Turbulence in Stratified Fluids
Do we even know what we don’t know!
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(At least) 5 ways in which
Stratified Turbulence is like Brexit

| .Nobody understands what is happening

2.Brexit means Brexit = ST means ST...

3.What'’s happening near boundaries is most important
4.Being free is very different from being forced

5.History REALLY matters



Motivation: Saving the Planet!?

® (Vertical) heat transport is (in the top 3 of) the most uncertain parameterisation(s) in climate science

S mMooth

. . . Rough
® Models @ |-10km scale: mixing @ |cm scale: 5-6 orders of magnitude... g
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® |-2 PW of poleward heat transport...turbulence in stratified fluids key s

Waterhouse et al 2016

Jan 1 2008

® Parameterisation and relevance to MOC?



Motivation: Saving the Planet!?

® Although the parameterisation is uncertain in truth, (up/down?) it is a very hot and urgent topic...
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A An Argo float is deployed into the ocean. Photograph: CSIRO

Global warming has heated the oceans by the equivalent of one atomic bomb
explosion per second for the past 150 years, according to analysis of new
research.
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2018 was the hottest year measured for Earth’s oceans compared
with the 1981-2010 average

Opinion Culture Lifestyle

Our oceans broke heat recordsin 2018
and the consequences are catastrophic

Rising temperatures can be charted back to the late 1950s, and the 1955 1965 1975 1985 1995
last five years were the five hottest on record

2005 2015

Guardian graphic. Source: Advances in Atmospheric Sciences. *Change in ocean heat content in zettajoules (104
joules)

Effects over 50 years:
. Expansion

Ice loss
Extreme events
Fishing...

BlIIlons globally
potentially affected

A Bleached coral in Guam. The heating of oceans is causing tremendous problems for sea life. Photograph: David
Burdick/AP

Last year was the hottest ever measured, continuing an upward trend that is
a direct result of manmade greenhouse gas emissions.



(Stratified) fluid equations

e Remember the Navier-Stokes equations (remembering all forces) for an incompressible fluid:

0 (%1; | u.Vu) = —VP—gpz+ uV*u; V.u=0

o Usually we just say the density is constant, and absorb the hydrostatic component into the
pressure, divide across by the density and carry on serenely without worrying about density:

4 dP
C fuVu= -V P +vViu; V.au=0 P=Pn(z) + p(x,t); "= _gp
Ot 0 dz

* When the density is constant, the hydrostatic pressure gradient is constant
 But we want to consider a situation where the density is a function of space and time

* We can still subtract off a hydrostatic component if we decompose the density field into a
horizontally (and temporally) averaged hydrostatic part (which can still depend on z if req.):

dP 0 | ’
P=Pn(z) + p'(x,t); p = pn(z) + p'(x,1); d—zh = —8Ph; altl - u.Vu = —;VP’ gﬁ z+vViu; V.au=0

* Now we have a buoyancy force: eg locally relatively dense fluid will be accelerated downwards!



(Stratified) vorticity equation - %

e |f the density is not constant, the vorticity equation is also very different: —— /
aw I o) /, —-—/‘l
5 -Fu.Vw = w.Vu- 2V,0><VP+VV w; VXu=w
0
* Extra source of vorticity if pressure and density gradients are not parallel wikipedia

 This baroclinic torque has a particularly simple form under the Boussinesq approximation

* Because density differences in the atmosphere and ocean are often of the order of a few percent
(e.g salt water is roughly 3% more dense than fresh water, and every |0 degrees celsius changes
the density of air by approximately 4%) the effect of density variations on a fluid’s inertia is
relatively small (while the buoyancy force remains important).

 Assume the density is constant except in the buoyancy force, equivalent to a distinguished limit:

0
g — o0o; p — 0; gp' remains finite p=poll —a(T—Toy)| — 8’: -u.Vp =rV%p

* Also linear equation of state implies density satisfies advection diffusion equation...



The Boussinesq approximation

Valid when the scales of the motion << scales the density of the fluid varies substantially
Valid over scales of 100s of metres in the ocean,and < O(km) in the atmosphere
Important exceptions are: fires, explosions, avalanches, volcanic eruptions etc...

But under the Boussinesqg approximation, the N-§, vorticity/density equations become:

I /
81]. I wVu — VP/ _gli 4+ szu; g./ _ gﬁ’
ot 00 0
Bac: Fu.Vw = w.Vu- pg 7 x Vp+ vViw; 8(8'0:) - u.V(pz) = pw + kzV?p
0

Here pois some reference density and g’ is called the reduced gravity: po > p’

Notice symmetry of new terms involving density and vertical velocity: coupling KE and PE

=

Lead to key term the buoyancy flux and extra sink “tax” of energy in stratified flow: 5 = wp')
L0
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® Classic model due to Osborn (1980): zysi/jsi’j £
N
® Determines eddy diffusivity: KT = <M_/ p) — Ez = I’%
0p/0z| N N
® Also how PE changes tax KE changes T ( & > _ UT'Reg
— = | =
v _
® [urbulent kinetic energy equation: %/C —P-B-E&P= <u’w’>%
z

P(2)

® How is production (due to forcing/IVP etc...) partitioned between buoyancy flux and dissipation!?

® Many, many open questions (order one not agreed):
d

=2+ +wh), P="(pz)

2 L0

TK=F- &S Wwy)-¢

|.Can anything generic be said about <7 that improves modelling? dt Po
—F-B-¢
?
2. What does 1’ depend on!? d5_ LB+ dy



Stratified Turbulence: Length Scales

® Fundamentally, there are (at least) two levels of challenge:

|. In a“perfect” world (e.g. in numerical simulations/lab) what is needed to describe ST?

2. In the “real” world (e.g. in the ocean/lab) can what is measurable be useful?

® Central concerns:
|. What is meant by ST needs to be defined carefully

2. What is used to parameterise ST needs to be defined carefully

Salehipour/Matlab
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® Gathering evidence (e.g. Ellison/Linden/Thorpe/Smyth/lvey/Maffioli/Venayagamoorthy/Venaille etc)

® Length and time scales play key roles (as do ratios of scales: dimensionless parameters)

® Critical issues involve definitions, and also whether quantities are correlated...



Properties

® (At least) four classes of properties for a stratified turbulent fluid

2. Properties of the background: N* = 5 g'g, S = gu (what does overline mean? Spatio-temporal?)
po OZ 74
| | (Oul  Ou;
3. Properties of the turbulence: K = E(u,’u,’}, £ = 2V<S,(jz,(j>75,{j =3 (8: | ﬁx;) (u fluctuation field)
|
4. Properties of the density fluctuation field K, = 5 <p%gN2 (p/)2> X = K <p%gN2 \Vp/|2>

® These quantities can be formed into length scales/time scales/nondimensional parameters...

® |s ST a snake/spear/rope/fan/wall/tree? Yes...and no...sometime/where

® Can unique parameters be assigned?! Are such quantities correlated?

® Does mechanism matter! Does history matter?




(Some of the) Open Questions

® There are a huge number of open issues (if one is honest)

® Very interesting developments (though not answers) in at least seven interconnected areas:

|. Does 1" vary with parameters and/or mechanism and/or time?

Rf

2. If I' (and flux) does vary with parameters, is it possible to access right flank? W e

3. Does Layered Anisotropic Turbulence of Lindborg/Riley/Chomaz/Billant exist? i
. L . . .

4. Is layering (deep well-mixed layers separated by thin sharp interfaces) generic! Linden 1979

5. Is stratified turbulence ever “generic” or does it always remember its time history?

6. Is linear stability theory relevant to turbulent dynamics!?

/. Can observational data ever be connected to more complicated models for turbulent flow?



Or...
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3 other ways in which
Stratified Turbulence is like Brexit

| .System is unstable |IF background is sufficiently weak
2.0nce it starts, no way to know how long it will last
3. The background changes qualitatively and irreversibly



Variation of Gamma (or not...)

® Deeply influential simulations of Shih et al (2005): Stanford School

| /2

® Shows: intermediate regime of constant I thenI' oc Re, ' — k1 o< Reg

® Also recent observational evidence Monismith et al 2018 consistent with decay————;

® But remember major issues with averaging/reversibility and:
g
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® Flow in steady state: — K =0—-P =B+ & — Rir= — ~
/ dt i =P 15T Y+¢&
® But remember definition of turbulent Prandtl number:
'w 5 — Ri N>
= W) B ) P o RN
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—— R~2(e/VN?) 2 - MOTOWN (R?= 0.82)
Rf~4.5(g/vN2)_1/2 — Davis and Monismith [2011]
R ~1.5(z/vN%)~""2 - Shih et al. [2005]
R ~1/[1+0.4(e/vN*)*°] - Barry [2002]

® So...is I'(Ri,Rep)? Or are Re, and Ri correlated? Or are there naturally different regimes with Rep ?



Buoyancy Reynolds nhumber and length scales

® Large buoyancy Reynolds number ensures wide separation between Ozmidov & Kolmogorov scales:

) e\ /2 e\ A 4/3 [\ 43
. . L 0
® Gives some chance of isotropic inertial rangeRey = —— = | | 3 — = =
VN N % L«
® Particularly if Ozmidov scale is ALSO forcing injection scale I e

® So two kinds of right flank: strong stratification and/or strong turbulence...

® Layered Anisotropic Stratified Turbulence (LAST) regime: both!

>kl

‘Davidson 2013
> ReFre; > | < Rep > |

® Scaling arguments of Billant/Chomaz/Lindborg: Ly > Ly > Lo > Lk
UnLy Un Un e U

vV NLH NLV LH
High shear, low Ri, intermittent turbulence

Rey = > |5 Fry = < |5 Fry =




LAST regime!

® Suggestive numerical evidence that this regime can occur: Brethouwer/MafFoI|/BartelIo/Toblas etc

w W— _ 2000

5/3 o = Fa'dereta'ZO 6 bl Y

® Seismic oceanography gives anisotropic E(ky) ~ k, / |
- Brethouwer et al. 2007 e [ N

® But how can such a flow be born/sustained!? Aietiuaiived

Normalized Wavenum ber

, . Both laboratory and DNS work indicate that at these extremes, when either
® Numerlca”)’ can add an artificial bOd)’ force... e/vN? ~ O(1) or ¢/vN* ~ O(10°), the mixing efficiency R; — 0 and the use

of large Ry ~ 0.2 in field situations in these limits cannot be justified. This is not
simply a matter of curiosity. There is a fundamental inconsistency between the re-

® InStab| I |t)'? M ||es- HOW& rd Rl < I / 4 somewhere sults from the laboratory and DNS experiments and the inference of diffusivity from
microstructure in the field that remains unresolved. |vey et al. 2008

*
Reb

® Simplest KH overturning instability, high Re, always low Ri...F(R ) U (Reb)'/2
o) —

Observations Direct Numerical Simulations I | Reb
0.6 [FLX9T 6¢ah data; Smyth etal 2001y 7 06 Mashayek, Caulfield and Peltier (2013) =~ =~ = 77777 |
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“Optimal” mixing by overturning?
 Controlled mixing simulations: KH instability at Re=6000, Pr=]1
- £
Miles/Howard 1961 __
R Ri < 1/4 somewhere Rep = (VNZ )

J=a(l ) 4 3
0-0472 / I—O / 100
0-0889 ReB 'l

- 0:1259

300
L 01594 {
0-1897 0-1838

]

1 |
025 0-5 075 1-0

: o .. o Thompson 2006
* Inherently unsteady, transient mixing process stabilised as Ri increases...

Depth

* Very high peak Re, with a slow decay: 50-100 < t < 200 turbulent

/

* How do length scales evolve! Proxies for age/mixing Dillon (1982) L — \/<(d')2>

* A lot easier to measure [horpe scale and N... c 2
kr =T — =TLZN =T -2
L7

[N = 'R%-12N
e (eg Mater et al/Scotti etc) N2 T orL7



Overturning memory: Goldilocks mixing?

L
e Re=6000, Ri(0)=0.16: How does Ro1 = L_O vary? Lt flares, Lo burns
T

I
= Upper bound on eddy scale (LO)

== pper bound on dissipation regime (10 LK)

== (OVverturning scale (LT)
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Optimal Goldilocks Mixing

* Very high values: maximum generically when Ly = Lt <+ Ror = | early in turbulent life cycle-

e k1 = 1'Regmaximum because both IT" and Reg maximum at Lp = L7

 Opverturning: layer scale of stratified turbulence? Optimal if precisely at top of unaffected range

DNS: mature:

g
e

Just right Too cold!
l_o ~ I—T

Lo > Lt
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Scouring or Overturning? V22U 20 » > a >
NVNV NVNAV

® |n stratified shear flows, can have either scouring or overturning

® Woods et al (2010): Scouring has “sharp” interfaces and layers... |\ qql- overturning strong: scouring

® Ocean is principally stratified with heat Pr — . O(10) /ey ble

K Density red

® High Pr:interfaces/maximum Ri at middle of shear layers: Ri(z) green

KHI: flares .}
& overturns

A D N LA o o N o w o ~
.

HWI: burns
& scours

A DN LA o o v ow o a

Scouring not really diffusive process at all...

o

20 40 60 80 100 120 140 160 180 200
time



Is Holmboe-induced turbulence different? (Salehipour 201 8)%

g N7
' i : ; pa Oz N2 (Za t)
® Shear flows become turbulent: horizontally average velocity & density: Rig(z,t) = = —
t
)

Self-Organised Ciriticality!?
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Issues...(though see Kaminski et al. 2019...)

1072

fraction

® Why should marginal linear stability be relevant to such a turbulent flow?

h et al 2003
EUC:
Marginally stable?

Smyt

1073

® |s I' ~ 0.2 just a property of quasi-steady high Re turbulence with Prr ~ |?

4 1A ) ! !
10—1 5 -1 -0.5 0

log,,Ri
® Suggestive evidence from stratlf ed plane Couette flow (M O constant flux Iayers) thatRir ~ Ri < 0.2
0.25 L0 o) 100 T (a) 10 .
0.20 t ] Iog A
0.5} 7
0.15 | L 10.6 107 ¢ o A 7
Ri Y Ri; | & ’ Iy 0 1 Magnitude of
0 ' ' s 0 :’//.//. R L | ' : I Buoyancy gradient N> >
10 103 104 10° 10 1073 100 -1.0 -0.5 0 0.5 1.0
Re - @ Never access
Zhou et al 20 | 7a |~|ght ﬂank!

® Velocity and density couple: unique value of Ri: Prr ~ | until turbulence can no longer be sustained
® Mixing is essentially passive:“left flank” with memory: can still support layers (Zhou et al 2017b)

® Turbulence switches off as boundary layers stabilised...fundamentally boundary forced...



(Vertically) Stratified Taylor-Couette Flow WL?&L ,

1

=

® Stratify Taylor-Couette in the vertical: Horizontal (boundary) forcing

® Outer cylinder 24.7cm; inner: 5,10,15 cm; n = g — 0.208,0.417,0.625 mm

0
(QRo(Ro — Rj)

V

z/H

Outer cylinder —

> 10*

® Concentrate on stationary outer cylinder:Re =

® Close to constant angular momentum: inherently 3D from start...

0.4

— .43*Q*Rf/r 08 I

~ 0.3

U,/QR

0.2

01

100 120 140 160 180 200 220 240 100 120 140 160 180 200 220 240
Radial Distance Radial Distance

® Spontaneous layer formation, even though there is no fixed scale
® |s layering generic, and what role do interface/layer systems play!?

® “Zig-zag” instability of Billant/Chomaz: horizontal shear/vertical vorticity




® Direct

A

Mixing
efficiency

Universal Flux Law & the Phillips Mechanism?

/

Low flux

4

High flux

v

Low flux

Stability

High flux

Low flux

High flux

® |nitially observed by Guyez et al 200.
® [ ayers very long-lived...

® Mixing independent of structure

® Focus on one interface

® |[ntermittent: strong/weak turbulence
® Both strong & weak stratification

® (Generic) role in mixing?

® Are curves showing intermittency!?

Normalised Flux

4
*x10
3
Total Flux
25 e Diffusive flux
Flux due to probe syphon
Advective flux
w— Oglethorpe et al. (2013)
2 - - = =Flux o Rig"®
1.5

05 -

ly measured vertical flux of salt/buoyancy follows universal flux law: (Oglethorpe et al 201 3)
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Forced statistically steady flow: Osborn regime!?

e Can force uniformly sheared and stratified flow to be statistically steady (with up tol 0" gridpoints)

e Choose K;choose v;fix S and vary g so that flow is steady: Ri, £, x emerge as consequence

E

* Emergent quantities have fixedRi ~ 0.16;Prr ~ | - 1'~02,D~ | /'L, ~ VI+TL  Fr= NIC

Case Gn Ri Fr N,
SHSST-R1 36 0.163 0.46 1024
R2 48 0.159 0.47 1280
R3 59 0.162 0.48 1536
R4 81 0.154 0.50 1792
R5 110 0.155 0.52 2048
R6 160 0.157 0.48 3072
R7 240 0.156 0.48 4096
RS 390 0.146 0.46 6144
R9 550 0.163 0.45 8192
R10 900 0.152 0.42 9600
L, = 2L, = 41,

0.3
0.2 |

0.1 |

0.5

“G.Q.. '—"6—

Hypothesis

Osborn parameterisation
characteristic of

|. steady

2. shear-forced

3. weakly stratified

4. equivalent to Osborn-Cox
5.PI‘T = |

turbulence

that’s not really the ocean...
Q:ls M-H~1/4 a coincidence!



Some of the) Open Questions foe
( ) Open Q T ME -

What does Ri mean in a turbulent or spatio-temporally varying flow? £ H ' E
SRRy
Does stability theory have any relevance at all? g N(@s =
IDEA -
Do forced flows have any connection with freely evolving flows? 2 A GupE o

THE UNKNOWN UNIVERSE

CCESS BLE, ENTERTAININ G
D VERY ENJOYABLE

How can the history/memory/advection of a flow be captured in a parametric description!?

Are layered states generic or even accessed!

Do non-monotonic flux laws have any meaning , particularly on their (unconfirmed?) right flanks?
Can boundaries ever be ignored or modelled appropriately!?

Is there any hope to use deterministic “physics” models to describe mixing in stratified turbulence!

Is the future data-driven/statistical with a census of “all” possible processes required to deep-learn!?
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Interested in the Netflix series: STOMP?

Fellowships in
Geophysical Fluid Dynamics

at
Woods Hole Oceanographic Institution

June 17 to August 22, 2019

Since 1959 the GFD program has promoted an exchange of ideas among researchers in the many
distinct fields that share a common interest in the nonlinear dynamics of fluid flows in
oceanography, meteorology, geophysics, astrophysics, applied mathematics, engineering and
physics. Each year, the program 1s organized around a ten-week course of study and research for a
small group of competitively selected graduate-student fellows. The overall philosophy is to bring
together researchers from a variety of backgrounds to provide a vigorous discussion of concepts
that span different disciplines, and thereby to create an intense research experience. For the student
fellows, the centerpiece of the program is a research project, pursued under the supervision of the
staff. At the end of the program, each fellow presents a lecture and a written report for the GFD
proceedings volume. Over its history, the GFD Program has produced numerous alumni, many of
whom are prominent scientists at universities throughout the world. The interdisciplinary
atmosphere of the Program is the ideal place for young scientists to learn the habits of broad
inquiry, of speaking to others with very different backgrounds and viewpoints, and of seeking
answers in unfamiliar places.

The Program commences with two weeks of Principal Lectures focusing on a particular theme in
GFD. For 2019, the theme 1s "Stratified Turbulence and Oceanic Mixing Processes" and the
lecturers will be Colm-cille Caulfield (University of Cambridge), who will concentrate on recent
theoretical developments in the fluid dynamical description of turbulent stratified mixing, and
Stephanie Waterman (University of British Columbia), who will concentrate on the observational
evidence of such mixing in the world’s oceans.

Up to ten competitive fellowships are available for graduate students. Successful applicants will
receive stipends of $7,205 and an allowance for travel expenses within the United States. A small
number of unpaid fellowships may also be available for strongly qualified students who can support
themselves financially. Fellows are expected to be in residence for the full ten weeks of the
program. The application deadline is February 15, 2019. Awards will be announced by April 1,
2019. We seek applicants from all areas of Geophysical Fluid Dynamics, and particularly encourage
applications from women and members of underrepresented groups. Further information and
application forms may be obtained at http://gfd.whoi.edu, or by writing to: gfd@whoi.edu

Prospective visitors should contact Claudia Cenedese at ccenedese(@whoi.edu,
Karl Helfrich at khelfrich@whoi.edu or Bruce Sutherland at bsuther(@ualberta.ca

WHOI is an Equal Employment Opportunity/Affirmative Action Organization
The GFD Program is funded by the National Science Foundation and the Office of Naval Research



