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ABSTRACT: Multiple recent observations in the mesosphere have revealed large-scale Kelvin—-Helmbholtz instabilities
(KHI) exhibiting diverse spatial features and temporal evolutions. The first event reported by Hecht et al. exhibited multi-
ple features resembling those seen to arise in early laboratory shear-flow studies described as “tube” and “knot” (T&K)
dynamics by Thorpe. The potential importance of T&K dynamics in the atmosphere, and in the oceans and other stratified
and sheared fluids, is due to their accelerated turbulence transitions and elevated energy dissipation rates relative to KHI
turbulence transitions occurring in their absence. Motivated by these studies, we survey recent observational evidence of
multiscale Kelvin—-Helmholtz instabilities throughout the atmosphere, many features of which closely resemble T&K dy-
namics observed in the laboratory and idealized initial modeling. These efforts will guide further modeling assessing the
potential importance of these T&K dynamics in turbulence generation, energy dissipation, and mixing throughout the at-
mosphere and other fluids. We expect these dynamics to have implications for parameterizing mixing and transport in strat-
ified shear flows in the atmosphere and oceans that have not been considered to date. Companion papers describe results
of a multiscale gravity wave direct numerical simulation (DNS) that serendipitously exhibits a number of KHI T&K events
and an idealized multiscale DNS of KHI T&K dynamics without gravity wave influences.

SIGNIFICANCE STATEMENT: Kelvin—-Helmholtz instabilities (KHI) occur throughout the atmosphere and induce
turbulence and mixing that need to be represented in weather prediction and other models of the atmosphere and
oceans. This paper documents recent atmospheric evidence for widespread, more intense, features of KHI dynamics
that arise where KH billows are initially discontinuous, misaligned, or varying along their axes. These features initiate
strong local vortex interactions described as “tubes” and “knots” in early laboratory experiments, suggested by, but not
recognized in, earlier atmospheric and oceanic profiling, and only recently confirmed in newer, high-resolution atmo-
spheric imaging and idealized modeling to date.
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1. Introduction their influences at unresolved scales. In stably stratified environ-
ments from the stable boundary layer (SBL) into the mesosphere
and lower thermosphere (MLT), the major contributors at smaller
scales are gravity wave (GW) breaking and Kelvin-Helmholtz in-
stabilities (KHI) including “tube” and “knot” (T&K) dynamics or
variants of these dynamics in multiscale (MS) environments such
as described by Fritts et al. (2013, hereafter F13), Fritts and Wang
(2013, hereafter FW13), and Fritts et al. (2016, hereafter F16).
Importantly, current parameterizations are very crude, and
fail in key areas to account for the relevant dynamics. As exam-
ples, most “whole atmosphere” models employ GW parameter-
P Supplemental information related to this paper is available izations that account for constraints on GW amplitudes, but
at the Journals Online website: https://doi.org/10.1175/JAS-D-22-  «{ine” the mixing influences (effectively the turbulence Prandtl

All models employed to describe atmospheric dynamics in
regional, mesoscale, or global domains are unable to resolve
flow instabilities leading to turbulence, mixing, and transport,
hence must rely on parameterizations of these dynamics and
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01891, number, Pr) to achieve the desired mean fields (Garcia et al.
2014). Such models typically ignore coincident, but distinct, KHI
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most or all cases unresolved, but which may imply significant lo-
cal mixing and transport (see F13 and FW13). This is especially
true in the SBL (Fernando and Weil 2010; Baklanov et al. 2011),
where the major contributing dynamics remain to be explored,
modeled, and characterized.

This is likely also the case throughout the atmosphere, due to
the inability of current parameterizations in global models to
account for sufficient mixing and transport in the MLT (e.g.,
Garcia et al. 2014; Liu 2021). A long series of in situ tracer
measurements has revealed persistent, intense shears accompa-
nying large-amplitude inertia-GWs (IGWs) at altitudes of
~90-130 km (Larsen 2002) and local, large-scale KHI (Mesquita
et al. 2020), neither of which are described realistically in local
or global models. Significant shears and IGWs having vertical
wavelengths A, ~ 1 km or smaller are ubiquitous in radiosonde
profiles in the troposphere and stratosphere, imply major miss-
ing shear variances, but are not described in regional or global
models due to the inability to characterize their horizontal wave-
lengths A, and orientations because of insufficient spatial and
temporal sampling. The implications of increasing large-scale
KHI, A;, ~ 3-15 km, from the troposphere into the MLT, and
for enhanced turbulence and mixing due to KHI T&K dynam-
ics, remain to be assessed, and may be key missing components
of current parameterizations.

Quantitative observations of KHI in the atmosphere began
~70 years ago and have provided key insights into their diverse
dynamics in varying environments up to the present. Early ob-
servations of thin tropospheric clouds revealed KHI spatial
scales and variable axial coherence at these altitudes (Scorer
1951, 1969; Scorer and Wexler 1963; Ludlam 1967). Related
early quantitative observations including stereo imaging of often
very thin noctilucent clouds when viewed from the ground (Witt
1962), and referred to more generally as polar mesospheric
clouds (PMCs) hereafter, occur at altitudes of ~83 km (Schéfer
et al. 2020) in polar summer. These revealed KHI spatial scales,
variable axial coherence, and evolutions in the presence of
large-amplitude GWs. Early studies in the oceans revealed simi-
lar KHI dynamics and apparent GW influences (e.g., Woods
1968; Woods and Wiley 1972).

These various observations motivated multiple laboratory
shear flow studies that revealed fine details of KH billows and
emerging smaller-scale features via shadowgraph techniques
by Thorpe (1973a,b, 1985, 1987), Schowalter et al. (1994),
Caulfield et al. (1996), Holt (1998), and others. The laboratory
studies enabled detailed descriptions of various instabilities driv-
ing KHI billow transitions to turbulence, including 1) streamwise-
aligned counterrotating convective instabilities (CI) in the
outer regions of the KH billows, 2) secondary, smaller-scale
KHI arising in the stratified braids between adjacent KH bil-
lows, and 3) additional features Thorpe described as “tubes
and knots.” The T&K features seen in multiple laboratory
experiments were observed to have various forms, to arise
where KH billows were initially misaligned or exhibited
phase variations along their axes, and to initiate much more
rapid transitions to turbulence than accompanying CI or sec-
ondary KHI of individual KH billows.

Subsequent atmospheric studies employing aircraft in situ
measurements, radar and lidar profiling, and improved OH
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airglow and PMC imaging in the mesosphere revealed KHI to
exhibit a wide range of dynamics, scales, and variability from
the SBL into the thermosphere (e.g., Browning and Watkins
1970; Fritts and Rastogi 1985; Gossard 1990; Eaton et al. 1995;
De Silva et al. 1996; Blumen et al. 2001; Hecht et al. 2005, 2014,
hereafter H14; Luce et al. 2007, 2008, 2018; Hysell et al. 2012;
Baumgarten and Fritts 2014, hereafter BF14; Fritts et al. 2014;
hereafter F14). A number of these studies revealed additional
evidence of interacting KH billows and likely T&K dynamics,
but this was not their primary focus, nor noted at the time.

Observations of tropospheric clouds were revisited by Thorpe
(2002), who inferred typical ratios of KH billow coherence
lengths to billow wavelengths of ~3-8 km, suggested that these
features arise due to GW influences, and noted apparent exam-
ples of misaligned and merging KH billows suggestive of T&K
dynamics. High-resolution radar profiling in the SBL and resid-
ual layer by Eaton et al. (1995) exhibited significant spatial vari-
ability in small-scale KHI suggesting nonuniform billows and
likely T&K dynamics. Similar radar profiling in the troposphere
and lower stratosphere by Luce et al. (2007, 2008, 2018) re-
vealed MS KHI spatial variations suggesting likely T&K dy-
namics at larger scales. More recent radar volumetric imaging
by Chau et al. (2020) captured a KHI event revealing apparent
irregular KH billows having wavelengths of A, ~ 5-8 km cen-
tered at ~85 km in the mesosphere also suggestive of T&K dy-
namics. Related ocean profiling of KHI yielded similar evidence
of irregular billow amplitudes and A, again suggestive of T&K
dynamics (Moum et al. 2003; Geyer et al. 2010; Chang et al.
2016; Tu et al. 2020).

Improved ground-based imaging of PMCs provided more
compelling evidence for modulation of KHI by the underlying
GW fields (BF14; F14), while the new Aerospace Corporation
Near-IR Imager (ANI) yielded KHI observations at several
sites (Hecht et al. 2018, 2005; H14). The latter of these re-
vealed larger-scale KHI exhibiting varying coherence lengths,
billow core undulations, and smaller-scale secondary instabil-
ities, but no specific evidence of small-scale KHI T&K dy-
namics was identified in these observations.

Further improved abilities to quantify small-scale dynamics in
the mesosphere were provided by a new Aerospace Corpora-
tion Near-IR OH Imager (ANI2) employing higher resolution
than ANI in a smaller field of view (FOV), ~22 m and ~47 km,
respectively. Common ANI and ANI2 observations obtained at
the Andes Lidar Observatory (ALO) in 2016 captured a dra-
matic KHI T&K event accompanying KH billow A;, ~ 7-10 km
that revealed a broad suite of T&K dynamics and CI of individ-
ual KH billows. These were described by Hecht et al. (2021,
hereafter H21) and motivated initial modeling of KHI T&K dy-
namics by Fritts et al. (2021, hereafter F21).

Similar capabilities were provided by subsequent PMC imag-
ing aboard the PMC Turbo stratospheric balloon that flew in
July 2018 at an altitude of ~37 km and hosted four wide and
three narrow FOV PMC imagers. These imagers enabled reso-
lution of features at spatial scales as small as ~40-80 m enabling
identification of additional instability features characterizing
T&K dynamics due to interactions among KH billows having
wavelengths of A, ~ 5 km that were misaligned or exhibited
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TABLE 1. Abbreviations employed in the text.

Abbreviation Expansion Abbreviation Expansion
ALO Andes Lidar Observatory Fw23 Fritts and Wang (2023)
AMTM Advanced Mesosphere Temperature Mapper GW Gravity wave

ANI Aerospace Corporation Near-IR Imager H14 Hecht et al. (2014)

ANI2 Advanced Aerospace Corp. Near-IR Imager H21 Hecht et al. (2021)

BF14 Baumgarten and Fritts (2014) IGW Inertia-GW

BOLIDE Balloon Lidar Experiment KHI Kelvin-Helmholtz instability
CI Convective instabilities K22 Kjellstrand et al. (2022)
CORAL Compact Rayleigh Autonomous Lidar MLT Mesosphere and lower thermosphere
DLR German Aerospace Center MS Multiscale

DNS Direct numerical simulation N-S North-south

EBEX E and B Experiment OH OH molecule

F13 Fritts et al. (2013) PFRR Poker Flat Research Range
F14 Fritts et al. (2014) PMCs Polar mesospheric cloud(s)
F16 Fritts et al. (2016) Pr Prandtl number

F19 Fritts et al. (2019) Re Reynolds number

F21 Fritts et al. (2021) Ri Richardson number

F22a Fritts et al. (2022a) SBL Stable boundary layer

F22b Fritts et al. (2022b) SRWTL Na Wind-Temperature Lidar
F22¢ Fritts et al. (2022c) TDF Tierra del Fuego, Argentina
F23 Fritts et al. (2023) T&K Tube and knot

FMCW Full width at half maximum UuT Universal time

FOV Field of view 2D Two-dimensional

FW13 Fritts and Wang (2013) 3D Three-dimensional

variable phases along their axes (Kjellstrand et al. 2022,
hereafter K22).

Our objectives in this paper are to explore the evidence for
KHI T&K dynamics, and their environments, in the MLT.
While evidence of KHI T&K dynamics reviewed above re-
veals them to occur throughout the atmosphere, the MLT of-
fers several clear advantages:

1) KHI A; ~ 5-10 km or larger enable T&K dynamics at spa-
tial scales able to be resolved over large regions by current
ground-based and recent balloon-borne observations,
imaging of relatively thin PMC and OH airglow layers en-
ables identification of KHI T&K dynamics and evolutions
and also captures the scales, orientations, and evolutions
of the GW fields in which they arise, and
3) vertical profiling capabilities by lidars and radars fre-
quently reveal KHI, and apparent T&K modulations, and
are occasionally coincident with imaging.

2)

An example of KHI T&K features occurring in an idealized
direct numerical simulation (DNS) described in the companion
paper by Fritts et al. (2023, manuscript submitted to J. Atmos.
Sci., hereafter F23) are shown for reference in section 2. Imag-
ing and profiling capabilities enabling quantification of KHI
T&K events, environments, and scales are reviewed in section 3.
Observational evidence of KHI T&K dynamics, environments,
and evolutions revealed in imaging and profiling of the MLT
PMC and OH airglow layers are discussed in sections 4 and 5.
Implications of these observations and their relations to previous
studies of MLT dynamics are discussed in section 6, and our con-
clusions are presented in section 7. A list of abbreviations is pro-
vided in Table 1.

2. DNS guidance of KHI T&K dynamics identification

KHI T&K dynamics can be very diverse, as their tendency
to emerge surely depends on multiple factors, some of which
are known, but also others that remain to be explored. The
initial laboratory shear flow studies by Thorpe (1985, 1987)
revealed 1) a “tube” identified as a link between adjacent KH
billows comprising a single vortex emerging on the intermedi-
ate vortex sheet and wrapping over and under the adjacent
KH billows and 2) a “knot” identified as a link where two KH
billows connect to a single billow along their axes where they
were initially misaligned [see the imaging and cartoons of
these dynamics in Thorpe (1987)].

A further linkage among adjacent KH billows is billow pairing
seen to occur occasionally in the laboratory by Thorpe (1987).
These dynamics were described initially by Fritts (1984) in a
small two-dimensional (2D) domain for small Reynolds and
Richardson numbers, Re = 100 and Ri = 0.05. KH billow
pairing also occurs at larger Re, but can be precluded by more
rapidly emerging, smaller-scale instabilities (Mashayek and
Peltier 2013). Billow pairing also occurs in response to random
initial conditions for weak random noise, and in the absence of
larger-scale perturbations of the initial shear layer, as de-
scribed below.

We illustrate in Fig. 1 the range of KHI T&K dynamics
identified to date with three-dimensional (3D) imaging of an
MS KHI event viewed from above and described in detail by
F23. The quantity displayed is the negative eigenvalue, A,, of
the tensor defined as H = S + R?, where S and R are the
strain and rotation tensors (Jeong and Hussain 1995; Fritts
et al. 2022a, hereafter F22a). Thus, A, enables identification of
features that exhibit rotational rather than shearing vorticity.
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FIG. 1. Three-dimensional imaging of an MS KHI event revealed in A, viewed from above and described in detail by F23. See text for
details and F23 for comparisons with other Re.

The DNS was performed for Re = 3000, less than the maxi-
mum Re = 5000 described by F23, in order to reveal the major
features of the KHI T&K evolution prior to the breakdown of
CI that arise quickly within the outer KH billow cores. The
computational domain was specified to enable significant KH
billow phase variations along their axes (along y) and either
three or four KH billows to emerge along the wind shear
(along x) in the periodic domain. The imaging is shown at a ca-
dence of 0.75T}, for buoyancy period 7, = 2w/N = 222 s at
the peak buoyancy frequency N = 0.0283 s~ ! at the maximum
shear, thus spans an interval of ~8.3 min.

The X, evolution reveals the following features arising from
the weak initial noise seed:

1) weak, discontinuous initial KH billows emerge having
three or four wavelengths along x, and somewhat variable
phases along y (sites a in Fig. 1),

2) intensifying KH billows and differential stretching of the
vortex sheets occur where KH billows are misaligned along
y and initiate vortex “tubes” (sites b),

3) sites where 2 KH billows link to 1, or where a vortex tube
links adjacent KH billows, yield initial vortex “knots” that
drive rapid transitions to strong turbulence (sites c),

4) additional, smaller-scale vortex tubes emerge where adja-
cent KH billows exhibit significant phase variations along
y (sites d),

5) a limited region where 2 billows arise in close proximity
along x leads to local billow pairing that also drives rapid
transitions to strong turbulence (site e),

6) increasing KH billow phase variations along y, due to
differential vertical advection in z, cause stretching
and intensification of the intermediate vortex sheets
that enable secondary KHI to emerge at small scales
(sites f),

7) strong mutual advection of adjacent, roughly orthogo-
nal, KH billow cores induce large-scale Kelvin vortex
waves that exhibit strong helical oscillations we will re-
fer to as Kelvin “twist waves” hereafter (Thomson 1880;
Arendt and Fritts 1998) (sites g), and

8) secondary CI in KH billows arise following initial turbu-
lence transitions (sites h).

All features labeled b-g in Fig. 1 can be considered T&K
dynamics, as they all arise due to misaligned initial KH bil-
lows, and they all precede secondary CI breakdown of indi-
vidual KH billows.
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3. Imaging and profiling capabilities
a. Imaging instruments
1) PMC IMAGING

PMC imaging has been performed from the ground for
over 60 years. The more recent PMC imaging discussed here
was performed with commercial digital cameras enabling au-
tomated operations over long intervals. That described by
BF14 and F14 was performed with a Canon EOS 50D with a
135 mm f/2 lens yielding a FOV of 9.5° X 6.3°.

Serendipitous PMC imaging was obtained by star trackers
aboard the NASA Astrophysics E and B Experiment (EBEX)
on a stratospheric balloon flying over Antarctica at ~35 km for
11 days in austral summer 2012/13. These revealed stunning and
diverse small-scale instability dynamics due to GW breaking
and KHI seen at ~2-5 m resolution in a ~4 km X 4 km FOV
at a range of ~60 km.

EBEX PMC imaging motivated the NASA PMC Turbo ex-
periment (Fritts et al. 2019, hereafter F19) hosting 7 pressure
vessels each housing a high-resolution camera, a 50 or 135 mm
lens, a control computer, and large data storage (Kjellstrand
et al. 2020). Pixel binning (4 X 4) reduced noise and data stor-
age and yielded ~20-40 m resolution for routine analyses.

2) OH AIRGLOW IMAGING

OH airglow imaging employed here was performed by a vari-
ety of instruments. ANI and ANI2 at the ALO achieve moder-
ate and very high spatial and temporal resolution, respectively,
by employing H-band filters that allow the bright OH Meinel
band at ~1550-1700 nm to be detected, thus enabling a pixel sig-
nal-to-noise ratio > 100:1. ANI (ANI2) employs a 256 X 256
(2048 x 2048) pixel detector and a custom lens providing a
73° X 73° (29.6° X 29.6°) FOV yielding an ~100 km X 100 km
(47 km X 47 km) imaging area with pixel resolution of ~400
(22) m at ~89 km. The ANI2 images employed here used 2 X 2
pixel binning yielding ~45 m superpixels. As employed by H14,
H21, and the Advanced Mesosphere Temperature Mappers
(AMTM) imaging employed in this study, difference imaging, us-
ing a At of ~20-60 s, was employed in the ANI and ANI2 analyses
to enhance sensitivity to small-scale KHI T&K dynamics. Addi-
tional details on ANI and ANI2 are provided by H14 and H21.

AMTMs developed by USU (Pautet et al. 2014; Taylor et al.
2019) are operating, or have operated, at nine sites, two of which
are employed in this study. These measure two OH Meinel (3, 1)
band (1500-1550 nm) line intensities and a background channel
that together enable a temperature measurement in each pixel,
hence T(x, y) maps at a ~30-s cadence centered at the OH layer,
typically at ~85-90 km, spanning a ~200 km X 160 km field of
view centered on zenith. Difference imaging at a At ~ 35 s was
employed to reveal the smaller-scale KHI T&K dynamics by re-
moving more slowly varying features.

b. Profiling instruments
1) RAYLEIGH LIDAR

Rayleigh lidars developed by the German Aerospace Center
(DLR) were employed both on the PMC Turbo payload, e.g.,
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the Balloon Lidar Experiment (BOLIDE; Kaifler et al. 2020),
and for long-term ground-based observations by the Compact
Rayleigh Autonomous Lidar (CORAL; Kaifler and Kaifler
2021) in the MLT instrument cluster at Rio Grande on Tierra del
Fuego (TdF), Argentina (53.8°S, 67.8°W). Both lidars provided
continuous profiling of PMC brightness (where seen) spanning
the PMC layer and atmospheric densities allowing 7(z) profiles
at lower altitudes (e.g., Kaifler et al. 2018; Reichert et al. 2021).

2) NA RESONANCE LIDAR

The Sodium Resonance Wind-Temperature Lidar (SRWTL)
installed at Poker Flat Research Range (PFRR) in Alaska in
2017 (Li et al. 2020) is based on the former Na lidar operated at
the Arctic Lidar Observatory for Middle Atmosphere Research
from 2000 to 2017 (She et al. 2002; Williams et al. 2004, 2006)
with a new solid-state laser seeding pulse dye amplifier. SRWTL
is a narrowband lidar that cycles between 3 frequencies to mea-
sure the Doppler shift and thermal broadening of the Na back-
scatter from ~80 to 105 km. The ~1 W beam is split into three
beams pointing zenith and 20° north and east with telescopes fi-
ber coupled to three receivers. Na density, temperature, and ra-
dial wind are measured continuously in each beam.

4. KHI T&K dynamics revealed in PMC imaging
and profiling

The initial identification of KHI T&K dynamics over ALO
by H21 confirmed Thorpe’s (2002) suggestion that these dy-
namics should be prevalent in the atmosphere. Indeed, earlier
observations reviewed above revealed multiple aspects of T&K
dynamics, especially modulations of KHI events by GWs and
distortions of billow cores by adjacent billows suggestive of
emerging T&K dynamics, but these features were not described
as such in those studies. Subsequent imaging at higher altitudes
confirmed these features, but neither showed direct T&K links
among billows nor identified them as KHI T&K dynamics (e.g.,
BF14; F14; F19; H14). H21 and K22 were the first observational
studies to reveal direct T&K links between adjacent KH bil-
lows. Here we review earlier and more recent PMC imaging
and profiling, and related lidar vertical profiling, for further evi-
dence of these T&K dynamics, and their environments and
prevalence, in the MLT.

a. PMC imaging

Two very different KHI events seen in high-resolution PMC
imaging from Trondheim, Norway, on 1 August 2009 and from
Kiihlungsborn, Germany, on 24 June 2009 were analyzed and
described by BF14 and F14 and exhibit a number of features
relevant to this study. PMC imaging in Figs. 2a and 2b extends
~200 km horizontally at its center and shows an evolving large
field of KHI exhibiting clear GW perturbations over a 10-min
interval. Seen in Fig. 2b are large-scale, brighter bands aligned
roughly upper left to lower right suggesting likely GW influen-
ces on KHI evolution. The 10-min interval reveals a rapid
expansion of large amplitude KHI to the east and north, imply-
ing a significant and/or increasing shear, and decreasing Ri, at
these times. Zoomed high-resolution imaging in the dashed
rectangle in Fig. 2a spanning a 7-min interval in Figs. 2cj
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FIG. 2. PMC imaging from Trondheim, Norway, on 1 Aug 2009. (c)-(j) Arrows denote key features described in the text.

shows a sequence of KH billows having A;, ~ 3-5 km, with the
images stretched north-south (N-S) to approximate viewing
from below.

The imaging in Figs. 2c—j reveals KH billows exhibiting a di-
versity of features and evolutions we now recognize as T&K
dynamics. These include the following:

D

2)

misaligned initial billow cores lead to a billow pairing
event (left center) and large-scale twist waves (white
arrows),

the billow cores expand and fragment thereafter due to
large-scale twist waves propagating away from their knot
source dynamics (yellow arrows, toward the lower right),
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as seen to arise adjacent to sites ¢ and seen at large ampli-
tudes at sites g in Fig. 1,

3) thin secondary KHI arise on the thin vortex sheets over,
under, or between, and having vorticity aligned largely
along, the billow cores (orange arrows, toward the upper
left),

4) several billow cores exhibit CI aligned roughly orthogo-
nally (pink arrows), as seen at sites h in Fig. 1,

5) larger and smaller vortex tubes link adjacent KH billows,
with the most pronounced occurring where the initial KH
billows are more deformed (green arrows), and

6) misaligned initial KH billows where one links to two (red
arrows).

Regions where KH billows are misaligned or link via large-
scale vortex tubes exhibit the most rapid breakdowns to less
coherent structures and turbulence beginning at ~2300-2303 UT
and progress to smaller scales rapidly thereafter. Importantly for
our purposes, the collective influences of the initial KHI T&K
dynamics induce increasing distortions of the billow cores seen
below to be widespread in the MLT. All of these features are
seen in the initial high-resolution modeling of KHI T&K dy-
namics (F21; F22a; Fritts et al. 2022b,c, hereafter F22b, F22c¢)
and span a comparable interval as seen in the last three pan-
els of Fig. 1. The online supplemental P1.Fig2.mp4 provides
an animation of these dynamics.

PMC imaging obtained from northern Germany on 24 June
2009 projected to geophysical coordinates, as if viewed from
above, and spanning only 4 min, is shown in Fig. 3 (see Figs. 1
and 2 in BF14). These panels show GW modulations of PMC
brightness due to tilting of the PMC layer relative to the line
of sight. This interval shows the emergence of small-scale
KHI T&K dynamics where divergent horizontal GW motions
intensify strongly stratified vortex sheets [see Fritts and Wang
(2023, hereafter FW23) for details of these dynamics in a
DNS of an MS GW flow]. As seen in Figs. 2c—j and discussed
above, the small-scale KHI seen at left and right at the earlier
times in Figs. 3a and 3b exhibit intensifying T&K distortions
over this interval, and similar features are seen in the lee of
other GW crests farther north in Fig. 3c. Of note, however,
are the alignments of the emerging, small-scale T&K dynam-
ics that are more nearly along than normal to the dominant
GW propagation direction. This suggests a transverse compo-
nent to the enhanced shear on the vorticity sheet relative to
the GW propagation. P1.Fig3.mp4 provides an animation of
these dynamics.

b. PMC imaging and profiling

Further insights into KHI T&K dynamics accompanied
PMC imaging by the NASA PMC Turbo long-duration bal-
loon flight at ~37 km from Esrange, Sweden, to northeast
Canada in July 2018 (see F19). The key instruments included
seven high-resolution imagers and the BOLIDE lidar. PMC
imaging captured a wide diversity of dynamics events, among
them multiple examples of larger- and smaller-scale KHI evo-
lutions, the majority of which exhibited T&K dynamics. Two
examples are illustrated in the first and second rows in Fig. 4.
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T&K dynamics seen in Figs. 4a—c, described in detail by K22,
reveal an extensive KHI display with KH billow A, ~ 5 km,
strong GW modulations of billow coherence, and large KH
billow distortions and misalignments along their axes. The
evolution tracked with the black oval in Figs. 4a—c spans only
4 min, but exhibits major intensification of the KH billows,
clear secondary KHI and CI of individual billows, and
T&K dynamics driving rapid KH billow breakdown. Yellow
(red) arrows show KH billows without (exhibiting) T&K dy-
namics. This PMC imaging confirms characterization of these
same dynamics first observed over ALO by H21 (see the
black oval tracking advection of a region exhibiting several
such billow misalignments; yellow and red arrows highlight
KH billows that are aligned and misaligned, for reference).
P1.Figd.mp4 provides an animation of the T&K dynamics in
Figs. 4a—c.

Other PMC Turbo projected, two-camera image subsets
in Figs. 4d and 4e suggest GW modulations of smaller-scale,
A, ~ 1 km, KH billow coherence and emerging, but weaker,
T&K dynamics necessarily having a much smaller Re. As
noted in the above discussion of ground-based PMC obser-
vations, these PMC Turbo observations suggest that KHI
T&K dynamics, and implied turbulence and mixing, are
more widespread, and perhaps ubiquitous, than previously
understood.

PMC imaging in Figs. 4f-i shows 4 examples of high-resolution
imaging by the NASA EBEX experiment [see section 3a(1)].
The remarkable EBEX resolution and often thin PMCs en-
abled definition of features as small as the turbulence inner
scale Iy ~ 50 m for a kinematic viscosity v ~ 1 m*s ! and a
typical £ ~ 0.001 W kg™ ' at ~82 km in polar summer (Rapp
et al. 2004).

EBEX images in Figs. 4f and 4g spaced by ~1.5 min reveal
what appear to be intensifying KHI exhibiting misaligned bil-
lows having A, ~ 700 m, and apparent secondary CI in the
billow cores at center and lower left. Seen at center to lower
right is an apparent intermediate, weaker billow that is ini-
tially discontinuous and begins to merge via T&K dynamics
with the billow below. Importantly, an alternative explana-
tion invoking propagating GWs is very unlikely in highly
structured environments at small Re, and cannot account for
the observed smaller-scale features. Likewise, ducted GWs
that can occur at small scales in highly structured environ-
ments do not exhibit interactions among adjacent phases or
small-scale instabilities.

The EBEX image in Fig. 4h suggests a KH billow core that is
kinked by T&K interactions, with less distinct features at either
side. It also exhibits multiple, orthogonal vortex tubes arising on
the vortex sheet wrapping behind it, as seen in the PMC Turbo
KHI images in Figs. 5b and 5c; also see FW23. The EBEX im-
age in Fig. 4i suggests clear KHI and interactions among adja-
cent, and misaligned, KH billows having A, ~ 50-200 m that
must have very small Re and exhibit only weak, laminar interac-
tions among adjacent billows. These features can only be vis-
cous, small-scale KHI on a vortex sheet because counterrotating
vortices cannot link via merging along their axes. Rather, they
link via vortex loop formation in early stages of GW breaking
(Andreassen et al. 1998; Fritts et al. 2009), in outer KH billows
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FIG. 3. PMC imaging over Scandinavia from Kiihlungsborn, Germany, on 24 Jun 2009. See text for details.

where secondary CI intensify and link in local spanwise shear
(F21; F22a; F22b), as “hairpin” vortices at late stages of shear
flow restratification (Watanabe et al. 2019), and related dynam-
ics with similar vortex alignments.

Vertical profiling of the PMC layer shown in Fig. 4j was per-
formed by CORAL at Rio Grande on TdF. These observations
were not accompanied by PMC imaging at TdF, which began
more recently, but they clearly demonstrate the occurrence of
MS KHI exhibiting T&K dynamics. Specific evidence includes
1) overturning features at their upper edges, 2) apparent periods
of ~1-5 min implying variable A, likely as large as ~5 km or

larger, based on maximum KH billow depths of ~1.5-2 km and
an assumption of an initial Ri ~ 0.1-0.15 (Thorpe 1973b), and
3) a limited event duration of ~30 min. This event is also strik-
ingly similar in character to other atmospheric and oceanic KHI
profiling revealing these T&K dynamics noted above.

5. KHI T&K dynamics revealed in OH imaging and Na
lidar profiling

OH imaging provides sensitivity to more diverse environ-
ments than PMC imaging via measurements spanning a wide
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FIG. 4. (a)-(e) PMC Turbo imaging on 12 Jul 2018, (f)—(i) EBEX PMC imaging in December 2012-January 2013, and
(j) PMC profiling by CORAL over TdF on 10 Jan 2018. The dashed oval and arrows in (a)-(e) track the central event
advection and highlight key features (see text for details).

Unauthenticated | Downloaded 10/12/23 10:06 PM UTC



2428 JOURNAL OF THE ATMOSPHERIC SCIENCES VOLUME 80

FIG. 5. ANI and ANI2 OH airglow difference imaging over ALO (a)—(c) on 2 Feb 2012 and (d)—(1) on 1 Mar 2016. See text
for details.
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range of MLT environments that vary with latitude, longi-
tude, and season. Vertical viewing also removes potential am-
biguities in interpretations of features seen in PMC imaging
at low elevation angles where GW vertical displacements may
be significant. This enables exploration of KHI responses
1) in MLT GW fields arising from diverse sources, 2) at com-
mon sites for varying MLT environments, and 3) potentially
exhibiting systematic variations in latitude and season. OH
imaging does not achieve the very high spatial resolution en-
abled by PMC imaging that captures dynamics driving, or
within, the inertial range of turbulence. However, OH
“difference” imaging at a specified Az reveals instability fea-
tures at small scales that advect or evolve over short intervals
by eliminating the larger-scale, more slowly varying, mean,
and GW contributions to OH brightness. This procedure is
employed to explore T&K responses to varying MLT dynam-
ics observed at multiple sites and reveals these dynamics to
occur in a wide range of MLT environments. For consistency
in our discussion, all OH fields are shown as if viewed from
above.

Na lidar profiling of Na densities enables direct tracking of
vertical displacements due to GWs and KHI, apart from small
influences of vertical displacements over ~1 km or less and
faster Na chemistry at the bottom edge of the Na layer on
measured Na densities.

a. OH airglow imaging over ALO, Chile

ANI OH imaging over ALO by H14 revealed clear, large-
scale (A, ~ 8 km) KHI exhibiting varying responses over
45 min. H14 noted varying KHI amplitudes on larger scales,
varying phases along their axes, and smaller-scale, roughly or-
thogonal, apparent secondary instabilities emerging at later
times. A review of these dynamics illustrated in Figs. Sa—c re-
veals a number of features that appear to be responses to
T&K dynamics based on insights from initial MS modeling
described by FW23. These include the following:

1) KH billows arise in bands roughly normal to their axes
likely due to GW modulations,

2) nearly uniform initial KH billow alignments become in-
creasingly variable in time,

3) emerging smaller-scale features induce links between ad-
jacent billows, and

4) rapid billow breakdown occurs in regions exhibiting mis-
alignments and linking.

The latter three of these T&K dynamics are seen to arise in
the idealized DNS in Fig. 1.

More dramatic and quantitative imaging of the H21 ALO
event using the wider FOV ANI is shown at larger scales in
Figs. 5d-h. These images reveal more clearly GW influences
on emerging T&K dynamics for KH billows having A;, ~ 7-10 km
aligned largely along the GW propagation direction from
lower right to upper left in these images. In this case, KH bil-
lows having small initial amplitudes and relatively uniform ini-
tial phases (Fig. 5d, yellow arrow) are seen to exhibit
increasing phase distortions, phase kinking, and billow break-
down accompanying successive GW bright phases advancing
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toward upper left as the KHI evolve toward lower right (see
the red arrows in Figs. 5d-h).

Additional high-resolution ~50 km X 50 km ANI2 imaging
indicated by the yellow rectangles in Figs. 5f~h from 0038 to
0050 UT are shown in Figs. 5i-1. These reveal the final stages
of KHI T&K breakdown discussed by H21 and the further
breakdown accompanying the successive GW bright phases
impacting KHI having A;, ~ 7-10 km and exhibiting additional
misaligned KH billows, vortex tubes, secondary instabilities,
and their breakdown thereafter (see the regions indicated by
yellow arrows in these fields).

The KHI T&K dynamics in this case were estimated by H21 to
yield an energy dissipation rate as large as & ~ 1 W kg~ !, which is
consistent with those assessed using the DNS of KHI T&K dynam-
ics by F22b scaled to the ALO KHI A, and which is larger than
that assessed by F22b in regions largely without T&K influences
by ~2-4 times. P1.FigSa.mov, P1.FigSb.mp4, and P1.FigSc.mp4
show these events in ANI and ANI2 imaging over longer intervals.

b. OH airglow imaging over Lauder, New Zealand

OH imaging by an AMTM in the lee of the southern Alps
during the 2014 DEEPWAVE ground-based and airborne mea-
surement program captured a diversity of mountain wave
(MW), propagating GW, and instability responses, the majority
of which also exhibited apparent KHI T&K dynamics. Two of
these are illustrated in the upper and lower panels of Fig. 6. The
first event observed on 31 May exhibits a bore passage with KHI
T&K dynamics preceding and following the bore (Figs. 6a—),
but having roughly orthogonal orientations in these regions, and
a strong decrease in T (red to blue in Figs. 6d-f) accompanying
bore passage. A likely explanation for these differing responses is
an increase of the OH layer altitude accompanying bore passage
in an altered IGW or tidal environment having a rotary shear in
altitude. These observations suggest that KHI T&K dynamics
readily occur in environments exhibiting varying shear orienta-
tions in altitude. P1.Figbal.mp4 and P1.Figba2.mp4 show earlier
and later stages of this event using AMTM difference imaging.

A second event observed over Lauder on 22 June (Figs. 6g—0)
exhibits a remarkably chaotic field comprising MS KHI extend-
ing from ~1500 UT to beyond 1700 UT, and apparently accom-
panying strong MS GW shear orientations. Different KHI
events and A, are seen in close proximity and apparently overlap
in the same regions multiple times at different altitudes. This is
expected for a single IGW (Lelong and Dunkerton 1998), and is
surely the case for superposed IGWs. The absence of detectable
GWs in the AMTM T{(x, y) on 22 June implies relatively small
GW A_, given the typical OH layer full width at half maximum
(FWHM) of ~7 km, and/or GW A;, ~ 200 km or larger, consis-
tent with an IGW environment.

KHI A, as large as ~10-15 km over Lauder are comparable
to, or larger than, the largest KHI A;, ~ 10 km reported in previ-
ous MLT imaging and profiling studies (e.g., Hysell et al. 2012;
Chau et al. 2020; Mesquita et al. 2020; H21). They also require
strong shears having half widths of # ~ A,/47 ~ 1.2 km or larger,
and a vector wind shear dU/dz ~ N/Ri'?, for Ri = N°h?/|Uf
~ 0.1 to achieve a KH billow depth-to-A;, ratio ~ 0.4 (Thorpe
1973b). These estimates imply [U| ~ 70 ms~' for a superposition
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FIG. 6. AMTM OH (a)—(c),(g)—(1) airglow difference and (d)—(f),(m)—(0) temperature imaging over Lauder, New Zealand, on
(a)—(f) 31 May and (g)- (0) 22 Jun 2014. Temperature ranges are shown in (d) and (m); see text for details.
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F1G. 7. As in Fig. 6, but over TdF on 23 Jan 2022. AMTM (a)—(f) difference and (g)—(i) temperature imaging. See text for details.

of IGWs because tidal A, are too large to account for the
observed KHI A,. However, tidal shears likely contributed
to local intensification of IGW shears due to IGW critical
level approach, but not in defining the KHI A, especially at
smaller KHI scales.

A number of these Lauder KHI events, especially at the larger
Ay, also exhibit apparent transient, orthogonal vortex tubes that
closely resemble those shown in the PMC image in Fig. 4h.
These dynamics are complex, and P1.b.mp4 shows this sequence
to include multiple, sometimes overlapping, evolutions exhibiting
KHI formation, intensification, T& K dynamics, and subsequent
KH billow fragmentation at multiple scales, orientations, and ad-
jacent altitudes. The significance of such events, and their depen-
dence on KHI scales, are discussed in section 6.

¢. OH airglow imaging over TdF, Argentina

AMTM OH brightness difference and 7(x, y) imaging over
TdF on 23 January 2022 spanning 33 and 10 min, respectively,
are shown in Fig. 7. As seen over Lauder, difference imaging at

TdF exhibits a wide diversity of apparent KHI responses at vari-
ous scales in different regions over a short interval. In this case,
there are fewer apparent overlaps of KHI responses having dif-
ferent scales and orientations at apparently different altitudes in
the same regions. There are, however, multiple apparent KHI
events in different regions at different times, exhibiting differing
KHI ), and orientations, and overlapping in some cases (see
the upper-left and right portions of Figs. 8a-d). The larger-scale
events also have signatures in 7(x, y) imaging. All the KHI
events that can be followed over ~10-15 min exhibit T&K
dynamics revealing increasing interactions, kinking, and
breakdown along their axes with time. These KHI provide
additional evidence to that shown in previous figures that
such dynamics are widespread, and potentially ubiquitous
where enhanced shear layers arise in MS GW fields, and
which may make major contributions to mixing and trans-
port where they arise.

An alternative explanation of small-scale bands seen in
MLT airglow for many years is as ducted GWs having typical
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FIG. 8. Na lidar Na density profiling over PFRR, Alaska, on (a),(b) 23 Sep 2021, (c),(d) 31 Jan 2022,
and (e),(f) 12 Apr 2022 at 8-s and 90 m resolution. See text for details.

A ~ 10-20 km. These often exhibit varying, or misaligned, phases
due to superposed packets. Importantly, however, such ducted
GWs do not exhibit increasing phase kinking, nor linking via or-
thogonal vortices because they are largely linear, small-amplitude
motions, there are no intensified vortex sheets, nor subsequent in-
stabilities causing breakdown. P1.Fig7amp4 and P1.Fig7b.mp4
show the evolutions of the OH brightness difference and T(x, y)
imaging over a longer interval for this KHI event.

d. Lidar profiling over the PFRR, Alaska

Lidar profiling of Na densities at the upper and lower edges
of the Na layer centered at ~85-90 km has revealed large-scale
KH billows at various sites (e.g., Pfrommer et al. 2009). Such

profiling at the upper edge of the Na layer represents vertical
displacements quite accurately because Na chemistry is slow at
these altitudes, though air parcel expansion causes small under-
estimates in vertical displacements inferred from Na densities.
At the bottom edge of the Na layer, however, downward excur-
sions are also underestimated due to much faster Na chemistry,
both of which contribute to somewhat reduced apparent KH
billow amplitudes.

Na lidar profiling yields many examples of KHI having
varying billow amplitudes and A, as shear layers advect through
the lidar beams, and as inferred in the PMC lidar profiling
shown in Fig. 5j. Examples of such responses in three KHI
events observed with the Na lidar at PFRR are shown in Fig. 8.
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That in Figs. 8a and 8b obtained on 23 September 2021 exhib-
its strongly varying forms, amplitudes, and likely adjacent bil-
low interactions among successive billows at the upper edge of
the Na layer at two locations separated by ~30 km. The initial
Ri is not known, but a representative Ri ~ 0.1 implies KHI
A, ~ 4-5 km (Thorpe 1973b). An Ri ~ 0.2 or larger implies
larger, shallower KHI for which there is no apparent evidence.

Similar Na lidar profiling in zenith and 20°N beams on
31 January 2022 shown in Figs. 8c and 8d exhibit clear, larger-
scale, vertical displacements of the shear layer and significant
variability in adjacent KH billows at each site and between the
two beams. The descending shear layer is seen to be earlier and
stronger in the zenith beam, and there are large differences in
the subsequent KHI responses. Those in the zenith beam are
more uniform and increase in amplitude prior to apparent bil-
low breakdown after ~3.6 UT. Those in the lidar beam at 20°N
reveal an initial, large KH billow displacement at ~3.4 UT, an
apparent absence of KH billows for one or two cycles, and
strongly increasing KH billow altitude extents approaching
3-4 km thereafter that may be a result of T&K dynamics or ad-
jacent billow pairing. Billow advection is seen in both beams,
but the varying apparent periods indicate differing KHI A,
and/or orientations at these sites. The billow depths in this event
for an assumed Ri ~ 0.1 imply KHI A;, ~ 3-5 km in the zenith
beam and perhaps larger in the beam at 20°N at later times, as
seen in the AMTM imaging at several sites discussed above.

A third case over PFRR observed on 12 April 2022 in the
zenith and 20°N beams shown in Figs. 8e and 8f exhibits KH
billows having strongly varying forms and A, at both sites. The
zenith beam appears to capture larger-scale billows with inter-
mediate structures yielding smaller vertical displacements that
suggest intermediate vortex tubes and emerging T&K dynamics.
The KH billows seen in the 20°N beam reveals a billow train ex-
hibiting apparent strong shearing and breakdown, though the li-
dar cannot resolve the details nor the temporal evolution. These
and other PFRR lidar observations confirm the occurrence,
character, and scales of KHI T&K dynamics inferred in OH
and PMC imaging at altitudes of ~83-90 km.

6. Summary and discussion

Imaging and profiling observations described above reveal
KHI dynamics to be widespread in the MLT, and to exhibit
T&K dynamics at resolved scales. These results were not spe-
cifically selected for these purposes. In fact, we are not aware
of any MLT imaging that clearly reveal KH billows having
Ap ~ 5-15 km that do not exhibit T&K dynamics, even in
cases where GWs do not clearly contribute to modulating the
local shear environments. The event shown in Fig. 2 having
KHI A, ~ 5 km was recognized by F14 to exhibit billow-scale
twist waves, but these were not attributed to T&K dynamics
at that time. The events shown in Figs. 4a—c also having KHI
Ap ~ 5 km and those in Figs. 5d-i having KHI A;, ~ 7-10 km
were the first to be described in terms of KHI T&K dynamics
with supporting modeling (H21; F21, F22a,b,c; K22). The re-
maining 13 events and images have not been described
previously.
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The KHI events shown in PMCs in Figs. 3, 4d, and 4e hav-
ing KH billow A, ~ 1 km exhibit clear, though less intense,
T&K dynamics, despite likely quite small Re for small shear
depths and scales and a kinematic, or weakly turbulent, viscosity
v ~1m?s ! at the PMC layer. KHI T&K dynamics also occur
at comparable and smaller scales at these and lower altitudes,
based on radar profiling and imaging cited above; examples in-
clude the KHI radar observations from the SBL into the MLT
by Eaton et al. (1995), Geerts and Miao (2010), Fukao et al.
(2011), Chau et al. (2020), and Grasmick and Geerts (2020),
each of which reveals significant departures from spatially uni-
form KH billows. The evidence for T&K dynamics suggested by
misaligned KH billows in tropospheric clouds reviewed by
Thorpe (2002) is also compelling, but it did not reveal clear indi-
cations of T&K features at smaller scales.

Additional indirect evidence of potential small-scale KHI,
and possible T&K dynamics, at very small scales is provided by
high resolution in situ profiling employing instrumented bal-
loons and small unmanned aircraft extending from the surface
into the stratosphere enabling local assessments of temperature,
horizontal winds, the temperature structure function C% and the
energy dissipation rate & (Coulman et al. 1995; Schneider et al.
2015; F16; Balsley et al. 2018; Doddi et al. 2022). These fields
are complex and diverse, but often reveal enhanced CZT, N?, and
¢ exhibiting potential responses to very small-scale KHI that re-
semble similar features in the F16 DNS modeling of MS GW
environments. FW23 describes higher resolution results for the
same initial fields and reveals such features to often be associ-
ated with KHI exhibiting T&K dynamics at very small scales
and implied Re.

Further evidence for KHI T&K dynamics is seen in ocean
acoustic profiling noted above. Importantly, while KHI roles
in ocean mixing and induced large-scale overturning are antici-
pated even without potential T&K dynamics augmentations
(e.g., Mashayek et al. 2015; Ferrari et al. 2016), their likely
roles in the atmosphere are not fully appreciated. Hence, they
remain largely unaccounted for in mixing and transport param-
eterizations above the SBL employed in global models. At
higher altitudes, current schemes are based largely on idealized
descriptions of GW breaking (Garcia et al. 2014; Liu 2021) re-
quiring a “tuned” Pr ~ 2-4, based on idealized GW theory
(Fritts and Dunkerton 1985; Coy and Fritts 1988; Mclntyre
1989). We are not aware of any atmospheric parameterizations
that attempt to account for turbulent mixing layers throughout
the atmosphere due to KHI occurring at thin, strongly strati-
fied, and sheared sheets, despite the extensive evidence for
such sheets and widespread KHI, most likely including T&K
dynamics, throughout the free atmosphere.

Key unknowns at present regarding KHI and their appar-
ent widespread T&K dynamics in the atmosphere, oceans,
and likely other stratified and sheared fluids include the
following:

1) What are the driving dynamics, and how easily do they
arise, in MS GW environments?

2) How do they vary with Ri, Re, and Pr?

3) Do T&K dynamics significantly enhance turbulence and
mixing relative to their absence?
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4) Are they suppressed or accelerated by background turbu-
lence intensities?

5) Can they induce turbulence and mixing where it is not
currently expected?

6) Are T&K dynamics competitive with GW breaking in
driving mixing and transport?

Several of these questions will be answered, in part at least,
by FW23, F23, and other papers in preparation. Others will
require additional DNS and/or LES efforts, as T&K dynamics
are influenced by diverse dynamics and the parameter space
is extensive.

7. Conclusions

Initial DNS of KHI T&K dynamics by F22a and F22b de-
scribed representative, but incomplete T&K dynamics driv-
ing turbulence transitions seen in early laboratory studies
(Thorpe 1985, 1987) and suggested to be widespread in the
atmosphere (Thorpe 2002). The most significant of these
arise where two billows link to one or three billows link to
two. Evidence for these additional T&K dynamics arise
readily in MS GW environments, as seen at multiple sites in
every PMC and OH airglow image sequence in Figs. 2-7,
and others not shown. They are clearly widespread, and po-
tentially ubiquitous, in the MLT and throughout the atmo-
sphere. If so, KHI T&K dynamics may induce enhanced
local turbulence and mixing relative to GW breaking, but
their influences are neither recognized nor described in any
parameterization at present.

To further understand, quantify, and assess the importance
of KHI T&K dynamics, and their environmental dependen-
cies, further studies need to include the following:

1) additional idealized DNS employing different initial con-
ditions, Ri, Re, and Pr, GW perturbations having varying
frequencies, scales, amplitudes, and noise seeds that lead
to additional, or enhanced, T&K dynamics, especially ex-
hibiting misaligned KH billows along their axes;

2) high-resolution LES describing KHI T&K dynamics in
deeper domains configured to also describe superposed
high-frequency GW and/or IGW initial conditions that
more closely approximate the fields inferred to induce KHI
T&K dynamics described here;

3) idealized DNS exploration of the potential for KHI
T&K dynamics to enable turbulence and mixing for
smaller Re and larger Ri that would not arise in their
absence; and

4) related studies in deep domains exploring the impacts of
KHI T&K dynamics for potential enhanced GW radiation
from shear layers, as proposed by Fritts (1984) and Chimonas
and Grant (1984), and validated by Biihler et al. (1999) and
Scinocca and Ford (2000).

The first three of these have been initiated; the fourth will
require additional code upgrades to achieve the required res-
olution and computational efficiency.

Modeling efforts enabling improved parameterizations of
KHI T&K dynamics will benefit greatly from their further
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quantification by simultaneous, common volume, imaging,
and wind and/or temperature profiling in the MLT. Such ob-
servations would reveal the range of higher-frequency GW,
IGW, and/or tidal environments and spatial scales enabling
these dynamics in the MLT, and in dynamically similar envi-
ronments at lower altitudes.
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