6792

IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 14, 2021

Seismic Microwave Brightness Temperature
Anomaly Detection Using Multitemporal Passive
Microwave Satellite Images: Ideas and Limits

Yuan Qi

Abstract—Thermal anomalies related to large earthquakes are
frequently reported, but focus on the inconsistencies and uncer-
tainties in the uncovered results caused by the diverse method
used, data used, and case studies is lacking. Taking seismic anomaly
detection using passive microwave remote sensing as an example,
this study revealed and illustrated the time series of microwave
brightness temperature (MBT) anomaly associated with the May
2008 Wenchuan earthquake, the April 2010 Yushu earthquake, the
April 2013 Lushan earthquake, and the April and May 2015 Nepal
earthquake sequence. Cross comparison showed that the spatial
distribution of MBT anomalies behaves differently with different
background-removal methods. More regional and detailed MBT
anomalies (but with weaker intensities) were obtained with higher
frequency data, whereas more pronounced MBT anomalies (but
with fewer details) were acquired with lower frequency data. The
amplitude and spatial scales of MBT anomalies at H polarization
were larger than that at V polarization. And 10.7 GHz at H polar-
ization was recommended as the optimal band. The spatiotemporal
evolutions of MBT anomalies associated with the four selected
earthquake cases were compared and found to be closely related
to respective earthquake preparation mechanisms. The aforemen-
tioned characteristics and uncertainties of MBT anomalies under
different conditions were then discriminated and discussed based
on microwave remote-sensing physics, and the applications and
limitations of the present study were illustrated and analyzed. The
findings of this study are of great significance for remote sensing
data selection, reliability assessment, and result interpretation in
seismic-anomaly research.

Index Terms—Microwave brightness temperature (MBT),
multitemporal image, seismic anomaly, time-series analysis,
uncertainty.

I. INTRODUCTION

INCE the 1980s, satellite infrared radiative data have been
S applied to detect multitemporal thermal anomaly prior
to some medium-to-strong earthquakes [1]-[13]. Using mid-
infrared band and thermal infrared band for seismic-anomaly
monitoring are considered as a promising method by numerous
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remote-sensing and seismology researchers [1], [2], [5], [13].
With the launch of several passive microwave remote-sensing
satellites in recent years, microwave brightness temperature
(MBT) images are adopted to retrieve seismic anomaly for
its consecutiveness and effectiveness [14]-[23]. MBT data can
reflect the thermal radiation of the earth’s surface at a certain
depth owing to its ability to penetrate the atmosphere and
ground surface [24]. Passive microwave satellite instruments are
commonly equipped with multiple frequency channels (ranging
from a few gigahertz to a few dozen) at dual-polarization modes
(Horizontal polarization and Vertical polarization, H & V in
brief), thereby providing various options for observing earth’s
surface radiative information.

Maeda and Takano [15], [16] proposed an anomaly index
algorithm based on temperature difference between adjacent
pixels to monitor seismic anomaly associated with the February
2004 Morocco earthquake and the May 2008 Wenchuan earth-
quake using MBT data with 18.7 GHz from the Advanced Mi-
crowave Scanning Radiometer for EOS (AMSR-E) instrument,
and found that significant anomalies occurred near the main-
shock epicenters. Referring to the overall trend of temperature
change, Yang and Guo [21] observed the abnormal MBT prior
to the April 2010 Baja California earthquake using AMSR-E
data with 89 GHz. Singh er al. [18] reported both ascending
and descending MBT anomalies associated with the May 2008
Wenchuan earthquake using satellite data with 19 and 37 GHz
from the Special Sensor Microwave/Imager (SSM/I). Further-
more, Jing et al. [19] analyzed thermal anomalies associated
with two earthquakes that occurred at the Tibetan Plateau by
using segmented threshold method with SSM/I MBT data; it
was found that MBT at 19 GHz was more sensitive to seismic
anomalies than other higher frequencies. These case studies
confirm that multitemporal MBT data with multiple frequencies
can retrieve seismic anomaly. However, owing to the different
research methods used, the results for different frequencies and
for different cases are not comparable; thus, the spatiotemporal
pattern of seismic anomaly under different conditions and the
reasons for discrepant results require further consideration.

By using SSM/I data with 19 and 37 GHz at H and V
polarization modes, Singh et al. [18] observed a bell-shaped
MBT rise prior to the main shock of the May 12, 2008 Wenchuan
earthquake. The result showed that the absolute values of the
MBT with 19 and 37 GHz at V polarization are higher than
that at H polarization. However, the maximum increments of
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MBT at H polarization are about 10 K for 19 GHz and 15 K
for 37 GHz, which is higher than that at V polarization for both
bands. This finding reveals an easily overlooked phenomenon
that satellite-observed MBT and the perturbation increment
in seismic MBT anomaly behave inconsistently with different
polarizations, which also indicates uncertainty in the results of
seismic thermal anomalies.

Jing et al. [23] reported MBT anomalies associated with
three strong earthquakes in Sichuan province, China, including
the May 2008 Wenchuan earthquake, the April 2013 Lushan
earthquake, and the August 2017 Jiuzhaigou earthquake. The
revealed anomalies associated with the Wenchuan and Lushan
earthquakes were distributed along the main faults, but that as-
sociated with the Jiuzhaigou earthquake was distributed around
the epicenter and did not stay relevant to the seismogenic struc-
tures. Maeda and Takano [15], [16] have also studied the MBT
anomalies related to the February 2004 Morocco earthquake
and the May 2008 Wenchuan earthquake. It was uncovered that
anomalous pixels of the Wenchuan earthquake were primarily
distributed along the Longmenshan faults (LMSFs), but those
of the Morocco earthquake were scattered around the epicenter
zone. In the research of Yang and Guo [21], the most significant
anomalies related to 2010 Baja California earthquake occurred
primarily on both sides of the fault line, but not all were
concentrated at the epicenter zone. These results suggest the
difficulty in describing uniformly the seismic MBT anomaly
with similar or certain abnormal characteristics in a limited area,
and that different types of earthquakes and even seismogenic
preparation environment may have a profound impact on the
satellite-observed MBT anomaly.

The present research first uncovered and discussed the char-
acteristics and uncertainties of multitemporal seismic MBT
anomalies before, during and after the Wenchuan earthquake
in May 2008, the Yushu earthquake in April 2010, the Lushan
earthquake in April 2013, and the Nepal Gorkha and Dolakha
earthquakes in 2015, by using different removal methods of
historical background. Cross-comparisons of the frequency and
polarization of the MBT data were conducted, and the causes
of the induced inconsistencies and uncertainties were analyzed
based on remote sensing physics. Then, the spatiotemporal
evolutions of MBT anomalies and the preparation mechanisms
associated with the four earthquake cases were discussed care-
fully. Some ideas about selection and usage of multitemporal
MBT data for seismic anomaly monitoring were suggested, and
the applications as well as limitations in the research itself were
objectively pointed out.

II. METHODOLOGY

Preseismic anomalies are always weak signals in contrast to
the strong background field, which is strongly influenced by
seasonal factors, topography, vegetation condition, and meteo-
rology. To quantitatively analyze the possible thermal anomalies
related to earthquakes, the image-difference method was intro-
duced to identify abnormal signals in the same region over a long
time series of satellite observations [3], [10], [25], [26]. Such
method aims to eliminate the tendency changes within satellite
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images by removing a background (also a reference field) based
on multiyear data, thereby underlining the abnormal information
that exceeds the predefined threshold.

In this research, we used the spatiotemporally weighted two
step method (STW-TSM) [22] to retrieve the time series of
seismic MBT anomaly and made comparison with different
background-removal methods. The principle of STW-TSM is
to obtain the basic residuals and the cleaned MBT residuals
of ground-surface MBT in two separate steps by removing a
temporal and a spatial weighting background, respectively. A
brief description of the method is as follows.

A. First Step

The first step is to remove the inherent stable and general trend
from satellite MBT observations with a temporally weighted
background

)2
iy fexp(—E5) - T(a,y, 1)
)2
i1 exp [—%]
AT(xay7t§):T($>yat§)_Tw($ay7t§) (2)

where ¢; stands for any nonseismic year with a serial number 7, £
represent the earthquake year. D is an adjustable coefficient and
refers to the maximum year interval between shock year and all
nonearthquake years of used data. 7' (z, y,t;), and T (z, y, t¢)
are the values of pixel (x, y) on the date of ¢; and t¢, respectively.
t; and t¢ represent the same date in the nonearthquake year i
and the earthquake year ¢, respectively. Ty, (x, y,t¢) is the
weighted value for the shock year based on all T'(z, y, t;), and
AT (z, y,t¢) is the basic residual value of pixel (x, y) on date

te.

Tw(xay7t§): (])

B. Second Step

The second step is to restrain random noise with a spatially
weighted background on the basis of the first step’s residual
images

i —1 2 SN2 . .
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where D5 is an adjustable coefficient and stands for the diagonal
length of the actual study area, and W, is the spatial weight
of pixel (ix, ji). Tm (z, y,te) means the interpolated value
of far-field meteorological impact on pixel (x, y) in shock day
te, and AT (ix, ji,te) represents the value of periphery pixel
(iky J). AAT (2, y, te) is termed as the cleaned residual value
of pixel (x, y) in day t¢, which is considered to be seismicity
related and can be adopted subsequently to conduct a time-series
analysis.

Meanwhile, to fill in the missing area of the study area due to
the periodic satellite swath, a preprocessing of sliding window
is introduced in the STW-TSM by using the average MBT 14
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days before and 14 days after a certain date [22]. The complete
residual MBT images are used to analyze the multitemporal
evolution and explore the possible causes of the earthquake
anomaly.

III. EARTHQUAKE CASES AND DATA SOURCES
A. Selected Earthquake Cases

This research chose the May 2008 Wenchuan earthquake
and the April 2013 Lushan earthquake occurred in Sichuan
Province, China, the April 2010 Yushu earthquake occurred
in Qinghai Province, China, and the 2015 Nepal earthquake
sequence happened in Central Nepal, as typical case studies, to
make comparisons and to search for the inconsistencies due to
different method used, data used, and case studies. The driving
forces of the selected four earthquake cases were similar, but
their seismogenic mechanisms have characteristic differences,
which is worth a comparative analysis.

The May 12, 2008 Wenchuan earthquake occurred in the
LMSFs region at the junction of the eastern Tibetan Plateau
and the western Sichuan Basin, with a magnitude of Mw 7.9
and the epicenter located at 31.02° N, 103.37° E [27]. The focal
depth was about 19.0 km, and numerous aftershocks of magni-
tude greater than Mw 5.0 appeared along the LMSFs from the
mainshock day to the end of May 2008 (from USGS), forming
the Wenchuan earthquake sequence. This violent earthquake
generated a surface rupture zone more than 240 km long along
the Beichuan fault and another surface rupture zone more than
70 km long along the Pengguan fault [28]. The local elevation
varies sharply from a few hundred meters to a few thousand over
a distance less than 50 km, making the terrain very complex and
dramatically changing.

Near the southwest of the epicenter of the Wenchuan earth-
quake, another large earthquake with magnitude of Mw 6.6
occurred also in the LMSFs region on April 20, 2013, i.e.,
Lushan earthquake, also known as the Ya ’an earthquake. The
epicenter of this earthquake located at 30.30° N, 103.00° E with
a depth of about 13.0 km [29]. It was believed that the occur-
rences of the Wenchuan earthquake may have contributed to the
formation of the Lushan earthquake [30], but the comparative
analysis of the focal mechanics mechanism, rupture process,
spatial distribution of aftershocks and surface rupture suggested
that these two earthquakes are relatively independent seismic
events [31].

The aforementioned two earthquakes both appeared at the
junction of east Bayan Har block and South China block, and
the Yushu earthquake occurred at southern edge of the Bayan
Har block on April 13, 2010, with a magnitude of Mw 6.9 and
the epicenter located at 33.17° N, 96.55° E. This earthquake was
mainly due to the eastward movement of Kunlun block leading
to the sinistral slip of Garzé—Yushu Fault [32], the initial cause
and the energy source of these three large earthquakes was the
Indian plate’s wedging in Qinghai-Tibet Plateau, resulting in the
movement and collision of the interior blocks and subblocks.

On the southern rim of the Himalayan Mountains, where the
Indian Plate met the Qinghai—Tibet Plateau, an Mw 7.8 thrust
earthquake occurred in Gorkha, central Nepal on April 25,2015,
which was previously identified as a high-seismic-hazard zone
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TABLE I
MAJOR CHARACTERISTICS AND PERFORMANCE OF AMSR-E

Frequency (GHz) Ground IFOV Band width NEAT

scanxalong track (km) (MHz) (K)
6.9 43x75 350 0.34
10.7 29x51 100 0.7
18.7 16x27 200 0.7
23.8 18%32 400 0.6
36.5 8x14 1000 0.7
89.0 4x7 3000 1.2

due to the active change of the crust stress field. According to the
USGS, the epicenter of the Gorkha event was located at 28.18° N,
84.72° E with a depth of 18 km. This hazardous earthquake was
followed by a series of large aftershocks, including a Mw 7.3
Dolakha earthquake on May 12, 2015. The earthquake sequence
was caused by the northeastward subduction and squeezing of
the Indian plate beneath the Himalayan tectonic belt at the junc-
tion of the Indian plate and the Eurasian—Asian plate, leading
to the long-term accumulated crustal stress reaching the shear
strength of the thrust faults and causing a sudden slip [33].

B. Satellite MBT Data

When selecting MBT data, it was first considered whether the
operation time of the satellite covered the moment of earthquake
occurrence and whether the data coverage could provide enough
time series of radiation information before and after the earth-
quake to satisfy the data requirement of historical background
construction. Therefore, AMSR-E instrument onboard Aqua
satellite and MWRI instrument onboard FY-3B satellite stood
out from the crowd to provide MBT data for investigating the
four selected earthquake cases.

The AMSR-E was one of the highest performing instruments
provided to Aqua satellite, which was launched in 2002 by the
National Aeronautics and Space Administration (NASA). This
device was used to observe the earth surface at six microwave
bands (6.9, 10.7, 18.7, 23.8, 36.5, and 89 GHz) with dual
polarization (V and H) [34]. The temporal coverage of AMSR-E
data was from 2002 to 2011, and covered the shock times of
the Wenchuan earthquake in 2008 and the Yushu earthquake in
2010. The major characteristics and performance of the instru-
ment are described as Table I. The dataset used in the study
are AMSR-E Level-2A product (AE_L2A, descending mode),
which are resampled to spatial resolutions ranging from 5.4 to
56 km (corresponding to six channels from 89 to 6.9 GHz). Each
file of the data contains daily 50-min half-orbit swath brightness
temperatures, which is packaged with quality information as
well as geolocation.

The MWRI instrument was onboard the second-generation
Chinese meteorological satellite (FY-3B) and provided mi-
crowave radiative observations of the earth’s surface at mi-
crowave frequencies of 10.7, 18.7, 23.8, 36.5, and 89.0 GHz
with dual-polarization modes [35]. The temporal coverage of
the FY-3B MWRI data was from 2010 to 2019, satisfying the
data requirements of seismic-anomaly monitoring on the Lushan
earthquake in 2013 and the Nepal earthquake sequence in 2015.
The main characteristics and performance of FY-3B MWRI are
shown in Table II. The dataset used of FY-3B MWRI are Level-1
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TABLE II
MAJOR CHARACTERISTICS AND PERFORMANCE OF FY-3B

Frequency Ground IFOV Band width NEAT
(GHz) scanxalong track (km) (MHz) (K)
10.7 51x85 180 0.5
18.7 30x50 200 0.5
23.8 27x45 400 0.5
36.5 18x30 900 0.5
89.0 9x15 2300 0.8

product (GBAL_L1, descending mode), with spatial resolutions
ranging from 10 to 73 km (corresponding to five channels from
89 to 10.7 GHz). The data packages also contain information of
geolocation, calibration, and data quality.

IV. RESULTS AND DISCUSSION
A. Background-Removal Method

Seismic thermal anomaly can be defined as the difference
between what occurred in the shock year and what was expected
according to an existing long-term trend (background). Based
on this idea, many researchers have calculated the differential
values between the seismic year data and the long-term aver-
age value by using numerous kinds of remote-sensing data to
detect potential anomaly related to some large earthquakes [9],
[36]-[38]. However, the problem lies in which the results of
anomaly extraction largely depend on the establishment and
removal of background field; the spatiotemporal pattern and the
effectiveness of noise removal are sensitive to the processing of
influencing factors over time. Thus, great uncertainty may exist
in the retrieved anomalous information.

Theoretically, passive satellite microwave images contain var-
ious pieces of heterogeneous radiative information within the
satellite footprint and reflect the energy exchange of the earth’s
surface. The observations are strongly influenced by the physical
properties of coversphere and short-term variable meteorology
in time and space. Taking the May 2008 Wenchuan earthquake,
the April 2010 Yushu earthquake, the April 2013 Lushan earth-
quake, and the 2015 Nepal earthquake sequence as examples, we
considered using two different removal methods of background
field to extract the related seismic MBT anomalies, i.e., the
average background field and the spatiotemporally weighted
background field [22]. The average background assumes that
the influential factors, including seasons, surface coverage, local
weather, and topography exhibit an unchanged state over time
or uniform distribution in space. While the spatiotemporally
weighted background considers that the variation trends of each
influencing factor is dynamic over time or variable in space, mul-
titemporal data of different year and pixels inside the study area
are assigned with different weights according to their time inter-
vals with the shock year and the Euclidean geospatial distance
away from the epicenter, respectively. The results of revealed
multitemporal MBT anomalies before, during and after the
four earthquake cases using two different background-removal
methods are shown in Fig. 1.

According to Fig. 1, the differences in amplitude and spatial
distribution of MBT anomalies related to the four selected
earthquake cases are very significant. As for the Wenchuan
earthquake and the Nepal earthquakes, the results from averaged

6795

background show many large-scale positive and negative MBT
anomalies, and some obvious positive anomalies appear at
the edges of the study area and in the central study area,
making the extracted results difficult to recognize. However,
the widely varying range of anomaly values in the study area
may indicate that some non-earthquake disturbances (e.g.,
terrain and vegetation) are not effectively eliminated; the results
from spatiotemporally weighted background can reduce the
interference to some extent. As for the Yushu earthquake and the
Lushan earthquake, the results from averaged background can
reflect a certain positive MBT anomalies near the epicenters,
but compared with that from spatiotemporally weighted
background, the revealed anomalies appeared to be partially
missing and the degree of anomalies was not significant.

In addition, the result of Nepal earthquakes from averaged
background shows obvious stripe traces of satellite swath possi-
bly due to the coverage of multitemporal data, which illustrates
the importance of the preset sliding window processing. By
comparing the results of these four cases, it is evident that
the results from spatiotemporally weighted background show
a better aggregation of MBT anomalies. And significant pos-
itive MBT anomalies primarily occur near the epicenter and
the fault lines with a more pronounced degree of abnormality.
Besides, the distribution of value range in the study area is
more uniform, so the positive anomalies related to earthquakes
can be highlighted. In summary, the comparison results suggest
that different background removal method can reveal different
spatiotemporal patterns and amplitudes of anomaly, which are
bound to have a profound impact on the cognition of seismic
anomalies.

B. Frequency of Data Used

In this section, by employed the spatiotemporally weighted
background, MBT anomalies of the four earthquake cases were
calculated using MBT data with different bands, to analyze
and discuss the uncertainties induced by wavelength and spatial
resolution. The MBT data derived from AMSR-E instrument
with 6.9, 10.7, 18.7, and 36.5 GHz at H polarization were
used for the May 2008 Wenchuan earthquake and the April
2010 Yushu earthquake, and MBT data from FY-3B MWRI
instrument with 10.7, 18.7,23.8, and 36.5 GHz at H polarization
were selected for the April 2013 Lushan earthquake, and the
2015 Nepal earthquakes. The performance in thermal radiation
sensitivity of the selected bands are all greater than 1 K while
the viewing angles of all the selected bands are the same (54.8°
for AMSR-E and 45° for MWRI).

Fig. 2 shows the result of four bands on May 11 and May
12, 2008 of the Wenchuan earthquake, on April 5 and April
13, 2010 of the Yushu earthquake, on April 18 and April 19,
2013 of the Lushan earthquake, and on April 24 and May 11,
2015 of the Nepal earthquakes. It can be easily found that the
MBT anomalies on the same day significantly changed with
the increasing of frequency. Taking the result of Wenchuan
earthquake and Nepal earthquakes as an example, the results
with lower frequency (such as 6.9 and 10.7 GHz) have more
significant abnormality but less detailed information in a spatial
pattern, whereas that with higher frequency (such as 23.8 and
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Fig. 1.
based on two different backgrounds.

36.5 GHz) can show more localized variable information and
clearer outlines of the obtained anomalies but less intense MBT
abnormities in the study area. As for the other two cases, it
can be found that some positive and negative anomalies showed
significant inconsistency with frequency. For instance, the result
of 2010 Yushu earthquake exhibited most significant positive
abnormity at 10.7 GHz around the epicenter on the shocking
day (April 13), and the degree of positive anomaly south of
the epicenter increased with frequency, which is contrary to the
result of Wenchuan earthquake. The result of 2013 Lushan earth-
quake presented enhanced intensity with frequency in the area
northeast of the epicenter on April 18, but the anomaly northwest
of the epicenter on April 19 showed decreased intensity with
frequency and exhibited most obvious abnormity at 10.7 GHz.

According to microwave remote sensing physics [24], [39],
for an electromagnetic wave propagating in lossy medium, its
penetration depth (9) is primarily related to the wavelength (1)
and the physical property (dielectric, €) of the medium

)2_1

where &' and " refer to the real and imaginary parts of ¢ ,
respectively.

E”
5=2x/ |2n2 1+<E )

Revealed MBT anomalies of the 2008 Wenchuan earthquake, the 2010 Yushu earthquake, the 2013 Lushan earthquake, and the 2015 Nepal earthquakes

Therefore, the attenuation of microwave radiation is in-
versely proportional to the wavelength, and the penetration
depth through the earth’s surface media and the penetration
efficiency through the atmosphere of microwave radiation are
proportional to the wavelength. As regards the aforementioned
phenomenon, the microwave radiative signals with high fre-
quency have shorter wavelength and higher spatial resolution.
Accordingly, the seismic anomalies at these bands can reflect
only the thermal radiation of a very shallow subsurface owing to
its penetration of land surface, and the transmission of radiative
signals to satellite sensor are more easily polluted and weakened
by atmospheric water vapor and small-scale meteorological
disturbances. Additionally, the higher spatial resolution enables
the detection of anomalies at very small scales so that the result
with high frequency shows scattered hot spots of positive MBT
anomalies. Conversely, the transmission of microwave radiation
with low frequency (such as 6.9 and 10.7 GHz) is believed to
be independent of atmospheric water vapor [24], so the result
reveals greater amplitude of anomalies. The seismic abnormal
signals received by satellite sensors at these frequencies can also
contain more radiative information from much deeper subsur-
face owing to their penetrability. Many small-scale anomalies
may be smoothened during the sampling process owing to the
rough spatial resolutions of lower frequency data; thus, the result
can only exhibit larger scale of abnormality.



QI et al.: SEISMIC MICROWAVE BRIGHTNESS TEMPERATURE ANOMALY DETECTION USING MULTITEMPORAL

6797

2008 Wenchuan earthquake
10.7 GHz

20080511
Lat ()

20080512

Lat (")

20130418

20130419

10.7 GHz

7 % %
Lon (%)
——— Fault lines

2015 Nepal earthquakes
10.7 GHz

20150424

20150511

Fault lines

@ Epicenter

Fig. 2.

C. Polarization of Data Used

To explore the impact of polarization mode on the spa-
tiotemporal pattern of seismic anomaly, the multitemporal MBT
anomalies related to the four selected earthquake cases were
extracted accordingly with AMSR-E data and MWRI data at
10.7 GHz, and the results are shown in Fig. 3. The positive
and negative MBT anomalies of all the four earthquakes at
H and V polarizations have similar distribution in space and
evolution over time, but the amplitude and the spatial scales
of MBT anomaly at H polarization are greater than that at
V polarization, especially for the positive anomalies of the
Wenchuan earthquake in the central study area and the area
about 300 km northwest away from the epicenter, the positive
anomalies of the Yushu earthquake in the area northwest of the
epicenter, the positive anomalies of the Lushan earthquake north
of the epicenter, and the positive anomaly along the Himalayas
and the negative anomalies in the Gangetic Plain of the Nepal
earthquakes. The differences in degree of abnormality revealed
in Fig. 3 is similar to a previous result [18] indicating that H
polarization is more sensitive to same disturbance of land surface
under the same observation conditions.

Under actual observation conditions, the brightness tempera-
ture observed by the microwave satellite instrument at a given
frequency and at a given incidence angle can be expressed by
a microwave radiative transfer model proposed in [40]. The
earth’s surface is considered to be heterogeneous that three layers

Revealed MBT anomalies with four different bands at H polarization related to the four earthquake cases.

including soil, vegetation, and atmosphere contribute all of the
observed radiation. The equation can be described as

Tpp =Ty + exp(—74)[{Tu(1 — egp) exp(—27.)}
+ {esp T's exp(—7c)

+Te(l = wp)[l = exp(=7)][1 + (1 = esp) exp(=7e)]}]
(6)

where T'p,, is the satellite observed brightness temperature at po-
larization p (V or H), T}, is the upwelling atmospheric emission,
T, is the downwelling atmospheric and space-background emis-
sion at the top of the vegetation. 7, is the atmospheric opacity
while 7, stands for vegetation opacity. T's denotes the physical
temperature of soil and T is the vegetation temperature. eg,, is
soil emissivity and w,is vegetation single scattering albedo.

Generally, the vegetation and underlying soil are at close to
the same physical temperature 7, , and canopies are assumed to
be the same, thus wycan be set to zero. Then, based on (6), the
difference of brightness temperature at two polarizations can be
calculated as following:

Tgy — T = exp(—7a) {Ta(esn — esv) exp(—27.)}
+ Te eXP(_Tc){(CSu - eSh)
+ [1 — exp(—7¢)][(esn — esv)]}H- (M

For a certain observation, physical temperature 7 , vegetation
opacity 7., and atmospheric opacity 7, are definite without
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polarization difference. Thus, according to (7), the polarization
inconsistency between the bright temperatures can be mainly
attributed to the emissivity of the soil layer eg,,.

The Fresnel equations suggest that the emissivity eg;, of land
surface is relevant to the incidence angle (0) and dielectric
properties () [39]. In order to apply the Fresnel equations to
the analysis, smooth and homogeneous soil surfaces need to be
assumed, otherwise too many parameters will be introduced to
make the analysis impossible to control variables. The incidence
angle 6 used in the microwave satellite sensor is fixed as 54.8°
in AMSR-E [34] and 45° in FY-3B MWRI [35]. For H &
V polarization with a given frequency, the emissivity egs,, is
expressed as following equations:

cos(f) — /e — sin?(#) ’
(

=1- 8
e cos(0) + /e — sin*(6) ®
ecos(f) — /e —sin?(0) ’
esy =1— ©))

ecos(f) + /e —sin*(0)

Apparently, the dielectric property ¢ of the soil surface plays a
decisive role in emissivity eg, and, thus, in the satellite-observed
MBT. This part mainly discusses the sensitivity of MBT of

Revealed MBT anomalies at H and V polarization related to the four earthquake cases.

the single polarization to the change of surface parameters.
Therefore, the change value of eg, and MBT with different
polarization relative to its original value can be calculated using
(8) and (9). And according to the Rayleigh—Jeans law, MBT of
an object is related to its physical temperature 7, and emissivity
esp, so that the response of AMBT to dielectric change can be
simply simulated by the following derived equations:

. 2 2
cos ) — \/e1 — sin*0

AT, =
cosO + /e, — sin’0
6 26|
cosf — \/eg — sin
. x T, (10)
cosO + \/eq — sin’6 ‘
2
AT g1 co80 — /e, — sin’0
Bv —
g1cosf + /e, —sin’f
0 im0
o E9 COS 135 S11 % Te (11)

€9 080 4+ \/e9 — sin’6
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dielectric constant and €1 refers to preset value of dielectric constant.

where €, is the original value of dielectric constant, €5 is the
changed dielectric constant, and ATz, stands for the change in
MBT at V or H polarization mode.

Considering the actual observed temperature, the physical
temperature 7, of land surface at the time of satellite transit
(about 18:00 UTC) was assumed to be 290 K, and the incidence
angle 6 of satellite sensor was selected as 54.8° (for AMSR-
E). Simply, the original value of dielectric constant of ground
surface was set to 4.0 (average permittivity of dry soil), then a
numerical simulation was conducted to explore the change in
MBT under different polarization modes caused by the change
in dielectric constant. In the simulation, only the real part of
the complex permittivity was considered. The imaginary part
mainly reflects the loss of the dielectric constant, and for dry
soil, rocks and minerals on the earth’s surface, the imaginary
part contributes less to the module of the complex permittivity,
so that the influence of the dielectric loss is often negligible.

Fig. 4 shows the result of the simulation. Obviously, the
absolute values of MBT at V polarization are bigger than that at
H polarization with the same dielectric constant (left subgraph),
which fits with actual situation that satellite MBT observation
at V polarization is generally higher than that at H polarization.
As regards the change in MBT caused by dielectric constant
variation (right subgraph), Fig. 4 shows that the values of AMBT
at H polarization are bigger than that at V polarization with
the same dielectric constant, which is consistent with Fig. 3
that changes in MBT (i.e., MBT anomaly) at H polarization
and is more significant than that at V polarization under the
same condition. Therefore, it is clear that the polarization mode
of satellite MBT data introduces uncertainty in the intensity
degree of the results, thereby also affecting the spatiotemporal
pattern of multitemporal seismic anomaly. It should be pointed
out that this simulation is a simplistic and qualitative result,
and many auxiliary data and empirical parameters are needed to
accurately quantify the polarization difference of the brightness
temperature. From the comparison results, it is suggested that
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MBT data at H polarization is better than at V polarization in
detecting changes in seismic thermal radiation.

D. Mechanism of Earthquake Preparation

Enhanced microwave radiations occurring near the epicenter
or along the faults zone preceding some large earthquakes have
been frequently reported, and the uncertainties in the charac-
teristics of these anomalies are bound to confer difficulties in
the identification and interpretation of seismic anomalies. Thus,
the scientific cognition of seismic-anomaly features still needs
a large number of case studies and summaries from the perspec-
tive of multitemporal analyses. Given that the current research
does not well combine the spatiotemporal evolution of MBT
anomalies with the seismogenic process of large earthquakes,
we selected the four typical earthquake cases to study the impact
of seismogenic preparation model and the aftershocks on the
spatiotemporal patterns of the obtained MBT anomalies. Fig. 5
shows the multitemporal MBT anomalies associated with the
four earthquake cases in several critical days. Fig. 6 exhibits the
earthquake frequency before and after the mainshock, and Fig. 7
presents the average MBT and average MBT anomalies around
the epicenter (with a 2° x 2° range) from months before and
months after the mainshock of the four cases.

The May 12 Wenchuan earthquake is considered to result
from the southeastward motion of the Bayan Har block and
the strong blocking by the Sichuan Basin such that the elastic
strain on the structure belt slowly accumulates and suddenly
exceeds the sliding friction strength of the thrust [41]. In the
final preparation period of the Wenchuan earthquake, the crustal
stress that accumulated at the hypocenter zone was strength-
ened dramatically, and the LMSFs zone first became the prime
high-stress-concentration zone. According to the earthquake
frequency map [see Fig. 6(a)], there was no foreshock before the
Wenchuan earthquake, so the energy accumulation in the stress
concentration area was deservedly much greater. Consequently,
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the significant positive MBT anomaly first appeared east close
to the upcoming epicenter, and the MBT and its variation (MBT
anomaly) have shown an increasing trend since about two weeks
before the mainshock [see Fig. 7(a)]. With the Bayan Har block
maintaining eastward movement, the strong blocking of the
Sichuan Basin gave the Bayan Har block a tendency to strike-slip
northeast and to be resisted by the West Qinling block. As a
result, the northwest anomaly area (about 300 km away from
the epicenter) became the secondary high-stress-concentration
zone. Therefore, the positive MBT anomalies occurred a little
later than the central anomaly. After the May 12 mainshock,
the prime high stress concentration at the junction of the Bayan
Har block and South China block migrated northeastward along
LMSFs, following by numerous aftershocks [see Fig. 6(a)],
thereby shifting the geolocation of the central MBT anomaly
to the northeast with aftershocks. With diminishing of the large

@ Epicenter

20150516 awstic
89 -

aftershocks, the time series of MBT anomaly around the epicen-
ter decreased subsequently [see Fig. 7(a)].

The April 2013 Lushan earthquake occurred in the south-
west section of the LMSFs zone on the eastern margin of the
Qinghai-Tibet Plateau, which was a thrust earthquake and had
the same focal mechanism as the Wenchuan earthquake, but
with a smaller dextral strike-slip component [29]. The stress
concentration zone preceding this earthquake might appeared at
the southern tail region caused by the continuous compression of
the Bayan Har block; thus, the positive anomaly occurred to the
north of the junction of the Xianshuihe faults and LMSFs zone,
and the average MBT anomaly around the epicenter achieved
peak right on the shocking day and one day before [see Fig. 7(c)].
In Fig. 6(c), few aftershocks were recorded after the mainshock,
which indicated that these areas around the epicenter may still
be locked and the stress was not fully released [30]. Therefore,

87 89 9181 83
Lon (%)

Data: 10.7 GHz at H polarization

Evolutions of MBT anomalies on the featured dates before, during, and after the four earthquake cases.
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the abnormal phenomenon did not appear to be metastatic like
the 2008 Wenchuan earthquake sequence.

The 2010 Yushu earthquake was another major earthquake
under the background of the Indian plate pushing northward, the
uplift of the Qinghai—Tibet plateau and the eastward extrusion of
the secondary Bayan Har active block [42]. The surface rupture
pattern of this earthquake showed that the Garzé—Yushu Fault
was dominated by a pure left-lateral faulting. The subblocks
near the suture zone collided and moved with each other, and
the East Kunlun fault zone and the Yushu—Garzé—Xianshuihe
fault zone slipped to the eastern margin with relatively weak
constraint conditions, accompanied by the block movement
[43]. Therefore, the most significant region of MBT anomalies
concentrated on the northern faults zone before the earthquake
(April 5) and, then, overlapped with the epicenter on the main-
shock day (April 13). In Fig. 7(b), the time series of average
MBT anomaly around the epicenter shows a process of rising
and then falling, which corresponds to the dynamic process of
stress accumulation before the earthquake and stress release after
the earthquake.

The Mw 7.8 Gorkha mainshock and the Mw 7.3 Dolakha
aftershock were caused by the northeastward subduction and
squeezing of the Indian plate to the Himalayan tectonic belt
[33], [44]. During the late seismogenic period of the Mw 7.8
Gorkha mainshock, the long-term-accumulated crustal stress
at the Himalayan tectonic belt resulted in a principal stress
concentration zone along the Himalayas, and the positive MBT
anomaly was uncovered as being strip shaped on April 24 and
April 25, 2015, and the average MBT anomaly also reached its
maximum on these two days [see Fig. 7(d)]. After the Gorkha
main shock, most of the accumulated stresses were released, so
the central study area in this period became temporally calm.
With the Mw 7.3 Dolakha aftershock approaching, the strip-
shaped MBT anomaly appeared again on May 11 and behaved
most significantly on May 12, 2015 [also see Fig. 7(d)], corre-
sponding to the adjustment and reaccumulation of the crustal
stress at the junction of the Indian plate and the Eurasian—Asian
plate. Subsequently, the MBT anomaly in the central study area
dissipated with diminished seismicity.

Notably, some aftershocks of medium magnitude in the 2008
Wenchuan earthquake sequence, such as the Mw 5.6 aftershock
on May 16 and the Mw 5.8 aftershock on May 17, 2008,
corresponded well to the appearance of MBT anomaly along
the LMSFs [see Fig. 7(a)], but the large aftershocks of the
2013 Lushan earthquake, such as the Mw 5.3 aftershock on
April 24, 2013, did not show the same characteristics [see
Fig. 7(c)]. Besides, some aftershocks of medium-to-large mag-
nitude during the 2015 Nepal earthquake sequence, such as the
Mw 6.7 aftershock on April 26 and the Mw 5.5 aftershock on
May 16, 2015, exhibited no obvious MBT anomaly along the
Himalayas, the time series of MBT anomaly around the epicenter
only corresponded to the two major events [see Fig. 7(d)]. The
inconsistent responses of MBT anomaly to the earthquake’s
magnitude were closely related to the specific changes of local
stress state in each case. However, the dynamic variation of in-
situ stress field and the geological environment are often unique
and different, which brings some uncertainties to the revealed
abnormal seismic MBT. Therefore, the study of different cases
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using multitemporal satellite observations should be combined
with the actual situation.

E. Applications of the Results

As presented earlier, different data selection in frequency and
polarization determines the morphology and intensity of MBT
anomalies, whereas different earthquake case determines the
location and temporal evolution of MBT anomalies. However,
the inconsistency and uncertainty in results from different data
and earthquake case can also provide a reference for routine
research by comparing the characteristics of different results.

It is worth noting that, in addition to the difference in the
degree of detail of the obtained results caused by the frequency
difference, the more important feature is the different variation
characteristics of the different anomalies with the frequency.
For instance, as described in Fig. 2, the result of 2013 Lushan
earthquake shows that the negative MBT anomaly west of the
epicenter and the negative anomaly northeast of the epicenter
on April 18 both become intense with the increase of frequency.
But the result on April 19 shows that the positive MBT anomaly
west of the epicenter becomes weak with the increase of fre-
quency and even turns to be negative at 36.5 GHz. Through
the comparative analysis of the results of two consecutive days,
it is known that the two types of MBT anomalies on April 18
were most likely caused by clouds in the atmosphere or local
meteorological effects, because of that the higher the frequency,
the stronger the response shown to such disturbances. The results
of daily surface soil moisture and quasi-synchronous atmo-
spheric clouds in Fig. 8(a) and (b) demonstrate this inference
that clouds passed over the area near the time of the microwave
satellite image and soil moisture was at a low level. As for the
results on April 19, the abnormal area west of the epicenter
were most likely caused by disturbance from the ground because
of that the higher the frequency, the weaker the response. Nor
could this anomaly be due to the rise in soil moisture, since
only high-frequency microwave channel (36.5 GHz) responded
to it, and the low-frequency band (10.7 GHz), which is most
sensitive to soil moisture, did not. It also indicates that the
local meteorological effect of the previous day did not produce
rainfall to increase the soil moisture west of the epicenter.
Meanwhile, the negative anomaly east of the epicenter on April
19, according to this analytical method, was most likely to be
related to changes in surface soil moisture. These assumptions
are also confirmed by the results in Fig. 8(c) and (d) that soil
moisture increased significantly in the labeled area while the
study area was basically clear without clouds. Besides, this type
of negative MBT anomaly of which the intensity decreased with
the frequency also existed in the north side of the epicenter of
the 2015 Nepal earthquakes, and the increasing of soil moisture
in this area caused by quasi-synchronous precipitation was also
confirmed in [45].

Note that polarization difference of MBT is often used in
combination with microwave radiative transfer model to study
vegetation change and retrieve soil moisture [46]. The polar-
ization difference vertical minus horizontal (V-H) will increase
as a result of the vegetation decrease [47]. Take the May 2008
Wenchuan earthquake as an example, the changes in polarization
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difference vertical minus horizontal (V-H) show slight increas-
ing along the LMSFs zone and in the southwest of the study
area [see [48, Fig. 8]). It was considered that the polarization
difference in these areas might respond to the vegetation degra-
dation. In practice, the study results of NDVI change before the
May 2008 Wenchuan earthquake [49] were consistent with such
speculation.

Therefore, by comparing and analyzing the multitemporal
results with different frequencies and polarizations, some basic
judgments can be made about the interference from atmospheric
clouds, vegetation, rainfall, and soil moisture, and then, the
interference of such nonseismic factors can be recognized first to
retain potential seismic anomalies. The application of this ana-
lytical method will help to find more accurate information about
earthquake-related anomalies from complex obtained results.

Furthermore, the results in Fig. 5 show inconsistency in spatial
position and morphology of MBT anomalies of different earth-
quake cases. This suggests that due to the complexity process
of earthquakes, MBT anomalies are difficult to be uniformly
characterized. However, the relationship between MBT anomaly
and tectonic environment can still be found through careful
analysis. Qi et al. [48] reveal that two significant MBT positive
anomalies of the May 2008 Wenchuan earthquake were exactly
in spatial accordance with two geological Quaternary zones,
and the detailed geometric information of the anomaly was
correlated with the microwave frequencies. Qi et al. [45] show
that the strip-shaped positive MBT anomaly of the 2015 Nepal
earthquakes was parallel to the thrust belt and its intensity
distributions exhibited good topographic consistency with the
elevation profiles of the central Himalayas. The practical signif-
icance of these results lies in which it proves that seismogenic
environment plays a decisive role in seismic MBT anomaly.
When researchers try to monitor thermal anomaly in some spe-
cific areas, it is essential to pay more attention to local geological
structure features and topographic features.

F. Limitation of the Approach and Analysis

In Section II, the establishment process of temporally
weighted background based on multitemporal MBT images
and the establishment process of spatially weighted background
using these images in the study area are described in detail.

However, the effectiveness of interference information removal
has always been an unavoidable problem. The temporally
weighted background is to remove the inherent stable and gen-
eral trend from satellite MBT observations, and random pertur-
bations such as soil moisture or rainfall that exist in historical
data will be smoothed out in the processing of long time non-
seismic data. But these disturbances contained in the microwave
images in the earthquake year will be involved in the calculation,
because the contribution of these factors to MBT is difficult to
be calculated quantitatively at present. The impurity pixels can
only be determined and removed by auxiliary data. For instance,
in Section IV-E, how to use multiband dual-polarization infor-
mation to analyze the disturbance of factors such as soil moisture
and vegetation has been discussed. The analysis and discussion
are qualitative, which not only reflects the characteristics of the
approach but also its limitations at present. In Figs. 2 and 3,
the results of Lushan earthquake and Nepal earthquakes show
obvious negative MBT residuals caused by soil moisture change,
it adds to the complexity of the extraction. In the future, how to
use the mapping relationship between multisource data, such as
soil moisture, land surface temperature, land cover, and MBT, to
quantitatively characterize the interference of soil moisture and
other factors on MBT instead of directly removing the impurity
pixels is worth further study.

The multifrequency characteristics of results indicated that
the abnormal areas that become faint with the increasing of
frequency could be identified as the anomalies that generated
from the earth’s surface, which are also the thermal anomalies
most likely to be associated with earthquake activities. The
limitation is that the determination of seismic MBT anomaly
can only be made through the comparative analysis of multi-
channel data at present, which is still in the stage of manual
interpretation. Although this can increase the reliability and
geoscience rationality of obtained abnormal information, it also
increases the complexity of the work at the same time. For
instance, in [48], the impacts on MBT anomaly of May 2008
Wenchuan earthquake from surface temperature, vegetation in-
dex, land-surface roughness, and surface soil moisture have been
discussed in terms of space, time, and magnitude, which requires
extensive research results and complex analysis. If multiband
dual-polarization data can be used to extract and determine the
inherent characteristics of seismic MBT anomalies, then band
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fusion, artificial intelligence big data, and other technologies
will be introduced to automatically identify anomalies, which is
of great significance to carry out numerous case studies all over
the world.

It should also be noted that the method used in this article
(STW-TSM) requires sufficient multitemporal MBT data to
establish a temporally weighted background field, which will
lead to a lack of data for studying the earthquakes that occurred
in early years within the period covered by microwave satellite
data. For instance, the temporal coverage of AMSR-E instru-
ment was from June 2002 to October 2011, an earthquake that
occurred at the end of 2002 could not be studied. In order to deal
with the discontinuity of MBT data from single sensor in time
and space, there have been many studies on the fusion method of
satellite MBT data between different satellite platforms, which
have not been but should have been applied in seismic anomaly
research.

V. CONCLUSION AND OUTLOOK

Taking the May 2008 Wenchuan earthquake, the April 2010
Yushu earthquake, the April 2013 Lushan earthquake, and the
2015 Nepal earthquakes as four case studies, we analyzed and
discussed the characteristics and uncertainties of seismic MBT
anomaly. In the process of extracting seismic anomaly, different
removal methods of historical background field lead to obvious
uncertainties in the obtained results. The revealed multitem-
poral seismic anomalies suggested that the spatiotemporally
dynamic description of influencing factors was more beneficial
in restraining the inherent disturbances embedded in satellite
MBT. Moreover, the revealed time series of MBT anomalies
associated with the four earthquake cases showed significant
inconsistencies using different frequencies and polarizations
of MBT data, and the abnormal amplitude and spatiotemporal
pattern of MBT anomalies were closely related to the selection
and process of satellite MBT data. MBT data with 10.7 GHz at H
polarization were recommended as a more efficient microwave
band for seismic thermal anomaly monitoring. Meanwhile, the
spatiotemporal evolutions of MBT anomaly and time series
of average MBT anomaly before, during, and after the 2008
Wenchuan earthquake, the 2010 Yushu earthquake, the 2013
Lushan earthquake, and the 2015 Nepal earthquakes were an-
alyzed, and the emergences and evolutions of MBT anomaly
were found to be closely related to the seismogenic process and
the structures of control faults. Thus, inherent relations between
seismic anomalies and seismogenic mechanisms were implied,
and uncertainties in the results of different earthquake cases were
exhibited. Furthermore, the applications of multifrequency and
dual polarization data were introduced and the limitations of the
approach as well as the analytical method were discussed.

In this research, the comprehensive comparison and analysis
of seismic MBT anomaly on the basis of different methods
used, data used, and case studies are instructive for remote
sensing data selection and abnormal phenomenon interpretation,
although there are some shortcomings due to the complexity
of the revealed results. It is suggested from the analysis that
MBT data with lower frequencies is more desirable for detecting
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thermal anomaly related to some large earthquakes with broader
seismogenic preparation zone, whereas MBT data with higher
frequencies maybe more suitable for retrieving slight thermal
anomaly associated with some small-to-medium earthquakes
on the premise of effectively nonseismic noise removing or
restraining. This study also embodied that summarizing the
characteristics of earthquake anomaly and analyzing the un-
certainties in abnormal phenomena, from a multitemporal per-
spective, are conducive to exploring actual causes of seismic
anomaly. Furthermore, numerous case studies help to explore
the regularity and draw general conclusion, so that statistics
and analysis of uncertainties in seismic anomaly using artificial
intelligence big data are worthy of trying.
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