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Strong earthquakes are a major cause of natural disasters and may also be related to heavy rainfall events. Both phenomena have received considerable attention in seismology and meteorology, two relatively independent disciplines, but we do not yet know whether there is a connection between them. We investigated the characteristics of daily rainfall over seismic areas in China. Our statistical analyses showed that there is a strong correlation between strong earthquakes (Ms ≥ 6.0) and rainfall over the seismic area, with 74.9% of earthquakes in China accompanied by seismic epicenter rainfall and 86.6% by seismic area rainfall. The statistics also showed that the daily precipitation over the seismic area, including the epicenter, was mainly light rain, with only a few instances of torrential or storm rain, with 80% of the rainfall events lasting two or more days. The maximum cumulative precipitation corresponded well with the strong earthquakes occurring over steep terrain, such as the Taiwan central mountains and the eastern Tibetan Plateau. The earthquake area rainfall had a higher frequency than the 30-years climatological average and was dominated by earthquake events in the wet season. The WRF-ARW numerical simulation of seismic local rainfall during the devastating Ms 8.0 Wenchuan earthquake in May 2008 showed that the geothermal heat from the earthquake strengthened the local convergence of moisture and vertical motion near the epicenter and the upward transport of the sensible heat flux, which favored seismic rainfall. The results of this study show that rainfall in the seismic area is closely related to strong earthquakes and can be triggered and enhanced by geothermal heat.
Keywords: seismic rainfall, epicenter rainfall, geothermal heating, strong earthquake, numerical simulation
INTRODUCTION
Earthquakes and rainfall are two different natural phenomena, but there are some linkages between their mechanisms. Many climate and weather phenomena, including violent cyclonic storms, arise from air–sea interactions. Earthquakes are caused by collisions between the Earth’s tectonic plates. Large amounts of heat energy are produced by these collisions and warm the Earth’s crust around the epicenter. Land surface temperature anomalies have been observed before earthquakes and have been used in earthquake prediction studies (Bhardwaj et al., 2017). Tectonics is also affected by weather phenomenon. Storms and typhoons may lead to microseismic events (Wang et al., 2018), which can also be triggered by rainfall (Hainzl et al., 2006). The atmospheric anomalies observed in earthquake events include high air temperatures (Alvan et al., 2014), low pressures associated with blocking (Mansouri Daneshvar et al., 2015), cloud and aerosol anomalies (Guo and Wang, 2008), and an increase in carbon-bearing gases (Cui et al., 2016). Although most of these studies are based on single case studies in individual regions, they provide clues to the relationship between the Earth’s atmosphere and earthquakes.
Studies using long time series of data have shown some evidence of local thermal and precipitation abnormalities before earthquakes. For example, the concept of a thermal vortex, referring to a zone of anomalously high soil temperatures, has been used to predict earthquakes in mainland China (Tang and Gao, 1995). Similarly, most strong earthquakes in southern California are preceded by a drought–flood pattern consisting of a few years of drought (below-normal precipitation) terminated by one or more consecutive seasons of heavy (above-normal) rainfall (Huang, et al., 1979). Kraft et al. (2006) found that seismicity had a significant correlation with rainfall and groundwater levels. The highest seismic activity in the summer months always corresponded with the highest annual precipitation. Statistical studies have also shown that the accumulated rainfall (surface latent heat flux) was >10 mm (>50 W m−2) over 3–23 days prior to the main shock of major earthquakes in the Middle East (Mansouri Daneshvar et al., 2014). Many episodes of heavy rainfall have occurred during strong earthquakes in Taiwan Island and mainland China, including the Ms 7.6 Chi-Chi earthquake on September 21, 1999, the Ms 7.2 Xingtai earthquake on March 22, 1966, the Ms 7.8 Tangshan earthquake on July 28, 1976 and the Ms 8.0 Wenchuan earthquake on May 12, 2008. A strong earthquake plus torrential rain leads to an increase risk of disaster.
There is much evidence to suggest a close relationship between earthquakes and local rainfall, but the physical mechanisms require further exploration. We statistically analyzed the frequency of rainfall, the rainfall start time, rainfall duration and seismic daily precipitation for strong earthquakes in mainland China and Taiwan. We then carried out a diagnostic analysis and numerical simulation for the catastrophic Ms 8.0 Wenchuan earthquake on May 12, 2008 to try to explain the influence of strong earthquakes on local rainfall. This topic is a crossover between the atmospheric sciences and tectonics. Our preliminary results suggest that the release of tectonic heat may have a major role in seismic rainfall.
DATA AND METHODS
Data
We used the China Unified Earthquake Catalog Network dataset (1970–2018) from the China Earthquake Data Center (CEDC) of China Earthquake Administration (https://data.earthquake.cn/gcywfl/index.html), the China Ground-Based Daily Meteorological Elements dataset (V3.0) (1970–2018) from the National Meteorological Information Center, China Meteorological Administration and daily precipitation data from 21 rain gauges over Taiwan island from the National Central Weather Bureau in the same time period. We also used the National Centers for Environmental Prediction (NCEP) final operational global analysis (FNL) dataset, which is available every 6 h with a (1 ° × 1 °) horizontal resolution and 26 vertical pressure levels from 1,000 to 10 hPa (http://rda.ucar.edu/datasets/ds083.2/). This product is generated by the Global Data Assimilation System, which continuously collects real-time observational data from the Global Telecommunications System.
Methods
We analyzed daily precipitation data over the seismic area during the earthquake period. The earthquake time range was defined by the adjacent five days—that is, the outbreak day and the 2 days before and 2 days after the outbreak day. We called this 5-day range the influential period. Earthquakes with a magnitude ≥6.0 on the Richter scale were defined as strong earthquakes. There were a total of 262 strong earthquake events in China in the time period 1970–2018 based on the CEDC/CEA datasets. Aftershocks and seaquakes were removed from the data.
Two categories of precipitation in the influential period were used in statistical and diagnostic analysis: the epicenter rainfall and the seismic area rainfall. The rainfall at the station nearest to the epicenter was used to represent the epicenter rainfall. Some of the seismic events occurred in the central and western Tibetan Plateau, where there is only a sparse distribution of meteorological stations. In these cases, the nearest station was defined as a station <100 km from the epicenter for an Ms ≥ 6.0 earthquake, <200 km for an Ms ≥ 7.0 earthquake and <400 km for an Ms ≥ 8.0 earthquake. Considering the different impact radius of earthquakes with different magnitudes, for the definition of seismic area rainfall, the epicenter was taken as the center of a circle and the meteorological observational station with the maximum rainfall within a radius of 100 km for an Ms ≥ 6.0 earthquake, 200 km for an Ms ≥ 7.0 earthquake and 400 km for an Ms ≥ 8.0 earthquake was used to represent the seismic area rainfall. Figure 1 shows a schematic diagram of the seismic epicenter and area rainfall for Ms ≥ 7.0 earthquakes. According to the above definition, the epicenter rainfall is included in the seismic area rainfall.
[image: Figure 1]FIGURE 1 | Schematic diagram of the seismic epicenter rainfall and seismic area rainfall for an Ms ≥ 7.0 earthquake. The red dot represents the epicenter and the three gray dashed circles denote the influence area for Ms ≥ 6.0, Ms ≥ 7.0 and Ms ≥ 8.0 earthquakes, respectively. The black stars show the locations of the meteorological stations and the daily precipitation (units: mm) is overlaid in gold numbers.
The 24 h accumulated precipitation on the day of the earthquake and 2 days before and after the earthquake was recorded and denoted as Pr (−2d), Pr (−1d), Pr (0d), Pr (+1d) and Pr (+2d), respectively. The daily rainfall categories were defined by the China National Standard GB/T 28592-2012 as light rain (0.1–9.9 mm), moderate rain (10.0–24.9 mm), heavy rain (25.0–49.9 mm), torrential rain (50.0–99.9 mm), heavy torrential rain (100.0–249.9 mm) and extraordinary storm rain (≥250.0 mm). Each year was divided into dry (October–April) and wet (May–September) seasons based on the seasonal characteristics of the East Asian monsoon and associated rain belt.
A numerical simulation was also carried out on the devastating Ms 8.0 Wenchuan earthquake on May 12, 2008 using the Advanced Research Weather Research and Forecasting model version 4.0 (WRF-ARW V4.0) to determine the relation between the earthquake and local rainfall. WRF-ARW is a fully compressible Euler non-hydrostatic model with a hybrid terrain-following vertical coordinate scheme. We used the third-order Runge–Kutta scheme for integration with a smaller time step for the gravity wave mode (Skamarock et al., 2019). Triple two-way interactive nested domain grids centered on (31°N, 103°E) are designed. All three domains were integrated from 00:00 UTC on May 12, 2008 to 00:00 UTC on May 14, 2008. The initial and boundary conditions were interpolated from the NCEP FNL datasets with a spatial resolution 1° and 6 h temporal resolution. The resolutions of the static terrain data were 10′, 5′ and 2′ for the three nested mesh domains and the grid resolutions were 18.5, 9.3 and 3.7 km, respectively. The model top was set at 50 hPa and the vertical resolution was 35 sigma levels. Besides, the WRF single moment 6-class (WSM6) microphysics parameterization scheme (Hong and Lim, 2006), Kain-Fritsch cumulus parameterization (Kain, 2004), and Yonsei university (YSU) planetary boundary layer scheme (Hong et al., 2006) are used.
DAILY RAINFALL PROPERTIES OVER THE SEISMIC AREA
There were 262 strong earthquakes (Ms ≥ 6.0) in the study area between 1970 and 2018. Figure 2 shows the spatial distribution of the earthquakes and the corresponding weather stations. A total of 105 (40.1%) earthquakes occurred on Taiwan island and 157 (59.9%) in mainland China. A total of 119 (45.4%) earthquakes occurred in the wet season (May–September) and 143 (54.5%) in the dry season (October–April).
[image: Figure 2]FIGURE 2 | Spatial distribution of strong earthquakes (Ms ≥ 6.0; red dots) and the corresponding meteorological stations (black dots) in China.
Figure 2 shows that the meteorological stations were densely distributed in the seismic area or near the epicenter, except in some sparsely inhabited parts of the Tibetan Plateau. Statistical results show that the average distance are 37.2, 42.1 and 59.5 km between the meteorological stations and the epicenter of 6.0 ≤ Ms ≤ 6.9, 7.0 ≤ Ms ≤ 7.9 and Ms ≥ 8.0 earthquakes, respectively.
Figure 3 shows the distribution of rainfall over the seismic area (including the epicenter) during the influential period for the Ms 7.8 Tangshan earthquake on July 28, 1976. The daily precipitation was mainly light rain at the epicenter, but was much heavier over the seismic area.
[image: Figure 3]FIGURE 3 | Rainfall in the influential period of the Tangshan Ms 7.8 earthquake. The red star represents the epicenter and the colored dots denote different grades of precipitation (units: mm).
Rainfall Frequency
A total of 223 earthquakes among the sample of 262 earthquakes met the criterion defined in Data and Methods and the remaining 39 earthquakes were excluded because there was no weather station within the seismic area. Seismic area rainfall was recorded on at least 1 day of the influential period for 193 earthquakes (86.6%) and seismic epicenter rainfall was recorded in the influential period for 167 earthquakes (74.9%). This suggests a strong connection between strong earthquakes and precipitation over the seismic area, including the epicenter.
Rainfall Occurrence Time and Duration
For the beginning day of rainfall relative to the earthquake occurrence during the influential period, statistics show that there were 89 Pr (−2d), 31 Pr (−1d), 23 Pr (0d), 9 Pr (+1d) and 15 Pr (+2d) epicenter rainfall samples, respectively. And there were 895 Pr (−2d), 270 Pr (−1d), 275 Pr (0d), 206 Pr (+1d) and 97 Pr (+2d) seismic area rainfall samples, respectively. It can be concluded that 71.8% (53.3% + 18.5%) of the epicenter rainfall and 66.8% (51.3% + 15.5%) of seismic area rainfall occurred before strong earthquakes, which suggests that rainfall over the seismic area is indicative of the occurrence of strong earthquakes and it may be related to the geothermal releasing.
In terms of the rainfall duration, that is the number of rainy days for a specific strong earthquake event, 26, 42, 30, 31 and 38 cases had five rainy days, four rainy days, three rainy days, two rainy days and one rainy day over the seismic epicenter, respectively. For the seismic area rainfall, the case numbers for five rainy days, four rainy days, three rainy days, two rainy days and one rainy day are 308, 342, 366, 404 and 323, respectively. Thus, 77.2% of the epicenter rainfall and 81.5% of the seismic area rainfall lasted for two or more days during the 5-days influential period that we defined.
Temporal Distribution of Precipitation
Most of the epicenter precipitation in the influential period fell as light rain (Figure 4). Heavy rainfall in the region of the epicenter and beyond tended to occur during or after earthquakes. The proportion of heavy torrential rain was highest 2 days after the earthquakes, whereas the highest proportion of extraordinary storms occurred 1 day after the earthquakes. Heavy torrential rain and extraordinary storms never occurred before the earthquakes during the study period.
[image: Figure 4]FIGURE 4 | Grade of daily precipitation (units: mm) for epicenter rainfall in the influential period.
The trend of daily precipitation in the seismic area during the influential period (Figure 5) was similar to that of epicenter rainfall. The rainfall over the seismic area was mainly light or moderate, with average proportions of 74.6 and 14.3% in the influential period, respectively. Higher grades of precipitation in seismic area rainfall tended to occur 1 day after an earthquake and the proportion of heavy torrential rain reached a maximum of 1.3% 2 days after an earthquake.
[image: Figure 5]FIGURE 5 | Grade of daily precipitation (units: mm) for seismic area rainfall in the influential period.
Spatial Distribution of Precipitation
The spatial distribution of the 5-day accumulated precipitation near the epicenter (Figure 6A) shows that the earthquakes in Taiwan island were accompanied by the heaviest precipitation, with some earthquake events accompanied by daily precipitation ≥250 mm. The highest precipitation in mainland China occurred on the eastern side of the Tibetan Plateau, which is a north–south zone in terms of seismology, and the precipitation had similar features to that over Taiwan Island. Precipitation was highest on the northeast side of the Sichuan basin. The highest cumulative precipitation corresponds well to the steepest terrain along the seismic belt. The steep terrain may strengthen the rainfall associated with earthquakes.
[image: Figure 6]FIGURE 6 | Spatial distribution of strong earthquakes (gray dots) in China and the corresponding 5-day accumulated precipitation (colored dots, units: mm) in the influential period (A) near the epicenter and (B) in the seismic area.
CLIMATOLOGICAL ANOMALIES IN PRECIPITATION OVER THE SEISMIC AREAS
We analyzed the climatological anomalies in precipitation over the seismic area from 1971 to 2000. The climatological state of precipitation was calculated over the seismic area for each strong earthquake and therefore the average precipitation frequency was dependent on the proportion of weather stations within the radius of influence. We then calculated the anomalies in the frequency of precipitation in the year of the earthquake relative to the 30-years average (Table 1).
TABLE 1 | Climatological anomalies in rainfall frequency over the seismic area.
[image: Table 1]We compared the rainfall frequency for each of the 223 strong earthquakes in the 49-years study period with the 30-years climatological average. A total of 129 (57.8%) earthquake events had more frequent rainfall and 86 (38.6%) had less frequent rainfall. This means that rainfall was more likely to occur during strong earthquake events (Ms ≥ 6.0) from the perspective of climatological anomalies (Table 1). Furthermore, implied by the wet season and dry season comparison analysis results in Table 1, strong earthquakes in the wet season are more likely to trigger rainfall events than that in the dry season.
NUMERICAL SIMULATION OF RAINFALL ASSOCIATED WITH THE WENCHUAN EARTHQUAKE
The devastating Ms 8.0 Wenchuan earthquake of May 12, 2008 occurred in a region where the steep terrain of the eastern edge of the Tibetan Plateau is in Sichuan province. The catastrophic earthquake caused enormous economic losses and claimed many human lives (Chen, 2009). The dataset for the seismic area rainfall is based on weather observations. Using the NCEP reanalysis datasets, Shi et al. (2010) confirmed that temperature and precipitation anomalies were present before the earthquake and that the daily anomaly centers were around the epicenter. Based on the observational dataset from 142 automatic rain gauge stations in Sichuan province, Min and Xu (2008) showed that the mean daily air temperature in the most severely affected counties in the seismic area were higher than the 30-years climatological average, except on rainy days.
The land surface temperature is a crucial factor in demonstrating the impact of earthquakes on the Earth’s atmosphere (Zhao et al., 2019). Figure 7 clearly shows a diurnal variation in the surface and 850 hPa temperatures over the seismic area (31–34°N, 103–106°E), with the highest at 06:00 h UTC and the lowest at 00:00 h UTC. The 850 hPa temperature shows a similar variation trend with the surface temperature and both are generally warmer than the 30-years mean. This suggests that the surface of the epicenter and the lower region of the air column are warmer around the time of the earthquake, consistent with previous studies (Min and Xu, 2008; Shi et al., 2010).
[image: Figure 7]FIGURE 7 | Mean distribution of temperature (units: K) in the seismic area around the earthquake. The blue dashed line denotes the occurrence time of the earthquake.
An analysis of the atmospheric circulation field before the earthquake (Figure 8) shows that there is a clear zone of convergence of the water vapor flux over the seismic area 24 h before the earthquake and that this is coordinated with vertical upward motion, which is strongest near the epicenter (Figure 8A). The convergence zone of the water vapor flux and vertical upward motion is maintained and enhanced at the time of the outbreak of the earthquake (Figure 8B). Warming of the ground and lower atmosphere near the epicenter of the earthquake (Figure 7) favors this vertical motion, and convergence of the water vapor enhances the water supply (Figure 8). This leads to rainfall over the epicenter and seismic area. As a result of the lack of real-time observational data over the seismic area and the coarse resolution of the NCEP FNL datasets, this hypothesis needs further verification with a high-resolution numerical simulation.
[image: Figure 8]FIGURE 8 | Divergence of the water vapor flux (shading, units: 10–8 g hPa−1 cm−2 s−1) and vertical velocity (red dashed lines, units: Pa s−1) at 700 hPa derived from the NCEP FNL datasets for (A) 06:00 UTC on May 11, 2008 and (B) 06:00 UTC on May 12, 2008. The blue plus signs and blue lines indicate the Tibetan Plateau and the black dot is the epicenter of the earthquake.
A comparison of the 48-h accumulated precipitation of the control simulation with the observations (Figure 9) showed that the spatial distribution of the simulated precipitation was consistent with the observations. The model reproduced the area of heavy rainfall with precipitation ≥50 mm near the epicenter, although the modeled range of the strongest precipitation was larger and more dispersed than the observations (Figure 9). This main be caused by the different resolutions of the numerical model and the weather stations besides the initial conditions and model bias. Considering the sparse distribution of weather stations and the errors in the interpolation process, we selected the equitable threat score (ETS), which is commonly used in both operational and research verifications of precipitation, to quantitatively evaluate the simulation results. The definition and calculation formula are as follows (Gandin and Murphy, 1992).
[image: Figure 9]FIGURE 9 | The 48-h accumulated precipitation (units: mm) from 00:00 UTC on May 12 to 00:00 UTC on May 14, 2008 for (A) the observations and (B) the control simulation.
The ETS score can eliminate the number impact of statistical stations as threat scores, with its score ranging from −1/3 to one; an ideal ETS score is 1. We used the 1,043 grid within D03 in the calculation and the precipitation was divided into four magnitude groups of 0.1, 10, 25 and 50 mm. The corresponding ETS scores were 0.62, 0.42, 0.25 and 0.17 for precipitation over 0.1, 10, 25 and 50 mm, respectively. This indicates that the model can reasonably simulate precipitation over the seismic region.
We conducted three groups of six sensitive experiments to simulate the impact of abnormal heating arising from earthquakes on rainfall over the seismic area. We changed the surrounding temperature, including the surface skin temperature (TSK), the soil temperature (TSLB; in four layers 10, 30, 60 and 100 cm below the ground surface) and the soil temperature of the lower boundary (TMN; 2 m below the ground surface). The spatial distribution of TSK, TLSB and TMN in the influential period of the earthquake showed that the epicenter corresponded to higher temperatures.
Shi et al. (2010) reported that the climatological anomaly of the daily average air temperature was about 3–5 K around the Wenchuan area on May 12, 2008. The values of TSK, TSLB and TMN in our simulation domain were in the range 259.4–303.6 K, 260.2–306.8 K and 253.6–303.6 K, respectively. To better characterize the heterogeneous impact of the release of geothermal energy on the variation in land surface temperature, we multiplied the original values of TSK, TSLB and TMN in each domain by 0.5, 1.0 and 1.5% as perturbations and then added or subtracted these values from the initial TSK, TSLB and TMN field to generate a new initial field. If the temperature increased or decreased by 1.5%, then the maximum change in temperature was about 4.6 K, which was close to the observational results (Shi et al., 2010). Table 2 gives detailed descriptions of these six experiments.
TABLE 2 | Description of the sensitivity experiments.
[image: Table 2]Figure 10 shows the 48-h accumulated precipitation for the TMP+1.5 and TMP−1.5 sensitivity experiments and their difference between the CTL experiments. Compared with the control simulation (Figure 9B), the range of the torrential rain clearly increased near the epicenter in the TMP+1.5 simulation, whereas it decreased in the TMP−1.5 simulation. There was a similar variation trend in the other four sensitivity experiments (figure omitted). Specifically, after increasing the temperature of TSK, TSLB and TMN, the scope of the torrential rain increased, and vice versa. The higher the temperature, the larger the precipitation range is. The following analyses of the mechanism focus on the TMP+1.5 and TMP−1.5 sensitivity experiments. Not all of the grid points in the whole simulated domain showed the same trend of accumulated precipitation because this is also related to the topography and properties of the land surface (Figures 10A,B), but their influence is negligible (Figures 10C,D).
[image: Figure 10]FIGURE 10 | The 48-h accumulated precipitation (units: mm) from 00:00 UTC on May 12 to 00:00 UTC on May 14, 2008 for (A) the TMP+1.5 experiment, (B) the TMP−1.5 experiment, (C) the difference between the CTL and TMP+1.5 experiments and (D) the difference between the CTL and TMP−1.5 experiments. The black dots represent the epicenter of the earthquake and the green dashed rectangle represents the area near the epicenter.
The simulated results show that the range of larger sensible heat flux area (>150 W m−2) in TMP+1.5 experiment was significantly increased compared with the control simulation (Figures 11A,B,D), whereas it was significantly decreased in the TMP−1.5 experiment (Figures 11A,C,E). The latent heat flux showed similar variation characteristics (figure omitted). The outbreak of an earthquake can release geothermal energy, which increases the upward transport of the sensible heat and latent heat fluxes from the land surface to the lower troposphere. The simulated wind circulation showed that ascending motion was widely distributed around the epicenter (Figure 12A). Simulations with an increase in temperature from a geothermal heat source could favor ascent around the epicenter of the earthquake (Figure 12B), whereas decreasing temperatures could restrain upward motion and even result in descent over the epicenter (Figure 12C).
[image: Figure 11]FIGURE 11 | The 48-h average surface sensible heat flux (units: W m−2) from 00:00 UTC on May 12 to 00:00 UTC on May 14, 2008 for (A) the CTL experiment, (B) the TMP+1.5 experiment, (C) the TMP−1.5 experiment, (D) the difference between the CTL and TMP+1.5 experiments and (E) the difference between the CTL and TMP−1.5 experiments. The black dot represents the epicenter of the earthquake.
[image: Figure 12]FIGURE 12 | West–east-oriented vertical cross-section of the simulated wind circulation (stream, units: m s−1) along the epicenter at latitude 31.01° N for 18:00 UTC on May 12, 2008 for (A) the CTL experiment, (B) the TMP+1.5 experiment and (C) the TMP−1.5 experiment. The green dashed line denotes the epicenter of the earthquake at longitude 103.42° E; the gray shaded area represents the topography and the red solid lines are the contours of zero vertical velocity (units: m s−1).
The water vapor flux divergence field and the vertical velocity at 500 hPa show the area of convergence of the water vapor flux and upward motion (Figures 13A–C) and correspond to the simulated area of heavy precipitation (Figure 10). The warmer temperatures of the ground and lower troposphere favored vertical motion and a stronger moisture flux convergence, increasing rainfall over the seismic area (Figure 10D) and vice versa (Figure 10E).
[image: Figure 13]FIGURE 13 | The 48-h average water vapor flux (vectors, units: 10–3 g hPa−1 cm−1 s−1), divergence of water vapor flux (shading, units: 10–8 g hPa−1 cm−2 s−1), vertical velocity (blue lines, units: 10–2 m s−1) at 500 hPa from 00:00 UTC on May 12 to 00:00 UTC on May 14, 2008 for (A) the CTL experiment, (B) the TMP+1.5 experiment, (C) the TMP−1.5 experiment, (D) the difference between the CTL and TMP+1.5 experiments and (E) the difference between the CTL and TMP−1.5 experiments. The black dots denote the epicenter of the earthquake.
CONCLUSIONS AND FUTURE WORK
We found that earthquakes may lead to both epicenter and seismic area rainfall. We investigated the daily precipitation during the influential period over the epicenter and seismic area of strong earthquakes (Ms ≥ 6.0). We found that the rainfall over the seismic area within 5 days of an earthquake was closely related to strong earthquake events. A total of 74.9% the earthquake events in China were accompanied by epicenter rainfall and 86.6% by seismic area rainfall. The rainfall had a long duration, with 77.2% the epicenter rainfall and 81.5% of the seismic area rainfall lasting at least 2 days. The precipitation near the epicenter of strong earthquakes and over the seismic area was mainly light rain, although torrential or storm force rain was also seen. Higher cumulative precipitation corresponded well with strong earthquakes occurring in areas with steep terrain or on Taiwan Island. The seismic area rainfall had a higher frequency than the climatological rainfall, especially which associated with earthquakes in the wet season.
Our case study shows that the release of geothermal energy can strengthen the upward transport of the sensible and latent heat fluxes and that ascending motion near the epicenter of earthquakes increases the convergence of the water vapor flux, favoring rainfall over the seismic area. We determined preliminary statistics for the frequency of rainfall in Taiwan and mainland China. It showed that 82.8% of seismic epicenter rainfall and 91.5% of seismic area local rainfall occurs in Taiwan while 67.0% of seismic epicenter rainfall and 81.7% of seismic area local rainfall occurs in mainland China. This could be studied further by considering more sub-regions.
This is an interesting crossover topic between the solid Earth and atmosphere sciences. Further work should be carried out to explore the mechanism for the impact of geothermal outbreaks on local rainfall.
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