
turbulent motion, but due to the strongly anisotropic nature
of stratified turbulence, it remains localized vertically for
much longer. The image shows a vertical cut of a
volumetric fluid scan using the same laser sheet as for
horizontal PIV (but with 100 levels rather than 30). In the
top image, the rhodamine layer remains localized in a very
thin sheet that is undulating due to the large-scale internal
waves. The layer is seen to roll over itself 32 s later (left part
of the image), highlighting a vortical structure that is due to
an overturning internal wave. The bottom image shows the
layer 10 s later than the middle one. One sees that the layer
is much thicker in the region of the overturning wave due to
the dispersion of the dye by the small-scale turbulence
generated by the overturning waves. At later times (not
shown), the dispersed dye forms again a thin layer similar
to the top image due to the buoyancy restoring force that
gathers the dispersed droplets of dye (see SM [18] for a
movie). Most likely, a part of the dye must have been
mixed, but it is not visible in these images. Such events
repeat at various times and positions. This visualization
explains the space-time intermittency observed at inter-
mediate values of Reb as the occurrence of internal wave
breaking at various places in the flow. Figure 3 shows the
vertical power spectrum of the density for EXP1 to EXP3
(compensated by k5=3v ). The large-scale part displays a steep
decay, possibly a power-law decay, with exponents −3 to
−2.5. For EXP1 and EXP2, this decay is followed by a
clear k−5=3v range at centimeter scales and then an expo-
nential-like fast decay due to the low pass filtering related
to the time response of the probe during the scans.

For EXP3, the k−5=3v range is largely filtered out by the
probe response, but a clear transition to a shallower decay
is visible nonetheless. This k−5=3 range indicates very
strongly nonlinear turbulence of the Kolmogorov type that
is expected at small scales in strongly nonlinear stratified
turbulence [17].
The impact of strong nonlinearity is also visible in the

velocity field. Figure 4 shows the mixed ðkv;ωÞ spectrum
of the horizontal velocity from the vertical PIV data of
EXP3 (kv is the vertical wave number). For weakly non-
linear waves, the energy must remain confined at frequen-
cies −1 < ω# < 1, which is the case at large scales
kv ≲ 10π rad=m. At smaller scales (typically between

FIG. 2. Snapshots in a vertical plane of a volumetric laser scan
of a fluorescent dye layer (rhodamine) using the vertically
scanning horizontal laser sheet in EXP4. A red filter has been
put on the camera lens to remove the green light of the laser. See
text for details. See SM [18] for a movie.

FIG. 3. Vertical spectra of the potential energy (for EXP1 to
EXP3) computed as 1

2E
bðkvÞ=N2 where EbðkvÞ is the vertical

buoyancy spectrum and kv is the vertical wave number.

FIG. 4. ðkv;ωÞ spectrumof horizontal velocityu from thevertical
PIV data of EXP3. Vertical dashed lines mark jω#j ¼ 1. Inclined
dashed linesmark the limitω ¼ σkwhereσ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2u2rms þ w2

rms

p
is an

estimate of the rms velocity magnitude. The spectrum has been
compensated by k−5=2v . Colors are log10 scale.
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