
Ocean turbulence: Importance, 
techniques and case studies

Matthew Alford 
Les Houches 2019 

Special thanks to Arnaud Le Boyer, Mike Goldin, Sean Lastuka, San Nguyen, Jonathan Ladner, 
Sara Goheen, Anna Savage, and Nicole Couto


And THANK YOU TOM AND THIERRY!!



What is turbulence and 
why is it important?

Winters 2015



Diffusion, buoyancy flux 
and diapycnal velocity

Shroyer et al 2016
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Mixing irreversibly affects ocean variables via the buoyancy flux divergence.

For constant K!
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Turbulence in the deep ocean is 
strong and bottom intensified.

Voet et al, in prepObservations over the Yap ridge in the western Pacific



Mixing is highly variable 
and sparsely measured.

Waterhouse et al 2014



Mixing makes the oceans 
go ‘round

Oceanography  |  March 2013 87
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and later discussion). 
Quantitative transports that are the 

basis of these schematics are described 
in Quantifying Transports and Fluxes 
below, and are consistent with other 
quantitative analyses of the GOC. The 
separate roles of the IDW/PDW and 
NADW are described above, and are the 
basis for the hypothesis at the heart of 
these schematics, that the IDW/PDW 
outcrops north of the NADW in the 
Southern Ocean, and a portion of its 
transport is the dominant source of the 
northward flow of surface waters into 
the Southern Hemisphere thermocline, 
rather than the NADW.

Like all schematics, this set has its 
particular oversimplifications. Perhaps 
most importantly, the shallow overturn-
ing cells in the tropics and subtropics 
are omitted; they transport much of the 
poleward heat out of the tropics and 
redistribute much of the freshwater 
(e.g., Talley, 2003, 2008). A second 
oversimplification is that no schematic 
adequately represents the mixing that 
blurs the distinctions between juxta-
posed water masses as they move along 
together and in fact circulate in the same 

Figure 5. Schematic of the overturning circula-
tion in a two-dimensional view, with important 
physical processes listed, revised from Talley et al. 
(2011). Colors as in Figures 1 and 4. (a) Most 
complete version, including North Atlantic Deep 
Water (NADW) and Antarctic Bottom Water 
(AABW) cells, and upwelling in the Southern, 
Indian, and Pacific Oceans. (b) Incomplete single 
cell schematic, corresponding to the Gordon 
(1986a,b) and Broecker (1991) “conveyor belt,” 
which (intentionally) was associated with the 
global NADW circulation, excluding AABW, but 
thereby incorrectly excluded Southern Ocean 
upwelling of NADW. (c) Incomplete two-cell 
schematic, emphasizing the NADW and AABW 
cells, closely resembling the globally zonally 
averaged streamfunction. 
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… but which direction?
Munk  1961 Ferrari et al 2017

Water upward in interior Water downward in interior, 
upward along boundaries

w⇤ = N�2 @Jb
@z

Db

Dt
= �r · (Jb) = Kr2b

Bottom-enhanced turbulence profiles move water downward not upward!



Mixing matters for climate.

Zonal Mean Pacific Temperature Change (℃)

Change after 2000 Years with 4x10-5 m2 s-1 Added Diffusivity

Courtesy Bob Hallberg

+5 deg-5 deg



Mixing matters for climate.

Courtesy Bob Hallberg



Mixing matters for climate.

Melet et al 2016
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Importance to Climate

409

Chapter 5 Observations: Oceanic Climate Change and Sea Level

Frequently Asked Question 5.1
Is Sea Level Rising?

Yes, there is strong evidence that global sea level gradually 
rose in the 20th century and is currently rising at an increased 
rate, after a period of little change between AD 0 and AD 1900. 
Sea level is projected to rise at an even greater rate in this century. 
The two major causes of global sea level rise are thermal expan-
sion of the oceans (water expands as it warms) and the loss of 
land-based ice due to increased melting.

Global sea level rose by about 120 m during the several mil-
lennia that followed the end of the last ice age (approximately 
21,000 years ago), and stabilised between 3,000 and 2,000 years 
ago. Sea level indicators suggest that global sea level did not 
change signifi cantly from then until the late 19th century. The 
instrumental record of modern sea level change shows evidence 
for onset of sea level rise during the 19th century. Estimates for 
the 20th century show that global average sea level rose at a rate 
of about 1.7 mm yr–1. 

Satellite observations available since the early 1990s provide 
more accurate sea level data with nearly global coverage. This 
decade-long satellite altimetry data set shows that since 1993, sea 
level has been rising at a rate of around 3 mm yr–1, signifi cantly 
higher than the average during the previous half century. Coastal 
tide gauge measurements confi rm this observation, and indicate 
that similar rates have occurred in some earlier decades.

In agreement with climate models, satellite data and hydro-
graphic observations show that sea level is not rising uniformly 
around the world. In some regions, rates are up to several times the 
global mean rise, while in other regions sea level is falling. Sub-
stantial spatial variation in rates of sea level change is also inferred 
from hydrographic observations. Spatial variability of the rates of 
sea level rise is mostly due to non-uniform changes in temperature 
and salinity and related to changes in the ocean circulation. 

Near-global ocean temperature data sets made available in 
recent years allow a direct calculation of thermal expansion. It 
is believed that on average, over the period from 1961 to 2003, 
thermal expansion contributed about one-quarter of the observed 
sea level rise, while melting of land ice accounted for less than 
half. Thus, the full magnitude of the observed sea level rise during 
that period was not satisfactorily explained by those data sets, as 
reported in the IPCC Third Assessment Report.

During recent years (1993–2003), for which the observing 
system is much better, thermal expansion and melting of land 
ice each account for about half of the observed sea level rise, 
although there is some uncertainty in the estimates. 

The reasonable agreement in recent years between the observed 
rate of sea level rise and the sum of thermal expansion and loss of 
land ice suggests an upper limit for the magnitude of change in 
land-based water storage, which is relatively poorly known. Mod-
el results suggest no net trend in the storage of water over land 
due to climate-driven changes but there are large interannual and 
decadal fl uctuations. However, for the recent period 1993 to 2003, 

the small discrepancy between observed sea level rise and the sum 
of known contributions might be due to  unquantifi ed human-
induced processes (e.g., groundwater extraction, impoundment in 
reservoirs, wetland drainage and deforestation). 

Global sea level is projected to rise during the 21st century at 
a greater rate than during 1961 to 2003. Under the IPCC Special 
Report on Emission Scenarios (SRES) A1B scenario by the mid-
2090s, for instance, global sea level reaches 0.22 to 0.44 m above 
1990 levels, and is rising at about 4 mm yr–1. As in the past, sea 
level change in the future will not be geographically uniform, 
with regional sea level change varying within about ±0.15 m of 
the mean in a typical model projection. Thermal expansion is pro-
jected to contribute more than half of the average rise, but land 
ice will lose mass increasingly rapidly as the century progresses. 
An important uncertainty relates to whether discharge of ice from 
the ice sheets will continue to increase as a consequence of accel-
erated ice fl ow, as has been observed in recent years. This would 
add to the amount of sea level rise, but quantitative projections of 
how much it would add cannot be made with confi dence, owing 
to limited understanding of the relevant processes.

Figure 1 shows the evolution of global mean sea level in 
the past and as projected for the 21st century for the SRES A1B 
scenario. 

FAQ 5.1, Figure 1. Time series of global mean sea level (deviation from the 
1980-1999 mean) in the past and as projected for the future. For the period before 
1870, global measurements of sea level are not available. The grey shading shows 
the uncertainty in the estimated long-term rate of sea level change (Section 6.4.3). 
The red line is a reconstruction of global mean sea level from tide gauges (Section 
5.5.2.1), and the red shading denotes the range of variations from a smooth curve. 
The green line shows global mean sea level observed from satellite altimetry. The 
blue shading represents the range of model projections for the SRES A1B scenario 
for the 21st century, relative to the 1980 to 1999 mean, and has been calculated 
independently from the observations. Beyond 2100, the projections are increasingly 
dependent on the emissions scenario (see Chapter 10 for a discussion of sea level 
rise projections for other scenarios considered in this report). Over many centuries or 
millennia, sea level could rise by several metres (Section 10.7.4).
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Parameterized turbulence 
from Argo

Figure 1. Dissipation rate ! (W kg!1) estimated from over five years (2006 –2011) of Argo data. Estimates from high ver-
tical resolution data centered between (a) 250–500 m, (b) 500–1,000 m, and (c) 1,000–2,000 m are averaged over 1.5" square
bins and plotted if they contain more than three dissipation rate estimates. The underlying bathymetry is from the Smith and
Sandwell dataset [Smith and Sandwell, 1997] version 14.1.

Figure 2. Averaged diffusivity k (m2 s!1). Otherwise identical to Figure 1.

WHALEN ET AL.: GLOBAL OCEAN MIXING INFERRED FROM ARGO L18612L18612

3 of 6

Whalen, Talley and MacKinnon, 2012
Whalen, MacKinnon, Talley,  Waterhouse 2015

Whalen et al 2018



Our parameterizations work, 
except when they don’t.

57
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Figure 3.6: Comparisons between Argo-derived finestucture estimates and mi-
crostructure measurements for (a) the dissipation rate ✏ and (b) the di↵usivity K
between 250 and 2000 m with bootstrapped 90% confidence intervals. The means
are identical to the profiles shown in Figure 3.5. Agreement within a factor of 2
or 3 is designated by the gray bands.

Whalen et al, 2015 Waterman et al, 2014
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How do we measure turbulence 
and why should we believe it?



Microstructure:  
the pioneers

• They had to get right: 

• Shear probe and thermistor 
fabrication - fast and passivated 

• Vehicle with minimal motion 

• Calibration procedures 

• Low-noise analogue circuitry 

• Steady drop speed ~0.5-0.9 m/s 
and easy launch/recovery



Microstructure 101
Osborn (1980) Osborn/Cox (1972)



Turbulence is not hard to 
measure, nowadays

RSI microrider on slocum Epsi on wire walker OSU chi-pod on Solo RSI on ALAMO



Epsi

- All probes made and calibrated in-house at SIO 
- modern ARM-based 24-bit electronics, 32Kb RAM. 
- 422 Serial port or battery/SD card 
- Accelerometer X,Y,Z  
- 3.3 V power 
- ~ 0.3 Watt and decreasing



Epsi
Inexpensive/
modular/low 

power

With our fast 
winch for rapid 
profiles to 2000 

m

With a fishing reel 
for very cheap 

simple 
measurements

On a wire walker (or 
float or glider) for 

autonomous 
turbulence 

measurements



The Epsi-fish

- 3D printed 
- Inexpensive 
- SBE49 CTD 
- Deployable 

standalone (fishing 
reel) or real-time 
streaming and 
powered (FCTD2 
winch)



Epsi-WW: autonomous 
deployments

- Internal or 
external power 

- Sampling on 
upcasts 

- Rapid profiles 
(~20 minutes per 
250 m)



Piezoelectric bimorph beam in a stainless 
sting protected by silicon

Probe fabrication

- Fabrication time  
shear probes: 24 hours (silicon 
curing) 
FPO7: 14 hours (Epoxy curing) 

- Dimensions: 
stainless sting: ~15 cm 

  bimorph beam: 2.8 cm  
  FPO7: 0.9 cm 

    
- Epoxy and Silicon curing under 

pressure to remove bubbles. 

Resistance through 
a stainless sting 
protected by epoxy 
resin



• Shear probe calibration  

- Upgrade of the previous calibration 
system: new digital encoder + new 
processing(python) 

- Good correlation old vs new system 
- Automated database link to Matlab 

Epsilon processing

Shear probe calibration

HP3458

APL C 
code

Tank
Probe + 
Charge amp



Epsi-fish fabrication

Epsi-fish profiler:

57
 in

ch
es

- drag for fall speed~ 0.6 m/s 

- Drag synchronizer 

- Inexpensive/3D printed  

- combining SBE49 and EPSI 
into one vehicle

Epsi

SBE49
4 cm



1st Deployment 
San Diego, November 8th 2017,  SPROUL

- New shear probes 
- New FPO7 
- New free falling epsi-fish profiler 
- New MADRE board 
- EPSI + SBE49 
- Free Falling EPSI deployed from FastCTD 

winch 
- MMP deployed from FastCTD winch 
- MMP - EPSI comparison  

New features tested: 

MMP-FastCTD winch

EPSI-FastCTD winch

MMP - EPSI 
MMP-epsi comparison



Validation of Epsilon measurements  
MMP-EPSI comparison: MMP

EPSI S1
EPSI S2

Epsilon computed from 
EPSI matches MMP



1st Deployment 

MMP-EPSI comparison:

- epsilon EPSI follows epsilon  MMP 
values 

- Epsilon value between: 
 10 -10 and 10 -6 W/kg 

Because of a such a good correlation 
between MMP and ESI, an average of the 
EPSI shear spectra binned  by Epsilon 
values is expected to describe the panchev 
theoretical distribution of shear :  
 characterisation of the  epsilon range by 
EPSI  



Turbulence range with stand alone EPSI 

Shear / Panchev Comparison

Shear spectra agree with Panchev spectra across several decades of epsilon. 



Why go to all this trouble?

• Based on the MAVS 
• Modern electronics 

from gas flow 
applications 

• 1.3 MHz 
• RMS errors 0.03 cm/

s for 10-cm path 
• 3D arrays of T/R 

transducers are 
envisioned for 
“tomography” of 
turbulence in future 

• Acoustic CTD 
promising as well

The travel time current meter, modernized



Epsi on Wirewalker



Stratification
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• Plot shear versus stratification and/or velocity versus 

displacement.  Color by epsilon or K. 

• Both the locus and the phasing of mixing give useful information.

Shear and convective instability: 
Phasor diagrams

Ri<
1

Shear instability Convective instability

Turbulence
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Velocity
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Fr >1? 
Unstable 

stratification

?



Stratification

Sh
ea

r M
ag

ni
tu

de
• Plot shear versus strain and/or velocity versus displacement.  

Color by epsilon or K. 

• Both the locus and the phasing of mixing give useful information.

The idea

Ri<
1

Shear instability

Stable mean flow



Stratification

Sh
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ni
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de
• Plot shear versus strain and/or velocity versus displacement.  

Color by epsilon or K. 

• Both the locus and the phasing of mixing give useful information.

The idea

Ri<
1

Shear instability

Unstable mean flow
Turbulence



Stratification

Sh
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r M
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ni
tu

de
• Plot shear versus strain and/or velocity versus displacement.  

Color by epsilon or K. 

• Both the locus and the phasing of mixing give useful information.

The idea

Ri<
1

Shear instability

Modulated mean flow
Turbulence



Stratification

Sh
ea

r M
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ni
tu

de
• Plot shear versus strain and/or velocity versus displacement.  

Color by epsilon or K. 

• Both the locus and the phasing of mixing give useful information.

The idea

Ri<
1

Shear instability

Breaking internal tides
Turbulence



Stratification

Sh
ea

r M
ag

ni
tu

de
• Plot shear versus strain and/or velocity versus displacement.  

Color by epsilon or K. 

• Both the locus and the phasing of mixing give useful information.

The idea

Ri<
1

Shear instability

Breaking near-inertial waves
Turbulence
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Example 1: Banda Sea near-inertial wavesWeak stratification 
—>  low Ri —> 

turbulence



Example 1: Banda Sea near-inertial waves

Ri<1



Matthew Alford Flow and Mixing in the Samoan Passage Ocean Sciences 2/24/14

THE SAMOAN PASSAGE ABYSSAL MIXING EXPERIMENT

Goals
Compare volume transport 
to WOCE measurements 
20 years ago

Map flow pathways

Quantify turbulence and 
mixing, determine causes.



Example 2: Samoan 
Passage and abyssal mixing
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ALFORD ET AL.: SAMOAN PASSAGE MIXING
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Figure 1. (a) Pacific Ocean bottom temperatures from the World Ocean Circulation Experiment Global Hydrographic
Climatology [Gouretski and Koltermann, 2004], with the Samoan Passage indicated in red. Water depths less than 4500 m
are shaded gray. (b) Regional bathymetry of the Samoan Passage from a multibeam survey. Mooring locations are shown in
magenta (short-term array P) and orange (long-term array M), white points and thin white lines indicate all stations of the
hydrographic survey, and the thick white line highlights the along-stream section shown in Figure 2. (c, d) Expanded views
of two sills (boxes in Figure 1b) where high-resolution “tow-yos” (red) were conducted.

[5] To investigate these processes occurring in a key
“choke point” in the MOC, a major experimental effort is
underway that includes (1) redeploying the 1993 moored
array to investigate long-term changes in the volume trans-
port; (2) mapping the volume transport through the various
pathways of the SP, in particular, the partitioning of the flow
between the main eastern channel with sills at 4800 m and
4900 m and the broad region of narrower and shallower
(4700 m) passages to the west (Figure 1b); and (3) survey-
ing and quantifying the turbulence and the processes leading
to it. In this paper we focus primarily on the results rele-
vant to this third point, reporting elsewhere on the detailed
flow pathways.

2. Experiment and Techniques
[6] In order to accomplish our goals, it was necessary

for our sampling to span a large range of spatial scales.
The largest was the 200 km SP region, over which the
properties of the through-flowing current vary substantially.
At a finer level of detail was the complex topology of
the multiply-connected pathways that the flow can take
through the SP. And, finally, the individual passages con-
tained a variety of topographic features on the scales that
influence flow hydraulics, internal waves, and turbulence—
including numerous O(100 m) high abyssal hills. Equally
important was the requirement to measure temporal vari-
ability, given that past measurements have demonstrated

both tidal variability and low-frequency variability in
the currents.

[7] Our approach was to occupy a series of stations
arranged in sections—both across and along the principal
flow pathways (Figure 1b)—making full-depth profiles of
temperature, salinity, density, and vector velocity from a
ship-lowered instrument package, while at the same time
measuring turbulence with a free-falling microstructure pro-
filer. Since each station took 4–5 h and the entire survey
approximately 5 weeks, a short-term array of moorings was
deployed to allow the separation of tidal and low-frequency
variability from our station data.

[8] Velocity profiles were measured with a pair of
lowered Teledyne RD Instruments Acoustic Doppler
Current Profilers (LADCPs; 150 kHz looking downward and
300 kHz looking upward) affixed to the ship’s conductivity-
temperature-depth (CTD) instrument, a Sea-Bird 911plus.
Data were processed and put into Earth coordinates using
the methods of Visbeck [2002]. Richardson number [Miles,
1961; Howard, 1961] was computed from the density and
velocity profiles as Ri ! S2

N2 , where S2 =
!
@u
@z

"2 +
!
@v
@z

"2

is the squared vertical derivative of velocity and the buoy-
ancy frequency N2 = – g

!
@!
@z is a measure of the strat-

ification. Both were computed over 50 m intervals, the
approximate resolution of the LADCP velocity estimates
[Polzin et al., 2002]. Density profiles were sorted prior
to smoothing to avoid negative values of N2 and Ri in
static instabilities.

4669

Alford et al 2013Voet et al 2016



Example 2: Samoan 
Passage and abyssal mixing
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Figure 1. (a) Pacific Ocean bottom temperatures from the World Ocean Circulation Experiment Global Hydrographic
Climatology [Gouretski and Koltermann, 2004], with the Samoan Passage indicated in red. Water depths less than 4500 m
are shaded gray. (b) Regional bathymetry of the Samoan Passage from a multibeam survey. Mooring locations are shown in
magenta (short-term array P) and orange (long-term array M), white points and thin white lines indicate all stations of the
hydrographic survey, and the thick white line highlights the along-stream section shown in Figure 2. (c, d) Expanded views
of two sills (boxes in Figure 1b) where high-resolution “tow-yos” (red) were conducted.

[5] To investigate these processes occurring in a key
“choke point” in the MOC, a major experimental effort is
underway that includes (1) redeploying the 1993 moored
array to investigate long-term changes in the volume trans-
port; (2) mapping the volume transport through the various
pathways of the SP, in particular, the partitioning of the flow
between the main eastern channel with sills at 4800 m and
4900 m and the broad region of narrower and shallower
(4700 m) passages to the west (Figure 1b); and (3) survey-
ing and quantifying the turbulence and the processes leading
to it. In this paper we focus primarily on the results rele-
vant to this third point, reporting elsewhere on the detailed
flow pathways.

2. Experiment and Techniques
[6] In order to accomplish our goals, it was necessary

for our sampling to span a large range of spatial scales.
The largest was the 200 km SP region, over which the
properties of the through-flowing current vary substantially.
At a finer level of detail was the complex topology of
the multiply-connected pathways that the flow can take
through the SP. And, finally, the individual passages con-
tained a variety of topographic features on the scales that
influence flow hydraulics, internal waves, and turbulence—
including numerous O(100 m) high abyssal hills. Equally
important was the requirement to measure temporal vari-
ability, given that past measurements have demonstrated

both tidal variability and low-frequency variability in
the currents.

[7] Our approach was to occupy a series of stations
arranged in sections—both across and along the principal
flow pathways (Figure 1b)—making full-depth profiles of
temperature, salinity, density, and vector velocity from a
ship-lowered instrument package, while at the same time
measuring turbulence with a free-falling microstructure pro-
filer. Since each station took 4–5 h and the entire survey
approximately 5 weeks, a short-term array of moorings was
deployed to allow the separation of tidal and low-frequency
variability from our station data.

[8] Velocity profiles were measured with a pair of
lowered Teledyne RD Instruments Acoustic Doppler
Current Profilers (LADCPs; 150 kHz looking downward and
300 kHz looking upward) affixed to the ship’s conductivity-
temperature-depth (CTD) instrument, a Sea-Bird 911plus.
Data were processed and put into Earth coordinates using
the methods of Visbeck [2002]. Richardson number [Miles,
1961; Howard, 1961] was computed from the density and
velocity profiles as Ri ! S2

N2 , where S2 =
!
@u
@z

"2 +
!
@v
@z

"2

is the squared vertical derivative of velocity and the buoy-
ancy frequency N2 = – g

!
@!
@z is a measure of the strat-

ification. Both were computed over 50 m intervals, the
approximate resolution of the LADCP velocity estimates
[Polzin et al., 2002]. Density profiles were sorted prior
to smoothing to avoid negative values of N2 and Ri in
static instabilities.
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Example 3: Coastal turbulence and biology



La Jolla Canyon

Alberty et al 2017



Example 2: Coastal turbulence and biology

Alberty et al 2017
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When downward turbulent heat flux is 
weak, surface heat flux ‘wins’ and upper 

ocean WARMS

Moum et al 13, Nature 

When downward turbulent heat flux is 
strong (extra shear from TIWs in the 

autumn),  there’s a divergence of 
downward heat flux and upper ocean 

COOLS

Example 3: equatorial cold 
tongue SST
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 The momentum balance within Barrow Canyon is complicated. A secondary 
circulation in the across-shelf momentum equation results in a wedge shaped pyc-
nocline (with a sharper, deeper interface on the shoreward side of the canyon) 
formed between the relatively warm, fresh surface water and cold salty winter water 
at depth (Signorini et al.  1997 ). This signature has also been seen in other observa-
tions (Pickart et al.  2005 ). Using a numerical model, Signorini et al. ( 1997 ) quantify 
terms in the along-shelf momentum balance, which is infl uenced strongly by the 
propagation of coastally-trapped waves initiated through temporal variability in the 
boundary conditions. The resultant interaction of a variable barotropic fl ow with 
canyon topography yields an up-canyon fl ow of deep water. Thus, both wind-driven 
local upwelling (e.g. Weingartner et al.  1998 ) and internal canyon dynamics (poten-
tially affected by upstream changes in wind forcing) may result in up-canyon fl ow 
of Arctic halocline water. 

 The fate of the coastal current upon exiting the canyon depends upon wind con-
ditions (Okkonen et al.  2009 ) and current stability. Sea surface temperature imagery 
shows instabilities that appear to emanate from the mouth of the canyon (Fig.  6.9 ). 
These dynamical processes are likely of importance to the shelf-basin fl ux of heat, 
fresh water, carbon, and nutrients, thus impacting the ecosystem, hydrography, and 
ice cover in the deep Arctic. A combination of mechanisms have been suggested as 
candidates for eddy formation in the vicinity of Barrow Canyon, including lateral 
boundary separation at Point Barrow (D’Asaro  1988 ), barotropic instability 
(Watanabe  2011 ), and outfl ow of relatively low potential vorticity water from the 

  Fig. 6.9    Sea surface temperature (Modis Aqua) from 20 July 2009 in the vicinity of Barrow 
Canyon. The 100-, 500-, and 2,000-m isobaths are shown in  grey        
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Surface visible eddies

 ArcticMix 2015: MacKinnon, Alford, Mickett

Intra-thermocline eddies

[Fine et al, JPO 2018] 
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Measuring turbulence in the Arctic

Photo courtesy of Jen MacKinnon

[Fine et al, JPO 2018] 
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NEARFIELD 
BREAKING

Alford et al, JPO 2011, Alford et al, Nature 2015

Pickering et al 2015
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Klymak at al, JPO 2011
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Exchange with the interior

Winters 2015



BLT (boundary layer turbulence, 
and Raf’s favorite sandwich)

• Put dye in the bottom boundary layer


• Directly measure both turbulence and the 
buoyancy flux

Ferrari, Alford, Polzin, Naveira Garabato, Ledwell, Messias, Voet



Conclusions

• Turbulence is a crucial parameter to measure in order better 
understand climate, regional models, and biogeochemistry.


• We must move to measure turbulence on the Argo array of 
autonomous floats as soon as possible.


• We must understand the physics of near-bottom turbulence 
and its exchange with the interior of the ocean.
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