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Abstract
In this study, we employ far-field GPS total electron content (TEC) observed in Hawaii to detect the ionospheric disturbances induced by the 2011 Tohoku tsunami. We observed tsunami-driven traveling ionospheric disturbances (TIDs) at two different times: at about 12:40 UT, there were TIDs in the disturbance series propagating at approximately 260 m/s in an outward direction from the tsunami’s source, and then, the signals began to weaken and gradually disappeared after 14:00 UT; however, at about 17:30 UT, the TIDs appeared again in the disturbance series with similar propagation characteristics. According to the observation times, the former TIDs can be attributed to the straight tsunami from the mainshock, while the latter TIDs are most likely driven by tsunami from aftershocks. Furthermore, we also observed tsunami-like TIDs at about 11:50 UT with similar horizontal velocity and direction compared to tsunami waves. However, the arrival time of the TIDs was about 1.5 earlier than tsunami waves in the sea level and should be induced by other sources.
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Background
A tsunami is generated when a large oceanic earthquake or volcanic eruption causes a rapid displacement of the ocean floor. Tsunami detection by ionospheric monitoring is originated from the view indicated in Hines (1972) and Peltier and Hines (1976). The atmospheric gravity waves (AGWs) produced by tsunami can propagate obliquely in the atmosphere. During the upward propagation, the exponential decrease of the atmospheric density leads to significant increase of the gravity wave’s amplitude due to the energy conservation law. The AGWs interact with the plasma at ionospheric height, leading to the generation of traveling ionospheric disturbances (TIDs). The tsunami-driven TIDs have similar propagation characteristics in terms of horizontal velocity, direction, period, and observation time compared to the tsunami waves causing them (Rolland et al. 2010).
After the devastating 2004 Indian Ocean Tsunami, scientific communities pay many interests on observing tsunami by ionospheric sounding (Artru et al. 2005; Liu et al. 2006; Occhipinti et al. 2006; Mai and Kiang 2009; Hickey et al. 2010; Rolland et al. 2010; Galvan et al. 2011; Liu et al. 2011; Makela et al. 2011; Iyemori et al. 2013; Occhipinti et al. 2013). Due to the high spatial and temporal resolution, total electron content (TEC) derived from ground-based GPS has widely been used as the observations in the studies. The tsunami-driven TIDs are observed in ionosphere TEC after many tsunami events using ground-based GPS stations, suggesting that the ionosphere is sensitive to the tsunami waves and the ionospheric sounding has the potential application in tsunami warning. Although many scholars obtain a wealth of research results on the study of GPS ionospheric tsunami sounding, further research is necessary for more reasonable and comprehensive recognition of the issue, considering the complexity of real tsunami propagation.
The Tohoku (Japan) earthquake (Mw = 9) occurred at 05:46 UT on 11 March 2011 and then triggered powerful tsunami. Several scholars used the near-field GEONET GPS data in Japan to analyze this event and observed the tsunami-induced TIDs in ionosphere TEC (Liu et al. 2011; Rolland et al. 2011; Tsugawa et al. 2011; Occhipinti et al. 2013). In this study, we apply the GPS TEC observations in Hawaii, which is far away from the epicenter, to detect the tsunami-driven TIDs after the 2011 Tohoku tsunami. Hawaii is located at the center of the Pacific Ocean that is very suitable for tsunami monitoring in the open sea.
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where k is the conversion factor between TEC and observation (k ≈ 0.105 m/TECU); b is an unknown constant bias. Although Equation 1 cannot acquire the absolute value of TEC at a particular time, it can capture the TEC variation over time with high precision, which is important for TID detection.
In this paper, we employ a second-order numerical difference method to eliminate the diurnal variation and the bias in TEC (Tang and Zhang 2014). This method is very simple and beneficial to real-time application. Compared to the first-order numerical difference applied in Hernandez-Pajares et al. (2006), the second-order numerical difference can also effectively detrend the TEC series with lower satellite elevation angle which is meaningful for tsunami monitoring. The difference process is as follows:[image: $$ \begin{array}{c}\hfill \varDelta s(t)\kern0.5em =\kern0.5em s(t)\kern0.5em -\kern0.5em 0.5\left(s\left(t\kern0.5em -\kern0.5em \tau \right)\kern0.5em +\kern0.5em s\left(t\kern0.5em +\kern0.5em \tau \right)\right)\hfill \\ {}\hfill {\varDelta}^2s(t)\kern0.5em =\kern0.5em \varDelta s(t)\kern0.5em -\kern0.5em 0.5\left(\varDelta s\left(t\kern0.5em -\kern0.5em \tau \right)\kern0.5em +\kern0.5em \varDelta s\left(t\kern0.5em +\kern0.5em \tau \right)\right)\hfill \end{array} $$]
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where t is the observation epoch; τ is the time step; Δs(t) and Δ2
                        s(t) are the first-order and second-order difference series, respectively.
The second-order difference series and primitive TID signal have the same period (T), and the ratio of amplitude is 4 sin4(πτ/T) (Tang and Zhang 2014). According to the expression, the correlation between the amplitude ratio and the TID period is plotted in Figure 1 with τ = 300 s. As shown in Figure 1, the sensitive period scope is 6 to 25 min with ratio bigger than 0.5, which is suitable for the TID detection induced by the tsunami.[image: A40623_2015_240_Fig1_HTML.gif]
Figure 1The ratio of the amplitude in term of TIDs’ period. The time step is 300 s and the maximum ratio is 4 with a period of 10 min. TID, traveling ionospheric disturbance.




                     

Results and discussion
The GPS observations in Hawaii are collected from the public website of UNAVCO (http://​www.​unavco.​org/​), and the locations of the stations are showing in Figure 2. The number of the ground-based stations is about 60, and data sampling rate is 30 s, which is enough to observe the TIDs induced by AGWs. A single-layer model with a height of 350 km is used to obtain the vertical TEC (vTEC) values and positions of ionospheric pierce point (IPP). Then, we employ the second-order numerical difference method to extract the vTEC variation series.[image: A40623_2015_240_Fig2_HTML.gif]
Figure 2The locations of GPS ground stations and tsunami stations in Hawaii. The green dots indicate the GPS ground stations, the blue triangle notes the tide-gauge station, and the yellow square marks the DART station.




                     
In order to distinguish the tsunami-driven TIDs from the vTEC variation series, we plot the vTEC variations as a function of distance and time, namely, the time-distance map: the origin is the epicenter of the earthquake, the X-axis is the observation time, and the Y-axis is the distance between the IPP and the epicenter. Figure 3 shows the time-distance map of vTEC variations during different observation times. Considering that tsunami-driven TIDs have similar propagation characteristics as the tsunami causing them, an effective way to distinguish ionospheric signals associated with tsunami is to search for perturbations with horizontal velocity around 200 m/s (the approximate speed of tsunami) and direction outward from the tsunami’s source (Galvan et al. 2011).[image: A40623_2015_240_Fig3_HTML.gif]
Figure 3The time-distance maps of vTEC variations during different observation times. Panels (a-c) are for all the visible satellites and panel (d) for satellite PRN 22. The black lines in panel (a) and panel (d) indicate the propagation velocity, and the ellipse in panel (c) marks the position of tsunami-driven TIDs. The black line in panel (a) approximately separates TIDs in different times.




                     
As shown in Figure 3a, there are obvious tsunami-like TIDs with horizontal velocity of approximately 260 m/s in an outward direction from the epicenter that appeared at about 11:50 UT, which is observed by GPS PRN 29. This horizontal velocity is similar to the tsunami speed over adjacent area, which can reach to [image: $$ v\kern0.5em =\kern0.5em \sqrt{gh}\kern0.5em =\kern0.5em 242 $$] m/s with a depth (h) of 6 km and a gravity (g) of 9.8 m/s2. To examine the signal in the ionosphere, the sea-level tsunami measurements recorded by a coastal tide gauge in Nawiliwili and a DART buoy (51407) at adjacent area are plotted in Figure 4. As can be seen in Figure 4, the tide gauge and DART buoy firstly observed the tsunami waves at about 13:10 and 13:20 UT. As showing in Figure 2, the trajectory of GPS satellite PRN 21 is very close to the position of DART buoy (51407). Figure 5a shows the vTEC variation series derived from satellite PRN 21 using ground station AHUP. Comparing Figures 4b and 5a, we can see that the arrival time of the TIDs was about 1.5 h earlier than the tsunami waves in the sea level. Considering that the tsunami signals in the ionosphere and sea level should have similar arrival time, the TIDs observed at about 11:50 UT are not triggered by the tsunami from the mainshock.[image: A40623_2015_240_Fig4_HTML.gif]
Figure 4The sea-level tsunami series and time-frequency diagrams. Panel (a) is the coastal tide gauge in Nawiliwili, and panel (b) is the DART 51407 buoy. Panels (c) and (d) are corresponding time-frequency diagrams.




                        [image: A40623_2015_240_Fig5_HTML.gif]
Figure 5The vTEC variation series and time-frequency diagrams. The results are derived from satellite PRN 21 (panel (a)) and satellite PRN 22 (panel (b)) using the observations in station AHUP. Panels (c) and (d) are corresponding time-frequency diagrams.




                     
Carefully examining Figure 3a, there are tsunami-like TIDs with a horizontal velocity of approximately 260 m/s in an outward direction from the epicenter that occurred at about 12:40 UT observed by GPS PRN 29. Then, the TIDs were detected by GPS PRN 21 at about 13:00 UT. Different from the previous TIDs that appeared at about 11:50 UT, the arrival time of the TIDs is consistent to the tsunami waves in the sea level with only 20-min intervals (seen in Figures 4b and 5a). Figures 4c, d and 5c also present the corresponding time-frequency diagrams for observed tsunami waves and ionospheric signals. The frequencies for tsunami waves during 13:00 to 15:00 UT are 1 ~ 2 mHz centered 1.42 mHz (period about 12 min). The center frequency is also 1.42 mHz for the vTEC variation series during this period, suggesting that the period of TIDs is similar to the tsunami waves as well. Based on the similar horizontal velocity, direction, arrival time, and period, the observed TIDs that appeared about 12:40 UT in the ionosphere are confirmed induced by tsunami waves.
As can be seen in Figure 3, the TID signals began to weaken and gradually disappeared after 14:00 UT. Furthermore, the water level of tsunami waves also decreased after 15:00 UT as shown in Figure 4. This indicates that the tsunami waves were over the Hawaii area and propagated to more remote areas. However, the amplitudes of vTEC variations began to increase at about 16:30 UT (see Figures 3c and 5b). This can be attributed to the diurnal variation of plasma density in the ionosphere increasing from night to day (the local time is about 06:00). During the period of sunrise or sunset, the energy in the atmosphere varies drastically and leads to the instability of the atmosphere, which might induce the ionospheric disturbances (Somsikov 1995).
As shown in Figure 3c, there were tsunami-like TIDs with horizontal velocity of approximately 250 m/s in an outward direction from the epicenter that appeared again at about 17:30 UT. Due to the superposition of vTEC variations, the signals are not very clear. To see more clearly, we use the ellipse mark of the position of tsunami-driven TIDs in Figure 3c and plot the time-distance map separately for satellite PRN 22 in Figure 3d. As discussed above, the horizontal velocity of the tsunami-driven TIDs is also similar to tsunami speed over adjacent area. Furthermore, the water level increased significantly at about 17:30 UT recorded by the tide gauge (see Figure 4a), indicating the arrival of tsunami waves. This means that the observation time between tsunami-like TIDs and tsunami waves is consistent. It should be noted that the DART buoy did not record the increased water level at similar time. The reason may be that the tsunami waves did not pass the region near the buoy.
Similarly, to compare the period between the detected TIDs and the tsunami waves, the vTEC variation series derived from satellite PRN 22 using the observations in station AHUP and corresponding time-frequency diagram are also plotted in Figure 5. As can be seen in Figures 4c and 5d, both of the TIDs and tsunami waves have center frequencies of 1.42 and 1.75 mHz (period about 9.5 min), respectively, during 17:00 to 19:00 UT, indicating that they have similar periods. To remove possible recurrent TIDs, we also process the data on the same time before and after the event day and do not observe similar results. As shown in Figure 6, the disturbance velocities are about 1,500 and 900 m/s on the day before and after the event day, respectively, during 17:30 ~ 18:00 UT, which is far larger than the tsunami velocity. So, it can also be confirmed that the observed TIDs that appeared about 17:30 UT in the ionosphere on the event day were triggered by the tsunami in view of their similar propagation characteristics in terms of horizontal velocity, direction, period, and observation time.[image: A40623_2015_240_Fig6_HTML.gif]
Figure 6The time-distance maps of vTEC variations for GPS PRN 22. The left panel is the day before the event day, and the right panel is the day after the event day.




                     
To obtain more reliable results, the propagation characteristics for all observed TIDs are estimated (Wang et al. 2007; Zhang et al. 2013), and the results are listed in Table 1. The basic processes for the estimation method are as follows: 1) extract the Fourier coefficient complex phase differences (time delay in the frequency domain) between the TEC variation series observed at least three stations by Fourier transform; 2) assuming the TIDs are planar waves, the wave numbers in the X-axis (pointing to the east direction) and Y-axis (pointing to the north direction) can be solved according to the coordinates of stations and the phase differences; and 3) estimate the horizontal velocity and azimuth of the TIDs according to the horizontal wave numbers. As seen from the table, the horizontal velocities for the TIDs that appeared at about 12:40 and 17:30 UT are all about 244 m/s, which are very close to the tsunami velocity at the adjacent area, confirming that they are triggered by the tsunami waves.Table 1
                        The propagation characteristics for observed TIDs
                      


	
                            TIDs
                          
	
                            T
                            (UT)
                          
	
                            v
                            
                              h
                            
                            (m/s)
                          
	
                            A
                            
                              z
                            
                            (°)
                          

	1
	11:50
	263.18
	132.60

	2
	12:40
	244.67
	126.87

	3
	17:30
	244.54
	112.68


The expressions T, v
                                 
                        h
                      , and A
                                 
                        z
                       represent the arrival time, horizontal velocity, and azimuth, respectively. TID, traveling ionospheric disturbance.



                     
The above observations show that the tsunami-driven TIDs appeared at different times: the former TIDs were observed at about 12:40 UT and the latter TIDs at about 17:30 UT. According to the observation time, the tsunami waves that induced the former TIDs can be attributed to the mainshock. As mentioned above, the tide gauge and DART buoy recorded significant amplitudes of the tsunami waves. They began at about 13:00 UT and then gradually decreased after 15:00 UT suggesting the lack of energy. However, another group of tsunami waves with larger amplitudes that triggered the latter TIDs appeared again at about 17:30 UT. Considering the similar propagation direction to tsunami waves observed at about 17:30 UT, the possible cause leading to the latter tsunami waves might be the aftershocks. According to the records, there were several aftershocks (Mw > 6.5) near the epicenter of mainshock within 5 h that might trigger new tsunami.

Conclusions
In this paper, we use the far-field ionospheric TEC derived from ground-based GPS observations in Hawaii to detect the TIDs triggered by the 2011 Tohoku tsunami. The tsunami-driven TIDs had similar propagation characteristics in terms of horizontal velocity, direction, period, and observation time compared to the tsunami waves causing them, confirming again that the ionosphere is sensitive to the tsunami waves. These tsunami-driven TIDs appeared at different times: the former TIDs are observed at about 12:40 UT and disappeared at about 14:00 UT, and then, the latter TIDs appeared at about 17:30 UT. This is the first time we observed the phenomenon. The former TIDs can be attributed to the straight tsunami from the mainshock just like previous literatures, while the latter TIDs are most likely driven by tsunami from aftershocks. Furthermore, we also observed tsunami-like TIDs at about 11:50 UT with similar horizontal velocity and direction but different arrival time compared to tsunami waves in the sea level, suggesting that they may be induced by other sources.
The results supply a new case showing that the tsunami can trigger the TIDs. More importantly, the observation results indicate that the straight tsunami from the mainshock might not be the only source to induce the disturbances. This study provides a new recognition of tsunami-driven TIDs and support for the future tsunami-warning system.
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