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WeprocessedMODIS data received from ground receiving stations into the spatial range of the
Qinghai-Tibetan Plateau (China) and the eastern margin of the plateau, and then 283Kwas set
as the threshold value to remove the area covered by clouds. The monthly background field
was calculated based on 17 years’ data, then we obtained the spatial Brightness Temperature
anomaly of the current month by deducting the background field. Furthermore, the Brightness
Temperature anomaly curves for secondary tectonic blocks in the plateauwere calculated. The
data indicated that since June 2020, the Brightness Temperature radiation within the Qinghai-
Tibetan Plateau began to increase abnormally, starting from the western part of the study area
and expanding eastward to cover the entire plateau. In January 2021, such an anomaly was
seen again, extending to the Sichuan-Yunnan Block in the easternmost part of the study area in
april. With the ongoing anomaly, a series of moderate and strong earthquakes occurred in the
Qinghai-Tibetan Plateau, and finally, on 22 May 2021, the M7.4 earthquake struck the Madoi
County. Moreover, according to the internal Brightness Temperature time series curves of the
different secondary tectonic blocks, the Brightness Temperature has increased simultaneously
since the beginning of 2020. A twofold standard deviation was found in the middle-east
segment of the Bayanhar Block and the Qiangtang Block in October 2020, and an almost
twofold standard deviationwas found inMarch, while a twofold standard deviationwas found in
the Sichuan-Yunnan Block in april 2021. The occurrence of earthquakes in the plateau before
the Madoi earthquake coincided with an upward trend of the time series curve. The spatial
anomaly of Brightness Temperature over the Qinghai-Tibetan Plateau disappeared and the
Brightness Temperature time series curve dropped drastically after the Madoi earthquake. The
development of spatial anomaly of Brightness Temperature and the time series curve both
coincide with the occurrence of earthquakes and are consistent with the generation of tectonic
stress in the Qinghai-Tibetan Plateau. Our study showed that thermal infrared Brightness
Temperature radiation reasonably reflects regional stress development and enables the
detection of anomalies prior to moderate and strong earthquakes.
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INTRODUCTION

Since the 1980s, thermal infrared data collected by an observation
of the satellite platform was used to obtain abnormal information
prior to earthquakes (Gorny et al., 1988). Significant thermal
infrared radiation anomalies are usually recognized prior to
moderate and strong earthquakes all over the world.
Compared with conventional methods used to obtain
information on earthquake anomalies, data collection via
satellites is not limited by time and space, and they provide
data with high spatial and temporal resolution worldwide.
Moreover, satellite detection is less affected by ground factors,
such as human activities or the stability of observation
instruments on the ground, thus providing reliable and
continuous observation results. Satellites can also be used to
collect earthquake anomalies through a model integrating
multiple means, multiple parameters, and multiple layers. As a
consequence, ground surface parameters including temperature,
outgoing long-wave radiation, and thermal infrared radiation can
be detected (Ouzounov et al., 2004, Ouzounov et al., 2007; Tronin
et al., 2002, Tronin et al., 2004; Rawat et al., 2011). Besides those
ground surface parameters, atmospheric water vapor, CO2, CH4,
CO, and other parameters can be monitored (Cui et al., 2011; Dey
et al., 2004; Feng et al., 2020; Hayer et al., 2016; Weiyu et al., 2018;
Wang et al., 2015; Zhong et al., 2020). The analysis of ground
surface parameters prior to earthquakes in different areas
revealed that temperature rise occurred in a large area around
the epicenter and its vicinity several months to a week before the
onset of the earthquake (Cervone et al., 2006; Tronin et al., 2002,
Tronin et al., 2004; Pulinets et al., 2006; Xiong et al., 2010).
Furthermore, significant anomalies in outgoing long-wave
radiation were observed (Gruber et al., 1984; Ouzounov et al.,
2007; Rawat et al., 2011; Kane, 2008; Zhang et al., 2017). Among
the atmospheric parameters, the concentrations of CO2, CH4, and
other gases increased in the seismic breeding zone prior to the
earthquake due to underground gas overflow within this region.
Such an anomaly often occurred several months to several weeks
before the earthquake, and in some areas, a sudden rise in the
impending stage was recorded (Corradini et al., 2010; Pardini
et al., 2017; Theys et al., 2019; Feng et al., 2020).

With the increase of the monitored parameters, research
methods for the reasonable interpretation of the data have
been developed. Among them, eddy field, wavelet maxima,
and power spectrum methods are used widely (Gruber et al.,
1984; Saraf et al., 2008; Xiong et al., 2010). Based on the eddy field
method, information about abnormal processes in the studied
region can be obtained when the spatial resolution of data is low.
For example, the outgoing longwave radiation data of
NOAA(National Oceanic and Atmospheric Administration)
documented different degrees of anomalies before many
earthquakes worldwide (Gruber et al., 1984; Saraf et al., 2008;
Xiong et al., 2010). The Wavelet Maxima method can be used to
collect clear anomalies in the time domain. based on this method,
interference phenomena caused by non-earthquake factors can be
excluded, and the time of an anomaly result from the earthquake
can be determined accurately (Cervone et al., 2004, Cervone et al.,
2005; He et al., 2014; Saradjian et al., 2011; Xiong et al., 2010). The

power spectrum method enables to analyze the data spectrum,
which is a reliable method that was applied to monitor
earthquakes for example in the eastern margin of the Qinghai-
Tibetan plateau in China (Zhong et al., 2020).

The above methods and data have been successfully used and
provided reasonable results in the study of earthquake anomalies
all over the world. However, most studies are limited by the
duration of available data. Usually, the data used in the studies are
collected within 3–5 years or even within a shorter period. The
limited time often complicates the modeling of a solid
background field of the studied seismic breeding area. In this
research, we take into account a long duration of time and try to
use the Brightness Temperature (BT) as the parameter to find
anomalies before earthquakes. Even thermal infrared brightness
temperature was used in previous studies to detect the anomalies
before earthquakes. However, only few studies have used BT data
collected by Moderate-resolution Imaging Spectroradiometer
(MODIS). The satellite of the MODIS sensor has operated in
the orbit for more than 20 years, producing an enormous number
of observation results, which requires huge storage space and
supports from a long-time follow-up analysis. In the present
study, the major M7.4 Madoi earthquake on 22 May 2021, and
several moderate to strong earthquakes in the Qinghai-Tibetan
Plateau from June 2020 (Table 1), were analyzed with BT data,
collected by MODIS for nearly 17 years, to detect the variation of
BT in two dimensions (space and time) and determine the
possible anomalies. Based on the data we propose a refined
model for the evolution of the Madoi earthquake.

Data and Methodology
Dataset
Moderate-resolution Imaging Spectroradiometer (MODIS) is a
sensor on the TERRA and AQUA satellites. TERRAwas launched
in 1999 and AQUA in 2002. The orbital altitude of both satellites
is 705 km, with a coverage area (Swath Dimensions) of 2,330 km2.
The spatial resolution ranges from 250 to 1,000 m and the
observed waveband length is from 0.405 to 14.385 µm. The
two satellites can observe both the atmosphere and ground
surface.

Data Processing
In 2004, our research team established the satellite ground
receiving station to constantly receive data from MODIS. The
ground radio antenna could receive the satellite data on time
every day, and the ground equipment also includes other
receiving and data processing devices. We developed a
software system equipped with geometric correction,
radiometric correction, and other functions that enables the
complete data clipping, splicing, and other operations and the
conversion of the original data into thermal radiation BT. In the
present study, we focus on earthquakes that occurred in the
Qinghai-Tibetan Plateau (from June 2020 to May 2021). As the
Qinghai-Tibetan Plateau was extruded by the Indian plate, the
plateau migrated eastward and the stress was concentrated on the
eastern margin of the Qinghai-Tibetan Plateau. The study area of
this research covers the entire Qinghai-Tibetan Plateau
(70°–110°E, 20°–45°N) and its eastern margin (90°–110°E,
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20°–40°N; Figure 1). Because the plateau’s move creates different
secondary tectonic blocks, we only take the eastern margin of the
Plateau (90°–110°E, 20°–40°N) as the time series tracking area.
The schematic map of the two study areas and the distribution of
earthquakes withM ≥ 5.8 that occurred during the studied period
is presented in Figure 1, and the information related to
earthquakes is summarized in Table 1.

Brightness temperature is the temperature at which a black body
in thermal equilibrium with its surroundings would have to be in
order to duplicate the observed intensity of a grey body object at a
frequency ]. The BT is not a temperature as ordinarily understood. It
characterizes radiation, and depending on the mechanism of
radiation can differ considerably from the physical temperature
of a radiating body (Bates et al., 1996; Wu et al., 2013). In the
BT conversion formula (1), Tb is the Brightness Temperature, T is
the actual temperature,C2 is the Planck constant, λ is the wavelength,
ελ,T is the brightness ratio when the wavelength is λ.

Tb � C2T

C2 − λT · lnελ,T (1)

Eight wave bands, including 1–2, 20–23, and 31–32, were selected
in the beginning of our study for BT inversion. Our data indicate that
the 21-band provided the best response effect to the anomalies before
the earthquake in the subsequent experiments where the historical
earthquakes in the target areas were summarized. The wavelength of
21-Band is 3.93–3.99 um, as well as the spatial resolution of Band-21
is 1,000m. Band-21 locates in the range of thermal infrared, it is
profoundly sensitive to surface infrared radiation and the

temperature of the cloud’s canopy. As TERRA is an optical
satellite, the collected data need to be processed by cloud
removal. MODIS uses the maximum value on one pixel in some
time past as the observed value of the pixel on the one-phase data in
the production process. This method was used as a reference in this
study. The following procedure was applied to process the data: 1)
The receiving station obtained the original data, which were subject
to geometric and radiometric corrections in the processing system.
Data of the study areas were clipped and converted into the BT data.
2) The daily data of the two study areas were obtained by splicing the
clipped data. 3) After several tests, we recognize that in the process of
removing clouds, multi-day data synthesized with a step size of
4 days after cloud removal could ensure the reliability of ground
surface information and effectively remove cloud occlusion. 4) 283 K
was set as the threshold, and cloud removal was repeatedly
performed on the synthesized data of 4 days. Pixel with a lower
value than the threshold was removed and only those higher than the
threshold were used. After completion of this procedure, the BT data
within the study areas were obtained (Figure 2). Figures 2A,B is
shown by RGB format in order to highlight the cloud, the white in
the Figs indicates the cloud; on the other hand, the black part in
Figure 2C indicates the area without clouds cover, and the white is
the cloud-removed area.

Methods
The Qinghai-Tibetan Plateau was uplifted (about starting in the
Late Cretaceous and till to Late Eocene) after being extruded by
the Indian subcontinent. Therefore, the internal ingredients and

TABLE 1 | Data of moderate and strong earthquakes in the Qinghai-Tibetan Plateau (2020.06–2021.05).

Time Epicenter Magnitude Longitude Latitude Focal depth
(km)

2020-06-26 Hetian M6.4 82.33°E 35.73°N 10
2020-07-23 Nima M6.6 86.81°E 33.19°N 10
2021-03-19 Biru M6.1 92.74°E 31.94°N 10
2021-03-30 Shuanghu M5.8 87.68°E 34.38°N 10
2021-05-21 Yangbi M6.4 99.87°E 25.67°N 8
2021-05-22 Madoi M7.4 98.34°E 34.59°N 17

FIGURE 1 | Distribution of earthquakes (active from 2020.06 to 2021.05) with M ≥ 5.8 in (A) the Qinghai-Tibetan Plateau and (B) its eastern margin.
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materials of the Qinghai-Tibetan Plateau migrated eastward,
research shows that the speed of the plate is 50–60 mm/year
(Tapponnier et al., 2001; Zhang et al., 2004). This migration is
also based on the background of the eastward movement of the
Eurasian plate, the GPS result demonstrated that the speed of the
velocity field with respect to the Eurasian plate is 45 mm/year
(Wang et al., 2020). The Tectonic deformation in continental
China is mainly associated with the collision between the Indian
and Eurasian plates. The northward indentation of the Indian
plate has resulted in a continental deformation belt which is the
most active, complex, and broad in the world (Xu et al., 2016;
Wang et al., 2020). This migration process caused the formation
of many secondary tectonic blocks inside the plateau (Tapponnier
et al., 2001; Zhang et al., 2004; Chen et al., 2010), such as the
Qiangtang Block and the Bayanhar Block. The eastward
migration of the Qinghai-Tibetan Plateau was stopped by the
eastern continental block (Southern China Block). The migration
direction, therefore, turned to the south, again causing the
generation of secondary tectonic blocks, such as the Sichuan-
Yunnan Block (Figure 3). Due to the southward turning, the
secondary blocks have the characteristics of right-handed
movement in the east. Due to the intense tectonic activity, this
east part is prone to M7.0 earthquakes in the past decade,
including a series of recent strong earthquakes (Figure 3):
Wenchuan M8.0 in 2008, Yushu M7.1 in 2012, and M7.0
Jiuzhaigou in 2017. The Madoi M7.4 on 22 May 2021, the
topic of the present study, and earlier moderate-strong
earthquakes in the previous year (from June 2020) also
occurred in this context.

Spatial Tracking of BT Anomalies
In the present study, we focus on the Qinghai-Tibetan Plateau
and its eastern margin. Based on 17 years of data collected by
the ground station with natural months as the time step, the
monthly background field was calculated by the average value
method, the same month’s data in every year was added
together then divided by 17, so finally, we have 12 monthly
background fields. Subsequently, the BT anomaly was obtained
after the background field was subtracted from the BT data of

the study area (70°-110°E, 20°-45°N) from June 2020 to
September 2021. In this way, the BT spatial anomalies in
the study area were calculated, respectively. The anomaly
was calculated by formula (2), where St is the BT anomaly
of the t(th) month, S(x, y, t) represents the BT of the t(th)
month in the entire study region, S(x, y, ti) represents the BT
of the t(th) previous month, i(th) is the year, and n represents
the number of years.

St � S(x, y, t) − ∑n
i�1S(x, y, ti)

n
(2)

Time Series Tracking of Secondary Blocks
In previous studies, some extracted data from a certain range
near the epicenter for time series analysis, while others did so
in the entire study area. The former failed to consider that the
anomaly might not occur near the epicenter, whereas the latter
might include the non-anomaly area in the calculation, thus
weakening the anomaly information. Considering the

FIGURE 2 |MODIS BT Images of the eastern margin of the Qinghai-Tibetan Plateau. (A) Single-day data splicing, (B) 4-days data splicing (The white in the figures
almost indicates the cloud, the green is the region without cloud and the black represents the water), (C)Data after cloud removal (The white region is the cloud-removed
area).

FIGURE 3 | Schematic map showing secondary tectonic blocks on the
eastern margin of the Qinghai-Tibetan Plateau and the distribution of strong
earthquakes after 2008.
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geodynamic evolution, the overall force status of the Qinghai-
Tibetan Plateau varies across the area, roughly with 90°E as the
boundary. Due to the extrusion of the Indian subcontinent, the
stress in the west of the 90°E showed a tendency to continue
with a northward movement, whereas in the east of the 90°E
the stress continued in an eastward direction (Chen, YT, et al.,
1996; Hui et al., 2012; Wu et al., 2020), causing the eastern edge
of the Qinghai-Tibetan Plateau to become the front end of
power transmission. Consequently, tectonic activity is
concentrated in this area. Therefore, this area represents the
cumulative development of stress prior to the earthquake and
the afterward adjustment of the stress. Moreover, several
secondary tectonic blocks were formed during the action of
stress in the eastern margin area, including the Eastern
Bayanhar Block, the Eastern Qiangtang Block, and the
Sichuan-Yunnan Block (Figure 3). Therefore, considering
these secondary tectonic blocks of the eastern part as a unit,
the time series curve of BT in the unified block was calculated.
Specifically, after the background field of BT was deducted
based on the data of 17 years, the time series curve of BT was
obtained with the twofold standard deviation as the threshold
line of anomaly determination (Formula (3)). In the equation,
Si,ST represents the BT difference value of the secondary block
at a time i, Si,obs is the BT observation value of the block at the
time i, and Si,bag is the BT background value of the block at the
time i. When Si,ST exceeded the twofold standard deviation, it
was regarded as BT anomaly information.

Si,ST � Si,obs − Si,bag (3)

Results
Characteristics of Spatial Anomaly Evolution Before
Earthquakes
Figures 4A-L show the images of BT anomalies in the Qinghai-
Tibetan Plateau from June 2020 to May 2021, thus 12 months
in total. In this period, the Hetian M6.4 earthquake (26 June
2020), Nima M6.6 earthquake (23 July 2020), Biru M6.1
earthquake (19 March 2021), Shuanghu M5.8 earthquake
(30 March 2020), Yangbi M6.4 earthquake (21 May 2021),
and Madoi M7.4 earthquake (22 May 2021) occurred. The
diagrams clearly demonstrate that the BT anomalies develop
from the western part to the eastern part of the Qinghai-
Tibetan Plateau, evident from the gradual increase of the BT
intensity. The Hetian M6.4 earthquake occurred in June 2020.
In July 2020, BT anomalies are observed in the Indian
subcontinent and the western part of the Qinghai-Tibetan
Plateau, with the enhancement of more than about 4 K. The
area of radiation anomaly in the western part of the Plateau
alone attained around 500,000 km2. Moreover, the Nima M6.6
earthquake occurred at the margin of the area where BT
anomalies occurred in July (Figure 4B). In August
(Figure 4C), the radiation anomaly continued to develop
eastward, with the radiation area further increasing up to
800,000 km2, extending to the southern margin of the
Qinghai-Tibetan Plateau and the western Kunlun
Mountains. In September, BT anomalies basically occupied

the entire western region of the Qinghai-Tibetan Plateau, with
an area of about 1.7 million km2 (Figure 4D). In October, the
anomalies had covered the entire Plateau and even developed
into the northern Sichuan-Yunnan Block (Figure 4E),
occupying an area of about 3.1 million km2. In November,
the area of radiation anomaly decreased obviously and only
affected some parts of the Qinghai-Tibetan Plateau
(Figure 4F). In December, the anomalies basically
disappeared (Figure 4G). However, since January 2021, BT
radiation anomaly reappeared, covering the Qinghai-Tibetan
Plateau and the Tarim Basin, covering an area of nearly
3 million km2 (Figure 4H). This increase continues in
February 2021, with the distribution expanding to the
eastern part of the Mongolian Plateau and the Qilian
Mountains (Figure 4I). The anomaly range basically
covered half of the study areas, occupying about
6.5 million km2. In March 2021, the enhanced radiation
range was reduced, but it still dominated the Qinghai-
Tibetan Plateau. In this month, Biru M6.1 earthquake and
Shuanghu M5.8 earthquake occurred in the Plateau, with an
interval of only 11 days (Figure 4J). By april 2021, such an
anomaly disappeared in the Qinghai-Tibetan Plateau, but
shifted southward to the northern part of the Sichuan-
Yunnan Block, covering an area more than 300,000 km2

(Figure 4K). In May 2021 the spatial BT radiation anomaly
vanished but the Yangbi M6.4 earthquake occurred in the
southwestern Sichuan-Yunnan Block, and then the Madoi
M7.4 earthquake occurred in the eastern Bayankala Block
almost in the same time (Figure 4L), with an interval of
less than 5 h (on May 21 and 22, respectively).

Characteristics of the Post-earthquake Spatial
Evolution
It has been mentioned in the former context that the eastern
margin of the Qinghai-Tibetan Plateau (20°N~40°N,
90°E~110°E) became a center for the concentration of stress
due to the tectonic evolution of the plateau. The present study
was conducted to analyze the changes of the post-earthquake
BT radiation in this area. Figure 5 highlights the evolution of
the regional BT anomaly in the eastern margin of the Qinghai-
Tibetan Plateau from June to September 2021. The maps
indicate that the BT anomalies disappeared in space since
the beginning of June 2021 (Figure 5A). In July (Figure 5B),
several fluctuations in its space radiation are observed, but the
strength is limited, which is a common phenomenon of stress
adjustment in a post-earthquake zone. From August to
September (Figures 5C,D), the BT radiation almost
disappeared. We conclude from the perspective of BT
changes that the regional energy was released after the
earthquakes and the stress accumulation disappeared,
causing the BT radiation anomalies to disappear as well
in space.

Time Series Tracking
The Eastern Bayanhar Block, the Eastern Qiangtang Block, and
the Sichuan-Yunnan Block were selected to track the changes
of BT in time series. Figures 6–8 correspond to the original BT
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FIGURE 4 | BT anomalies and earthquakes in the Qinghai-Tibetan Plateau (2020.06(A)-2021.05(L)).
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data (Figure No.(a)), smoothing BT data (Figure No.(b)), the
BT background field (Figure No.(c)) and the time series curve
of BT anomaly in the three blocks. The original and smoothing
data cover a time period from 2004 to September 2021. As the
value of the BT background field was the same every year in the
study period, only values during 2018–2020 were displayed.
The BT anomaly was recorded from 2018 to September
2021(Figure No.(d)) and results from smoothing BT (Figure
No.(b)) minus the background field (Figure No.(c)). In the
diagrams, two times, one-and-a-half times, negative two times,
and negative one-and-a-half times of standard deviations are
marked in dotted lines. The BT anomalies occur as long as the
curve exceeded two times the standard deviation. In the
diagrams, Biru M6.1, Yangbi M6.4, and Madoi M7.4
earthquakes are marked with red pentacles.

The results in the figures reveal striking differences in the
BT of the various blocks that are related to the tectonic
position of the blocks. The blocks have a clear annual
variation and exhibit different annual amplitudes. The
overall amplitude range between 20 and 30 K,
corresponding to high values in summer and low values in
winter. The BT anomaly diagrams indicate that the curves

exceeded the negative twofold standard deviation in early 2020
(the Bayanhar Block in late January), with its lowest point in
mid-February (Figure 6D), and the Qiangtang Block in late
January (Figure 7D), and then the curves increase rapidly,
exceeding the twofold standard deviation in November (the
Bayanhar Block reaches its maximum on November 16, and
the Qiangtang Block on November 18). The roller-coaster
change was formed in less than 11 months, demonstrating
that BT anomalies were very prominent and the regional stress
grew rapidly. Later, the BT anomaly curves of both blocks start
to decrease until December 2020 but rapidly increase again
after January 2021. They almost attained the threshold line-
nearly twofold standard deviation in March 2021 (the
Bayanhar Block reached its maximum value on March 28
and the Qiangtang Block on March 24). Two earthquakes,
Biru M6.1 (on March 19) and Shuanghu M5.8 (on March 30)
occurred after the internal Qiangtang Block curve increased
twice. Finally, the curve decreases again and the Madoi M7.4
earthquake affected the Bayanhar Block about 50 days later.

The BT anomaly curve of the Sichuan-Yunnan Block
(Figure 8D) varies from those of the Bayanhar Block and
the Qiangtang Block. The curve of the Sichuan-Yunnan Block

FIGURE 5 | BT anomaly in the eastern margin of the Qinghai-Tibetan Plateau (2021.06 (A)-2021.09 (D)).
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also began to rise rapidly after approaching the negative
twofold standard deviation in February 2020, and the rising
trend continued until the curve exceeded the twofold standard
deviation, with a time span of about 14 months. Its BT anomaly

curve reached the maximum value on april 30 and exceeded
the twofold standard deviation to form anomalies. Later on,
the curve decreases and after 21 days, the Yangbi M6.4
earthquake occurred.

FIGURE 6 | BT in (A) time series, (B) smoothing BT (C) background field of BT and (D) BT anomaly of the Eastern Bayanhar Block.

FIGURE 7 | BT in (A) time series, (B) smoothing BT (C) background field of BT and (D) BT anomaly of the Eastern Qiangtang Block.
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DISCUSSION

Link Between Spatial BT Anomalies and the
Geodynamic Evolution
BT radiation anomalies document significant spatial and temporal
migration in the Qinghai-Tibetan Plateau before the onset of the
heavy M7.4 Madoi earthquake (Figure 4): The BT Anomalies
occurred in the western Qinghai-Tibetan Plateau in July 2020
(Figure 4B), and then gradually spread eastward to the central
plateau in August 2020, occupying the entire plateau after October
2020 (Figures 4C–F). From January to april 2021, the BT radiation
anomalies reappeared (Figures 3H,I) and covered the northern
Sichuan-Yunnan Block (Figures 4J,K. The evolution of BT radiation
anomalies may be consistent with the geodynamic development of
the Qinghai-Tibetan Plateau. The uplift of the Qinghai-Tibetan
Plateau originated from the extrusion of the Indian subcontinent,
the speed of the extrusion is about 50–60mm/a (Tapponnier et al.,
2001; Zhang et al., 2004). The plateau material was forced to migrate
and later developed southward after the extrusion with the Southern
China Block (Tapponnier et al., 2001; Zhang et al., 2004; Chen et al.,
2010). The development of BT radiation anomalies probably
corresponds to the geodynamic background and indicates the
presence of a stress crush development in the Qinghai-Tibetan
Plateau in the studied time interval, leading to a series of M6.0
earthquakes, including Madoi M7.4.

Correlation of BT Radiation Anomalies With
Earthquakes
According to the principle of land surface thermal radiation
anomalies, three major categories of theories were summarized
in laboratory and practical applications through many studies: 1)

Rock extrusion and burst (Saraf et al., 2008; Liu et al., 2016), 2)
land surface degassing (Panda, et al., 2007; Saradjian et al., 2011)
and 3) the theory of atmospheric ionization (Freund, 2000;
Freund, 2002; Freund, 2003; Ouzounov et al., 2004; Pulinets
et al., 2006; Ouzounov et al., 2007; Shah et al., 2018). In the
seismogenic period, subsurface rocks are extruded or extended
due to tectonic stress. Gradually, rocks burst internally and cause
friction with other rocks externally. During the entire process, the
thermal energy is accumulated and later released to spread
outside from the lithosphere, and then to conduct to the air
atmosphere in the form of thermal radiation. As a result, it forms
the coupling of the lithosphere-atmosphere. The thermal
radiation anomalies related to this process feature that with an
extensive range and wide area, but can still be observed by
satellites. (Eleftheriou et al., 2015; Lu et al., 2016). According
to the pre-earthquake surface degassing theory, media in the
lithosphere were squeezed and extended during the seismic
breeding period, forcing subsurface heat source material to
uprush. For example, the heat flux may rise to the surface
through rocks fractures, forming an overburden layer in the
form of water vapor on the land surface. Greenhouse gases,
such as CO2 and CH4, could also rise to the surface along
with rock fractures during the extrusion, and may create the
regional “greenhouse effect” with water vapor and other gases on
the surface. As a result, the surface temperature will increase and
the surface thermal radiation will rise (Panda et al., 2007;
Saradjian et al., 2011). A coupling process among lithosphere,
air atmosphere, and ionosphere before strong earthquakes were
reported in several studies (Freund, 2000; Freund, 2002; Freund,
2003; Ouzounov et al., 2004; Pulinets et al., 2006; Shah et al.,
2018). The rock’s crack or fusion, and mineral dissolution or
phase transition may cause the formation of daughter isotopes

FIGURE 8 | BT in (A) time series, (B) smoothing BT (C) background field of BT and (D) BT anomaly of the Sichuan-Yunnan Block.
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from the decay of radioactive isotopes in the minerals (Chen et al.,
2021a), it should be emphasized that this mechanism is a
hypothesis, which originates from observations and
experimental results, it needs further confirmation in the
future work. however, it still remains one of the mainstream
consensuses on thermal radiation anomalies’ interpretation. So,
the release of radon gas is used as an example; during radon gas
decay, numerous α particles are produced. Positively charged α
particles induce ionization in the near-surface atmosphere, which
generates mass-charged ions. These ions can create hydration in
the air atmosphere that reduces the relative humidity and forms
an environment of high temperature and low pressure, thus
creating an environment in which the total radiation is
increasing (Freund et al., 2006; Freund, 2011; Walia et al.,
2013; Kobayashi et al., 2015; Chen et al., 2021a; Chen et al.,
2021b).

We summarized our result in Figure 9which shows long trend
time series from 2004 to 2021 in the Eastern Bayanhar block. The
main earthquakes are underlined by a black arrow and it is
possible to note a systematic increase in the BT radiation before
most of the events that occurred in the investigated area. Both the
MadoiM7.4 and a series ofM6.0 earthquakes are originated from
the tectonic activities inside the Qinghai-Tibetan Plateau, as
tectonic extrusion must be accompanied by stress
development. This process causes the enhancement of
radiation in the seismogenic zone. The reason for the
production of BT radiation anomalies in the study period is
probably related to a combination of multiple processes,
including rock extrusion and burst, the release of subsurface
greenhouse gases, and atmospheric ionization. As the BT reflects
the changes of the surface radiation value, heat sources or
greenhouse gases may rather reflect the changes of surface
temperature, and atmospheric ionization may rather be
recorded by electromagnetic detection methods. Based on
these findings and the tectonic evolution of the Qinghai-
Tibetan Plateau, we propose that the lithosphere extrusion and
the related stress development could be as the main reason for the

observed anomalies and that the other two mechanisms were
rather supplementary causes.

(The red dotted line indicates the 0-value line, the black dotted
lines above and below the 0-value line represent the 1.5 (negative
1.5) and 2 (negative 2) times the standard deviation respectively;
the red rectangles indicate the period of the BT radiation’s
anomaly, and the black arrows are the corresponding
earthquakes).

Correlation of Spatial and Temporal
Anomalies With Seismic Events
Six moderate to strong earthquakes occurred in the interior and
margin of the Qinghai-Tibetan Plateau between June 2020 and
May 2021. The time and location of the seismic activity are
significantly correlated with the development of BT Anomalies in
space, and BT curves of the block also match the earthquake time.
Therefore, we propose that the Madoi M7.4 earthquake and a
series of earthquakes were not isolated events, but typically
occurred inside the Qinghai-Tibetan Plateau under stress
development.

In the beginning of 2020, the BT anomalies of the Eastern
Bayanhar Block, the Eastern Qiangtang Block, and the Sichuan-
Yunnan Block almost simultaneously began to rise from low
values (Figures 6D, 7D and 8D). The values of the Bayanhar
Block and the Eastern Qiangtang Block attained the maximum
level in October 2020, exceeding the twofold standard deviation.
This formed the only BT anomaly exceeding the twofold standard
deviation since 2018. The BT radiation anomaly in space started
in July 2020 and then gradually increased to cover the entire
Qinghai-Tibetan Plateau finally (Figures 4B–E), which is
consistent with the evolution of the time series. The Hetian
M6.4 earthquake, Xinjiang on 26 June 2020, and the Nima
M6.6 earthquake on 23 July 2020, occurred in the anomalous
development process.

Since January 2021, BT anomalies had reappeared in the
Qinghai-Tibetan Plateau, covering a larger area than before,

FIGURE 9 | Time series of BT anomaly of the Eastern Bayanhar block from 2004 to 2021.
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and the BT time series curve also started to increase again. The BT
anomalies developed from the hinterland of the Qinghai-Tibetan
Plateau to the northern Sichuan-Yunnan Block. In this process,
the BiruM6.1 earthquake and the Shuanghu M5.8 earthquake in
Tibet occurred successively on March 19 and March 30,
respectively and are also displayed in the high-value segment
of the time series curve (Figures 6D, 7D). The BT spatial
anomalies disappear in May (Figure 4J), and the Yangbi M6.4
and Madoi M7.4 earthquakes successively occurred on 21st and
22nd in the month. The Yangbi earthquake occurred at the
southwest boundary of the Sichuan-Yunnan Block. This region
marks the end of the tectonic migration and stress development
of the Qinghai-Tibetan Plateau, so that stress conduction was
slower than those of the Bayanhar and Qiangtang blocks. This
was also the reason why the time series curve of the Sichuan-
Yunnan Block started to rise and attained its peak at a lower rate
compared with the other two blocks. The time series curve of the
Sichuan-Yunnan Block exceeded the anomalies threshold of the
twofold standard deviation in april 2021, and the Yangbi M6.4
earthquake occurred 21 days later.

Spatial and Temporal Development of BT
Anomalies After the Earthquakes
The extensive spatial and temporal BT anomalies finally
disappeared after the earthquakes (from June 2021)
(Figure 5). Local anomalies in some time intervals were
attributed to post-earthquake stress adjustment or normal
annual variation, and the fluctuation of the time series curve
was within the normal range after the Madoi earthquake. The
adjustment to normal values of BT in time and space also
demonstrated that the accumulated stress in the studied
regions may have been completely released in the seismic
events, and also indicated that the anomalies development of
this stage might come to an end.

CONCLUSION

MODIS data were processed by splicing, cloud removal,
extraction of the background field of BT, and the monthly
calculation of BT anomalies with an independently developed
system. The secondary tectonic blocks in the eastern margin of
the Qinghai-Tibetan Plateau were modeled as one common unit
to acquire the BT time series and spatial anomaly distribution of
these blocks. Subsequently, the twofold standard deviation was
taken as the anomaly threshold. The tracking study of the Madoi
M7.4 and several previous earthquakes was conducted on this
basis. The following conclusions are constrained by the new data:

(1) A strong correlation exists between earthquake occurrence
and spatial anomaly of BT. The enhancement of BT radiation
reflects changes in the regional stress field. The radiation
anomalies of the Qinghai-Tibetan Plateau were generally
consistent with stress conduction tendency on the tectonic
evolution of the Qinghai-Tibetan Plateau. The BT anomalies
developed from west to east and expanded its extent

gradually. Meanwhile, it should be emphasized that the
mechanism of the stress field and the BT variation is
based on the inference of experimental results, a deep
study of the stress filed goes behind the goal of this paper.
In the anomaly development in 2020, the Hetian M6.4 and
Nima M6.6 earthquakes occurred successively, and the Biru
M6.1, Shuanghu M5.8, and Madoi M7.4 earthquakes
occurred successively in 2021. In april 2021, BT anomalies
extended into the Sichuan-Yunnan Block, and the Yangbi
M6.4 occurred in the southwestern part of this block.

(2) A good correlation also exists between earthquake
occurrence and the time series of BT. In the time series
curve, covering 3 years, the phenomenon of exceeding the
twofold standard deviation only occurred once in all the three
blocks, and the BT anomalies in the blocks simultaneously
began to rise from the beginning of the series in 2020. The BT
anomalies of the Bayanhar and Qiangtang blocks exceeded
the twofold standard deviation in October, and once again
approached it in March 2021. The Sichuan-Yunnan Block
exceeded the twofold standard deviation in april 2021, due to
its location at the easternmost margin of stress development.
The Hetian M6.4, Nima M6.6, Biru M6.1, and Shuanghu
M5.8 earthquakes all occurred during the increase of time-
series curves, whereas the Yangbi M6.4 and Madoi M7.4
earthquakes occurred during the decrease of the BT curves
after they reached the maximum value.

(3) Regional BT anomalies disappear after the earthquakes and
also the regional spatial BT anomalies simultaneously came
to an end. Furthermore, the time series dropped to the
normal range. Although the post-earthquake spatial and
time series represent fluctuations on a small scale, they do
not attain the abnormal standard, which might be caused by
post-earthquake stress adjustment and annual variation.

(4) The occurrence of earthquakes could be in accordance with
the distribution of the regional stress development. BT
anomalies in space and time series reflect the development
of regional stress. The time and location of earthquakes are
consistent with the trend of the spatial BT anomalies and
time series, indicating that the stress background of this
earthquake may be consistent with that of the Qinghai-
Tibetan Plateau.

Our study documents that the MODIS thermal infrared BT
data is suitable to effectively obtain pre-earthquake anomalies,
providing a new reference for the search of anomalies prior to
earthquakes. The anomaly method, based on massive data
accumulation over many years, is suitable for anomaly
tracking. The results demonstrate that the study of the
different parameters before earthquakes through satellites is
highly promising for further research on earthquake detection.
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