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Bangladesh	Thunderstorm	(Suomi	NPP	
vs.	ground	photographer)	
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4/27/2015	1935	UTC	
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Joint observations of concentric gravity waves in polar mesospheric 
clouds from CIPS on AIM and AIRS on Aqua over  Siberia on 13 July 
2007

Yue et al., JGR 2014



Tropical	Cyclone	Mahasen		
(VIIRS	vs.	AIRS)	5/13/2013	
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Day/Night	Band	

3.2. DNB observations

Fig. 2 displays the DNB and infrared 10.76 μm band observa-
tions of Mahasen's TGWs on 13 and 14 May 2013. During this
period, the moon was in the early waxing crescent phase of the
lunar cycle, and was thus well below the horizon at the time of the
NPP overpass. As reported by Miller et al. (2012), all cloud
structures and the TGWs themselves are the result of nightglow
reflection and direct emission, respectively. Owing to the inherent
sensitivity of the DNB, anthropogenic light sources, in particular
the lights from cities in India and Sri Lanka are clearly visible in the
DNB, along with a few lights from maritime vessels in Bay of
Bengal. The brightest land-based anthropogenic light sources
represent large metropolitan areas like Chennai, Hyderabad, and
Bangalore. On the night of 13 May 2013, a group of concentric GW
rings emanating from the storm (denoted by the green arrows in
Fig. 2a) were observed over the Indian Ocean in the region of (10–
17° N, 80–85° E). These waves had variable horizontal wavelengths
in their inner and outer rings. The inner rings are most clear and
their horizontal wavelength is measured to be !60 km. To
determine the center of these concentric GWs, we fit circles of
varying radii and centers to each ring, and look for optimal
matches (Yue et al., 2009; Suzuki et al., 2013). The center of the
rings was located near (13° N, 85° E; denoted by the red cross).
Without continuous observations over this region, the periods and
propagating velocities of these waves cannot be measured (Yue
et al., 2013). A geostationary low-light sensor of similar sensitivity
to the DNB, or further optimized to sensing the nightglow
emissions, could supply such information in the future. The DNB
also observed several lightning strikes in the vicinity of the TC core
(noted in Fig. 2a). These manifest in DNB imagery as along-scan
bright segments (!12 km wide strips formed by 16 adjacent
simultaneously observed scan lines), with variable horizontal
extent depending on flash duration and the degree of light
diffusion (multiple scatter within the cloud). Simultaneous ther-
mal infrared cloud observations of TC Mahasen are shown in
Fig. 2c and d. The TGW ring patterns are not evident in the thermal
imagery, and in some areas the rings are seen to extend well
beyond the horizontal boundaries of the underlying meteorologi-
cal clouds, confirming that these structures are indeed tied to the
nightglow emission. The white cross (same as the red cross in

Fig. 2a), indicating the location of the wave centers, is near the
center of Mahasen. Because these TGWs are relatively small-scale,
it is plausible that they were excited by strong latent heat release
or overshooting occurring within the deep convection of the TC
system (Kuester et al., 2008; Yue et al., 2009).

Interestingly, besides the small-scale TGWs (!60 km horizon-
tal wavelength), large-scale concentric GWs were also seen west of
India on 13 May 2013, denoted by blue arrows in Fig. 3. The center
of these GWs, estimated by the same technique as described
above, was determined to be also near TC Mahasen, suggesting
that they were tied to Mahasen !1500 km away as well. These
GWs displayed horizontal wavelengths of about 500 km, similar to
the scale of Mahasen itself, as shown in Fig. 2c. Considering the TC
as a “moving mountain”, such large-scale TGWs could have been
excited via the obstacle mechanism (Kuester et al., 2008). Yue et al.
(2013) report on similar large-scale GWs observed by AIRS, which
were excited by a large storm system in continental North
America. Note here that only a few apparent monochromatic
waves are observed in Fig. 3 instead of a broad spectrum near
the source. This can be due to the different propagation times from
the troposphere to the mesosphere. Waves with different wave-
lengths would need different times, even if they are launched at
the same point.

Similar TGW structures were observed on the following night
of 14 May 2013 (Fig. 2b) when Mahasen moved northeastward
(Fig. 2d), although the longer-wavelength TGWs in the Arabian Sea
were not observed. While the horizontal extent of Mahasen
contracted over the period, the center of the storm became colder
as it gained strength. The TGWs were again observed to emanate
westward and northwestward with a horizontal wavelength of
!40 km. The estimated center of these TGWs is located the
southeast of the storm center at roughly (16° N, 87° E). Again,
the DNB observed several lightning strikes observed in the core of
the storm, consistent with the presence of strong convection
which could account for the TGW generation. The presence of
TGWs in two consecutive nights demonstrates the prolific nature
of TCs as a source for these GWs. With its broad spatial coverage,
high sensitivity, high spatial resolution, and multi-spectral infor-
mation, VIIRS offers the first complete depiction of concentric
TGW patterns manifested in nightglow, coupled with simulta-
neous observations of the clouds of the parent TC.

Fig. 3. Zoom-out image of DNB observation of concentric TGWs on 13 May 2013. Short-wavelength TGWs near storm center are denoted by green arrows, while longer
wavelength TGWs to the west of India are denoted by blue arrows. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)

J. Yue et al. / Journal of Atmospheric and Solar-Terrestrial Physics 119 (2014) 83–9086

Yue	,	Miller,	Hoffmann,	Straka,	
JASTP,	2014	



Convective Gravity Waves 
TC Mahasen

VIIRS	DNB	and	11µm	(I05)		
imagery	on	13	May	2014	at	

2015Z	

AIRS	observaWons	4.3	µm	
radiance	on	May	13	2013	
around	2010	UT	



Gravity wave event reports by The Atlantic 
reported on the April 4 2014 event 
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“This	is	a	thin	glowing	layer	of	Earth's	atmosphere	rippling	in	the	wake	
of	a	huge	thunderstorm.”								Alexis	Madrigal,	the	deputy	editor	of	
TheAtlanWc.com		
	



Texas	Thunderstorm	
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4/4/2014	0813	UTC	Eastward View from Lamy, NM over Texas Panhandle 

Courtesy: T. Ashcraft and W. Lyons 



                 Troposphere to ionosphere   connections: 
Gravity Waves and ion - neutral coupling

AIRS/Aqua	

 Azeem, Yue et al., GRL, 2015

AIRS	

TEC	

VIIRS	
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Gravity waves associated with Calbuco 
Volcanic Eruption on 23 April 2015

Miller	et	al.,	Proceedings	of	NaWonal	Academy	of	Science,	2015	

Interpretational Caveats
As the DNB was never designed with nightglow imaging in mind,
the observations are not optimized to such applications. This
presents several challenges to interpretation and quantitative al-
gorithms for wave identification and warrants a tempered discus-
sion of the limitations. The first of these involves the weakness of
signal. Nightglow emissions reside typically 1–2 orders of magni-
tude below the notional minimum detectable signal of the DNB
(defined for a signal-to-noise ratio >5 at scan edge). When ana-
lyzing signals so very close to the noise floor, artifacts considered
as negligible within the context of the scoped DNB applications
become important factors. Differences in the response between
the DNB’s detectors produce striping patterns oriented along the
cross-track scan direction. Small timing errors in the data collec-
tion give rise to regular patterns that are most prominent near
scan edge. Departures from the prelaunch calibration coefficients
produce a false limb brightening that requires monthly adjust-
ment. Stray light contamination (unshielded sunlight leakage into
the VIIRS optical assembly which feeds into the DNB) produces
a scan-line–oriented brightening near Suomi’s day/night terminator
crossings that migrates meridionally with the seasons. Software
corrections have been introduced to mitigate for these effects,
but some residual artifacts remain. Scan geometry and in-
terpretive vigilance near the scan edge and in the stray light

zones suffices in most cases for distinguishing visually between
true signal and artifact.
As seen in most of the examples, the nightglow gravity wave

features are often superimposed upon much stronger back-
ground signals. As the DNB was designed for cloud and surface
imaging, it senses in a clean spectral window of high atmospheric
transmittance (∼80–90%). This presents specific challenges to
isolating nightglow features riding atop various reflective and
emissive sources in the lower atmosphere and at the surface.
Meteorological clouds and high-albedo surfaces reflect down-
welling nightglow. These features are discernible in most of the
DNB imagery examples shown here. Additionally, anthropogenic
lighting (cities, roadways, ship lights, and gas flares) and tran-
sient sources of natural light from lightning flashes, fires, and
aurora at higher latitudes dominate the signal whenever they are
present, obscuring any faint nightglow gravity wave features. The
wave features also fade in the vicinity of aurora.
Typical DNB nightglow imagery is thus far more complex than

measurements collected in parts of the spectrum where the lower
atmosphere is opaque or for surface-based, upward viewing
systems where information on the position of individual stars and
the diffuse brightness of the Milky Way are well inventoried.
Whereas the wave structures are plainly evident to the human
eye, extracting them via objective pattern recognition algorithms
and filters poses a greater challenge. Simple background sub-
traction, a standard practice for the atmospherically opaque
bands of AIRS (18) and for upward pointing terrestrial systems,
is only possible for a small subset of DNB observations collected
over relatively cloud-free oceanic scenes. Algorithms based on
2D Fourier Transform image analysis and enlisting information
on the background cloud cover, surface type, and stable terres-
trial lights are currently in development for the DNB.
Finally, there is the limitation of temporal sampling. Night-

glow imaging from the DNB is possible only in the astronomi-
cally dark portion of Suomi’s orbit (solar zenith angles exceeding
109° so as to avoid contamination by twilight). This precludes
diurnal sampling of wave activity. Furthermore, not all astro-
nomically dark nights offer sufficiently low background; moonlit
scenes may exceed 100 times that of nightglow emissions, thus
saturating any gravity wave details. The data collections are thus
limited to moonless nights, which for the Suomi orbit corre-
sponds to a ∼2-wk period spanning roughly two nights after Last
Quarter until two nights after First Quarter lunar phase. During
these periods, nightglow gravity wave structures appear regularly
within DNB imagery. However, we are left with corresponding
∼2-wk gaps defined by the ∼29.5-d lunar cycle. Per the geometry
of the seasons and day length, at high latitudes there are pro-
longed gaps in nightglow monitoring in the summer, with cor-
responding periods of sustained coverage in the winter.

Glowing Ripple Effect—Lighting a Path Ahead
Suomi’s DNB has exhibited an unexpected capability to detect
gravity waves occurring globally at the mesopause via nightglow
emission signatures for moonless nighttime scenes. A unique ad-
vantage of the DNB is its ability to resolve subkilometer-scale
structural details of waves that typically cannot be observed reg-
ularly from the surface due to cloud obscuration, their spatial
extent, or their remote nature. In this way, the DNB helps to
address a key observational gap. Whereas their utility for im-
proving model gravity wave parameterizations in the near-term is
unlikely, these observations will at a minimum tell more about the
distribution and character of mesospheric gravity waves. The long-
term compilation of DNB data from both Suomi and the forth-
coming JPSS constellation members (a series running through
2025) holds greater promise to improve our general understanding
of wave-energy impacts on general circulation and climate.
Formalizing and advancing this demonstrated nightglow capa-

bility (among the myriad other utilities of nighttime visible-light
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Fig. 6. Volcanic eruption waves. (A) VIIRS 10.76 μm thermal infrared imagery
showing a deep (cold-top) ash plume atop the erupting Calbuco volcano in
Chile on 23 April 2014 at ∼0509 UTC and (B) corresponding Day/Night Band
nightglow imagery reveal a concentric gravity wave ring pattern (yellow curves
align with selected wave-phase fronts) centered on the volcano. The pattern is
reminiscent of those observed atop strong midlatitude thunderstorms.

Miller et al. PNAS | Published online November 16, 2015 | E6733
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Chinese ground airglow imagers 
More being installed (Jiyao Xu) 

OH airglow network: 87 km altitude, 900 km diameter each
Red line airglow network: 250 km, 2300 km diameter each



Large thunderstorm event 8/13/2013 (ground imager 
network vs. VIIRS) Xu et al., JGR 2015	

imager at the Rongcheng station, and
the horizontal wavelength is also
around 20 km, proving that satellites
and the ground all-sky airglow imager
observed the same CGWs. There are no
other large-scale gravity waves in the
OH airglow layer. Figure 10c presents
AIRS observations of stratospheric
CGWs at 4.3 μm at 01:30 LT. Also, there
are no large-scale gravity waves in
stratospheric region. Note that due
to the coarser resolution of AIRS, it
is not sensitive to GWs with short
horizontal wavelengths.

In order to investigate the propagation
characteristic of the CGW observed on
13 August 2013, the vertical wavelength
of the CGW λz can be calculated from
the gravity wave dispersion relation
[Isler et al., 1997]

m2 ¼ N2

c " uð Þ2
þ uzz
c " u

" k2h; (5)

where m ¼ 2π
λz

and kh ¼ 2π
λh

the vertical
and horizontal wave number, respectively.
The horizontal wavelength λh, and the
horizontal phase speed c can be
measured directly from the observations.
u is the wind velocity the wave direction
measured from meteor radar. uzz is the
second derivative of u with height z. N
(Brunt-Väisälä frequency) is calculated
from SABER temperature profile.

Equation (5) shows that the background
wind velocity and temperature are very
important for wave propagation analysis.
The wind velocity in the mesopause
region during this event was measured
by themeteor radar at the Shisanling sta-
tion (40.3°N, 116.2°E). The location of the
meteor radar is marked by a yellow cross
in Figure 1. The radar works at a fre-
quency of 38.9MHz, with a 7.5 kW trans-
mit power. The radar measures wind

velocities from 70 to 110 km with a time resolution of 1 h and a height interval of 2 km. Figure 11a presents
the hodograph wind at 87 km for 20:00–04:00 LT obtained from the meteor radar on the night of 13 August
2013. The wind direction is almost southeastward from 20:00–03:00 LT. Figure 11b shows thewind in the south-
eastward propagating direction along the white dashed line in Figure 8 for 20:00–04:00 LT. The wind speed
decreases from 58m/s at 20:00 LT to 10m/s at 04:00 LT.

During the CGW event, the TIMED (Thermosphere-Ionosphere-Mesosphere Energetics and Dynamics)
satellite passed over Shandong Peninsula near (36.0°N, 119.1°E) at 02:31 LT. Figures 12a and 12b present
temperature and OH 1.6μm emission intensity measured by the SABER (Sounding of the Atmosphere
using Broadband Emission Radiometry) instrument on board the TIMED satellite, respectively. A distinct

Figure 10. The multilayer observations of CGWs on 13–14 August 2013:
(a) DNB observation at 01:58 LT, (b) all-sky airglow imager network
observation at 01:58 LT, and (c) AIRS observations of stratospheric
observation at 4.3 μm at 01:30 LT.

Journal of Geophysical Research: Atmospheres 10.1002/2015JD023786

XU ET AL. CGWS OBSERVED BY GROUND NETWORK 13



Large thunderstorm event 8/9/2013 (ground imager 
network vs. AIRS) Xu et al., JGR 2015	

Figure 14d gives the FY-2 cloud imagery at an earlier time (01:00 LT). The cloud was located in the region of
34°N–37°N, 116.5°E–121°E. Similarly, Yue et al. [2014] shows the two-layer observation of CGWs in the
stratosphere and mesosphere using AIRS/Aqua and VIIRS/Suomi NPP observations, respectively.

Movie S2 shows that during this night, after 23:00 LT, there were no clouds over the Xinglong station. This can
help elucidate the detailed evolution of the event. Other stations have occasional cloud contaminations. Here
we mainly study the time evolution of the CGW event observed at the Xinglong station.

Figure 15 shows the two-level observations of CGWs on 9 August 2013. Figure 15a shows the combined
unwarped TD OH airglow image from six all-sky airglow imager observations at 23:30 LT. Two CGWs

Figure 14. The multilayer observations of CGWs on 9 August 2013: (a) DNB observation at 01:30 LT, (b) all-sky airglow
imager network observation at 01:41 LT, (c) AIRS observations of stratospheric observation at 4.3 μm at 01:30 LT, (d) FY-2
cloud observations at 01:00 LT.

Journal of Geophysical Research: Atmospheres 10.1002/2015JD023786

XU ET AL. CGWS OBSERVED BY GROUND NETWORK 17



PotenWal	ApplicaWons:	
Improved	Numerical	Modeling	

NCAR’s	Whole	Atmosphere	Community	Climate	Model	(WACCM);	Meridional	Winds	at	~100	km	AMSL	

Courtesy:	Hanli	Liu	(NCAR)	

à	ConfronWng	models	with	high	resoluWon	observaWons	can	help	to	improve	
model	representaWon	of	waves,	leading	to	improved	momentum	flux	and		
circulaWon	processes.		Models	can	help	explain	DNB-observed	structures.	 15	



Conclusions
•  Large number of gravity waves forced convection can 

reach the upper atmosphere

•  Sets of nadir viewing sensors on satellites provide the 
2D view of concentric GWs at different heights, making 
the correlation study possible

•  Airglow imager network covers a much broader area 
with high resolution measurements.

•  These higher frequency waves, which cannot be 
resolved by conventional limb-sounders, are the main 
drivers of the upper atmospheric circulation.

•  Collaborations between high res models and high res 
imaging are desired.
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Tropical	Cyclone	Hellen	

3/29/2014		2209	UTC	
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Ionospheric disturbance after tornados	

Nishioka	et	al.,	GRL,	2013	



Waves Launched by Latent Heat
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DNB 

T-STORM	


