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A Mw 7.3 earthquake occurred near the Iran-Iraq border on November 12, 2017, as the result of oblique-thrust squeezing of the Eurasian plate and the Arabian plate. By employing the spatio-temporally weighted two-step method (STW-TSM) and microwave brightness temperature (MBT) data from AMSR-2 instrument on board Aqua satellite, this paper investigates carefully the spatiotemporal features of multi-frequency MBT anomalies relating to the earthquake. Soil moisture (SM), satellite cloud image, regional geological map and surface landcover data are utilized to discriminate the potential MBT anomalies revealed from STW-TSM. The low-frequency MBT residual images shows that positive anomalies mainly occurred in the mountainous Urmia lake and the plain region, which were 300 km north and 200 km southwest about to the epicenter, respectively. The north MBT anomaly firstly appeared 51 days before the mainshock and its magnitude increased over time with a maximum of about +40K. Then the anomaly disappeared 3 days before, reappeared 1d after and diminished completely 10 days after the mainshock. Meanwhile, the southwest MBT anomaly firstly occurred 18 days before and peaked 3 days before the mainshock with a maximum of about +20K, and then diminished gradually with aftershocks. It is speculated that the positive MBT anomaly in the Urmia lake was caused by microwave dielectric property change of water body due to gas bubbles leaking from the bottom of the lake disturbed by local crust stress alteration, while the southwest MBT positive anomaly was caused by microwave dielectric constant change of shallow surface due to accumulation of seismically-activated positive charges originated at deep crust. Besides, some accidental abnormal residual stripes existed in line with satellite orbit, which turned out to be periodic data errors of the satellite sensor. High-frequency MBT residual images exhibit some significant negative anomalies, including a narrow stripe pointing to the forthcoming epicenter, which were confirmed to be caused by synchronous altostratus clouds. This study is of guidance meaning for distinguishing non-seismic disturbances and identifying seismic MBT anomaly before, during and after some large earthquakes.
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INTRODUCTION
Microwave radiative signals are capable of penetrating thick fog and clouds, and do not rely on the Sun as the source for illumination. These particular attributes allow microwave radiation monitoring of the Earth’s surface become valid under almost all-weather conditions (Ulaby and Long, 2015). Since 2008, satellite microwave brightness temperature (MBT) has been preliminarily adopted for thermal anomaly monitoring of volcanic and earthquake activities (Maeda and Takano, 2008; Takano and Maeda, 2009). Afterwards, Maeda and Takano (2009, 2010) used MBT data at 18.7 GHz from AMSR-E instrument to detect microwave radiation anomaly associated with 2008 Wenchuan earthquake and 2004 Morocco earthquake, and found obvious abnormal microwave signals distributing along the seismogenious faults or near the epicenter region. Subsequently, Chen and Jin (2010) proposed a radiation anomaly index to analyze microwave radiation anomaly of 2010 Yushu earthquake, and revealed a MBT anomaly area behaving great spatial correlation with the main faults 2 days before the mainshock; Jing et al. (2020) detected the anomalous MBT associated with three strong earthquakes occurred in Sichuan province, China, and also found that the MBT anomalies distributed around the forthcoming epicenter or along the main faults. Recently, Qi et al. (2020a) proposed the spatio-temporally weighted two-step method (STW-TSM) and validated its effectiveness by revealing and analyzing the spatiotemporal evolution of MBT anomalies of 2008 Wenchuan earthquake sequence (Qi et al., 2020a, b) and 2015 Nepal earthquake sequence (Qi et al., 2020c). Although current studies are based on different methods and various microwave satellite data, they have uncovered valuable seismic-related thermal anomalies before, during and after the earthquakes. This indicates that it is a feasible and promising way to use satellite MBT data to reveal particular phenomena and to explore geophysical mechanism of seismic thermal anomaly.
The Mw 7.3 Sarpol Zahab earthquake, occurred on November 12, 2017, was caused by the oblique-thrust faulting beneath the Iran-Iraq border (Yang et al., 2018). The epicenter located at the small town named Sarpol Zahab, with a depth of about 17.9 km, south of the Zagros Mountains that is seismically active (Berberian and King, 1981). So far, there are some relevant studies reported about the possible anomaly before this significant earthquake. Tariq et al. (2019) analyzed the time series of total electron content (TEC) in Iran-Iraq area, and found that there were anomalies several days before the earthquake, among which the anomalies 5days before the earthquake were caused by magnetic storms, and the ionospheric anomalies 8–11 days before the earthquake were thought to be related to the earthquake. Akhoondzadeh et al. (2019) studied the TEC and four atmospheric parameters (skin temperature, vertical column water vapor, aerosol optical thickness and sulfur dioxide) near the epicenter. They found that TEC 11 days before the earthquake enhanced obviously, while most atmospheric parameters presented abnormal in different times before the ionospheric anomaly. The sulfur dioxide anomaly, total aerosol thickness (AOT) anomaly, and skin temperature (SKT) anomaly occurred 9–19 days, 9–17 days and 14–15 days before the earthquake, respectively. These parameters all appeared before the ionospheric anomaly, which exhibited the potential effect of lithosphere-atmosphere-ionosphere (LAI) coupling (Pulinets and Ouzounov, 2011). Zhou, (2019) combined multi-parameter of land surface, near-surface, upper atmosphere and ionosphere to analyze abnormal precursor information in each geosphere before the earthquake, and further analyzed and confirmed the coupling effects between different geospheres.
However, the above researches mainly focus on atmospheric and ionospheric parameters, the coversphere (including water bodies, snow and ice, soil and sand layers, deserts, and vegetation) as well as the surface thermal radiative parameter is overlooked. The Iran-Iraq area is featured with simple land cover such as flat terrain, lifted mountain and sparse vegetation, and with stable climate (Saraf et al., 2008). It is regarded that the coversphere modifies the geo-electromagnetic signals from the deep crust and underground to the Earth’s surface (Wu et al., 2012, 2016). The physical properties of the Earth’s surface are critical to the microwave radiative capacity and satellite thermal observation. Therefore, monitoring seismic thermal anomaly using satellite MBT data will be less disturbed in the Iran-Iraq border area, which is worthy of detailed exploratory research.
This research aims to uncover the spatiotemporal evolution of MBT anomalies relating to the Sarpol Zahab earthquake by employing STW-TSM. Based on regional crust stress variations, existing theories and experiments, the uncovered MBT anomalies in the northern Urmia lakes and in the southwestern study area before and after the Sarpol Zahab earthquake are interpreted. By using soil moisture (SM) and satellite cloud images, as well as contrast analysis of low-high frequency MBT residual images, occasional positive abnormal stripes and characteristic negative anomalies are ruled out of possible seismic anomalies, which is of instructive significance for discriminating seismic MBT anomalies using multiple source auxiliary data.
STUDY AREA
The Iran-Iraq region is located at the junction of the Eurasian plate and the Arabian plate, and has a tropical desert climate with large areas of deserts and plateaus (Salahi and Asareh, 2008). As shown in Figure 1, the Caspian Sea is located to the northeast of the study area, while the Zagros mountains are in the middle, with undulating terrain; and the Mesopotamia plain is in the southwest, with quite flat terrain. The Arabian plate subducted under the Eurasian plate at a speed of about 30 mm per year, which caused the Eurasian plate to constantly rise and form Zagros mountains (Reilinger et al., 2006), and also made the Iran-Iraq region one of the most frequent seismic regions in the world. The Sarpol Zahab earthquake occurred at 18:18:25 (UTC) on November 12, 2017, near the border between Iran and Iraq ([image: image]), south of the Zagros fault, with a depth of 17.9 km and a magnitude of 7.3, which was the largest earthquake to strike the Iran-Iraq region this century. We collected earthquakes (Mw > 4.5) in the study area (as shown in subgraph in Figure 2) from 2015 to 2019 (data from USGS). The temporal seismicity in the study area from 2015 to 2019 is shown in Figure 2. The black dots represent magnitude and the blue bars denote the number of earthquakes per day. It can be seen from the figure that the seismicity in the area was less frequent from 2015 to May 2017, but more frequent from July 2017 to 2019. Rare seismic activity in this region before Sarpol Zahab earthquake might imply that the energy in the crust was in a state of accumulation. After the strong earthquake, the accumulated energy of the Earth’s crust was constantly released, which made the seismic activity in this region more frequent.
[image: Figure 1]FIGURE 1 | The terrain of Zagros mountains and eastern Mesopotamia plain.
[image: Figure 2]FIGURE 2 | Time series of seismicity (Mw [image: image]4.5) in study area. The red dashed line represents the date of the data.
MATERIALS AND METHOD
The Advanced Microwave Scanning Radiometer-2 (AMSR-2), a successor of AMSR on the Advanced Earth Observing Satellite-II and AMSR for EOS (AMSR-E) on NASA’s Aqua satellite, is a single mission instrument on GCOM-W1 (Imaoka et al., 2012). The AMSR-2 is a five-frequency microwave radiometer system with dual polarization capability (Vertical and Horizontal, i.e., H & V in brief) for all frequency bands. The observations from AMSR-2 occur between approximately 1:30 a.m. and 2:30 a.m. (descending mode), 1:30 p.m. and 2:30 p.m. (ascending mode) local time. Basic characteristics of AMSR-2 instrument are shown in Table 1.
TABLE 1 | Major performances and characteristics of AMSR-2.
[image: Table 1]Low-frequency microwave signal has a certain penetration to the arid and desert areas, while high-frequency microwave signal has a certain sensitivity to the possible cloud and rain in the study area. The MBT data of 89 GHz has two channels with different incident angles, in which the incident angle of channel A is consistent with that of the low frequency. So that MBT of 89 GHz with channel-A is adopted to ensure the consistency of the incidence angle of the lower bands. In addition, soil moisture (SM) data retrieved from 10.65 GHz MBT data, satellite cloud images at nighttime derived from Meteosat-8, SRTM-DEM dataset with 30 m resolution, geological map provided by the Geological Survey of Canada (GSC), and land cover data with 30 m spatial resolution provided by the National Geomatics Center of China (NGCC) are also used in this research, in order to conduct the discriminating analysis using multi-source auxiliary data.
The diameter of preparation zone of Mw 7.3 earthquake calculated from Dobrovolsky’s equation (Dobrovolsky et al., 1979) is about 2750 km, which is much large than the swath width of AMSR-2 data (1450 km). It is impossible to cover the entire preparation zone for a single swath of the observation. Therefore, the study area is selected as[image: image] in consideration of both the size of Dobrovolsky’s zone and the spatial coverage of AMSR-2 swath. Historical earthquakes of magnitude greater than or equal to 6.0 in the study are listed in Table 2. In order to avoid the impact of other strong earthquakes and ensure the adequacy of MBT data for constructing historical background, historical MBT data for a month before and a month after a strong earthquake (Mw 6.0 on November 22, 2013; Mw 5.7 on October 15, 2014; Mw 6.3 on November 25, 2018; Mw 5.9 on November 7, 2019) were removed in data preprocessing.
TABLE 2 | Historical earthquakes (Mw ≥ 6.0) from 2012 to 2019 in the study area (from USGS).
[image: Table 2]STW-TSM is employed in this research for seismic anomaly detection. The principle of the STW-TSM is to obtain the basic residuals of the Earth surface MBT by removing the inherent general and stable trend with a temporally weighted background in the first step as in following equation:
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where [image: image] denotes any non-seismic year and its serial number is [image: image], [image: image] is the earthquake year, [image: image] is the maximum number of time interval years between all non-seismic years and shocking year, [image: image] is any day in the seismogenic year and [image: image] is the same day as [image: image] in the non-seismogenic year, [image: image] and [image: image] represent the observed MBT values of pixels [image: image] on day [image: image] and day [image: image], respectively, [image: image] is the weighted reference value calculated from all [image: image], and [image: image] is the basic residual value of the pixel [image: image] on day [image: image].
Then, to retain the cleaned MBT residuals by eliminating the internal short-term variable effects in the study area with a spatially weighted background in the second step as in the following equation:
[image: image]
[image: image]
where [image: image] is the sequence number of any pixel in the far field, [image: image] is the number of far-field pixels, [image: image] is any geographical position of the far field in the study area, [image: image] is the diagonal length of the study area, [image: image] represents the interpolated value of the far field pixel of point [image: image] on any day of [image: image] in the shocking year, and [image: image] is the cleaned residual value (Qi et al., 2020a). A detailed description of this method is demonstrated in Qi et al., 2020a. Ultimately, the obtained cleaned MBT residual maps are adopted for performing comparative analysis to discriminating multiple MBT anomalies relating to the 2017 Sarpol Zahab earthquake.
RESULTS
Spatiotemporal Features of Low-High Frequency MBT Residuals
Figure 3 shows the spatiotemporal evolution of cleaned MBT residuals with 10.65 and 89 GHz at H polarization. As for the low-frequency (10.65 GHz) results, positive MBT anomaly mainly concentrated in the northern mountainous Urmia Lake and southwestern plain area (bare land and cultivated land) near the epicenter. Besides, there also existed several fortuitous strip-shaped abnormal MBT residuals, which were in line with the direction of satellite orbit (i.e., on September 21, October 7, November 8, and November 22).
[image: Figure 3]FIGURE 3 | Spatiotemporal evolution of the MBT residuals with 10.65 and 89 GHz at H polarization. The circle dots mark the epicenters of the shock, with white, red, and gray color for the days before earthquake, during earthquake, and after earthquake, respectively.
The positive MBT anomaly in the northern mountainous Urmia Lake firstly appeared 51 days before the Mw 7.3 earthquake (September 21, 2017), and the amplitude and range of the anomaly increased with the approaching of the earthquake with a maximum of about 40K. From 3 days before (November 9) the earthquake, the positive anomaly of the lake region significantly reduced until it disappeared 1 day before the earthquake (November 11). Then the anomaly reoccurred 1d after the earthquake (November 13) but maintained relative low level compared with that before the earthquake until 5 days after the earthquake (November 17). Subsequently, the anomaly began to fade gradually and disappeared completely 10 days after the earthquake (November 22). The evolution pattern of MBT anomaly in the Urmia Lake behaved as: occurring and continuously strengthening before the earthquake, reaching to the peak and then immediately disappearing during the short-impending of the earthquake, reoccurring and gradually dissipating after the earthquake.
The positive MBT anomaly in the southwest plain area firstly appeared 18 days before the earthquake (October 24, 2017), and also strengthened over time. The amplitude and range of the south anomaly achieved the peak 3 days before the earthquake (November 9) with a maximum of about 20K, and then started to decay on November 11. Slight positive anomaly persisted in this area until early February of the next year (see Supplementary Figure S1). The evolution pattern of the southwest MBT anomaly behaved as: occurring before the earthquake, strengthening continuously and reaching the peak during the short-impending of the earthquake, decaying gradually shortly before and after the earthquake.
As for the high-frequency (89 GHz) results, positive MBT anomaly in the northern mountainous Urmia lake behaved the same spatiotemporal pattern as that of low-frequency results, but the amplitude and range of the anomaly were relatively weak and small. However, the high-frequency MBT data failed to reveal positive regional anomaly in the southwest plain area. Meanwhile, there existed an obvious strip-shaped negative anomaly pointing at the forthcoming epicenter from east to west on November 2, and a regional negative anomaly almost overlapping with the epicenter on November 20. The negative anomalies are very characteristic and deserves further attention.
As described above, there are four types of MBT anomalies in the revealed residual images, including positive anomaly in the Urmia lake at both low-frequency and high-frequency bands, regional positive anomaly in the southwest plain area at low-frequency band, occasional abnormal positive stripes at low-frequency band, and significant negative abnormal residuals at high-frequency band.
Meteorological Disturbance and Negative Anomaly Discrimination
The MBT data of 89 GHz has better performance to reflect the influence from atmospheric clouds and heavy rains, for microwave signals at this band have shorter wavelength and better susceptibility to atmosphere (Eastman et al., 2019). Therefore, the possible causes of the negative MBT anomalies are analyzed, using multi-source remote sensing data involving original MBT observations, SM data and infrared satellite cloud images (nighttime). The comparative results are presented as in Figure 4.
[image: Figure 4]FIGURE 4 | Negative MBT residual images, MBT original observations, soil moisture, and satellite cloud images on November 2 and November 20, 2017.
As one can see, in the first row of Figure 4, an evident negative MBT residual stripe pointed at the epicenter from east to west on November 2, 2017, which also could be reflected as a negative stripe in the MBT image and as a high value stripe in the SM image. Checking the synchronous infrared satellite cloud images, it is easy to find a linear cloud in the area where the negative MBT anomaly was located. Besides, from the second row of Figure 4, the featured negative phenomena are visible in the black dotted box on November 20, 2017, which were consistent in space with low values in MBT image, high values in SM image, and thick clouds in the infrared cloud images. Obviously, we can draw a preliminary conclusion that the negative anomalies in high-frequency residual images were related with the synchronous clouds. However, the cloud images in Figure 4 also indicate that only part of the clouds corresponded well with the negative anomalies, and what attributes of clouds were responsible for the negative residual values needs further analysis.
Figure 5 shows the cloud amount at three different altitude in the study area on November 2 and November 20, 2017. It can be found that the cloud on November 2 was mostly concentrated in the middle layer, but the cloud corresponding to the negative MBT residuals mainly existed in the high layers. On November 20, most of the clouds were concentrated in the middle and high layers, but the cloud corresponding to the negative MBT residuals mainly existed in the high layers. It is known that altostratus clouds are mainly composed of small ice crystals (Zhao et al., 2002), and the influence of solid particles such as snow, ice and haze are suggested reduce the microwave radiation of cloud comparing with cloudless conditions (Gu et al., 2016). Therefore, cloud at high altitude (altostratus cloud) are considered to cause the negative MBT anomalies at high frequency in this study.
[image: Figure 5]FIGURE 5 | Cloud amount at different altitudes.
ATTRIBUTION ANALYSIS
Periodical Positive MBT Residual Stripes
As mentioned above, there existed some positive stripes in the MBT residual images, which are marked with black dotted boxes in Figure 6. The stripes are in the same direction with the satellite orbit and have strict periodicity in recurrence time. According to their geolocations, the stripes can be divided into four categories, naming A, B, C, and D (see Figure 6). As one can see, stripe A and D both occurred on October 30 and November 15, 2017, stripe B occurred on November 6 and November 22, 2017, while stripe C occurred on November 8 and November 24, 2017. The time intervals of the reoccurrence of the respective stripes are all 16 days, which is exactly consistent with the revisit cycle of the AMSR-2 instrument. The MBT images in Figure 6 show that four types of stripes actually come from the original satellite observations, which are not in harmony with normal observations.
[image: Figure 6]FIGURE 6 | Periodic positive abnormal stripes in residual MBT images (A) and original MBT images (B) with 10.65 GHz at H polarization.
Simplify taking stripe A and D as an example, the positive MBT residuals with five different bands (10.65, 18.7, 23.8, 36.5 and 89 GHz) are compared in Figure 7. It could be found that the abnormal stripes existed only in the results of 10.65 GHz. Figure 8 exhibits the stripes A and D with 10.65 GHz at H and V polarization, and the abnormal stripes existed only in the results at H polarization. Furthermore, we extended the time range from months before the earthquake to months after the earthquake, to examine the periodicity and persistence of the four abnormal stripes, and the results proved the phenomena stated.
[image: Figure 7]FIGURE 7 | Residual MBT images of different frequency (10.65, 18.7, 23.8, 36.5, and 89 GHz) at H polarization.
[image: Figure 8]FIGURE 8 | Residual MBT images with 10.65 GHz at H and V polarization.
From above comparative analysis, it is known that the abnormal stripes existed only in MBT residual maps with 10.65 GHz at H polarization, and the interval time of reoccurrence were all 16 days. It can be deduced that the abnormal stripes may be data errors caused by sensor failures, which has nothing to do with seismic activity.
Positive MBT Residuals in the Mountainous Urmia Lake
Referring to microwave remote sensing physics, MBT can be expressed as the product of microwave emissivity and physical temperature (Ulaby et al., 1981). As one can note from above results that the original MBT observations in the Urmia lake are at low level, which is because the physical temperature and emissivity of the water body all are low. Contrastively, in the revealed MBT residual images, the residual values in the lake area are much higher than that of surrounding land area. It was regarded that rock mass friction and collisions between the fault planes might cause the physical temperatures of ground surface to rise during the preparation phase of an earthquake (Wu et al., 2006). Nevertheless, such temperature changes in the deep crust are difficult to affect the remote coversphere, especially the water body, and physical temperature changes of up to tens of K are theoretically impossible. Therefore, alterations in emissivity of lake area are essential except for the potential minor contribution of physical temperature rise.
Microwave signals of low frequency have certain penetrability to the object surface, and can reflect the radiation characteristics of water body to a certain depth. Microwave satellite observations are proved very sensitive to the physical properties of the water bodies through the effects on the microwave dielectric constant and the emissivity (Ulaby and Long, 2015). According to Ziolkowski, (1998), the change in stress before an earthquake would cause the gas to swell and contract under the action of still water, resulting in bubbles and then floating from the bottom to the surface under the action of gravity. The bubbles inside the water body or on the water surface would be able to change the dielectric property of lake water, thus affecting its scattering and radiation characteristics. The Urmia lake, north to the epicenter of the Sarpol Zahab earthquake, is the largest lake in Iran and the third largest saltwater lake in the world. According to Ma et al. (1999), the Urmia lake contained a large number of Na and Br ions, and the salinity of the lake was increasing continuously due to numerous water conservancy projects and continuous climate drought. Moreover, it was found by Camps et al. (2005) that with the same aeration rate, the thickness of foam layer on the sea surface raised with the increase of salinity. Williams (1971) experimentally measured the microwave emissivity of the artificial foam layer on different substrates at 9.4 GHz frequency using waveguide technology, and found that the foam covering the water surface had a high microwave emissivity, and the emissivity was positively correlated with the thickness of the foam layer. Therefore, both bubbles inside shallow water and possible foams above water surface of Urmia lake were able to reduce the dielectric constant of lake water, thus lifted the microwave emissivity and led to the rise of MBT.
Taghipour et al. (2018) found that the Eastern Lake Fault on the east side of the Urmia Lake and the Eastern Salmas Fault on the west side of the Urmia Lake had the same strike and were both dextral strike-slip, and a linear geomorphic feature across the lake ascertained by satellite images divided the lake into north and south parts with different depths. This investigation shows that there is a possible geomorphic linkage between the faults. From Figure 9, it is known that the long-term trend of plate movement within the study area is approximately from south to north along the Mountain Front Flexure (MFF) (Vernant et al., 2004). According to the coseismic deformation field from D-InSAR and MAI measurements (Wang et al., 2019), the area north to the epicenter was squeezed from NE to SW. This suggested that the movement direction of the area around the Urmia Lake and the area north near to the epicenter may be inconsistent.
[image: Figure 9]FIGURE 9 | Historical horizontal displacement (A) and coseismic horizontal motion vectors (B) in the study area adapted from Vernant et al. (2004) and Wang et al. (2019).
FLAC-3D software was used to make a numerical simulation of the seismogenious process during this earthquake. The results are shown in Figure 10, in which the fault structure was adapted from Vergés et al. (2011). The distribution of tectonic stress on the Main Recent Fault (MRF), which passes western through the Urmia lake, were presented by the simulation. It is found that during the northeast squeezing process of the Arabian cover and Arabian basement toward the MFF, the stress state in MRF region were divided into six stages. In the first stage, the MRF region appeared as a tensile zone. In the second stage, the area of tensile zone in MRF region decreased. In the third stage, the area of tensile zone in MRF region further reduced. In the fourth stage, the tensile zone in MRF region disappeared, and the whole study area was in a state of compression. In the fifth stage, a small tensile zone appeared on the northeast side of the MRF region, and in the sixth stage, the MRF region reappeared as a tensile zone. It is also shown that a non-squeezing zone appeared, disappeared and reappeared on the ground or coversphere along the MRF.
[image: Figure 10]FIGURE 10 | Simulated dynamic stress state of local plate movement. The elastic model was applied to define the constitutive models of Arabian basement and metamorphic complex, and the Mohr-Coulomb model was applied to the Arabian cover. The interfaces were generated with respect to the main faults presented with red lines. In addition to the pre-set gravity, compressive stress of 10 MPa was initially applied at the depth from 0 to 10 km, while the initially applied compressive stress was 1 MPa at depth from 10 to 30 km on the left boundary surface.
The simulation indicated that the mountainous Urmia Lake area, through which the MRF-ELF-ESF passes (as in Figure 10), was in a stretched state several days before the shocking (Stage 1–3). So that the underground passages or channels could be opened owing to tensile stress at the bottom of the Urmia lake, through which underground gas (such as CH4, CO2) could be released to produce bubbles and possible foams, which in consequence led to positive MBT anomaly in the lake area (from 51 days before the earthquake to 3 days before the earthquake). However, during the impending period (2 days before) of the earthquake (Stage 4), crust stress was blocked in the hypocenter area, and the continuous movement of the Eurasian plate from NE to SW caused the plates at the bottom of the lake to be squeezed. Therefore, the underground passages through which the gas raised from lake bottom got closed, and consequently the positive MBT anomaly disappeared shortly before the earthquake. With the occurrence of the earthquake, the stress around the Zagros Mountains was partially adjusted, and the underground stress state of the ELF-ESF at the lake region might return to that of the earthquake impending (Stage 5–6). Therefore, the lake region was abnormal again (1d after the earthquake). With the departure of the shocking day, the lake region returned to its usual state, i.e., MRF was compressed and the gas passages are closed. Therefore, it is presented that the positive MBT anomaly in Urmia lake area were mainly produced by the uniformly distributed and altering crust stress field in the seismogenic area, which created good conditions for underground gas to escape from the lake floor and ELF-ESF, and then reduced the dielectric properties of the Urmia lake water, which led to an increment of MBT of Urmia lake.
Southwest Positive MBT Residuals Near the Epicenter
From Figure 3, it is known that positive MBT residuals existed also in the expansive plain southwest to the epicenter. The evolution of the abnormal positive residuals here fluctuates in range and amplitude, but the position remains unchanged over time. The most prominent area of the positive MBT residuals distributed along the southwest front of the Zagros mountains. By comparing the land cover and geological map of the study area with the MBT residual images, it is clear that the positive MBT anomaly area, bare land and cultivated land, and the Quaternary are in good spatial correspondence (see Figure 11). According to Freund’s laboratory experiments, stress-activated charge carriers, known as P-hole, are able to appear in deep rock mass under compressively loading (Freund, 2000, 2011). The activated P-holes are mobile and capable of flowing down stress gradients and finally accumulating on the surface of distant unstressed rock, thus leading to additional electric field in the rock subsurface (King and Freund, 1984), even on the surface of a sand layer or a soil layer above the rock (Freund, 2010). The accumulation of P-holes will result in a positive surface e-potential and reduce the regional dielectric constant of the superficial rock mass. Thus, the microwave emissivity and the microwave radiation of rock surface would be enhanced. In addition, experimental studies have confirmed that the microwave dielectric constant of the rock surface reduced significantly during compressively loading (Mao, 2019), and the microwave radiation of sand layers overburdened the compressed rock specimen increased during rock loading process (Mao et al., 2020).
[image: Figure 11]FIGURE 11 | Southwestern positive MBT anomaly, Geological map, and land cover.
The peroxy defects are widespread in the mineral grains of the igneous and metamorphic rocks, which are susceptive to compressive stress. The Arabian basement is comprised of gneissose granites, schists, limestones, migmatites and mudstone (Bahroudi and Talbot, 2003), among which gneissose granites, schists, and migmatites are also peroxy rich. During the last preparation phase of Sarpol Zahab earthquake, the compression of plates caused the stress concentration of rock mass at the forthcoming hypocenter, a large number of micro-fractures were presented to had occurred at this period. The vast peroxy bonds embedded in the crust rock mass were broken, thus positive charges were activated in the stress concentration zone, showing a trend of propagating along crust stress gradient. Quaternary strata are usually characteristic by loose lithology, and mainly consist of gravel, sand, soil, and clay (Cao, 1995). The lithology of Arabian basement consists of fragments of intermediate-to-high grade metamorphic rocks, which played a good medium for P-hole producing and propagating from the deep crust (T4, see Figure 12) to the Quaternary strata. Therefore, the local geological conditions allowed perfectly for the transfer of P-holes from MFF and Arabian cover to the northwest bare land and cultivated land, which resulting in the positive MBT anomaly here. The schematic diagram of this chain process is shown in Figure 12, of which the geographical range is marked in the red dotted box of the first subgraph in Figure 11. This effect induced by seismically activated P-holes reached its peak 2 days before the earthquake, and persisted with the stress adjustment and the occurrence of aftershocks.
[image: Figure 12]FIGURE 12 | Geologic section across the Zagros Mountains (interpreted from Vergés et al., 2011 and Yang et al., 2018) and conceptual diagram of P-hole transferring as well as bubble swelling.
The southwest anomaly lasted until the early February of the following year, with a relatively lower level than that before the Sarpol Zahab earthquake. During this period, more than 40 middle-large aftershocks (Mw [image: image] 4.5) occurred near the epicenter of the Mw7.3 Sarpol Zahab earthquake. This means that the crust stress was in a state of continue adjustment until several months after the main shock. It is also worthy to note that the positive MBT anomaly in the Urmia lake occurred earlier than the southwest MBT anomaly, but with shorter duration. This might be owing to the ununiformly distribution of crust stress in the whole earthquake preparation zone, dynamic alteration of the crust stress field, and the different response of the regional faults system to the great earthquake.
CONCLUSION AND DISCUSSION
In this research, the spatiotemporal evolution of multi-frequency MBT anomalies associated with the 2017 Mw7.3 Sarpol Zahab earthquake is carefully investigated and analyzed. The uncovered MBT anomalies are divided into four featured categories, including the negative anomalies existing in the high-frequency result, the occasional positive abnormal stripes in line with satellite orbit, the significant positive anomaly in northern mountainous Urmia lake, and the extensive positive anomaly in Quaternary plain southwest to the epicenter.
Through comparative analysis of synchronous cloud image and SM data, the negative MBT anomalies of high-frequency were uncovered being attributed to the influence of high-altitude clouds, and were firstly excluded from being related to the impeding earthquake. We reach that not all atmospheric clouds are responsible for the negative MBT anomaly, only the altostratus (high clouds) can be reflected in the satellite MBT observations, which should be firstly excluded from the precursor study.
There existed also some abnormal stripes in the low-frequency MBT residuals. The geolocations of the stripes remain the same, and the reoccurrence time interval keep consistent with the revisit time of AMSR-2 instrument. We discovered that the abnormal stripes appeared in the results only with 10.65 GHz at H polarization. In addition, part of the Urmia lake behaved MBT over 300 K when the stripes existed with 16days reoccurrence, which is not in accordance with the natural phenomenon. It is daring but reasonable to attribute the abnormal stripes to data errors of the satellite instrument. Such periodically recurrent abnormal phenomenon requires careful identification in the study of seismic MBT anomaly.
The positive MBT anomaly in the northern mountainous Urmia lake existed both in the results of high-frequency and low-frequency, and behaved the same pattern in space and time. The positive MBT anomaly appeared 51 days before the earthquake and enhanced over time, but disappeared suddenly during the short-impending of the earthquake. Then the anomaly reoccurred 1 d after the earthquake and diminished gradually. Referring to the existing theory and microwave remote sensing physics, the amplitude of the positive MBT anomaly, with a maximum of 40K about, in the lake area might be caused by seismic-disturbed bubbles swelling from the lake bottom and ELF-EFF fault to water surface. Thus, the dielectric constant of lake surface water got reducing and the microwave radiative capacity got enhanced, which led to the positive MBT anomaly of the lake area.
The large-scale positive anomaly in the southwest plain appeared 18 days before the Sarpol Zahab earthquake, and the range and amplitude got larger with the approaching of the earthquake. The southwest MBT anomaly weakened also just 1 d before the impending earthquake, and continued to weaken until all aftershocks disappeared in the early February of 2018. Referring to the P-hole theory, seismogenic mechanism and microwave remote sensing physics, the southwest MBT positive anomaly, with a maximal amplitude of 20K about, was considered to be caused by seismic-activated positive charges transferring down the stress gradient from the deep crust to the Quaternary strata, which reduced the dielectric constant and lifted the microwave radiation there. Bare land and sand layers might have amplified the microwave signals from the crust to the atmosphere, thus to increase the significance of potential seismic MBT anomaly.
It is also essential to note that, from Figure 2, the seismicity in the study area was less frequent from 2015 to May 2017, but more frequent from July 2017 to 2019. The MBT data of 2015 and 2016 are selected for confutation analysis, and reach that no obvious positive MBT anomaly occurred in 2015. However, in 2016, positive MBT anomaly appeared also in the southwest plain area on October 25 and disappeared on December 24 (see Supplementary Figure S2). It can be seen from Supplementary Figure S2 that the number of earthquakes in the study area in 2016 was much greater than that in 2015, and the epicenter was mostly located near the positive anomaly. By analyzing the distribution of earthquakes in this period, we believe that there was a certain spatial correlation between the location of positive anomalies and the coming epicenters in seismogenic process.
The epicenter of the Sarpol Zahab earthquake located at the boundary of two subzones with relatively uneven stress distribution, and MRF is the most active seismotectonic structure in the Zagros region (Khanban et al., 2021). The dynamic alteration of local stress in lithosphere might have been much more activated prior to the Sarpol Zahab earthquake, which led to the preseismic deformation (Vaka et al., 2019) and micro cracks of deep-to-shallow rock mass. The carbonaceous gas (such as CH4 and CO2) enclosed in the lithosphere might escape through the produced-and-opened micro cracks, which might cause MBT variations in Urmia lake since 51 days before the earthquake, and the accumulation of stress-activated P-holes on ground surface led to the MBT variations in plain area 18 days before, and then skin temperature got rise 15 days before the earthquake (Akhoondzadeh et al., 2019). Meanwhile, these up-swelling carbonaceous gases would had changed the composition of the atmosphere near ground surface accompanied by greenhouse effect, air-water condensation and aerosol generation, thus AOT and the water vapor behaved anomaly from 17 to 9 days and 6 to 4 days preceding the earthquake, respectively (Akhoondzadeh et al., 2019). The air ionization from possible radon gas emission was also supposed, and it could had ultimately disturbed the TEC in the ionosphere from 11 to 8 days preceding the earthquake (Akhoondzadeh et al., 2019; Tariq et al., 2019; Senturk et al., 2020). Supplementary Figure S3 shows the temporal distribution of seismic precursor anomalies. As one can see from the figure, the occurrence time of precursor anomalies in each sphere generally presents a “slope” structure. In other words, anomalies in the coversphere appeared first, followed by those in the atmosphere, and those in the ionosphere appeared last. All the abnormal phenomena occurred in the multiple geospheres might reflect some coupling effect in the final phase of Sarpol Zahab seismogenic process. Through the analysis of the anomalies related with this earthquake, we found that the time of the anomaly occurred in each sphere was reasonable, which further proved the rationality of MBT anomaly in coversphere.
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Supplementary Figure S1 | Spatiotemporal evolution of the MBT residuals with 10.65 GHz and 89 GHz at H polarization (following the Figure 3). The circle dots mark the epicenters of the shock, with gray color for the days after shock.
Supplementary Figure S2 | Seismic distribution (Mw >4.0) and spatiotemporal evolution of MBT residuals with 10.65 GHz at H polarization from October to December in 2015 and 2016. The circle dots mark the epicenters of the different magnitude shock, with white, red, and gray color for the days before the earthquake, during the earthquake, and after the earthquake, respectively.
Supplementary Figure S3 | Time distribution of reported earthquake anomalies at multiple geosphere. The dashed line and solid line indicate the intermittent and continuous abnormality, respectively. The light blue dashed line represents the point in time when the anomalies appeared and disappeared.
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