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Abstract In this paper, we present near-simultaneous observations of a gravity wave (GW) event in the
stratosphere,mesosphere, and ionosphereover the SouthCentral United States and track it from its convective
source region in the troposphere to the ionosphere, where it appears as a traveling ionospheric disturbance
(TID). On 4 April 2014 concentric GW ring patterns were seen at stratospheric heights in close proximity to
a convective storm over North Texas in the Atmospheric Infrared Sounder data on board the NASA Aqua
satellite. Concentric GWs of similar orientation and epicenter were also observed in mesospheric nightglow
measurements of the Day/Night Band of the Visible/Infrared Imaging Radiometer Suite on the Suomi National
Polar-orbiting Partnership satellite. Concentric TIDs were seen in total electron content data derived from
ground-based GPS receivers distributed throughout the U.S. These new multisensor observations of TIDs and
atmospheric GWs can provide a unique perspective on ionosphere-atmosphere coupling.

1. Introduction

Atmospheric gravity waves (GW) are an important driver of the upper atmospheric circulation. In particular,
they are responsible for the high-latitude cold summer mesopause (~90 km altitude), which is constantly
bathed in sunlight, yet being about 100 K colder than thehigh-latitudewintermesopause,which is in complete
darkness [Holton, 1982]. Furthermore, GWs with periods of less than about 1 h are responsible for much of the
wave-induced transport (and incipient forcing) that occurs in the mesosphere/lower thermosphere region
[Fritts and Vincent, 1987].

Mesospheric signatures of GW excited by processes occurring in the troposphere have been routinely
observed in airglow measurements [Taylor et al., 1995; Takahashi et al., 1999; Smith et al., 2000]. Theoretical
understanding of upward GW propagation in the atmosphere suggests that while small spatial-scale GWs
are confined to below the stratopause, the medium- and large-scale GWs have appropriate characteristic
amplitudes and phase velocity to allow them to penetrate into the mesopause and beyond. Figure 4 from
Vadas [2007] suggests that GWs with periods in the 10–80min range and horizontal wavelengths between
100 and 1200 km can penetrate the bottomside F region ionosphere from their source in the troposphere.

One of the major sources of GWs is deep convection associated with strong thunderstorms [Alexander and
Pfister, 1995]. Multiple studies have suggested that convective storms are likely to be the most important
single-point source for GWs reaching the mesopause region and altering its mean state [Alexander, 1996].
Numerical simulations of convectively generated GWs have provided unprecedented details of their
morphology and propagation characteristics [Horinouchi et al., 2002; Lane and Sharman, 2006]. These studies
indicate that these convectively generated GWs have conically shaped phase surfaces when propagating
through a medium with small or zero background winds. When viewed in a two-dimensional plane, such
as from a nadir-viewing airglow imager, these convectively generated GW appear as circular rings traveling
outward away from the center of the cone [Yue et al., 2009, 2014, Miller et al., 2012]. Background winds have
a directional filtering effect on propagation of gravity waves, causing them to appear as partial circular rings
[Yue et al., 2009].

Circular wave fronts have been also observed in GW propagating through the ionosphere (90–400 km). For
example, concentric wave features in the ionosphere associated with a GW event, possibly generated by a
tornadic thunderstorm, were first reported by Nishioka et al. [2013] in Global Position System (GPS) total
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electron content (TEC) data from North America. While that study presented details of the horizontal
morphology of a traveling ionospheric disturbance (TID) event associated with a tropospheric phenomenon,
it did not provide any direct evidence of stratospheric and mesospheric GW propagation due to lack of
available data. TIDs are signatures of GWmotion at ionospheric heights. The motion of the neutral gas by GW
sets the ionosphere intomotion via collisional interactions. The resulting plasmamotion displaces the isoionic
contours, which when viewed at a fixed altitude appears as quasiperiodic fluctuation in plasma density.

Despite the frequent occurrence and long-lived nature of midlatitude TIDs, no observational studies have
tracked GWs from their source regions in the lower atmosphere, through the middle atmosphere, and
ultimately to the ionosphere. Beingable to trackGWs fromtheir source region to theupper atmosphere regions
where theydissipate is critical for advancingour understandingof the full chain of coupledplasmaprocesses in
the ionosphere-atmosphere system. Multisensor measurements of GWs at different heights can provide
important information onwave coupling, propagation, and temporal variability of the atmosphere in response
to local sources and filtering conditions. In this paper, weusemultiple instruments on various satellites to show
direct evidence of near-simultaneous observations of concentric GW in the stratosphere, mesosphere, and
ionosphere over the South Central U.S.

This paper is organized as follows: Section 2 briefly describes the satellite and ground-based GPS TEC data
used in this study. Section 3 presents satellite observations of the concentric GW event on 4 April 2014 over
southeastern United States and the analysis of GW driven TIDs in GPS TEC data. Section 5 summarizes the key
findings of this study and provides a discussion of these findings.

2. Data Sets
2.1. Atmospheric Infrared Sounder

The Atmospheric Infrared Sounder (AIRS) [Aumann et al., 2003] is a hyperspectral infrared spectrometer
onboard the NASA Aqua satellite, launched in 2002. It contains 2378 channels taking measurements at
3.74–4.61μm, 6.20–8.22μm, and 8.8–15.4μm wave bands. AIRS makes a cross-track scan every 2.67 s that
includes 90 footprints on the ground. The outermost scan angle is ±48.95° from nadir, which provides a
~1800 km wide swath given Aqua’s 705 km orbital altitude. The pixel footprint size increases from
14× 14 km2 at the nadir to 42 × 21 km2 at the side, yielding an average cross-track footprint width of about
20 km. Previous GW studies using AIRS 15μm and 4.3μm CO2 channel radiance variances with weighting
function peaking at different levels in the stratosphere show strong correlations between the enhancement
of GW amplitudes and deep convective activities in the summer hemisphere, in the tropics, and at midlati-
tudes [Hoffmann and Alexander, 2010; Hoffmann et al., 2013]. In this paper, we used the AIRS instrument’s
4.3μm CO2 channel radiances (an atmospherically opaque band having peak sensitivity in the midstrato-
sphere—at about 30–40 km above mean sea level) to detect gravity waves in the stratosphere. In addition,
we used AIRS radiances at 8.1μm [Aumann et al., 2006; Hoffmann and Alexander, 2010] to detect high clouds
associated with deep convection, as this channel is fairly transparent (atmospheric window) through the
troposphere and stratosphere.

2.2. Visible/Infrared Imaging Radiometer Suite

The Day/Night Band (DNB) sensor onboard the Suomi National Polar-orbiting Partnership (S-NPP) satellite,
launched in 2011 as part of the Visible/Infrared Imaging Radiometer Suite (VIIRS), provides satellite-based
sensing of the nocturnal environment [Lee et al., 2006; Miller et al., 2013a, 2013b]. It offers unprecedented
spatial resolution of 0.742 km, with nearly fixed pixel size across a 3000 km swath. During initial calibration
exercises, it became apparent that unanticipated low-light signals were present in DNB observations
collected during New Moon.Miller et al. [2012] determined that the primary source of illumination was atmo-
spheric nightglow emission, predominately from excited hydroxyl (OH*), molecular oxygen (O2), and atomic
oxygen (O). Signalmagnitudes range from10�11 to 10�9W cm�2 sr�1 or roughly 100 times fainter thanmoon-
light (which in turn is ~105 to 106 times fainter than daytime scenes) and are observable by the S-NPP in its
Sun-synchronous orbit during the ~2 week period surrounding the New Moon. Thus, the nightglow signal
resides at the extreme lowerbounds ofDNB sensitivity, just above the instrument’s noisefloor, and is indiscern-
ible in most moonlit scenes. Miller et al. [2012] further show that in addition to the reflected nightglow that
enables low cloud and snow/ice detection, the DNB detects regions of direct (upwelling) nightglow emission
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from the principal nightglow emission
layer (~85–90 km, near the mesopause).
These direct emissions often reveal
broad synoptic-scale (scale ~1000 km)
patterns of nightglow variability and
mesoscale structures caused by (scale
~10–100 km) GWs propagating through
the free atmosphere or traveling along
ducting layers.

2.3. GPS TEC

For this studyweusedGPSTECdata from
over 4000 sites to image concentric TIDs
observed over the contiguous United
States (CONUS). Our approach was to
process the GPS data and derive vertical
TEC maps in a way similar to that pre-
sented by Tsugawa et al. [2011] and
Nishioka et al. [2013]. In brief, we used

the pseudo-range and phase measurements of GPS signals at L1(1575.42MHz) and L2 (1227.6MHz) frequen-
cies to derive slantwise TEC information, which was then converted to vertical TEC (VTEC) using the obliquity
factor model described by Kaplan and Hagerty [2006]. In mapping slantwise TEC to VTEC, we used the
International Reference Ionosphere (IRI) model to determine the ionospheric pierce point (IPP) altitude to be
350 km. We then computed perturbations in TEC by detrending VTEC using a 20 min running mean for each
GPS satellite followed by 0.15° × 0.15° binning in latitude and longitude and then horizontally smoothing the
resulting TEC map using a two-dimensional (2-D) Gaussian filter, as described by Nishioka et al. [2013].

3. Results and Discussions

We have brought together the AIRS, DNB, and TEC observations to provide an unprecedented cross-sectional
view of GW propagating upward through the atmosphere. Figure 1 shows AIRS cloud imagery in 8.1μm
brightness temperature (BT) data over the CONUS on 4 April 2014, at about 07:55 UTC. The figure shows a
deep convective system extending from Texas northeastward to the Ohio River Valley. Around the same time,
the National Weather Service Storm Prediction Center reported severe storm activity in the South Central U.S.,

including several tornados in North
Texas. The AIRS brightness temperature
minimum above the Texas storms was
close to 200 K, well below climatological
zonal-mean tropopause temperatures
of 210 to 215 K [Hoffmann et al., 2013],
implying deep convection overshooting
the tropopause in this region.

Figure 2 shows the AIRS 4.3μm BT
perturbation map over the CONUS. BT
perturbations have been calculated by
subtracting a fourth-order polynomial
fit for each across-track scan from the
individual BT measurements for each
satellite footprint. This detrending pro-
cedure removes background signals
related to large-scale temperature gra-
dients and planetary waves [Hoffmann
et al., 2013]. The figure shows concentric
GW in the stratosphere emanating from

Figure 1. AIRS observations of clouds in the 8.1 μm channel showing
convective storm over Texas on 4 April 2014 at 7:55 UTC.

Figure 2. AIRS-derived 4.3 μm brightness temperature perturbations
showing concentric GW emanating from the deep convection region
above Mississippi on 4 April 2014 at 7:55 UTC.
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the convective storm. Due to the coverage gap between adjacent AIRS swaths we were not able to create a
full composite image showing complete radial patterns of the GW event. However, the concentric wave fea-
tures thought to be associated with the convective activity are readily discernable through visual inspection.
Their horizontal wavelength is approximately 250 km. The AIRS data also reveal small-scale waves to the
southwest of the larger-scale waves, with horizontal wavelength on the order of 40 km.

Moving upward to the mesopause and the nightglow layer near 85–90 km, Figure 3 shows concentric GW
centered over Texas in the S-NPP VIIRS/DNB band measurements on 4 April 2014 at 8:08:59 UTC (within
15min of the Aqua/AIRS overpass crossing the convective line). The horizontal resolution of VIIRS/DNB ismuch
higher than that of AIRS, explaining the finer structures visible in DNB measurements (~30–40 km horizontal
wavelength). Light sources fromurbanareas also appear in thefigure asbrightwhitepixels. There are anumber
of lightningstripes locatedover thehighclouds.Note that therearealso larger-scalewave featuresof200–300 km
in the Gulf of Mexico.

Figure4showsasequenceofTECdatamappedover theCONUSon4April 2014at7:40,9:10,9:50, and10:30UTC.
We shouldpoint out here that thegray scale in thefigure represents theweighed sumof theperturbations over
the specified latitude/longitude grid, which is significantly lower than the actual TID amplitude; the gray scale
ranges should not be confused with the magnitude of the TEC perturbation. The unsmoothed amplitude of
the TIDs as seen in the TEC time series of an individual GPS receiver is about ±0.1 TECU (~1%of the background
TEC) with an uncertainty of 0.02 TECU. The TECmap at 8:30 UTC (Figure 4a) does not show any coherent wave
structure. At 9:10 UTC (Figure 4b), two sets of circular wave fronts can be seen in the figure, one extending from
Texas to Ohio. The center of these TIDs is located over Texas in the vicinity of the connective storm regions
(shown in Figure 1). The storm-generated concentric TIDs are also present in the TEC map at 9:50 UTC. A full
TECmap sequence (not shown here) at a cadence of 30 s shows that the TIDs propagate radially outward from
the center and they are visible in GPS TEC data for about 70min. By 10:30 UTC, the concentric TIDs had largely
dissipated in the TEC map over the CONUS.

A wavelet spectrogram of the GPS TEC data yielded various TID perturbation parameters. Based on the wave-
let analyses we estimated the TID period to be 20.8 ± 2.1 min, its horizontal wavelength to be 251.5 ± 6.2 km,
and the horizontal phase speed to be 201.3 ± 15.5m/s. The wavelength of the TID is consistent with that of
the stratospheric GWs observed in AIRS data. The small-scale GWs seen in the AIRS and DNB data cannot
be detected in GPS data because of its coarser resolution (15 km) and spatial smoothing.

Figure 3. Concentric gravity wave image in VIIRS/DNB measurements on 4 April 2014 at 8:08:59 UTC.
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4. Discussions and Summary

In this paper we have used multiinstrument data sets offering sensitivity to different levels of the upper
atmosphere to track concentric GWs from their convective source region in the troposphere over North
Texas on 4 April 2014 to the ionosphere where they appeared as TIDs. Intense areas of convection are
known to produce a broad spectrum of GWs, a subset of which survive breaking and absorption in the
stratosphere and mesosphere to reach the mesopause and above. The composite measurements clearly
illustrate this transfer process.

In a convective region, instantaneous forcing of the overshooting plume can generate a broad spectrum of
GWs. Due to their dispersive nature, the GWs launched by the storms spread out in space and time as they
propagate vertically, leading to conically shaped phase surfaces [see Yue et al., 2013, Figure 1]. The horizontal
spreading of a GW is a function of waves period, horizontal wavelength, and speed. The AIRS data show a
convective storm system over the southeastern U.S. and concentric gravity waves emanating from these con-
vective regions. A close examination of the AIRS 4.3μm radiance data show two groups of concentric GWs;
one likely to be generated by the storm to the southwest and the other associated with the larger storm
shown in Figure 1. Along with the larger-scale GWs (~250 km horizontal wavelength), the AIRS 4.3μm data
also reveal many small-scale waves with horizontal wavelength on the order of 40 km. However, dissipation
properties of GWs for a typical temperature profile of the atmosphere for the date and time shown here sug-
gest that these small-scale waves will tend to dissipate much lower in the atmosphere and will not able to
penetrate the ionosphere [Vadas, 2007]. This could explain why the GPC TEC data only shows TIDs with a
horizontal wavelength of ~250 km. Furthermore, the effect of Gaussian smoothing of TEC data in latitude
and longitude could also contribute to this by averaging out smaller-scale waves.

Figure 4. TEC perturbationmaps showing concentric wavefronts over the CONUS derived from about 4000 GPS sites on 4 April
2014 at (a) 08:30 UTC, (b) 09:10 UTC, (c) 09:50 UTC, and (d) 10:30 UTC. The color scale is ±0.02 TECU (1 TECU= 1× 1016 el/m2).
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To test our hypothesis that the observed TIDs were likely excited by the convective storms over Texas seen in
the AIRS data (Figure 1), we computed the oblique propagation path of the GW and compared the base of the
ray path to the storm locations. As noted before, the dispersion relation suggests that different GW periods
propagate at different angles to the horizontal [Fritts and Alexander, 2003]. Using a simplified formulation
presented by Vadas and Nicolls [2009] (which neglects background horizontal winds), we can write the
propagation angle as follows:

sin θ ¼ τB=τr

� �
(1)

where θ is the angle between the horizontal and the direction of propagation of the atmospheric GW (AGW),
τr is the TID period, and τΒ is the buoyancy period. Using the buoyancy period of τΒ ~10.4min (calculated
using the Mass Spectrometer and Incoherent Scatter Radar model at 350 km), we find that θ ~30° for the
AGWs with τρ~ 21min from equation (1). Assuming that the IPP is at 350 km, we estimate the horizontal
distance traveled by the GW to be ~614 km.

This horizontal puts the source location of the TIDs in the general vicinity of the convective storms imaged in
AIRS data (see Figure 1). These results suggest that the TIDs observed in TEC data could indeed have been
driven by GWs generated by the convective storms over Texas seen in AIRS data.

The key findings of this study are summarized below:

1. The deep penetration of GWs from the troposphere to the ionosphere is observed and reported for the
first time using multiple data sets. The GW event shown in this study occurred in April, an equinox month,
when the background wind is weak [Yue et al., 2009]. This confirms the suggestion by Yue et al. [2009] that
equinox seasons might be ideal for observing concentric gravity waves in the upper atmosphere.

2. Although the propagation of small-scale GWs is symmetric in DNB, the larger-scale GWs of ~250 km
wavelength predominantly were propagating eastward, even in the stratosphere. This probably could
be the result of wind filtering, which will be further explored in future studies.

3. The GW images in AIRS, DNB, and TEC data may not show exactly the same GWs because the time offset
between different observations may not match the exact propagation time from the stratosphere to the
mesopause or from the mesopause to the ionosphere. However, the morphology and horizontal scales of
the observed GWs suggest that they were likely excited by the same storm system.

This work provides the first concrete evidence that the TIDs observed in TEC data were forced by the gravity
waves excited by thunderstorms over southeastern U.S. The results presented here provide information
regarding the transportation of wave energy and momentum over large distances, and the morphological
characteristics of TIDs. The TID images in GPS TEC data can also shed new light on the directional filtering
of GWs by atmospheric winds that will permit gravity wave packets propagating against the winds to reach
the ionosphere with minimum energy loss. For the first time, we provide multilayer constraint for gravity wave
resolving models such as the high-resolution Whole Atmosphere Community Climate Model [Liu et al., 2014],
which extends from the ground to the upper atmosphere. This is important for modern general circulation
model development.
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