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a generic problem

* numerous natural and industrial problems = turbulent fluid layer adjacent to a
stably stratified one

« stratified layer, not motionless! waves = energy and momentum transport

+ time- and length-scale separation: difficult to model...

| self-organising 2-layer system, including all time and length :
| scales, the turbulent excitation and the two-way couplings... |

spectrum? mixing efficiency? momentum transfer?
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(Credits: USGS)



a simple lab model

T Water = max density at 4°C (Townsend 1964)
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a simple lab model

T Water = max density at 4°C (Townsend 1964)

50 WMLlldddiisy
Ra = 7x106
N=0.13 Hz.
30cm
4oC Accelerated 30 times
Vol =P

' cm/s

Le Bars et al. 2015 . 4 |
Leard et al. 2019 Accelerated 150 times




source of the waves?

mechanical oscillator deep forcing
effect
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(e.g. Ansong & Sutherland 2010)



source of the waves?

DNS using the open-source solver simulations of the simulation using the open-source solver Dedalus
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source of the waves?

DNS using the open-source solver simulations of the simulation using the open-source solver Dedalus
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source of the waves?

DNS using the open-source solver simulations of the simulation using the open-source solver Dedalus
Dedalus - here, 2D...
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QBO in the 4°C set-up?

average over a ring...

... scan at different height through time
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in the 4°C set-up?

specific thermal coupling

QBO

bufter layer
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QBO in the 4°C set-up?

Pr=0.1 L Pr=7
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a simple numerical model

water 4°C

LLLLLLLLLLL
350C

4oC

Vo 7 > p

no independent control of the intensity of
the convection and of the stratification...



a simple numerical model

water 4°C

LLLL Ll

35°C

O

Vo 7

ou—+u-Vu =
0,T +u-VT = VT,
V-u=0.

Couston et al. 2017

—Vp + PrV?u — PrRapz,

linear-by-part EoS

T
Tt<0“///////////

1=l > P

—T, T >0

p=—a)l' = {ST, T <0,

stiffness S

(independent control of convection
vs. stratification intensity)



regimes as a function of S

Ra =8x107 , Ty=-20, 2D onl
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systematic study of the QBO

Ra =8x107, Tt=-20 & S=1, 2D only

_ 22137
)
—8 a 8
1.0 E— — E— . = L
0.8 -0.2

-0.6

ing of the
ity as a
function depth

height

| L AL AL A AL A’M‘&ml LALLUL RLLRAEE I AR OAL A S KA
Couston et al. 2018 time



QBO: generic at low Pr?

Ra =8x107, Tt=-20 & S=1, 2D only
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parameterization fo the QBO

* how to correctly parameterise waves in GCM to get a predictive model of QBO?
available data = local (in space and time) values of the fluctuations
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higher order statistics from data & more evolved stochastic excitation
processes (e.g. Lott & Guez 2013) are necessary



other points to discuss this week...

+ massive 3D simulations Ra = 4x107 & S=10

0. 028200
(T = 'T?")/;('T:'),.,;,,,,'g:ﬂ. Qﬂ 30 ' W/ (W) o y—'l.20 ' 20
= ~===-=[\ Rl &g (X
2.5 [ ——— — 25 . -~ L W=,
- Ll | R - - - | RE
— i 12 ; "':'5' 1.2
- — - - - - - - ..
2.0,_: - ‘/\- - — > ;.s- ' 2.0 B -~ p - - — - : : : 2
B (8 ' ' - - - e 10.6
e ey y T g IS
2 1.5 b= — D ez e ] {00 15} -_/-,;, =l 40.0
—— % G | -z =
s S Ziea- == {-06 .= = | 1-0s
1.0 ——— = 2= 10|, - R
. U R PR BE: " § ’ {-1.2
- ST = N FNE N '
r‘s-"/'.s,, T 1.8 s r P\ d 18
0.5 f > g 5%y - WIN; . Y05 - ‘] |
ASNEY, - 24 1B T o4
o e Y o e .
gokz2_—_e . 134 S | ‘c"l} b _— —-30 000 L A !. L 1 A -3.0
00 0.5 1.0 1.5 2.0 2.5 0.0 0.5 10 15 20 2.5
£ =10, 028200
3200 3.0 3 """(z.,:, L 00 S [ 500 3.0 w,z=1.30 . 40
| E \ . v
2400 _ ' ) "m ' | \ o[ 240 ' 30
| " ‘ N - ‘
o\ A T
1600 bl@ ¢ N[ 160 RO P
20\\ s - = ~ \ : \
800 = > {80 s\ |l 110
5 - “~ - §\\\ \‘v.‘
- 10 1.5F ~ \ 0 i {o = At %40
‘(0'\ \ L\ N
W N \
~800 oS40 - N |-80 o #l -0
A 5 NS 2 ,‘:: C\\ -
~1600 ® . VWS YA 160 -\\. R Al 20
g ” "/””/ p 7 S | f
/ - SIS L2 NS \\ ‘
0.5 P N Ve N o, Yo -
-2400 —_ ’ . \ Vo 0 ' ) ‘ 14 30
BV NS ) /. o ’
-3200 0.0 ) .' . PR - -320 . — - 40




other points to discuss this week...

* massive 3D simulations
v energy flux of internal waves (Couston et al. JEM 2018)
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in agreement with Lecoanet & Quataert (2013), where excitation by Reynolds stresses due
to eddies in the turbulent region, large Ra and large stratification:

e wave energy flux spectrum scales like k4{-13/2

e total wave energy flux decays like z-13/8



other points to discuss this week...

+ massive 3D simulations

v energy flux of internal waves (Couston et al. JEM 2018)

v eftect of rotation: saturation of inverse cascade and
generic shape and size (Couston et al. 2019)
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other points to discuss this week...

+ massive 3D simulations

v energy flux of internal waves (Couston et al. JEM 2018)

v eftect of rotation: saturation of inverse cascade and
generic shape and size (Couston et al. 2019)

+ extension of classical Plumb’s QBO model to multi-wave
forcing: see poster by I. Leard
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