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Regional Distribution of Mesospheric Small‐Scale
Gravity Waves During DEEPWAVE
P.‐D. Pautet1 , M. J. Taylor1 , S. D. Eckermann2 , and N. Criddle1

1Center for Atmospheric and Space Sciences (CASS), Utah State University, Logan, UT, USA, 2Space Science Division,
U.S. Naval Research Laboratory, Washington, DC, USA

Abstract The Deep Propagating Gravity Wave Experiment project took place in June and July 2014 in
New Zealand. Its overarching goal was to study gravity waves (GWs) as they propagate from the ground
up to ~100 km, with a large number of ground‐based, airborne, and satellite instruments, combined with
numerical forecast models. A suite of three mesospheric airglow imagers operated onboard the NSF
Gulfstream V (GV) aircraft during 25 nighttime flights, recording the GW activity at OH altitude over a large
region (>7,000,000 km2). Analysis of this data set reveals the distribution of the small‐scale GWmean power
and direction of propagation. GW activity occurred everywhere and during every flight, even over open
oceans with no neighboring tropospheric sources. Over the mountainous regions (New Zealand, Tasmania,
isolated islands), mean power reached high values (more than 100 times larger than over the waters), but
with a considerable variability. This variability existed from day to day over the same region, but even during
the same flight, depending on forcing strength and on the middle atmosphere conditions. Results reveal a
strong correlation between tropospheric sources, satellite stratospheric measurements, and mesosphere
lower thermosphere airglow observations. The large‐amplitude GWs only account for a small amount of the
total (~6%), even though they carry the most momentum and energy. The weaker wave activity measured
over the oceans might originate from distance sources (polar vortex, weather fronts), implying that a ducted
mechanism helped for their long range propagation.

1. Introduction

Short‐period gravity waves (GWs) are mostly generated in the lower atmosphere and propagate horizontally
and vertically, transporting energy and momentum to higher altitudes, and defining global circulation
throughout the middle and upper atmosphere (e.g., Fritts & Alexander, 2003; Garcia & Solomon, 1985;
Holton, 1983; Lindzen, 1981). In particular, they strongly affect the mean atmospheric structure (wind
and temperature), the tides, and the planetary waves (e.g., Ribstein & Achatz, 2016 ; Yiğit & Medvedev,
2010). Numerous observation studies have been aimed at defining the characteristics of these waves and
their effects on the mesosphere lower thermosphere (MLT), using ground‐based instruments such as radars
(e.g., Fritts et al., 2010; Reid & Vincent, 1987; Tsuda et al., 1990), lidars (e.g., Bossert et al., 2014; Collins et al.,
1996, Gardner et al., 1995, Senft & Gardner, 1991, Williams et al., 2006), or imagers (e.g., Li et al., 2011;
Medeiros et al., 2007 ; Moreels & Herse, 1977 ; Nakamura et al., 1999 ; Taylor et al., 1997). Each investigation
focused on one observation site, and even if these sites are scattered worldwide, though mostly at low and
middle latitudes, they only provide local information on GW characteristics. To extend the measurements
over larger regions, aircraft, balloons, and satellites have been used, mostly for stratospheric studies,
showing the distribution, intensity, and effects of GWs in the middle atmosphere (e.g., Alexander &
Teitelbaum, 2011; Dewan et al., 1998; Eckermann & Preusse, 1999; Gardner, 1991, Gardner, 1995;
Hertzog et al., 2012; Hoffmann et al., 2013; Jewtoukoff et al., 2013; Jiang et al., 2002; Wu & Waters, 1996).
Only recently, satellite observations have revealed extensive mesospheric wave structures and their associa-
tion with tropospheric forcing (Azeem et al., 2015; Miller et al., 2015; Perwitasari et al., 2016; Yue et al.,
2014). However, the satellite borne instruments have a coarse resolution and a limited time sampling; thus,
they fail to capture the smaller‐scale GWs (horizontal wavelength < ~100 km). Recent theory and modeling
indicate that those GWs have profound effects on the variability and mean state of the upper atmosphere
system through divergences of GW momentum flux (MF) and energy flux (EF) (e.g., Eckermann et al.,
2016; Fritts et al., 2014; Fritts & Alexander, 2003; Fritts & Lund, 2011; Yiğit & Medvedev, 2015), or transport
and distribution of constituents (e.g., Gardner, 2018; Qian et al., 2009; Salinas et al., 2016), driving the
weather and climate of the MLT. Global mesospheric GW measurements have also become more and

©2019. American Geophysical Union.
All Rights Reserved.

RESEARCH ARTICLE
10.1029/2019JD030271

Key Points:
• Observation of small‐scale

mesospheric gravity waves onboard
an NSF aircraft during a two‐month
period over a large region
surrounding New Zealand

• The average power and direction
associated with these waves have
been measured

• They exhibit two different regimes,
depending on the forcing, and the
middle atmosphere conditions

Correspondence to:
P.‐D. Pautet,
dominiquepautet@gmail.com

Citation:
Pautet, P.‐D., Taylor, M. J., Eckermann,
S. D., & Criddle, N. (2019). Regional
distribution of mesospheric small‐scale
gravity waves during DEEPWAVE.
Journal of Geophysical Research:
Atmospheres, 124, 7069–7081. https://
doi.org/10.1029/2019JD030271

Received 7 JAN 2019
Accepted 6 JUN 2019
Accepted article online 18 JUN 2019
Published online 12 JUL 2019

PAUTET ET AL. 7069

https://orcid.org/0000-0001-9452-7337
https://orcid.org/0000-0002-3796-0836
https://orcid.org/0000-0002-8534-1909
http://dx.doi.org/10.1029/2019JD030271
http://dx.doi.org/10.1029/2019JD030271
mailto:dominiquepautet@gmail.com
https://doi.org/10.1029/2019JD030271
https://doi.org/10.1029/2019JD030271
http://publications.agu.org/journals/


more necessary as global circulation models, which try to simulate the GW dynamics and effects up to MLT
altitude or higher, cannot fully resolve the individual waves and therefore have to include parameterization
schemes (e.g., Alexander & Barnet, 2007; Preusse et al., 2014). While computational power has dramatically
improved in the past decade, GWs with horizontal wavelength below ~100 km cannot be directly simulated
in global circulationmodels, although they carry a large part of the fluxes (Shutts & Vosper, 2011). Other GW
characteristics are also not reproduced correctly like filtering, interactions, spectral evolution, or source
intermittency (Geller et al., 2013).

Despite the importance of small‐scale GWs in the Earth's atmosphere, many unknowns still exist. More
quantitative large‐scale (or even global) observations are necessary to fill this knowledge gap. For example,
regional measurements can help answering questions about the effects of tropospheric forcing by comparing
GW importance and effects in function of the distance from a source. The extent and spectrum of a GW field
cannot be fully investigated from a single location, as well. Fully understanding of the importance of GW
breaking and momentum deposition on the background atmosphere also requires regional‐
scale observations.

Large‐scale measurements were achieved as part of the Deep Propagating Gravity Wave Experiment
(DEEPWAVE) campaign, using an NSF aircraft, in June and July 2014. These measurements revealed the
GW activity over a large region surrounding the New Zealand South Island (SI). A total of 26 research flights
(RFs) were performed, covering a region extending from ~30°S to ~65°S in latitude, and from ~140°E to
~180°E in longitude (~7,000,000 km2). The aircraft flew over both lands (New Zealand, Tasmania, sub‐
Antarctic islands), and oceans (Tasman Sea, Pacific Ocean, Southern Ocean), and during periods when dif-
ferent GW forcing and atmospheric conditions prevailed. The large amount of image data obtained during
this project allows for measuring GW horizontal characteristics (wavelength, power, and direction of propa-
gation) and comparing those with the environment (geographical location, GW forcing) at the time of
the flight.

This study will investigate the small‐scale GWs (λh < 40 km) obtained during the DEEPWAVE flights.
Section 2 will give a short overview of the campaign, and describe the airglow imagers operated onboard
the NSF aircraft. Section 3 will explain the analysis method used to extract the small‐scale GW characteris-
tics. Section 4 will discuss the GW variability, especially its relation with the location and evolution of the
main GW sources. Finally, conclusions will be presented in section 5.

2. Instrumentation: Observations
2.1. The DEEPWAVE Campaign

Although knowledge on GWs has vastly improved in the past few decades, many questions remain, espe-
cially concerning their propagation throughout the middle and upper atmosphere and the effects of the
atmospheric background on their life cycle (generation, propagation, and dissipation). To investigate these
topics, a project named DEEPWAVE took place in June and July 2014 over New Zealand and its surround-
ings. This campaign was designed to better understand GW generation, propagation, and effects from their
sources to their regions of dissipation (stratosphere or MLT), in function of the tropospheric forcing, the
background atmosphere characteristics, and the GW parameters. A large suite of instruments was deployed
at several ground‐based sites, but also onboard two research aircrafts: an NSF Gulfstream V (GV) and a DLR
Falcon. The GV aircraft was the centerpiece of the project. It performed 26 research flights between 6 June
and 21 July. This period was at the beginning of the austral winter, when themiddle atmosphere background
conditions (eastward wind) allow deep GW propagation up to MLT altitude.

Instruments onboard the GV measured atmospheric parameters below the aircraft (dropsondes), at flight
altitude (temperature, pressure, horizontal and vertical winds), and also remotely in the stratosphere
(Rayleigh lidar), and in the MLT (Na lidar, Advanced Mesospheric Temperature Mapper or AMTM, infrared
OH airglow imagers). The AMTM instrument suite is described in more detail below. In addition, the
Atmospheric InfraRed Sounder instrument onboard the AQUA satellite (Aumann et al., 2003) provided near
real‐time temperature‐sensitive radiances from ~20 to 42 km in the stratosphere, fromwhich GWmaps were
derived. Finally, several high‐resolution forecast models provided daily guidance in flight planning through-
out the campaign. A more complete description of the DEEPWAVE project and several initial research
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highlights are given by Fritts et al. (2016). Other DEEPWAVE studies
addressing various GW dynamics and involving AMTM observations
include Bossert et al. (2015, 2017), Bramberger et al. (2017), Eckermann
et al. (2016), Fritts et al. (2018), Heale et al. (2017), Pautet et al. (2016),
and Portele et al. (2018).

2.2. Advanced Mesospheric Temperature Mapper
Instrument Suite

The GV AMTM measures the atmospheric temperature over an ~120 ×
80‐km region centered near zenith, using the OH (3,1) band emission.
This bright emission originates from an ~7–8‐km‐thick layer located at
~87 km, and is widely used since the early 1970s as a tracer of the dynami-
cal processes in theMLT (e.g., Li et al., 2011; Medeiros et al., 2007; Moreels
& Herse, 1977; Nakamura et al., 1999; Taylor et al., 1997). The AMTMwas
designed and built at Utah State University. It uses a 320 × 256‐pixel infra-
red sensor and a computer‐controlled filter wheel to sequentially measure
the brightness of the P1(2) and P1(4) lines of the OH (3,1) band, as well as
the atmospheric background. Combining these three emissions, it is pos-
sible to process the OH (3,1) rotational temperature for each pixel of an
image and “map” the mesospheric temperature over a large region.
More details about this instrument are given in Pautet et al. (2014). For
DEEPWAVE, the AMTM was slightly modified: its field of view was ~80
× 60° (instead of 120° circular), with the longest dimension parallel to
the direction of motion of the aircraft. The exposure time for each filter
was typically 4 s, providing a temperature and an intensity maps every
16–17 s (because of the short extra time needed to save each image and
to rotate the filter wheel). In addition to the AMTM, two low‐elevation
(field of view centered at 25° elevation angle) infrared imagers were
installed on each side of the plane. They measured only the OH emission
brightness, but their wide field of view (~40° horizontal × 30° vertical,
which corresponds to an approximately trapezoidal region with a 330‐
km large base located 450 km away from the aircraft at OH layer altitude)
provided the larger‐scale context for the vertically viewing lidar and
AMTMmeasurements in theMLT. These cameras' sensitivity extend from
900 to 1,600 nm, allowing for short exposure times (3–4 s), and a higher
cadence than the full AMTM sequence (16–17 s). As an example of the
data obtained during DEEPWAVE, Figure 1 shows three OH airglow
intensity images taken simultaneously by the AMTM and the two side
cameras during research flight 12 (RF12), and projected onto a map of
the New Zealand (NZ) SI. The projections do not overlap but they still
cover a large region (~900 km) and exhibit structures typical of
GW activity.

2.3. The DEEPWAVE Research Flights

The GV long‐range capability (~9,000 km), cruising altitude (~12 km) and
instrument suite, allowed to sample many regions of interest, depending
on the forecasted GW sources (orography, convection, frontal system, or
jet stream) and propagation environment. A total of 26 GV RFs were con-
ducted during the DEEPWAVE campaign. Twenty five of them were per-
formed during nighttime, when the imagers were able to make airglow
measurements. Figure 2 shows the flight paths for these 25 flights. A large
number of them were dedicated to mountain wave observations over the
NZ SI (RFs 04, 05, 08, 10, 12, 13, 14, 16, 21, 22, and 26), some focused on
mostly oceanic regions (RFs 01, 03, 11, 17, 18, 19, 20, 24, and 25), while

Figure 1. Projection on the map of the New Zealand South Island of the
fields of view of the three airglow imagers operated onboard the GV air-
craft during DEEPWAVE.

Figure 2. Flight paths of the 25 nighttime DEEPWAVE research flights.
Black corresponds to mountain wave focused flights, light grey to open
ocean flights, and dark grey to a combination of both.
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some combined the two types of environment (RFs 02, 06, 07, 09, and 23).
As seen in Figure 2, the coverage was extensive and the entire region sur-
rounding NZ was sampled at some point in the campaign (the black flight
paths correspond to RFs focused on mountain wave activity, light grey to
open ocean flights, and dark grey to a combination of both). Such cover-
age allows for investigating the small‐scale GW characteristics depending
on the source regions or the tropospheric forcing not only from night to
night but also during a single flight. To the extent of our knowledge, pre-
vious ground‐based airglow measurements never permitted
similar investigation.

3. Data Analysis: Results
3.1. Data Analysis

This study involves not only images taken by the AMTM but also by the
side cameras. As shown in Figure 1, the shape of the projected pictures
is irregular; therefore, square regions have to be selected from each image
to properly apply an FFT analysis process. Figure 3a shows an 80 × 80‐km

square superimposed on an AMTM intensity image. The side camera projection on Figure 3b is larger, so in
this case, to do a similar analysis, five 80 × 80‐km squares have been drawn. Each of these small regions is
isolated and a 2‐D fast Fourier transform (FFT) algorithm is applied to it. This processing converting the spa-
tial image data into frequency space is typical for airglow image analysis and has been used inmany previous
investigations (Coble et al., 1997; Garcia et al., 1998). Nevertheless, this time, just part of the resulting spec-
trum is taken into account. The power spectrum corresponding to the region of interest in Figure 3a is shown
in Figure 4, but only the region between the two white dashed circles is relevant to this analysis. It corre-
sponds to horizontal wavelengths between 10 (large circle) and 40 km (small circle). Numerous short‐period
GW studies have shown that wavelengths smaller than 10 km are associated with nonpropagating localized
turbulent events, the so‐called “ripples” (e.g., Hecht et al., 1997), while most of the other short‐period GWs
have horizontal wavelengths less than ~40 km. For example, Medeiros et al. (2003), using all‐sky OH images
obtained from a low‐latitude site in Brazil, measured 179 events. They showed that ~90% of them had a hor-
izontal wavelength <40 km. Nielsen et al. (2006), using the same type of instrument, but this time from

Halley, Antarctica (76°S), measured 221 events during two austral win-
ters. Again, ~90% of the waves had horizontal wavelengths <40 km. In
their paper, they list other studies that obtained very similar results from
middle‐ and low‐latitude locations. These small‐scale GWs are indeed of
great interest as they carry a large part of the momentum affecting the
upper atmosphere (Fritts et al., 2014; Fritts & Alexander, 2003).
Limiting the analysis to these waves, even if also dictated by the field of
view of the instruments, is still relevant and can provide a major insight
on the GWs propagating at MLT altitude.

Spectra have been calculated for all the intensity images taken by the
AMTM (one spectrum) and the two side cameras (five spectra each).
The periods of observation just after takeoff, soon before landing, and
each time the GV turned, were excluded from the analysis.

Two parameters have been extracted from the spectra: the average power
for the 10–40‐km GWs (obtained by integrating all the values between the
two circles and between 0° and 180° azimuth) and the main direction cor-
responding to this power, Θ (calculated by integrating the power along
each radius, every degree, for 10 km < λh < 40 km, and then selecting
the largest broad peak). Θ values range only between 0° (north) and
180° (south), as the 2‐D FFT analysis creates a 180° ambiguity. Finally,
the results have been geographically binned into 2.5° (in longitude) × 2°
(in latitude) regions, which correspond to ~160 × 220‐km areas at 45°S.

Figure 3. (a) Projection of the zenith imager field of view and the 80 × 80‐
km box selected for the FFT analysis. (b) Similar representation but for
one of the side‐viewing imagers. This time, the larger field of view allows for
the FFT to be processed on the five 80 × 80‐km white boxes.

Figure 4. Typical power spectrum for one of the 80 × 80‐km boxes. Only the
power corresponding to the GWs with horizontal wavelengths between 10
km (larger circle) and 40 km (smaller circle) is taken into account. Note the
180° ambiguity due to the FFT algorithm.
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Any region with less than 20 measurements (one measurement corre-
sponding to a set of values power + direction; there are five measurements
for each side image, and one measurement for each zenith image) has
been ignored before analyzing the results.

3.2. Results

More than 30,000 80 × 80‐km regions have been analyzed. Figure 5 shows
how the results are distributed in function of the relative intensity pertur-
bation power (I′/I0)

2 (with I0 corresponding to the average intensity for
the selected region in an image). (I′/I0)

2 varies from 0.03, when almost
no waves were present, to 14.6, during large‐amplitude mountain wave
(MW) events. Note that each (I′/I0)

2 value reflects the average power for
an 80 × 80‐km region, and for 10 km < λh < 40 km, not for a single GW
event. Ninety‐four percent of the measurements correspond to 0.1 < (I′/
I0)

2 < 2. The largest values ((I′/I0)
2 > 2, ~100 times the minimum mea-

surements) are relatively rare (~6%), even though they are associated with
waves transporting very large amounts of momentum flux, which is pro-
portional to (I′/I0)

2. Similar results have been found by Cao and Liu
(2016) who have analyzed OH airglow data obtained from Maui, HI (20.7°N) and Cerro Pachon,
Chile (30.3°S).

To understand the geographical distribution of the measured GWs, the data plotted in Figure 5 have been
binned into 2.5° (in longitude) × 2° (in latitude) regions, as shown in Figure 6. The extrema, this time, are
0.14 and 1.73. This range is narrower than for Figure 5, as these values correspond to the means of all the
measurements inside a 2.5° × 2° region (from a few tens up to ~10,000). Similar analysis has been performed
on the zenith temperature images (not shown). The results were similar to the intensity plot but with a much
smaller number of values and a smaller coverage; therefore, the rest of the investigation was done using
intensity measurements.

The first result is that the smallest average (0.14, ~8% of the largest value) shows that some GW activity was
always present. It is important to notice that some areas have a much larger number of measurements (up to

~10,000), especially over NZ, while others have only a few tens, like the
region far south. Nevertheless, the distribution is revealing: regions with
larger power correspond to New Zealand, the ocean south of the South
Island, and the south‐east of Tasmania. The open ocean (north of the
Tasman Sea, the Antarctic Southern Ocean, and in a lesser extent the
Pacific Ocean east of NZ) exhibits lesser GW activity. Such unique result
seems to reinforce the idea that the tropospheric forcing (convection, oro-
graphy) directly affects the MLT above or close to it. To further investigate
the differences between these two types of region Figure 7 shows the
directionality associated with the average power in each geographical
bin. It is important to keep in mind that each line indicates the average
wave vector, not the waves themselves, and also that, due to the 2‐D
FFT processing, a 180° ambiguity exists on the direction of propagation.
Once more, there are two different regimes which seem to be correlated
with the GW power: over NZ and slightly to the south, over Tasmania,
and over the Tasman Sea, the GWs propagated eastward (or westward),
while over the open ocean, they had a tendency to propagate toward the
northeast (or southwest).

4. Discussion

The GW power and directionality have been measured for the 25
DEEPWAVE nighttime flights using OH airglow image data, and mapped
to reveal their geographical distribution over the NZ surroundings. This

Figure 5. Number of measurements versus (I′/I0)
2 for the 25 nighttime

research flights.

Figure 6. Average power of the small‐scale GWs (10 km < λh < 40 km)
observed during the 25 nighttime DEEPWAVE flights, and binned into
2.5° × 2° regions.

10.1029/2019JD030271Journal of Geophysical Research: Atmospheres

PAUTET ET AL. 7073



distribution shows twomain regions depending if the measurements were
obtained over/close to lands, or over open waters.

Atmospheric conditions during DEEPWAVE have been investigated in
detail by Gisinger et al. (2017). They found out that during the June–
July 2014 period, the main GW forcing was due to the displacement of
the subtropical or the polar front jets, especially over the NZ SI, resulting
in the generation of orographic waves. The stratospheric planetary wave
activity also increased during the second part of the campaign, displacing
the Antarctic polar vortex, and limiting the deep propagation of large‐
amplitude waves. The main tropospheric sources were therefore asso-
ciated with mountainous regions, mostly NZ, Tasmania, and some
small islands.

Figure 8 presents the root‐mean‐square perturbation brightness‐
temperature amplitudes for June–July 2014, due to stratospheric gravity
waves, resolved in 15‐μm radiances acquired by Atmospheric InfraRed
Sounder channel 74 (wave number 667.53 cm−1), which peaks near 2
hPa. Contours show corresponding mean reanalyzed horizontal wind
speeds (m/s) at this nominal 2‐hPa pressure level from the DEEPWAVE
reanalysis of Eckermann et al. (2018). The covered region ranges from
25°S to 60°S, and from 134°E to 176°E, encompassing most of the
DEEPWAVE airglow observations. The geographical distribution is strik-
ingly similar to the mesospheric map of Figure 6. The largest values

appear over NZ. Tasmania and the small islands south of NZ (e.g., Stewart and Auckland Islands) also show
moderate GW activity. There seems to be a general connection between the sources in the troposphere, the
satellite stratospheric measurements, and themesospheric airglow observations. It might not be a direct con-
nection, though: a large number of GWs generated in the lower atmosphere could have propagated up to the
stratosphere and even managed to reach the mesosphere, but they might also have broken and generated
secondary waves which were observed at higher altitude.

Results from individual nights are not so straightforward. In fact, there was a strong variability, especially
over the NZ SI, where most flights were performed. To illustrate this result, Figure 9 shows the standard
deviation for the mean (I′/I0)

2 plotted in Figure 6. The color in each 2.5° × 2° bin represents the GW
power variability in that small area. The smallest standard deviation
was 0.03 (blue, most of the measurements close to the average value),
and the largest 0.64 (red, large fluctuations). Of course, the regions with
fewer observations (one or two RFs), close to the edges of the studied
area, generally do not have a large variability. Nevertheless, it is inter-
esting to notice that the largest variability appears to be associated with
the mountain wave flights over NZ. The region of the Tasman Sea
shows moderate variability, with a nonnegligible number of RFs (4–6),
while the ocean further south has less variability with about the same
number of measurements.

The most interesting cases occurred when the GV flew over two of these
regions during the same night; the difference appears even more clearly.
For example, Figure 10 shows the directionality and power for RF07 (a),
RF11 (b), and RF25 (c). During RF07, even if the power was still moderate,
the directionality changed off the east coast of NZ. RF11 exhibits substan-
tial differences in both power and direction as the GV flew over the
Tasman Sea. For RF25, the directionality remained mostly similar, but
the GW power has dropped significantly over the Southern Ocean. The
orientation can be explained by the difference in the GW sources.
AMTM observations obtained during DEEPWAVE exhibited numerous
N‐S aligned standing waves, which were identified as mountain waves

Figure 7. Same as Figure 5 but the average direction in each region is repre-
sented by a line giving the average wave vector. Note the 180° ambiguity.

Figure 8. Root‐mean‐square perturbation brightness‐temperature ampli-
tudes for June–July 2014, acquired by AIRS channel 74, near 2 hPa.
Contours, with values ranging from 30 to 90 m/s, show corresponding mean
reanalyzed horizontal wind speeds (m/s) at this nominal 2‐hPa pressure
level.
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(e.g., Bossert et al., 2015; Bramberger et al., 2017). Furthermore, this
correlation between the sources and the GWs observed in the middle
and upper atmosphere has been already noticed. Previous studies have
investigated GW intermittency (the variation in the GW occurrence
during a short period of time and over a limited area), mostly using
momentum flux, over different regions. Long‐duration stratospheric bal-
loon measurements over the Antarctic continent have shown that oro-
graphic waves have larger amplitude but are more localized and
sporadic than nonorographic ones (Hertzog et al., 2008; Plougonven
et al., 2013). Similar results have been found worldwide using global satel-
lite data (Wright et al., 2013). More recently, Cao and Liu (2016) have ana-
lyzed airglow images from two very distinct locations: an isolated ocean
site, Maui, HI (20.7°N), and Cerro Pachon (30.3°S), in the Chilean
Andes Mountains. They found that, at mesospheric altitude, intermit-
tency is larger over the ocean site, in contrast with stratospheric observa-
tions. They attributed this to the fact that atmospheric background
becomes more and more prominent compared to the GW source charac-
teristics when reaching higher altitudes.

The GV airglow observations do not allow to precisely measure the GW
phase speeds, which are necessary to estimate the momentum flux,
because of the short duration each wave was visible (<8 min).
Nevertheless, (I′/I0)

2 is a good proxy for momentum flux, which is
directly proportional to the relative wave perturbation squared (Fritts

et al., 2014; Gardner et al., 1999). During DEEPWAVE, small‐scale GW power was clearly associated with
the tropospheric sources, especially the mountainous regions in NZ and Tasmania (see Figures 6 and 8),
but differences also existed over a same region from flight to flight as revealed by Figure 9. The largest
variability appeared over the South Island, where lots of flights focusing on mountain wave activity were
performed. Normally, it was decided to fly when the forecast was most promising: in the case of orogra-
phically generated waves, when the tropospheric wind flowing on the mountain range was strong and
when the assumed conditions in the middle atmosphere allowed for deep vertical propagation.
Nevertheless, measurements at mesospheric altitudes did not always exhibit mountain wave activity.
For example, Figures 11a and 11b show low GW power over NZ for two flights (RF05 and RF26, respec-
tively). The binning in this case is 1° × 1° (~80 × 100 km at 45°S) because of the large number of mea-
surements and the smaller region covered by the flights. Even though the forcing was deemed sufficient,
the power is very small, indicating weak small‐scale GW activity in the MLT. Similar cases occurred for
RF04 and RF21. In contrast, Figures 11c and 11d present examples of large GW power, as was expected

Figure 9. Same as Figure 5 but for the standard deviation of the small‐scale
GW power in each 2.5° × 2° regions.

Figure 10. Same as Figure 6 but for individual RFs: (a) RF07, (b) RF11, and (c) RF25. The power and direction of the GWs
vary strongly, depending if the GV was flying over lands or over oceans.
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by the forecasts (RF16 and RF22, respectively). RF08, RF10, RF12, RF13, and RF14 exhibited comparable
results. The directionality seems also correlated with the GW power: Figures 11c and 11d show perfect
west‐east direction of propagation while Figures 11a and 11b are not so homogeneous, with many bins
indicating SW‐NE directions.

In fact, the GW activity, especially when associated with orographic forcing, is complex in this region. Kaifler
et al. (2015) have analyzed Rayleigh lidar data obtained from Lauder, NZ (45°S), from mid‐June to
November 2014, covering most of the DEEPWAVE campaign. They have investigated the case of mountain
waves generated over the Southern Alps, showing that two main factors affected their propagation into the
middle and upper atmosphere. The first one is the tropospheric wind forcing, which, if generating large‐
amplitude waves, increases the possibility of wave breaking at low altitude. The second factor is the wind
minima around 15–25 km, or so‐called “valve layer” (Kruse et al., 2016), which attenuates the amplitude
of theseMW events and filters part of the wave spectrum, thus allowing them to propagate to higher altitude.
In a case study focusing on RF16, Bramberger et al. (2017) have discovered that a third element can affect the
MWpropagation into the mesosphere: the Polar Night Jet (50–60 km), if located over the NZmountains, can
partially reflect the waves, or even trap them around stratopause altitude. These recent results show the
complexity of GW propagation over a mountainous region, and can explain the variability of the wave power
and direction measured during the research flights.

As shown in these papers, the important small‐scale GW activity observed during the DEEPWAVE research
flights over the NZ SI is strongly related to orographic forcing in the troposphere. Of course, not all the MWs
were able to reach theMLT as some broke at lower altitude. Nevertheless, secondary gravity waves were gen-
erated in the stratosphere or in the lower mesosphere and also propagated up to the OH layer altitude, where
they were measured by the Utah State University imagers. Such cases have been described by Bossert et al.

Figure 11. Same as Figure 6 but for mountain wave‐focused research flights: (a) RF05, (b) RF26, (c) RF16, and (d) RF22.
The dimensions of the binning regions are 1° × 1°. Note the difference in GW power and direction between RFs 05 and 26,
and RFs 16 and 22, even if they were performed over the same region.
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(2017), using Rayleigh and Na lidar data obtained onboard the GV during
RF12 and 22, and by Heale et al. (2017), who simulated the partial break-
ing of a large MW event around 70‐km altitude, thus revealing the origin
of the small‐scale waves observed in the MLT by the lidar and imagers
during RF22 (Bossert et al., 2015).

Orographic forcing affecting the MLT does not always come from large
mountain ranges. For example, the peak of power observed just south of
NZ (around 50°S) in Figures 6 and 7 is due to the Auckland Islands archi-
pelago. Strong MW activity has been measured in this area during RF23,
even far from large mountains (Pautet et al., 2016). Eckermann et al.
(2016) have modeled these waves and confirmed their orographic origin
and showed that had a large impact on the MLT, as their momentum flux
reached a value >300 m2/s2. Recent studies involving stratospheric mea-
surements and modeling have revealed the unexpected effects of the
Southern Ocean small isolated islands on the middle atmosphere (e.g.,
Wu et al., 2006; Alexander et al., 2009; Vosper, 2015). DEEPWAVE obser-
vations suggest that orographic waves generated over those islands might
also strongly affect the MLT.

Waves associated with orographic forcing constituted the main part of the
small‐scale GW power during DEEPWAVE, but Figure 7 exposes a second
GW regime, with smaller power and a slightly different direction of propa-
gation (SW‐NE insteadW‐E). This wave activity seemed to be ever present
during all the DEEPWAVE flights. The corresponding wavefield extended
from the region far south (~65°S), over the open ocean, up to ~30°S, close
to Australia, and was visible over NZ or Tasmania when no strong oro-
graphic waves reached the MLT (see Figures 11a and 11b). Such general
propagation direction has been reported before from many midlatitude
airglow observation sites, and defined as “toward the summer pole” (see

Nielsen et al., 2009, Table 1; Walterscheid et al., 1999), with usually a small zonal component. There have
been many suggestions in previous studies concerning the origin of these GWs, most of them being related
to local sources (convection, mountains, or weather fronts). The DEEPWAVE airglow data show that these
waves have a very large extent (up to several thousand kilometers), and thus do not originate from any
neighboring localized sources, which open up to another possibility: ducted waves coming from a faraway
region. Indeed, ducting allows for GWs to propagate over long distances (e.g., Heale et al., 2014; Pautet
et al., 2005, 2018). The ducted waves exhibit distinct observable characteristics (short ground‐relative periods
and high phase velocities), and they tend to be quasi‐monochromatic and coherent (e.g., Snively & Pasko,
2005, and references therein). As an example, Figure 12 shows the airglow intensity mapping, made with
the three GV imagers, corresponding to one of the legs performed over the NZ SI during RF26.
Monochromatic small‐scale waves are visible even far from the land, and the wavefield covered the entire
observable area during the whole flight. It did not seem to be correlated with local sources and have charac-
teristics typical of ducted waves. Possible sources for those GWs would be the displacement of the polar vor-
tex or tropospheric frontal systems close to Antarctica. In both cases, the waves would have to have
propagated several thousands of kilometers, which implies that they would have been ducted at some point.
More detailed investigation of this case and other similar ones using atmospheric background data (e.g.,
NAVGEM reanalysis model) may show the nature of the GW propagation, but this study would be beyond
the scope of this paper.

5. Conclusion

Small‐scale mesospheric GWs have been measured using three airglow imagers during 25 RFs performed as
part of the DEEPWAVE project. The observed region covered a large area (>7,000,000 km2) including NZ
and its surroundings, providing information on the GW activity at OH layer altitude over different sources
during a two‐month period, encompassing a large variety of forcing and background atmosphere

Figure 12. Mapping of the OH brightness measured with the three GV ima-
gers during the last leg of RF26. An extensive monochromatic small‐scale
GW field covers the whole region.
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conditions. The small‐scale GW average power and direction have been calculated, and the results mapped
to determine their distribution and the possible connection between the GW sources, the propagation con-
ditions, and their observation at MLT altitude. The main results are as follows:

• There is always some weak GW activity over every regions, with smaller GW power over the open waters
(~10% of the largest mean power measured over NZ), especially the Southern Ocean.

• The very large (I′/I0)
2 values (more than 100 times the smallest ones) account only for ~6% of the total

measurements, even if they correspond to the waves transporting the most momentum.
• Seventy percent of the (I′/I0)

2 values are below the average value (0.76).
• Larger power corresponds to landmasses, especially over higher‐altitude regions, but even small isolated

islands can have an unexpected impact at MLT height (Eckermann et al., 2016).
• Directionality follows the same pattern, with eastward (westward) propagation over the regions with

strong tropospheric forcing (possibly associated with orographic sources), while northeastward (south-
westward) propagation prevails over the other regions.

• The small‐scale GW power at mesospheric altitude is, generally, directly associated with the tropospheric
region under it, and correlates well with stratospheric satellite measurements.

• There is a large variability over the mountainous areas, depending on the strength of the orographic for-
cing, but also on the propagation conditions in the middle atmosphere.The extended small‐scale wave-
field covering the whole region surrounding NZ might correspond to ducted waves coming from a
source possibly thousand kilometers further south, such as the polar vortex.

In summary, the small‐scale GW activity at MLT altitude seems to be driven by two factors: the tropospheric
sources intensity and duration, and the background environment (horizontal wind, vertical temperature
profile) between the GW sources and the upper atmosphere. A strong correlation exists between tropo-
spheric sources, stratospheric measurements, and airglow observations, indicating that, when conditions
are favorable, GW generated in the lower atmosphere can propagate up to MLT altitude (being through pri-
mary or secondary GWs), where they may have direct and sometimes strong effects on the MLT (e.g.,
Eckermann et al., 2016; Pautet et al., 2016). When these waves cannot reach the MLT altitude, weak GWs
are still measured everywhere, coming from the south west in the DEEPWAVE case.

Further case by case investigations using the results presented in this paper should be performed to have a
better understanding of the conditions necessary to deep gravity wave propagation.
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