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In this article, the daily brightness temperature data from January 2006 to May
2020 of China’s geostationary meteorological satellite FY-2E/G were used to
identify the brightness temperature differences before deep and shallow
earthquakes in the study area using wavelet transform and the relative wavelet
power spectrum (RWPS) methods. The objective was to explore the characteristics
of thermal infrared (TIR) radiation anomaly changes before deep and shallow
earthquakes in Northeast China by carrying out anomaly extraction and data
analysis. The research has shown that five significant earthquakes experienced
TIR radiation anomalies in the vicinity of the epicenter approximately 1–2months
before the event. The amplitude of the anomaly ranged from seven to twenty times
higher than average, and the anomaly lasted about 3 months. The infrared radiation
anomaly characteristics before the earthquake were especially significant in the
case of two earthquakes in the Songyuan area. From the research, it was concluded
that the TIR radiation anomaly could act as a short-term precursor for earthquake
prediction. The method employed in this study would provide great support for
predicting deep and shallow earthquakes in Northeast China using satellite thermal
infrared technology.
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1 Introduction

An earthquake is a seismic and deformation phenomenon that occurs within the earth’s
crust. Earthquakes not only cause significant losses to human life and property but also have
a profound impact on social and economic development and the human living environment.
Therefore, earthquake prediction has become a research topic of significant academic and
practical value in seismology. With the continuous development of technology, scientists
have discovered a close relationship between earthquake activity and thermal infrared (TIR)
phenomena. Due to the influence of various geophysical processes, such as underground
geothermal flow and fluid movement, on the radiation energy emitted by surface objects in
the thermal infrared band, earthquake activity can create abnormal changes in TIR radiation.
By observing and analyzing these anomalies, scientists can predict earthquakes (Zhang et al.,
2021; Xu et al., 2020; Li et al., 2019; Wang et al., 2018; Dong et al., 2017).

With the development of satellite remote sensing technology, many scientists and
research teams have been committed to studying the geothermal precursor phenomena
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before earthquakes and corresponding earthquake predictions.
Scientists have studied the relationship between satellite TIR
remote sensing information and earthquakes since the 1980s
(Qiang et al., 1991; Qiang et al., 1998; Zhang et al., 2002). The
early reports of temperature changes prior to earthquakes are from
ground observations (Asteriadis and Livieratos, 1989; You, 1990).
For example, Qiang et al. (1992) believed that the TIR anomaly was
the friction between tectonic plates during an earthquake, which
caused the greenhouse gases in the rock body to escape along the
fractured fissures; they described the phenomenon as “the earth
deflates.” The inert gas was ionized by the low-altitude electric field
to form infrared light of various bands. In recent years, many experts
(Kang et al., 2011; Liu et al., 2007; Guo et al., 2014) carried out
research in related fields in China and concluded that there were TIR
radiation anomalies before earthquakes. Other researchers found
significant TIR radiation anomalies before moderate and strong
earthquakes in mainland China in recent years (Dai et al., 2016; Xu
and Xu, 2013; Zhang et al., 2013; Xie et al., 2015a). The robust
satellite technique (RST) method based on statistics was adopted
and applied to the AthensMs5.9 earthquake in 1999. The increase in
surface temperature in the adjacent area is considered to be a
thermal anomaly related to tectonic activities and earthquakes.
Tronin et al. (2002) and Lv et al. (2000) studied some
earthquakes and found that thermal anomalies on infrared
images were related to linear crustal structures and fault zones.
Chen et al. (2004)and Chen et al. (2009) proposed and extracted a
base field for the annual variation of surface brightness temperature
that provided a reference background for extracting crustal activity
information using TIR radiation data.

2 Methods

2.1 Thermal infrared brightness temperature
data

Satellite TIR remote sensing instruments can directly observe
the thermal radiation intensity of ground objects. After calibration

and geometric correction, it is called the radiance of the
corresponding channel (band). We applied the blackbody
radiation formula of Planck’s radiation theorem to calculate the
radiation temperature (Zhang et al., 2010). The data are from FY-2
Geostationary Meteorological Satellites, and we used the FY-2C/E/
G brightness temperature hourly data product to distinguish the
true radiation temperature of the object. This is called the
brightness temperature. FY-2C was launched on 19 October
2004, FY-2E was launched on 15 June 2008, and FY-2G, a
replacement satellite for FY-2E was launched on 31 December
2014. This data product was available from geostationary satellites
before infrared remote sensing. Most of the data were polar
orbiting satellite data. However, for seismic research, the
comparability of data was weak due to the differences between
polar orbiting satellite orbits and transit time, and it was difficult to
find thermal anomalies before earthquakes. Today, observation
data from the FY-2G satellite are commonly used. The orbit of FY-
2G is located at 105°E above the equator, 35,000 km from the
ground, with an effective observation range of 45°–165°E and 60°S-
60°N. The observation range is approximately one-third of the
earth’s surface. The satellite resolution of brightness temperature
observation is 5 km. The FY-2G satellite began to provide valid
data service in June 2015. The position of the satellite to each pixel
is fixed, so the propagation path of thermal radiation for each pixel
from the land surface to the satellite is also almost fixed. Images of
brightness temperature and the relative wavelet power spectrum
(RWPS) amplitudes can be directly depicted according to the pixel
coordinates without the orbit splicing needed for data from polar
orbit satellites. The valid data from January 2006 to 1 January
2019 were used to analyze the possible thermal anomalies before
earthquake cases. To avoid the impact of direct solar radiation, five
real-time observation data collection instances were selected at
midnight every day (the data product time interval was taken once
an hour), using Beijing time at the 01:00, 02:00, 03:00, 04:00, and
05:00 data points. These observation data points were used to
obtain the daily value data that formed the daily brightness
temperature data by the window-filling method (Zhang et al.,
2010).

TABLE 1 Analysis of corresponding TIR anomalies before five earthquakes in the study area.

Date
location

magnitude

EQ
epicenter
location

Magnitude
(Ms)

Depth of
earthquake’s
hypocenter

(km)

Abnormal
frequency

Abnormal
period

Earthquake
occurrence

after abnormal
disappearance

Abnormal
duration

(d)

Epicenter
margin of

the
earthquake
location

2008-05-19 Hunchun,
Jilin

6.2 540 5f Before peak 56 Internal

2008-06-10 Arong
Banner, Inner
Mongolia

5.2 0 5f After peak 47 √

2016-01-02 Linkou
County,

Heilongjiang

6.4 580 5f √ 79 √

2017-07-23 Songyuan,
Jilin

4.9 10 5f After peak 42 √

2018-05-28 Songyuan,
Jilin

5.7 13 5f Before peak 24 √
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2.2 Wavelet power spectrum technique and
data processing

The data processing methods are wavelet transform and RWP
estimation. Wavelet transform evolved on the basis of Fourier
transform and is an effective method for analyzing unsteady signals.
It has been well evolved in the time and frequency domains and has
been applied to the fields of geophysics and seismic exploration (Kumar
and Foufoula, 1997). The biggest features of wavelet transform
technology are self-adaptability and mathematical microscopy. The
technology can reconstruct the original signal with almost no loss and
focus on any detail of the signal. It is an effective tool for current signal
time–frequency analysis. The wavelet transform formula of finite time
series is as follows:

Wψf a, b( ) � 1��
a

√ ∫∞

−∞
f t( )ψ t − b

a
( )dt. (1)

f(t) is the original signal; Wψf(a, b) is each frequency band
component after wavelet transformation; a is the wavelet scale factor
that controls the expansion and contraction of the wavelet function,
corresponding to the variable frequency; b is the time shift factor
(Torrence and Compo, 1998), which controls the shift of the wavelet
function; 1�

a
√ ψ(t−ba ) is a wavelet generating function. The db8 wavelet

basis function in the Daubecheies (dbN) wavelet system was used to
process the original brightness temperature data by wavelet
transform. Power spectrum estimation is divided into classical
spectrum estimation and modern spectrum estimation. The
classical spectrum estimation mainly has two methods:
periodogram and autocorrelation, and the Welch algorithm is
improved based on the periodogram method. In this paper, the
power spectrum estimation refers to the Welch algorithm. First, the
N-length data are divided into L segments, each segment with M
points, and then, each data segment is windowed to obtain the
Fourier transform, and finally, the average value of each segment of

FIGURE 1
Temporal and spatial evolution of the RWPs of the Jilin Hunchun Ms6.2 earthquake (red star) on 19 May 2008.
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the power spectrum is calculated (Guo et al., 2010). The calculation
formula is as follows:

Px w( ) � 1
L
∑L
i�1

1
MU

∑M−1

n�0
xi n( )w n( )e−jwn

∣∣∣∣∣∣∣∣∣
∣∣∣∣∣∣∣∣∣
2

, i � 1, · · ·L. (2)

U � 1
M ∑M−1

n�0
w2(n) is the normalization factor, w(n) is the

window function, and Px(w) is the final calculation result.
By calculating the power spectrum of the aforementioned wavelet

transform and the data after removing the influencing factors,
considering the mid-short-term earthquakes have a period of
occurrence, so taking n = 64 days as the window length and m =
1 day as the sliding window length for Fourier transform, the latest time
of the data in the window is considered, and a set of power spectra are
obtained by sliding the time history data on each pixel once. Relative
amplitude is used to compare the similarities and differences of the
power spectra before and after the earthquake. The calculated time and
frequency space data are used to scan the whole time and space. The
entire frequency band is used to extract and identify the spatiotemporal
change characteristics of the abnormal area. The RWP time series value
of the region is calculated using a 0.05° × 0.05° unit.

3 Earthquake case analysis and results

In this study, the daily surface brightness temperature data
observed by China Geostationary Meteorological Satellite FY-2C/
E/G were collected. After spatial correction and calibration, the
brightness temperature data in Northeast China (longitude
110°–135°E, latitude 35°–50°N) were selected. A total of
22 earthquakes above magnitude Ms4.9 that occurred in the
study area since 2006 were analyzed using the RWP analysis
method. Among them, five earthquakes showed significant TIR
anomalies before their occurrence.

(1) The Ms6.2 earthquake occurred in Hunchun, Jilin, on 19 May
2008, with a focal depth of 540 km, which is a deep earthquake.

The epicenter of the earthquake is located at the intersection of
the Badaogou and Tumenjiang faults, and the focal mechanism
solution shows a strike-slip type. Figure 1 shows that the high-
value anomaly of the 5th frequency band in the Badaogou fault
zone appeared on 30 April, the anomaly area gradually
increased on 19 May, the amplitude reached 15, and then,
the anomaly area gradually migrated to the southeast. The
RWP high value showed a gathering phenomenon, and then,
the amplitude and area gradually increased. On 4 June, the high-
value areas appeared in a concentrated manner, the amplitude
and area reached the maximum and then gradually decreased,
and the high-value areas disappeared on 24 June. The
abnormality lasted about 56 days.

The Ms6.2 earthquake on 19 May was obviously related to the
abnormality that had appeared earlier in this position. The change of
the abnormality can be summarized as a process of “appearance →
enhancement → earthquake → extreme value → attenuation →
disappearance.” Therefore, it can be inferred that the Huichun
Ms6.2 earthquake occurred in the range of abnormality on
19 May. The average value in the power spectrum value region
of the location was analyzed to visually inspect the changes in the
TIR brightness temperature power spectrum before and after the
Huichun earthquake in Jilin Province. The relative amplitude time
variation sequence showed that from 16 April, the RWP value slowly
increased from low to high, then decreased from high to low, and
finally increased from low to high, and lasted until 19 May. After the
earthquake, the peak value was greatly increased by the abnormality,
reaching the maximum value of 9.46 on 16 June (Figure 2). The data
difference between each period also reflects the changes before and
after the event, showing that the TIR brightness temperature power
spectrum has a very significant monitoring value for the earthquake.
The aforementioned analysis shows that after the earthquake, the
abnormal phenomenon of the TIR brightness temperature power
spectrum changed. This phenomenon can accurately reflect the
arrival of the earthquake, indicating its value and importance in
earthquake monitoring and prediction. Therefore, to more
accurately analyze and predict earthquakes, we could make full
use of the information on the TIR brightness temperature power
spectrum and other related information, effectively coordinate and
comprehensively analyze each forecasting means, and then judge the
possibility of earthquakes so that it can better cope with natural
disasters in the form of earthquakes.

(2) The Ms5.2 earthquake occurred in Ayong Banner, Inner
Mongolia, on 10 June 2008. It was a deep earthquake. The
earthquake was located in the northern section of the Greater
Khingan Mountains gradient belt, and the focal mechanism
solution showed a right-handed strike-slip type. Figure 3
shows that on 9 May 2008, the 5th frequency band of the
main ridge fault of the Great Khingan Mountains showed a
high-value anomaly. After 1 June, the anomaly was
concentrated in a small area, and its amplitude increased.
On 4 June, the anomaly weakened. On 9 June, the anomaly
extended southward along the fault of the main ridge of the
Great Hinggan Mountains. The anomaly area was
concentrated along the fault, and the amplitude of the
RWPs reached its maximum. The earthquake occurred on

FIGURE 2
Regional mean time sequence diagram of the Hunchun
Ms6.2 earthquake in Jilin on 19 May 2008.
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10 June, with the epicenter at the edge of the anomaly area. On
24 June, the anomaly disappeared and gradually recovered to
the normal background value. The time-series curve of RWPs
in the high anomaly area is shown in Figure 4. The RWPs
gradually “increased → decreased → increased → decreased”
on 14 April before the earthquake and reached the peak value
of 9.19 on 13 June. Then, after reaching the peak on 10 June, an
Ms5.2 earthquake occurred. It indicates the obvious changes in
the RWPs in the months prior to the earthquake, giving an
effective clue for the prediction of the earthquake.
Additionally, the changes in the range and value of the
fault anomaly area of the main ridge of the Great Khingan
before and after the earthquake were noted.

Understanding the genesis of mountain geology can help
researchers understand the structural characteristics of the
earthquake and better explain the prediction results.

(3) The Ms6.4 earthquake that occurred in Linkou County,
Heilongjiang Province, on 2 January 2016 had a focal depth
of 580 km, making it a deep earthquake. Calculating and
scanning the TIR data before the earthquake, Figure 5 shows
that the 5th frequency band presented a significantly
abnormally high TIR value. The anomaly occurred at the
Kubin River fault on 16 October 2015. On 23 October, the
amplitude of the RWPs increased in the anomaly area, and then,
the anomaly extended southward along the Kubin River fault.
The abnormal area and amplitude continued to increase. On
25 October, the abnormal amplitude reached the maximum and
then gradually declined until 31 October 2015, when the
anomaly disappeared. The duration of the anomaly was
16 days. Sixty-four days later, the Ms6.4 earthquake occurred
in Linkou County, Heilongjiang Province, with the epicenter at
the edge of the abnormal area, near the Muling River segment
crack. The time-series curve of RWPs in the high-anomaly area

FIGURE 3
Time-space evolution of the RWPs of the Ms5.2 earthquake (red star) in Arong Banner, Inner Mongolia, on 10 June 2008.
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is shown in Figure 6. The results showed that there had been
four periods of high RWPs in the high-anomaly area since 2011.
The high value began to appear at the end of August 2015,
before the earthquake, and the RWPs gradually increased →
decreased → increased → decreased and reached a peak of
6.21 on 5 June. There was a significant thermal anomaly in the
early stage of the Ms6.4 earthquake in Linkou County, and it is
worth studying the TIR data before the earthquake and the
thermal anomaly mechanism during the deep earthquake.

3.1 Geological profile of the Songyuan area
and typical cases of Songyuan earthquakes

The Songyuan area is located in the central and western parts of
Jilin Province. It is located in the central depression belt and
southeast uplift belt in the southern part of the Songliao Fault
Basin. The Songliao Basin is the largest Mesozoic and Cenozoic
continental sedimentary basin in Northeast China. The direction of
the basin basement structure and the neotectonic line is NNE.
During the Cenozoic, the internal faults in the basin were still
active. The main faults are the second Songhuajiang fault in the
northwest direction and the Fuyu–Zhaodong, Yilian–Yitong, and
Mishan–Duhua faults in the northeast direction (Figure 7). Those
faults are Quaternary active faults. These faults and their
intersections are the structural conditions for the occurrence of
shallow-source moderate earthquakes in the Songyuan area. The
Ms4.9 earthquake in 2017, the Ms5.7 earthquake in 2018, and the
Ms5.1 earthquake in 2019 occurred successively in the Songyuan area
in recent years. However, before the Songyuan Ms5.1 earthquake in
2019, there was no obvious thermal anomaly, suggesting that the
greatest amount of greenhouse gases were released in the basin before
and after the previous two earthquakes. Based on the aforementioned
studies, the TIR of the previous two earthquakes in this area can be
researched and analyzed.

3.2 The thermal RWP anomalies associated
with the Songyuan Ms4.9 and
Ms5.7 earthquakes

AnMs4.9 earthquake occurred in Songyuan on 23 July 2017, with a
focal depth of 12 km and an epicenter located at 45.3°N, 124.81°E.
Scanning the aforementioned area, we found that the RWPs of the 5-
band wavelet (Figure 8) gradually increased before the earthquake after
1 June 2017, and the high-value areas expanded on 20 June. The
anomalies of amplitude and area reached a maximum on 5 July, and
then gradually attenuated. The earthquake occurred on 23 July, until the
high value disappeared on 27 July, and the abnormality lasted for more
than a month. Analyzing the temporal and spatial evolution of the TIR
anomaly, we found that the RWPs of the TIR brightness temperature
data were significantly abnormal, and the abnormal change lasted for
some time before and after the earthquake. The TIR anomaly was
relatively large, and the shape was more prominent before the
earthquake. The whole anomaly evolution followed this process:
normal background → anomaly appearance → anomaly
enhancement → reaching maximum → anomaly attenuation →
earthquake → anomaly disappearance. From Figure 8, it can be
clearly seen that the infrared radiation presented little change in the
initial stage and slowly increased in the elastic stage. The plastic anomaly
gradually returned to the normal background value from themaximum
value. The SongyuanMs4.9 earthquake occurred on 23 July, at the edge
of the abnormal area on the 18th day after the peak.

In the same area, an Ms5.7 earthquake occurred in Songyuan
Jilin Province on 28 May 2018. The calculation results showed that
1 week before the earthquake, the RWPs had an abnormal
phenomenon around the Jilin-Fengman fault that exceeded the
background value. When the time of earthquake occurrence
approaches, anomalies expanded along the second Songhuajiang
fault in the NW direction, and the anomalies’ amplitude gradually
increased. After the earthquake occurred, the amplitude and area of
the anomaly gradually increased, and in the following month, the
anomaly gradually weakened.

The spatiotemporal evolution images of the RWPs in six
frequency bands were checked. The 5th frequency band showed
significant TIR anomalies before the Songyuan Ms5.7 earthquake
(Figure 9). Figure 9 shows that in mid-May 2018, the brightness
temperature anomalies first appeared in the Jilin–Fengman fault
zone. The initial anomaly amplitude was weak, and the anomaly area
was small at the beginning. Then, the anomaly area extended along
the Tanlu fault zone. The anomaly area gradually enlarged on
27 May. The Songyuan Ms5.7 earthquake occurred at a distance
of approximately 200 km from the anomaly area on 28 May. After
the earthquake, the anomaly area further expanded. The anomaly
area and amplitude reached a maximum peak in the area on 12 June
and then gradually shrank. The anomaly disappeared on 17 June.

3.3 Time variation characteristics of the
average brightness temperature power
spectrum in the Songyuan Ms4.9 and
Ms5.7 earthquakes

After the two Songyuan earthquakes occurred in the same
abnormally high brightness temperature area, the historical time

FIGURE 4
Historical time sequence diagram of the regional mean value of
the high brightness temperature anomaly of the Ms5.2 earthquake in
Arong Banner, Inner Mongolia, on 10 June 2008.
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sequence diagram of the regional mean value of the high brightness
temperature abnormal area was extracted to present the abnormal
amplitude more clearly. It can reflect the duration of the anomaly
and the relative rate of change. Therefore, the mean value of the
RWPs was extracted in the 0.5° × 0.5° range of the significantly
abnormal area. The background value and standard deviation of the
power spectrum were calculated to form a time-series curve.

In order to analyze the change process of the TIR brightness
temperature power spectrum before and after the Songyuan
Ms4.9 and Ms5.7 earthquakes, the average value of the high-
value area of the power spectrum was studied. The time sequence
of the relative amplitude changes can be seen in Figure 10. Since
2012, the relative amplitude of the average power spectrum of the
study area brightness temperature has been higher than six times the
mean value (normal background value) five times from 2013 to
2018. For the Songyuan Ms4.9 earthquake, the average RWP
amplitude of brightness temperature was higher in the

significantly abnormal region only from June to July 2017. The
RWP amplitude was greater than 4 from 19 June, and the
abnormality continued for 32 days. On 21 July, the RWP
amplitude dropped to 1.62, and the amplitude was 0.63 on the
day of the earthquake on 23 July. After the earthquake, the
amplitude returned to the normal background level.

Similarly, the relative amplitude was 4.04 on 26May 2018 for the
Songyuan Ms4.9 earthquake, and the relative amplitude reached
6.13 on 27 May. The relative amplitude was 8.22 on 28 May when
the earthquake occurred. After the earthquake, the relative
amplitude continued to increase. It reached a peak of 12.36 on
12 June, and then, the relative amplitude declined until it returned to
6.01 on 27 June. The Songyuan earthquake occurred in the
continuously strengthening stage. There was an obvious anomaly
around the Jilin–Fengman fault zone on 25 May 2018. Closer to the
time of the earthquake, the anomaly area extended to the epicentral
area. The entire anomaly process lasted only 3 days before the

FIGURE 5
Time-space evolution of the RWPs of the Linkou Ms6.4 earthquake (red star) in Heilongjiang on 2 January 2016.

Frontiers in Earth Science frontiersin.org07

Li et al. 10.3389/feart.2023.1082707

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1082707


earthquake, but the increased abnormal area and amplitude
continued for 1 month, after the earthquake when the
abnormality recovered. Based on the previous earthquake
example results and experience, the occurrence of two Songyuan
earthquakes at different stages of amplitude may be related to the
rate of stress accumulation in the epicenter areas.

The overall characteristics of the thermal anomalies of
22 earthquakes with a magnitude above Ms4.9 were summarized
(Table 1). The spatio-temporal characteristics of thermal anomalies
have certain indicative significance, including 1) more than 18% of
the examples showed thermal anomalies before and after the
earthquake with a missed detection rate of 82% and a total of
38 anomalies since 2006 with a false detection rate of 84%; 2) there
are obvious periodicity and amplitude patterns of thermal anomalies
before and after earthquakes; 3) there is no corresponding
relationship between the size of the thermal anomaly area and
the intensity of the earthquake; 4) there is no significant
difference between shallow and deep earthquakes in terms of
thermal anomalies. In terms of spatial evolution, the probability
of earthquake occurrence is higher at the edge of the thermal
anomaly area, and the epicenter is often located in the transition
zone between the appearance and disappearance of the anomaly. In
terms of time series, the duration of earthquake thermal anomalies is
between approximately 1 month and half a year. Most earthquakes
occurred during the high-value rise or fall stage (turning point
signal). The advantages of TIR research for site prediction include
fast information acquisition and spatiotemporal dynamic
monitoring. Large-scale thermal infrared anomaly scanning can
be conducted in the Northeast region, and local areas with high
RWP values can be selected for planar scanning.

3.4 The relationship between the basin and
seismic thermal radiation

Guo et al. (2010) studied the TIR anomalies in the northwestern
edge of the Tarim Basin before the Jiashi-BachuMs6.8 earthquake in

2003. Xie et al. (2015b) studied the Yutian, Xinjiang
Ms7.3 earthquake in 2014 and found that anomalies began to
appear in the western segment of the western marginal fault zone
in the Tarim Basin, and then, the anomaly area further expanded
and migrated to the fault zone, eventually formed an abnormal
banding area along the fault zone around the Tarim Basin. Zhang
et al. (2010) studied the characteristics of the TIR anomalies
surrounding the Milin Ms6.9 earthquake in Tibet in 2017 and
found that this phenomenon was more consistent with the
distribution of geothermal resources. Previous studies by experts
and scholars have shown that the satellite TIR anomalies before
earthquakes are related to the basins rich in geothermal resources.
This is a positive answer to the seismic TIR genesis. Therefore, Qiang
et al. (2010) proposed the seismic basin effect that clearly supported
the earth deflation theory.

The latest theory on the TIR anomaly characteristics of
medium-to-strong earthquakes suggests that short-term
horizontal strain and vibration within the tectonic fault zone
prior to earthquakes can result in the rupture and fragmentation
of underground rocks, leading to the release of a large amount of
energy and causing changes in surface temperature (Zhang L. F.
et al., 2020; Li et al., 2020; Han et al., 2018; Chen et al., 2019; Qin
et al., 2019). Furthermore, tectonic activity can cause an increase
in the amount of subterranean gas emitted, and the gas can
surface and cause an increase in surface temperature, leading to
TIR anomalies. Prior to an earthquake, the stresses at the fault
zone intensify, and as the stress increases, underground rocks
fracture and break, releasing heat and causing changes in surface

FIGURE 6
Historical time sequence diagram of the regional mean value of
the high brightness temperature anomaly in the Linkou Ms
6.4 earthquake on 2 January 2016.

FIGURE 7
Geological structure map of the Songyuan area. The epicenters
of the three Songyuan earthquakes (red circles, Ms4.9 earthquake in
2017, Ms5.7 earthquake in 2018, and Ms5.1 earthquake in 2019) and
the main active faults in the study area. The black circle
represents the Jilin Songyuan Oil and Gas field.
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temperature. Additionally, as tectonic activity intensifies, the
amount of subterranean gas released will also increase, and these
gases will spread through the surface, causing thermal infrared
anomalies (Zhao et al., 2021; He et al., 2020; Zhou et al., 2019; Xu
et al., 2019; Fang et al., 2017). Throughout the entire process of
earthquake precursors, the characteristics of TIR anomalies are
displayed as a process of “abnormal occurrence→ strengthening
→ peak → weakening → abnormal disappearance → earthquake
occurrence.” The physical parameters of rocks, such as thermal
conductivity, heat capacity, and coefficient of thermal
expansion, may also affect the characteristics of TIR
anomalies prior to earthquakes. In summary, the TIR
anomaly characteristics of medium-to-strong earthquakes are
a prognostic manifestation prior to an earthquake, and
monitoring and analyzing them can provide valuable
information for earthquake prediction. However, it should be

noted that TIR anomalies may also be influenced by other
factors, such as meteorological factors. Therefore, it is
necessary to carefully analyze the possibility of various factors
affecting TIR anomalies when monitoring and identifying them
to enhance the accuracy and reliability of monitoring.

The Songliao Basin is rich in oil and gas, and the faults around
the basin are highly developed. The enhancement of stress is
conducive to the acceleration of the gas with relatively high
underground temperature along the existing or new fractures,
and that gas causes the surface temperature to change. It may be
that these factors caused the thermal anomalies distributed along
the better-developed Jilin–Fengman fault zone before the
Songyuan earthquake. In order to illustrate the possibility of
the seismic basin effect, the two earthquakes that occurred in
the periphery of the Songliao Basin were analyzed in
2017 and 2018.

FIGURE 8
Time-space evolution of the 5th frequency band RWP anomalies before the Songyuan Ms4.9 earthquake (red star) on 23 July 2017.
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4 Discussion and conclusion

Before an earthquake, the abnormal temperature increase
phenomenon in the epicenter and adjacent areas has been
confirmed by many observation results. At the same time, many
experts have also found that long-term continuous temperature
field changes reflect the activities of faults and large-scale linear
structures in the crust (Qu et al., 2006; Ma et al., 2006; Chen et al.,
2006; Qiang et al., 2009; Carreno et al., 2001). When the stress
approaches the critical state of rock rupture, the number of cracks
penetrating the surface increases, and the crustal gas overflows
prior to the earthquake. Because of the increase in cracks, the heat
convection between the underground rock layer and the surface is
strengthened. It may be a combination of these factors that
concentrate the TIR anomaly regions before the earthquake
near the epicenter and adjacent areas and distribute them along
the faults (Qiang et al., 1991; Qiang et al., 1992; Tronin, 1996;
Tronin, 2000). Many researchers who have examined these
phenomena have pointed out that areas with geothermal and
oil and gas enrichment are more prone to thermal anomalies
before an earthquake.

FIGURE 9
Time-space evolution of the 5th frequency band RWP anomalies before the Songyuan Ms5.7 earthquake (red star) on 28 June 2018.

FIGURE 10
Time sequence diagram of regional historical mean value of
abnormal high brightness temperature of the two earthquakes in
Songyuan, Jilin. (1) Time series curve of mean RWPS in Ms5.7
Songyuan seismic anomaly area. (2) Time series curve of mean
RWPS in Ms4.9 Songyuan seismic anomaly area.
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This study applied the brightness temperature data of the
China Geostationary Meteorological Satellite FY-2C/E/G
collected between January 2006 and May 2019 with an effective
observation range of 35°–50°N and 110°–135°E. The study used the
wavelet transform and RWP methods to analyze and study the
brightness temperature data. Based on the analysis of thermal
anomalies before and after the two Songyuan earthquakes, the
following characteristics are summarized: 1) The RWPs of the
brightness temperature data on the two earthquakes were
significantly abnormal, and the abnormal initial amplitude and
area were small. The anomaly first appeared at the intersection of
the Yilan–Yitong and the Mishan–Dunhua faults, and then, the
anomaly area gradually expanded, and the overall abnormality
showed an increasing trend that was consistent with the
distribution of the northern part of the Tanlu fault zone and
finally formed an abnormal area distributed in a band. When the
abnormal area reached the maximum peak value, it gradually
shrank until it disappeared. The abnormal shape was persistent
in the time domain and roughly experienced two stages of initial
warming and enhanced warming, with a duration of more than
30 days. The abnormal area moved and expanded along the
direction of the fault and increased rapidly. The epicenter did
not appear in the largest anomaly area but was distributed on the
edge of the basin, which might be related to the geological structure
and underground environment near the epicenter. 2) The
characteristic power spectrum amplitude of the abnormal area
was up to 12 times higher than the average value. The abnormal
peak value occurred before the earthquake; the earthquake
occurred after the abnormal high value decreased. This is the
time period when earthquakes are more likely to occur in most
earthquake cases. The evolution direction and abnormal peak
value characteristics could provide some clues for determining
the occurrence time of future earthquakes and tracking the
epicenter location.

Therefore, through the analysis of earthquake cases, the overall
characteristics of thermal anomalies obtained from the aforementioned
earthquakes are summarized. The spatial and temporal characteristics
of thermal anomalies are more indicative, showing that there are
obvious periods and amplitudes of thermal anomalies before and
after earthquakes. There is no correlation between the area of
thermal anomaly and its intensity. There is no significant difference
between shallow and deep source earthquakes in terms of thermal
anomalies. From the spatial evolution characteristics, the seismic
probability of the edge of the thermal anomaly area is high. The
epicenter is mostly located in the transitional zone between
abnormal appearance and disappearance. From the perspective of
time series, the duration of seismic thermal anomaly is
approximately 1 month to half a year, and the situation is not the
same in different regions. Most earthquakes occur in the stage of high-
value rising or falling (turning signal).

In a word, TIR precursor anomalies are obviously related to the
incubation, occurrence, and development of earthquakes, as well as
to the time and location of earthquakes in this area. The abnormal
morphological characteristics, evolution processes, and time series
curves are all highly representative. We need to continuously
improve data processing methods and enhance the accuracy of
earthquake predictions in order to achieve greater effectiveness in
earthquake prevention and disaster reduction.
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