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a b s t r a c t

We report on the first simultaneous spaceborne observations of concentric gravity wave patterns in the
stratosphere and mesosphere over the Indian Ocean excited by Tropical Cyclone Mahasen. On the nights
of 13–14 May 2013, concentric ring patterns in nightglow were observed in close-proximity to Mahasen
by the Day/Night Band (DNB) of the Visible/Infrared Imager/Radiometer Suite (VIIRS) on the Suomi NPP
satellite. The waves exhibited horizontal wavelengths of 40–60 km. On 13 May 2013, long concentric
waves of �500 km wavelength were also seen west of India, far away (�1500 km) from their estimated
center near Mahasen. Concentric gravity waves in the stratosphere were observed nearly simultaneously
by the Atmospheric Infrared Sounder on the Aqua satellite. These multi-level observations provide a
clearer picture of the complex three-dimensional structure of tropical cyclone-generated gravity waves
than a single instrument alone.

& 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Tropical cyclones (TCs) are classified according to their max-
imum sustained winds and the oceanic basin they are located in
Neumann (1993). The weakest systems are generally classified as
tropical depressions and tropical storms, while the strongest are
labeled as Hurricanes (in the western North Atlantic and eastern
North Pacific), Typhoons (western North Pacific Ocean), Cyclonic
Storms (Indian Ocean), or simply Tropical Cyclones (Australia/
South Pacific). Generally, intense TCs are a significant source of
gravity waves (hereafter, TC-generated gravity waves, or TGW)
that propagate through the upper troposphere, stratosphere, and
mesosphere (Pfister et al., 1993; Sato, 1993; Chane-Ming et al.,
2002; Dhaka et al., 2003; Kim et al., 2009). The horizontal
wavelengths of TGWs are typically in the range of 50–500 km,
with periods from 1 h to 1.6 days (Kim et al., 2009). For an example
of a TGW in the mesosphere, Suzuki et al. (2013) reported
fragments of concentric rings of TGWs observed by a chain of
OH airglow imaging systems over Japan. To investigate the
propagation of TGWs from the troposphere to the mesosphere,
several field experiments have been carried out in Australia, for
example, the Tropical Warm Pool International Cloud Experiment
(TWP-ICE) (Evan and Alexander, 2008; Hecht et al., 2009) and the
Darwin Area Wave Experiment (DAWEX) (Hamilton et al., 2004).
In particular, Hecht et al. (2009) showed that some TGWs were
likely ducted in a trapped region, i.e., the mesospheric inversion
layer.

Mesoscale numerical models, such as the three-dimensional
mesoscale model (MM5) and Weather Research Forecasting (WRF)
model, have been used to study the characteristics of TGWs,
including their influence on the background flow and on the TCs
themselves (Kim et al., 2005, 2009; Kuester et al., 2008; Kim and
Chun, 2010, 2011). However, these mesoscale models usually
extend only to the stratosphere (�30 km for MM5 and �45 km
for standard WRF) (Dudhia, 1993; Skamarock et al., 2005). There-
fore, TGWs in airglow cannot be easily simulated in these models.
Kuester et al. (2008) suggest that the obstacle effect mechanism
generates most of the TGWs with the phase speed being equal to
the speed of the moving heat source, while the deep heating
mechanism contributes to TGWs with high phase speed.

Compared to terrestrial-based (e.g., surface and aircraft) ob-
servational data, Earth-viewing polar-orbiting satellite instru-
ments hold the advantage of global coverage to observe TGWs
on a horizontal plane (Kim et al., 2009). This vantage point
provides an ability to resolve the full extent of wave patterns
which may span hundreds or even thousands of km. Unlike
ground-based optical measurements, spaceborne observations of
TGWs are not prohibited by clouds and poor weather (Yue et al.,
2013). On the other hand, the resolution of most of the Earth
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viewing satellites is much coarser than ground-based imaging
systems. Therefore, they are not sensitive to small-scale GWs. Only
AIRS and VIIRS observations do not provide altitude-dependent
information about GWs. Sensors on polar-orbiting satellites only
pass the same place twice a day. Thus, the temporal evolution of
GWs cannot be observed and wave phase speed and period cannot
be measured.

In this paper, we report on a TGW event that occurred over 13–
14 May 2013. The event was associated with the first named storm
of the 2013 season in the Bay of Bengal, TC Mahasen. The TC was
later renamed Cyclonic Storm Viyaru by the Regional Specialized
Meteorology Center (RSMC) New Delhi, India Meteorological
Department. The system produced a complete concentric TGW
pattern, visible in the nightglow from a new spaceborne instru-
ment, the Visible/Infrared Imager/Radiometer Suite Day/Night
Band (VIIRS/DNB, which is carried on board the Suomi National
Polar-orbiting Partnership (NPP) satellite, described in more detail
below). Because the Suomi NPP and the National Aeronautics and
Space Administration (NASA) Aqua satellites fly in the same orbital
plane, we are able to report joint observations from two satellites
when their orbits were in-phase. On one of the nights, as Mahasen
was gathering strength in the Bay of Bengal, both stratospheric
and mesospheric TGWs were observed nearly simultaneously by
Suomi NPP and Aqua, providing an unprecedented perspective on
this complex TGW event.
2. Data sets

2.1. AIRS observations

The Atmospheric Infrared Sounder (AIRS) onboard the NASA
Aqua satellite is a grating spectrometer measuring the thermal
emission of atmospheric constituents in the nadir through sub-
limb viewing geometry (Aumann et al., 2003). Aqua is in a Sun-
synchronous polar orbit (13:30 local time, ascending node) at
705 km altitude and 99 min period. AIRS radiance measurements
at the 4.3 μm CO2 fundamental band are used to detect TGW-
induced temperature perturbations between 30 and 40 km above
mean sea level (AMSL) (Hoffmann et al., 2013). The AIRS radiance
measurements at 8.1 μm (an atmospheric window channel) are
used to detect the presence of convection and anvil clouds
associated with tropical cyclones (Aumann et al., 2006;
Hoffmann et al., 2013; Yue et al., 2013). The footprint size of AIRS
is 13–14 km diameter at nadir view and 41 km�21.4 km at the
a b

Fig. 1. (a) Trajectory and (b) maximum wind speed (km/h) of TC Mahasen during 10–16
org/Cyclones/report.aspx?episodeid¼6&eventid¼37639&eventtype¼TC).
scan edges. The swath width is 1765 km, which is sufficient to
cover the horizontal scale of most tropical storm systems.

2.2. VIIRS day night band observations

VIIRS is a scanning optical sensor with very high spatial
resolution (nadir values of 0.375 km for imagery resolution bands,
0.75 km for moderate resolution bands) and a 3000 km across-
track swath width. VIIRS is one of the six instruments flying on the
NASA Suomi NPP satellite launched on 28 October 2011. NPP flies
in a Sun-synchronous orbit at �834 km altitude. Both Aqua and
NPP have local equatorial crossing times of �1:30 p.m. (ascending
node) and 1:30 a.m. (descending node), and since Aqua's orbital
altitude is slightly lower (705 km), it ‘laps’ Suomi every 2–3 days.

VIIRS includes a next-generation low-light sensor, the DNB. The
DNB is a broadband passive radiometer with a spectral response of
505–890 nm. The DNB provides extremely high sensitivity to low-
light signals via three levels of gain amplification—achieving
detection down to levels of �10�5 W m�2 sr�1, or roughly 106

times more sensitive than most conventional visible-band sensors.
The spectral response happens to overlap with the dominant OH
Meinel bands in the near infrared (NIR). The sensor has demon-
strated the ability to sense a wide array of nocturnal phenomena,
both natural and anthropogenic, via observations of terrestrial
emissions and lunar reflection (Miller et al., 2013). In addition to
the anticipated capabilities, Miller et al. (2012) describe the DNB's
unexpected sensitivity to both reflected and direct-emission night-
glow. Particularly germane to the current study, Miller et al. (2012)
show an example of a DNB-observed GW event in the nightglow
above a thunderstorm in the tropical Pacific Ocean.

While the forcing of GWs by tropospheric phenomenon such as
convection and topography all well known, the Miller et al. (2012)
study documents the first mesospheric GWs in nightglow to be
observed at sub-km resolution by a nadir-viewing instrument
from space. The horizontal wavelength of �33 km and concentric
ring structures of the observed waves were consistent with
convectively generated gravity waves previously observed by
ground-based airglow imagers (e.g., Taylor and Haphood, 1988;
Sentman et al., 2003; Suzuki et al., 2007; Vadas et al., 2012; Yue
et al., 2009, 2013). With its high sensitivity, high spatial resolution,
and wide swath the DNB is capable of observing both small-scale
and large-scale TGWs. One limitation of the DNB is its coarse
temporal resolution – offering only 1 pass per night at lower
latitudes and thus unable to provide information on the phase
speeds as well as propagation direction of the various wave
May 2013 (from Global Disaster Alert and Coordination System http://www.gdacs.
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structures. Another limitation is its sub-optimal band-pass for
nightglow observations, and the fact that the very faint signals
reside just above the noise floor of the sensor—making for grainy
imagery and ambiguity between directly-emitted nightglow GW
signals and contamination signals such as clouds reflecting the
downwelling nightglow.
3. Results

3.1. Tropical cyclone Mahasen

TC Mahasen formed from a low pressure in the southern Bay of
Bengal in early May 2013. On 10 May 2013 Mahasen strengthened
Fig. 2. DNB observations (log10-scaled in W cm2 sr�1) of the TGWs on (a) 13 May and (b
observations of TC Mahasen in (c) and (d). Red and white crosses denote the estimated ce
in this figure legend, the reader is referred to the web version of this article.)
into a tropical depression. The system was classified by RSMC New
Delhi as a named storm on 11 May 2013, when it attained gale-
force surface winds (17.5–24.2 m/s). Fig. 1 displays a trace of TC
Mahasen's track and its maximum wind speed. The storm evolved
into a tropical cyclone moving northwestward on 11 May 2013. On
14 May, Mahasen turned toward the northeast and on 16 May
2013 it reached peak intensity with a central pressure of 990 hPa.
Shortly thereafter, Mahasen made landfall in Bangladesh and had
dissipated by 17 May 2013 near Mizoram, India. In the context of
the full 2013 North Indian Ocean cyclone season, Mahasen was a
relatively weak TC. However, strong latent heat release by con-
vective bursts during portions of the storm's intensification phase
was sufficient to produce a remarkable display of TGWs which are
the focus of the current study.
) 14 May, 2013; and corresponding infrared window (brightness temperature in K)
nters of the concentric TGW structures. (For interpretation of the references to color
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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. 3. Zoom-out image of DNB observation of concentric TGWs on 13 May 2013. Shor
wavelength TGWs to the west of India are denoted by blue arrows. (For interpretation of
of this article.)
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.
t-wavelength TGWs near storm center are denoted by green arrows, while longer
the references to color in this figure legend, the reader is referred to the web version



Fig. 4. AIRS observations of (a) stratospheric TGWs in 4.3 μm radiance and (b) cloud observations in 8.1 μm radiance of TC Mahasen on 13 May 2013 around 2010 UT. The red
cross denotes the estimated center of concentric GWs. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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3.3. AIRS observations

Fig. 4 displays the AIRS observations of TGWs and clouds of TC
Mahasen on 13 May 2013. As mentioned previously, Aqua and
Suomi NPP share a common orbital plane and therefore have the
same local equatorial crossing times. However, owing to their
different orbit altitudes they do not share identical ground tracks,
and the two satellites are only perfectly overlapped in space and
time for a brief span of several hours every 2–3 days. Fortunately,
the two satellites were nearly in-phase at the time of the 13 May
Mahasen overpass. In particular, between 1445 UTC and 1919 UTC,
the two satellites were within 3.5 min (�1500 km) of each other.
For the purposes of this comparison and considering the time
scales of GW propagation, the AIRS and DNB observations may be
regarded as nearly simultaneous. The horizontal resolution of AIRS
is much lower compared to the DNB; thus it cannot resolve fine
structures. Note also that the AIRS TGW observations are noise
limited, with the stratospheric wave amplitudes being a factor of
�40 smaller than the mesospheric wave amplitudes (Yue et al.,
2013). Nevertheless, the TGW signatures of TC Mahasen are still
readily identified in the AIRS data.
a b

Fig. 5. Profiles of (a) zonal wind and (b) temperature. The profiles are compo
The stratospheric TGWs in the 4.3 μm radiance perturbations
(with sensitivity near 30–40 km AMSL) were observed to be
propagating eastward, northward, and westward. Both small-scale
TGWs in the region of (13–15° N, 82–85° E), and medium-scale
TGWs around (15–20° N, 80–90° E) were noted. The former
exhibited horizontal wavelengths of �60 km, while the latter
had wavelengths of �150 km. The centers of these waves (de-
noted by the red cross in Fig. 4) were found to be very close to the
center of the TGWs in the DNB observations (red crosses in Fig. 2).
This suggests that the TGWs in AIRS and DNB were likely excited
by a common source. The large-scale TGWs in Fig. 3 are not seen in
AIRS. On 14 May 2013, Mahasen and its associated TGWs resided
in a coverage gap between two adjacent AIRS swaths, therefore, no
AIRS observations were available. However, medium-scale TGWs
were observed by AIRS on other days (not shown) throughout the
life-cycle of Mahasen.

3.4. AIRS and DNB comparison

Comparing Figs. 2a and 4a, the small-scale TGWs with a
horizontal wavelength of �60 km in the stratosphere and
sed of ERA-Interim data below 50 km and TIME-GCM data above 50 km.
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mesosphere are approximately collocated in (83–85° E, 12–15° N).
The AIRS-observed TGWs in Fig. 4 were mainly propagating
eastward, northward, and westward, while the DNB TGWs in
Fig. 2 were found to be heading only westward and northward.
Several factors may account for the absence of TGWs propagating
eastward in nightglow. The background wind field between the
mid-stratosphere (30–40 km) and the mesopause (85 km) can
effectively filter out parts of the GWs. The filtering occurs when
the phase velocity of the TGWs is equal to the wind velocity in the
direction of propagation. Fig. 5a displays the resembled back-
ground wind from ERA-Interim and climatology from the Thermo-
sphere-Ionosphere-Mesosphere-Electrodynamics General Circula-
tion Model (TIME-GCM) (Yue et al., 2013, 2014). The maximum
background zonal wind between the stratosphere and the meso-
pause on 13 May 2013 is �25 m/s (westward). This cannot filter
out eastward propagating TGWs.

The wind in the stratosphere and mesosphere can alter the
vertical wavelength of TGWs. AIRS can only detect stratospheric
GWs having vertical wavelengths longer than �20 km, while the
DNB can only see mesospheric GWs having vertical wavelengths
longer than �10 km (Yue et al., 2013). To estimate the TGW
propagation from the tropospheric source through the strato-
sphere towards the airglow layer (�90 km), we conducted ray
tracing simulations using the background temperature and wind
profiles in Fig. 5 (Alexander, 1996; Yue et al., 2013, 2014). GWs
with two vertical wavelengths of 17 km and 34 km (representing
1� to 2� the depth of the tropopause) and three horizontal
wavelengths (60 km, 150 km, and 500 km) were calculated. Fig. 6
shows the calculated vertical wavelengths. Because of the east-
ward wind at the mesopause (Fig. 5a), the vertical wavelengths of
eastward propagating TGWs are substantially reduced near the
airglow layer, while the vertical wavelengths of westward TGWs
are enlarged. This facilitates the observation of westward TGWs in
the airglow, especially for the small-scale GWs.

We also calculated the travel distance and time for the west-
ward-propagating TGWs using the ray tracing simulation, as
shown in Fig. 7. The model shows that the large-scale TGW of
�500 km horizontal wavelength traveled a distance of 1000–
2000 km distance (consistent with Fig. 3) and 2–7 h from the
a b

Fig. 6. Evolution of vertical wavelengths for (a) eastward propagating TGWs and (b) west
are denoted by different colors and line styles. (For interpretation of the references to c
source to the airglow layer. The northward or westward-propagat-
ing small-scale TGWs with 60 km horizontal wavelength (in
Figs. 2a and 4a) travel �50 km horizontally and �10–20 min from
the stratosphere to the mesopause. Therefore, these TGWs in VIIRS
and AIRS were collocated in nearly simultaneous observations. The
ray tracing simulations provide further evidence that the TGWs by
both AIRS and VIIRS originate from the same source.

For freely propagating TGWs and weak background wind, the
period of the wave can be estimated from

α ω=cos N( ) / (1)

where α is defined as the angle between the wave vector and the
zenith, ω is the wave frequency, and N is the Boussinesq frequency
(approximately 2π/5 min�1 at the mesopause). The elevation angle
can be calculated from the OH layer altitude (�87 km) minus the
source level (�20 km), and the horizontal distance to the source.
Using Eq. (1), we can estimate that the period for the large-scale
TGWs (1500 km away from the source) in Fig. 3 is �110 min. With
a horizontal wavelength of �500 km, the phase speed is �75 m/s.
It takes �5 h to travel. This is consistent with the ray trace
calculation.
4. Summary

This paper reports the first simultaneous space-borne observa-
tions of TGWs in the stratosphere and mesosphere, enabled by the
unique pairing of AIRS on Aqua and the new VIIRS/DNB on Suomi
NPP, respectively. Even though AIRS-observed TGWs have been
documented previously (Kim et al., 2009), this study captures the
first coupling of such observations with TGW observations near
the mesopause via nightglow. There is a growing compilation of
DNB-observed TGWs (including Supertyphoon Haiyan in Novem-
ber 2013); a more in-depth study of these TGW events by the DNB
and other instruments is planned.

Both small-scale (40–60 km wavelength) and large-scale
(�500 km wavelength) concentric TGWs were observed from
VIIRS in the nightglow structures for the same time and for
the first time. The small waves could be excited locally by deep
ward propagating TGWs. Different horizontal and vertical wavelengths at the source
olor in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. (a) Propagation distance and (b) propagation time from the source at 20 km for the six TGWs. The definition of line colors and line styles are the same as Fig. 6. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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latent-heating mechanisms or overshooting within the TC eyewall
and spiral rainbands, and the larger remote ones could be
launched via the obstacle effect, as suggested by Kuester et al.
(2008). These satellite observations provide direct validation for
future mesoscale cloud-resolving model simulations of TGWs.
Combining DNB and AIRS observations with other measurements
from the DAWEX or TWP-ICE campaigns (e.g., Hecht et al., 2009),
future field experiments will yield more detailed information
about TGWs.
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