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Critical reflection of internal waves off the sea
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1. Motivation { Gulf Stream: strong oceanic front (MODIS) 5. Energy extraction =0 U (mm/s), t/f = 20.00
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- Geostrophic, very robust (inverse / \ volume? =
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> Oceanic fronts: horizontal boundaries Exchange with front (potental + kinetic)
between water masses (e.g. Gulf 7=z
Stream), ~10 km wide, featuring: L e box
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> strong lateral density gradient,
thermal wind shear,
> strong ageostrophic motions,
enhanced turbulence, Pras i
Can internal waves extract
Near-inertial waves reflecting off the surface in strong fronts (RiG = O(1))

Exchange ratio: RX: < >
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> strong internal wave activity.
> Oceanic fronts: hotspots for the .
dissipation of geostrophic energy? gEOStrOphlc energy from fronts?
extract and dissipate a significant amount™® of geostrophic energy.
2. Critical, forward and backward « > f: forward reflection * at a rate of the same order of magnitude as the wave's incident energy flux
reflections
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> No lateral shear (RoG=O)

> Dispersion relationship for internal waves:
m*w? = k’N* + m*f*—2kmS°
> Waves can oscillate at w < [f[: o . = f+1—1/Ri, "

> Slope of characteristics:
(kim),=S*IN*+VS* I N*+(w*= £2)/ N w < f: backward reflection
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> For w = f, critical reflection against the
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ocean surface: slope = 0.

> Internal waves reflecting off the surface
can experience critical reflection for w = f.

> Viscous effects?
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3. Near-critical linear reflection: theory 0.4 = E
Linear
02| numerical
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In the inviscid case, simple: ((fz—(x)z)(f — 2ikS° 0, — kzNz)(T):O
with ¢ = (z)expi(kx—wt), ¢ =u,v,w,b, p,y orelse...
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But with viscosity, n
(i(u +v0°
with q)I(T)(z)expi(kx—oot), ¢=v, b or p (butnot u, w or ).

t so much: )
Tvzaj +2ivod: + (P —n’)0> — 2ikS°0, — k2N2]¢ =0,
$=erz, r€C = eigth possible r's, four of them >0 ( & decay with depth).

Ri = 1.05, simulation
O Ri = 2.00, simulation
¢ Ri = 4.00, simulation
Ri = 1.05, analytics
Ri = 2.00, analytics
Ri = 4.00, analytics

6. How robust is this process?
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0= 0,(x.2,1), ¢, =¢,exp(r,z+ike—iwt)
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sum over n n=1 n=2
<P i j & top left: an example of a near-critical
= reflection Linear concepts: qualitatively robust to changes in viscosity, boundary conditions, RiG PN
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Viscous solutions matter Non-linear effects:
= only for near-critical — — . . . -
= 17 ——Ri = 1.05, non-linear > Linear and non-linear backward reflections are similar.
C -©-Ri = 2.00, non-linear
reflections. 0.8 -e-% = 1182 i}on—linear > Linear and non-linear forward reflections are very different.
----------------- 1= 1.00, linear
A A U T % = 388 Fnear > Backward reflections do not favour triadic resonances (cf. messy arrow sketch),
Oor e NN | 1 = 4.00, linear
oo o : N : s > Forward reflections do.
Boundary conditions + Polarization relations + assume incident wave is known = 04l
=> 4 equations X 4 unknown ~ Triadic resonances trigger weak, then full, turbulent-like cascades.
. 0.2 : ..
=> we can compute the full flow analytically > Smaller scales propagate slower, pin down energy under the surface, and dissipate:
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4. Numerical Set_Up ® 0 = ' r ' Forward lzeﬂectlon Backward reflection & Non-linearly interacting
V(z)g ~ " 100 ' r ' K ciden Ocean surface — x'kincide:,:x;kreﬂecied\ incident and reﬂected waves
: : : : ¢, 150 — , | r = create frequencies w=2w_
> Two-dimensional (x, z) simulations, X / - — Pk Fariding
> NX = 256’ Nz = 1024’ \Z \ 0 Linear, wforcing/f = 3.03 Non-linear, wtorcing/f = 3.03 kreﬂected ISOIl)ycnal mcu?nt g y fOI’WGI’d reﬂecnons" Shal/OW k)
T S e o slope 1/ steep ¢ , resonances favoured
> Geostrophic Richardson number: Ny ® o7 o . o\ . P | Pe, f
o €D Charos=ssy 50| A\ A\ \\ \ k . . _
Ri =105 ﬁ" facteriger ~==aay, 6 = Xy ) . reflected backward reflections: steep k,
g _ . N S— / " 100 incident = k- XA shallow ¢ , resonances unlikely
> Waves forced in the volume, minimal S g —— N o /‘ “ g
eneration of PV — wave maker e > 3 1
& - : z (km) reflected Equal angles kre flected incident
Ly ()= ] ] 0rs
* Winters, MacKinnon & Mills 2004. A spectral model for process studies of rotating, density-stratified flows. J. Atmos. Ocean. Technol. 21(1)

> Forcing amplitude tuned such that the
@ 0 -

incident wave has a given
Richardson number when reaching the surface

~ Spectral (Fourier/SinCos) code (Winters et al. 2004)
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