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Abstract: This paper reports mesospheric bore events observed by Day/Night Band (DNB) of
the Visible/Infrared Imaging Radiometer Suite (VIIRS) on the National Oceanic and Atmospheric
Administration/National Aeronautics and Space Administration (NOAA /NASA) Suomi National
Polar-orbiting Partnership (NPP) environmental satellite over five years (2013-2017). Two types of
special mesospheric bore events were observed, enabled by the wide field of view of VIIRS: extremely
wide bores (>2000 km extension perpendicular to the bore propagation direction), and those exhibiting
more than 15 trailing crests and troughs. A mesospheric bore event observed simultaneously from
space and ground was investigated in detail. DNB enables the preliminary global observation of
mesospheric bores for the first time. DNB mesospheric bores occurred more frequently in March,
April and May. Their typical lengths are between 300 km and 1200 km. The occurrence rate of
bores at low latitudes is higher than that at middle latitudes. Among the 61 bore events, 39 events
occurred in the tropical region (20°S-20°N). The high occurrence rate of mesospheric bores during the
spring months in the tropical region coincides with the reported seasonal and latitudinal variations
of mesospheric inversion layers.

Keywords: mesospheric bore; Suomi-NPP VIIRS DNB; ground-based observation; mesospheric
inversion layers

1. Introduction

The Mesospheric bores are unusual atmospheric wave events and are characterized by a
propagating sharp front followed by a wave-train (undular bore) or turbulence (turbulent or foaming
bore) in the airglow emissions [1]. Generally, they divide nightglow into bright and dark regions.
Bores were first observed in rivers, prior to their atmospheric counterparts. The interaction between
gravity waves and the mean flow in a critical layer may play an important role in forming mesospheric
bores [2]. Mesospheric bores were first observed in the 1990s [3,4]. Dewan and Picard [1] first explained
the mesospheric bore using the hydraulic jump theory: the mesopause ducting region formed from a
temperature inversion layer, or a large wind shear, or both, enables bore propagation. The flows can
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initiate internal bores when they impact on a stable waveguide such as an inversion layer, surrounded
above and below by less stable or neutrally stable air [1]. This hypothesis was later verified by
co-located temperature/wind lidars and airglow imager observations [5-9] and by co-located meteor
radars and airglow imager observations [10]. Laughman et al. [11] extend the numerical work of
Seyler [12] by considering different ducting scenarios, including thermal ducts, Doppler ducts and
the combination of both. Because mesospheric bores can be ducted for a long horizontal distance,
they can potentially transport wave energy and momentum over long horizontal distances with
little attenuation.

Mesospheric bores have been previously observed by all-sky airglow imagers/satellites at various
locations and in different seasons [5-10,13-20]. Recently, Medeiros et al. [20] and Smith et al. [21]
reported on the rare occurrence of twin bore events, underscoring the fact that our current
understanding of mesospheric bore characteristics is limited. Miller et al. [19] reported that
mesospheric bores can be observed by Day/Night Band (DNB) nightglow imagery from the
Visible/Infrared Imaging Radiometer Suite (VIIRS) on board the Suomi National Polar-orbiting
Partnership (Suomi NPP) satellite [22].

In this study, we apply the high-resolution nightglow wave imaging capability of VIIRS DNB
to global mesospheric bore observations. VIIRS is able to resolve the fine-scale horizontal structure
(at ~0.74 km nearly constant spatial resolution across a ~3000 km wide swath) of mesospheric bores at
~85 km on moonless nights [19]. The aim of this work is to describe, in more detail, the mesospheric
bore events and their characteristics, especially a preliminary global morphology of mesospheric bore
events for the first time.

This paper is organized as follows: in Section 2, we briefly introduce the observational instruments
used in this study, highlighting the DNB on Suomi-NPP. In Section 3, we present a number of
specific DNB imagery examples of mesospheric bores, and analyze a mesospheric bore event also
simultaneously observed by a ground all-sky imager on 4 May 2014, and we present some preliminary
global morphology of mesospheric bores. We summarize and discuss the implications of our results in
Section 4.

2. Materials and Methods

The Suomi NPP satellite was launched on 28 October 2011. It is the first of NOAA’s next-generation
Joint Polar Satellite System (JPSS) operational program. The satellite flies at an 834 km altitude
Sun-synchronous orbit (~102-min orbital period) with a daytime local equatorial crossing time
of ~01:30 PM (ascending node) and ~01:30 AM (descending node). Owing to Suomi NPP’s high
inclination orbit, coupled with VIIRS’s large swath width, additional coverage from adjacent,
overlapping orbital passes increases with higher latitudes [19].

Suomi’s VIIRS/DNB low-light visible/near-infrared sensor enables the global detection of
fine-scale details of nightglow gravity waves and mesospheric bores in the mesopause region at an
unprecedentedly high horizontal spatial resolution (742 m across a 3000 km wide swath). The sensor
collects images via a cross-track scanning pattern using a 16-detector stack. Each detector of this stack
is assembled from a scan-angle-dependent aggregation of an array of sub-detectors in the along- and
cross-track dimensions, incorporating time-delay integration (TDI) to achieve low-light sensitivity and
nearly constant pixel resolution [22-24]. Each scan of this detector stack forms a ~12 km belt in track
swath, and adjacent scans are ~1.78 s apart.

DNB offers a unique ability to resolve the fine-scale horizontal structures (at ~0.74 km resolution)
of gravity waves near the mesopause region globally via sensing of nightglow emissions on moonless
nights. DNB’s vertical resolution of nightglow wave detection is governed by the optical path through
a geometrically thin (~10 km between 85 and 95 km altitude) layer of nightglow emissions from atomic
oxygen (558 nm), sodium (589 nm), and hydroxyl radicals (500-900 nm) located near the mesopause.
The DNB uses time delay integration and a spectrally wide (panchromatic) band to enable the detection
of dim signals within its spectral band pass, and DNB is optimized for imaging the nocturnal surface
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and tropospheric clouds at extremely low levels of light within its 505-890 nm pass band [22]. The DNB
can detect nightglow emissions on new moon nights [25] from its 824 km vantage point. The signals,

-1

ranging from 107°~10~7 Wm~2.sr~!, manifest in the imagery both as direct outgoing emission from

the nightglow layer and reflection of incoming nightglow by underlying clouds and the surface.
3. Results

3.1. Extreme Mesospheric Bore Events Observed by Day/Night Band (DNB)

The field of view covered by DNB is much larger than that of the ground-based airglow imagers.
Using this advantage of DNB, we can observe the full structure of some extremely long mesospheric
bores, which cannot be entirely observed by a ground-based airglow imager. These extremely
long mesospheric bores have very wide horizontal extent either in their propagation direction or
perpendicular to their propagation direction.

Figure 1 shows several examples of mesospheric bores detected in the DNB imagery during
2013-2017. Figure 1a shows a mesospheric bore observed over the north of the Indian Ocean at 23:06
UT on 16 October 2017. We can see that a clear horizontal line divided the nightglow sky into two parts,
one darker to the north and the other brighter to the south. Small wave crests followed the frontal line.
The mesospheric bore was wider than 2300 km (perpendicular to the propagation of the bore).

Figure 1b shows another extremely wide mesospheric bore observed over the Arabian Sea at
22:26 UT on 16 October 2017. It crossed the entire Arabian Sea, stretching from eastern Somalia to the
southern Indian peninsula. Three small wave crests followed the bore front around the center of the
bore. The width of the bore reached 3000 km.

Figure 1c shows a mesospheric bore observed over the Arabian Sea at 21:52 UT on 1 April 2017.
The bore contained more than 15 trailing crests and troughs, extending 300 km behind the bore front.
This is the largest number of trailing crests observed among the 61 bores considered in this study.

IRS 2017406222643 GHT - Day Nigh Band
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Figure 1. Mesospheric bore events observed by Suomi National Polar-orbiting Partnership
Visible/Infrared Imaging Radiometer Suite Day/Night Band (Suomi-NPP VIIRS DNB) over: (a) Indian
Ocean, at 23:06 UT on 16 October 2017; (b) Arabian Sea, at 22:26 UT on 16 October 2017; (c) Arabian
Sea, at 21:52 UT on 4 April 2017; (d) Mexico, at 8:47 UT on 4 May 2014. The red arrows indicate the
mesospheric bore fronts and their propagation directions.
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As a final example, a mesospheric bore near the Mexico and Texas border at 08:47 UT on 4 May
2014 is shown in Figure 1d. The bore extended from the south-east to the north-west. Like the other
examples shown in Figure 1, this event was characterized by a typical darkening of the nightglow,
followed by a sharp wave front and a series of trailing wave crests. The width of the mesospheric bore
was about 1400 km and the average wavelength of the bore crests is estimated to be about 20 km.

Due to the limited temporal resolution of satellite observations, DNB cannot provide the bore
evolution process. On the other hand, these extremely long mesospheric bores cannot be fully captured
by a ground-based airglow imager. Thus, a ground-based airglow imager network has been developed
in China [26].

3.2. A Mesospheric Bore Observed from both Space and the Ground

The 4 May 2014 bore event was also observed by a ground-based airglow imager at the Boston
University field station, McDonald Observatory (MDO) [6]. The Boston University imager uses
three bare charge-coupled device (CCD) wide-angle imaging bands (557.7 nm (O(S)), 589.3 nm
(Na), (P1(6) doublet of OH(4-0) band) at MDO, Fort Davis, Texas (30.67°N, 104.02°W). The OH filter
transmits OH emissions from 695 nm to 950 nm. The filter consists of a step function that exhibits 0%
transmission blue-ward of 695 nm with 50% at 695 nm. The quantum efficiency (QE) of the CCD chip
determines the red-end cutoff at 950 nm.

Figure 2 shows three raw all-sky images during the event from MDO in (a) 557.7 nm O(s)),
(b) 589.3 nm (Na) and (c) 695~950 nm OH band emission (at the top) and corresponding unwrapped
images (at the bottom) from 08:42 UT to 08:52 UT on 4 May 2014. The unwrapped image means that
the image is geometrically corrected for lens distortion, and then mapped onto the Earth’s geographic
coordinates for assumed airglow layer heights of 86 km (OH) [4], 90 km (Na) [27] and 96 km (O(19)) [28].
The bore divided the sky into two parts of bright and dark halves in Figure 2a, and a series of crests
and troughs followed.

08 :42 :2 344l knag 2 08 :44:49 UT Image 29 3 Image 29
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Figure 2. Three raw all-sky images from the McDonald Observatory (MDO) in (a) 557.7 nm (O@sy),
(b) 589.3 nm (Na) and (c) 695~950 nm (P1(6) doublet of OH(4-0) band) emission at ~08:45 on 4 May
2014 (top), and three corresponding unwrapped images (bottom).

When processing these ground-based airglow images, the nightglow background at a fixed
location can be considered as a constant over a short period (e.g., 13 min used here) [23]. Hence,
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we subtracted two consecutive images to remove the background. These time-difference images can
yield sharper bore fronts.

Figure 3 shows the unwrapped OH image (a), the 2D-median filtered image (b), and the
time-difference image (c) of the mesospheric bore event at 08:52 UT on 4 May 2014. By using a
2D-medjian filter we largely removed the stars from the image (Figure 3b), and time-difference images
eliminate the background as mentioned above. Across this 13-min sampling interval, stars moved
slightly in the sky, thus becoming vertical lines in Figure 3c.

Figure 3. (a) Unwrapped OH image of the mesospheric bore event at 08:52 UT 4 May 2014,
(b) 2D-medjian filtered image, (c) time-difference image.

Figure 4 displays a time series of time-differenced OH images of the mesospheric bore event
as seen by the airglow imager on 4 May 2014. The event continued for over four hours until dawn.
The black line in the figure underscores the bore front, and each image is in the 900 x 900 km?
area. By following the bore front in time, we can determine the average horizontal speed of the
bore to be 78 & 5 m-s~!. Previous bore events have reported bore speeds between 50 m-s~!
100 m-s~1[1,6,7,9,29].

and
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Figure 4. Time-difference OH images of the mesospheric bore event on 4 May 2014. The observation
UT time is given at the top of each image. The black line indicates the front of the mesospheric bore.
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Bore propagation in the atmosphere is often supported by a temperature inversion layer [6-9].
Mesospheric bores, in particular, require a stable ducting layer supported by a temperature inversion
or wind shear [1]. To examine this condition for the 4 May 2014 bore event, we analyzed the Sounding
of the Atmosphere using Broadband Emission Radiometry (SABER) temperature data [30]. Two hours
prior to the bore event, around 7 UT, the NASA Thermosphere, Ionosphere, Mesosphere, Energetics
and Dynamics (TIMED) satellite passed over the MDO site and SABER obtained the OH emission and
neutral temperature profiles. In Figure 5, the red line denotes the orbit of SABER on 4 May 2014.
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Figure 5. TIMED/SABER instrument descending footprints in the field of view during the bore event
on 4 May 2014.

Figure 6 shows the averaged vertical profiles of OH emission and temperature obtained by SABER
at 06:59 to 07:06 UT. The square of the Brunt-Vaisala frequency N? is expressed as:
> g de
N*(z) = T 9dz’ )
where g is 9.54 m-s~2, § is the potential temperature at the bore altitude, and 8 = T(Py/P)*?8. Maximum
OH emission occurred at 87 km with a full width at half maximum (FWHM) thickness of 4 km
(Figure 6a). The temperature profile exhibited a ~60 K temperature inversion between 90 km and
96 km (Figure 6b). This strong temperature inversion provided a ducting region centered near 93 km
altitude with a FWHM width of 3.5 km (Figure 6¢). Mesospheric temperature inversion layers are
often long-lasting phenomena, so it is reasonable to assume that the temperature inversion still existed
over Texas after two hours to support the mesospheric bore, maybe at lower altitudes.
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Figure 6. Averaged vertical profiles of OH emission, temperature and square of the Brunt—Vaisala
frequency (N?) obtained by Sounding of the Atmosphere using Broadband Emission Radiometry
(SABER) measurements from 06:59 to 07:06 UT, 2 h prior to mesospheric bore onset on 4 May 2014.

Based on the hydraulic jump theory, Dewan and Picard [1] developed a simple model for the
internal bore propagation in the mesosphere. In a shallow medium, the velocity (1) and horizontal
wavelength (Aj) of an internal bore are dependent on the geometric thickness of the inversion layer
(ho) via the following relationships:

hi(hy+h
¢ 1(h1 + ho)

2hy @

uy =

- 27‘[]’11 Zho

A
h 3 \ hy—hy

®)

where hy and & represent the depth of the duct before and after the passage of the bore, respectively.
The parameter g’ is the acceleration due to gravity corrected for buoyancy, such that ¢’ = ¢ [(A6)/0],
where 6 is the potential temperature at the bore altitude and 8 = T (Po/P)*?%, A@ is the change in
potential temperature from kg to h1. ¢’ was calculated to be 1.04 m-s~2.

From the above equations, hy was computed as ~3.5 km and u( estimated to be 78 + 5 m-s 1.
The depth of the duct after the bore passage, /1, was calculated as ~4.9 km. Using these terms in
Equation (3), the crest wavelength was found to be ~23 km. This is very close to the DNB observed
value of 20 km. Previous bore events have reported that the wavelengths of the bore crests are between
15 km and 50 km [1,7,9,29].

The normalized bore strength f [31] can be written as:

B = (h1—ho)/ho, @)

when § < 0.3, the phase-locked waves behind the bore are stable, and this disturbance is called an
undular bore. If 8 > 0.3, the bore may break and cause turbulence. Such bore is called a turbulent of
foaming bore. In this bore event, the average f is 0.4, so we do not see a stable train of phase-locked
waves behind the bore front most of the time in both the MDO imager and DNB image.
Ground-based bore observations have been performed by a number of studies for decades [5-9,
14,17,20,21,29,32-34]. The ground-based imager analysis of this bore event confirms that DNB indeed
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observed the same mesospheric bore from space without temporal information. Moreover, on moonless
nights, DNB provides a global view of mesospheric bores. Hence, a preliminary global morphology of
mesospheric bore events is reported in the next section. We emphasize “preliminary” here because
only clear bore events are identified from the dark background.

4. Discussion

Only DNB data under dark illumination conditions and a new moon is of value; that is, solar and
lunar zenith angles must be greater than 108°. The offset corrected radiance data were remapped to a
Mercator Projection, cropped to a maximum satellite zenith angle of 60° to avoid residual edge-of-scan
noise patterns, scaled logarithmically between —11.5 to —9.0 W-cm~2-sr~! [35]. So we only have about
420 =+ 30 nights with airglow data during 2013-2017. The nightly viewing frequency from the satellite
is 23 + 2%. DNB observations were made for all seasons, but only data between 50°S and 50°N
were included to exclude illumination from the aurora [35]. The mesospheric bores detected in DNB
imagery over land surfaces (especially high-albedo surfaces such as snow and ice) may be more difficult.
Additionally, city lights impair DNB’s imaging of mesospheric bores. A mask is used to exclude those
areas with strong anthropogenic illumination [35]. Hence, only 61 mesospheric bore events observed
by DNB during 2013-2017, 14.5 & 2% from 420 =+ 30 nights, are reported preliminarily. Some other
bore events failed to be determined due to the unfavorable observation conditions. We identified the
bore events as accurately as possible, but wall-type wave events [3,36-38] may be mixed. The features
of the wall-type wave also seem to be similar to the mesospheric bore. The wall-type wave was caused
by large-amplitude long-period upward-propagating gravity waves [4,36,38]. The characteristics of
the change in airglow brightness, including the timescale, the phase relation of the changes between
different emissions, and the airglow intensity depletion and cooling prior to the passage of the front,
do not agree with the wall-type wave observation [4,36,38]. In particular, the timescale of the sharp
increase of the airglow intensity is different: the wall-type wave took about 1 h to increase, whereas
bore usually shows a timescale of minutes for the passage of the leading front [4,36,38]. In our study,
the criterion we used to distinguish between bore events and wall wave events is the sharp wave front
and the following shorter wavelength crests. Among the 61 events, 58 events were characterized by
a sharp wave front and a series of trailing wave crests. The remaining three events had no obvious
trailing wave crests in the nightglow, and therefore they can be either wall waves or turbulence bores.
So, the ratio of confirmed bore events from all the bright events is about 95 £ 5%.

The months and lengths of 61 DNB mesospheric bore events from 2013 to 2017 are shown in
Figure 7. Mesospheric bores occurred more frequently in March, April and May (36 events), accounting
for 59% of the total bore events. Bores occurred eight times in October, accounting for 13% of the total
events. Mesospheric bores propagation requires a stable ducting layer often being supported by a
temperature inversion layer [1,6-9]. Non-linear interactions between gravity waves and tides [39] have
been proposed as the origin of the inversion layer. In the mesosphere, the amplitude of the diurnal tide
reaches its maximum during March/April. The diurnal tide is largest around equinoxes and is larger
during the vernal equinox [40]. The mesospheric bore occurrence rate is the largest in March, April and
May and is larger in October. This is consistent with the months of the diurnal tide peak amplitude in
the mesosphere. Figure 7b (bottom) is the histogram showing the widths of the mesospheric bores. We
can see that the widths of 49 mesospheric bores are between 300 and 1200 km, accounting for 80% of all
bore events. The widest bore is ~3200 km. Ground-based observations have a limited field of view (e.g.,
MDO imager: 900 x 900 km). Therefore, it is common that ground-based observation can only observe
a portion of the bore. Compared with a single airglow imager, the DNB observations can cover a wider
spatial range and possibly observe the full extension of a mesospheric bore. This is a major advantage
of satellite observations. In addition, cloudy conditions do not interfere with space observations.

We also considered the geographic distribution of mesospheric bores, as shown in Figure 8.
The contour in Figure 8 corresponds to the terrain height. The solid black dots indicate the locations
where the bore events were seen, and the size of the dots is proportional to the width of the bore.
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Most of the mesospheric bore events occurred over the oceans or near the mountains, accounting for
72% of the total 61 bore events. They occurred 15 times and 8 times respectively over the Arabian
Gulf of the Indian Ocean and the Gulf of Mexico. Moreover, they occurred 10 times near the Rocky
Mountains in America, 7 times near the Kilimanjaro Mountains in Africa, and 4 times over the Asian
Qinghai-Tibet Plateau. These findings may be an artifact of detectability over various backgrounds.
As there are fewer background lights in the mountains and on the oceans, detectability of the faint
nightglow structures is inherently better.

20 T T T T T T T T T
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amount
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Figure 7. Mesospheric bore occurrence months (top) and the bore widths based on the 61
events (bottom).

-120 -90 -60 -30 0 30 60 90 120 150

Figure 8. Locations of 61 mesospheric bores. Map colors indicate the terrain height, with the blue
representing the oceans. The solid red dots indicate the locations where the mesospheric bore events
were detected by the DNB, and the size of the dots denotes the widths of the bores.

Taking the 20°N latitude as the dividing line, we counted the months in which bore events
occurred at low latitudes and at middle latitudes, respectively (Figure 9). At middle latitudes (>20°N),
bore events often took place in May and October. The bore events at low latitudes (20°5-20°N) mainly
occurred in March and April, accounting for 57% of all bore events. The occurrence frequency of bore
events at low latitudes is higher than that at middle latitudes. Among the 61 bore events, 39 events
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occurred at low latitudes. In the meantime, temperature inversion layers exhibit strong latitudinal
and seasonal dependence. At low latitudes (20°S-20°N), the occurrence rate peaks in spring, with a
maximum of 90%. The amplitude also reaches its maximum (40 K) in spring [41]. This is in good
agreement with the occurrence rate of the DNB mesospheric bores: largest in March and April at low
latitudes. Both the occurrence rate and amplitude of temperature inversion layers at middle latitudes
are generally lower than at low latitudes [41]. The occurrence frequency of DNB bore events at middle
latitude is lower than that at low latitudes.

T
20°S-20°N| |
>20°N

] Iy

N

1 1

month

Figure 9. Mesospheric bore months at different latitudes. Blue denotes the tropical region (20°5-20°N);
red denotes the region north of 20°N.

5. Conclusions

In this paper, we report selected DNB imagery of mesospheric bores including wide mesospheric
bore events extending 2000 km, and another mesospheric bore event with more than 15 trailing crests
and troughs.

A mesospheric bore event over the Mexico/Texas border on 4 May 2014 was shown and analyzed
together with ground-based airglow imager observations in more detail. This DNB bore observation
is verified well. The entire bore front is wider than 1400 km and the propagation speed is about
78 + 5m-s~ 1. The average wavelength of the bore crests is about 20 km, which is consistent with
previous bore studies [1,6,7,9,21,29]. A temperature inversion layer two hours before provided a
ducting region centered near 93 km altitude with a FWHM of ~3.5 km. Based on the hydraulic jumping
theory, the crest wavelength is calculated to be ~23 km, and it is very close to the DNB observed value
of 20 km. The average bore strength £ is 0.4, suggesting an unstable bore, and we see the unstable train
of phase-locked waves behind the bore most of the time.

We also present some preliminary global morphology of DNB mesospheric bores from 2013 to
2017. (a) Most mesospheric events were characterized by a typical darkening of the nightglow and
followed by a sharp wave front and a series of trailing wave crests. (b) Mesospheric bores occurred
more frequently in March, April and May, which is consistent with the peak months of the diurnal
tide in the mesosphere [39,40]. (c) More than 80% of these bores had widths between 300 and 1200
km. Three mesospheric bores were wider than 2000 km, and the widest mesospheric bore was found
to be 3200 km. (d) The bore events at low latitudes mainly occurred in March and April. The bore
occurrence frequency at low latitudes is higher than at middle latitudes. One of many possibilities is
that both the occurrence rate and amplitude of temperature inversion layers at middle latitudes are
generally lower than at low latitudes [41].

This paper demonstrates the unique capability of DNB observing mesospheric bores from space.
While the horizontal propagation velocity and small wave crest addition rate can only be measured
using ground airglow imagers, DNBs on two ongoing satellites (Suomi NPP and NOAA20) can observe
mesospheric bores on a global scale. With both Suomi NPP and NOAA20 DNBs flying in the same
orbit but ~50 min apart, it is feasible to derive the horizontal bore velocity from space. In order to
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understand the horizontal transport of energy and momentum via mesospheric bore propagations,
a global survey of mesospheric bores using these two DNBs will be performed in a future study.
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