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ABSTRACT

Natural hazards including earthquakes, volcanic eruptions and tsunamis have been
significant threats to humans throughout recorded history. Global navigation satellite
systems (GNSS; including the Global Positioning System (GPS)) receivers have become
primary sensors to measure signatures associated with natural hazards. These signatures
typically include GPS-derived seismic deformation measurements, co-seismic vertical
displacements and real-time GPS-derived ocean buoy positioning estimates. Another way
to use GPS observables is to compute the ionospheric total electron content (TEC) to
measure, model and monitor post-seismic ionospheric disturbances caused by e.g.,
earthquakes, volcanic eruptions and tsunamis. In this paper, we discuss new applications
using examples of recent natural hazards that generated TEC perturbations. We present
results for state-of-the-art imaging using ground and space-based ionospheric
measurements and coupled atmosphere-ionosphere modeling of ionospheric TEC
perturbations. Our study strongly suggests that both ground-based and space-borne GPS
remote sensing techniques could play a critical role in detection and imaging of the upper
atmosphere signatures of natural hazards including earthquakes, tsunamis, and volcanic
eruptions. The GNSS-based remote sensing of natural-hazard induced ionospheric
disturbances could potentially be applied to operational tsunami and earthquake early
warning systems.

INTRODUCTION

Following the original work by Hines [1972], a series of observations and modeling
studies have been conducted in order to understand the physics of earthquake- and
tsunami-driven acoustic-gravity waves (AGWs) in the ionosphere by analyzing TEC
values retrieved from ionospheric Doppler sounding systems and dense GPS networks
[e.g., Artru et al., 2001; Astafyeva et al., 2011; Galvan et al., 2012; Komjathy et al.,
2012]. Recent research at NASA’s Jet Propulsion Laboratory using ground- and space-
based GPS measurements resulted in new and innovative GPS applications including the
use of ionospheric measurements to detect small fluctuations in the GPS signals between
the spacecraft and GPS receivers caused by natural hazards occurring on or near the
Earth’s surface. This continuing research is expected to provide early warning for
tsunamis, earthquakes, volcanic eruptions and asteroid atmospheric impacts, for example,



using real-time data from GPS and other global navigation satellite systems. In the
research reported in this paper, we discuss new applications using examples of recent
natural hazards that generated TEC perturbations. We present results for state-of-the-art
imaging and coupled atmosphere-thermosphere-ionosphere modeling of ionospheric
perturbations using ground and space-based ionospheric measurements.

By studying the propagation properties of ionospheric perturbations generated by natural
hazards along with applying sophisticated first-principles physics-based ionospheric
modeling, we are on track to develop new ground- and space-based technologies that can
potentially save human lives and minimize property damage.

METHOD OF GENERATING TEC MEASUREMENTS

The ionosphere is a dispersive medium for GNSS signals. The refractive index for a radio
wave of frequency f (to the st order) is n, = 1 —40.3N,/f?, where n, is the phase
refractive index and N, is the electron density. As a radio wave travels through the
ionosphere, one can calculate the excess phase delay 67, (in meters) from the refractive
index n, as:

81, = —40.3 - TEC/f>. [1]

GPS measurements from Gravity Recovery and Climate Experiment (GRACE) dual-
satellite precise orbit determination (POD) receivers are used to calculate GPS-derived
TEC time series from the carrier phase (®; and @,) and pseudorange data (P, and P»).
Furthermore, the GPS-derived TEC is given as

TEC =—22 (B _ (@, - ®,)) 2]
40.3(f2-f2) 2 17>

where f; and f; are the GPS L1 and L2 frequencies, @ is the carrier phase measurement,
and B is the ambiguity term defined, e.g., in Mannucci et al. [1993]. In addition, this
approach also applies to the retrieval of the change of the TEC time series (ATEC(t))
from GRACE K/Ka band ranging signals, which is defined as

ATEC(t) = dR(t) - f2,/40.3, [3]
where f,, = 32 GHz.
NATURAL HAZARD INVESTIGATIONS AND ANALYSIS
In this section, we summarize recent processing results for selected natural-hazard events
including the 2011 Tohoku-Oki earthquake and tsunami and the 2013 Chelyabinsk

asteroid impact on the atmosphere.

2011 Tohoku-Oki Earthquake and Tsunami. On March 11, 2011, a large (Mw = 9.0)
earthquake occurred off the Pacific coast of Tohoku, Japan (38.103'N, 142.861°E) at



05:46:23 UTC. It triggered a powerful tsunami with destructive run-up waves up to 10
meters in wave height. Concurrent GPS-based remote-sensing results indicate that the co-
seismic traveling ionospheric disturbances (TIDs) may be characterized with horizontal
propagation speeds of 3 km/s, 1 km/s, and 200 m/s that were found to be in agreement
with the propagation speeds of Rayleigh waves (3.3 km/s), acoustic waves (1 km/s at
altitude of 300 km in the ionosphere), and gravity waves triggered by a fault slip and its
following tsunami (200 m/s) respectively [Galvan et al., 2012]. It has been demonstrated
that large and dense GPS networks provide new opportunities to detect ionospheric
signatures of large earthquakes such as the Tohoku-Oki earthquake and the resulting
tsunami-induced ionospheric responses. However, TEC measurements from GPS
satellites to ground-based receivers are often affected by measurement biases due to
“phase cancelation effects.” Phase cancelation effects, prominent in integrated

measurements of signals from satellites (such as TEC), were introduced by Georges and
Hooke [1970].
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Figure 1. The TEC perturbations (black line) that correspond to different GRACE tracks
passing through the region close to the event time. Significant TEC disturbances are
observed about 20 minutes after the Tohoku-Oki main shock in Alaska. Other TEC
waveforms (dashed lines) present the observations corresponding to repeated tracks
traveling the same area (Alaska) at the same UTC on days before and after the event day.
Results indicate that no significant TEC perturbations were observed one day before and
after the track corresponding to the event time.
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Figure 2. The TEC disturbances retrieved using a GRACE GPS receiver (POD)

corresponding to GRACE tracks traveling through the same region (Alaska) during the
event time.



The GRACE inter-satellite precise range measurements provide a new opportunity to
analyze the interaction of atmospheric waves and ionospheric disturbances associated
with the 2011 Tohoku-Oki earthquake. Here, we derived ionospheric TEC from
measurements made from instruments on board the GRACE spacecraft. We examine and
compare regional seismic measurements, infrasound signals, ground-based GPS network
measurements, and GRACE Level 1-B observations a day before and after the earthquake
event to detect co-seismic ionosphere-thermosphere perturbations. At the time of the
Tohoku-Oki earthquake on March 11, 2011, the twin spacecraft were orbiting at an
altitude of ~450 km over Alaska. Significant TEC fluctuations (up to 0.6 TEC units, as
shown in Figure 1 and Figure 2) were observed ~8 minutes after the arrival of seismic
and infrasound waves on the ground in Alaska, ~20 minutes after the Tohoku-Oki main
shock at 05:46:23 UTC. The results of three-dimensional ionosphere-thermosphere
modeling and infrasound ray-tracing simulations are consistent with the arrival time and
physical characteristics of the disturbances at GRACE. This is the first time that
ionospheric disturbances associated with an earthquake are clearly attributable to
perturbations at such high altitudes [Yang et al., 2014b].

The Chelyabinsk Asteroid Event. A recent natural hazard event of high interest — the
Chelyabinsk asteroid and resulting meteor, the largest since 1908 — entered the Earth’s
atmosphere with an estimated speed of approximately 18.6 km/s and impacted
Chelyabinsk, Russia, on February 15, 2013 [Borovicka et al., 2013; Popova et al., 2013].
The estimated effective diameter of the asteroid was about 20 meters, with a mass of
about 10,000 metric tons, and the estimated total kinetic energy before the atmospheric
impact was equivalent to 410 kilotons of TNT. Due to the shallow atmospheric entry
angle of the asteroid, the Earth’s atmosphere absorbed most of the energy from the
generated explosions, shock waves and heat. The hypersonic bolide generated powerful
shock waves while acoustic perturbations in the atmosphere led to the upward
propagation of acoustic and gravity waves into the ionosphere. In our research, we
applied two different techniques to detect ionospheric disturbances in dual-frequency
GPS measurements during the asteroid impact event. The data were collected from near-
field GPS networks in Russia, GEONET in Japan, and Plate Boundary Observatory
(PBO) stations in the coterminous U.S. Using a novel wavelet coherence detection
technique [Yang el al., 2012], we were able to identify three different wave trains in the
measurements collected from the nearest GPS station to the impact site, with frequencies
of approximately 4.0 - 7.8 mHz, 1.0 - 2.5 mHz, and 2.7 — 11 mHz at 03:30 UTC. We
estimated the speed and direction of arrival of the TEC disturbances by cross-correlating
TEC time series for every pair of stations in several areas of the GEONET and PBO
networks. The results may be characterized as three different types of traveling
ionospheric disturbances. First, the higher frequency (4.0 - 7.8 mHz) disturbances were
observed around the station ARTU in Arti, Russia (56.43° N, 58.56° E), with an estimated
mean propagation speed of about 862 + 65 m/s (with 95% confidence interval). Another
type of TID disturbance related to the wave trains was identified in the lower frequency
band (1.0 - 2.5 mHz), propagating with a mean speed of 362 + 23 m/s. The lower
frequency ionospheric perturbations were observed at distances of 300-1500 km away
from Chelyabinsk. The third type of TID wave train was identified using the PBO
stations in the relative short period range of 1.5 - 6 minutes (2.7 — 11 mHz) with a mean



propagation speed of 733 + 36 m/s. The observed short-period ionospheric perturbations
in the U.S. region is, to the best of our knowledge, the first observational evidence of the
coincident long-range meteor-generated infrasound signals propagating in the ionosphere,
as shown in Figure 3 [Yang et al., 2014a].
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Figure 3. Snapshot of TEC perturbations following the asteroid atmospheric impact at
06:56 UTC. Color-scaled points represent the TEC perturbation magnitudes at each
ionospheric pierce point (in geodetic longitude and latitude) corresponding to each line of
sight station-to-satellite pair for the coterminous GPS stations to PRN 8 and PRN 17.
Blue arrows and the black vector represent the estimated TID propagation velocities and
a reference velocity vector, respectively. The starting points of the blue arrows represent
the ionospheric-pierce-point locations with maximum TEC perturbations in a subarea
[Yang et al., 2012].

MODEL SIMULATIONS OF EARTHQUAKE- AND TSUNAMI-IONOSPHERE
COUPLING

In this section, we summarize JPL’s physics-based modeling of atmosphere-ionosphere
coupling processes and demonstrate comparisons with space-based observations for the
2011 Tohoku-Oki earthquake. The model is built upon the Global Ionosphere
Thermosphere Model (GITM) [Ridley et al., 2006] by implementing AGW perturbations
at the lower boundary (100 km altitude) of GITM. Unlike other physics-based
ionospheric models that use pressure-based coordinate systems, GITM applies an
altitude-based grid and does not assume hydrostatic equilibrium, which makes the model
uniquely qualified to capture the vertical dynamics more accurately than hydrostatic
approaches [Ridley et al., 2006].

In this research, we apply the model to simulate the ionospheric perturbations after the
Tohoku-Oki earthquake. The simulation domain covers 50°N to 66°N in geodetic
latitude, 159°W to 167°W in geodetic longitude, and up to 600 km in altitude. To model



the earthquake-generated perturbations, we perturb the simulated east wind at the lower
boundary of GITM starting at the arrival of infrasound and seismic waves (05:57:30
UTC) in the region. The perturbation is a cosine wave with a duration of 90 seconds, a
period of 1 minute and pressure amplitude of 2 Pa. These parameters are obtained from
the co-seismic infrasound waves observed by IMS I53US. The simulation results seem to
support the conclusion that the infrasound waves will take about 8 minutes to propagate
from the Earth’s surface to the height of the GRACE satellites. They generate up to 4%
amplitude density perturbations (against the ambient air-density background) as shown in
Figure 4. The results of JPL’s three-dimensional atmosphere-ionosphere modeling seem
consistent with the arrival time and physical characteristics of the disturbances at
GRACE.
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Figure 4. Snapshot of GITM-simulated neutral density perturbation 20 minutes after the
main shock with approximate GRACE location (denoted by asterisk).

CONCLUSIONS

Using ground- and space-based GPS measurements we demonstrated the observational
evidence of atmosphere-ionosphere signatures associated with natural hazards including
the 2013 Chelyabinsk asteroid impact and the 2011 Tohoku-Oki earthquake and tsunami.
We found that the TEC perturbations are consistent with the arrival of meteor infrasound
signals and Tohoku-Oki earthquake-generated seismic waves. For the Tohoku-Oki event,
the frequency band appears to be in good agreement with the dominant periods of
infrasound signals in the upper atmosphere (at the 445 km altitude of GRACE satellites at
06:07 UTC on March 11, 2011). Comparisons between ground infrasound waves and
space-based observed neutral air density perturbations show a 9-minute time delay, which



may be interpreted as the infrasound propagation time from the ground to the GRACE
altitude. JPL’s atmosphere-ionosphere coupling simulations indicate a good agreement
with the observations. The new results provide additional arguments towards enhancing
the GNSS ionosphere-based techniques for detection and imaging of natural hazards
including earthquakes, tsunamis, and volcanic eruptions. In addition, the space-based
remote-sensing platforms (such as GRACE and the Gravity Field and Steady-State Ocean
Circulation Explorer (GOCE) spacecraft) are expected to provide even more accurate
observations that could potentially be applied to verify the coupling between traveling
ionospheric disturbances and acoustic-gravity waves.

ACKNOWLEDGMENTS

The authors would like to thank NASA Headquarters, the Earth Science and Interior
NASA ROSES Grant Program (NNHO7ZDAOOIN-ESI) and the NASA Postdoctoral
Program (NPP) fellowship administrated by Oak Ridge Associated Universities. This
research was performed at the Jet Propulsion Laboratory, California Institute of
Technology, under contract to the National Aeronautics and Space Administration. The
paper is based on the presentation originally given at the Institute of Navigation 2015
Pacific Navigation and Timing (ION PNT). Copyright 2015. All rights reserved.

REFERENCES

Artru, J., P. Lognonné and E. Blanc (2001), Normal modes modeling of post-seismic
ionospheric oscillations, Geophys. Res. Lett., 28, 697-700, doi: 10.1029/2000GL000085.

Astafyeva, E., P. Lognonné, and L. Rolland (2011), First ionospheric images of the
seismic fault slip on the example of the Tohoku-oki earthquake, Geophys. Res. Lett., 38,
L22104, doi: 10.1029/2011GL049623.

Borovicka, J., P. Spurny, P. Brown, P. Wiegert, P. Kalenda, D. Clark and L. Shrbeny
(2013), “The trajectory, structure and origin of the Chelyabinsk asteroidal impactor”
Nature, 503, 235-237, doi: 10.1038/nature12671.

Galvan, D.A., A. Komjathy, M.P. Hickey, P. Stephens, J. Snively, Y. Tony Song, M.D.
Butala, and A.J. Mannucci (2012), “Ionospheric signatures of Tohoku-Oki tsunami of
March 11, 2011: Model comparisons near the epicenter”, Radio Science, 47, RS4003, doi:
10. 1029/2012RS005023.

Georges, T. and W. Hooke (1970), Wave-induced fluctuations in ionospheric electron
content: A model indicating some observational biases, J. Geophys. Res., Solid Earth, 75,
6295-6308, doi: 10.1029/JA075i1031p06295.

Hines, C.O. (1972), “Gravity waves in the atmosphere”, Nature, 239, 73-78, doi:
10.1038/239073a0.

Komjathy, A., D. A. Galvan, P. Stephens, M. D. Butala, V. Akopian, B. D. Wilson, O.



Verkhoglyadova, A. J. Mannucci, and M. Hickey (2012), Detecting ionospheric TEC
perturbations caused by natural hazards using a global network of GPS receivers: The
Tohoku case study, Earth Planets Space, 64, 1287-1294, doi: 10.5047/eps.2012.08.003.

Mannucci, A. J., B. D. Wilson and C. D. Edwards (1993), A new method for monitoring
the earth’s ionospheric total electron content using GPS global network. Proceedings of
ION GPS-93, the 6th International Technical Meeting of the Satellite Division of The
Institute of Navigation, Salt Lake City, UT, 22-24 September, The Institute of Navigation,
Alexandria, VA, pp. 1323-1332.

Popova, O., P. Jenniskens, V. Emel’yanenko, et al., (2013), “Chelyabinsk airburst,
damage assessment, meteorite recovery, and characterization”, Science, 342, 1069-1073,
doi: 10.1126/science.1242642.

Ridley, A.J., Y. Deng, and G. Toth (2006), The global ionosphere-thermosphere model, J.
Atmos. Solar Terr. Phys., 68, 839-864, doi: 10.1016/].jastp.2006.01.008.

Yang, Y-M., J. L. Garrison, and S.-C. G. Lee (2012), Ionospheric disturbances observed
coincident with the 2006 and 2009 North Korean underground nuclear tests, Geophys.
Res. Lett., 39,1.02103, doi: 10.1029/2011GL050428.

Yang, Y.-M., A. Komjathy, R. B. Langley, P. Vergados, M. D. Butala, and A. J.
Mannucci (2014a), The 2013 Chelyabinsk meteor ionospheric impact studied using GPS
measurements, Radio Sci., 49, 341-350, doi: 10.1002/2013RS005344.

Yang, Yu-Ming Meng, X. Komjathy, A. Verkholyadova, O. Langley, R. B. Tsurutani, B.
T. Mannucci, A. J. (2014b), Tohoku-Oki earthquake caused major ionospheric
disturbances at 450 km altitude over Alaska, Radio Sci., 49, 1206-1213, doi:
10.1002/2014RS005580.



