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ABSTRACT

Atmospheric gravity waves are a kind of mesoscale disturbance, commonly found in the atmospheric
system, that plays a key role in a series of mesospheric dynamic processes. When propagating to the upper
atmosphere, the gravity waves will disturb the local temperature and density, and then modulate the intensity
of the surrounding airglow radiation. As a result, the presence of gravity waves on a moonless night can
usually cause the airglow to reveal ripple features in low-light images. In this paper we have applied a two-
dimensional Stockwell transform technique (2DST) to airglow measurements from nighttime low-light im-
ages of the day—night band on the Suomi National Polar-Orbiting Partnership. To our knowledge this study is
the first to measure localized mesospheric gravity wave brightness amplitudes, horizontal wavelengths, and
propagation directions using such a method and data. We find that the method can characterize the general
shape and amplitude of concentric gravity wave patterns, capturing the dominant features and directions
with a good degree of accuracy. The key strength of our 2DST application is that our approach could be tuned
and then automated in the future to process tens of thousands of low-light images, globally characterizing
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gravity wave parameters in this historically poorly studied layer of the atmosphere.

1. Introduction

Internal atmospheric gravity waves are oscillations
that result from an air parcel being vertically displaced
from an equilibrium state. These gravity waves are a
kind of mesoscale disturbance, commonly found in the
atmospheric system, that plays a key role in a series of
mesospheric dynamic processes. They have important
influences on the transmission of atmospheric energy
and momentum from bottom to top (Holton 1983; Fritts
and Alexander 2003). In the past few decades, gravity
waves have attracted considerable research attention all
over the world. However, the description of gravity
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waves in the study of global-scale climate models is pa-
rameterized because many waves or wave sources are
often subgrid-scale phenomena, so they are not well
resolved. But these parameterizations are often poorly
constrained for lack of real gravity wave observations
(Alexander et al. 2010; Geller et al. 2013). Therefore,
accurate measurement of gravity wave parameters is of
great significance for the development of current and
even next-generation global climate models.

The satellite observation data from imaging instruments
can globally obtain the characteristics of gravity waves
spanning hundreds of kilometers, which provides us with a
unique perspective to observe gravity waves. Gravity
wave observations based on a variety of satellite data have
made great progress in recent years, and they have greatly
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expanded our understanding of gravity waves (Alexander
et al. 2009; Hoffmann et al. 2013; Nishioka et al. 2013;
Azeem et al. 2015).

The Suomi National Polar-Orbiting Partnership
(Suomi NPP) has become a new generation of opera-
tional polar-orbiting meteorological environmental
satellite since it was launched in 2011 (Hillger et al.
2013). From its 824-km orbital altitude, the Suomi
NPP completes an orbit in ~102 min, thus providing
global coverage ~14 times every day. The Visible In-
frared Imaging Radiometer Suite (VIIRS) on board
the spacecraft has a strong capability of environmental
detection with its 22 spectral channels (Miller et al.
2013). The day-night band (DNB) of VIIRS covering a
wide band of 0.5-0.9 um has a nearly constant spatial
resolution. It images the Earth scenes not only at tra-
ditional daytime but also at night with weak moonlight
or starlight (Uprety et al. 2013; Ma et al. 2015,2016; Hu
et al. 2018). On moonless nights, the DNB can even
detect pretty weak radiation airglow located in the
mesopause (Miller et al. 2013). When propagating to
the upper atmosphere, gravity waves will disturb the
local temperature and density, and then modulate the
intensity of the surrounding airglow radiation. As a
result, the presence of gravity waves on a moonless
night can usually cause the airglow to have distinct
ripple features in low-light images (Miller et al. 2015).
Lai et al. (2017) validated the gravity waves observed
by DNB images with the help of thermal infrared data
from VIIRS and wind speed data from Modern-Era
Retrospective Analysis for Research and Applica-
tions. They concluded that these gravity waves had
sources that included orography, thunderstorm, ty-
phoon, and baroclinic instability.

Mesoscale numerical models, such as the three-
dimensional mesoscale model (Dudhia 1993) and the
Weather Research and Forecasting Model (Skamarock
et al. 2005), are often used to study the characteristics of
gravity waves (Kuester et al. 2008; Plougonven et al.
2008; Kim et al. 2009). However, since the mesoscale
models rarely extend into the mesosphere, the gravity
wave parameters observed in DNB images cannot be
easily simulated in these mesoscale models.

In this paper we present a processing algorithm for
measuring gravity wave parameters from a nighttime
satellite low-light image via the two-dimensional
Stockwell transform method. Section 2 introduces the
data and spectral methods used. Section 3 describes the
whole processing algorithm of measuring gravity wave
parameters from DNB images. Section 4 shows the
experimental results dealing with gravity waves in-
duced by Typhoon Manhasen on 13 and 14 May 2013.
Conclusions are provided in section 5.
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2. Data and spectral methods
a. Data

In this paper the DNB channel product SVDNB re-
leased by the NOAA Comprehensive Large Array-Data
Stewardship System (CLASS) is used. The VIIRS DNB
sensor data record (SDR; SVDNB) product belongs to
SDR-level products, providing the radiance information
of the Earth scene.

The spectral range of the DNB channel is 0.5-0.9 um.
The DNB data have been calibrated with high radiometric
precision, and even the high-gain stage used at night has a
recognized radiometric calibration uncertainty of 15%
(1o). With the constant 742-m spatial resolution, DNB
images can reveal many details of mesoscale gravity
waves. Since the intensity of the nighttime airglow radia-
tion is much lower than that of the moon, the existence of
moon radiation will greatly influence the observability of
gravity waves (Miller et al. 2012). Therefore, only on
moonless nights can it be possible to observe gravity wave
patterns in DNB images.

b. The Stockwell transform

For a smoothly varying, continuous, and one-dimensional
function of time A(f), the generalized analytical form of the
Stockwell transform (S transform) (Stockwell et al. 1996;
Stockwell 1999) is given as

0

S(r,f)= J,mh(t)wg(t —r,f)e > de, 1)

where 7 is translation in the time domain and f is fre-
quency; we(t — 7, f) is a windowing function scaled with
frequency, taking the traditional form of the normalized
Gaussian window

1 2192

— —(t=7) 20
w(t—71f)= e S 2
g( ) P ( )

(o

where o is the standard deviation.
Equation (1) can be rewritten as a more explicit form,

SH =" |frﬁ277 J, h(tye TR gy (3)

where c is the scaling parameter, usually set to 1. But it may
also take other values to achieve more specific time—
frequency localization requirements (Mansinha et al. 1997;
Fritts et al. 1998; Pinnegar and Mansinha 2003; Hindley
et al. 2016).

The time-domain convolution can be written as a
frequency-domain multiplication to reduce the compu-
tational costs (Stockwell et al. 1996),
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S(r.f) = J H(a+f)e 7l e2mr qo, - (4)

where « is translation in the frequency domain and
H(a + f) is a shifted version of H(f), which is in turn the
frequency analog of H(t). The frequency-domain form
of the voice Gaussian is given as
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c. The two-dimensional S transform

The S-transform can be easily extended to higher di-
mensions based on the one-dimensional form (Mansinha
et al. 1997; Hindley et al. 2016). For a given two-dimensional
image h(x, y), the two-dimensional Stockwell trans-
form (2DST) is given as

_ 7T2(_‘2012 2
o, (a.f) = 2T, 5)
S(r,, Ty’fx’fy) = J j h(x,y) X %e’{[(X*TX)ZfXZ+(y—7y)2fg]/Zgz}e—iZW(f,Cerfy,V) dxdy, (6)

where 7,, 7, are translation in the x and y di-
rections, respectively. Note that f, and f, are
simple spatial frequencies, inverse of wavelength.
However, the notation of angular wavenumber is

- ke Ik
S(TX7 Ty7kx7ky) = h(x’y) X——=>

w 8m3c?

The two-dimensional form of the Gaussian windowing
term is

more commonly used in the atmospheric sciences,
in the form of k,=2nf,, k,=2uf,. Therefore,
the 2DST can be written in terms of angular
wavenumber,

e*{[(Xf‘rx)zfxz+(y*fy)zf}?]/87202}efi(kxx+kyy) dx dy (7)

where c is a scaling parameter.
Similarly, the frequency-domain multiplication can
achieve greater computational efficiency,

|k ||k | 2,24 12.2V/82.2
— DXy —(kix*+kSy*) 8w
wg(X,y, kx’ ky) 832 e 4 > (8)
o oo 1 ,
S(17, koK) = J [ H(a, +k o, +k)X e (el +Cmeaglii)] gilenitey) gy dy, ©)
—o0J - T

where H (e, + ki, a, + k) is ashifted version of H (e, ),
which is in turn the wavenumber analog of the input
image. The frequency-domain form of the voice
Gaussian is given as

wg(a,w @y, kX’ ky) = e*[(szczai/kz)+(2772C2a"2//k§)] : (10)

The 2DST has been discussed and applied in a variety
of fields since it was first introduced. Hindley et al.
(2016) used it for the purpose of gravity wave analysis
from two-dimensional data in the atmospheric sciences
at the first time. Similarly, the 2DST could be used for
the gravity analysis from DNB images after some steps
are done. In the following section, we describe our im-
plementation algorithm to measure gravity wave pa-
rameters from two-dimensional DNB data.

3. Algorithm
a. Data selection and preprocessing

The SVDNB data product consisting of four granules
can be turned into an image of 3072 X 4064 pixels, with a
width of ~3000km. Therefore, gravity waves as a meso-
scale atmospheric phenomenon cover only a small part
of the observation area. There is no need to process all
the data because of the huge computation cost. For a
low-light image with localized typical gravity wave
features, a certain range of data revealing the gravity
wave information is usually selected for processing.

Human lights have a great influence on the observa-
tion of gravity waves with the DNB and are usually
continuous and widespread. As a result, it is quite dif-
ficult to totally eliminate the effects of human lights.
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Therefore, the best data to use are those over the oceans
far away from land, despite the existence of other light
sources, such as lightning and fishing boats.

On moonless nights the moonlight radiation reflected by
the ground is weak enough to be neglected, and the typical
DNB radiance is in the range of 10 °-10" "' Wem ™ 2sr L.
Since it is the relative radiance between neighbor-
ing pixels that matters rather than the absolute radi-
ance values, all selected data are multiplied by 10'%in
the calculation codes for the convenience of data
processing.

In general, the absolute intensity of airglow radia-
tion is relatively small. Therefore, after the product
operation, the bright pixels with radiance larger than
10"°Wem ?sr ! are considered as human lights or
natural lights such as lightning, whose radiance can
reach a fairly high level. To better observe the radiance
distribution of the low-light data, all pixels with radiance
greater than 107° W em ™ ?sr™ ! are all set to this value as
the upper limit of radiance.

b. Removal and inpainting of lightning pixels

For the gravity waves induced by tropical storms,
there is often lightning in nearby areas at the same time.
As a traditional scanning radiometer, DNB was not
designed for the purpose of lightning monitoring.
However, if there is a high generation probability and a
long duration of storm, DNB has the capability of
detecting the cloud-top diffuse lights of the lightning
(Bankert et al. 2011). In the data selection step, the
original data have been selected to avoid the in-
terference of wide-ranging human lights. Therefore,
lightning is the major influence factor in the process of
gravity wave identification.

Since the 16 adjacent detectors of DNB scan lightning
at the same time, there is a bright 16-pixel-wide streak
along the scan line. To process the low-light images
containing lightning information, we applied a convo-
lution kernel as a directional filter, taking the form of
11 X 3 pixels in Table 1.

Through the convolution calculation, the upper- and
lower-edge pixels of the lightning streak will have sig-
nificantly higher values than the inner ones. Therefore,
the position of the lightning pixels can be effectively
obtained by setting a certain threshold.

Lightning pixels are usually seen as wide streaks from
DNB images. The inpainting effects using a simple im-
age interpolation method are not satisfactory. For the
void areas left after the removal of lightning pixels,
curvature-driven diffusion (CDD) image restoration
technology (Chan and Shen 2001) is used to fill in the
pixels. The CDD model is proposed by introducing the
curvature-driven algorithm on the basis of the total
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TABLE 1. The convolution kernel used as a directional filter.

-1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
2 2 2 2 2 2 2 2 2 2 2
-1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1

variation (TV) model (Rudin et al. 1992), solving the
problem of visual connectivity of images effectively.

In addition, individual fishing boat lights at night are
often observed in the ocean, which are much brighter
than the surrounding dark background pixels. For a
single fishing boat light pixel with a peak radiance, a
satisfactory result could be obtained by taking the av-
erage value of the surrounding pixels for interpolation.

In this section the purpose of removing and repairing
lightning pixels in DNB images is to reduce the influence
of peak values on the 2DST. Therefore, when setting the
threshold for lightning identification, the algorithm
should cover as many potential lightning pixels as pos-
sible. There is no doubt that such a threshold-setting
strategy may consider some nonlightning pixels as
lightning pixels. However, repairing a small number of
discrete nonlightning pixels will not affect the holistic
radiance distribution greatly.

c. Using the 2DST method

Compared with the radiance data, the radiance per-
turbation data can effectively remove the limb bright-
ening effect and other large-scale satellite radiance
fluctuations. Therefore, the distribution characteristics
of gravity wave energy and momentum can be better
revealed. After the removal and inpainting of the
lightning pixels, the radiance perturbation distribution is
then extracted from radiance data via a fourth-order
polynomial fit along the scan line (Wu 2004; Alexander
and Barnet 2007).

On moonless nights, the signal-to-noise ratio (SNR)
of DNB data is quite low, making random noise
unneglectable. And the spatial resolution of DNB is
much smaller than the typical horizontal wavelength of
gravity waves. Therefore, the radiance disturbance data
can be smoothed to reduce the interference of random
noise. By adjusting the parameter settings, the Gaussian
smoothing method is used and then gravity wave fea-
tures are highlighted in the image.

We now compute the 2DST of the smoothed radiance
perturbation data. From this we obtain a complete four-
dimensional object containing a localized two-dimensional
spectrum for each location in the two-dimensional image.
There is a two-dimensional image of complex-valued lo-
calized spectral coefficients, indicating the absolute mag-
nitude of waves with wavenumbers k, and k, at the given
location. A single dominant wave for each location is
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FIG. 1. The DNB low-light image at 1953 UTC 14 May 2013 with the gravity waves circled in red.

identified to determine the two-dimensional complex-
valued spectral peak coefficients, which has the same
size as the input image (Hindley et al. 2016).

At the same time, the wavenumbers k, and k, can be
obtained from the location of the spectral peak co-
efficients. Therefore, three 2D parameters can be pro-
duced at each location in the original images, which are
the spectral peak coefficients and the two wavenumbers
in both directions.

Taking the real part of the complex-valued images
containing the dominant coefficients, we can recover a
“reconstruction” of the waves. With the help of two
wavenumbers, the horizontal wavelength of the domi-
nant wave at each location can be obtained by

_ 2 29-172
Ay(rot) =k (r,7) +k(r,7)T " (1)
The direction of wave propagation is denoted by the
degrees counterclockwise from the x axis of the along-
scan direction, which can be determined by

kX(Tx, Ty)

Ker)| (12)

0(t, Ty) = arctan

Note that the propagation direction is subject to a =
radian ambiguity, which is unavoidable for the lack of a
priori or extra dimensional information, such as time.

Following the processing algorithm, the distribution
of the horizontal wavelength and the propagation di-
rection of gravity waves can be finally measured from
the released original DNB data.

4. Experimental results
a. Experimental results of 14 May 2013

On 14 May 2013, Tropical Cyclone Manhasen was
moving northeast in the southern Bay of Bengal in the
Indian Ocean. Yue et al. (2014) found that a group of
concentric gravity waves induced by the storm were
observed from the DNB low-light image. The center
of gravity waves was located near 16°N, 87°E, and the
horizontal wavelength was roughly estimated to be
~60km by the pixel numbers. To validate our ex-
perimental results to some extent, the SVDNB prod-
uct at 1953 UTC 14 May 2013 was used, shown in
Fig. 1.

The 701 X 901-pixel area near the gravity wave
center is selected to measure local gravity wave pa-
rameters. From Fig. 2 it can be seen that there are
many bright streaks in the middle caused by lightning.
The lengths of these bright streaks are quite different.
The shorter ones are only few pixels long, while the
longer ones may span hundreds of pixels. However,
the widths of both sets of streaks are equal to 16 pixels,
the same as the number of DNB detectors. In addi-
tion, the inner pixels are much brighter than those
outside along the vertical direction.

By the directional filter of the abovementioned convo-
lution kernel, the lightning pixels are identified using a
threshold and then removed. The CDD model is used to
repair the void areas left. As shown in Fig. 3, the majority
of bright lightning pixels in Fig. 2 have been processed well.
In general, the image inpainting result is good enough to
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FIG. 2. The local DNB data intercepted on 14 May: (a) the grayscale image after logarithmic
operation on radiance and (b) the pseudocolor image.

continue the subsequent steps, though there are still a few
lightning pixels revealing the traces of restoration.

The ripple structure of gravity waves is clear enough to
be observed by eye, and the center of the wave field can be
easily identified. However, the poor contrast of Fig. 3 may
result in a relatively blurry visual effect for the gravity wave
observation. For the ripples in the upper-left area, the value
of high-value pixels is near 7 X 10 '°Wcem ?sr™ !, while
that of low-value pixels is near 4 X 10 **Wcem s L.
For the ripples in the lower-right area, the value of the
high-value pixels is near 4 X 10"'°Wcem ™ ?sr™ !, while
that of low-value pixels is near 1 X 10" "*Wem ™ 2sr™ L.
The upper-left area is much brighter than the lower-
right area. Therefore, the 2DST calculation result will be
seriously affected, as the two examples are processed in

one image.

Figure 4 shows the radiance perturbation data calcu-
lated via a fourth-order fit along the horizontal direction
on the basis of radiance data. Compared with Fig. 3, the
radiance perturbation data for the entire image is gen-
erally more balanced by subtracting the background
radiance, eliminating the large-scale variation trend of
radiance effectively. On the whole, the pixels in the
image now reveal distinct ripple features alternating
with brightness and darkness, which can help identify
the structure of gravity waves better.

The median filter and Gaussian smoothing method
are performed on the radiance perturbation data. As
shown in Fig. 5, the influence of random noise between
neighboring pixels is reduced by smoothing effectively,
making the image characteristics of gravity waves
clearer.
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FI1G. 3. The radiance distribution after image inpainting.

Finally, in accordance with the aforementioned
method in section 3c, the 2DST is performed based on
the smoothed radiance perturbation data, and the cal-
culation result is shown in Fig. 6. Figure 6a shows the
original smoothed radiance perturbation input into the
transformation model. Figure 6b is the real amplitude of
the data. The reconstructed gravity waves generally re-
veal the image characteristics of concentric gravity
waves, except for some certain areas mistaken as a result
of poor SNR. Figure 6c¢ is the distribution of the absolute
amplitude: the brighter the pixels, the larger the abso-
lute amplitude of the area. It can be seen that the
upper-right area in the figure has stronger gravity wave
features. Figure 6d shows the horizontal wavelength

700,

600

o
(=1
o

400

300

Pixel number in the y direction
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100

distribution of gravity waves as well as the contour lines
of absolute amplitude. The horizontal wavelengths are
mainly concentrated in the range of 40-70km, which
is generally consistent with the naked eye estimation
result of 60 km in Yue et al. (2014), taking the product of
the number of pixels and the DNB spatial resolution.
The areas of much longer wavelengths are just the areas
of poor SNR in Fig. 6b. Figure 6e shows the propagation
direction of gravity waves, defined by the degrees
counterclockwise from the x axis, as well as the contour
lines of absolute amplitude. It can be seen that the dis-
tribution of the propagation direction is generally di-
vided into four parts. In the lower-left and upper-right
areas, the angle of the propagation direction is positive,
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FIG. 4. The radiance perturbation distribution.
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FIG. 5. The smoothed radiance perturbation distribution.

while in the upper-left and lower-right areas of the fig-
ure, the angle of the propagation direction is negative,
which is consistent with the characteristics of the con-
centric gravity waves.

b. Experimental results of 13 May 2013

As a polar-orbiting meteorological environment sat-
ellite, the Suomi NPP usually passes over the same place
only twice a day. Therefore, there is only one chance
every night to acquire the local low-light image of a
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certain region. Fortunately, the gravity waves induced
by Manhasen can also be found in the DNB image of the
night before. The center of the gravity waves was located
near 13°N, 85°E, and the intensity, structure, and other
characteristics on that night were all different from
those on 14 May.

Similarly, for the low-light image of 2016 UTC 13 May
2013, we used the method described in section 3 to study
the characteristics of gravity waves and to measure the
gravity wave parameters.

(b) Real Amplitude
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FIG. 6. The 2DST result on 14 May.
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FIG. 7. The local DNB data intercepted on 13 May: (a) the grayscale image after logarithmic
operation on radiance and (b) the pseudocolor image.

From Fig. 7 we can see that the selected data reveal
obvious features of concentric gravity waves, and there
are two bright streaks caused by lightning in the middle.
The upper streak is shorter, while the lower one is much
longer, spanning nearly half of the image.

After a series of similar processing steps, the final 2DST
calculation result is shown in Fig. 8. Figure 8a shows the
original smoothed radiance perturbation input into the
transformation model. Figure 8b is the real amplitude of
the data. The reconstructed gravity waves generally re-
veal the image characteristics of concentric gravity waves.
Figure 8c is the distribution of the absolute amplitude. It
can be seen that the stronger gravity wave features are
located left of the center. Figure 8d shows the horizon-
tal wavelength distribution of gravity waves as well as
the contour lines of absolute amplitude. The horizontal

wavelengths are mainly concentrated in the range of
30-60km. Figure 8e shows the propagation direction of
gravity waves as well as the contour lines of absolute
amplitude, in which the distribution of the propagation
direction is also generally divided into four parts. In the
lower-left and upper-right areas, the angle of the propa-
gation direction is positive, while in the upper-left and
lower-right areas of the figure, the angle of the propaga-
tion direction is negative, which is consistent with the
characteristics of the concentric gravity waves.
Compared with Fig. 6, the gravity waves in Fig. 8 have
lower SNR, especially in the right half. As a result, the
reconstructed gravity waves in the right half of Fig. 8b
hardly connect their lines to form continuous curves. Also,
it seems that there are no ripple features near the gravity
wave center. Therefore, the distribution of horizontal
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wavelength has poorer uniformity in Fig. 8d, causing larger
areas to have inaccurate horizontal wavelengths.

5. Conclusions

In this paper we have applied a two-dimensional
Stockwell transform technique to airglow measurements
from the day—night band of the VIIRS instrument. To our
knowledge this study is the first to measure localized
mesospheric gravity wave brightness amplitudes, hori-
zontal wavelengths, and propagation directions using
such a method and data. We find that the method can
characterize the general shape and amplitude of con-
centric gravity wave patterns, capturing the dominant
features and directions with a good degree of accuracy.

As with all observational data, we find that chal-
lenges are imposed by the quality of the original image.
To this end we have applied an effective method to
remove artifacts in our data resulting from lightning
and variations in cloud cover, in order to reveal the
underlying gravity wave structure.

In practice, we find that while we are able to characterize
and localize the gravity wave patterns to first order, these
sources of observational error have a significant effect on
the measurement of the fine structure of the wave field.

Other caveats include data availability, with the
gravity wave detection in the DNB being possible only
on moonless nights as a result of the relatively low SNR
of wave-induced perturbations in airglow.
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FIG. 8. The 2DST result on 13 May.

The key strength of our 2DST application is that our
approach could be tuned and then automated in the
future to process tens of thousands of DNB images,
globally characterizing gravity wave parameters in this
historically poorly studied layer of the atmosphere.
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