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Turbulent mixing is key to the large-scale ocean circulation
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Turbulent mixing is key to the large-scale ocean circulation
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Turbulent mixing is key to the large-scale ocean circulation
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Turbulent mixing is key to the large-scale ocean circulation

G. K. Vallis
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In the presence of a sustained horizontal
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heat flux a steady-state stable vertical stratification
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= destruction of scalar variance

by small-scale turbulence



Turbulent mixing is also key to coastal waters
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Turbulent mixing is also key to coastal waters
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Turbulent mixing is also key to coastal waters

Salinity gradient Power input Energetics of mixing
(mostly tides)
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Shear instabilities are a key route to stably-stratified mixing

ﬁ
Kelvin-Helmholtz instability visualised in Source: www.youtube.com/@graeworster3385
" the G. K. Batchelor Lab (YouTube)
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FOCUS TODAY: where and how does turbulent mixing occur?

Shear instability requires
a low Richardson number

N2
ng — ? < 025
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Power input

B Potential
Kinetic = gcalar

variance

E X

Internal

Mixing at the lab scale Re ~ 10° — 10* ;é Mixing in the ocean Re > 10°
large-scale overturn, secondary instabilities?
) ) — statically unstable, " —> smaller-scale faster

b S o collapse, mixing sheared overturns

Hypothesis already in Geyer et al., Geophys. Res. Lett. (2010)
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16:05:30 UTC 16:11:57 UTC

Shipboard transect T2

Salinity-stratitied flow
(temperature negligible)
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Shipboard transects: add velocity and salinity measurements

(c) Study zone, bathymetry and transects
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Game changer: MULTIBEAM echosounder

Typical bathymetric survey: cross-track alignment Our setup for shear instabilities: fore-aft alignment

As the ship passes over a survey area, fan-shaped
sonar beams four times as wide at the depth of A multibeam
the water scan the seabed. It takes many passes NN

to produce a continuous set of images. BEaina botNcE Off e echosounder

seabed and return to
the ship where the
echoes are recorded
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MULTIBEAM echosounder to reveal the true structure of mixing Sequence 1

Key observations: bright braids, dark cores,
moderate braid slopes, rare overturns

Sonar (middle beam), intensity Sv True aSpeCt ratio
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MULTIBEAM echosounder to reveal the true structure of mixing Sequence 2

Key observations: bright braids, dark cores, = e ad
moderate braid slopes, rare overturns N =~
: Sonar (middle beam), intensity Sv True aSpeCt ratio
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Real time
/'t-‘- /. ) N ; Instantaneous 2D echogram (multibeam)

¢

" 4 X
(P a0 . f o t": Sl g
VTR STEANU ) S ) GRETUINTE G M A vl
B D P W IR Vm<m TRe

, | ,W&'J
T

7 dB -~
50 45 40 -3 -30 -25 -20 -15
- ' ]
8 !
0 20 40 60 80 100 120 140 160

Distance traveled, m



Evidence of secondary shear instability Back to the AUV data

1 m/s




Lifecycle of shear instabilities Multibeam, true aspect ratio, slowed down

BT2: Frame 1011 of 1600 (UTC: 30-Jun-2017 16:06:30)
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( ~ snapshots D-E) T3 (~snapshot F) T3 (~snapshots H-I)

Lifecycle of shear instabilities
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Two-dimensional simulations of Kelvin-Helmholtz instability at high Reynolds number

Flow and domain

Dimensionless parameters
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Two-dimensional simulations of Kelvin-Helmholtz instability at high Reynolds number

Flow and domain
L Low Reynolds number High Reynolds number

neqgative b, t = 40.0 negative b, t = 30.0
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Braid evolution model Existing literature on secondary shear instability focused on equilibrium at #,,,, not the braid evolution

- (a) t= 0 b) t= 30 (c) t= 51 d  t= 60 As the braid steepens:
fg: onset of SSI t,p: billow saturation
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Outcome in (Re, RI) space All images at time 1, (billow saturation)
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The key physics

are inviscid
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Braid strain
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Effect of Reynolds number
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We can now understand the outcome in (Re, Ri) space
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We can now understand the outcome in (Re, Ri) space
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Braid mixing seems generic

Compilation of observations:
Shear layer thickness d ~ 0.5 — 200 m

Reynolds number Re ~ 10° — 10°

Found in all types of stratification:

Salinity: pycnoclines
in estuaries, fjords and straits...

(panels a,c,d,e,f,h,i,jk,n,r)

Temperature: thermoclines
in continental shelves, marginal seas,
seamounts, deep overflows, equatorial

surface current...
(panels g,0,l,m,p,s,t,u)

Turbidity: lutoclines
in highly turbid estuaries (panel g)

Connecticut River estuary,
(a) Geyer ef al. (2010)

Knight Inlet, Colbo et al. (2014) Baltic Sea, Muchowski ef al. (2022)

Fraser River estuary,

Changjiang River estuary, Ha .,g-} fl,ﬂﬂ:},\
Geyer & Smith (1987)

(q) Tu et al. (2022) / o

[ New England Shelf,
Zhang & Lavery (2016)

(0)

Taiwan Seamount,
(s) Chang et al. (2016)

Oregon Shelf,
Moum et al. (2003)

Taiwan Seamount,
(t) Vladoiu et al. (2025)

Admiralty Inlet,
Seim & Gregg (1994)

(n) Strait of Gibraltar,

Wesson et al. (1994) (u) Samoan Passage,

Cusack et al. (2019)

Columbia River estuary, Lavery (2023) (i)

(m) Great Meteor Seamount,

van Haren & Gostiaux (2010) (v) Equatorial Pacific thermocline,

Hughes & Moum (2025)
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James River Estuary, Bassett et al. (2023)
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Implication: new practical estimates of braid energetics and mixing

Estimating energy dissipation along a turbulent sloping braid

oU=—0.p+ @ZM'W’ Reynolds averaged streamwise momentum

<0Z : shear

0,5 = N?sina — | azzu’w’| ~ ()  Assume approx. steady state

< baroclinic turbulence
u'w' ~ aN’z(z — 6) Reynolds stress

( P=uw'S Production rate of TKE by shear

e~ Pxad’N?*S xaRid*S? Dissipation rate of TKE

Lab experiments confirm the scaling and provide the pre-factor
3D velocity + density data: € ~ 0.05 aRi 5S>

Stratified ce
Inclined Duct e of braid ’CU{bU\en o0
Fresh (SID) Salt analogy [ s "
o= o — .10 -T2 )

Review: Lefauve, C. R. Phys. (2024)

Recall: Power input (tides, currents)
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Conclusions

Potential

Mixing controls the stratification and circulation of our oceans Power =ajp| Kinetic y scalar

variance

g /,

Question: Physics of stratified turbulence and mixing in large-scale shear instabilities in the ocean?
Takeaways: Focus: estuarine flow (better data than open ocean)
1. Atrain of primary Kelvin-Helmholtz instability emerges due to strong
tidal forcing and/or interaction with topography that leads to the
baroclinic generation of shear and R1 < 0.25 (linear stabilith threshold)
The mechanism is generic to a variety of environments in the ocean
2. AtRi> 0.1 and Re > 10°, fast secondary shear instabilities precede
and pre-empt primary overturns due to the baroclinic amplitfication of
shear at the braid scale (high R1), unhindered by low viscosity (high Re)
and able to overcome the stablising braid strain. Ocean # laboratory!
3. Braid turbulence and mixing forced by local braid slope and shear is

different from classical primary overturn mixing, and we propose a new
parameterisation of energetics ¢, y as functions of local braid slope «a,

thickness 6 and shear S, which are easier to measure in the field than €, y

Lab




