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7 [1] Tsunami ionospheric disturbances (TIDs) of the 26 December 2004 Mw 9.3 Sumatra
8 earthquake are detected by the total electron content (TEC) of ground-based receivers
9 of the global positioning system (GPS) in the Indian Ocean area. It is found that the
10 tsunami waves triggered atmospheric disturbances near the sea surface, which then
11 traveled upward with an average velocity of about 730 m/s (2700 km/hr) into the
12 ionosphere and significantly disturbed the electron density within it. Results further show
13 that the TIDs, which have maximum height of about 8.6–17.2 km, periods of 10–20 min,
14 and horizontal wavelengths of 120–240 km, travel away from the epicenter with an
15 average horizontal speed of about 700 km/hr (190 m/s) in the ionosphere.
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20 1. Introduction

21 [2] The ionosphere can be affected by a variety of
22 disturbances including, for example, solar disturbances,
23 geomagnetic storms, severe weather, volcanoes, and earth-
24 quakes [Davies, 1990]. Although the ionosphere is primar-
25 ily affected by solar and magnetospheric activities, while
26 solid Earth–related perturbations are generally small in
27 comparison, there is considerable evidence observed by
28 ionosondes and high-frequency (HF) Doppler sounding
29 systems that transient disturbances occurred in the iono-
30 sphere as a result of earthquakes [Bolt, 1964; Leonard and
31 Barnes, 1965; Davies and Baker, 1965; Row, 1966, 1967;
32 Yuen et al., 1969; Najita et al., 1974; Tanaka et al., 1984;
33 Artru et al., 2004]. Recently, scientists analyzing data
34 recorded from numerous ground-based receivers of the
35 global positioning system (GPS) have observed ionospheric
36 disturbances of the total electron content (TEC) triggered
37 by seismic surface waves [Calais and Minster, 1995;
38 Afraimovich et al., 2001; Ducic et al., 2003] and by tsunami
39 waves [Artru et al., 2005]. In this paper, we report distur-
40 bances of the ionospheric GPS TEC triggered by the Indian
41 Ocean tsunami of 26 December 2004.

422. Observation

43[3] A preliminary report by the U.S. Geological Survey
44gives the earthquake origin time at 0058:53 UT; its epicenter
45was located at 3.31�N, 95.95�E off the west coast of northern
46Sumatra http://earthquake.usgs.gov/eqcenter/eqinthenews/
472004/usslav/). The moment magnitude of 9.3 ranks it as the
48second largest earthquake in the world since 1900 and the
49largest one since the 1960 Chile earthquake [Stein and Okal,
502005]. Displacements of the adjacent seabed generated
51damaging tsunami waves that killed nearly 280,000 people
52http://earthquake.usgs.gov/eqcenter/eqinthenews/2004/
53usslav/) at countless coastal communities around the Indian
54Ocean. A maximum tsunami height of as much as 10 m was
55observed in several locations along the coast of the Indian
56Ocean, and amaximum height of about 70 cmwas reported in
57the open sea [Gower, 2005]. The tsunami propagated as long
58waves in the ocean with average speeds of about 700–
59800 km/hr depending on the water depth. The rupture length
60of the earthquake is over 1150 km [Kruger and Ohrnberger,
612005] as inferred from the first arrival times of tsunami
62recorded by tide gauge stations at Vishakapatnam in India
63and Cocos Island of Australia (K. Satake, 2005, http://
64staff.aist.go.jp/kenji.satake/Sumatra-E.html). Using the
65earthquake and its aftershocks as the source, propagation of
66the tsunami waves has been computed (K. Satake, 2005,
67http://staff.aist.go.jp/kenji.satake/Sumatra-E.html).
68[4] Ionospheric disturbances triggered by the tsunami in
69the India Ocean were also observed. Figure 1 sketches a
70cartoon showing the tsunami-induced acoustic gravity
71waves near the sea surface which travel vertically via the
72atmosphere then into the ionosphere and modify the elec-
73tron density or TEC within it. The TEC along the slant paths
74from GPS satellites to a ground-based receiver can be
75employed to detect the tsunami ionospheric disturbances
76(TIDs). Taking the ionosphere as a thin spherical shell at a

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 111, XXXXXX, doi:10.1029/2005JA011200, 2006

1Institute of Space Science, National Central University, Chung-Li,
Taiwan.

2Also at Center for Space and Remote Sensing Research, National
Central University, Chung-Li, Taiwan.

3Institute of Geophysics, National Central University, Chung-Li,
Taiwan.

4Institute of Statistics, National Central University, Chung-Li, Taiwan.
5Central Weather Bureau, Taipei, Taiwan.
6Department of Physics, Tokyo Gakugei University, Tokyo, Japan.

Copyright 2006 by the American Geophysical Union.
0148-0227/06/2005JA011200$09.00

XXXXXX 1 of 4



77 height of 350 km, then the intercept of the slant path on the
78 ionospheric shell surface can serve as a monitoring station
79 floating at an ionospheric point for observing the disturban-
80 ces. Twelve monitoring stations projected from the coco,
81 iisc, karr, dgar, and kerg ground receiving stations of the
82 international GPS services http://igscb.jpl.nasa.gov/) have
83 clearly detected the TIDs of differential TEC variations [Liu
84 et al., 2004] triggered by the tsunami of the Sumatra
85 earthquake (Figure 2). Note that, the differential TEC is
86 defined by subtracting each TEC from its previous 30-s
87 value, which is a simple two-point differentiation. The TIDs
88 observed by the monitoring stations near the epicenter, such
89 as those around iisc, karr, dgar, and coco, have shorter
90 periods of about 10–15 min. By contrast, the two monitor-
91 ing stations around kerg at longer distances from the
92 epicenter yield a longer period of about 20 min. The average
93 horizontal speed of the TIDs derived from the arrival times
94 observed at all the monitoring stations is approximately
95 688 km/hr (Figure 2). Meanwhile, the arrival times of the
96 tsunami right under the 12 monitoring stations can be
97 extracted from the published simulation data (K. Satake,
98 2005, http://staff.aist.go.jp/kenji.satake/Sumatra-E.html)
99 and employed to derive the associated average horizontal
100 speed. It is found that the two average horizontal speeds are
101 nearly identical except that the TID lags behind the tsunami

102by about 8 min. From the ionospheric shell height of 350 km
103and the time lag, the average vertical speed of the acoustic
104gravity waves triggered by the tsunami traveling upward
105into the ionosphere is about 730 m/s, which is quite
106comparable to the previous observations of about 800 m/s
107of atmospheric gravity waves [Davies, 1990; Liu et al.,
1082005] as well as the average values of acoustic waves of the
109previous simulations [Artru et al., 2004, 2005].
110[5] A simple ray-tracing technique [Aki and Richards,
1112002] commonly used in seismology is employed herein to
112estimate the arrival times at the 12 monitoring stations for
113locating the earthquake source (or tsunami origin) as well as
114to find if the observed disturbances of the ionospheric GPS
115TEC is triggered by the tsunami. We first try to guess a
116location of the tsunami source; calculate travel time of the
117tsunami propagating horizontally away from the trial source
118and triggering the acoustic gravity wave which in turn
119propagates vertically to reach each monitoring station; and
120compute a standard deviation of the differences between the
121calculated and the observed arrival times. We repeat this
122procedure through the whole set of grid points (trial source
123locations) and then contour the computed standard devia-
124tions to find the minimum, which is then considered to be a
125possible source. Figure 3 shows that an average horizontal
126speed of 191 m/s (about 700 km/hr) and an average vertical
127speed of 730 m/s give an optimal induced time at
1280106 UT±15 min and source location at –1�N, 93�E which
129is about 580 km southwest of the earthquake epicenter. Note
130that the average horizontal and vertical speeds generally
131agree with those directly estimated from the time delay
132(Figure 2). Meanwhile, the estimated tsunami source loca-
133tion and the induced time are close to the epicenter and
134origin time of the earthquake given by the U.S. Geological
135Survey http://earthquake.usgs.gov/eqcenter/eqinthenews/
1362004/usslav/).

1373. Discussion and Conclusion

138[6] The West Coast/Alaska Tsunami Warning Center
139http://wcatwc.arh.noaa.gov/IndianOSite/IndianO12-26-
14004.htm) reports that the tsunami yields the maximum peak-
141to-trough height of 42 cm while the current TID observations
142reveal that the maximum peak-to-trough value in the differ-
143ential GPS TEC is about 0.16 TECU (total electron content
144units, 1 TECU= 1016 el m–2)/30 s (Figure 2). Liu et al. [2004,
1452006] show that the differential TEC, which stands for the
146frequency deviation of the GPS signals, is well correlated to
147Doppler shift in signals transmitted by a colocated HF
148(5.262 MHz) Doppler sounding system. On the basis of
149their results we estimate 1 TECU/30 s corresponding to
150an ionospheric layer at about 200 km altitudemoving 280m/s
151vertically. Assume the TID to be a cosine wave with a
152maximum velocity of 45 (= 280 � 0.16) m/s and a period
15310–20 min, we then obtain that the ionosphere has been
154uplifted by about 8.6–17.2 km around the Cocos Island of
155Australia. This generally agrees with Liu et al. [2005] and
156confirms that the amplification factor of the ionosphere
157relative to the near-Earth atmosphere is about 17,000–
15843,000, because of the exponential decrease of neutral density
159with height. The result also shows that the 10–20 min period
160TIDs (Figure 2) propagate with an average horizontal
161velocity of about 700 km/hr away from the source

Figure 1. Tsunami activated by an earthquake travels
away from the epicenter (blue star) along the ocean surface
(blue curve) and launches atmospheric gravity waves (blue
dashed arrows) which then propagate into the ionosphere
and trigger tsunami ionospheric disturbances (TID) (purple
curve). Slant total electron content (TEC) (grey dashed
arrows) is the integration of electron density along path
from a GPS satellite to a ground-based receiver. Vertical
component of slant TEC at intercept (or ionospheric point)
of slant path on ionospheric surface is termed a vertical TEC
(grey line). Each ionospheric point acting as a monitoring
station can be employed to detect TIDs. Footprint of
monitoring station on Earth’s surface is termed subiono-
spheric point. Grid for ray-tracing method is 1� � 1� latitude
by longitude. Solid blue and open pink stars denote
epicenter and trial source, respectively.
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Figure 2. Average horizontal speeds of TIDs and tsunami are shown. Arrival times (red triangles) vs.
distance from epicenter to each monitoring station are employed to compute average horizontal speed of
TIDs (red line). Arrival times of tsunami (black squares) at footprints (subionospheric points) of
monitoring stations, which are extracted from published simulation result, are used to find average
horizontal speed of tsunami (black line). Average vertical speed of acoustic gravity waves is estimated
from time lag between the two lines.

Figure 3. Contours of standard deviation of the differences between calculated and observed arrival
times are shown. Locations of ground-based GPS receivers and associated monitoring stations are
denoted by black triangles with station name and red triangles with GPS satellite number. Epicenter
reported by U.S. Geological Survey and calculated source are denoted by solid and open blue stars,
respectively.
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162 (Figures 2 and 3). Simply on the basis that the speed of
163 propagation equals the product of frequency and wave-
164 length, we obtain the TID horizontal wavelength ranging
165 from 117 to 233 km. Many geophysics factors could
166 trigger fluctuations of the ionospheric TEC, for instance,
167 traveling ionospheric disturbance, etc. To find whether the
168 GPS TEC disturbances are related to the 26 December
169 2004 tsunami, we further apply the ray-tracing technique
170 to locate the disturbance source. The agreement in the
171 locations of the calculated source and reported epicenter
172 confirms that the TIDs of the GPS TEC are indeed
173 triggered by the tsunami.
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