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ABSTRACT: A companion paper by Fritts et al. reviews extensive evidence for Kelvin—-Helmholtz instability (KHI)
“tube” and “knot” (T&K) dynamics at multiple altitudes in the atmosphere and in the oceans that reveal these dynamics
to be widespread. A second companion paper by Fritts and Wang reveals KHI T&K events at larger and smaller scales to
arise on multiple highly stratified sheets in a direct numerical simulation (DNS) of idealized, multiscale gravity wave—fine
structure interactions. These studies reveal the diverse environments in which KHI T&K dynamics arise and suggest their
potentially ubiquitous occurrence throughout the atmosphere and oceans. This paper describes a DNS of multiple KHI
evolutions in wide and narrow domains enabling and excluding T&K dynamics. These DNSs employ common initial condi-
tions but are performed for decreasing Reynolds numbers (Re) to explore whether T&K dynamics enable enhanced KHI-
induced turbulence where it would be weaker or not otherwise occur. The major results are that KHI T&K dynamics
extend elevated turbulence intensities and energy dissipation rates ¢ to smaller Re. We expect these results to have impor-
tant implications for improving parameterizations of KHI-induced turbulence in the atmosphere and oceans.

SIGNIFICANCE STATEMENT: Turbulence due to small-scale shear flows plays important roles in the structure
and variability of the atmosphere and oceans extending to large spatial and temporal scales. New modeling reveals that
enhanced turbulence accompanies Kelvin—Helmholtz instabilities (KHIs) that arise on unstable shear layers and exhibit
what were initially described as “tubes” and “knots” (T&K) when they were first observed in early laboratory experi-
ments. We perform new modeling to explore two further aspects of these dynamics: 1) can KHI T&K dynamics in-
crease turbulence intensities compared to KHI without T&K dynamics for the same initial fields and 2) can KHI T&K
dynamics enable elevated turbulence and energy dissipation extending to more viscous flows? We show here that the

answer to both questions is yes.

KEYWORDS: Kelvin—-Helmholtz instabilities; Mixing; Small-scale processes; Nonlinear models

1. Introduction

Observations of Kelvin—-Helmholtz instabilities (KHIs) in
the atmosphere, oceans, lakes, and the laboratory spanning
over 70 years motivated a diversity of theoretical and model-
ing studies addressing secondary instabilities of KH billows
driving turbulence transitions for various Richardson, Rey-
nolds, and Prandtl numbers, Ri, Re, and Pr, spanning ~40 years.
Of necessity, early three-dimensional (3D) theoretical and
modeling efforts addressed instabilities of individual KH billows
at very modest Re and Ri (Klaassen and Peltier 1985, 1991;
Werne and Fritts 1999). Successive higher-resolution studies ad-
dressed increasingly smaller Ri and larger Re but continued to
employ streamwise domains including one or several KH billows
that were very narrow spanwise; see the reviews by Mashayek
and Peltier (2012a,b) and Smyth and Moum (2012). Impor-
tantly, these domains specifically precluded descriptions of
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KHI “tube” and “knot” (T&K) dynamics first identified in
laboratory shear-flow studies by Thorpe (1985, 1987; hereaf-
ter T85 and T87) seen to exhibit much more rapid turbu-
lence transitions and suggested by Thorpe (2002) to be
widespread in the atmosphere.

Only recently were a high-resolution, large-eddy simulation
(LES) and several direct numerical simulations (DNSs) of
KHI performed employing sufficiently wide domains and high
resolution to enable the emergence of T&K dynamics and ex-
ploration of their evolutions. Those studies to date include
the following:

1) Fritts et al. (2021; hereafter F21) performed a high-resolution
compressible LES that accounted for multiple KHI T&K
features observed at a high altitude in the atmosphere by
Hecht et al. (2021; hereafter H21) and seen in the early labo-
ratory studies (T85, T87).

2) Fritts et al. (2022a,b; hereafter F22a, F22b) described a
DNS including two forms of KHI T&K dynamics and
their implications for elevated energy dissipation rates &;
however, it employed a noise seed that did not enable sev-
eral important forms of these dynamics.

3) Fritts et al. (2022c; hereafter F22c) used results of the
F22a DNS to approximate observations of apparent KHI
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T&K features observed in polar mesospheric clouds
(PMCs).

4) A companion paper by Fritts and Wang (2023; hereafter
FW23) revealed multiple, local KHI T&K events in an ide-
alized multiscale gravity wave—fine structure superposition.

5) Mixa et al. (2023; hereafter M23) performed a high-resolution
compressible LES designed to approximate observed KHI
dynamics in the lower thermosphere and assess the resulting
mixing.

The potential dynamical importance of KHI in the atmo-
sphere and oceans derives from their expected contributions
to turbulence and mixing. These roles are widely acknowl-
edged in the oceans, where mixing due to small-scale KHI is
expected to be an important, and potentially the dominant,
contributor to small-scale mixing accompanying the ocean in-
ternal gravity wave (GW) spectrum that drives the ocean me-
ridional overturning circulation (Gregg et al. 2018; Mashayek
et al. 2015).

KHIs are also an important component of parameterization
efforts addressing mixing in the atmospheric stable boundary
layer, e.g., Fernando and Weil (2010). But their potential to
contribute significant turbulence, mixing, and transport ap-
pears to be much less appreciated in the atmosphere at higher
altitudes. This is true in the stratosphere, where observations
provide few constraints at small vertical scales and model res-
olutions are often much coarser than expected KHI events
that can extend to very small scales at large Re. It is also true
in the mesosphere and lower thermosphere (MLT), where
KHI T&K dynamics are prolific (Fritts et al. 2023, hereafter
F23; H21), but very few observations can resolve fine struc-
ture scales enabling KHI. Additionally, current mixing param-
eterizations based only on assumed GW breaking appear to
be insufficient to account for observed mean constituent pro-
files in the MLT (Garcia et al. 2014; Liu 2019).

Given the above, our objectives in this paper are as follows:

1) Employing a high-resolution DNS to explore and quantify
new KHI T&K dynamics not seen to arise in the many
idealized KHI studies to date, nor in the initial KHI T&K
DNS described by F22a,b

2) Employing a high-resolution DNS for the same initial con-
ditions in a narrow spanwise domain excluding T&K dy-
namics to enable the evaluation of T&K & enhancements

3) Employing DNS of the two cases for decreasing Re in
order to (i) assess the impacts on T&K dynamics and en-
ergetics and (ii) explore to what degree KHI T&K dy-
namics enable turbulence transitions at Re for which they
would not otherwise occur

4) Comparing and contrasting the KHI T&K DNS described
by F22a,b and the similar case presented here to reveal
the broader range of KHI T&K dynamics and the influen-
ces of a later noise seed approximating the influences of
persistent small-scale turbulence

The model employed for this study is described in section 2.
DNS of KHI with and without T&K dynamics for Re = 5000
and for decreasing Re are described in sections 3 and 4. Section 5
compares the turbulence transitions in narrow and wide domains
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and their implications for energy dissipation rates with decreasing
Re. Energy dissipation rate probability density functions (PDFs)
and spectra for the varying Re are described in section 6. A
discussion of these results relative to previous studies and their
implications for parameterizations of KHI T&K dynamics are
provided in section 7. Our conclusions are presented in section 8.

2. Model description, domain, initial conditions, and
visualization methods

a. Model description

Following F22a, we employ the spectral atmosphere model
(SAM), a Fourier, pseudospectral, triply periodic model that
solves the Boussinesq Navier—Stokes equations written as

Mi_ g 1
Pl (1)
j
u, ouwu, 1 op’ 4 o*u.
ﬁ+—,l]+—a£=0—gi3+v u’, 2)
ot dxj pydx; 6, ax]ax,.
ag 0bu; 326
+ = ©)

— + — = K- .
at dxj dx/ax/.

Here, u; = (w1, us, u3) are the velocity components along x, y,
and z; p, p, and 6 are the pressure, density, and potential temper-
ature (with 6 = T for a Boussinesq flow), respectively; and v and
k are the kinematic viscosity and thermal conductivity, respec-
tively. Additionally, primes and “0” subscripts denote perturba-
tion and mean quantities, respectively, and successive indices
imply summation (see Table 1 for symbols and abbreviations).

SAM is highly optimized for massively parallel computing.
It employs a pseudospectral algorithm to compute nonlinear
products and removal of aliasing errors using the two-third
truncation rule (Patterson and Orszag 1971). SAM uses a
low-storage, third-order Runge-Kutta method for time ad-
vancement, accuracy, and efficiency (see F22a for additional
details). SAM also now employs a “pencil” domain decompo-
sition that allows the computational load to be distributed
OVer many more processors.

In this application, we employ SAM for 1) DNS of multiple,
interacting KH billows in a wide domain allowing varying
KHI phases ¢ and wavelengths ), and T&K dynamics along
their axes and 2) corresponding DNS in a narrow domain that
precludes T&K dynamics. The initial noise seed was chosen
to enable the emergence of KHI that are initially misaligned
and discontinuous along y at finite amplitudes, hence features
not described by F22a. A single DNS for Re = 5000 having a
spatial resolution of (N, N, N;) = (432, 1296, 432) sufficient
to describe the initial, large-scale, responses for all Re was ini-
tialized with a white noise seed and extended to 0.387}, (with
T, being the buoyancy period at the peak stability) at z = 0
and ¢t = 0 at which time weak, but coherent, KH billows arose.
The same procedure was employed for DNS in a small do-
main. These fields were employed to continue the DNS for
Re = 5000, 3000, 2000, 1000, and 500 in order to assess the
impacts of decreasing Re on the KHI T&K evolutions and
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TABLE 1. Symbols and abbreviations.

£ Energy dissipation rate F16 Fritts et al. (2016)

z Mean & F21 Fritts et al. (2021)

A KHI wavelength F22a,b,c Fritts et al. (2022a,b,c)

A KHI wavelength along x F23 Fritts et al. (2023)

) KH billow phase along y Fw23 Fritts and Wang (2023)

L A reference KHI A,; L = X/3 H21 Hecht et al. (2021)

Pr Prandtl number IHGW (Inertia) gravity wave

Re Reynolds number KHI Kelvin—-Helmholtz instability

Ri Richardson number LES Large eddy simulation

Ty Buoyancy period M23 Mixa et al. (2023)

X, ¥, 2 Domain axes MLT Mesosphere and lower thermosphere

XY Z Domain dimensions PDF Probability density function

3D Three-dimensional SAM Spectral atmosphere model

CI Convective instabilities T&K “Tube” and “knot”

DNS Direct numerical simulation T85, T87 Thorpe (1985, 1987)

turbulence intensities, their implications for enhanced turbu-
lence, and the potential for turbulence and mixing where it
might not occur without T&K dynamics. A maximum of 3600
cores were employed for the KHI T&K Re = 5000 DNS. The
smaller Re required smaller computational resources, i.e.,
2700, 1920, 1440, and 960 cores, respectively.

b. Initial conditions and domain specification

As in F22b, we specify a shear flow approximating a steep-
ened inertia-GW (IGW) having localized shear and stability
maxima, with the mean wind and stability profiles given by

U(z) = U, cos(%z) tanh(%), 4)
N2(z) = N2 + (N2, — N?) sechz(%), )

where Z is the domain depth, z = 0 at the domain center, U,
is the half-shear velocity difference, # is the half-shear depth,
and we assume N3 = (g/6)d0/dz =10"*s™2 external to the
shear layer and N2, = 8N2, because large shear and stability
enhancements arise in thin layers due to GW interactions in
multiscale environments (Fritts et al. 2016, hereafter F16;
FW23). The choice for N,, yields a maximum buoyancy pe-
riod T}, = 2w/N,,, = 222 s.

The remaining parameters include a minimum Richardson
number, Ri = N2 /(dU/dz)* = 0.1, a maximum Reynolds num-
ber, Re = Uph/v = 5000, and a Prandtl number, Pr = v/k = 1,
to impose the same resolution requirements for the velocity
and temperature fields. Re = 5000 is appropriate for a KHI
Ap ~ 100 m, a shear depth & ~ 0.07 A, and v ~ 0.15 m?s tat
an altitude of ~60 km. In reality, KHI A, can exceed ~300 m
in the SBL (Blumen et al. 2001), ~5 km in the troposphere
and stratosphere (Luce et al. 2007, 2018), and ~5-15 km in
the MLT (H21; F23), implying a true Re (assuming no back-
ground turbulent viscosity) that can be orders of magnitude
larger at all altitudes below ~80-100 km. Importantly, how-
ever, Re = 5000 requires very computationally intensive DNS
but enables secondary KHI to compete with secondary con-
vective instabilities (CIs) and T&K dynamics where they

arise, thus ensuring a reasonable assessment of enhanced tur-
bulence and mixing accompanying KHI T&K dynamics.

To ensure validity of SAM in these applications, we assume an
approximate KHI wavelength A, ~ L for fixed length scale
L = 2 km, with wavenumber k; = 2m/A;, a shear half-depth
h =007, L =140m,and U, = 12.5 ms™'. We also specify an ele-
vated “turbulence” viscosity, v = vy, = 035 m?s L to approxi-
mate turbulence influences in the middle/upper stratosphere
because small-scale turbulence is expected to be pervasive and
turbulence & decays slowly over multiple 7}, (F16, F22¢). The ini-
tial fields are illustrated in Fig. 1 for a periodic domain of depth
Z = 3L and periodic U, d6/dz, and N, enabling a pseudospectral
SAM DNS. Horizontal domain dimensions along the shear and
the nominal KH billows are X = 3L and Y = 9L. The choice for
h assumed above is somewhat smaller than the linear stability KH
Ay, estimate to enable primarily 3, but occasionally 4, initial KH
billows to arise along the X domain. The large Y = 9L enables
significant KH billow phase variations and misalignments along y;
the Z = 3L domain depth enables strong T&K dynamics extend-
ing well away from the initial shear.

¢. Noise seed and DNS compliance

The nondivergent white noise seed noted above with
Ums = 10730, yields perturbations that initiate KH billows
having 1) three or four initial KHI A, along x at different y
yielding several regions along y of misaligned KH billows
not described by F22a, 2) smaller-scale secondary CI in the
billow cores, 3) intermediate-scale T&K dynamics as vari-
able billow core phases arise, and 4) secondary KHI in the
stratified braids where they are distorted by larger-scale
T&K dynamics.

Importantly, the noise seed was chosen specifically to in-
clude T&K dynamics not addressed by F22a. The specified
Re = 5000 enables the performance of a multibillow DNS
and a motion spectrum having an extensive turbulence inertial
range that together span over 3 decades of scales. We note
that our specified Re is appropriate for KHI A, ~ 2-5 km at
higher altitudes, but it is significantly smaller than appropriate
with weak or no initial turbulence viscosity for larger KHI
A, ~ 0.5-5 km seen at lower altitudes, as noted above.
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FIG. 1. Initial vertical profiles of U/Uj, 6/6,, N?, and Ri employed for our DNS.

A DNS imposes significant resolution and computational
resource requirements to describe turbulence approaching
the Kolmogorov scale,

n = ()", ©)

for the mean energy dissipation rate,

& = 2u(S,5,). )

where angle brackets denote spatial averaging, and strain ten-
sor components are defined as

sl.].=2( + ) ®)

ax]. ax;

To achieve true DNS, we employ isotropic resolution and en-
sure that

Ax < 1.87 9)

is satisfied throughout the evolution (Moin and Mahesh 1998;
Pope 2000).

Importantly, the above constraint assumes isotropic ho-
mogeneous turbulence, which does not account for initial
instabilities and very localized, small-scale turbulence gen-
eration. Thus, we define a more realistic (and more compu-
tationally costly) required resolution by assessing local € on
all 2D planes normal to x, y, and z and use the smallest ob-
tained 7 (typically on the x—y plane at z = 0). This implies a
highest required resolution of (N, N,, N;) = (3600, 10800,
3600) employing (2400, 7200, 2400) spectral modes with the
“two-thirds” rule spectral truncation (Patterson and Orszag
1971) to eliminate aliasing errors. The simulation is run

using N, cores for each stage of the remeshing sequence, re-
quiring a maximum of 3600 cores at the most intense phase,
and a CFL of 0.9 assures numerical stability. Given the re-
quired de-aliasing scheme, the smallest length scale (Fourier
mode wavelength) that is resolved in each direction is 3Ax.
At the stage of most intense turbulence, this corresponds to
a minimum resolved spatial scale of 0.000833X and 1200 re-
solved modes along x.

d. Three-dimensional visualization

The 3D imaging of the vorticity dynamics underlying the
KHI T&K evolutions described here employs the same meth-
ods used by FW23. The negative second eigenvalue A, of the
tensor L = R> + §* corresponds to features having strong
rotation, as opposed to shearing, and its magnitude measures
rotational intensity (Jeong and Hussain 1995). Components of
the strain tensor S are given in Eq. (8); those for the rotation

tensor are
PO U
voo2\ox, oxf

Thus, negative A, reveals the features of the vorticity field
accounting for turbulence dynamics driving the majority of
the turbulence cascade. This allows tracking the transition
from initial vortex sheets to emerging vortex tubes, their in-
teractions in knot regions exciting Kelvin (1880) vortex waves,
or “twist waves” (Arendt et al. 1997; Fritts et al. 1998), their
fragmentation of the parent vortices, and similar interac-
tions driving inertial-range turbulence, as employed by
FW23 and other applications noted therein. In contrast, the
2D imaging of ¢ on individual x—y and x—z planes is em-
ployed to reveal the relative contributions of the various

(10)
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FIG. 2. The 3D imaging of A, at z = 0 viewed from above at 2.5, 3.25, 4, and 4.75T}, for Re = 5000. The value A, varying from black to
red shows increasing rotation. Labels a-k denote feature described in the text. Large-scale vorticity is along y. The A, color scales extend
from near zero to maxima that increase by factors of 100, 140, and 4 at successive times. The major responses occur in a depth of 0.4L

centered at z = 0.

T&K dynamics to the overall event energy dissipation in
each case. The difference in this imaging is because the ¢
fields emphasize the smallest spatial scales; hence, they do
not as readily reveal the underlying turbulence transitions
and dynamics.

3. KHI T&K dynamics and energy dissipation rates for
Re = 5000

a. KHI T&K dynamics in a wide domain

A SAM DNS enabling KHI T&K dynamics for Re = 5000
is shown with 3D A, fields viewed from above from 2.5 to
4.75T, after the initial noise seed in Fig. 2. The interval ex-
tends from the emergence of initial KH billows to T&K dy-
namics driving secondary instabilities and initial turbulence
transitions. The initial noise seed here enables an expanded
range of T&K features relative to the initial DNS study by
F22a. The absence of a second noise seed at the onset of turbu-
lence transitions in this case precludes other T&K features de-
scribed by F22a. Note that the times employed here are
~(0.75T), later than in F22a at the same evolution stages. Fea-
tures common to F22a and the DNS described here seen in the

full domain in Fig. 2 and the expanded views in Fig. 3 include
the following:

1) Weak initial KH billows exhibit varying A, and phases
along y (sites “a”)

2) Large-scale vortex tubes arise on the vortex sheets be-
tween KH billows where they exhibit significant phase
variations along y, e.g., large |[d¢/dy| (sites “b”)

3) Vortex tubes that intensify, wrap under and over adjacent
KHI billows at smaller and larger x, and “attach” to the
billows inducing the formation of vortex “knots” that ac-
count for rapid transitions to strong turbulence thereafter
(sites “c” at smaller y)

4) Large-scale billow core twist waves induced by the vortex
knots (sites “g”)

5) Secondary KHI and CI that drive slower and weaker tur-
bulence transitions thereafter (sites “f” and “h”)

6) Secondary T&K dynamics on intensifying vortex sheets
between adjacent billows (sites “i” at 4.75T},)

7) Smaller-scale twist waves arising due to roughly orthogo-
nal interactions among adjacent vortices in close proxim-
ity (sites “j”)
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FIG. 3. Subdomain views of the A, field shown at (top) 457} in
Fig. 2 at smaller and larger y/L viewed from larger x and z and
(bottom) upper-right panel at 4.757}, in Fig. 2 viewed from above.
Feature labels are described in the text. The smallest resolved fea-

tures have scales ~ £L/300.

8) Interactions of the secondary CI and KHI where they are
advected into close proximity wrapping around the KH
billows (sites “k”)

Features arising in the DNS described here not seen by
F22a include the following:

9) Intense KH billow interactions arising where 1 billow
“end” emerges adjacent to 2 where they are misaligned
along y (sites “c” at larger y at 4T)

10) A localized KH billow pairing event also inducing a vor-
tex knot (site “e”)

Also seen emerging by 2.57, and intensifying strongly
thereafter are KH billow displacements along x that are co-
herent among adjacent billows at larger x extending from y/
L ~1-6. These are a manifestation of an additional axial
KHI instability referred to as a “bending” instability (Rogers
and Moser 1992; Kit et al. 2010), which we denote as
“crankshaft” instabilities, given their varying axial forms
that arise for the range of Re explored here. The vortex dy-
namics accounting for these crankshaft instabilities are the
self-advection of the KH billows where they exhibit a curva-
ture that induces vertical motions as seen for vortex rings.
Upward (downward) vertical advection leads to advection
toward positive (negative) x in the mean shear flow having
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FI1G. 4. (left) The 3D imaging of A(x, y) as in Fig. 2 at 47}, and the
corresponding 2D cross sections of logjpe(x, y) at (center) z = 0 and
(right) y indicated by the red arrows for the wide-domain Re = 5000
simulation. The color scale for ¢ is shown at the center top.

dUldz > 0, yielding intensifying curvature of the KH billows
in time.

b. KHI T&K energy dissipation rates in a wide domain

Cross sections of logjoe(x, y) at z = 0 and logjpe(x, z) at
representative y for the wide domain Re = 5000 simulation
are shown with reference to the corresponding A,(x, y) fields
at 4, 4.75, and 5.5T} in Figs. 4-6. Cross sections, rather than
volumetric imaging, are used for log;oe to reveal the dynamics
accounting for these various responses because volumetric
views mask the responses at z = 0. The log;oe(x, z) cross sec-
tions at 47} in Fig. 4 reveal emerging enhancements of ¢ ac-
companying initial T&K interactions of adjacent billow cores
at different y that drive the initial twist wave generation and
cascades to smaller scales (as initially described by F22a,b for
a different initial noise seed). Three of these at top right reveal

FIG. 5. Asin Fig. 4, but at 4.75T,.
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FIG. 6. As in Figs. 4 and 5, but at 5.57,.

emerging strong interactions where four initial KH billows
link to three at larger or smaller y and have become strongly
kinked along y by 4T}, (see these regions from y/L ~ 4-9 in
Figs. 2 and 3). The fourth and fifth log;pe(x, z) cross sections
at right reveal only three KH billows that are relatively uni-
form. A sixth log;oe(x, z) cross section at bottom right in Fig. 4
shows two vortex tubes in cross section at right that have
evolved on the intensified vortex sheets linking three KH bil-
lows where they exhibit significant initial phase variability.

Cross sections of these fields at 4.75 and 5.57}, in Figs. 5 and 6
reveal significant further evolutions of the KHI T&K dynamics
in the five significantly disturbed regions (and the exception)
highlighted at right in Fig. 4. Specific features of relevance in-
clude the following:

ET AL. 1153

1) Adjacent billows merge and entwine by 47, (see Fig. 4 at
left) where they are initially misaligned along y and yield
intense vortex knots, local turbulence, and & by 4.75T};
see especially these regions at y/L ~5-6 and 7-8, and x/L
~1-2 in Fig. 5.

Other knots arise where billow cores exhibit significant d¢/dy;
these sites further intensify the intermediate vortex sheets due
to additional stretching along y that induces larger- and
smaller-scale vortex tubes by 47, (see Figs. 2 and 4 and F22a).
Local T&K site turbulence at 4.757}, spreads dramatically
along the vortex tubes and throughout the billow cores by
5.5T, but initially less impacted billow cores remain par-
tially laminar.

The initial shear layer becomes largely turbulent by 5.577,
and € achieves its maximum at ~6.27}, (see the solid red
line at left in Fig. 7).

2)

3)

4)

KHI T&K dynamics and energy dissipation rates in a
narrow domain

To assess the enhancement of local ¢ in the simulation en-
abling KHI T&K dynamics, we performed a narrow-domain
simulation having Y/L = 1 to exclude T&K dynamics employ-
ing a noise seed of equal amplitude. The results are shown
with logjoe cross sections from 4.25 to 57, in Fig. 8 in the
same formats as in Figs. 4-6. In this case, no significant inter-
actions among adjacent KH billows occur and only secondary
CI arises and drives turbulence transitions thereafter, despite
extending to later times than shown for the KHI T&K dynam-
ics discussed above. The temporal evolution of # in this case is
shown with a dashed red line in Fig. 7 at left, and it achieves
~95% of its initial maximum value at 57}. Specific additional
features include the following:

0.06 ' ; i _ 020F “5iwide pt ' ' i
_ Re=5k Wide Domain ;1 L .. ... f =
g(t) — 2k Wide S(t)dt
Re=2k Wide Domain —1k Wide JQ
0.05F 500 Wid
Re=1k Wide Domain . 1de
- - arrow
Re=500 Wide Domain 0.15+ e A
— = —Re=5k Narrow Domain — =2k Narrow s -
0.041 ] - -1k Narrow i
L) ~
2 - - -Re=2k Narrow Domain | & | = =500 Narrow iy
£ /I \ — = =Re=1k Narrow Domain £
7
0.03 - \\ — = —Re=500 Narrow Domain + .10
\
\
\
|
0.02 - \ 1
\ W
N
o /s 0.05
\ 3 / N\
0.01F N \\ ]
Wy S
- N\ ,
N S
N S
R N
0.00 \ ; 0.00
5 10 15 20 5 10 15 20
Time (T}) Time (T,)

FIG. 7. (a) Temporal and (b) cumulative evolutions of € averaged over the full (x, y) domain and a depth of 0.4L
centered at z = 0 for the wide and narrow domains (solid and dashed lines) for Re = 5000 and the smaller Re. Color
codes are shown in each panel. Red dots show the corresponding z temporal evolution at 0.57}, intervals for the

F22a,b DNS.
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3

F1G. 8. The 2D log;e(x, y) cross sections at z = 0 and (x, z) at y/L = 0 for the narrow-domain Re = 5000 simulation.
The color scale is as in Figs. 4-6.

1) The only contributions to & prior to 4.5T, are in the laminar
vortex sheets between KH billows and the emerging CI hav-
ing spanwise scales ~0.1L in the outer billow cores.

2) Intensifying CI expands and begins to interact with the
vortex sheets by ~4.57},.

3) These dynamics expand into the billow cores thereafter (see
Fig. 8) and yield an initial peak z at ~5.27T}, (see Fig. 7).

4) Successive, variable peak z occur at ~7.5 and 107}, there-
after (see Fig. 7 at left).

5) Cumulative € (red dashed line at right in Fig. 7) is surpris-
ingly only ~3% less than for the wide domain because
peak € is smaller, but large ¢ spans a longer interval.

4. KHI T&K dynamics for decreasing Re

We now explore the influences of decreasing Re on KHI
evolutions, the T&K dynamics that arise, and their implica-
tions for turbulence transitions and intensities. All cases em-
ploy the same initial noise seed to ensure that the initial KH
billows have common features along y. Evolutions of the vor-
ticity fields for Re = 3000, 2000, 1000, and 500 are compared
with that for Re = 5000 over intervals extending to later times
for decreasing Re due to increasing viscous influences. Tem-
poral and cumulative € evolutions for the wide and narrow
domains are shown in Fig. 7; ¢ probability density functions
and spectra are compared in section 6.

a. KHI T&K dynamics at Re = 3000

The evolution for Re = 3000 shown at top in Fig. 9 not only
closely parallels that for Re = 5000 but also exhibits delayed

and/or weaker responses at most sites. The A, color scale
varies in time to reveal the key features at each. Initial
larger-scale billow interactions are nearly identical to those
at Re = 5000 because the increase in viscosity has weak influen-
ces on the KH billow scales and initial links and hence only
weakly impacts turbulence transitions and scales arising in the
initial knots. However, they significantly impact the emergence
of secondary KHI, CI, larger- and smaller-scale vortex tubes,
and their initial turbulence transitions in the absence of T&K
enhancements, causing these responses to be much weaker than
seen for Re = 5000 in Fig. 2.

Significant differences in the Re = 3000 evolution relative
to Re = 5000 include 1) delayed knot formation due to weaker
and fewer adjacent billow attachments, 2) slower initiation of
larger-scale twist waves, 3) weaker, delayed, and less extended
vortex tubes, 4) significantly delayed emergence and evolutions
of secondary KHI, CI, and their interactions, and 5) fewer
and delayed turbulence transitions, especially accompanying
smaller-scale vortex tubes; compare sites labeled “a—d” and
“f—k” for the two Re.

The crankshaft instability emerging at 47, and becoming
prominent by 4.75T}, at smaller y for Re = 5000 is seen much
more clearly for Re = 3000 due to the weaker secondary CI
at 4.75T, (see sites “1”). The instability wavelength is compara-
ble to that estimated for Re = 5000 at 4.75T}, i.e., A, ~ 2.25L.
This instability also plays a clear role in the occurrence of sec-
ondary KHI that will be seen below to become more promi-
nent at smaller Re.

Differing KHI interaction dynamics and secondary instabil-
ities occurring for Re = 3000 are seen in Fig. 7 to delay but
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FIG. 9. The 3D imaging of A,(x, y) as in Fig. 2 at (top) 2.5, 3.25, 4, and 4.75T}, for Re = 3000 and (bottom) 2.5, 3.5,
4.5, and 5.57, for Re = 2000. Labels “a”-“1” are as in Figs. 2 and 3 and denote feature evolutions at both Re values
described in the text.
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enable, a higher, more transient, peak #, and a cumulative
only ~1% smaller than occurs for Re = 5000.

b. KHI T&K dynamics at Re = 2000

The Re = 2000 evolution shown at the bottom in Fig. 9 ex-
hibits multiple features that parallel those seen for Re = 5000
and 3000 but evolve more slowly. Links among adjacent bil-
lows arise somewhat later for Re = 2000 and exhibit weaker
responses but largely retain the same T&K features and knot
locations, the latter of which are more widespread at the last
time shown.

The crankshaft instability emerging by 4.757} for larger Re
intensifies strongly from 3.5 to 5.57, for Re = 2000 despite
the slower evolutions of the underlying KHI. Its wavelength is
the same as for the larger Re at 4.75T}, A, ~ 2.25L, as con-
strained by the periodic y domain. It also exhibits a weak third
harmonic yielding an emerging, roughly square-waveform at
Re = 2000 at smaller y by 5.57}, and extends a comparable
distance along y as at larger Re by 4.757.

These varying Re = 2000 KHI and secondary instability dy-
namics are seen in Fig. 7 to yield a slightly delayed (~0.5-0.7T)
and slightly smaller (~3%-5%) peak € and a cumulative ¢ only
~4% smaller than occur for Re = 5000.

¢. KHI T&K dynamics at Re = 1000

The Re = 1000 evolution shown at the top in Fig. 10 exhib-
its significant departures from those at higher Re despite shar-
ing the initial noise seed. As discussed above, all higher Re
fields reveal links between adjacent billows at small ampli-
tudes leading to sites where 1) one billow links to two where
their initial “ends” are misaligned and 2) adjacent billows link
via larger- and/or smaller-scale vortex tubes emerging in re-
gions of significant phase variability along y.

In contrast, the Re = 1000 evolution reveals links among the
misaligned initial responses yielding continuous adjacent billows
exhibiting similar phase variability along y that link via small-
scale vortex tubes thereafter (cf. sites “a—c” for Re = 1000 in
Fig. 10 with those for the larger Re). These lead to limited bands
at y/L ~ 1 and 6 in which small-scale vortex tubes between adja-
cent billows lead to relatively weak knots at 6.57}, (sites “c”) in
which the weak initial turbulence is largely confined.

Also seen are crankshaft instabilities emerging by 4.57), that
exhibit strong, roughly square-wave responses by 6.5}, (sites
“1”). The strong billow distortions induce additional, smaller-
scale vortex tubes where adjacent KH billows are closely spaced
(sites “d”), secondary KHI where billow curvature is strong
(sites “f”), and large-scale twist waves in the distorted billow
cores (sites “g”). These vortex dynamics and associated turbu-
lence are delayed relative to those arising for Re = 2000 and
larger. Importantly, however, the turbulent knots seen at 6.57,
have already yielded a broad turbulence spectrum and are al-
most certainly unable to account for the peak z for this case,
which is ~6 times larger and occurs ~27), later. The only re-
maining potential sources of stronger turbulence at later times
are the intensified and highly distorted KH billows (see the dis-
cussion in section 5 and Fig. 12).
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d. KHI T&K dynamics at Re = 500

The Re = 500 evolution shown in the lower panels in Fig. 10
also departs significantly from those at larger Re employing the
same initial noise seed. Unlike the evolutions for larger Re, it
exhibits neither misaligned KH billows nor T&K dynamics until
after 117},. This more viscous shear flow evolves very slowly
and induces pairing of weak initial billows that result in only
2 KH billows at finite amplitudes along x (sites “m”) by 97}.
The initial noise seed and the interactions among adjacent bil-
lows as they merge induce crankshaft responses in the regions
of initial billow pairing that are coherent along x and have the
same wavelength seen to emerge at larger Re at later times
(sites “1”). In this case, however, the third harmonic is reversed
in phase and results in an intensifying “sawtooth” form at later
times.

The maxima of these responses displaced toward positive x
(sites “n”) occur above the initial shear layer center and ex-
hibit highly distorted secondary KHI at their maximum up-
ward displacements. Vortex tubes (sites “0”) emerge only
after 117, implying no role for T&K dynamics in turbulence
transitions in (sites “p”) accounting for the peak z thereafter.

5. Comparisons of turbulence transitions in wide and
narrow domains

Figure 7 at left reveals that turbulence transitions driving
increases are slower for Re decreasing from 5000 to 500 in
both wide and narrow domains. T&K dynamics are less con-
strained by decreasing Re because they arise at the KH billow
scales. Secondary KHIs are not expected for the specified Ri
and Re but are enabled where billow curvature intensifies the
vortex sheets between adjacent billows for all Re examined
here. Secondary Cls, in contrast, are expected but arise at spa-
tial scales that increase significantly with decreasing Re.

Figure 11 shows narrow domain responses for Re decreas-
ing from top to bottom at the last times shown for these cases
in Figs. 2, 9, and 10. These include 3D imaging of A(x, y) in a
volume of depth Az = 0.4L centered at z = 0 (left) and
logipe(x, y) and (x, z) cross sections at z = 0 and y = 0 at cen-
ter and right, respectively. Whereas Fig. 2 for Re = 5000 re-
veals widespread secondary CI where the billows do not
exhibit a strong curvature (see the relatively uniform billow at
x/L ~ 2 and y/L ~ 8), those seen for decreasing Re in Figs. 9
and 10 reveal strongly suppressed or absent secondary CI
compared to the narrow domain fields in Fig. 11. Thus, the
expectations that secondary Cls are the major driver of tur-
bulence for uniform KH billows at smaller Re, and that sec-
ondary KHIs only contribute for larger Re, are the opposite
of what occurs in KHI T&K environments if the wide-
domain results described here are representative. Importantly,
both play much less significant roles than the larger-scale T&K
dynamics.

Corresponding logjoe(x, y) cross sections at z = 0 for the
wide-domain KHI T&K dynamics for decreasing Re at 4.75,
5,55, 7.5, and 12T, are shown from left to right in Fig. 12.
These times are slightly later for Re = 3000 and 1000 in order
to show all fields when the large domain  is increasing
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FIG. 10. As in Fig. 9, but for (top) Re = 1000 and (bottom) Re = 500. Note the later times from 3 to 6.57;, and
from 7 to 127, respectively, due to the more slowly evolving KHI and T&K features in the increasingly viscous envi-
ronments. See the text for details.
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FIG. 11. As in Figs. 4-6, but for the narrow domain for Re = 5000 to 500 (from top to bottom) at the times shown at right. (left) The A,
viewed from above and log;pe (middle) horizontal and (right) vertical cross sections at z = 0 and y = 0.

rapidly due to intense, large-scale interactions among adja-
cent KH billow cores at ~40%-50% of their peak magnitudes
thereafter. Times at peak z are not shown because they are af-
ter the breakdown of all coherent, initial KH billows in the
wide domains.

Comparing the Re = 5000 field in Fig. 12 with the top cen-
ter image in Fig. 11 reveals that secondary Cls in the wide
domain are significantly less advanced at all sites where bil-
lows are even weakly influenced by T&K dynamics. They
also have little or no time to arise in regions exhibiting
strong initial T&K dynamics, hence contributing only very
weakly to turbulence transitions and € in this case. The
same conclusions arise by examination of the corresponding
fields for Re = 3000 and 2000.

As noted in the discussion of Fig. 10, T&K dynamics for
Re = 1000 and 500 exhibit 1) emerging crankshaft instabilities
and 2) knot formation driving larger-scale turbulence at later
times. These dynamics for Re = 1000 progress rapidly from
6.5 to 7.5T} (see Fig. 6 at the top and Fig. 12) due to smaller-
scale vortex tubes and secondary KHI driving additional tur-
bulence transitions. Surprisingly, they also yield the largest €
occurring ~1T7j, later (see Fig. 7), accompanying T&K dynam-
ics for all Re explored here.

Evidence of the T&K dynamics accounting for the largest
and narrowest € peak for Re = 1000 at ~8.57} is seen in
logioe (x, y) at ~7.5T, in Fig. 12. The log;oe(x, y) maxima at
y/L ~ 0-1.8 and 5-6.5 correspond closely to the strongest re-
sponses in the 3D X, (x, y) field at 6.57), at the top in Fig. 10.
Also seen in Fig. 12 are additional bands of enhanced log;oe
(x, y) centered at y/L. ~ 2.2, 3.3, 4.4, and 8.5, all of which

correspond to |d¢/dy| maxima at the transitions between the
advanced and retarded phases of the crankshaft instability
along x. The implication is that T&K dynamics of these dis-
torted billow cores initiate additional turbulence transitions
due to the crankshaft instability in these regions that progress
very rapidly.

Corresponding wide-domain results for Re = 500 in Fig. 12
are surprisingly very different. Here, the strong crankshaft
instability, and more limited turbulence transitions in the
evolving knots, results in a smaller peak ¢ than accompanies
secondary CI in a narrow domain. This is in sharp contrast to
the trend toward increasing peak and cumulative peak € en-
hancements with decreasing Re for all larger Re. The cause
appears to be suppression of secondary CI by the crankshaft
instability in this case (compare the Re = 500 panels in Figs. 11
and 12).

We also explore the causes of peak # in the narrow domains
occurring from ~8.5 to 107}. Figure 13 shows logioe (x, 2)
fields at y = 0 for Re decreasing from 5000 to 1000 at 8 and
10T),. They are significantly advanced relative to those shown
at the right in Fig. 11, where KH billows are well defined
and exhibit initial or emerging turbulence transitions. The
fields in Fig. 13 reveal initial billow pairing prior to 8 T}, for
Re = 2000-5000 but with decreasing efficiency for smaller
Re. Pairing appears to begin for Re = 1000 by 87, but
apparently does not occur thereafter. All these cases ex-
hibit similar responses and peak # at 107}, but with that for
Re = 2000 smaller by ~30% and that for Re = 2000 exhib-
iting much weaker z at earlier times.

Unauthenticated | Downloaded 09/17/24 05:00 PM UTC



JuLYy 2024

FRITTS ET AL.

FI1G. 12. Cross sections of logjpe(x, y) at z = 0 for the wide-domain KHI T&K dynamics at Re = 5000, 3000, 2000, 1000, and 500 (from left
to right) at 4.75, 5, 5.5, 7.5, and 127}, respectively. Note the common ¢ color scale for all panels.

6. Energy dissipation rate PDFs and spectra

We now examine the evolutions of the KHI T&K responses
for the five Re revealed in ¢ PDFs and streamwise spectra.
The assessments include all data in a layer of depth 0.4L cen-
tered at z = 0 because this region contains the larger majority
of KHI T&K dynamics and turbulence throughout the five
evolutions.

PDFs and e(k) and ke(k) spectra are shown from left to
right for decreasing Re from top to bottom in Fig. 14. Results
for the five Re are shown at 1) the onset of turbulence at times
of ~4,4,45,55 T, and 11T}, 2) the final times shown for
each case in Figs. 2, 9, and 10, and 3) extending to the peak &
seen at ~6.2, 6.5, 6.9, 8.5, and 13.47}, in Fig. 7, respectively.

Influences of decreasing Re on & magnitudes in KHI
T&K dynamics

PDFs at the left in Fig. 14 reveal major differences among
the various Re at the earlier and intermediate times because
the large initial peaks reflect 1) the absence of initial turbu-
lence in most regions and 2) & magnitudes due to weak initial
dynamics varying roughly as Re™!. PDFs at the later times
(red lines) reflect the attainment of peak turbulence intensi-
ties that vary insignificantly for the larger Re and are only
~3 times smaller for Re = 500. The long PDF tails extending to
smaller log;pe reveal an absence of turbulence in ~10%-15%
of the central domain for Re = 1000 and larger, and a larger
fraction of ~20%-30% for Re = 500, assuming a lognormal
turbulence PDF in each case.

Streamwise &(k) and ke(k) “content” spectra are shown in
the center and right columns in Fig. 14 with log and linear
magnitude scales, respectively. Note that the spectral extent
dictated by Eq. (9) to achieve true DNS decreases from
~3 decades for Re = 5000 to ~2.3 decades for Re = 500 at
their peak intensities. The &(k) spectra at the first times shown
(blue lines) exhibit peaks that become more prominent with
decreasing Re at the primary KHI wavenumbers because
those for Re = 5000 and 3000 exhibit limited streamwise
wavenumber 4, whereas those for Re = 1000 and 500 exhibit
only streamwise wavenumbers 3 and 2.

The (k) spectra at the times shown have significant power
at the smallest k = 1-2 ky, for k; = (27/3)L, both of which
have essentially zero amplitudes at early times. Spectral
slopes for Re = 2000-5000 at these times are shallow over the
lowest ~2 decades of scales and consistent with those described
by F22b. The &(k) “content” spectra, ke(k), shown at the right
in Fig. 14 illustrate the spatial scales at which peak ¢ occurs for
each Re (note the different amplitude scales for Re = 500).
The peak z at the final times vary roughly as Re !, Importantly,
the ke(k) spectra have significantly larger amplitudes at smaller
k than occur in the absence of T&K dynamics.

7. Discussion

KHI T&K dynamics were first identified in laboratory
shear-flow studies by T85 and T87. Thorpe (2002) also first
noted frequent evidence of these dynamics in tropospheric
clouds. Subsequent observations in the atmosphere and
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FIG. 13. Asin Fig. 11, but for the narrow domain for Re = 5000 to 1000 (from top to bottom) at the times shown at
right. Corresponding € values are shown at left in Fig. 7.

oceans reviewed by F23 reveal these dynamics to be wide-
spread, perhaps even ubiquitous, in multiscale GW environ-
ments. Of these, OH airglow and PMC imaging at high
altitudes were the first to confirm T&K dynamics accompany-
ing KH billows (H21; Kjellstrand et al. 2022).

Initial modeling in wide domains confirmed KHI dynamics to
enable new and accelerated T&K pathways to turbulence and
enhanced wide-domain enhanced € maxima. F21 specified mis-
aligned initial billows that linked to form multiple knots.
F22ab,c employed a weak initial noise seed yielding vortex
tubes linking adjacent KH billows where they exhibit varying
phases along their axes. A second noise seed was added in the
latter studies prior to turbulence transitions to approximate the
influences of pre-existing small-scale turbulence.

KHI dynamics described here were specified to enable in-
tercomparisons of the various T&K dynamics and evolutions
and their contributions to enhanced  relative to KHI evolu-
tions in their absence for Re varying from 5000 to 500 em-
ploying the same initial conditions. The T&K dynamics
include both 1) vortex knots arising due to misaligned billow
cores addressed by F21 and 2) larger and smaller vortex tubes
linking adjacent KH billows addressed by F22a,b,c. An initial
Ri = 0.1 enabled a maximum Re = 5000 sufficient to ensure
strong secondary CI in the billow cores but no secondary KHI
in the vortex sheets between billows for the specified noise
seed in the absence of T&K dynamics. The same initial condi-
tions were employed for Re of 3000, 2000, 1000, and 500 to
evaluate their impacts on T&K dynamics, e(k) spectra, and
peak and temporally varying €.

Results for Re = 5000 reveal that the T&K dynamics driv-
ing the earliest transitions to the most intense vortex knots are
those where 2 KH billows link to 1, or 3 KH billows link to 2,
either directly or via large-scale vortex tubes. Regions exhibit-
ing multiple, smaller-scale vortex tubes emerging on vortex

sheets between KH billows having large |dd/dy| initiate sec-
ondary T&K dynamics that approach comparable local . Ad-
ditional turbulence transitions accompany a local billow
pairing event and interactions between secondary KHI and CI
where they are advected into close proximity over and under
the KH billows. However, these latter transitions are much
less significant than the earlier, larger-scale, T&K dynamics.

These same sites drive the more rapid and intense turbulence
transitions for Re = 3000 and 2000 but at successively later
times due to the slower evolutions of the links among adjacent
billows. Turbulence transitions for Re = 1000 and 500 are
weaker and delayed due to an absence of misaligned billows
and initial links via smaller-scale vortex tubes where they arise.
Those for Re = 1000 occur in similar, but more confined, re-
gions along y, than for larger Re. Those for Re = 500 exhibit
no clear correlations with the transitions at larger Re, weak and
widespread transitions, and slow progressions strongly con-
strained by viscosity. Also seen is a systematic decrease in the
contributions of secondary CI to the turbulence transitions in
the presence of T&K dynamics with decreasing Re relative to
their occurrence in narrow domains without T&K dynamics.
This suggests that secondary CI is suppressed by impacts on
KH billow intensities by the increasing billow distortions due to
T&K dynamics at later times.

As expected, the larger Re = 5000, 3000, and 2000 yield
earlier, wide-domain € peaks, and these arise at successively
later times because the initial vortex knots (sites “c” in Figs. 2
and 10) change character somewhat and evolve more slowly
for decreasing Re. Surprisingly, the largest peak z occurs for
Re = 1000. This can be traced to delayed turbulence transi-
tions initiated by small-scale vortex tubes as the KH billows
for Re = 1000 approach their largest amplitudes. The delayed
transition enables peak KH billow velocity variances in wave-
numbers 2 and 3 at ~8.57}, to be significantly larger than occur
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FIG. 14. (left) PDFs of log;oe and streamwise spectra of (center) e(k) and (right) ke(k) assessed in wide domains for decreasing Re
from top to bottom. Blue, green, and red lines show the first, second, and third times for each Re. Red dashed lines at the left show z at
the peak times. Units at center and right are MKS.
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for larger Re. The result is a higher, but narrower, ¢ peak and a
cumulative € only ~4%-8% smaller than for the larger Re.

Peak ¢ for Re = 500 is ~3 times smaller and ~5-77}, later be-
cause the larger viscosity causes significant dissipation prior to in-
stabilities driving turbulence. Despite these differing dynamics
and time scales, all the wide-domain turbulence transitions can be
attributed to links between initially misaligned KH billows or via
larger and smaller vortex tubes at decreasing Re. T& K dynamics
cumulative ¢ decrease for decreasing Re. We expect enhanced
turbulence intensities to yield enhanced mixing, as inferred by
M23 for a KHI T&K simulation addressing mixing in the thermo-
sphere, but that assessment will be reported elsewhere.

Temporally varying  for the narrow-domain cases exhibits
less variability for Re = 1000-5000 because they all initiate
turbulence via secondary CI having roughly similar spanwise
scales. Their cumulative € decreases relative to the large y do-
mains for decreasing Re. If these results are broadly represen-
tative of KHI events in geophysical flows, they suggest a
potential for augmented mixing and transport for a significant
range of geophysical parameters accompanying KHI T&K dy-
namics. The exception to this trend is Re = 500, which exhibits
delayed temporal € evolutions and cumulative € peaks for both
the wide and narrow domains. In this case, small-scale vortex
dynamics arise at comparable times at which laminar dynamics
already contributed significantly to z in both domains.

We noted at the beginning of this section that the temporal
evolution of ¢ described here differs from that discussed by
F22b in several ways. For comparison, that in F22b is shown
with red dots at 0.5 T} intervals at the left in Fig. 7. The second
noise seed in F22b is seen to significantly accelerate turbulence
transitions where initial interactions between vortex tubes
and billow cores arise. These drive an initial maximum
€ ~ 0.0285 m? s73 at ~4.5T}, in the layer of depth 0.4L centered
at z = 0 as these dynamics expand throughout the billow cores
spanning these sites. A higher maximum z ~ 0.038 m? s 3
curs at ~77}, in the F22b case as the turbulence transitions ex-
pand throughout the billows at all locations and z remains higher
than seen in the Re = 5000 case described here until late
times. This results in a cumulative € that is ~2.5% larger in
the F22b case at 207,. By comparison, the present case ex-
hibiting knots driven by misaligned initial billows achieves a
peak & ~ 0.051 m? s 3 that is ~35% larger, but having a full
width half maximum ~35% smaller. Implications for mixing in
these very different evolutions have not yet been performed.

Though not a focus of this study, our results appear to ad-
dress predictions of secondary KHI and stagnation point in-
stability (SPI) by Mashayek and Peltier (2012a,b, 2013),
whose chosen Pr, Re, and Ri are the same or similar to several
of our cases here and those of F21 and F22a. The most
relevant cases are the narrow-domain results without T&K
dynamics discussed above. However, these exhibit neither
secondary KHI on the vortex sheets nor SPI for the specified
profiles, parameters, and noise seed. Our wide-domain results
do exhibit secondary KHI on the vortex sheets, but these are
attributable to sheet deformation and intensification adjacent
to regions of KH billow curvature. Secondary KHIs also arise
near the stagnation points and elsewhere on the vortex sheets
in both the F21 and F22a simulations, for which the initial

ocC-
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noise seeds were significantly larger than employed in the
wide-domain cases described here. In these cases, all second-
ary KHIs that arose on the vortex sheets between KH billows
that were mis-aligned or had varying phases along y can also
be attributed to T&K dynamics. Secondary Cls also arose but
were significantly suppressed by billow curvature and interac-
tions with other instability features, especially secondary
KHI, but they did not compete with the stronger T&K dy-
namics. These results do not demonstrate that the potential
secondary KHI and SPI identified by Mashayek and Peltier
(2012a,b, 2013) cannot occur. However, they did not arise for
the environments and initial conditions posed here.

8. Conclusions

We cannot draw broad conclusions regarding KHI T&K
implications for mixing and transport based on sensitivity to
Re for one Ri and a single specification of initial conditions,
nor can we assert such influences without assessing them di-
rectly, as done by M23. We can, however, draw confident con-
clusions with respect to the parameters explored here and
infer likely extensions to smaller Ri and larger Re for which
there have been many previous analytic and numerical KHI
studies in idealized, small domains (see, e.g., Mashayek and
Peltier (2012a,b) and many previous studies).

Our results reveal that KHI T&K dynamics and enhanced
€ can span a decade of Re for Ri that would enable only sec-
ondary CI in their absence without strong initial, and/or sub-
sequent, noise seeds (i.e., F22a). If such results are found to
occur for wide ranges of Re, Ri, and Pr, multiscale GW environ-
ments, and KHI T&K forms, as implied by the observations re-
ported by F23, and the multiscale modeling described by FW23,
they will likely have important implications for parameterizations
of mixing and transport in the atmosphere and the oceans, given
the evidence for their occurrence described by F23. Several of
the results described here, and implications for likely T&K dy-
namics for smaller Ri and larger Re, are worth noting:

1) Our finding that KHI T&K dynamics enhance € at con-
strained Re and Ri will likely also occur for smaller Ri
and larger Re, suggesting widespread ¢ enhancements,
given the range of KHI scales, environments, and Re de-
scribed by F23 and FW23.

2) High-resolution atmospheric profiling reveals background
turbulence to be nearly always present extending from
the stable boundary layer into the MLT (Liibken et al.
2002; Strelnikov et al. 2003; Rapp et al. 2004; Balsley et al.
2006; Schneider et al. 2015); a turbulent viscosity elevated
by ~1-3 decades implies a lower effective Re; however,
stronger noise seeds likely favor T&K dynamics and in-
duce competitive, potentially faster, transitions to turbu-
lence at smaller scales (F22a).

3) Results shown here, and evidence of significant GW influ-
ences on KHI scales and their T&K dynamics demon-
strated by F23 and FW23, suggest that KHI T&K dynamics
arise easily as Ri decreases in intensifying multiscale GW
environments; such environments are virtually always pre-
sent, often emerge with decreasing Ri over short intervals,
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but are neither resolved nor described adequately in re-
gional or global models.

4) Additional instabilities of thin sheared and stratified
layers, such as Holmboe and Taylor—Caulfield instabilities
that arise for differing shear and stratification profiles, will
likely also exhibit T&K dynamics due to environmental
modulations of such layers by superpositions of various
waves on multiple spatial and temporal scales.

5) Expanded explorations of the dependence of T&K dynam-
ics on varying multiscale, and time-dependent, environ-
ments, Re, Ri, Pr, and noise seeds are required to assess
their broader implications for potentially enhanced turbu-
lence and mixing, and the parameterization of these dynam-
ics, in geophysical fluids.

Finally, our results are specifically relevant to the “zoo” of
KHI secondary instabilities described by Mashayek and Peltier
(2012a,b) that arise for idealized KHI in narrow domains. Impor-
tantly, those evaluations did not enable secondary instability dy-
namics arising due to misaligned or varying KH billows along
their axes. The apparent widespread occurrence of KHI T&K
dynamics in the atmosphere and oceans described by F23 and
seen to arise serendipitously in the multiscale GW DNS de-
scribed by FW23 suggests that multiple new species need to be
added to the zoo. Most significant are three large pachyderms:
specifically vortex knots driven by 1) misaligned initial KH bil-
lows, 2) large-scale vortex tubes linking KH billows exhibiting
large, local |d¢/dy|, and 3) coherent “crankshaft” instabilities aris-
ing along adjacent billow cores that have major influences on
smaller-scale dynamics and turbulence transitions that arise in
their absence, at least at smaller Re.

Smaller, but significant, additional species include 1) multi-
ple, smaller-scale tubes linking adjacent billows in regions of
smaller |d/dy| that also drive intense vortex knots at slightly
later times, 2) local KH billow pairing that leads to somewhat
weaker knots, and 3) secondary KHI T&K dynamics that arise
on the vortex sheets between adjacent KH billows and inten-
sify strongly prior to their entrainment around the respective
billows. Last, KHI T&K dynamics appear to suppress the im-
portance of secondary CI and elevate the importance of sec-
ondary KHI in such environments extending to significantly
smaller Re. Enhanced secondary KHI may then contribute to
the suppression of primary KH billow pairing, as suggested by
Mashayek and Peltier (2013) and seen to play a minor role in
the KHI T&K results described above.
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