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In this study, natural orthogonal expansion was performed on earthquake

frequencies to compute the pre-quake frequency fields of

9 Ms ≥7.0 earthquakes in mainland China from 1980 to 2020. The temporal

and spatial pre-quake anomalies of these earthquakes were extracted from

their frequency fields. We found that the majority of pre-quake temporal

anomalies (i.e., variations exceeding two-times the absolute mean square

error) of a strong earthquake are condensed within the first four frequency

fields, and typically comprise multiple components. The temporal factor of the

first frequency field usually accounts for the largest proportion of these

anomalies (40%–60% of the entire field). Most Ms ≥7.0 earthquakes

exhibited long-term anomalies 5–8 years before their occurrence; some

presented medium-term anomalies 1–2 years prior to the quake, and only a

few presented short-term and imminent anomalies (≤3 months before the

quake). Anomalous seismic hazard zones have high-gradient turning points

in regional frequency-field contour maps, and the epicenters of strong

earthquakes are often located in areas containing active faults that have

contour values. Through the comparison of seismic frequency field and the

traditional method of regional seismic activity frequency (3 months), it is shown

that the frequency-field time factor has the advantages of diversified and rich

abnormal information. The slope comparison between the frequency field and

the cumulative frequency curve shows that the frequency anomaly time of the

two is consistent, and the conclusion is reliable. Therefore, the seismic

frequency method can predict the occurrence time and location of strong

earthquakes, which is closer to the predictable seismic model.
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1 Introduction

Before a strong earthquake there is an abnormal frequency of

seismic activity around the source, wherein the frequency of

seismic activity increases or decreases significantly compared

with the normal level (Mei, 1996; Wyss and Habermann, 1998).

Mogi (1969) studied the seismic activities around the focal area

before the strong earthquake in Japan, and proposed for the first

time that the frequency of earthquakes might increase or decrease

significantly. Many subsequent studies have shown that there are

frequent anomalous seismic signs around the focal points before

most strong earthquakes, such as the 1988 Armenia Spitak

Ms7.0 earthquake (Wyss and Habermann, 1998), 1992 US

Landers Ms 7.3 earthquake (Wiemer and Wyss, 1994),

2011 Japan Ms 9.0 earthquake (Katsumata, 2011), 2014 Chile

Iquique MW 8.1 earthquake (Aden-Antoniow et al., 2020) and

the 2015 Chile Illapel MW 8.3 earthquake (Jarmolowski et al.,

2021). Therefore, it is of great significance to study the abnormal

variation characteristics of earthquake frequency for the

development of earthquake prediction.

Some researchers have begun to study the anomaly of

regional seismic activity frequency before strong earthquakes

by using the traditional method of regional seismic variation over

time. For instance, Feng et al. (2009) studied 22 moderate-to-

strong earthquakes that occurred in the northeastern margin of

the Qinghai–Tibet Block from 1980 to 2008, and found that 17 of

these earthquakes were preceded by significant increases in the

frequency of small earthquakes. Li et al. (2017) analyzed the data

from the seismograph network around the Sichuan–Yunnan

rhombic block and found significant anomalous increases in

the local earthquake frequency prior to the 2013 Ms 7.0 Lushan

Earthquake and 2014 Ms 6.5 Ludian Earthquake. This was an

important result in terms of recognizing the precursors of strong

earthquakes. Ma et al. (2008) studied the cumulative number of

small earthquakes in the Qilian Mountain fault zone and

variations in the earthquake frequency fields of

Ms ≥6.0 earthquakes that occurred in China. Zhang and Li

(2021) noted that the activity of small earthquakes around the

focal point of the MaduoMs 7.4 earthquake in Qinghai province

increased significantly before the earthquake, and that the Luqu

earthquake swarm was formed. They theorized that the Luqu

area is a stress-sensitive area, which has a good corresponding

relationship to the Maduo Ms 7.4 earthquake. Ma et al. (2022)

studied 15 Ms ≥7.0 earthquakes in mainland China, and the

cumulative frequency of earthquakes showed exponential

growth. They found that at the annual scale non-linear

growth characteristics are present in a cumulative number of

small earthquakes before Ms ≥7.0 earthquakes. They also

demonstrated that the gradient of the cumulative earthquake

frequency graph changes prior to a moderate or strong

earthquake owing to the formation of a seismogenic stress

state in the region. The research methods of these scholars are

effectively similar, in that they are one-dimensional images of

earthquake frequency variable with time, which can predict the

occurrence time of strong earthquakes.

The application of field theory to study anomalies before

strong earthquakes is relatively new, having only been developed

in recent years. The natural orthogonal expansion method (Ma

et al., 1993) is used to calculate the energy field or frequency field

before a strong earthquake. Two-dimensional images of the time

and space of typical fields are studied, so as to predict the time

and location of strong earthquakes. In particular, seismic energy

fields have been studied intensively by several authors. For

example, energy field theory was used for the first time by

Yang and Ma (2004) to study how temporal anomalies in

seismic energy are related to strong earthquakes in Ningxia.

Luo and Yang (2005) conducted a systematic analysis of the

relationship between spatial and temporal seismic energy field

anomalies and moderate-to-strong earthquakes in Yunnan based

on the seismic energy field in the region since 1975. Luo et al.

(2011a) extracted spatiotemporal anomalies from the seismic

energy field of the northwest Yunnan to south Yunnan region

and accurately predicted the strong earthquakes that occurred in

this region over the next 3 years. Luo et al. (2011b) and Yang and

Ma (2011), Yang and Ma (2012) discovered medium- and short-

term temporal and spatial anomalies in the seismic energy field of

Wenchuan prior to the 2008 Ms 8.0 Wenchuan Earthquake that

corresponded closely to the earthquake event. Ma and Yang

(2012) analyzed the pre-quake temporal changes in the seismic

energy field of the area around the epicenter of the 2010 Ms

7.1 Yushu Earthquake and the Yushu Fault and found that

spatiotemporal energy-field anomalies preceded the

earthquake by approximately half a year. Yang and Ma (2013)

reviewed the pre-quake temporal factors of seismic activity fields

around the epicenters of 30 Ms ≥6.0 earthquakes in China and

found that most of these earthquakes were preceded by

significant temporal anomalies. Luo et al. (2014) studied pre-

quake spatiotemporal anomalies in the seismic energy field of the

epicenter of the 2013 Ms 6.6 Minxian Earthquake and analyzed

the correspondence between the evolution of spatiotemporal

anomalies in the pre-quake seismic energy field and the

epicenter of the Ms 6.6 earthquake. Yang et al. (2017) studied

the strain fields ofMs ≥6.0 earthquakes in China and found that

the temporal anomalies of such fields are more useful as

earthquake predictors than those of seismic energy fields. Luo

et al. (2018) studied the pre-quake seismic strain field of the

2017 Ms 7.0 Jiuzhaigou Earthquake and compared the temporal

evolution of the strain anomalies of this earthquake with that of

the 1976Ms 7.2 Songpan–Pingwu Earthquake. Luo et al. (2019a)

studied the pre-quake spatiotemporal anomalies of seismic strain

fields around the epicenter of large earthquakes with an emphasis

on their relationship to the mainshock. Luo et al. (2019b) studied

how the seismic strain field of theMs 8.0 Wenchuan Earthquake

affected the subsequent Ms ≥6.0 earthquakes in the

Longmenshan Fault and other nearby faults by investigating

the interactions between strong earthquakes from the perspective
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of seismic strain evolution. Ma et al. (2020) applied a natural

orthogonal function to study the variation of frequency field time

factor of 7 Ms 7 earthquakes and 8 Ms 6 earthquakes and found

that frequency field anomalies before strong earthquakes mainly

concentrated in the first and second typical fields.

On the basis of the above research, we extracted the spatial

isoline anomalies of the frequency field, studied the

spatiotemporal abnormal variation characteristics of the

frequency field of seismic activity before strong earthquakes in

mainland China, and considered the abnormal variation rules of

Ms ≥7.0 earthquakes. Next, through the comparison of seismic

frequency field and the traditional method of regional seismic

activity frequency (3 months), it was found that the frequency

field time factor has the advantages of diversified and rich

abnormal information. A slope comparison between the

frequency field and the cumulative frequency curve then

revealed that the frequency anomaly time of the two is

consistent, and the conclusion is reliable. Lastly, the seismic

frequency method was used to predict the occurrence time

and location of strong earthquakes, and was found to be

closer to the predictable seismic model.

2 Data and methods

2.1 Convolution regression method

The earthquake frequencies of a region are random

variables that can be decomposed via natural orthogonal

expansion into spatial and temporal functions. These

functions comprise the earthquake frequency field, N. A

random field can then be created by gridding the study

area according to its local earthquake frequencies, that is,

by dividing the study area, ΔN, into n elements of equal areas

such that ΔN � Δx ×Δy. The central coordinates of each

element are (xj, yj)(j � 1, 2, . . . , n). The observation time, ti,

is then divided into m intervals of length Δt such that

ti � Δt × I(i � 1, 2, . . . , m). The observed seismic activity

frequency of each element during each time interval is then

calculated and recorded as Nij; these values constitute the

function field of the spatiotemporal coordinates

(xi, yi, tj)(i, j � 1, 2, . . . , n).
We herein express N, the frequency of the seismic activity

applied in the gridding of the study area, as N � ∑
i

Nij, which

has the following matrix representation:

N �
N11 N12 / N1n

N21 N22 / N2n

..

. ..
. ..

. ..
.

Nm1 Nm2 / Nmn

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦, (1)

where Nij(i � 1, 2, . . . , m, j � 1, 2, . . . , n) is the cumulative

earthquake frequency of the j-th grid (spatial factor) during

the i-th time interval (temporal factor). A natural orthogonal

expansion is then performed on N by decomposing the matrix

into the sum of the products of the orthogonal spatial functions x

and orthogonal temporal functions T, that is,

Nij � ∑n
p�1

TipXpj
i � 1, 2,/, m
j � 1, 2,/, n

{ . (2)

These functions are orthogonal and normalized and satisfy

the conditions

∑n
j�1
xkjxlj � 0 k ≠ l

1 k � l
{ , (3)

∑m
i�1
TikTil � 0 k ≠ l

λk k � l
{ . (4)

We can then define the matrix R � N’N and solve for the

characteristic equation of R, that is,

R11 R12 / R1n

R21 R22 / R2n

/ / / /
Rn1 Rn2 / Rnn

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

x1

x2

/
xn

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ � λ

x1

x2

/
xn

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦, (5)

from which we obtain the eigenvectors x
.

k and eigenvalues

λk(k � 1, 2, . . . , n). The temporal factors can then be

expressed as

T
.

k � Nx
.

k k � 1, 2,/n. (6)

The eigenvectors x
.

k (frequency field) represent the spatial

distribution of earthquake frequencies in each field, and the

temporal factor T
.

k represents the time dependence of the

frequency field x
.

k as well as reflecting the dynamics of each

time-frequency field. The eigenvectors corresponding to the first

few eigenvalues of R (which are arranged in decreasing order) are

sufficiently precise to fit the entire frequency field. In other

words, we can approximate the entire frequency field by

superimposing the first few eigenvectors (frequency fields),

with the changes that occur in these first fields representing

the spatiotemporal characteristics of the frequency field

corresponding to the study area. If the sum of all n

eigenvalues is b0, the precision of fit between the first l

frequency fields and the entire field is

rl � ∑l
p�1

λp/b0, (7)

where λp is the p-th characteristic root.

In summary, natural orthogonal expansion condenses most of

the information carried by an earthquake frequency field into the

“primary” frequency fields that correspond to its largest eigenvalues.

Frequency fields that are either invariant or poorly correlated with

large quakes can then be excluded, thus simplifying the problem to

the anomalies of the first few frequency fields.
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2.2 Data and case examples

The earthquake data used in this study were obtained from

the official national earthquake catalog provided by the China

Earthquake Networks Center. The b-values of the study areas

that correspond to the epicenters of 9 Ms ≥7.0 earthquakes were
estimated from the earthquake catalog and their minimum

magnitudes of completeness, Mc. One of the considerations in

this study was the difference between frequency and energy fields.

Small earthquakes (Ms 2-3) reflect the background seismicity of

each region and have a significant effect on the earthquake

frequency fields; large earthquakes, which are primarily

controlled by seismogenic mechanisms, have a stronger effect

on the energy field. To ensure that the selected dataset adequately

reflected the background seismicity of a region as well as the

seismogenic processes of large earthquakes, earthquakes between

Mc andML 5.4 (Ms 5.0) were included in the dataset. In principle,

the aftershocks of each study area should also be included in the

dataset. However, for cases in which the study areas of

Ms ≥7.0 earthquakes overlapped, it was necessary to eliminate

the aftershocks of the earlier earthquake to avoid affecting the

later earthquake. For example, the study areas of the 2008 Ms

8.0 Wenchuan Earthquake and 2013 Ms 7.0 Lushan Earthquake

overlapped; in this case, it was necessary to omit the aftershocks

of the Ms 8.0 Wenchuan Earthquake from the dataset. The grid

was divided into square cells of 1.0°x1.0°, and the time interval

was selected as 3 months. The data were discretized and

calculated, and the specific spatiotemporal scale was discussed

in the following paper. Earthquake frequency matrices, N, were

constructed for each study area using Eq. 1. These matrices were

then analyzed by natural orthogonal expansion and the

corresponding R matrices were solved to obtain the

eigenvalues of the frequency field, primary fields that

correspond to these eigenvalues, temporal factors of these

primary fields, and frequencies of the spatial grids of each

study area.

Natural orthogonal expansion was used to analyze the pre-

quake local frequency fields of allMs ≥7.0 earthquakes in mainland

China from 1980 to 2020 (Figure 1). However, based onWang et al.

(2017) studies of the disparities in the precision and sensitivity of the

national seismograph network (especially in Tibet and parts of

Qinghai, where the network is poorly developed), the seismic

observation data of the following earthquakes were found to be

insufficiently complete for the purposes of this study: the Ms

7.5 Earthquake in Mani, Tibet, on 8 November 1997; the Ms

8.1 earthquake to the west of the Kunlun Pass on 14 November

2001; and the Ms 7.1 earthquake in Yushu Tibetan Autonomous

Prefecture on 14 April 2010. Therefore, the frequency fields of these

earthquakes were not computed in this study.

2.3 Earthquake parameters and
computational accuracy

The proposed method was first tested on the Ms 7.1 Wuqia

Earthquake that occurred on 23 August 1985. The coordinates of

FIGURE 1
Locations of 9 Ms ≥7.0 earthquakes in mainland China. Red circles represent magnitude-7.0–7.9 earthquakes, and blue circles represent
magnitude-8.0–8.9 earthquakes, the spatial distribution of epicenters in the Chinese mainland from 1980 to 2022.
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its study area are (74.5°–77.5°E, 39°–41°N) and the b-value of this

area was estimated using the seismic data from January 1975 to

July 1985. The Mc of this area was determined to be ML =

2.7 according to the G-R equation (Figure 2). The study area was

divided into 1.0°×1.0°grids, with a time interval of Δt = 1/4 years

(3 months). The earthquake frequency field of the n grids (n = 6)

and m time intervals (m = 42) was then computed. When l = 4,

the first four frequency fields encompass 88.91% of the entire

frequency field, which is equivalent to all of the pre-quake

frequency field anomalies of the Ms 7.1 Wuqia Earthquake

being condensed within these four primary frequency fields.

In other words, the anomalies in the first four frequency fields

were equivalent to all of the anomalies of the study area. The

parameters of the other 8 Ms ≥7.0 earthquakes and their

computed results are listed in Table 1. This table includes the

selected earthquakes and their spatial and temporal ranges, the

magnitudes of the weak earthquakes included in the frequency

field, the number of computational grids and time intervals, the

magnitudes of the first four eigenvalues, and the accuracy of fit

between the first four frequency fields and the entire field. It is

seen from the table that the study areas of most of the

Ms ≥7.0 earthquakes were larger than 3°×3° and spanned ten

years or more (Yang et al., 2017) except in a few special cases. For

instance, the spatial and temporal ranges of the 2017 Ms

7.0 Jiuzhaigou Earthquake had to be selected in a different

manner to account for the influence of the 2008 Ms

8.0 Wenchuan Earthquake. The accuracy of fit between the

entire frequency field and first four frequency fields was

always greater than 70%, and the fit was 100% for the

1988 Ms 7.6 Lancang–Gengma Earthquake. Therefore, most of

the anomaly data carried by the earthquake frequency fields

(regardless of location) have been condensed within the first four

frequency fields, and the anomalies of the first four frequency

fields are representative of all anomalies in the study areas. The

temporal changes in the pre-quake frequency fields of the

aforementioned earthquakes are shown in Figure 3. All

changes in the temporal factors that were greater than two

times the magnitude of the pre-quake mean square error were

deemed to be anomalies. The anomalies were then classified as

long-term, medium-term, short-term, or imminent anomalies

and the primary frequency fields that induced these anomalies

are identified in Table 2. These results served as a guide for

subsequent comparisons between the pre-quake anomalies of

each frequency field.

FIGURE 2
Spatial distribution of Ms 7.1 Wuxia earthquake epicenters, The gray circles represent earthquakes of magnitude 2.7 to 5.4 (A).The G-R
relationship of 9 earthquake cases above Ms 7 in the study area, the gray dot represents the cumulative number of earthquakes, and the red line
represents the linear fit (B–J). (B) 1985Ms 7.1Wuxia earthquake; (C) 1988Ms 7.6 Lancang–Gengma earthquake; (D) 1990Ms 7.0 Gonghe earthquake;
(E) 1990 Ms 7.2 Jeminay earthquake; (F) 1995 Ms 7.3 Myanmar–China earthquake; (G) 1996 Ms 7.0 Lijiang earthquake; (H) 2008 Ms
8.0 Wenchuan earthquake; (I) 2013 Ms 7.0 Lushan earthquake; (J) 2017 Ms 7.0 Jiuzhaigou earthquake.
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TABLE 1 Parameters and computed frequency fields of 9 Ms ≥7.0 Earthquakes in mainland China.

No Earthquake Number of
grids,n and
time
intervalsm
(n,m)

Number of
earthquakes in
dataset

Anomaly
centroid
(°N, °E)

Anomalous
amplitude

Coordinates of
the study area lat.
(°) and long. (°)

Time
span of
the data

Range of
seismic
magnitudes
(ML)

First four
eigenvalues

Accuracy
r

1 1985-8-23 Wuqia
(Xinjiang), Ms 7.1

(6,42) 525 (39.5,75.2)
(40.2,76.0)
(38.7,76.2)

1.1 39.0°–41.0°, 74.5°–77.5° 1975-
01–1985-06

2.7–5.4 177.6046
72.4315
45.0674
25.8071

0.8891

2 1988-11-
6 Lancang–Gengma
(Yunnan)Ms 7.4

(4,55) 277 (23.0,100.0)
(23.7,99.3)

1.4 21.5°–23.5°, 99.0°–101.0° 1975-
01–1988-10

2.7–5.4 370.8477
133.8201
108.5304
90.9299

1.0000

3 1990-4-26 Gonghe
(Qinghai), Ms 7.0

(6,41) 94 × 0.2 35.0°–38.0°, 99.0°–101.0° 1980-
01–1990-03

2.6–5.4 42.8715
10.1152
6.7076
4.5336

0.9548

4 1990-6-14 Jeminay
(Xinjiang), Ms 7.2

(6,42) 77 × 0.2 46.5°–48.5°, 84.0°–87.0° 1980-
01–1990-05

2.7–5.4 18.2853
12.0240
8.9396
6.3606

0.8307

5 1995-7-
12 China–Myanmar
border, Ms 7.3

(6,42) 195 (22.0,99.5) 0.9 20.0°–23.0°, 98.5°–100.5° 1985-
01–1995-06

2.7–5.4 119.8241
81.4368
27.2826
16.4039

0.9934

6 1996-2-3 Lijiang
(Yunnan), Ms 7.0

(4,44) 440 (27.5,100.2) 1.7 26.5°–28.5°, 99.0°–101.0° 1985-
01–1996-01

2.6–5.4 196.6908
75.8525
36.3662
15.8406

1.0000

7 2008-5-12 Wenchuan
(Sichuan), Ms 8.0

(12,41) 507 (31.0,103.5)
(30.0,102.5)
(31.5,101.5)

1.3 30.0°–33.0°,
101.5°–105.5°

1998-
01–2008-04

2.7–5.4 90.7340
65.7430
45.2748
40.3907

0.6755

8 2013-4-2 Lushan
(Sichuan), Ms 7.0

(9,53) 211 (31.0,103.5)
(30.2,103.0)

1.0 29.0°–32.0°,
102.0°–105.0°

2000-
01–2013-03

2.7–5.4 273.45571
137.7011
90.7523
70.1106

0.8021

9 2017-8-8 Jiuzhaigou
(Sichuan), Ms 7.0

(9,34) 408 (33.0,104.2) 0.9 32.0°–34.0°,
102.0°–105.0°

2009-
01–2017-07

2.6–5.4 142.0628
39.3225
27.8213
16.2313

0.8482

Note: The earthquake time in the table is Beijing time in China. Anomaly zones are areas with frequency-field contours greater than 0.9 (blue zones); anomalous amplitude is the value of the contour closest to the epicenter of the mainshock; “×” indicates that

the anomalies cannot be deemed significant owing to a lack of samples.
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2.4 Changes in temporal factors of the
frequency fields

The temporal factor anomalies that appeared in the

frequency fields of the 9 Ms ≥7.0 earthquakes shown in

Table 2 reveal that, in each of these earthquakes, the temporal

factors of the first four frequency fields (T1–T4) exhibited one or

more anomalies at different times. For each earthquake, the

anomalous amplitude is taken as the largest value between

several consecutive anomalies, and a change is deemed

anomalous if it is larger than twice the absolute mean square

error. Under the earthquake forecasting standards of the China

Earthquake Administration, anomalies that appear 10 years,

1–2 years, 3 months, and a few to tens of days before a

mainshock are called long-term, medium-term, short-term,

and imminent anomalies, respectively. The vast majority of

the 9 Ms ≥7.0 earthquakes exhibited long-term and medium-

term anomalies, such as the 2008Ms 8.0Wenchuan and 2013Ms

7.0 Lushan Earthquakes, and also showed short-term and

imminent anomalies. Overall, the T1–T4 graphs of the

Ms ≥7.0 earthquakes always exhibit large and complex

fluctuations and contain many anomalies that exceed the

anomaly determination threshold (the range of the mean

square error is indicated by red lines in Figure 3). Some of

these earthquakes exhibited extremely significant imminent

anomalies, which are useful as earthquake predictors.

2.5 Changes in contours of frequency
fields

The frequency-field contour maps of the areas that

correspond to the 9 Ms ≥7.0 earthquakes that occurred in

mainland China from 1980 to 2020 are shown in Figure 4.

These maps were computed using Eq. 6 based on the weak-

earthquake data described in Table 1. It is seen that the locations

of the mainshocks coincide with high-density gradient turning

points (locations where the blue zones turn into red zones, which

FIGURE 3
Temporal factors of the first four frequency fields of 9 Ms ≥7.0 earthquakes, The green dotted line represents the anomaly, The red line is two
times the mean square error, The black arrow represents the magnitude of a Ms ≥7.0 earthquake. (A) 1985 Ms 7.1 Wuxia earthquake; (B) 1988 Ms
7.6 Lancang–Gengma earthquake; (C) 1990 Ms 7.0 Gonghe earthquake; (D) 1990 Ms 7.2 Jeminay earthquake; (E) 1995 Ms 7.3 Myanmar–China
earthquake; (F) 1996 Ms 7.0 Lijiang earthquake; (G) 2008 Ms 8.0 Wenchuan earthquake; (H) 2013 Ms 7.0 Lushan earthquake; (I) 2017 Ms
7.0 Jiuzhaigou earthquake.
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TABLE 2 Parameters of the frequency field temporal factors of 9 Ms ≥7.0 earthquakes in mainland China.

No. Earthquake Temporal
factor

Time of
anomaly
(year-month)

Anomalous
amplitude

Mean
square
error

Type of
anomaly

Proportion of
anomalous
frequency fields in
all fields

1 1985-8-23 Wuxia
(Xinjiang), Ms 7.1

1 1979-10-12 4.7400 ±2.0813 Long and medium
term

0.4920

1984-01-06 −2.9761

2 1976-04-09 4.0877 ±1.3291 Long and medium
term

0.2007

1978-07-09 3.4967

3 1978-10-1979-03 2.4285 ±1.0484 Long and medium
term

0.1249

1982-04-09 1.3962

4 1978-01-03 −2.1664 ±0.7934 Long and medium
term

0.0715

1984-07-09 −1.4225

2 1988-11-
6 Lancang–Gengma
(Yunnan), Ms 7.4

1 1986-01-1987-12 −4.2504 ±1.6088 Long-to-medium
term

0.3723

2 1978-07-09 4.3942 ±1.3869 Long and medium
term

0.2767

1988-01-03 2.1328

3 1985-01-03 2.9369 ±1.2848 Short-to-
imminent, medium
and long term

0.2375

1987-10-12 −1.9242

1988-07-10 1.9193

4 1982-10-1983-03 −1.6735 ±0.8883 Short-to-
imminent, medium
and long term

0.1135

1986-10-12 1.3008

1988-04-10 2.8872

3 1990-4-26 Gonghe
(Qinghai), Ms 7.0

1 1980-10-12 1.3020 ±1.0353 Long-to-medium
term

0.6373

1988-01-1989-03 3.2967

2 1983-07-09 1.8698 ±0.5029 Long term 0.1504

1987-01-03 1.1038

3 1987-04-09 −0.6848 ±0.4095 Long term 0.0997

4 1984-01-06 −0.5432 ±0.3367 Long-to-medium
term

0.0674

1987-10-1988-09 −0.4545

1989-07-09 −0.5759

4 1990-6-14 Jeminay
(Xinjiang), Ms 7.2

1 1987-07-09 1.5919 ±0.6678 Short-to-medium
term and long term

0.3330

1989-04-1990-03 2.2373

2 1988-01-03 0.8137 ±0.5415 Long-to-medium
term

0.2190

1988-07-12 −1.7110

3 1988-07-12 1.0586 ±0.4669 Long-to-medium
term

0.1628

1989-10-12 0.7609

4 1986-10-1987-06 −0.7909 ±0.3939 Long-to-medium
term

0.1158

1988-10-12

(Continued on following page)
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have gradients greater than 0.9) in seven out of the nine

earthquakes. The mainshocks typically occur near the turning

points rather than the maximum contour values. In two other

earthquakes (the 1990 Ms 7.0 Gonghe Earthquake and Ms

7.2 Jimenay Earthquake), the contours are relatively sparse

and small in number and do not exhibit any significant

anomalies. This is potentially related to the low earthquake

monitoring ability and low earthquake frequency in the study

area. Generally, high-gradient turning points appear when the

values of the frequency-field contour lines become large, and an

TABLE 2 (Continued) Parameters of the frequency field temporal factors of 9 Ms ≥7.0 earthquakes in mainland China.

No. Earthquake Temporal
factor

Time of
anomaly
(year-month)

Anomalous
amplitude

Mean
square
error

Type of
anomaly

Proportion of
anomalous
frequency fields in
all fields

5 1995-7-
12 China–Myanmar
border, Ms 7.3

1 1986-01-09 2.9845 ±1.7095 Long-to-medium
term

0.4860

1991-01-06 4.5031

2 1985-07-1986-09 −5.0412 ±1.4093 Short-to-
imminent, medium
term and long term

0.3303

1995-04-07 −2.0745

3 1994-04-06 3.1704 ±0.8157 Short-to-imminent
and medium term

0.1106

1995-01-06 2.1671

4 1985-07-09 −2.4894 ±0.6325 Long term 0.0665

6 1996-2-3 Lijiang
(Yunnan), Ms 7.0

1 1994-04-12 −8.6238 ±2.1387 Medium term 0.6057

2 1986-01-03 3.6841 ±1.3282 Long-to-medium
term

0.2336

1993-07-09 2.9939

3 1992-10-1993-06 −2.6703 ±0.9196 Medium term 0.1120

4 1987-10-12 1.6602 ±0.6069 Long-to-medium
term

0.0488

1993-10-12 1.6085

7 2008-5-12 Wenchuan
(Sichuan), Ms 8.0

1 2004-10-12 5.2214 ±1.5061 Long-to-medium
term

0.2531

2006-10-12 3.4450

2 2004-07-09 −3.1590 ±1.2820 Long-to-medium
term

0.1834

2005-07-12 −2.5542

3 2004-10-2005-09 −1.7189 ±1.0639 Long-to-medium
term

0.1263

4 2008-01-04 −2.7228 ±1.0049 Short-to-imminent 0.1127

8 2013-4-20 Lushan
(Sichuan), Ms 7.0

1 2011-07-2013-03 8.8316 ±2.2932 Medium-to-
imminent

0.3834

2 2012-07-2013-03 3.4351 ±1.6273 Medium-to-
imminent

0.1931

3 2012-01-2013-03 −4.4865 ±1.3211 Medium-to-
imminent

0.1273

4 2006-07-2007-12 2.9353 ±1.1612 Long term 0.0983

9 2017-8-8 Jiuzhaigou
(Sichuan), Ms 7.0

1 2013-07-12 −5.4744 ±2.0748 Medium term 0.5345

2 2017-04-06 −1.3303 ±1.0916 Short-to-imminent 0.1479

3 2015-07-12 −1.4614 ±0.9182 Medium term 0.1047

4 2014-04-06 −1.7373 ±0.7013 Medium term 0.0611

2016-01-03 1.8994
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area can exhibit one or more of these anomalous zones.

Anomalous zones that occur near an active fault are often the

epicenters of Ms ≥7.0 earthquakes; other anomalous zones can

become the epicenter of strong earthquakes in the future.

It may be possible to preliminarily locate the epicenter of future

Ms ≥7.0 earthquakes in a study area by studying the variations of its
frequency-field contours. The January 1998–April 2008 frequency-

field contour map of the 2008 Ms 8.0 Wenchuan Earthquake

(Table 1; Figure 4G) exhibits three vortex-like isocratic anomalies

(areas with high densities of contours with values greater than 0.9).

The anomalies centered around (31.0°N, 103.5°E) and (30.0°N,

102.5°E) correspond to the epicenters of the 2008 Ms

8.0 Wenchuan Earthquake and 2013 Ms 7.0 Lushan Earthquake,

respectively, whereas the anomaly centered around (31.5°N, 101.5°E)

might be related to the 2014 Ms 6.3 Kangding Earthquake. The

strong earthquakes that occurred persistently around the

Longmenshan Fault after 2009 might have been triggered by the

frequency field anomalies of the 2008 Ms 8.0 Wenchuan

Earthquake. For brevity, we will simply describe the pre-quake

frequency-field contour anomalies associated with the eight other

Ms ≥7.0 earthquakes in Table 1 instead of providing a detailed

analysis of each earthquake.

3 Discussion

3.1 Comparison between regional
earthquake frequency graphs and
earthquake frequency fields

Several scholars (Feng et al., 2009; Li et al., 2017; Zhang and

Li, 2021) took the area around the epicenter of a strong

FIGURE 4
Frequency field contour maps of 9Ms ≥7.0 earthquakes that occurred inmainland China, the black dots represent earthquakes, the blue, green,
orange and red lines represent frequency field contours, and the gray lines represent active faults. (A) 1985 Ms 7.1 Wuxia earthquake; (B) 1988 Ms
7.6 Lancang–Gengma earthquake; (C) 1990 Ms 7.0 Gonghe earthquake; (D) 1990 Ms 7.2 Jeminay earthquake; (E) 1995 Ms 7.3 Myanmar–China
earthquake; (F) 1996 Ms 7.0 Lijiang earthquake; (G) 2008 Ms 8.0 Wenchuan earthquake; (H) 2013 Ms 7.0 Lushan earthquake; (I) 2017 Ms
7.0 Jiuzhaigou earthquake.
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earthquake as the research area to study the frequency anomaly

of regional seismic activity before a strong earthquake. In this

paper, the natural orthogonal expansion method is mainly used

to study the typical frequency field in the strong earthquake area.

The regional earthquake frequency graphs of

9 Ms ≥7.0 earthquakes (with 3-month frequencies) were

compared with their T1–T4 graphs; the use of frequency

graphs is a conventional seismological method, whereas the

use of T1–T4 graphs is the method proposed in this paper.

Owing to length constraints, this comparison was limited to

the 1995 Ms 7.3 Myanmar–China Earthquake and the 2008 Ms

8.0 Wenchuan Earthquake. The earthquake frequency graph of

the 1995Ms 7.3 Myanmar–China Earthquake strongly resembles

its T1 graph (Figure 5 top). Based on Tables 1, 2, the accuracy of

T1–T4 for this earthquake is 99.34% and the fit of T1, which is the

primary field of the frequency field, is 48.6%. Therefore, the

earthquake frequency graph is simply a part of T1–T4 and the

information carried by the former is contained within the latter.

The earthquake frequency graph of the 2008 Ms 8.0 Wenchuan

Earthquake also closely resembles the T1 graph, which is the

primary field of the frequency field (Figure 5 bottom); the

information within the earthquake frequency graph is

effectively contained in the T1 graph. The same relation was

observed for all other Ms ≥7.0 earthquakes.

Table 1 shows a partial overlap between the study areas of the

1995 Ms 7.3 Myanmar–China Earthquake (20.0°N–23.0°N,

98.5°E–100.5°E) and 1988 Ms 7.4 Lancang–Gengma

Earthquake (21.5°N–23.5°N, 99.0°E–101.0°E). It is seen that the

temporal spans of these earthquakes also overlap, with temporal

spans of January 1985—June 1995 and January 1975—October

1988, respectively. As a result, both Figures 5A, B exhibit medium

and short-term pre-quake anomalies prior to the earthquake and

high-value anomalies that always correspond to strong

earthquakes. The T2, T3, and T4 graphs in Figure 5A also

contain the short-term and imminent anomalies of the

1995 Ms 7.3 Myanmar–China earthquake and are more

FIGURE 5
Comparison between frequency-field temporal factors and regional earthquake frequency graphs, the green dotted line represents the
anomaly, the red line is two times themean square error, the black arrow represents themagnitude of aMs ≥7.0 earthquake, the red dotted line is the
mean line (A,B)the 1995 Ms 7.3 Myanmar–China earthquake (top), (C,D) the 2008 Ms 8.0 Wenchuan earthquake (bottom).
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accurate than the regional earthquake frequency graph. This

result highlights the advantage of using natural orthogonal

expansion to study earthquake frequency fields.

3.2 Comparison between cumulative
earthquake frequency graphs and
earthquake frequency fields

The seismic activities that occur in the study area of an

Ms ≥7.0 earthquake include its background seismicity, which

comprises small random quakes, and strong earthquake

precursors that manifest as small anomalous quakes. These

seismic activities are controlled by different stress

mechanisms. Background seismicity is controlled by stable

long-term and region-wide stresses and is a relatively stable

process. The cumulative earthquake frequency owing to

background seismicity generally increases linearly over time,

with small fluctuations, and it represents the equilibrium state

of the region. By contrast, small anomalous quakes are caused by

localized short-range stresses in the vicinity of seismic sources or

fault junctions. They typically occur in highly seismic-sensitive

FIGURE 6
Cumulative frequency graphs of 9 Ms ≥7.0 earthquakes, the green dotted line represents the anomaly, the black arrow represents the
magnitude of a Ms ≥7.0 earthquake, the dashed line represents the slope of a linear increase in cumulative frequency, K1, K2, K3, and K4 are for
gradient. (A) 1985 Ms 7.1 Wuxia earthquake; (B) 1988 Ms 7.6 Lancang–Gengma earthquake; (C) 1990 Ms 7.0 Gonghe earthquake; (D) 1990 Ms
7.2 Jeminay earthquake; (E) 1995 Ms 7.3 Myanmar–China earthquake; (F) 1996 Ms 7.0 Lijiang earthquake; (G) 2008 Ms 8.0 Wenchuan
earthquake; (H) 2013 Ms 7.0 Lushan earthquake; (I) 2017 Ms 7.0 Jiuzhaigou earthquake.
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TABLE 3 Comparison between the cumulative earthquake frequency graphs and frequency field anomalies of 9 Ms ≥7.0 earthquakes in China.

No. Earthquake Parameters of the cumulative earthquake frequency graphs Spatiotemporal
parameters of the
earthquake frequency
fields

Comparison
between
spatiotemporal
anomalies

Changes in
gradient, K

Time and nature of
anomaly

Corresponding
earthquake

Cumulative
number of
earthquakes

Time span
of
anomaly

Centroid of
anomaly
(°N, °E)

1 1985-8-23 Wuxia
(Xinjiang), Ms 7.1

Continuous decrease, K1 >
K2 > K3

1981–1985 medium-short-
imminent

1985 Wuxia Ms 7.1 525 1978–1979 39.5,75.2 Consistent temporal
anomalies. significant
spatial anomaly1982–1984 40.2,76.0

38.7,76.2

2 1988-11-
6 Lancang–Gengma
(Yunnan), Ms 7.4

Continuous increase, K3 >
K2 > K1

1986–1988 medium-short-
imminent

1988 Lancang–Gengma Ms 7.4 277 1985–1988 23.0,100.0 Consistent temporal
anomalies. significant
spatial anomaly23.7,99.3

3 1990-4-26 Gonghe
(Qinghai), Ms 7.0

Decrease followed by
increase, K3 > K1 > K2

1985–1988 medium-long;
1989–1990 medium-short-
imminent

1990 Gonghe Ms 7.0 94 1983–1989 × Consistent temporal
anomalies. insignificant
spatial anomaly

4 1990-6-14 Jimenay
(Xinjiang), Ms 7.2

Decrease followed by
increase, K3 > K1 > K2

1984–1989 medium-long;
1989–1990 medium-short-
imminent

1990 Jimenay Ms 7.2 77 1987–1989 × Consistent temporal
anomalies. insignificant
spatial anomaly

5 1995-7-
12 Myanmar–China
border, Ms 7.3

Increase to a flat, followed
by increase to a plateau, and
then a decrease, K2 >
K3 >K1

1986–1991 medium-short-
imminent; 1992–1995 medium-
short-imminent

1988 Lancang Ms 7.4;
1995 Myanmar–China Ms 7.3

195 1985–1995 22.0,99.5 Consistent temporal
anomalies. significant
spatial anomaly

6 1996-2-3 Lijiang
(Yunnan), Ms 7.0

Decrease followed by
increase, K3 > K1 > K2

1988–1991 long-term;
1994–1996 medium-short-
imminent

1996 Lijian Ms 7.0 440 1987–1994 27.5,100.2 Consistent temporal
anomalies. significant
spatial anomaly

7 2008-5-12, Wenchuan
(Sichuan), Ms 8.0

Increase, K2 > K1 2007–2008 medium-short-
imminent

2008 Wenchuan Ms 8.0 507 2004–2008 31.0,103.5
30.0,102.5
31.5,101.5

Consistent temporal
anomalies. significant
spatial anomaly

8 2013-4-20 Lushan
(Sichuan), Ms 7.0

Increase followed by
decrease K2 > K1 > K3

2006–2009 medium-short-
imminent; 2011–2013 medium-
short-imminent

2008 Wenchuan Ms 8.0;
2013 Lushan Ms 7.0

211 2006–2007
2011–2013

31.0,103.5
30.2,103.0

Consistent temporal
anomalies. significant
spatial anomaly

9 2017-8-8 Jiuzhaigou
(Sichuan), Ms 7.0

Decrease to a plateau,
followed by another
decrease to a plateau, and
then an increase, K4 > K1 >
K2 > K3

2007–2009 medium-short-
imminent; 2011–2014 medium-
short-imminent;
2015–2017 medium-short-
imminent

2008 Wenchuan Ms 8.0;
2013 Dingxi Ms 7.0;
2017 Jiuzhaigou Ms 7.0

408 2013–2017 33.0,104.2 Consistent temporal
anomalies. significant
spatial anomaly

Note: × indicates that no anomalous zones were detected.

Fro
n
tie

rs
in

E
arth

Scie
n
ce

fro
n
tie

rsin
.o
rg

13

Lu
o
e
t
al.

10
.3
3
8
9
/fe

art.2
0
2
2
.9
9
2
8
5
8

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.992858


regions; once their mechanical equilibrium is disrupted, the

cumulative earthquake frequency will decrease or increase

significantly over time owing to tectonic stress, thus causing

the cumulative earthquake frequency graph to become non-

linear (Figure 6).

Application of earthquake cumulative frequency method (Ma

et al., 2008;Ma et al., 2022) The study of the non-linear variation law

of regional seismic activity before strong earthquakes can better

explain the seismic frequency field anomalies in this paper. The pre-

quake cumulative earthquake frequency graphs of the

9 Ms ≥7.0 earthquakes are shown in Figure 6. In the normal

state, the cumulative earthquake frequency graph will extend

linearly over time. If a significant decrease or increase in seismic

activity occurs, the gradient of the graph will decrease or increase

significantly, which is indicative of seismic locking around the

seismic source zone or fault as well as enhanced seismic activity.

In the pre-quake cumulative earthquake frequency graph of the

2017 Ms 7.0 Jiuzhaigou Earthquake (Table 3), it is seen that the

graph is linear from January 2000—July 2006 with a gradient of K1.

The gradient of the graph decreases significantly (to K2) from

August 2006, indicating an abnormal seismic state. This is

quickly followed by the medium-to-imminent anomalies of the

2008Ms 8.0Wenchuan Earthquake, after which the graph returns to

its equilibrium state (K1). The cumulative earthquake frequency

graph decreases to K3 in October 2011 and then exhibits the

medium-to-short term anomalies of the 2013 Ms 6.6 Gansu

Earthquake before returning to the equilibrium state. In June

2015, the gradient of the cumulative earthquake frequency graph

rises to K4, where it remains until the 2017 Ms 7.0 Jiuzhaigou

Earthquake; this increase in gradient is the medium-to-short term

anomaly that precedes the 2017 Ms 7.0 Jiuzhaigou Earthquake.

Long-term or medium-to-imminent anomalies in the pre-quake

cumulative earthquake frequency graph always precede the

occurrence of a strong earthquake in all other

Ms ≥7.0 earthquakes (Table 3).

The timing and nature of the anomalies in the cumulative

earthquake frequency graphs are listed in Table 3. The nature

of each anomaly was determined with respect to its

corresponding earthquake and the cumulative earthquake

frequency graphs were calculated using the same number of

samples as were used to create the contours in Figure 4. It is

seen from the table that the spatial anomalies of the frequency-

field contours appear to be insignificant if an insufficient

number of samples are available. In each study area, the

temporal anomalies of the cumulative earthquake frequency

graph and frequency field generally agree in terms of time span.

By comparing the cumulative earthquake frequency graphs

and frequency fields of the 9 Ms ≥7.0 earthquakes, we found

that the frequency-field temporal anomalies and spatial

contours calculated via natural orthogonal expansion are

highly accurate and reliable. This result is consistent with

the spatiotemporal anomaly of the magnitude frequency

distribution inferred by Ogata and Katsuta (1993).

3.3 Comparison between strain fields and
frequency fields

The seismic strain field method (Yang et al., 2017; Luo et al.,

2018; Lu et al., 2019a) is the same as the frequency field method,

except that the parameter variables are different. The seismic

strain field takes the seismic strain as the independent variable,

and the frequency field takes the frequency as the independent

variable. A comparison between the frequency and strain fields of

the 1995 Ms 7.3 Myanmar–China Earthquake and the 2008 Ms

8.0Wenchuan Earthquake is shown in Figure 7. It is seen that the

frequency-field temporal factors are highly sensitive to seismic

anomalies, as they exhibit large fluctuations and complex

anomaly patterns. Conversely, the strain-field temporal factors

are largely noiseless and exhibit clear and distinct pre-quake

anomalies. However, the frequency-field temporal factors can

reflect the anomaly patterns of multiple Ms ≥7.0 earthquakes if

they have overlapping study areas (Figure 7A). Conversely, the

strain field can only reflect pre-quake anomalies associated with

large accumulations (or releases) of strain energy, as smaller

anomalies are masked in the strain-field temporal factors

(Figure 7B). The results are consistent with the cumulative

growth anomaly results of non-linear earthquakes Ma et al.

(2022).

3.4 Discussion on the rationality of the
selection of time interval and space scale

In the selection of seismic spatial scale, the seismicity

statistical area related to large earthquakes and the grid cell

are determined separately. Mei (1997) studied an

Ms ≥7.0 earthquake in the North China Plain and found that

its seismic activity occurred in three stages: an initial low level, a

gradually increasing phase, and a final weakening phase. The

statistical area over which the earthquake occurred changed over

time from 500 to 400 km; as seismic activity developed, the area

was gradually reduced. Further measurements taken from 20Ms

6.0–6.9 earthquakes occurring in China revealed pre-earthquake

activity enhancement areas ranging from 180 to 390 km. Based

on these data, we applied a natural orthogonal function

expansion to select a range of 3° in both longitude and

latitude around the epicenter as the study area. The grid cells

calculated using this approach reflected the distribution

characteristics of regional seismic frequency but were too

densely clustered. If 0.5°×0.5°grid cells were used, the

frequency field curves would be averaged and the abnormal

characteristics of the main frequency fields would not be

effectively highlighted. If instead a 1.5°×1.5°grid cell was

selected, the grid could be too large and the primary anomaly

would be concentrated in the first frequency field in a manner

similar to the results for the overall study area (Figure 4B), losing

the multi-component characteristics of the results. In our paper,
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we reference Ma et al. (2020) discussion of these specific factors;

we directly cite their research results and optimize the grid cell to

1.0°×1.0°.

The time interval is taken as a sliding calculation over 3 months

because an interval of two or 4 months would have a negative

influence on the sliding calculation results. If the time interval were

too short, there would be more data, making anomalies more

prominent, but the calculation speed would be slow. Increasing

the time interval would speed up the computation but reduce the

amount of data, masking anomalies. Thus, we followed the detailed

discussion by Ma et al. (2020) and set a sliding of window of

3 months to obtain the best calculation results.

4 Conclusion

In this study, we analyzed the anomalies in the frequency-

field temporal factors and spatial contours that preceded

9 Ms ≥7.0 earthquakes in mainland China. The following

conclusions were drawn from the results of this analysis:

Prior to anMs ≥7.0 earthquake, three to four of the first four
frequency fields always exhibit anomalous changes in their

temporal factors. The vast majority of these temporal

anomalies are concentrated in the first four frequency fields

and the anomalies appear to comprise multiple components.

The contribution of T1 to these anomalies is the largest among all

temporal factors (typically 40%–60%) and the T1 graph strongly

resembles the regional (3-month) earthquake frequency graph.

The proposed natural orthogonal expansion-based frequency

field approach is more accurate than the conventional method

and can be used to detect short-term and imminent seismic

anomalies.

Frequency-field temporal factors are highly sensitive to

seismic anomalies, as their graphs exhibit large fluctuations

and complex anomaly patterns (rising, falling, fluctuating,

rising and then falling, falling and then rising, etc.). This is

FIGURE 7
Comparison between frequency-field and strain-field temporal factors, the green dotted line represents the anomaly, the red line is two times
the mean square error, the black arrow represents the magnitude of a Ms ≥7.0 earthquake (A,B) the 1995 Ms 7.3 Myanmar–China earthquake (top)
and (C,D)the 2008 Ms 8.0 Wenchuan earthquake (bottom).

Frontiers in Earth Science frontiersin.org15

Luo et al. 10.3389/feart.2022.992858

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.992858


because the frequency-field temporal factors depend only on the

number of small earthquakes within a region. For instance, the

contribution of an ML 2.7 earthquake to the frequency field is

identical to that of anML 5.3 earthquake. The strain field (seismic

energy field) graph is much more “noiseless,” which results in

highly distinct anomaly peaks. This is because the strain field

depends on the cumulative seismic strain (or energy) of the

quake; a difference of one in magnitude corresponds to a 33-

times difference in strain (energy). Therefore, the contribution of

anML 2.7 quake to a strain field graph is much smaller than that

of an ML 5.3 quake, and the signals of smaller strains are often

masked by those of larger strains. The frequency field is more

adept than the strain field at highlighting the pre-quake temporal

anomalies of different Ms ≥7.0 earthquakes if there is some

overlap in their affected areas, as these anomalies are usually

masked in strain fields.

High-gradient turning points are present in the spatial

contours of pre-quake frequency fields of

Ms ≥7.0 earthquakes. Areas that have high densities of

contour lines and contour values greater than 0.9 (where the

blue lines change into red lines in Figure 4) are high-risk zones

for strong earthquakes as they have the potential to generate large

events. The detection of danger zones using frequency-field

spatial contours is strongly dependent on the number of

earthquake samples in the dataset; generally, increasing the

number of earthquakes increases the reliability of forming

contour danger zone.

If the seismic stresses of a region are in a normative state, the

cumulative earthquake frequency curve of the region should

increase linearly over time and its seismic events should be

normally distributed. An anomalous increase or decrease in

the gradient of the cumulative earthquake frequency graph is

indicative of a significant calming of or increase in the seismic

activity around a seismic source zone or fault junction. The

anomalies of the cumulative earthquake frequency graph and

frequency-field temporal factors are generally consistent with

each other in terms of their time spans. Therefore, the temporal

factor anomalies that are computed using the proposed method

are reliable.

The natural orthogonal expansion calculation method

proposed in this study is novel and abandons the use of the

conventional earthquake region as the research object. In the

proposed approach, the natural frequency orthogonal field

expansion method is used to calculate the typical frequency

fields related to larger earthquakes occurring in an area, from

which points can be extracted from the characteristics of short

and intermediate anomalies in primary seismic frequency that

precede earthquakes with magnitudes greater than 7. This

provides a reference for the prediction of large earthquakes

occurring on the Chinese mainland. This study had the

following limitations: the time factor used to describe the

typical frequency field is sensitive; in addition, the curves

generated using the proposed approach fluctuate significantly

and have an abnormal shape that is complex and difficult to

identify.
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