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Abstract—Passive microwave remote sensing technology is an
effective means to identify the thermal anomalies associated with
earthquakes due to its penetrating capability through clouds com-
pared with infrared sensors. However, observed microwave bright-
ness temperature is strongly influenced by soil moisture and other
surface parameters. In the present article, the segmented thresh-
old method has been proposed to detect anomalous microwave
brightness temperature associated with the strong earthquakes
occurred in Sichuan province, China, an earthquake-prone area
with high soil moisture. The index of microwave radiation anomaly
(IMRA) computed by the proposed method is found to enhance
prior to the three strong earthquakes, 2008 Wenchuan (M = 7.8),
2013 Lushan (M = 6.6), and 2017 Jiuzhaigou (M = 6.5), occurred
during 2008–2018 using the Defense Meteorological Space Program
Special Sensor Microwave Imager/Sounder F17 satellite data. Our
results show that the microwave brightness temperature anomalies
appeared about two months prior to the three strong earthquakes.
For the Wenchuan and Lushan earthquakes, the enhanced IMRA
distributed along the main fault, which is consistent with the varia-
tions of our earlier studies of the 1997 Manyi (M= 7.5) and the 2001
Kokoxili (M= 7.8) earthquakes in the region with low soil moisture.
For the Jiuzhaigou earthquake, the anomalies distributed around
the epicenter and do not indicate the seismogenic structure, which
could be due to the presence of a blind fault. It should be noted
that quantitative evaluation of IMRA is limited due to infrequent
occurrence of earthquakes.

Index Terms—Brightness temperature, earthquakes, passive
microwave remote sensing, thermal anomalies.

I. INTRODUCTION

L IKE thermal infrared satellite observation, passive mi-
crowave remote sensing is an important tool to determine

information about the thermal radiations. The possible thermal
anomalies prior to the occurrence of earthquakes around the
globe have been widely reported using satellite infrared obser-
vations since last three decades [1]–[9]. The satellite infrared
observations associated with the earthquakes are limited due
to cloud cover depending on the weather conditions, although
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some anomaly detection methods have been proposed to reduce
the effects of cloud cover [10], [11]. Recently, variations of
microwave brightness temperature at different frequencies with
the changes in stress prior to rock rupture have been detected
through rock mechanics experiments [12], [13], which have pro-
vided a physical foundation for monitoring earthquake activities
using passive microwave satellite observation data. Based on the
laboratory observations and considering that the microwave ob-
servation does not depend on the weather conditions, efforts have
been made to study thermal anomalies associated with earth-
quake activities using passive microwave remote sensing data
from the Advanced Microwave Scanning Radiometer for Earth
observation system (AMSR-E) and Special Sensor Microwave
Imager (SSM/I) [14]–[18]. These observations provided support
to believe that passive microwave remote sensing is an effective
means for detecting possible thermal anomaly signals associated
with the strong earthquakes.

Index of microwave radiation anomaly (IMRA) provides
information about the earthquakes occurred in the relatively
low soil moisture (SM) and low vegetation cover areas [19].
The distinct microwave brightness temperature enhancements at
19.35 GHz with horizontal polarization have been observed prior
to the 1997 Manyi M 7.5 earthquake and the 2001 Kokoxili M 7.8
earthquake [19]. The good correlation between the enhancement
of spatial distribution of IMRA and seismogenic fault activities
has been observed. However, IMRA proposed by Jing et al.
[19] does not provide reliable information related to the 2008
Wenchuan M 7.8 earthquake, which is one of the strongest
earthquakes in China after the 1976 Tangshan M 7.8 earthquake.
In fact, the thermal anomalies associated with the Wenchuan
great earthquake have been observed from the satellite infrared
observations [16], [20]–[23]. The IMRA associated with the
Wenchuan earthquake fails to provide any information that could
be related to the high SM in the earthquake preparation region.
The relationship between the surface, subsurface, weather fac-
tors, and microwave brightness temperature indicated that high
SM, vegetation cover, and water vapor, greatly affect microwave
brightness temperature [24].

In the present article, we proposed the segmented thresh-
old method to obtain IMRA and identified the potential mi-
crowave radiation signals associated with strong earthquakes
that occurred in one of the earthquake-prone areas of China
with high SM. Microwave brightness temperature data from
the Defense Meteorological Space Program (DMSP) Special
Sensor Microwave Imager/Sounder (SSMIS) F17 satellite have
been selected. Considering the observation period of F17, three
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Fig. 1. Two contrasting SM regions in the southwest of China based on AMSR-
E observation. Region A (28°–33°N, 86°–91°E) with the lower SM and region
B (28°–33°N, 98°–103.5°E) with the higher SM. The blue stars indicate the two
strong earthquakes occurred in the low-SM region reported in [19]. The red stars
indicate the three strong earthquakes occurred in the high-SM region discussed
in this article.

earthquakes (magnitude greater than 6.5) occurred during 2008–
2018 in Sichuan province of China (Wenchuan, M = 7.8 of May
12, 2008, Lushan M= 6.6 of April 20, 2013, and Jiuzhaigou M=
6.5 of August 8, 2017) have been considered in the present study.
Detailed spatial analysis and the long-term (11 years) variations
of IMRA over the seismogenic fault zone/epicentral region have
been carried out to understand the correlation between seismic
and tectonic activities.

II. SEISMIC ABNORMAL SIGNAL DETECTION

The southwest of China is one of the earthquake-prone areas
in mainland China. The SM in this region is totally different
from west to east (see Fig. 1). The IMRA using microwave
brightness temperature shows information about the 1997 Manyi
M= 7.5 and the 2001 Kokoxili M= 7.8 earthquakes prior to their
occurrence; these two earthquakes occurred in the low-SM envi-
ronment (see Fig. 1) [19]. However, the deadly 2008 Wenchuan
earthquake occurred in high-SM environment (see Fig. 1), which
could obscure microwave seismic signals. To overcome the sup-
pression of IMRA in the high-SM environment, we proposed a
new method to identify the possible earthquake thermal anomaly
information using microwave brightness temperature.

A. SM and Microwave Brightness Temperature

Ignoring the effect of brightness temperature with latitudes,
two regions with same latitudes and different SMs in the south-
west of China were considered as sample regions to analyze the
influence of SM on passive microwave brightness temperature
(see Fig. 1). The microwave brightness temperature dataset
observed by DMSP F17 SSMIS has been considered, which
include 19.3 GHz vertical (V) and horizontal (H), 22.2 GHz ver-
tical (V), 37.0 GHz vertical (V) and horizontal (H), and 91.7 GHz
vertical (V) and horizontal (H) (hereinafter referred to as 19H,
19V, 22V, 37H, 37V, 91H, and 91V) and with a spatial resolution
of 25 km. AMSR-E SM data with the same spatial resolution
as SSMIS microwave brightness temperature data have been

Fig. 2. Daily three-year area-averaged variations of SM for the period
2008–2010 over A and B regions. Blue dash line shows the start of an en-
hancement of SM over region B. Red shadow shows the range with smaller
fluctuations of brightness temperature (see Fig. 4).

Fig. 3. Difference in SM and in passive microwave brightness temperature at
19 and 37 GHz (horizontal and vertical polarizations) in regions A and B using
daily-area-averaged data from 2008 to 2010. The part between the two black
dash lines indicates two types of data having a completely opposite variations
trend.

used to set the different SM regions. Region A is located in
the low-SM area, and region B sis in high-SM environment.
The three-year data observed during the period 2008–2010 were
selected to study the effect of SM on microwave brightness tem-
perature due to the overlapping observation periods of SSMIS
F17 brightness temperature and AMSR-E SM data.

Detailed analysis has been carried out over region A with low
SM and region B with high SM. Fig. 2 shows the daily three-year
area-averaged variations of SM for the period 2008–2010 over
the two regions. The blue dash line (see Fig. 2) shows the begin-
ning of an obvious peak due to the enhancement of SM (from
173 g/cm3) in region B. Furthermore, we compared variations in
difference in passive microwave brightness temperature and SM
in the two regions to understand the relationship between SM
and brightness temperature using daily area-averaged data for
the period 2008–2010 (see Fig. 3). Considering the influence of
water vapor at frequencies 22 GHz and 91 GHz [19], [25], only
19 GHz and 37 GHz in horizontal and vertical polarizations
(19H, 19V, 37H and 37V) were analyzed. The difference in
brightness temperatures in Fig. 3 was computed using the bright-
ness temperature over region B minus the brightness temperature
over region A. The difference in SM was also computed using
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Fig. 4. Difference in the SM and in passive microwave brightness tempera-
ture in region B using daily three-year area-averaged data during 2008–2010.
(a) 19 GHz with horizontal and vertical polarizations. (b) 37 GHz with horizontal
and vertical polarizations. The part between the two horizontal red dash lines
showing smaller fluctuations.

the SM over region B minus the SM over region A, as shown in
Fig. 3. We have observed a completely opposite variation trend
(the distinct trough in the difference of brightness temperature
corresponds to the distinct peak in the difference of SM) on
the difference of brightness temperature when the difference of
SM reached to the maximum peak (see the variations between
the two black dash lines in Fig. 3). From Fig. 2, we can easily
find an abrupt increase in difference in SM, caused by the
enhancement of SM in region B, which indicated the brightness
temperature over region B decreased once the SM value is higher
compared with a certain value (see Fig. 3). Liquefaction and
water ejection phenomena associated with the Wenchuan and
Lushan earthquakes occurred in region B have also been reported
based on field investigations [26], [27], which could further
increase SM.

We have also analyzed the area-averaged microwave bright-
ness temperature variations at 19 GHz and 37 GHz with the
area-averaged SM in region B based on the daily three-year
area-averaged data for the period 2008–2010 (see Fig. 4). It
clearly shows smaller fluctuations in microwave brightness tem-
perature when the SM value is greater than 173 g/cm3 at both
19 GHz and 37 GHz (see the part between the two horizontal
red dash lines in Fig. 4). Correspondingly, the red shadow region
in Fig. 2 shows the SM value range with smaller fluctuations of
brightness temperature. Considering the variations in microwave
brightness temperature in two different SM regions, different
thresholds are considered for the two regions. To identify the

possible microwave radiation signals associated with earthquake
activities, lower threshold is set in the high SM region with the
smaller fluctuations on brightness temperature. The potential
seismic signals could be mistakenly deleted caused by setting
high threshold in the high-SM region. Also, the threshold may
vary from one location to other locations, depending on the soil
thickness, geology, ground water and SM regime, and several
other factors.

According to the detailed analysis mentioned above, we have
considered setting different threshold values for different SM
regions in order to detect potential abnormal signals associated
with strong earthquakes using passive microwave brightness
temperature data. In high-SM region, microwave brightness
temperature variations show pronounced decline when SM has
high values (see Fig. 4). If we set the same threshold as the
low-SM region, the possible abnormal signals associated with
the earthquake activities occurred in high-SM region may likely
to be missed due to its small variations in microwave brightness
temperature. A smaller threshold value of abnormal signals
extraction associated with the earthquakes should be considered
in the area with high SM compared with low SM.

B. Segmented Threshold Method

For lower SM regions, the IMRA is proposed to detect possi-
ble seismic signals [19]. As discussed in Section II-A, different
threshold values should be considered for the frequently occur-
ring earthquake regions with different SM environments due to
the influence of SM on microwave brightness temperature. In
this article, an improved IMRA based on segmented threshold
method has been proposed.

First, the brightness temperature data on a specific region
obtained in the years in the absence of strong earthquakes are
selected as background value. The reference fields for the tem-
poral mean μTf(p,t)

and the temporal standard deviation δTf(p, t)

were computed using these background values, which reflect
the natural variability of brightness temperature. μTf (p,t)and
δTf (p,t) are defined as follows:

μTf (p,t) =

∑N
i=1 Tf (p, t)

N
(1)

δTf (p,t) =

√
1

N − 1

∑N

i=1

∣
∣Tf (p, t)− μTf (p,t)

∣
∣2 (2)

where Tf (p, t) is the brightness temperature at the frequency
f(GHz), the time t, and the pixel p. t represents the same
time (one day, five days, or others) for difference years. N is
the number of years of background data. μTf (p,t) and δTf (p,t),
respectively, are the mean value and the standard deviation of
brightness temperature for the time t, over the pixel p at the
frequency f (GHz).

The selected region is divided according to varying SM. The
determination of the segmentation threshold (St) value and the
IMRA anomalies detection threshold (Dt) value are considered
based on the relationship between SM and microwave bright-
ness temperature, as discussed in Section II-A and also in our
earlier work [19] for low-SM region. For the region with SM
greater than or equal to threshold value (SM ≥ St), lower IMRA
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anomalies Dt value is considered, and the region with low SM
(SM < St) is set as higher IMRA anomalies Dt value. IMRA for
the time t and the pixel p at the frequency f (GHz) is represented
by the function Sf (p, t), which is given as

Sf (p, t) =
Tf (p, t)− μTf (p,t)

Dt× δTf (p,t)
(3)

where

Dt =

{
4, SM < St

1, SM ≥ St.

Dt = 4 is based on our analysis on the earthquakes occurred
in the low-SM region using SSM/I brightness temperature data
[19]. According to the analysis of the relationship between SM
and microwave brightness temperature in regions A and B (see
Figs. 2–4), SM of 173 g/cm3 was considered as the St value. The
area with SM greater than or equal to 173 g/cm3 was set as low
IMRA anomalies Dt value (Dt = 1), whereas the area with SM
less than 173 g/cm3 was set as high IMRA anomalies Dt value
(Dt = 4).

In the present article, we have considered five-day average
microwave brightness and SM data to avoid coverage gaps
due to coverage of polar orbiting satellite, as discussed in our
earlier study [19]. Furthermore, we have considered descending
mode (nighttime) data to avoid the influence of the sunlight and
human activities during daytime. Thus, a total of 73 five-day
average data were obtained for one year to ensure coverage.
Naming convention for data is according to the last day of all
used data for average. For example, 2008-050D.37H means the
average of microwave brightness temperature at 37 GHz with
horizontal polarization from 46 to 50 Julian days of 2008, where
D represents descending mode.

III. CASE STUDIES

Considering the time availability periods for DMSP F17
SSMIS data [28], besides the 2008 Wenchuan earthquake, the
other two strong earthquakes (the Lushan and the Jiuzhaigou
earthquakes) with magnitude greater than 6.5 occurred in the
high-SM region of Sichuan province, China, during 2008—2018
have been analyzed in the present study (see Fig. 1). The F17
SSMIS brightness temperature data during the years 2009, 2011,
and 2015 in the absence of strong earthquakes (M > 5.0) were
selected to compute background values for comparison.

A. 2008 Wenchuan (M = 7.8) Earthquake

The deadly Wenchuan earthquake generated about 300-km
long rupture zone along the Longmenshan (LMS) thrust belt
located in the eastern margin of the Tibetan Plateau [29]. The
segmented threshold method described in Section II-B has been
used to compute IMRA and detect anomalous variations asso-
ciated with this earthquake event.

Fig. 5 shows spatial variations of IMRA at 37 GHz with
horizontal polarization around the Wenchuan earthquake. The
main earthquake occurred on the 133 Julian day (12 May) of
2008. An increase in IMRA is observed along the LMS fault zone
during the 61–65 Julian days of the year 2008. The next high

Fig. 5. Spatial distribution of IMRA at 37 GHz horizontal polarization during
46–145 days of 2008 around the Wenchuan (M = 7.8) earthquake based on five-
day average microwave brightness temperature data. Star represents the location
of epicenter, and red lines indicate main active faults. The region bounded by the
black lines shows the fault zone used to compute temporal variations in IMRA.

IMRA appeared 8–12 days prior to the main earthquake event
(the 121–125 Julian days), along the LMS fault zone and near
to the epicenter. Afterward, the IMRA decreased gradually. The
earliest increased microwave brightness temperature was de-
tected about two months prior to the Wenchuan earthquake com-
pared with other geophysical, geochemical, and atmospheric pa-
rameters (outgoing longwave radiation, surface latent heat flux,
air temperature, skin temperature, atmospheric aerosol optical
depth and CH4, CO), as observed by others [16], [21], [22], [30],
[31]. The spatial variations of IMRA at 19 GHz with horizontal
and vertical polarizations, 37 GHz with vertical polarization,
and 91 GHz with horizontal and vertical polarizations around
the Wenchuan earthquake are shown in Supplementary Fig. S1,
and no more obvious increase in IMRA was observed during
this period compared with 37 GHz horizontal polarization.

B. 2013 Lushan (M = 6.6) Earthquake

On April 20, 2013, another strong earthquake with magni-
tude 6.6 occurred in Lushan, Sichuan province, China. This
earthquake occurred on the southern segment of LMS fault
(epicenter 30.308°N, 102.888°E, source: USGS) located about
80 km southwest of the 2008 Wenchuan earthquake (see Fig. 1).
Similar to the Wenchuan earthquake, it was also caused by the
southeast movement of Bayan Har tectonic block to the LMS
tectonic belt as well as the collision and compression between
the blocks [32]. Field investigations indicated that no obvious
earthquake surface rupture generated and the seismogenic fault
was a blind reverse fault [32]. The sharp variations of water
radon and water level have been observed about one week prior
to this earthquake [33].

Fig. 6 shows the spatial distribution of IMRA at 37 GHz
horizontal polarization around the Lushan earthquake that oc-
curred on the 110 Julian day of 2013. The slight enhanced
IMRA appeared during the 51–55 Julian days (about two months
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Fig. 6. Spatial distribution of IMRA at 37 GHz horizontal polarization during
31–130 Julian days of 2013 around the Lushan (M = 6.6) earthquake based
on five-day average microwave brightness temperature data. Star represents the
location of epicenter. Red lines indicate main active faults.

prior to the main earthquake event) and located around the
impending epicenter. An enhancement in IMRA was observed
along the LMS fault zone and continued around the epicenter
during the 56–60 Julian days, afterward IMRA decreased during
the 61–65 Julian days. The high values around epicenter were
observed to be persistent for about two weeks. Different from the
Wenchuan earthquake, high value of the IMRA was not observed
prior to the impending earthquake. It is difficult to understand
high and low values of IMRA in cases of the Wenchuan and
the Lushan earthquakes, and such contrasting difference was
observed in radon concentration trends in case of these two
earthquakes [33]. No unusual IMRA variations were observed
at 19 GHz horizontal and vertical polarizations, 37 GHz vertical
polarization, and 91 GHz horizontal and vertical polarizations
(see Supplementary Fig. S2).

C. 2017 Jiuzhaigou (M = 6.5) Earthquake

On August 8, 2017 (the 220 Julian day), the Jiuzhaigou
earthquake (M = 6.5) occurred on the intersection area of three
faults (Tazang, Minjiang, and Huya faults) in the eastern part
of the Tibetan Plateau, China [34] (see Fig. 1). No surface
rupture was observed during field investigation. It is presumed
that the seismogenic fault of this earthquake lies in the northern
segment of Huya fault [35]. The results based on InSAR and
GPS observations show triggering of the earthquake associated
with a blind fault with a length of about 23 km [34].

The apparent enhancements in IMRA were observed at
37 GHz horizontal polarization (see Fig. 7) compared with
19 GHz horizontal and vertical polarizations, 37 GHz vertical
polarization, and 91 GHz horizontal and vertical polarizations
(see Supplementary Fig. S3). As shown in Fig. 7, an increased
IMRA occurred during the 146–150 Julian days (more than
two months prior to the main earthquake event) and located
in the north side of the future epicenter and distributed along

Fig. 7. Spatial variations of IMRA at 37 GHz horizontal polarization for the
period 136–235 days of 2017 around the Jiuzhaigou (M= 6.5) earthquake based
on five-days average microwave brightness temperature data. Star represents the
location of epicenter. Red lines indicate main active faults.

the NW-striking faults. Afterward, higher IMRA value appeared
again and distributed on the faults around the epicenter of the
earthquake during the 206–210 Julian days (two weeks prior
to the main earthquake event). An enhancement in IMRA on
the epicentral area appeared prior to the impending earthquake
during the 216–220 Julian days. Unlike the enhanced IMRA dis-
tributed on the seismogenic fault for the other two earthquakes,
the spatial variations of enhanced IMRA prior to the Jiuzhaigou
earthquake mainly distributed around the surrounding faults and
were concentrated in the epicentral area until the occurrence of
the main earthquake event.

IV. VALIDATION

In order to confirm the unique IMRA variations (discussed
in Section III) related to earthquake activities, we computed the
IMRA values during the years 2008–2018. The accumulated
IMRA value has been considered to study the long-term varia-
tions in microwave brightness temperature over the fault zone
and epicentral region. In addition, eight-day average brightness
temperature data have been considered to verify that the en-
hanced IMRA obtained using the five-day average data are not
the random noise caused by the change of solar angle. According
to the results presented in Section III, only IMRA values at
37 GHz horizontal polarization were considered for validation.

A. Long-Term Time Series Variations of Accumulated
IMRA Value

1) Wenchuan M 7.8 and the Lushan M 6.6 Earthquakes: Both
the epicenters of the 2008 Wenchuan M 7.8 and the 2013 Lushan
M 6.6 earthquakes are located on the LMS fault zone. Compared
with Wenchuan earthquake that occurred on the mid-section of
LMS fault belt, the seismogenic fault of the Lunshan earthquake
is a blind thrust fault located on the southern section of the
LMS fault belt. The same area over LMS thrust fault (the area
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Fig. 8. Temporal variations of accumulated IMRA at 37 GHz hor-
izontal polarization over LMS fault during 2008–2018. (a) IMRA
> 3. (b) IMRA > 4. Black dash line represents the mean value plus 3.0 standard
deviations. Red stars show the 2008 Wenchuan and the 2013 Lushan earthquakes.

bounded by black lines in Fig. 5) is considered here to analyze
the temporal variations of IMRA for the two strong earth-
quakes. The accumulated IMRA values over the region during
2008–2018 have been computed to study the long-period varia-
tions. The accumulated IMRA is defined as

∑
Sf (p, t). Those

values of IMRA < 3 have not been considered when we com-
puted the accumulated IMRA to avoid interference of the slight
changes in microwave brightness temperature.

Fig. 8(a) shows the temporal variations of accumulated value
of IMRA> 3 during the period 2008–2018 over LMS fault zone.
Furthermore, we set the threshold value as the mean value of 11
years (2008–2018) plus 3.0 standard deviations. The highest
(30.49) and the second highest (29.00) accumulated IMRA
values exceed the threshold line with the value of 25.56 [see
the black dash line in Fig. 8(a), the mean value is 8.04, and the
standard deviation is 5.84] appeared prior to the 2008 Wenchuan
(M = 7.8) and the 2013 Lushan (M = 6.6) earthquakes, respec-
tively. In addition, the accumulated values of IMRA > 4 during
this period were computed. Only the two distinct enhancements
exceeded the threshold value of 23.84 (see the black dash line in
Fig. 8(b), the mean value is 8.24, and the standard deviation is
5.20) appeared prior to the two strong earthquakes, respectively
[see Fig. 8(b)]. The long-period variations of 11 years clearly
show enhanced IMRA over the LMS thrust fault showing close
correlation with strong earthquake activities.

2) Jiuzhaigou M 6.5 Earthquake: Considering the seismo-
genic fault of the 2017 Jiuzhaigou earthquake (blind fault) [34],
the epicentral region (2 pixel × 2 pixel, that is, 50 km × 50 km)
is considered to analyze the temporal variations of microwave
brightness temperature. Similar to the analysis associated with
the Wenchuan and the Lushan earthquakes, the accumulated

Fig. 9. Temporal variations of IMRA at 37 GHz horizontal polarization over
the epicentral region of the Jiuzhaigou earthquake for the periods 2008-2018.
(a) IMRA > 3. (b) IMRA > 4. Black dash line represents the mean value plus
3.0 standard deviations. Red stars show the 2017 Jiuzhaigou earthquake.

IMRA variations during the period 2008–2018 using IMRA > 3
and IMRA> 4 have been computed, respectively. The threshold
value was also set as the mean value of 11 years plus 3.0 standard
deviations. As shown in Fig. 9, the highest accumulated IMRA
value of 16.75 appeared on the occurrence of the earthquake,
which is greater than the threshold value of 15.55 (the mean value
is 5.65 and the standard deviation is 3.30) for using IMRA >
3 [see Fig. 9(a)] and 14.47 (the mean value is 5.26 and the
standard deviation is 3.07) for using IMRA > 4 [see Fig. 9(b)].
In Fig. 9(a), we can see other two high accumulated values of
15.42 and 15.03 in the years 2014 and 2018 (not exceeding
the threshold line). However, when we set IMRA > 4, a more
obvious accumulated IMRA peak appeared on the occurrence
of the main earthquake event [see Fig. 9(b)].

B. Spatial Variations of Eight-Day Average IMRA Value

To make sure the IMRA variations based on the five-day
average data are not caused by the change of solar angle, the
eight-day average brightness temperature data have also been
considered. Figs. 10–12 show the spatial variations of IMRA
around the three strong earthquakes using eight-day average
microwave brightness temperature data. For the 2008 Wenchuan
earthquake, the enhanced IMRA along the LMS fault appeared
during the 63–72 and 121–128 Julian days of 2008 (see Fig. 10),
compared with the enhanced IMRA on the 61–65 and 121–125
Julian days of 2008 based on the five-day average brightness
temperature data (see Fig. 5). For the 2013 Lushan earthquake,
the IMRA enhanced during the 57–64 Julian days of 2013 using
8-day average data (see Fig. 11) and the 51–65 Julian days
using five-day average data (see Fig. 6). We can easily find a
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Fig. 10. Spatial distribution of IMRA at 37 GHz horizontal polarization around
the 2008 Wenchuan (M=7.8) earthquake based on eight-day average microwave
brightness temperature data. Star represents the location of epicenter. Red lines
indicate main active faults. The image with red star shows eight-day average
that include the day of the main event.

Fig. 11. Spatial distribution of IMRA at 37 GHz horizontal polarization around
the 2013 Lushan (M = 6.6) earthquake based on eight-day average microwave
brightness temperature data. Star represents the location of epicenter. Red lines
indicate main active faults. The image with red star shows the eight-day average
that include the day of the main shock.

good agreement in the enhanced IMRA temporal and spatial
distributions for the Wenchuan and the Lushan earthquakes on
both five- and eight-day average datasets.

However, for the Jiuzhaigou earthquake, the earliest enhanced
IMRA distributed on the faults in the northwest of the epicenter
during the 145–152 Julian days of 2017 based on eight-day
average data (see Fig. 12), and the IMRA variations located
on the faults in the north of the epicenter during 146–150 Julian
days based on five-day average data (see Fig. 7). Besides, the
magnitude of enhanced IMRA during the 201–208 Julian days
(using eight-day average data) is observed to be less than the
variations occurred during 206–210 Julian days (using five-day

Fig. 12. Spatial distribution of IMRA at 37 GHz horizontal polarization
around the 2017 Jiuzhaigou (M = 6.5) earthquake based on eight-day average
microwave brightness temperature data. Star represents the location of epicenter.
Red lines indicate main active faults. The image with red star shows the eight-day
average that include the day of the main shock.

average data). The variations during the 216–220 Julian days
(see Fig. 7) are similar to the variations during the 217–224
Julian days (see Fig. 12). The slight difference could be due to the
missing or weakened signals caused by more data for averaging.

The results of comparative analysis based on five- and eight-
day average data show that the enhanced IMRA variations dis-
tributed along the fault zone and around the epicenter, detected
using the segmented threshold method, were not coming from
the random noise caused by the change of solar angel on different
days.

V. DISCUSSION

A. Influence of Earthquake Activities on Enhanced IMRA
Spatial Distribution

The enhanced IMRA reflects thermal effect associated with
tectonic activities, which could be due to the accumulated stress
in the seismogenic region. Before the occurrence of earthquakes,
subsurface or surface thermal effects could generate due to
the release of underground gases and vapors, electrical and
electromagnetic radiations, or the combinations of these factors.
Fig. 13 shows the detailed spatial distribution of IMRA en-
hancement based on five-day microwave brightness temperature
data at 37 GHz horizontal polarization before the three strong
earthquakes. It shows that the IMRA variations strongly depend
on the seismic and tectonic activities. For the Wenchuan [see
Fig.13(a) and (b) corresponds to the subfigures titled with 065
and 125 in Fig. 5] and the Lushan earthquakes [Fig.13(c) and (d)
corresponds to the subfigures titled with 060 and 065 in Fig. 6]
that occurred on the LMS fault zone, the enhanced IMRA mainly
distributed along the fault with the NE direction. The enhanced
IMRA was located on the north and south sections of LMS fault
two months prior to the Wenchuan earthquake [see Fig. 13(a)]
and moved to the epicenter about one week prior to the main
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Fig. 13. Spatial distributions of enhanced IMRA at 37 GHz horizontal po-
larization before three strong earthquakes. (a) and (b) Wenchuan. (c) and
(d) Lushan. (e) and (f) Jiuzhaigou. Black stars represent the location of epi-
centers. Red lines show the detailed active faults. LMS—Longmenshan fault;
NHY—Northern Huya fault; HY—Huya fault.

earthquake event [see Fig. 13(b)]. For the Lushan earthquake,
the enhanced IMRA appeared continuously around the epicenter
about two months before the main event [see Fig.13(c) and (d)].

However, the Jiuzhaigou earthquake was inferred to be caused
by a blind NNW-trending strike–slip fault—the Northern Huya
fault [34], [36]. The enhanced IMRA shown in Fig.13(e) and (f)
(correspond to the subfigures titled with 205 and 220 in Fig. 7)
does not provide any information about the seismogenic fault but
mainly distributed on the surrounding faults that are exposed
to the surface and the region around the epicenter. And the
magnitude of enhanced IMRA increased around the epicenter
prior to the impending earthquake.

We have also observed differences on the enhanced IMRA for
the Wenchuan and the Lushan earthquakes, both occurred along
the LMS fault. The enhanced IMRA around the epicentral region
appeared about two months prior to the Lushan earthquake and
only two weeks prior to the Wenchuan earthquake [the enhanced
IMRA appeared two months before the Wenchuan earthquake
distributed along LMS fault, but did not appear around the
epicentral region, Fig. 13(a) and (b)]. The possible reason could
be due to a large number of fractures caused by the Wenchuan
great earthquake along the LMS fault through which gas emitted
prior to the Lushan earthquake [30]. The similarity in temporal–
spatial distribution of enhanced microwave brightness temper-
ature observed by SSMIS and strong CH4 emissions observed
by the Atmospheric Infrared Sounder (AIRS) onboard AQUA
satellite show a good correlation [see Figs.13(c) and (d) and 14].
Cui et al. [30] showed that the earliest CH4 anomalies around
the Lushan earthquake epicenter appeared on February 3–10,
2013 [see Fig. 14(a)]. After ten days, microwave brightness
temperature was enhanced [see Fig. 13(c)]. The CH4 anomalies
appeared again during February 19–March 6, 2013, and moved
from the epicentral region to the north and south sides of the
LMS fault zone [see Fig. 14(b) and (c)]. Similar variations in
microwave brightness temperature have been observed during
this period [see Fig. 13(d)]. The difference in spatial scales of
microwave brightness temperature and CH4 anomalies could be
due to the difference in spatial resolutions of two datasets (25 km
for microwave brightness temperature and 1.0° for CH4).

Fig. 14. Spatial distributions of eight-day nighttime total column of CH4

anomalies observed from AQUA AIRS prior to the Lushan Earthquake.
(a) February 3–10, 2013. (b) February 19–26, 2013. (c) February
27–March 6, 2013. Black star shows the epicenter of the Lushan earthquake.
Red lines show the main active faults.

B. Comparison With the Results of the Earthquakes Occurred
in Low-SM Region

In the present study, the spatial and temporal characteris-
tics for the three earthquakes are consistent with the results
associated with the 1997 Manyi M 7.5 earthquake and the
2001 Kokoxili M 7.8 earthquake [19], which clearly provide
confidence that the segmented threshold method proposed in
this article is feasible for the earthquakes occurred in the region
with high SM. However, by analyzing the variations of IMRA at
19 GHz and 37 GHz (see Supplementary Figs. S1–S3), 37 GHz
seems to be an important frequency to detect the unusual thermal
signals associated with strong earthquakes in high-SM region
compared with 19 GHz that looks to be a potential frequency for
the low-SM environment. We have also analyzed the influence
of different parameters on microwave brightness temperature in
different underlying areas [24]. In high-SM region, the effect
of SM on brightness temperature at 19 GHz and 37 GHz with
horizontal polarization is smaller in comparison with other
frequencies. In addition, brightness temperature at 37 GHz
shows a higher correlation with skin temperature compared with
19 GHz in high-SM region. This could explain why 37 GHz with
horizontal polarization has a better response to the earthquake
events occurred in high-SM region. In addition, considering the
possible impact of clouds and rain in the sky at 37 GHz, we
have also considered the precipitation rate and cloud fraction
during the periods of enhanced IMRA prior to the three earth-
quakes based on five-day average (corresponding to five-day
average IMRA variations) The Tropical Rainfall Measuring
Mission (TRMM) precipitation rate and AIRS cloud fraction
data (see supplementary Figs. S4–S6). The results show no
obvious correlation between the spatial distributions of unusual
IMRA variations and high values of precipitation rate and cloud
fraction prior to the three earthquakes. The spatial variations
of enhanced IMRA observed in this article are irrelevant to the
weather conditions. Similar characteristics of microwave signals
have also been observed in the case of 2015 Nepal (M = 7.8)
earthquake and its strong aftershock (M = 7.3) that occurred in
high-SM region using the improved IMRA [37].

VI. CONCLUSION

In the present article, the effect of SM on microwave bright-
ness temperature has been considered for the first time to detect
the possible microwave radiation variations associated with
the strong earthquake activities occurred in high-SM region.
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The three great earthquakes occurred in Sichuan province,
China, during 2008–2018 have been analyzed based on IMRA
computed by the segmented threshold method using DMSP F17
SSMIS microwave brightness temperature data. The enhance-
ments in IMRA over the main fault and the region surrounding
the epicenter have been observed prior to the three strong earth-
quakes. Nevertheless, it could be difficult to have quantitative
evaluation associated with the earthquake activities due to in-
frequent earthquake activities in the same region with similar
earthquake characteristics, although the enhanced microwave
radiations have been observed prior to the earthquakes along
the main fault, which is related to the thermal anomalies caused
by the stress concentration during the earthquake preparation
period. The results discussed here show the maximum vari-
ations of IMRA prior to the strong earthquakes over a long
period along the active tectonic zone, and further research will
help to develop quantitative and qualitative evaluations of early
detection of potential earthquake anomalies in the higher SM
environment. It should also be noted that the determination of
the St value is based on the analysis of the relationship between
SM and brightness temperature in the specific regions proposed
in this article, which may need to be adjusted when segmented
threshold method is applied to other high-SM regions to detect
thermal anomaly signals associated with earthquakes.
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