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Abstract The 11 March 2011 Tohoku earthquake generated a massive tsunami off the Pacific coast of
Japan, which launched intense atmospheric gravity waves (AGWSs) in the atmosphere. Within the context
of this study, the Tohoku tsunami event was unique in the sense that it enabled a rare, controlled experiment
for investigating how AGWs are launched, propagate, and dissipate in relation to tsunamis. This tsunami was
a long-lived, rapidly traveling source of a rich spectra of AGWs excited just above the ocean-atmosphere
interface. In this paper we use GPS total electron content (TEC) data from the United States (U.S.) to look for
these AGWs in the ionosphere via their signatures as traveling ionospheric disturbances (TIDs). We find a
spectrum of TIDs in the TEC data propagating in the direction of the tsunami that last for several hours
over the West Coast of the U.S. and as far inland as western Colorado. The observed TIDs have periods that
range from 14 to 30 min, horizontal wavelengths that range from 150 and 400 km, and horizontal phase
speeds that range from 180 to 260 m/s. We use reverse ray tracing to show that the Tohoku tsunami was likely
the source of these TIDs. Using the networks of GPS receivers in the U.S., we map the tsunami-launched
TIDs over the western U.S. and investigate the spectrum of gravity waves enabling an enhanced
understanding/verification of the properties of AGWs as a function of the launch angle.

1. Introduction

Atmospheric gravity waves (AGWs) are created by perturbations in the stable atmosphere, with gravity being
the restoring force [Hines, 1960; Yeh and Liu, 1974; Francis, 1975]. As AGWs propagate from their source region
into the thermosphere, they create periodic oscillations in the ionospheric electron density via ion-neutral
collisions [Hooke, 1968; Bowman, 1990; Hocke and Schlegel, 1996] until they dissipate from molecular viscosity,
ion drag, and other processes [Richmond, 1978; Hickey and Cole, 1988; Vadas and Fritts, 2005; Heale et al.,
2014]. These oscillations in the ionosphere are called traveling ionospheric disturbances (TIDs). Such TIDs
are not self-supporting waves; meaning that they cannot exist and propagate on their own without the
underlying AGWs. However, because they “follow” the AGWs and may be easier to detect, they can provide
excellent tools by which to detect and quantify the propagation and dissipation of AGWs excited by lower
atmosphere sources.

There are many mechanisms that can create AGWs. AGWs can be generated in auroral regions from Joule
heating caused by geomagnetic storms [e.g., Richmond, 1978; Hunsucker, 1982; Rice et al., 1988]. Severe
meteorological events such as thunderstorms and tornadoes also generate AGWs; these AGWs can appear
as concentric rings at higher altitudes if the intervening neutral winds are small [Dewan et al., 1998; Taylor
and Hapgood, 1988; Tsunoda, 2010; Sentman et al., 2003; Suzuki et al., 2007; Yue et al., 2009; Vadas et al.,
2009, 2012; Suzuki et al., 2013]. The signatures of concentric AGWSs have also been observed in the ionosphere
[Nishioka et al., 2013; Azeem et al., 2015] Several studies have suggested that deep convection in the tropo-
sphere [Fovell et al., 1992; Alexander et al., 1995; Lane et al., 2001] is one of the primary drivers of AGWs that
can propagate upward into the mesopause region [Alexander, 1996; Holton and Alexander, 1999; Walterscheid
et al,, 2001; Vadas and Fritts, 2009; Vadas et al., 2009, 2012]. Recent theoretical studies have shown that some
AGWs from deep convection can also propagate efficiently into the thermosphere [Vadas, 2007; Kherani et al.,
2009; Paulino et al., 2012; Vadas and Liu, 2009, 2013; Vadas and Crowley, 2010; Vadas et al., 2014]. AGWs can also
be man-made; nuclear detonations have been shown to launch AGWs into Earth’s atmosphere [Hines, 1967;
Row, 1967]. Other natural disasters can also generate AGWs, including earthquakes [Hasbi et al., 2011, and
references therein] and tsunamis [Artru et al., 2005; Liu et al., 2006; Lognonrie et al., 2006; Rolland et al., 2010;
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Hickey et al., 2010; Makela et al., 2011; Matsumura et al., 2011; Galvan et al., 2011, 2012; Hickey et al., 2010;
Occhipinti et al., 2006, 2008a, 2011, 2013; Garcia et al., 2014; Broutman et al., 2014; Vadas et al., 2015].

AGWs at ionospheric heights have been inferred from their TID signatures using either optical or radio
remote sensing techniques. All-Sky Imagers (ASls) that detect the 630.0 nm “red line” airglow emission from
atomic oxygen resulting from the dissociative recombination of O,* can produce nighttime images of hori-
zontal 2-D structures in the ionosphere/thermosphere system [Makela and Otsuka, 2011, and references
therein] including the impression of AGWs in the thermosphere [Taylor et al., 1998; Fukushima et al., 2012;
Smith et al., 2013; Paulino et al., 2016]. These ASI images can provide insights into the 2-D wave properties
and morphology of ionospheric structures during the nighttime, allowing for the study of their spatiotem-
poral properties [Garcia et al., 2000; Kelley et al., 2000; Duly et al., 2013].

Radio techniques such as HF sounding can also be used to record TIDs propagating in the ionosphere
[Crowley and McCrea, 1988; Williams et al., 1988; Crowley and Rodrigues, 2012]. Recently, it has been shown
that modern incoherent scatter radars can measure the 3-D structure of TIDs [Nicolls and Heinselman, 2007;
Vadas and Nicolls, 2009; Nicolls et al., 2010, 2014]. An emerging technique is to use total electron content
(TEC) information from a dense network of dual-frequency GPS receivers to form 2-D spatial maps of TIDs
[e.g., Tsugawa et al., 2007; Astafyeva et al., 2011; Nishioka et al., 2013] at all local times. We note here that a
TID is discernible in the TEC data from ground-based GPS receivers only if the vertical wavelength of the
underlying AGW is much larger than the thickness of the F layer or if the AGW consists of mostly one phase
along the integrated path; either of these situations will ensure that the integrated electron density ampli-
tude is not reduced too much from cancelations. This latter possibility may occur if the AGW has a large
amplitude within the F layer but then rapidly dissipates or if the line of sight of a slant TEC is oriented along
a constant phase line of an AGW.

Historically, TIDs have been classified as medium scale or large scale [e.g., Crowley et al., 1987; Hocke and
Schlegel, 1996; Crowley and Rodrigues, 2012]. Medium-scale TIDs (MSTIDs) tend to have wave periods in the
10-50 min range and propagate with horizontal phase speeds less than 300 m/s. In contrast, large-scale
TIDs have periods larger than 30 min and propagate with phase speeds exceeding ~300 m/s. For many years,
these medium-scale waves were thought to originate exclusively in the lower atmosphere. This idea has
recently been challenged as evidence has emerged that some medium-scale waves may be secondary
AGWs generated in the thermosphere via a two-step coupling process [Vadas and Crowley, 2010]; in this pro-
cess, the primary convectively generated AGWs dissipate from molecular viscosity in the thermosphere,
thereby depositing momentum and energy. This deposition excites secondary AGWs having phase speeds
>100 m/s. Additionally, the large-scale waves were previously thought to originate exclusively in the auroral
regions from geomagnetic activity. This idea has also been challenged because theoretical studies have
shown that this same two-step coupling process also generates large-scale secondary AGWs in the thermo-
sphere [Vadas and Liu, 2009, 2013; Vadas et al., 2014]. Furthermore, several studies have suggested that there
is another class of TIDs which can occur at middle and low latitudes during the nighttime. These nighttime
TIDs, exhibiting bands of wave-like features in electron density aligned along NW-SE in the Northern
Hemisphere (NE-SW in the Southern Hemisphere), are thought to be caused by electro-buoyancy waves
[Miller et al., 1997; Saito et al., 2011; Otsuka et al., 2004]. Their source is commonly attributed to the Perkins
instability [Kelley and Fukao, 1991; Miller et al., 1997; Kelley and Miller, 1997; Duly et al., 2014]. Unfortunately,
they have also been labeled as “MSTIDs” which has caused considerable confusion in the literature. The focus
of the present study is on “classical” MSTIDs that are associated with the collisional coupling between the
ionosphere and AGWs.

The 11 March 2011 Tohoku earthquake and subsequent tsunami-launched AGWs which were observed over
long distances across the Pacific Ocean basin [e.g., Makela et al., 2011]. The signatures of the AGWs generated
by both the earthquake and tsunami have been the subject of extensive study, with GPS-derived TEC provid-
ing a wealth of information on the different types of TIDs that were generated [e.g., Tsugawa et al., 2011;
Astafyeva et al., 2011; Liu et al., 2011; Rolland et al., 2011; Galvan et al., 2012]. These studies have investigated
various components of the AGWs in the ionosphere close to the epicenter of the earthquake. Near the
Tohoku earthquake epicenter, TIDs were observed propagating away from the epicenter with phase speeds
generally attributed to acoustic, Rayleigh, and AGWs [Galvan et al., 2012]. Some of these TIDs were associated
with the seismic source itself rather than that of the tsunami [Rolland et al., 2011]. The ionospheric signatures
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of the tsunami-generated AGWs were also observed for the first time in the 630 nm airglow using an imager
located in Maui, Hawaii [Makela et al., 2011], and later over South America [Smith et al., 2015]. The airglow
images of nighttime TIDs over Hawaii [Makela et al., 2011] showed two distinct wave features: (a) long-period
(T=26.2+3.1 min) and (b) short-period (14.2 £ 2.7 min) waves traveling away from the earthquake epicenter
with phase speeds of 184.5 +33.8 m/s and 222.9 + 52.4 m/s, respectively. These AGWs were likely created by
the tsunami. Recently, Meng et al. [2015] expanded the observational domain by examining the tsunami-
generated TIDs over the West Coast of the U.S. In contrast to the present study, Meng et al. [2015] considered
a single period of the AGW wave packet in characterizing the TIDs and was limited to only 16 GPS TEC mea-
surements. Crowley et al. [2016] presented maps of TIDs over the U.S. but focused only on the two largest
components within the wave packet. As we will show in this paper, the Tohoku tsunami was composed of
an entire wave packet that continuously launched spectra of AGWs which propagated into the thermosphere
and ionosphere. This study, for the first time, looks at the full spectrum of the wave packet in the ionosphere
over the West Coast of the U.S. and uses the results to demonstrate that the TID observations are consistent
with AGW theory.

In this work, we use GPS receivers distributed throughout the continental United States (CONUS) to observe
TIDs associated with the 11 March 2011 Tohoku earthquake at a significantly greater distance from the epi-
center than has previously been reported. We use 2-D spatial maps of GPS TEC perturbations to calculate TID
parameters, including horizontal wavelengths, phase speeds, and periods. The results presented herein pro-
vide a detailed view of the evolution of the AGW spectrum at ionospheric heights. From a theoretical per-
spective, it is well understood that the AGW spectrum and characteristics undergo some level of
modification as the wave packet propagates vertically (and horizontally) into the atmosphere due to varia-
tions of the background wind and temperature. The intense TIDs generated by the Tohoku tsunami present
a unique opportunity for providing observational evidence with which to test various aspects of AGW theory
such as wave generation, wave propagation, wave dissipation, and the resulting evolution of the spectral
shape of the wave packet. This paper reveals the following: (1) the presence of TIDs generated by the
Tohoku tsunami on the West Coast of the U.S.; (2) the propagation of these TIDs far inland, where the under-
lying tsunami source is no longer present; and (3) the progressive modification of the spectral composition of
the wave packet as it propagates away from the source region into the thermosphere and undergoes viscous
dissipation. The TID data and associated analyses present a detailed look at the propagation regime of the
TIDs over the CONUS and provide an observational verification of AGW dissipative theory.

2. GPS TEC Data

The TID images presented in this paper were created by combining GPS TEC data from over 4000 sites in the
U.S. Our approach for generating these TID images is as follows. First, we compute slant TEC values along obli-
que raypaths to each PRN which are then converted to vertical TEC (VTEC) at subionospheric pierce points
(IPPs) using the obliquity factor model described by Kaplan and Hagerty [2006]. The effective altitude of
the IPP over the CONUS region is assumed to be equal to the height of the F, peak (or h,,F;) predicted by
the International Reference lonosphere (IRl) model [Bilitza et al., 2014]. Figure 1 shows several IRI electron
density profiles between 16 and 18 UT on 11 March 2011 over Mineral, CA (40.22°N, 121.43°W). These IRI pro-
files are representative of the ionospheric conditions over the western U.S. where TIDs were observed. The F,
layer peak occurs at z=250 km. We then compute perturbations in TEC by detrending VTEC using a 40 min
running mean for each PRN followed by 0.15°%0.15° binning in latitude and longitude and horizontal
smoothing of the resulting TEC map using a 2-D Gaussian filter with a full width at half maximum of 0.75°
in both dimensions. Our TEC analysis scheme is similar to that of Tsugawa et al. [2007] and Nishioka et al.
[2013], with the exception that we compute VTEC prior to detrending.

3. Three-Dimensional Reverse Ray Trace Model

Our 3-D ray trace model incorporates an anelastic AGW dispersion relation which includes realistic dissipation
in the thermosphere from kinematic viscosity and thermal diffusivity [Vadas and Fritts, 2005; Vadas, 20071.
This dispersion relation is valid for AGWs with periods less than an hour during the daytime and a few hours
during the nighttime when ion drag can be neglected [Gossard and Hooke, 1975]. This dispersion relation also
neglects wave-induced diffusion and the Coriolis force. The former is likely not important for AGWs with
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Figure 1. Electron density profiles over Mineral, CA (40.22°N, 121.431°W) from the IRl model on 11 March 2011 from 16 to
18 UT.

periods less than an hour [Del Genio et al., 1979], and the latter is not important for AGWs with periods less
than a few hours. Because the AGWs observed here (in the TEC) have periods less than an hour, we are
justified to neglect ion drag, wave-induced diffusion, and the Coriolis force.

Our ray trace model can be utilized in the forward and/or reverse modes [e.g., Vadas and Crowley, 2010]. This
ray trace model includes horizontally, vertically, and temporally varying background winds and temperatures,
dissipative filtering, critical level filtering, evanescence, and frequency changes from time-varying back-
ground winds. In this study, we use a combined data set from the European Centre for Medium-Range
Weather Forecasting (ECMWF) model and thermosphere-ionosphere-mesosphere electrodynamics general
circulation model (TIMEGCM) for the background neutral temperature and wind and utilize empirical, analy-
tical formulas to determine the molecular mass and heat capacity ratio (y) from the background density
[Vadas, 2007, equations (3) and (4)].

4, Observational Results

On 11 March 2011 at 05:46:23 universal time (UT) a magnitude 9.0 earthquake occurred near the northeast
coast of Honshu, Japan. The earthquake produced a huge tsunami with 9 m waves that caused widespread
destruction along the coast of the northern part of Japan [Fujii et al., 2011]. Over the ensuing hours, the tsu-
nami waves traveled across the Pacific basin to Alaska and down the Pacific coast of North and South America
[Tang et al., 2012]. In the aftermath of the Tohoku earthquake, tsunami warnings were issued in many coun-
tries bordering the Pacific [Fraser et al., 2012; Suppasri et al., 2013]. The first-arrival tsunami traveltimes (TTTs)
are shown in Figure 2 (http://nctrpmel.noaa.gov/honshu20110311/). The time in UT at any given
location/time is then computed by adding the TTT to 05:46:23 UT. The TTT map in Figure 2 shows that the
tsunami wave reached the West Coast of the United States about 10 to 12 h after the earthquake struck
Japan. As the tsunami wavefronts reached the West Coast of the U.S., they were oriented at an angle of
~30° east of north, consistent with the tsunami propagation azimuth of ~120° (measured clockwise
from north).

Figure 3 compares the VTEC perturbations measured on 11 March 2011 (solid line) with those from the pre-
vious day (dashed line) from a Continuously Operating Reference Station (CORS) receiver in Mineral, CA. This
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Figure 2. NOAA National Geophysical Data Center’s map of tsunami arrival time (in hours) during the 2011 Japan tsunami (http://www.ngdc.noaa.gov/hazard/
11mar2011.html) [after Crowley et al., 2016].

is the same location as used in Figure 1. Figure 3a shows the band-pass filtered VTEC data from the satellite
pass of PRN 21 between 15 and 20 UT, while Figure 3b shows the corresponding satellite elevation as a
function of UT. The data on 11 March 2011 show a large sinusoidal variation around 16:30 UT, about 11 h
after the Tohoku earthquake in Japan. The amplitude of the VTEC perturbation was about +1.1 total electron
content unit (TECU, 1 TECU=10"%elm™2) at 17:30 UT (1 TECU = 1 x 10'® #/m?). TEC variations at low-elevation
angles are likely to be affected by multipath. However, Figure 3 shows that during much of the time the ele-
vation of the GPS satellite SVN 21 was well above 40° suggesting that the observed VTEC variations were not
caused by low-elevation effects and multipath but rather by geophysical variations in the ionosphere. Similar
perturbations were also seen on other receiver-satellite links for receivers distributed across the CONUS, con-
firming that the TEC perturbations shown in this figure were widespread. In contrast, the amplitude of the
VTEC perturbations on 10 March 2011 was approximately +0.05 TECU, close to the noise floor of most
dual-frequency GPS receivers.

Figure 4 shows the evolution of the TIDs over the CONUS after the initial tsunami event. The figure shows four
snapshots of the TID map between 15:30 and 19:15 UT to illustrate the spatial extent, geometry, and propa-
gation of the TIDs. We note here that the images in the figure have been saturated by limiting the gray scale
to £0.03 TECU. This saturation allows the TID structures to be visually overemphasized in the images. At first
glance, the scales of the TEC perturbations in the maps could mistakenly be assumed to be on the order of
0.03 TECU. However, the TID amplitudes are much larger than suggested by the choice of the scale in
Figure 4. In fact, the amplitude of the TID in the unsmoothed TEC data is 1.1 TECU with a measurement
uncertainty of 0.02 TECU (see Figure 3). At 15:30 UTC (Figure 4, top left), the entire domain is devoid of any
coherent wave structure. At 16:45UTC (Figure 4, top right), planar waves are present throughout the
Pacific coast region, with lines of constant phase oriented parallel to the northeastward to southwestward
direction. Note that the orientation of the TID constant phase lines is similar to the angle of the tsunami
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(a) CORS P671 phase fronts near the West Coast of

' the U.S. (see Figure 2). This similarity
in phase fronts of the observed TIDs
and the tsunami is likely indicative
of the causal relationship between
the two. This will be further discussed
within the context of AGW theory in
section 6. Similar TID structures are
also present in the TEC map 30 min
later, at 17:00 UT (Figure 4, bottom
left). An animation of the TEC pertur-
-1 | bation map (included as Movie S1)
at a cadence of 1min shows that
-1.5 ' ' ' ' these TIDs propagate as a wave
15 16 17 18 19 20 packet toward the southeast and
uTt have an average azimuth of 121.8°
(measured clockwise from north).
(b) PRN =21 The azimuth is in good agreement
T T T with the propagation direction of
80 | - the tsunami near the U.S. West
Coast. In total, these TIDs persisted
for about 4h after they were first
] seen in the GPS TEC measurements
at 1546 UT, although most of the
TID activity occurs prior to 18:15UT
(which is a total of ~2.5h) and the
peak of the activity occurred from
16:30 to 17:30UT. By 19:15UT
(Figure 4, bottom right), the TIDs are
mostly absent in the data.

1.5 T

o
)

/N .

©
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Delta TEC [TECU]
o

[e2]
o

N
o

Elevation [Deg]

N
o

0 ' ' ' ' To contrast these TIDs from a quies-
15 16 17 18 19 20 cent interval, we also show an anima-
uT tion (see Movie S2) of the TEC

perturbations on 10 March 2011 for
Figure 3. (.a) VTEC perturbation.s seen on a GPS receiv.er located in Oregon at the same 15-20UT duration as
44.97°N latitude, 122.95°W longitude and (b) the elevation angle of the GPS
satellite SYN 15 on 10 March 2011 (dashed lines) and 11 March 2011 (solid lines). ~ shown in Movie S1. While TEC struc-
Large sinusoidal variations in VTEC are seen around 16:30 UT on 11 March 2011.  tures are also present over the
In contrast, no such large variations in VTEC are seen on 10 March 2011. CONUS on 10 March 2011, the TIDs

seen on the West Coast on 10 March
2011 are much weaker, more localized, and shorter lived than the tsunami-generated TIDs on 11 March
2011. In contrast, the TIDs observed on 11 March 2011 have large amplitudes and, more importantly, the tim-
ing of their appearance over the West Coast of the U.S. and their morphology suggest a striking association
with the Tohoku tsunami as it approached the U.S. coastline. The differences in the TIDs on the western part
of the U.S. on these two days suggest different source mechanisms.

Wave features are also visible east of Texas at 19:15UT on 11 March 2011 (Figure 4, bottom right). They pro-
pagate slightly more southward than the TIDs over the West Coast of the U.S. Using only the data shown in
Figure 4 (bottom right), we cannot determine if the TIDs east of Texas are an eastward extension of the waves
seen on the West Coast or are generated by a different source (e.g., deep convection in the troposphere).
However, when combined with the fact that similar wave features are also seen the previous day, it is likely
that the eastward moving TIDs east of Texas on 11 March 2011 are not associated with the tsunami wave;
they might have been created by a weather front or some other source. In this paper we do not investigate
the TIDs east of Texas. The rest of the paper will focus on the TIDs that extend from the west cost of the U.S. to
Colorado. Note that the TIDs in Figure 4 (top right and bottom left) exhibit a sharp cutoff at ~102°W at the
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Figure 4. Two-dimensional maps of TEC perturbations at (top left) 15:30 UT, (top left) 16:45 UT, (bottom left) 17:00 UT, and (bottom right) 19:15 UT. These maps show
planar TID wavefronts over the West Coast of the United States.

northern edge of the wave packet and ~114°W at the southern edge. This occurs because of dissipative
filtering of the AGWSs from molecular viscosity in the thermosphere, as is discussed in detail in section 6.

A wavelet analysis of the observed TIDs reveals how the wave periods within the gravity wave packet change
with longitude from the West Coast of the U.S. through Colorado and Wyoming. Figure 5 shows the normal-
ized power as a function of period and longitude for six different geographic latitudes (LAT). In all cases, the
TIDs have shorter periods near the western edge of the U.S. at 125°W (z ~ 10-15 min) and have longer periods
toward the eastern edge of the TID wave packet at 115°W (z ~ 18-25 min). The figure also shows that the
wave period increases approximately linearly with longitude. If the source is near the western part of the
U.S,, this illustrates the dispersive nature of a spectrum of GWs with differing periods since the propagation
angle that an AGW makes with the horizontal (¢) is directly dependent on the intrinsic period of the AGW (z,):
7, =1g/ sin(§), where zg is the buoyancy period and we have assumed weak winds [e.g., Vadas et al., 2009,
equation (19)]. Thus, shorter-period waves propagate more vertically than longer-period waves. Therefore,
an initial wave packet with a mix of different periods will gradually disperse horizontally as the shorter-period
waves reach the ionosphere closer horizontally to the source than the longer-period waves. The AGWs reach-
ing the F region over Washington/Oregon/California would have had a steeper ascent angle (therefore smal-
ler intrinsic periods and shorter horizontal distance traveled), while those AGWs reaching the F region over
Utah and western Colorado and Wyoming would have had a smaller angle from the horizontal (therefore
larger intrinsic periods and longer horizontal distance traveled).

The preceding argument is based on the background wind being similar along the different AGW raypaths. In
Figure 4 (top right), we see that the eastern and western edges of the TIDs are separated by ~12°in longitude.
Because the background winds are mainly caused by tides and planetary waves which have longitudinal
variation over ~20° or more, the AGWs causing the TEC perturbations are likely to have passed through
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Figure 5. Normalized wavelet spectrogram of the TID period as a function of longitude for various latitudes.

similar background winds. Our model simulations using the TIMEGCM also show this near uniformity in the
background horizontal winds up to and including the F region over the western U.S. Therefore, it is unlikely
that the spread in the AGW locations at z=250km is due to the variation in the background wind.
Additionally, we are unaware of any other source that could have created the AGWs seen extending from
the West Coast of the U.S. to Colorado/Wyoming with phase lines oriented north-south over thousands of
kilometers. (The only other possible source might be terminator-generated AGWs. However, these AGWs
have very large horizontal wavelengths of thousands of kilometers [Forbes et al., 2008; Liu et al., 2009].) It is
well known that the angle an AGW makes with the horizontal is directly related to its period, with the
larger-period AGWSs propagating more horizontally and the shorter-period AGWs propagating more
vertically. Therefore, the most likely reason for the shift in the observed period with longitude is a tsunami-
generated spectrum AGWs having a range of periods.

The dispersion of AGWs in the ionosphere is also illustrated in Figure 6, which shows the normalized wavelet
spectrum of the horizontal wavelength as a function of longitude for the same set of latitudes as shown in
Figure 5. The horizontal wavelengths (1) of the TIDs are ~150-250 km at the western edge of the U.S.
(125°W) and are ~250-400 km at the eastern edge of the TIDs (115°W). Thus, the horizontal wavelength
increases with longitude in an approximately linear manner. The results in Figures 5 and 6 are consistent with
our theoretical understanding of the propagation and dissipation of AGWs in the thermosphere (employing
the dissipative AGW dispersion relation). To explain the increase of TID horizontal wavelength from 4, ~150-
250 km at the western edge of the U.S. to 14 ~250-400 km at 115°W, we examine the purple dashed line for
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Figure 6. Normalized wavelet spectrogram of the TID horizontal wavelength as a function of longitude for the same latitudes as shown in Figure 5.

AGWs dissipating at zgiss ~ 225 km (for example) with A, > 100 km in Figure 4c from Vadas [2007]. (Here zss
denotes the altitude where an AGW’s momentum flux is maximum. Above this altitude, the AGW's
momentum flux decreases rapidly with altitude due to molecular viscosity and thermal diffusivity.) As the
intrinsic wave period increases along this line, 15 and the initial AGW vertical wavelength (y axis of that
figure) also increase. Therefore, in order for an AGW with a larger period to have its momentum flux be
maximum at the same altitude (e.g., zgiss ~225km) as an AGW with a smaller period, the larger-period
wave must have a correspondingly larger /4 and |,|. Because the period of the TIDs increases with
longitude (see Figure 5), 1y must therefore also increase in longitude to be consistent with AGW
dissipative theory.

In fact, the dependence of the wave period with longitude can yield information about the sources of the
AGWs. As mentioned previously,

sin(¢)~tg/t (m

in the zero-wind limit, where & is the angle between the horizontal and the direction of propagation of the
AGW and tp is the buoyancy period [e.g., Vadas et al., 2009]. Using an average buoyancy period between
z~0 to 250km of 7z ~8 min, we find that &~53° for AGWs with z=10min and &~ 19° for AGWs with
7=25min. For a given oblique propagation angle of &, if the vertical distance traveled by an AGW is Az, then
the horizontal distance traveled simultaneously is given by
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TID azimuth at UT = 17 Xp~Az/ tan(¢) )

180 ; ; -
Assuming the F, peak to be at
z=250km (see Figure 1) and using
equation (2), we obtain xy~190km
for the AGWs with z=10min and
xy~730km for the AGWs with
7=25min. Since the distance
between 1° in longitude at 40°N is
~85 km, the horizontal distances tra-
veled by the 10min and 25min
AGWs are ~2.2° and 9° in longitude,
respectively. This rough estimate
0 : ? . puts the sources for both GWs just
-130 =125 =120 -115 -110 west of the western coast of the
Longitude [Deg] US. This strongly supports our

. ) ) ) ) . hypothesis that the tsunami gener-
Figure 7. TID azimuths for various latitudes as a function of longitude. ated the observed TIDs/AGWSs as it

Positive values represent angles east of north. The error bars represent 1o
standard deviation in azimuths estimated by propagating the uncertainties
in calculated zonal and meridional wave numbers. Different colored of the United States.
symbols rep.res.ent different Iatlt:.lde; which are identified in the Ie.gend. The TEC perturbation maps also allow
box. The solid line drawn at 120° azimuth represents the propagation direc- . .
tion of the tsunami wave near the U.S. Pacific coast as seen in the NOAA us to calculate the propagation direc-
tsunami traveltime map shown in Figure 2. tion of the TIDs. Figure 7 shows the

measured TID azimuths (eastward
from north) at six different geographic latitudes (different colors) at 17 UT as a function of longitude. The
results indicate that on average the TIDs propagated consistently at an angle of 121.8° east of north (solid
black line), irrespective of longitude. Comparing this with the angle determined from Figure 2, we see that
the azimuths of the TIDs agree very well with the predicted azimuth angle of ~120° of the tsunami near
the U.S. Pacific Northwest coast as obtained from NOAA model. This also strongly supports our hypothesis
that the tsunami generated the observed TIDs/AGWs.

135}

90

Azimuth [Deqg]

451

approached the western coastline

Next, we compute the horizontal phase speeds of the TIDs, ¢y, by tracking the AGW phase fronts in GPS TEC
maps and estimating the distance traveled in 20 min. The phase speeds of the TIDs are shown in Figure 8 as a
function of longitude for various latitudes. We see that ¢y, increases slightly with longitude; the phase speeds
are ~180-220 m/s at the western edge of the U.S. and ~200-260 m/s at 118°W. Because the smallest sound
speed, ¢, in the lower atmosphere is ~260-280 m/s (near the mesopause), we postulate that all of the
AGWs shown in Figure 8 could have propagated from the ocean surface (neglecting wind effects). This gen-
eral statement arises from the fact that the group velocity of an AGW cannot be larger than the sound speed.
But, in fact, the AGW dispersion relation is slightly more restrictive. From equation (11) of Vadas and Crowley
[2010], the maximum intrinsic phase speed (c;,) allowable for an AGW is given by

C/H( max) = 2HNB (3)

where H is the neutral density scale height and Ny is the buoyancy frequency. This expression arises from the
anelastic AGW dispersion relation [e.g., Vadas and Crowley, 2010, equation (5)]. We assume an approximately
isothermal atmosphere, so that c,2=y g H and Ng* = (y — 1)g°/c; [Vadas, 2013, equations (21) and (27)]. Then
equation (3) becomes

cr(max) = (2 y71/y>c5 4

Since y=1.4 in the lower atmosphere [Kundu, 1990], we obtain ¢;; (max) =(0.9)c;. For ¢;~ 280 m/s, the max-
imum allowable intrinsic phase speed for an AGW in the lower atmosphere is ¢;; (max) =255 m/s. This value
is in good agreement with the largest calculated phase speed seen in Figure 8, neglecting wind effects near
the mesopause (so that the observed phase speed approximately equals the intrinsic phase speed). The slight
increase of the horizontal phase speed with longitude (seen in Figure 8) is also consistent with the AGW dis-
sipative theory. If we compare and contrast the zy;ss ~ 225 km curves in Figures 4c and 5c from Vadas [20071],
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350 we see that ¢y increases along this
@ : % curve (i.e, as Ay and 7 increase).
= . P ’
= 300} e e S Therefore, the result that the
O —— 4 horizontal phase speed increases
3 2501 o | hd somewhat with longitude in
3 I | i Figure 8 is consistent with
ﬁ dissipative AGW theory and the
p2 200} tsunami being the source of the
ol observed TIDs/AGWs.
N 150 ¢
% 5. Reverse Ray Trace

100 ; Observations of TIDs raise an impor-

-125 =120 -115 tant question of their genesis. The

Longitude [Deg] presence of TIDs in the atmosphere

. ) after the Tohoku earthquake calls
Figure 8. Calculated TID horizontal phase speeds for various latitudes shown

here as a function of longitude. The error bars represent 15 standard devia- into question whether the sourcej
tion computed by propagating the uncertainties in wave periods and hori- ~ Was the earthquake or the tsunami
zontal wave numbers. Latitudes are identified in the legend. that traveled across the ocean. Near

the epicenter, the observed iono-
spheric perturbations are a mix of waves generated by the earthquake and tsunami [Galvan et al., 2012].
The observations of TIDs presented in this paper are somewhat unique because they were made far away
from the epicenter and when the underlying tsunami was abruptly stopped by the land thereby removing
the AGW source. We use the 3-D reverse ray trace model described in section 3 to determine the source of
the TIDs. We utilize background neutral winds and temperature from a combined ECMWF/TIMEGCM model
on 3 March 2011 at 16:30 UT over the region 27.5°N-57.5°N and 100°W-130°W. For z < 25 km, we utilize the
ECMWEF ERA-Interim GRIB data (available at http://rda.ucar.edu). For 35 < z< 600 km, we utilize TIMEGCM
model results [Roble and Ridley, 1994] with 5° horizontal resolution. We linearly interpolate the values
for 25 <z < 35km.

We reverse ray trace 241 observed AGWSs backward in time from z=250 km at the same six latitudes shown in
Figures 5 and 6 and over a longitude domain between 110°W and 130°W. We stop each calculation when the
AGW reflects vertically. The starting and terminal points of the raypaths are shown in Figure 9, and the ray-
paths for each AGW are shown in Figure 10. We also reverse ray-traced AGWs for zero wind in order to assess
the magnitude of the errors associated with the wind (which is the largest component of the error) and find
that the results are nearly the same as in Figures 9 and 10 (not shown). In almost every case, the source
appears to be located somewhat west of the Pacific coast of the U.S. This is a very strong indication that
the source of the AGWs is likely the tsunami as it approached the U.S. coastline.

6. Discussions

During a tsunami, the horizontally travelling surface ocean wave forces the atmosphere [Daniels, 1952]. This
forcing at the ocean-atmosphere interface excites internal AGWs that can propagate vertically to higher alti-
tudes. Additionally, Peltier and Hines [1976] theorized that these tsunami-driven AGWSs can create variations in
the ionospheric electron density. Similar perturbations of the ionosphere are generated by the seismic source
itself, resulting in a rich spectrum of AGWs close to the epicenter. However, farther from the source, only
tsunami-driven AGWs can be observed in the ionosphere. Although it is not well known how far or how long
these waves persist in the upper atmosphere after the source (i.e, the tsunami) is “removed,” a recent
modeling study by Vadas et al. [2015] of AGWs excited by an ocean surface wave packet shows that the
response at z=250km at a specific location lasts for 2-4 h. Additionally, that study showed that the fastest
AGWs arrive 70-80 min after excitation at the ocean surface. The 2011 tsunami event, and especially the
observation of TIDs over the West Coast of the U.S., provided a unique natural experiment to study this aspect
of tsunami-ionosphere coupling.

In this section we demonstrate that the TID measurements presented in this paper and the derived results
(shown in Figures 4-8) are consistent with dissipative AGW theory. As mentioned previously, Figures 5 and 6
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Figure 9. Reverse ray trace results using the combined ECMWF and TIMEGCM winds and temperatures on 11 March 2011 at 16:30 UT. The blue symbols represent the
locations of the starting points of the reverse ray tracing at z= 250 km. The green symbols represent the locations of the raypaths at their minimum altitude during

the reverse ray tracing.

show that the maximum TEC perturbations occur for waves with 7=12-16 min and A4 ~150-250 km. The IRI
model results (Figure 1) show that the bottomside of the F layer is at z~ 150-200 km. Additionally, the model
profiles also indicate that the F layer peaks at z~250-260 km and has a thickness of z~ 150-250 km. For an
ionosphere with these F layer characteristics we expect that in order for the neutrals to drag the ions and
create significant electron density perturbations, the AGWs must have momentum fluxes that peak at
altitudes of zgiss ~200-250 km or higher (based on the previous work by Vadas [2007]). Figure 4c from
Vadas [2007] shows zy;ss for a temperature profile representative of the conditions on 11 March 2011 over
western U.S. (i.e., having an exospheric temperature of 1000K). For an AGW with 7=12-16 min and 14
~150-250 km, we see from Figure 4c of Vadas [2007] that zg;ss ~ 200-250 km. Additionally, the amplitude
of an AGW can be significant up to z=2zgiss+H [Vadas, 2007]. Using the NRLMSIS-000 model [Picone et al.,
2002], we estimate the neutral density scale height (H) to be ~32-42 km for this height range. Therefore,
we assert that AGWs with periods of 12-16 min and 1y ~150-250 km can propagate to z~ zg;ss + H~ 230-
290 km and still be observed. Thus, we conclude that the AGWs generated by the tsunami propagated to
at least the bottomside of the F layer and likely propagated to the peak of the F layer.

To verify the causal relationship between the tsunami and the observed TIDs, we investigate the perturbation
envelope of the ocean surface as measured by a buoy deployed in the Pacific. Figure 11 shows the 155
Bottom Pressure Recorded (BPR) data from a Deep-ocean Assessment and Reporting of Tsunami (DART) buoy
in the East Pacific region (located at 39.328°N and 127.013°W, just west of the northern coast of California) on
11 March 2011 and the corresponding spectrogram. At 15 UT the onset of the tsunami wave is clearly discern-
ible in the raw BPR data. The spectrogram of the BPR data suggests that the tsunami at the location of the
buoy generated ocean surface perturbations with periods ranging from 10 to 70 min, with most of the signal
occurring at 7 = 10-30 min and 7 =40-55 min. These shorter periods overlap with the wave periods in the TEC
data (10 to 30 min from Figure 5), although the peak periods differ. Specifically, the peak from the DART buoy
(Figure 11b) is at 7 =27 min, with a smaller but significant peak at z = 22 min, whereas the peak in the TEC data
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Figure 10. Raypaths of the AGW considered in the reverse ray tracing. The rays were traced back in time starting at the F,
peak height, which from Figure 1 was at 250 km.

is at 7=12-16 min, with a smaller peak at z = 20 min for 37.9° and 39.4°N (see Figure 5). The shift of the peak of
the AGW spectrum from larger to smaller periods in the thermosphere occurs because of the dissipative
filtering of AGWs from molecular viscosity, as has been observed in recent modeling studies for the
propagation and dissipation of AGWs excited by ocean surface wave packets [Vadas et al, 2015]. We
discuss this shift in detail below. Additionally, we caution the reader that although the spectrogram
generated from the BPR data shown in Figure 11 does peak at longer periods, it is not known what length
scales these periods correspond to. If the length scales are smaller than 100 km, then the excited AGWs
could not propagate very far into the thermosphere before dissipating [Vadas, 20071.

Figure 11 shows that the largest-amplitude wave observed in the DART buoy data had a period of 27 min,
whereas the peak period of the TIDs in TEC data was 12-16 min from Figure 5. If the ocean waves had
horizontal wavelengths of several hundred kilometers, then this would imply that the peak of the AGW
spectrum shifted from ~27 min to ~12-16 min from the troposphere to the F layer. Such a behavior can
be easily explained by dissipative AGW theory. Indeed, a similar spectral shift occurred for AGWs excited
by an ocean surface wave packet in a recent modeling study; in that study, the peak period shifted from
7~20min at the ocean surface to ~15min the thermosphere at z=250km [Vadas et al., 2015]. This
occurred because the shorter-period AGWs had larger vertical wavelengths and were, therefore, able to
propagate deeper into the thermosphere prior to dissipation. For example, from Figure 4c of Vadas
[2007], the altitude where the momentum flux attains its maximum value for AGWs with r =27 min and
Ay ~150-250km is between 150 and 185 km. The density scale height (H) in this altitude region is ~15-
25 km. If these long-period waves in the DART data had 1y ~150-250 km, then we would conclude that
these AGWs could have barely reached the bottomside of the F layer before dissipating from molecular
viscosity. This explains why the 27 min waves seen in the DART data could not have significantly perturbed
the electron density and were, therefore, not seen in the TEC data. In fact, as shown in Vadas et al. [2015],
the thermosphere significantly enhances the relative amplitudes of the shorter-period (z=13-15min)
AGWs because they have larger 1, and can therefore penetrate deeper into the thermosphere prior to
being damped by molecular viscosity. Indeed, Vadas et al. [2015] found that the shorter-period AGWs
had 1,~250km, while the longer-period AGWs had 1,~80km. Not only are the longer-period AGWs
suppressed at z=250km because of viscous dissipation, but they are also suppressed because they are
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Raw DART Buoy Data: Station ID 46411 partially or fully averaged out verti-

cally in the integration of the vertical
TEC. Therefore, the observation of
AGWs here with 7=10-20min
having large TEC amplitudes is
consistent with dissipative AGW the-
ory, because these AGWs can reach
the F region prior to dissipating with
large-enough vertical wavelengths
so as to be observed in the TEC.

0.2

Pressure [psia]

Next, we discuss the sharp cutoff of
the observed TIDs east of 112°W
: : : : longitude. Recall Figure 11 which
10 12 14 16 18 20 shows the spectrum of the DART
buoy data with significant power at
larger periods near ~40-55 min. The
wavelet spectrum in Figure 11 sug-
gests that AGWs with periods of 40—
55min could have been excited by
the tsunami as it approached the
West Cost of the U.S. (although again,
Ay is unknown). From equations (3)
and (4), for an AGW with a period of
55 min, the horizontal distance tra-
veled during the time it takes to pro-
pagate 250km vertically (from the
ocean surface) is approximately
~180-200 km. This corresponds to
eastern Wyoming/Colorado/New

Mexico. However, no signatures of
010 1'2 1'4 1I6 1I8 20 AGWs are seen in the TEC data over
this region (see Figure 4). Instead,
there is a sharp cutoff in TIDs at
Figure 11. (top) The 15 s Bottom Pressure Recorded data from a DART buoy ~112°W (see Figure 4). Using equa-
located at 39.328°N and 127.013°W in the East Pacific region on 11 March tions (1) and (2), we estimate that
2011 and (bottom) the corresponding normalized wavelet power spectro- the maximum period an AGW can

gram showing the spectral content of the tsunami wave approaching the U.  have that propagates horizontally to
S. coastline.
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112°W is 7~36 min. From Figure 4c
of Vadas [2007], an AGW with
7~36min and Ay ~150-400 km has zgiss ~ 130-190 km. Such an AGW could have a significant amplitude only
up to z ~ zgiss + H (~140-230 km), which is in the bottomside of the F layer where the electron density is small.
Therefore, AGWs with 7~ 36 min are likely the largest-period AGWs that can significantly perturb the F layer
and generate TEC perturbations. Any AGWs with larger 7 excited by the tsunami would still propagate over
South Dakota/Nebraska/Oklahoma but would not likely reach the F region and significantly perturb
the ionosphere.

Finally, we consider the possibility that the observed AGWs might have been created by a different source.
There are very few known sources which excite medium-scale AGWs having linear phase lines oriented in
approximately the north-south direction and having horizontal phase speeds of ~200 m/s. One such source
might be mountain waves (in this case from the Sierra Nevada Mountains on the West Coast of the U.S.).
However, mountain waves have near-zero phase speeds. Another source might be the secondary AGWs
excited by the body forces created by the dissipation of mountain waves [Smith et al., 2013]. However, if this
were the source, then it is difficult to understand why these AGWs are not seen regularly in the TEC in the
western portion of the U.S. Additionally, the AGW phase lines would be approximately parallel to the
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mountain chain in this case (i.e., tilted west of north). This tilt is opposite to the tilt of the phase lines for the
TIDs observed here, which is east of north. Finally, the solar terminator also creates AGWSs with an angle of 30°
to the terminator [Forbes et al., 2008; Liu et al., 2009]. However, these waves have horizontal wavelengths of
~1000 km or more and are created around sunset and sunrise. These horizontal scales are far larger than
those observed here. Therefore, we conclude that the tsunami is the only reasonable source which could
explain the properties of the observed TIDs/AGWs.

7. Conclusions

In this paper, using the dense network of GPS measurements over the U.S., we demonstrate that the 2011
tsunami-generated TIDs persisted for about 4 h over North America. During that time, the TIDs propagated
more than 1000 km inland. Spectral analysis of the TIDs indicates that the period and horizontal wavelength
of the TEC disturbances increased with distance from the West Coast of the U.S. to Colorado/Wyoming, which
agrees with dissipative AGW theory and their source being the tsunami. This suggests that tsunami-
generated AGWs can persist for several hours and travel a thousand kilometers after their source has
“been removed.”

The observational results presented here are consistent with a recent study which modeled a short-duration
(localized-in-time) ocean surface wave packet that ended at a given time and therefore excited no additional
AGWs [Vadas et al., 2015]; this is similar to the present scenario where the Tohoko tsunami stopped at the
West Coast of the U.S. and therefore stopped exciting AGWs at that location and time. Vadas et al. [2015]
found that the AGWs excited by the ocean surface wave packet propagated up to z=250km at distances
~250 to ~1000-1200 km horizontally from their excitation location and that the response in the thermo-
sphere lasted for 2.5-4 h (Figures 11 and 17 of that work). The horizontal range was found to be limited to
~1000-1200 km because the larger-period AGWs (which travel farther horizontally) dissipated from viscosity
below z=250km. It was also found that only those AGWSs with 7 <35min were visible at z=250km
(Figures 10 and 16 of that work).

The connection between tsunamis and ionospheric perturbations was speculated in the 1970s by Peltier and
Hines [1976]. They demonstrated theoretically that tsunamis can excite AGWs, which are capable of propagat-
ing vertically into the ionosphere and creating variations in the electron density. It is now known that the
structure of the ionosphere can be perturbed during seismic events and associated tsunamis; however, the
full extent of the multiscale dynamical processes operating between the neutral atmosphere and ionosphere
is not understood. There is a growing interest in ionospheric detection of seismic events and tsunamis
[Occhipinti et al., 2008b; Artru et al., 2005]. However, the realization of a tsunami warning system that is based
on ionospheric monitoring requires more work to advance our understanding of the coupling processes
between the atmosphere and ionosphere. Additional measurements of tsunami-related ionospheric signa-
tures will serve to provide new scientific insights into the geophysical source phenomenology. The measure-
ments will also enable fundamental investigations of wave propagation and dissipation, leading in turn to
deeper insights into the conditions under which ocean-atmosphere coupling is effective. The GPS TEC obser-
vations presented here demonstrate the transport of wave energy and momentum over large distances and
the morphological characteristics of the TIDs/AGWs. This study shows that the network of ground-based GPS
receivers can be extremely useful in providing deeper insights concerning the full chain of coupled plasma
processes in the atmosphere-ionosphere system.
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