2011 and gradually reached its maximum value
in 2012. After September 2012, there was a rapid decline,
which was sustained until 2013. At the beginning of 2013,
the b value rebounded slightly until the Lushan earthquake.
After the earthquake, the b value recovered.

The decreasing trend of the b value and ApNe anomalies
for the borehole strain indicate that, after September 2012,
the strain accumulation likely experienced abnormal changes
along the southern end of the Longmenshan fault zone.

FIGURE 6. (a) Temporal distribution of earthquakes (Ms ≥ 1) from
2011 to 2014. (b) Temporal variations in the b values. The black line
shows the temporal variations in b values with their error bars
in 2011-2014 for a window length of N = 500 and step = 20. The vertical
red lines are the time labels for September 2012 and earthquake day.

The lower b value after the earthquake also corresponds to
the ApNe anomalies after the earthquake.

At the initial stage of the earthquake, the entire fault slides
stably under the tectonic stress, where the accumulation of
ApNe anomalies increases linearly. With the increase in the
tectonic stress, local crustal movements gradually change
from a linear stage to a nonlinear stage. During this period,
as the stress continues to accumulate, small local cracks and
slips at different scales occur. A locked area forms when
frictional resistance along the fault is greater than the shear
stress across the fault. Under tectonic stress, the sliding zones
along the fault still maintain relative movement with respect
to each other, resulting in the continual accumulation of
elastic energy in the locked area. In this period, the ApNe
anomalies increase quickly while the b value is low. However,
when this process develops to a certain stage, the deformation
is dominated by a release and part of the locked areas are
unlocked to become the slip areas, with an expansion of the
sliding areas. In the remaining locked areas, especially near
the new breakpoint, the further concentration and redistribu-
tion of stress result in an increasingly high stress concentra-
tion degree [24]. Certain weak parts are destroyed, resulting
in stress release, which corresponds to a slight rebound in the
b value before the earthquake. At this stage, the fault zone is
stable and shows ‘quiescence’ with significantly weakened
deformation. Thus, strain data record no ApNe anomalies.
When the locked region with an increasing stress concen-
tration cannot support the accumulated strong shear stress,
the entire locked region instantly destabilizes, promoting the
occurrence of the earthquake. The in situ stress measurement
results in the southwestern area of the Longmenshan fault
zone also indicate that the maximum horizontal principal
stress in this area has reached a critical low limit for the fault’s
active stress after the 2008 Wenchuan earthquake, and fault
activity has entered a critical state [62]. The Lushan earth-
quake occurred due to the fault displacement caused by the
shear stress along the seismogenic fault plane that exceeded
the threshold [63]. Besides this, in the locked region, there
is a significant end effect on the stress distribution [64] such
that the southwestern end of the Longmenshan fault zone is a
potential region where the anomaly can occur.
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Studies that analysed the GPS data between 2009 and
2011 have shown that the southwestern endpoint of the Long-
menshan fault zone, before the Lushan earthquake occurred,
was locked [22]. The investigations of the changes in the
GNSS baseline length showed that the trends in the GNSS
baseline had an abnormal deviation for several months before
the Lushan earthquake [24]. The maximal shear strain and
the first shear strain showed a significant pre-seismic locking
process that occurred from September to December 2012
(Fig. 9 in [24]), which is also consistent with our results.

The complexity of crustal deformation, the uncertainty of
the seismogenic mechanism, and the uneven distribution of
the fault and cross-fault measurement sites make the exam-
ination of the pre-earthquake process challenging. Although
these results may objectively reflect the seismogenic process
associated with the 2013 Lushan earthquake, further explo-
ration of the mechanism for these anomalies and improved
statistics are required to fully understand the dynamic back-
ground of the earthquake.

VI. CONCLUSION
To verify the existence of the strain precursors preceding the
2013 Lushan earthquake, we applied an anomaly detection
method based on a space-state model and ApNe analysis to
the borehole strain data from 2011−2014 along the south-
western end of the Longmenshan fault zone. First, we ruled
out several local factors that may have affected the strain.
As for the environmental disturbances, we constructed a state-
space model that uses air pressure, earth tides, and water level
data based on the observations recorded using YRY-4 bore-
hole strainmeters. The obtained tidal, air pressure, and water
level efficiencies were from 1 to 5, from −4 to −17 nε/hPa,
and from −0.5 to −7.0 nε/mm, respectively. We then per-
formed an ApNe analysis of the corrected data from six
stations. The temporal results at the GZ, XM, and ZT stations
for the ApNe anomaly accumulation were almost simulta-
neously accelerated four to six months prior to the earth-
quake. Further investigations of the anomaly accumulation
rate showed that the extracted ApNe anomalies depended on
the epicentral distance. Comparison analysis with the ApNe
anomaly accumulation in other random time periods further
demonstrates the significance of the extracted anomalies.
Moreover, our results were consistent with the b values and
GNSS geodetic data. Therefore, we conclude that the state-
space model can effectively decompose the strain data and
ApNe analysis has the potential to enhance the understanding
of the earthquake generation process. Future studies should
focus on strain precursor mechanisms and statistical analyses
of higher-dimensional observations.

APPENDIX A
STATE-SPACE ANALYSIS OF BOREHOLE
STRAIN BY KALMAN FILTER
For the clean strain, Scan and Scsn , that cannot be
observed or measured in state-space models, the Kalman
filter was applied to the optimal estimates of the state vector

by iterating the covariance matrix [65]. We used the state-
space model of the areal strain as an example. A state vector,
zn, are assumed that it can fully describe the system of
Equation 4 at time n.

zn = (Scan , a0, . . . , am, b0, . . . , bl, c0, . . . , ck )
T. (12)

Here, Scan is the corrected areal strain, which is considered
the tectonic-origin strain. The state vector zn depends upon its
value at n− 1, which can be written as a transition equation:

zn = Bzn−1 + vn,

vn ∼ N (0,Q), n = 1, 2, . . . ,N (13)

where the process noise, vn, is the Gaussian white noise with a
process noise covariance ofQ.B as the state-transitionmatrix,
can be expressed as follows:

B =


1

Im+1
Il+1

Ik+1

 , (14)

where I refers to the identity matrix. The borehole strain at
time n can be estimated by the state vector of the air pres-
sure, solid tide, and water level according to a measurement
equation:

San = Gnzn + εn, (15)

which describes the relationship between the observed strain,
San , and unobserved state, zn. The measurement matrix, Gn,
is expressed as follows:

Gn = (1, pn, . . . , pn−l, en, . . . , en−m,wn, . . . ,wn−k ). (16)

The Kalman filter is a recursive procedure that corrects the
estimation by continuously predicting and updating one point
at a time. Here, zn|n−1 and Fn|n−1 represent the estimated
state and the variance-covariance matrix at time n based on
observations for times n− 1, as follows:

zn|n−1 = Bzn−1|n−1, (17)

where

Fn|n−1 = BFn−1|n−1BT + Q. (18)

Having observed the data for Scan , we can update the pre-
dictions, i.e., zn|n−1 and Fn|n−1, according to the Kalman
filter (1960).
However, we note that the covariance of the measurement

noise, R, in a conventional Kalman filter is constant. Based
on the state-space equation, external environmental factors,
such as the air pressure and water level, not only effect
the measurement strain, but also change the measurement
noise associated with the observed strain. Therefore, the mea-
surement noise, R, can be improved to dynamic noise, Rn.
For dynamic noise estimation, an adaptive Kalman filter is
widely used [66]. We introduced the amnestic factor, dn, and
forgetting factor, b, which range from 0 to 1, to estimate the
optimal state, i.e., zn|n. Here, dn is regarded as a decreasing
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weight function. By adjusting b, Rn is corrected to obtain
the dynamic covariance estimation with the largest weight
on the current observation value. The implementation steps
of the Kalman filter adapted to measurement noise are as
follows:

Kn = Fn|n−1GT
n (GnFn|n−1G

T
n + Rn)

−1, (19)
Vn = San − Gnzn|n−1, (20)
zn|n = zn|n−1 + KnVn, (21)
Fn|n = (I − Kn)Fn|n−1, (22)
Rn = (1− dn)Rn|n−1 + dn(VnV T

n ). (23)

Here,

dn = (1− b)/(1− bn). (24)

where Kn is the filter gain, Vn is the remainder vector, Fn|n is
the covariance matrix of the state estimation, andFn|n−1 is the
one-step estimation variance matrix. The best orders, i.e., l,
m, and k , for the model were determined by minimizing the
Akaike’s Information Criterion (AIC) [67], as the Kalman
filter allows the construction of the likelihood function asso-
ciated with the state-space model [68].

APPENDIX B
APPROXIMATE NEGENTROPY ANALYSIS OF
CORRECTED STRAIN
As the Gaussian random variable is considered to have the
largest entropy and the highest randomness of all other ran-
dom variables with equal variance [69], the entropy-based
negentropy is used as a statistically justified measure of
non-randomness [70]. The definition of negentropy Ne is as
follows:

Ne(Y ) = H (Yguass)− H (Y ), (25)

where Ygauss is a Gaussian random strain, with the samemean
and covariancematrix as the incremental strain y. The entropy
H of a random variable, Y = {y1, y2, . . . , yi, . . .}, can be
defined as follows:

H (Y ) = −
∑
i

P(yi) logP(yi), (26)

where P is the probability density function (PDF). Previous
research derived that higher order statistics (HOS) can be
used to approximate one-dimensional negentropy [71]:

ApNe(Y ) ≈
1
12
skewness2(Y )+

1
48
kurtosis2(Y ). (27)

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

skewness(Y ) =
µ3

σ 3 =
E[(Y − µ)3]
E[(Y − µ)2]3/2

(28)

and

kurtosis(Y ) =
µ4

σ 4 =
E[(Y − µ)4]
E[(Y − µ)2]2

− 3, (29)

whereµ is the mean of Y and σ is the standard deviation of Y .
Skewness is a measure of asymmetry in a PDF. A symmetric

distribution has zero skewness. Kurtosis is a measure of tail
heaviness in a PDF. Distributions that are more outlier-prone
than a normal distribution have kurtosis values greater than
zero. Based on the definitions above, skewness and kurtosis
can be regarded as the normalization of third- and fourth-
order moments.
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