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Diapycnal dissipation/diffusivity from WOCE CTD/
LADCP data

• mixing is patchy in space and time

• not the uniform diffusivity assumed in 
most large-scale models

• does this matter?

Global mixing estimates

Kunze et al. (2006):  
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Patchy mixing matters
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Simmons et al. (2003):

enhanced mixing over rough 
topography 

=> change in global MOC

uniform mixingbottom-enhanced, 
spatially-variable mixing also:  Hasumi & Suginohara (1999), Huang (1999), 

Katsman (2006), Saenko (2006), Jochum (2009)

Constant κ = 1.2 10-4 Bottom-enhanced diffusivityPalmer et al. (2007):

bottom-enhanced 
diffusivity 

=> deep overturning

Patchy mixing matters



“A number of lines of evidence, none complete, suggest that the oceanic 
general circulation, far from being a heat engine, is almost wholly governed 
by the forcing of the wind field and secondarily by deep water tides... The 
now inescapable conclusion that over most of the ocean significant 
‘vertical’ mixing is confined to topographically complex boundary areas 
implies a potentially radically different interior circulation than is possible 
with uniform mixing.  Whether ocean circulation models... neither explicitly 
accounting for  the energy input into the system nor providing for spatial 
variability in the mixing, have any physical relevance under changed climate 
conditions is at issue.” 

- Wunsch and Ferrari, 2004

Patchy mixing matters



1.  Microstructure

2.  Thorpe scales

3.  Shear-strain spectral estimates

4.  Pros/cons/applicability of each method

Outline

Measuring turbulent mixing

How can we create a dynamic parameterization 
that represents internal wave-driven mixing in 

global models? 

Modeling turbulent mixing



Measuring turbulent mixing

“Direct” method:  dye dispersal (Ledwell et al., 2004)

Indirect method 1: measure turbulence, assume mixing follows

Kρ ≈ 0.2
�

N2
turbulent dissipation rate

Assume Kρ ~ Kdye

(Osborn, 1980)
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Ozmidov scale: 

2π/mO = (ε/N3)1/2         0.1-10 m

Measuring turbulence: inertial subrange

Simulations of stratified turbulence (Smyth)

Method 1: 
measure shear in inertial subrange
=> ϵDissipation

~

~



Wesson & Gregg (1994)

Measuring turbulence: microstructure
MMP (APL/UW)VMP (Rockland)

HRP (WHOI)Marlin (OSU)

Energy spectrum ~ m-5/3



Vertical acceleration spectrum from Lagrangian float

=> inertial subrange in energetic environments

Measuring turbulence: other platforms

Lien and D’Asaro
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Measuring turbulence: Thorpe scales
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Method 2: 
measure outer scale of turbulent subrange 
density inversions ~ 0.1-10 m

Thorpe scale = rms displacement of density 
from its sorted depth

Lt ~ LO = 2π/mO = (ε/N3)1/2 

also:  Thorpe (1977), 
Dillon (1982),  

Ferron et al. (1998)

Hawaii Ocean Mixing Experiment  
(Klymak et al., 2008)

εt

εmicro



Thorpe scales: advantages

1) fairly direct measure of actual turbulence

2) easy to measure with various instruments:

• Standard shipboard CTD: 
   Johnson and Garrett (2004), Gargett and Garner (2008)

• XCTD
  Thompson, Gille, MacKinnon, & Sprintall (2007)

   Frants, Gille, and Zhao (in prep.)

• Moored profilers

• SeaSoar
   Martin and Rudnick (2007)

• Other (Argo? Gliders?)

Thompson et al. (2007)



1. Noise in density profile

minimum size of 
resolvable overturns

(Galbraith and Kelley, 1996)

Lρmin =
2g

N2

δρ

ρ0

LO = (ε/N3)1/2 

With weaker N, harder to detect 
‘real’ overturns with noisy data
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1. Noise in density profile

2.  Statistics converge slowly
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Dissipation ~ lognormally distributed, 
need O(10-100)  samples to converge

Gregg et al. 93
Baker and Gibson
Davis 96

Thorpe scales: difficulties



Measuring turbulence: internal waves

Turbulence driven by breaking internal waves

Dissipation rate set by rate at which energy is 
transfered down-scale through the internal-
wave field

Woods 68
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McComas & Muller (1981), Broutman & Young (1986), Henyey et al. (1986), Polzin et al. (1995), Gregg et al. (2003)
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..............................................................

Reduced mixing from the breaking of
internal waves in equatorial waters
Michael C. Gregg, Thomas B. Sanford & David P. Winkel

Applied Physics Laboratory, College of Fishery and Ocean Sciences, University of
Washington, Seattle, Washington 98105, USA
.............................................................................................................................................................................

In the oceans, heat, salt and nutrients are redistributed much
more easily within water masses of uniform density than across
surfaces separating waters of different densities. But the magni-
tude and distribution of mixing across density surfaces are also
important for the Earth’s climate as well as the concentrations of
organisms1. Most of this mixing occurs where internal waves
break, overturning the density stratification of the ocean and
creating patches of turbulence. Predictions of the rate at which
internal waves dissipate2,3 were confirmed earlier at mid-
latitudes4,5. Here we present observations of temperature and
velocity fluctuations in the Pacific and Atlantic oceans between
428N and 28 S to extend that result to equatorial regions. We find
a strong latitude dependence of dissipation in accordance with
the predictions3. In our observations, dissipation rates and
accompanying mixing across density surfaces near the Equator
are less than 10% of those at mid-latitudes for a similar back-
ground of internal waves. Reduced mixing close to the Equator
will have to be taken into account in numerical simulations of
ocean dynamics—for example, in climate change experiments.

Internal waves are generated in the ocean when its stratification is
disturbed. Unlike surface waves, which propagate horizontally
because they are confined to the air–sea interface, internal waves
propagate vertically as well as horizontally, making flow disturb-
ances at the surface or bottom felt in the interior. Garrett andMunk6

and Munk7 modelled internal waves in terms of a wavenumber–
frequency spectrum; they assumed that the wave field is constant in

time, and results from the superposition of many uncorrelated
waves having frequencies between the buoyancy frequency N,
determined by the stratification, and the Coriolis frequency, f !
2QEarth sin"v#; where QEarth is the Earth’s rotation rate and v is the
latitude. The Garrett and Munk (GM) frequency spectrum is ‘red’,
with most of the energy very close to f. Integrating components of
the GM energy spectrum over the entire range of frequency and
wavenumber yields average characteristics of the wave field, such as
the net vertical displacement z and horizontal wave speed u.
Subsequent observations show that the GM model represents the
background state of the internal wave field, but some situations are
significantly more energetic.
Numerical simulations of energy transfer by interactions within

the internal wave field show a net flux towards small spatial scales
that increases the shear variance (›u/›z)2 until it overcomes the
stratification and the waves break2,3. When the wave field is
statistically steady, or varies slowly in time, the rate at which wave
breaking dissipates energy approximately equals the rate at which
the energy is transferred from large to small scales. This equivalence
allows the dissipation rate 1 to be expressed in terms of internal
wave parameters. To check their numerical simulations, Henyey,
Wright and Flatte3 formulated an analytic model based on the
Doppler shifting of evolving test waves by a background wave field.
The Doppler shifting produces a net energy flux toward smaller
scales—that is, higher wavenumbers—and ultimate breaking. The
functional dependence of 1 (which is expressed in units of Wkg21)
associated with this flux is the product of two terms:

1! 1308 N;Fshear"m#;Fstrain"m#
! "

£ L"v;N# "1#

The first term, 1 at the 308GMmodel reference latitude, depends
on stratification (via N) and on internal wave characteristics (in
terms of spectra of vertical shear, F shear(m), and of vertical strain,
F strain(m), wherem is the vertical wavenumber in cycles per metre).
Strain fluctuations are variations of the vertical separations between
density surfaces, that is, fluctuations of ›z/›z. Previous measure-
ments4 verified the shear andN dependence in 1308, and subsequent
observations5 and numerical simulations8 confirmed the strain
dependence. The second term contains the latitude (v) dependence:

L"v;N# ! f cosh21"N=f #
f 308 cosh21"N0=f 308#

"2#

Figure 1 Reduction of dissipation rates produced by breaking internal waves near the
Equator. The predicted latitude effect L is unity at 308 because the standard internal wave

spectrum, Garrett and Munk6, and the calculations based on it are referenced to that

latitude. Ratios of average 1observed to 1308 are plotted as short horizontal bars, and upper

and lower 95% confidence limits are shown by extents of the vertical lines. Multiple values

at the same latitude v come from different depths or locations. The shaded curve gives the

predicted L(v,N ) for the range of N encountered. Because the N dependence is weak, the

height of the shaded band is small. Upper and lower solid lines are twice and one-half the

prediction, and approximately bound the scatter in the data. In spite of the scatter, the

observations confirm the predicted sharp cut-off of dissipation at low latitude.

Figure 2 Diapycnal diffusivities. Kr was calculated using observed dissipation rates 1 and
stratification N 2 in equation (2). The horizontal reference line is the value of Kr at 308

latitude when internal waves are at the level of the Garrett and Munk spectrum. Owing to

the latitude effect on 1 produced by internal waves, intense internal waves observed near

the Equator produced only modest Kr. For reference, the molecular diffusivity of heat in

water is 1.4 £ 1027 m2 s21.
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Observed dissipation rates agree with predictions  (Gregg, 1989; Polzin et al., 1995; 
Gregg et al., 2003) 

Numerical simulations of internal wave interactions confirm:
- GM spectrum as steady state 
- predicted rates of down-scale energy flow

Measuring turbulence: internal waves

 (Hibiya et al,  Winters and D’Asaro, etc)



Measuring turbulence: internal waves

“...If [predicting the dissipation rate based on internal wave 
dynamics] is even approximately true, the significant 
oceanographic problem of estimating vertical viscosities and 
diffusivities for large-scale modeling applications shifts from 
adequately sampling the processes responsible for mixing to 
defining the global internal wave climate”  

Next: techniques, then some examples

- Wijesekera et al. (1993)
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Issue #1:  
with lower resolution measurements, 
integrate over “good” wavenumbers 
=> can get a biased view IF spectrum 
is not white

vertical wavenumber / cpm

 / 
cp

m
1

 

 

10 2 10 1

101

102 MMP: shear
HDSS: shear

Estimating turbulence: internal wave shear spectra



 / W kg 1

De
pt

h 
/ m

 

 

10 10 10 9 10 8

0

200

400

600

800

1000

1200

Fctd: OT
MMP: OT
MMP: shear
HDSS: shear
MMP: strain

Issue #2: 
- Can use either shear or strain (KE 
or PE) to estimate total energy
- but shear/strain ratio can vary by a 
factor of 10

vertical wavenumber / cpm

 / 
cp

m
1

 

 

10 2 10 1
100

101

102

MMP: shear
HDSS: shear
MMP: strain

Estimating turbulence: internal wave shear spectra



Time series of near-inertial shear at three moorings
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Mixing estimate: example 1
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Internal Waves Across the Pacific
Alford, MacKinnon, Pinkel, Klymak, Sun
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Mixing estimate: example 2

Net deep and bottom transport of 3 ± 2 Sv

Compare to 10-15 Sv basin-wide MOC+ UC ship funds



Strong northward transport of deep + bottom water
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Strong northward transport of deep + bottom water
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Strong flow below bounding topography 

west ridge

east ridge

New measurements by 
Clivar (April 2009)

Swift, Johnson, Ascani, et al.
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Mixing from LADCP data

Velocity Dissipation Diffusivity

Thorpe scale method

Shear/strain method

May 2009: Clivar confirms 
apparent “mixing away” of 

deep CFC minimum as flow 
moves northward

Shear/strain method 
works even in the 

presence of a mean 
sheared flow

(also: Winkel et al., 2002)



Up

Down • Substantial bottom-enhanced turbulent mixing 
in Drake Passage

• However, Kunze argues deep values are off by 
an order of magnitude due to incorrect shear/
strain ratio...  

LADCP estimates of turbulent diffusivity (Naveira Garabato et al., 2004)

Mixing estimate: example 3
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Mixing estimates: more examples

Global patterns:  WOCE, ARGO, XCTDs?

Student
Projects?

Rapid Mooring array along 24N (public 
domain data, courtesy of BODC)
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Exceptions: coastal mixing

Coastal internal-wave field doesn’t have the same spectral nature:
- much lower vertical bandwidth
=> different rate of down-scale energy transfer

MacKinnon and Gregg (2002, 2005)

 εcoast ~ N * S



FIG. 1. R/P FLIP was moored in 1100 m of water over Kaena Ridge at 21◦40.78�

N, 158◦37.77� W. Also shown are two moorings from the same field program, where
larger near-bottom overturns have been observed.

Hawaiian Ocean Mixing Experiment (HOME)

Huge overturns as internal tide sloshes 
up and down a steep slope

Klymak et al 07
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Gregg-Henyey parameterization 
works in upper water column, 
but not for the deeper, stronger 
mixing.

Exceptions: directly-breaking internal tide
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FIG. 14. Example acoustical snapshot of a propagating ISW within which is embedded a sequence of rollups identical in nature to Kelvin–
Helmholtz instabilities observed in the laboratory and in small-scale simulations. The vertical scale of the largest is more than 10 m, and
the horizontal scale (in the direction of wave propagation) is about 50 m. Toward the trailing edge of the wave, the rollups become less
coherent but contribute a greater backscatter signal, suggesting breakdown to turbulence. At greater depth, denoted by arrows, are two more
layers of bright backscatter. These are presumably the same phenomenon, but smaller scale. Hence the echosounder resolution does not
permit a clear depiction of rollups.

FIG. 15. (left) Observed profiles of horizontal velocity from 300-
kHz ADCP (2-m bin size) and (right) �� from Chameleon. These
coincide with the Chameleon profile noted by the black dot in Fig.
9 which corresponds to the time of maximum stratification at the
interface at 30-m depth, after which overturns and intense turbulence
first appear.

given the density profile at the same location. First, the
ambient streamfunction in the wave’s reference frame
is obtained from the measured upstream velocity profile
u0(z) using

z

� (z) � � [u (z�) � c ] dz�. (3)0 � 0 w

At any location within the wave, we obtain the stream-
function profile corresponding to the local density pro-
file �1(z) using

� (� ) � � (� ).1 1 0 0 (4)

Last, we differentiate5 to obtain the velocity profile and
transform into the earth’s reference frame:

��1
u � � � c . (5)1 w�z

An appropriate value for �� was obtained by ex-
amining density fluctuations in six profiles prior to and
including the profile selected for analysis. Thorpe re-
ordering was used to estimate density fluctuations in
turbulent overturns. The maximum fluctuation had ab-
solute value of 0.1 kg m�3 (Fig. 17). We adopted this

5 Differentiations and integrations were approximated using sec-
ond-order, finite differences on an uneven grid. Interpolations be-
tween the various data grids were done using an equal mixture of
linear and cubic Hermite interpolants. (This controls the spurious
peaks that appear when cubic interpolation is used alone.)

Moum et al. (2003)
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FIG. 9. (a) Average shear and stratification for a 0.5-h interval
surrounding yearday 235.96. (c) Average dissipation during this time
period. (b), (d) Same for interval surrounding yearday 238.96.

FIG. 10. The solid lines are contours of northward (onshelf ) baroclinic velocity from �0.3 to 0.3 m s�1 in intervals of 0.1 m s�1. The
shaded areas are 4-m shear variance, ranging from 0 (white) to 3.5 � 10�3 s�2 (black) in increments of 5 � 10�4 s�2. Profiles of dissipation
rate are overlain, and correspond to the colorbar above. The slight slant of each profile represents the passage of time as the profiler descends.
The black (upper) and magenta (lower) stars on each profile indicate the evolving locations of the 22.65 and 24 kg m�3 isopycnals, respectively.

thermocline on yearday 238 and depth between 20 and
40 m during yearday 242 (Fig. 4). Other patches of high
diffusivity were associated with anomalously low strat-
ification but not with elevated dissipation, such as above

the bottom boundary layer on yearday 241. As many
of these patches consisted of homogeneous water, high
diffusivity did not result in significant turbulent fluxes.

c. Solibores

One-half of the dissipation in the thermocline and
some of the largest diffusivities were observed during
the passage of solibores. Of the six solibores that passed
by during our microstructure profiling, the largest four
(yeardays 235, 240, 241, and 242) were clearly asso-
ciated with elevated dissipation in the upper water col-
umn (Fig. 4c, labeled with an ‘‘S’’). The strong solibore
on yearday 235 alone contributed 60% of the total so-
libore-related dissipation. Though solibore turbulence
extended well below the thermocline (down to nearly
40 m in some cases), resultant diapycnal fluxes were
acting on isopycnals that advected downward with each
pulse, not the isopycnals that normally occupied this
depth range (Figs. 5b and 5e).
The evolution of dissipation within the strongest so-

libore is shown in Fig. 10. Contours of velocity (black
lines) and shear (shaded) are shown, overlayed with
profiles of turbulent dissipation rate. The spacing of the
dissipation profiles illustrates the degree to which our
profiler undersampled the event. The locations of two
reference isopycnals that bound the thermocline are
shown for each profile. Average dissipation within this
density range remained around 10�6 W kg�1 in the third
through seventh profiles (until minute 30), then de-

MacKinnon and Gregg (2003)

50-75 % of total average 
daily mixing occurs in 

these few minutes

Apel et al. (2006)

Solitons around the world

Exceptions: directly-breaking internal tide



Mixing may be large wherever deep flow accelerates through constrained fracture zones

St. Laurent and Thurnherr (2007)

Diffusivity

• Small fracture zones ubiquitous on mid-
ocean ridges at mid-depth

•Similar results found in deepest fracture 
zone (Romanche FZ, Polzin et al 96)

2 km 
wide

Exceptions: hydraulically-controlled flows



Can’t explicitly resolve internal waves in climate models. 
 3 steps to parameterize their role: 

Internal-Tide Generation
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Figure 5. Seasonally averaged maps of energy flux from

the wind into near-inertial mixed-layer motions for the year

1997. Variability in mixed-layer depth is included by sea-

sonally averaging the Levitus climatology.

and the model gives zero currents. A few (< 1%) seasonally-

averaged values are < 0 (loss of energy to the atmosphere),

but all of these have magnitudes less than 0.1 mWm!2, and

so are also plotted in blue. The rough land edges reflect the

2.5" grid spacing.

The largest inputs occur from 30-50"N during northern

hemispheric fall/winter, in bands across the western North

Atlantic and Pacific, associated with northern midlatitude

storms. Large fluxes also occur at 30-50"S during southern

winter, particularly in the Indian Ocean.

Broad minima span the central and eastern portions of

each basin. Interestingly, D’Asaro’s [1985] eastern Pacific

analysis was conducted in a relatively low-flux region. He

obtained higher values in the eastern Atlantic, consistent

with this general picture.

Spatial maps of the inertial component of the wind would

produce identical patterns. These differ substantially from

maps of wind speed (or, for example, maps of "u3
#). For

example, the strong easterly trade winds produce very lit-

tle near-inertial energy flux. These differences underscore
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Figure 6. (a,c) The monthly mean flux is

plotted for each year 1996-1999 (thin lines,

solid=1996,dashed=1997,dashdot=1998,dotted=1999),

and for the 4-year mean (heavy line). Black lines are from

37.5" N, and gray lines are from 37.5" S. (a) The flux

without mixed-layer-depth correction, !(50 m). (b) The

monthly mean, zonally averaged Levitus and Boyer [1994]

mixed layer depth, < H >, at 37.5" N (black) and 37.5 S

(gray). (c) Mixed-layer-depth corrected flux, !(H).

the importance of the inertial component of the wind fields,

rather than their overall magnitude, in generating near-inertial

motions.

4.2. Seasonal Cycle

The seasonal cycle is examined by computing the zonal

average across the bands 37.5"N and 37.5"S. Examining the

cycle of !(50 m) (Figure 6a), a strong maximum is seen near

December/January in the northern hemisphere (in agreement

with D’Asaro [1985]), and near June in the southern hemi-

sphere. This pattern is consistent with primary forcing by

winter storms.

The zonally averaged mixed-layer depth (Figure 6b) is

deepest during winter. Its incorporation into the flux corre-

spondingly weakens the seasonal cycle of !(< H >) rela-

tive to !(50 m), and shifts the peaks towards October in the

northern hemisphere, also as seen by D’Asaro [1985]. Sea-

sonal cycles are still present in both hemispheres, however,

with maxima resulting as a combination of large fluxes and

a thin mixed-layer.

Wind-generated near-inertial internal waves

1) Wave generation

Egbert and Ray 01

Alford 01

Internal-Tide Propagation

2) Wave propagation

3) Wave breaking ...

Simmons 07

Modeling turbulent mixing
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Many mixing parameterizations assume you 
are able to resolve the scales of motion that 
produce turbulence (e.g. Mellor-Yamada, KPP, 
LES...), which is rarely true in global models 

away from boundaries

Modeling turbulent mixing
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Modeling turbulent mixing
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Ambient Conditions:
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Using numerical process studies to develop 
parameterizations of internal-wave energy 

transfer and dissipation

One wave + white noise Energy transfer to small-scale waves

Initialize After a while

Modeling turbulent mixing: process studies

(1)

(4)

(9)Black Box

Result: dissipation rate as a 
function of low-mode wave 

energy, based on understanding 
wave-wave interaction growth 

rates and bicoherence

Next step: collapse complex 
results into a form suitable 

for possible use in large-scale 
models



Conclusions

Fine-scale estimates of diapycnal mixing provide 
“reasonably” accurate values, within a factor of 2-10

They turn the mixing measurement problem into a 
problem of measuring the global internal-wave 
climate, which can be done from a huge range of 
platforms

Similar ideas may be useful for developing dynamic 
parameterizations of internal-wave driven mixing for 
use in global numerical models



Mixing for the masses
Jennifer MacKinnon

7 May 2009



Teaching Possibilities

Undergraduate:
Waves (111)

Dynamical Physical Oceanography? (new)

Graduate:

Wave Fundamentals (202 A,B)

Ocean Waves (211 A,B)

Ocean Mixing (213)

Current topics in PO (219)

Internal Waves and other small-scale dynamics (new)



Is the spectrum a myth? 
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Figure 2 a. A wavenumber-frequency spectrum of Arctic Ocean shear estimated from the

SHEBA Doppler sonar. The white rectangle indicates the smoothing used to achieve 150

degrees of freedom. The left quadrants of the spectrum correspond to anti-cyclonic

rotation in time. The lower left and upper right quadrants represent upward phase

propagation, which for the internal wave component of the shear implies downward

energy propagation.

b. The associated normalized spectrum N(!z, ")=E(!z, ")/ ! E(!z, ") d".  First

(white) and second (black) spectral moments are indicated. Color contours mimic a

“hourglass” pattern.

c. The Garrett and Munk 1975, spectrum of (internal wave) shear fails to capture

the essential structure of the observations. In a N frame (vs the present Eulerian frame)

the disagreement would be much less striking.

d. Modeled Log10 Shear spectral density for August arctic record, contoured vs.

linear wavenumber and observed frequency. The contour interval is 5 db. The model

gives the shear variance distribution that results when line spectra at intrinsic inertial and

vortical (zero) frequency are broadened by Doppler shifting. The modeled spectrum is
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currents, lateral advective effects are comparable in magnitude to those resulting from

vertical advection.

We are challenged to make measurements that are “uncontaminated” by advective

effects1  and / or to quantify the effects found in our real-world observations. In an effort

toward the latter goal, it is attractive to imagine an “N frame” populated only by near

inertial and tidal baroclinic waves and by small-scale quasi-geostrophic (vortical)

motions. The near inertial and vortical motions provide all of the shear variance but have

little vertical displacement. The tidal motions have the vertical displacement but supply

negligible shear. Starting with this simple motion field, the goal is to predict its spectral

signature in s-L and Eulerian frames.

Real-world observations depart from the “N-frame” ideal through advective

effects, which appear as phase distortions of the signal of interest: ie

sEul = s0 exp(i k*x + k*(V t) - ! t) 1)

There are four cases to consider:

Small vs large phase distortion     (! | k * V | dt > / < ")

Stochastic vs deterministic distortion velocity, V

 The models introduced here relate the probability density function and / or the

spectrum of the advecting velocity field, V, to the spectrum of the observed quantity. The

approach follows a path suggested by Papoulis, 1984. The focus is on the temporal

autocovariance function, R(#), which, for a line spectral process (in the N-frame), takes

the form

R
N 

(#)=<s2> exp(i ! #).

When this motion field is observed in a realizable frame, advective effects modify the

correlation function in a multiplicative fashion:

                                                  
1 Would a totally Lagrangian measurement be truly “optimal”?  Consider a vertical stack of shear-

measuring Lagrangian floats released at some time t0 and followed for a subsequent month. During this

period, the floats would diverge laterally by many kilometers. They would not provide as cohesive a picture

of the shear field as do these “contaminated” s-L observations.

Doppler shifting makes for broadened 
frequency band at higher wavenumbers. 
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Figure 2 a. A wavenumber-frequency spectrum of Arctic Ocean shear estimated from the

SHEBA Doppler sonar. The white rectangle indicates the smoothing used to achieve 150

degrees of freedom. The left quadrants of the spectrum correspond to anti-cyclonic

rotation in time. The lower left and upper right quadrants represent upward phase

propagation, which for the internal wave component of the shear implies downward

energy propagation.

b. The associated normalized spectrum N(!z, ")=E(!z, ")/ ! E(!z, ") d".  First

(white) and second (black) spectral moments are indicated. Color contours mimic a

“hourglass” pattern.

c. The Garrett and Munk 1975, spectrum of (internal wave) shear fails to capture

the essential structure of the observations. In a N frame (vs the present Eulerian frame)

the disagreement would be much less striking.

d. Modeled Log10 Shear spectral density for August arctic record, contoured vs.

linear wavenumber and observed frequency. The contour interval is 5 db. The model

gives the shear variance distribution that results when line spectra at intrinsic inertial and

vortical (zero) frequency are broadened by Doppler shifting. The modeled spectrum is

D
op

pl
er

 m
od

el

Intrinsic  shear only at inertial and vortical (f=0) 
frequencies,  advected by horizontal currents

** get correct reference **



Is the spectrum a myth? 
38

Figure 2 a. A wavenumber-frequency spectrum of Arctic Ocean shear estimated from the

SHEBA Doppler sonar. The white rectangle indicates the smoothing used to achieve 150

degrees of freedom. The left quadrants of the spectrum correspond to anti-cyclonic

rotation in time. The lower left and upper right quadrants represent upward phase

propagation, which for the internal wave component of the shear implies downward

energy propagation.

b. The associated normalized spectrum N(!z, ")=E(!z, ")/ ! E(!z, ") d".  First

(white) and second (black) spectral moments are indicated. Color contours mimic a

“hourglass” pattern.

c. The Garrett and Munk 1975, spectrum of (internal wave) shear fails to capture

the essential structure of the observations. In a N frame (vs the present Eulerian frame)

the disagreement would be much less striking.

d. Modeled Log10 Shear spectral density for August arctic record, contoured vs.

linear wavenumber and observed frequency. The contour interval is 5 db. The model

gives the shear variance distribution that results when line spectra at intrinsic inertial and

vortical (zero) frequency are broadened by Doppler shifting. The modeled spectrum is

A
rc

tic
 d

at
a

N
or

m
al

iz
ed

38

Figure 2 a. A wavenumber-frequency spectrum of Arctic Ocean shear estimated from the

SHEBA Doppler sonar. The white rectangle indicates the smoothing used to achieve 150

degrees of freedom. The left quadrants of the spectrum correspond to anti-cyclonic

rotation in time. The lower left and upper right quadrants represent upward phase

propagation, which for the internal wave component of the shear implies downward

energy propagation.

b. The associated normalized spectrum N(!z, ")=E(!z, ")/ ! E(!z, ") d".  First

(white) and second (black) spectral moments are indicated. Color contours mimic a

“hourglass” pattern.

c. The Garrett and Munk 1975, spectrum of (internal wave) shear fails to capture

the essential structure of the observations. In a N frame (vs the present Eulerian frame)

the disagreement would be much less striking.

d. Modeled Log10 Shear spectral density for August arctic record, contoured vs.

linear wavenumber and observed frequency. The contour interval is 5 db. The model

gives the shear variance distribution that results when line spectra at intrinsic inertial and

vortical (zero) frequency are broadened by Doppler shifting. The modeled spectrum is

G
ar

re
tt

-M
un

k

Pinkel 07

4

currents, lateral advective effects are comparable in magnitude to those resulting from

vertical advection.

We are challenged to make measurements that are “uncontaminated” by advective

effects1  and / or to quantify the effects found in our real-world observations. In an effort

toward the latter goal, it is attractive to imagine an “N frame” populated only by near

inertial and tidal baroclinic waves and by small-scale quasi-geostrophic (vortical)

motions. The near inertial and vortical motions provide all of the shear variance but have

little vertical displacement. The tidal motions have the vertical displacement but supply

negligible shear. Starting with this simple motion field, the goal is to predict its spectral

signature in s-L and Eulerian frames.

Real-world observations depart from the “N-frame” ideal through advective

effects, which appear as phase distortions of the signal of interest: ie

sEul = s0 exp(i k*x + k*(V t) - ! t) 1)

There are four cases to consider:

Small vs large phase distortion     (! | k * V | dt > / < ")

Stochastic vs deterministic distortion velocity, V

 The models introduced here relate the probability density function and / or the

spectrum of the advecting velocity field, V, to the spectrum of the observed quantity. The

approach follows a path suggested by Papoulis, 1984. The focus is on the temporal

autocovariance function, R(#), which, for a line spectral process (in the N-frame), takes

the form

R
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(#)=<s2> exp(i ! #).

When this motion field is observed in a realizable frame, advective effects modify the

correlation function in a multiplicative fashion:

                                                  
1 Would a totally Lagrangian measurement be truly “optimal”?  Consider a vertical stack of shear-

measuring Lagrangian floats released at some time t0 and followed for a subsequent month. During this

period, the floats would diverge laterally by many kilometers. They would not provide as cohesive a picture

of the shear field as do these “contaminated” s-L observations.
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** is this resolution ok??* henyey et al 86, polzin et al 95


