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» Motivation ...

o from wind to waves
# observed spectra
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® Experiments...

# stationary and sheared turbulence
# oscillating turbulent patch
# collapsing mixed regions

® Estimate energy ux in ocean
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Energy Pathways & ALBERTA

Munk & Wunsch 1998
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Energy Pathways & ALBERTA

Munk & Wunsch 1998 Wunsch & Ferrari 2004
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10*

® The power of high frequency internal
waves is relatively small. 102}

#® But some observations show
enhanced power at frequencies

moderately below N .

® \We hypothesize that this is due o
In part to waves generated by

» turbulent processes 1o

L |

# mixed-region collapse o f ot o N 10

Garrett & Munk 1979
From data by Cairns & Williams 1976
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A tank is lled with
uniformly strati ed uid.

A vertically oscillating grid
mixes the near surface.

Stroke frequency is 45s 1!
( N' 1s Y.
The resulting turbulence mixes

uid near the surface.

Internal waves are observed in
the strati ed uid below.

Density Profile
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® Time series shows waves
excited by turbulence.

® Dominant waves have nearly
constant vertical phase speed
and nearly constant frequency.

® This occurs although
turbulence applies forcing
with a broad range
of frequencies.
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fime (seconds)
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® Relative frequencies occur
within a narrow range:
' 0:6N  O:7N.

The relative vertical
displacement is:

2'4% Of X

... S0 these are
weakly nonlinear waves

0:05

0:04

< 0:03
1

< 0:02

0:01

Amplitude vs Frequency
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® Model hills are towed along the surface at speeds
2:2N

o

U=0:8! 5:2cm/s, exciting frequencies ! ¢c = 0:3!

! exc Uk Frh I exc :N

In linear theory, waves are generated if Fr, < 1,
they are evanescent if Fr, > 1

—
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I Movies from Experiments & ALBERTA

® Internal wave elds are represented by contours of N2,/ , with
raw image of hills superimposed.
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® Time series of N?; are used to visualize waves and determine
their properties (! , k, A ).

2. Flow over boundary- 3. Turbulence
trapped lee waves

Frp=1.3
-0.2 0 0.2
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® Turbulently-generated internal waves have a small range of
relative amplitudes and frequencies.

Amplitude vs Frequency

0:05 ® The waves have moderately

roal large amplitude:
0:.01 0:02 .
= 0:03 |
= 0021 °°g§§°o ® The data collapses onto a rela-
001} ° °° tively narrow range of frequen-
0 | cies, 0:6 <!=N < 0:8.

—
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A tank is lled with
uniformly strati ed

uid.

A ‘rough' conveyor belt
creates and deepens a
surface mixed layer.

Internal waves are
generated underneath.

Turbulence properties
measured using PIV.

X (cm)
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® Spectra are more broad banded
but peak at relative frequencies of 0:05

Amplitude vs Frequency

' 04N O:7N.
. . < 0:03F o
#® The relative vertical '
displacement is: < 0.02k
1-4% of oUsNH 12| o °
0:01F | o U=NH > 1.2 o
0 ]
0 05 1

® The structure, frequency and amplitude of the waves are affected
by eddies and countercurrents in the mixing region

This work is presently being investigated by James Munroe.
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Oscillating Turbulent Patch &, ALBERTA

® [arge-amplitude cylinder
creates an oscillating
turbulent patch.

® This launches waves,
even when the cylinder

oscillation frequency is
larger than N .

—
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If | eyl N,
nd ! igw ! cyl- 0:05
If ! cyl = N, 0:04
nd !igw ' 06 0:7N. 003
1
< 0:.02

Wave amplitudes are much
smaller than cylinder amplitudes. %0t

Vertical displacement amplitudes 0
range from 0:01 0:03

Amplitude vs Frequency
| | o'y <N
olcyl>N
o
n o
B e
]
0 05 1

This work is presently being investigated by Heather Clark.
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® Dense uid descends
through uniform-density

surface layer.

® The plume launches a
conical pattern of

internal waves
In the strati ed
uid beneath.
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Assuming wave eld is axisymmetric,
construct amplitude: A (r;z).

Form Bessel series to nd
peak radial wavenumber: K.

Relative amplitude is
A X' 001

Wave frequencies range from
' 05N  O:7N.

5 Amplitude vs Frequency

OH =5cm
OoH =10cm
H =15cm

This work is presently being investigated by Joseph Ansong.
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I Partial-Depth Lock-Release Setup & ALBERTA

R

(2);

® Examine advance of intrusion through distortion of image behind
tank and sometimes by tracking dyed current.

® Measure frequency,speed and amplitude of internal waves below

mixed region using synthetic schlieren.
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H- =5cm H-=10cm H- =15cm
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I Amplitude and Frequency

Wavelength, , Iis proportional to the mixed-layer depth, H.

Amplitude increases as H* 0:05,/~mplitude vs Frequency
but saturates if
>0 0:04F | oH 5cm
A 0:04 . o5<H 10cm
= 0:03F H> 10cm
I
Wave frequencies range from < 0:02 A
I 1 . .
' 06N O:8N. soil
o
o
0 1
0 05 1
1=N
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I Some Numerical Studies

IGW generation by

Langmuir circulation

Polton, Smith, MacKinnon,
Tejada-Martinez (2008)

IGW generation by collapsing

turbulent wake behind a sphere
Diamessis, Domaradzki, Hesthaven (2005)

IGW generation by turbulent shear
Pham, Sarkar, Brucker (2008)
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I Mean Energy Flux

Attempt to estimate energy ux due to IGW generated by
turbulence near ocean surface.

Average energy ux of high-frequency waves is

1
F =5 oN?A “cg;

In which
jCgzj = (N=ky)sinj jcos

Based upon experiments, take =45 ° A ' O:1k, *.
Estimate N =10 %s !, o =10°kg=m3.

So F' 2 10 %k, 3w=m?  withk, inm 1. I
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I Total Energy Flux

Sum average ux, F, over surface area of oceans:
A' 07 (4R 4 10“m2.

So maximum power is on the order P = AF' 10%k, °.

Assume that ky, * scales on mixed layer depth . ..

ke, ' 1m L.
So total power to internal waves generated by turbulence in the
surface mixed layer is on the order

P' 1GW,|

This is less than 1% of the power attributed to tidally generated
waves or long internal waves generated directly by surface winds.

—
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I Conclusions

Laboratory Experiments
Turbulence creates waves in narrow frequency band
0:5N = ! < 0:8N
and with amplitudes about 10-40% that of breaking waves:
0:01, ° A 004,

2
Energy uxis estimatedtobe F/ N3 2 k., °

X

Based upon surface mixing parameters, total energy ux is sm all
compared with estimates for waves generated by other sources.

But estimate has large errors and other turbulent processes ( ow

near rough boundaries, mixing by storms) may locally have
non-negligible effect.
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