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The Arctic is changing
faster than anywhere 
else on Earth.

credit: C. Fukushima and J. Westerweel

• temperatures	  are	  rising	  
• sea	  and	  land	  ice	  are	  mel1ng	  
• permafrost	  is	  thawing	  
• ecosystems	  are	  changing	  
• people’s	  lives	  are	  changing

Copyright © National Academy of Sciences. All rights reserved.
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TEMPER ATUR ES AR E RISING.   

Temperatures are rising twice as fast in the Arctic 
as compared to the average global temperature rise 
(Figure 2). The most dramatic manifestation of this 
warming is seen during the Arctic winters, which 
are becoming milder. The temperature of the Arctic 

Ocean is also increasing, a pattern that is exacer-
bated as sea ice melts, leaving more of the water’s 
surface exposed and allowing more heat to be taken 
up by the open water during the summer months.

Figure 2.  Temperatures have risen 
faster in the Arctic than elsewhere on the 
globe. This map depicts the temperature 
trend from 1950 to 2014. This analysis 
was assembled using publicly available 
data from roughly 6,300 meteorological 
stations around the world; ship-based 
and satellite observations of sea surface 
temperature; and Antarctic research 
station measurements. Source: NASA 
Earth Observatory/ NASA Goddard 
Institute for Space Studies (GISS)/ 
Kevin Ward

Tiny sea snails called pteropods are one example of an Arctic marine species 
at risk from ocean acidification. Pteropods swim near the ocean surface and 
provide food for a variety of fish. Healthy pteropods have smooth, transparent 
shells (top). In lower pH conditions, pteropod shells can start to dissolve and 
appear cloudy, ragged, and pockmarked (bottom). Source: NOAA

Arctic Ocean Acidification
As well as warming the atmosphere, excess carbon dioxide is also 
absorbed by the ocean, forming carbonic acid that makes seawater 
more acidic (lower pH), a phenomenon called ocean acidification. Ocean 
acidification threatens the health of marine organisms, such as corals and 
some shellfish, which have shells composed of calcium carbonate!—!a 
material that dissolves at lower pH. As the pH of sea water decreases, it 
will become more difficult for these organisms to form or maintain their 
shells, with impacts that ripple throughout the marine ecosystem. 

The Arctic Ocean is particularly sensitive to ocean acidification: frigid 
Arctic waters absorb more carbon dioxide than temperate waters.  
Additionally, declines in the extent of summer sea ice will expose more 
ocean area, allowing for greater transfer of carbon dioxide from the 
atmosphere into the ocean. 

Copyright © National Academy of Sciences. All rights reserved.
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Figure 4. The extent of multi-year ice is decreasing rapidly. These visualizations show sea ice coverage in 1980 
(left) and 2012 (right). Multi-year ice is shown in bright white, while younger sea ice is shown in light blue to 
milky white. The data show the ice cover for the period of November 1 through January 31 in their respective 
years. Source: NASA Earth Observatory

The blanket of ice coating Earth’s northernmost seas is thin and 
ragged by summer. This photo shows scientists treading carefully 
over ice in the Canada Basin of the Arctic in July 2005. 
Source: NOAA/OAR/OER/Jeremy Potter

The Science of Predicting Sea Ice
Accurate sea ice predictions are crucial to modeling 
atmospheric and oceanographic processes, under-
standing ecological changes, and helping people 
know what to expect when venturing into the area to 
extract resources or transport goods. Scientists use 
satellites, ships, and airplanes to measure the areal 
extent of ice covering the Arctic Ocean, the thickness 
of the ice, and other characteristics. These measure-
ments are then integrated with computer models to 
project what could happen in the future.  

Despite sophisticated measurements and computer 
models, our prediction capability is limited. For 
example, seasonal forecasts from 21 research groups 
all underestimated the record-setting summer sea 
ice loss of 2012. The 2012 National Research Council 
report Seasonal-to-Decadal Predictions of Arctic Sea 
Ice: Challenges and Strategies offers strategies to 
improve sea ice projections.  

1980 2012

Source: NASA Earth Observatory / Kevin Ward 



These changes have 
global impacts.

credit: C. Fukushima and J. Westerweel

• global	  sea	  level	  rise	  
• N.	  hemisphere	  mid-‐la1tude	  weather	  
• global	  ocean	  overturning	  circula1on	  
• global	  food	  sources	  
• posi1ve	  climate	  change	  feedbacks

Copyright © National Academy of Sciences. All rights reserved.
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that global sea level may rise by an additional 
0.3–1.3 m (1 to 4 feet) by 2100. About 40 percent 
of the world’s population lives within 100 km 
of the world’s coasts. Sea-level rise (and associ-
ated storm surges) poses significant threats to 
human lives and infrastructure, especially in 

these vulnerable and densely-populated coastal 
areas. Many places are already experiencing its 
effects. For example, storm surge associated with 
Superstorm Sandy resulted in billions of dollars 
of damage to coastal homeowners, businesses, 
and transportation infrastructure (Figure 9). 

ARCTIC CHANGES R IPPLE THROUGH THE OCEANS AND 
ATMOSPHER E.   

Although the movement of wind and water 
around Earth may seem random to the untrained 
eye, there are actually patterns and processes that 
influence our weather and climate in relatively 
predictable ways. Recent changes in the Arctic, 
however, may be disrupting those patterns, mak-
ing weather and climate harder to predict. 

Which way does the wind blow? 
Changes in the Arctic have the potential to affect 
weather thousands of miles away. 

One of the most prominent factors influencing 
weather in the Northern Hemisphere is the 
jet stream, a meandering air current that flows 

around the globe in a generally eastward direction 
(Figure 10). It results from the collision of colder 
air masses from the Arctic with warmer air masses 
from the tropics.  

Because temperatures are increasing faster in the 
Arctic than at the tropics, the temperature gradient 
that drives the jet stream is becoming less intense. 
Some scientists have suggested that this could cause 
the jet stream to become weaker and more mean-
dering, causing weather patterns to become more 
persistent — that is, to stick around longer — in the 
mid-latitudes. This could result in longer droughts, 
heat waves, and cold snaps in many heavily-popu-
lated areas of North America and Europe. 

Figure 10. The jet stream — an air current generated when colder air masses from the Arctic meet warmer air masses from 
the tropics — is a major influence on weather in the Northern Hemisphere. Source: NASA

North Atlantic Ocean Circulation Today Ocean releases large amount 
of heat to atmosphere

Source: E. Paul Oberlander, Woods Hole Oceanographic Institution

Source: NASA



Key to understanding the 
ocean’s role is understanding 
ocean mixing.

credit: C. Fukushima and J. Westerweel

• key	  player	  in	  air-‐sea	  interac1ons	  
• drives	  ocean	  heat	  flux	  to	  the	  ice	  pack	  above	  
• controls	  delivery	  of	  nutrients	  to	  sunlit	  waters	  
• drives	  water	  mass	  transforma1ons	  and	  sets	  
the	  density	  of	  waters	  exported	  to	  the	  global	  
overturning	  circula1on	  

• cri1cally	  important	  to	  accurate	  models	  of	  the	  
ocean	  &	  robust	  predic1ons	  of	  change

Source: C. Fukushima and J. Westerweel



We are limited by a lack 
of observations.

credit: C. Fukushima and J. Westerweel

• measuring	  small-‐scale	  turbulence	  in	  the	  ocean	  
is	  difficult	  &	  1me-‐consuming	  

• consequently	  turbulence	  observa1ons	  in	  the	  
world’s	  oceans	  remain	  sparse	  despite	  50	  years	  
of	  measurement	  

• harsh	  &	  isolated	  Arc1c	  environment	  make	  
measurements	  of	  ocean	  mixing	  in	  the	  Arc1c	  to	  
date	  extremely	  rare

Oceanography |  Vol.24, No.3138

energy. Estimates of vertical heat fluxes 
through the “staircase” structures in 
temperature and salinity capping the 
thick (~ 1,000 m) homogeneous bottom 
layer in the Canada Basin (Timmermans 
and Garrett, 2006) suggest that small 
double-diffusive fluxes dominate vertical 
exchange of interior processes, such that 
the deep waters are effectively isolated 
from the layers above. Similarly, in the 
Eurasian Basin, Björk and Winsor (2006) 
find thick (300–800 m) bottom layers, 
infer weak interior mixing, and invoke 
lateral intrusions along the bound-
aries to account for (slow) estimated 

renewal rates. Direct full-water-column 
microstructure measurements across 
the entire Arctic (Rainville and Winsor, 
2008) confirm that turbulence levels 
in the deep interior basins are below 
measurable limits. 

Relative to the freezing temperature, 
the upper Arctic water column carries a 
significant amount of heat, particularly 
in the Atlantic Water (AW) layer, found 
throughout the Arctic between 200 and 
800 m depth, and, in the western Arctic 
basins, in the Pacific Summer Water 
(PSW) layer, characterized by a tempera-
ture maximum typically found between 

50 and 100 m. Heat contained in these 
water masses could drive significant 
melting if brought into contact with sea 
ice. Generally, however, studies from 
the ice-covered centers of basins find 
the surface mixed layer to be isolated 
from the influence of the deeper water 
masses by strong stratification within the 
halocline (Aagaard et al., 1981). Based 
on over 400 microstructure profiles 
collected over two months, Padman 
and Dillon (1987) conclude that there is 
no significant upward vertical heat flux 
from AW in the central Canada Basin. 
More recently, Toole et al. (2010) and 
Jackson et al. (2010) analyze measure-
ments from Ice-Tethered Profilers (ITP) 
and ship-based hydrographic surveys 
in the Canada Basin and both find that 
the surface mixed layer is warming and 

Luc Rainville (rainville@apl.washington.edu) is Oceanographer IV and Affiliate 
Assistant Professor, Craig M. Lee is Principal Oceanographer and Associate Professor, 
Rebecca A. Woodgate is Principal Oceanographer and Associate Professor, all at the 
Applied Physics Laboratory, University of Washington, Seattle, WA, USA.
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Figure 1. Map of the Arctic 
Ocean, indicating the sparse 
coverage of Arctic microstruc-
ture measurements: vertical 
mixing is estimated to be very 
small along the drift of ice 
camps (orange lines: AIWEX, 
Padman and Dillon, 1987; 
SHEBA, Shaw et al., 2008), 
and from deep profiles of the 
interior (red dots: Rainville 
and Winsor, 2008; orange 
square: Fer, 2009). There is 
some evidence of elevated 
mixing near the boundaries 
(pink star: Padman and Dillon, 
1991, and Fer et al., 2010; pink 
dots: Sundfjord et al., 2007; 
pink squares: Sirevaag and Fer, 
2009), but values are still very 
weak, even in the boundary 
current (magenta lines from 
the Nansen and Amundsen 
Basins Observational System, 
NABOS, Lenn et al., 2009). 
Locations of indirect estimates 
are not plotted. 
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Based on the observations that do exist, it is clear 
our picture of Arctic mixing is incomplete.

• mixing	  rates	  over	  mul1ple	  orders	  of	  magnitude	  are	  reported	  
• majority	  of	  studies	  rely	  on	  a	  small	  number	  of	  profiles	  precluding	  the	  possibility	  for	  
sta1s1cal	  significance	  especially	  given	  the	  “patchy”	  nature	  of	  turbulence	  

• space-‐1me	  variability	  is	  not	  adequately	  characterized:	  impossible	  to	  put	  isolated	  
measurements	  in	  proper	  context



credit: C. Fukushima and J. Westerweel

Our Research 
Activities

cred: NOAA Geophysical Fluid Dynamics Laboratory

Processes that transport or modify watermasses

• quan1fying	  mixing	  rates	  
• mapping	  mixing’s	  space-‐1me	  
variability	  

• understanding	  the	  physical	  
mechanisms	  that	  led	  to	  &	  
generate	  mixing	  

• considering	  the	  implica1ons	  of	  
mixing	  rates	  &	  mechanisms	  on	  
ocean	  func1oning,	  the	  climate	  
system	  &	  marine	  ecosystems

Source: NOAA Geophysical Fluid Dynamics Laboratory



credit: C. Fukushima and J. Westerweel

Our Approach
address	  the	  data	  gap	  by	  exploi1ng	  autonomous	  (robo1c)	  instrument	  plaOorms	  to	  collect	  high-‐
density,	  sta1s1cally	  significant	  measurements	  of	  mixing



credit: C. Fukushima and J. Westerweel

Gliders: Autonomous, high-
endurance, low-noise ocean 
observing platforms
• marine	  robot	  that	  carries	  oceanographic	  
instrumenta1on	  

• propelled	  by	  adjus1ng	  its	  buoyancy	  to	  create	  
ver1cal	  mo1on;	  fixed	  wings	  translate	  a	  
component	  of	  this	  to	  horizontal	  mo1on	  
crea1ng	  a	  saw-‐tooth	  mo1on	  

• navigates	  to	  predefined	  waypoints	  by	  internal	  
compass	  &	  accelerometers;	  adjusts	  its	  heading	  
with	  a	  small	  tail	  fin	  

• surfaces	  at	  pre-‐determined	  intervals	  to	  
communicate	  via	  satellite:	  transmits	  data	  and	  
receives	  updated	  instruc1ons

Gliders: Autonomous Observing Platforms
• Marine robot that carries oceanographic instruments 
• Travels along a preprogrammed path in a sawtooth pattern. 

Maximum depth 200 m or 1000 m.

• Communicates 
via radio or 
satellite every 
4-24 hours 

• No communica-
tions when 
under water 

• CTD; oxygen; 
fluorescence; 
acoustics; 
microstructure

image: Teledyne Webb Research

~ 2 m

Source: Teledyne Webb Research



credit: C. Fukushima and J. Westerweel

Gliders: Autonomous, high-
endurance, low-noise ocean 
observing platforms

~ 2 m

cred: Waterhouse et al. 2014:  Global Patterns 
of Diapycnal Mixing from Measurements of the 
Turbulent Dissipation Rate, JPO (44). 

How do we measure mixing in the ocean?
A: Small-scale velocity-

shear fluctuations
• equipped	  with	  scien1fic	  sensors	  to	  suit:	  we	  
measure	  temperature,	  conduc1vity	  (from	  
which	  salinity	  &	  density	  can	  be	  derived),	  
dissolved	  oxygen	  &	  metrics	  for	  phytoplankton	  
abundance	  

• an	  external	  highly-‐sensi1ve,	  fast-‐sampling	  
microstructure	  instrument	  measures	  shear	  
and	  temperature	  fluctua1ons	  at	  dissipa1ve	  
(O(1	  cm))	  scales	  from	  which	  rates	  of	  turbulent	  
mixing	  can	  be	  derived	  

Source: Rockland Scientific International



credit: C. Fukushima and J. Westerweel

Gliders: An ideal platform for 
measuring ocean turbulence

• high	  endurance	  —>	  capable	  of	  collec1ng	  
unprecedented	  density	  of	  measurements	  
adequate	  for	  the	  proper	  sta1s1cal	  
characteriza1on	  of	  turbulent	  metrics	  

• low	  noise	  —>	  capable	  of	  resolving	  extremely	  
low	  turbulent	  energy	  levels	  &	  mixing	  rates

Measurement Distribution
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• Number of individual dissipation 
measurements: N=48,857  

• Number of duplicates: n=17,761 
• Sufficient measurements to create 

statistical distributions 
• Dissipation-rate measurements span 

between O(10-11)—O(10-7) W/kg 
• Strong bias for low dissipation rates 

• Peak: ~7x10-11 W/kg 
• IQR:  6×10−11 — 4×10−10 W/kg  

• Of duplicates, 90% within a factor of five

N=48,857

Credit: Benjamin Scheifele



credit: C. Fukushima and J. Westerweel

cred: Apple Maps

Beaufort Sea and the Amundsen GulfGlider deployment in the Beaufort Sea

Today…



2.1 Measurements - Glider Track

• Amundsen Gulf, max depth 450 m 
• Seasonally ice-free; winter polynya

• Glider track: 11 days, 185 kms 
• 345 CTD and Microstructure profiles
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credit: C. Fukushima and J. Westerweel

UBC Ocean Turbulence Glider Mission: 
Western Canadian Arctic August 2015

• entrance	  to	  a	  passage	  for	  Arc1c-‐exported	  
waters	  to	  the	  N.	  Atlan1c	  

• varied	  topography:	  deep	  basin,	  slope	  &	  shelf	  
• 11	  days;	  185	  km	  
• 345	  CTD	  &	  microstructure	  profiles

• densest	  microstructure	  sampling	  
scheme	  in	  the	  Arc1c	  Ocean	  to	  date	  

• first	  to	  sta1s1cally	  demonstrate	  the	  
natural	  variability	  of	  turbulence	  in	  this	  
region	  

Credit: Benjamin Scheifele



3.1 CTD Temperature & Stratification

• Salinity-stratified 
• Cold Pacific layer 

over warm Atlantic 
layer 

• High stratification 
in the top 250 m 

• Dynamics: eddy, 
internal waves, 
boundary current
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UBC Ocean Turbulence Glider Mission: 
Western Canadian Arctic August 2015
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Credit: Benjamin Scheifele



Measurement Distribution
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• Number of individual dissipation 
measurements: N=48,857  

• Number of duplicates: n=17,761 
• Sufficient measurements to create 

statistical distributions 
• Dissipation-rate measurements span 

between O(10-11)—O(10-7) W/kg 
• Strong bias for low dissipation rates 

• Peak: ~7x10-11 W/kg 
• IQR:  6×10−11 — 4×10−10 W/kg  

• Of duplicates, 90% within a factor of five

N=48,857

Main Findings To Date
1. glider observations of turbulence show turbulent energy is highly spatially variable; it 

is often weak but not weak everywhere

Shear log10(ε)  [W/kg] MicT log10(ε)  [W/kg]

 ε  [W/kg]

3.2 Results - Dissipation Rates

• Dissipation Rate of TKE: energetic patches 
superimposed on low-energy background state 

• ε = O(10-11) — O(10-8) W/kg 
• Boundary current a prominent “high” turbulence region 
• Temperature measures lower background state

de
pt
h(
m
)

Cast	  Number

Credit: Benjamin Scheifele



Main Findings To Date
2. stratification also varies significantly both in the vertical and regionally; thus the 

influence of stratification in suppressing turbulent mixing also is highly spatially 
variable

3.1 CTD Temperature & Stratification

• Salinity-stratified 
• Cold Pacific layer 

over warm Atlantic 
layer 

• High stratification 
in the top 250 m 

• Dynamics: eddy, 
internal waves, 
boundary current
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Credit: Benjamin Scheifele



Main Findings To Date
3. when both turbulent energy & stratification are considered, most places observed are 

in a non-turbulent mixing regime; this means the mixing rate is well characterized by 
molecular diffusivity values (and is very weak)

4.2 Low Turbulence & Patchiness
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91%

• ReB the ratio of destabilizing 
turbulence to stabilizing 
stratification, critical val ~10 

• Osborn 1980: Kρ = Γε/N2  
• We threshold Γ at ReB=10
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Credit: Benjamin Scheifele



Main Findings To Date
4. there exist a small number of times/places where turbulence is significant and mixing rates 

are expected to be much higher; a small number of “mixing hotspots” are likely to 
contribute disproportionately to the net mixing/water mass transformation in the region4.2 Low Turbulence & Patchiness
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• ReB the ratio of destabilizing 
turbulence to stabilizing 
stratification, critical val ~10 

• Osborn 1980: Kρ = Γε/N2  
• We threshold Γ at ReB=10

4.2 Low Turbulence & Patchiness
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turbulence to stabilizing 
stratification, critical val ~10 

• Osborn 1980: Kρ = Γε/N2  
• We threshold Γ at ReB=10
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Main Findings To Date
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Implications	for	Heat	Flux

Measured	and	inferred	internal	wave-
driven	properties	indicate	wide	spread	
in	the	distribution	of	values,	as	well	as	
regional	and	depth	variability

Our	results	separate	varying	dynamics	
in	the	cold	halocline	(CHL),	Atlantic	
Water	(AW)	thermocline,	and	AW	heat	
core,	since	these	water	masses	are	
likely	to	play	key	roles	in	supressing	and	
enhancing	vertical	heat	transport

Purpose:	to	exploit	a	unique,	widely	distributed	Arctic	dataset	to	quantify	
the	time	and	space	variability	of	internal	wave	energy	and	strain	spectra,	

investigate	patterns	in	stratification,	and	analyze	their	combined	
potential	impact	on	mixing	variability	in	the	Canadian	Arctic	Ocean.

1) What	attributes	characterize	the	spatial	and	temporal	variability	of	internal	wave	
energy	in	the	Canadian	Arctic	Ocean,	and	how	do	these	patterns	contribute	to	
inferred	mixing	variability?

2) Are	there	dominant	relationships	between	estimated	internal	wave-driven	
turbulent	dissipation	and	local	wave	sources,	such	as	rough	topography,	wind	
energy,	and	tidal	forcing?

3) What	spatial	and	temporal	trends	exist	in	the	strength	of	the	stratification	
across	the	Cold	Halocline	and	Atlantic	Water	thermocline	layers?	

4) How	do	the	distributions	of	estimated	turbulent	dissipation	rates	and	
stratification	strength	interact	to supress	or	enhance	potential	mixing	hot	spots
that	may disrupt	the	typically	quiescent	Arctic	Ocean	interior?	

The potential energy, Ep, is a function
of the depth-averaged stratification, N,
and the integrated spectra !; it is the
energy available to be converted into
kinetic energy and contribute to ocean
mixing [6]
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è Research Questions:

Objectives

Fig.	3:	Internal	wave	amplitudes	in	the	Canada	Basin	
showing	enhanced	internal	wave	generation	during	
periods	of	summer	sea	ice	melt	and	strong	winter	
storms [4].

Its unique stratification acts as a
barrier to vertical heat transport,
preventing the upward mixing of
heat stored in deep, warm Atlantic-
sourced water and isolating the
surface sea-ice pack [2] (Fig. 1)

The Arctic Ocean is characterized by remarkably
low energy levels and mixing rates relative to
the rest of the world’s oceans [1]

Fig.	2:	Schematic	of	speculated	changes	in	
Arctic	Ocean	mixing	processes	associated	with	
decreased	multiyear	ice,	intensification	of	
storms,	and	increased	sea	ice	drift	speeds [3].

Fig.	1:	Sample	profile	(left)	and	
schematic	of	Arctic	Ocean	
stratification	(above) [2].

Strong	stratification	in	the	halocline	(from	the	mixed	layer	depth	(MLD)	
to	the	cold	halocline	(CHL)	temp.	minimum)	and	the	thermocline	(from	
the	CHL	temp.	minimum	to	the	Atlantic	Water	(AW)	temp.	maximum)	
inhibit	vertical	mixing.

A better understanding of internal wave-
driven mixing and its role in governing heat
fluxes is central to predicting the future state
of the evolving Arctic Ocean environment

Changing Arctic conditions have the potential
to contribute to increased ocean mixing rates
and the subsequent erosion of the Arctic
Ocean stratification barrier [3] (Fig. 2);
Observed decreases in sea ice cover and the
intensification of storms have been linked to
enhanced internal wave activity [4] (Fig. 3)

Methods

è Internal	Wave-Driven	Dissipation

Properties	of	the	internal	wave	field	are	characterized	by:

I. the	potential	energy	density	at	internal	wave	vertical	scales
II. internal	wave	strain	spectra
III. turbulent	dissipation	rates	associated	with	internal	wave	breaking,		

estimated	via	a	finescale	parameterization	[5]

Strain is … … where the background
stratification profile, Nref , is a quadratic fit to
the observed data

Fig.	6:	…

è Internal	Wave-Driven	Diffusivity

è Internal	Wave	Energy

ratio	of	strain	variances	(observed	
to	Garret-Munk)	integrated	
over	internal	wave	scales	

latitudinal	
correction

internal	wave	field	frequency	content	
as	a	function	of	the	shear/strain	ratio

(assumed	fixed	here)

IW
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IW

§ Internal wave potential energy available for turbulent ocean mixing ranges across
four orders of magnitude (10-9 to 10-6m2/s2), generally increasing with stratification

§ Inferred turbulent kinetic energy dissipation and vertical diffusivity rates
associated with internal wave breaking also exhibit wide variability, with peaks
near commonly reported values of 10-9 W/kg and 10-5 m2/s respectively; the
occurrence of few large measurements may disproportionately contribute to
mixing hot spots.

§ Stratification strength (fundamentally linked to mixing rates) varies both regionally
from west to east and in depth across the Cold Halocline (CHL), Atlantic Water
(AW) Thermocline, and near the AW temperature maximum (typically around 300-
400m). The strongest barriers to mixing occur in the CHL and near the Beaufort
Sea in the western Canadian Arctic

§ Estimates of the Buoyancy Reynolds number provide insight into where local
turbulence is capable of overcoming stratification and generating relevant heat
fluxes; its distribution further cautions where diffusivity estimates are valid

The amplitude of vertical internal wave displacements,
!, is determined by identifying density fluctuations, "ʹ,
that perturb the background state, "ref (where " is the
raw, observed density profile)

Fig.	5:	Sample	! spectrum	from	the	Beaufort	Sea	on	11/6/2003,	
shown	with	95%	confidence	intervals.	Shaded	box	indicates	the	
integrated	waveband	interval	used	to	calculate	Ep.

Fig.	4:	Between	2002	and	2014,	ArcticNet	(a	Canadian	collaborative	research	network)	has	
collected	over	3000	geographically	distributed	vertical	profiles	of	ocean	temperature	and	
salinity in	the	study	region.	

Inferred vertical diffusivity values are then obtained
via the Osborn relation, where the mixing efficiency #
is taken to be 0.2 [8]

Anything else … … ?

Fig. 8: Distribution of (a) measured stratification, (b) estimated turbulent dissipation, and (c) estimated vertical
diffusivity rates for all profiles, vertically averaged over three dynamical depth ranges. Blue, red, and orange
bars represent averages across: the base of the mixed layer to the CHL temp. min, the CHL temp. min to the AW
temp. max, and the 100m thick water mass that is centered around the AW temp. max, respectively.

Fig. 9: Regionally averaged vertical profiles of the same quantities as Fig. 7. Shaded areas indicated 95%
confidence intervals

Fig. 7: Correlation between internal wave potential energy
and stratification strength. Weaker regional links are likely
predominantly driven by stratification (see Fig 9).

Fig. 10: (a) Distribution of the Buoyancy Reynolds number averaged over the AW
thermocline. The majority of data falls below the critical value that describes
when turbulent mixing can occur. (b) Locations where Rb is surpasses the critical
value of log10(20) ≈1.3

The	Buoyancy	Reynolds	number
measures	turbulent	efficiency	in	
overcoming	stratification;	mixing	
only	becomes	important	above	a	
critical	value	(here	set	to	20	[9])	

Spatial variability of AW temperature maxima, combined with stratification strength
and diffusivity estimates, provide early insight into potential mixing ‘hot-spot’
regimes; there may be greater risk of large heat fluxes toward the surface sea ice pack
during strong mixing events (e.g. winter storms) near Baffin Bay where stratification is
low and the AW heat core is warmer than in the west

Quick justification for the finescale
parameterization equation used below … …

(include ref for equation)
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Implications	for	Heat	Flux

Measured	and	inferred	internal	wave-
driven	properties	indicate	wide	spread	
in	the	distribution	of	values,	as	well	as	
regional	and	depth	variability

Our	results	separate	varying	dynamics	
in	the	cold	halocline	(CHL),	Atlantic	
Water	(AW)	thermocline,	and	AW	heat	
core,	since	these	water	masses	are	
likely	to	play	key	roles	in	supressing	and	
enhancing	vertical	heat	transport

Purpose:	to	exploit	a	unique,	widely	distributed	Arctic	dataset	to	quantify	
the	time	and	space	variability	of	internal	wave	energy	and	strain	spectra,	

investigate	patterns	in	stratification,	and	analyze	their	combined	
potential	impact	on	mixing	variability	in	the	Canadian	Arctic	Ocean.

1) What	attributes	characterize	the	spatial	and	temporal	variability	of	internal	wave	
energy	in	the	Canadian	Arctic	Ocean,	and	how	do	these	patterns	contribute	to	
inferred	mixing	variability?

2) Are	there	dominant	relationships	between	estimated	internal	wave-driven	
turbulent	dissipation	and	local	wave	sources,	such	as	rough	topography,	wind	
energy,	and	tidal	forcing?

3) What	spatial	and	temporal	trends	exist	in	the	strength	of	the	stratification	
across	the	Cold	Halocline	and	Atlantic	Water	thermocline	layers?	

4) How	do	the	distributions	of	estimated	turbulent	dissipation	rates	and	
stratification	strength	interact	to supress	or	enhance	potential	mixing	hot	spots
that	may disrupt	the	typically	quiescent	Arctic	Ocean	interior?	

The potential energy, Ep, is a function
of the depth-averaged stratification, N,
and the integrated spectra !; it is the
energy available to be converted into
kinetic energy and contribute to ocean
mixing [6]
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Fig.	3:	Internal	wave	amplitudes	in	the	Canada	Basin	
showing	enhanced	internal	wave	generation	during	
periods	of	summer	sea	ice	melt	and	strong	winter	
storms [4].

Its unique stratification acts as a
barrier to vertical heat transport,
preventing the upward mixing of
heat stored in deep, warm Atlantic-
sourced water and isolating the
surface sea-ice pack [2] (Fig. 1)

The Arctic Ocean is characterized by remarkably
low energy levels and mixing rates relative to
the rest of the world’s oceans [1]

Fig.	2:	Schematic	of	speculated	changes	in	
Arctic	Ocean	mixing	processes	associated	with	
decreased	multiyear	ice,	intensification	of	
storms,	and	increased	sea	ice	drift	speeds [3].

Fig.	1:	Sample	profile	(left)	and	
schematic	of	Arctic	Ocean	
stratification	(above) [2].

Strong	stratification	in	the	halocline	(from	the	mixed	layer	depth	(MLD)	
to	the	cold	halocline	(CHL)	temp.	minimum)	and	the	thermocline	(from	
the	CHL	temp.	minimum	to	the	Atlantic	Water	(AW)	temp.	maximum)	
inhibit	vertical	mixing.

A better understanding of internal wave-
driven mixing and its role in governing heat
fluxes is central to predicting the future state
of the evolving Arctic Ocean environment

Changing Arctic conditions have the potential
to contribute to increased ocean mixing rates
and the subsequent erosion of the Arctic
Ocean stratification barrier [3] (Fig. 2);
Observed decreases in sea ice cover and the
intensification of storms have been linked to
enhanced internal wave activity [4] (Fig. 3)

Methods

è Internal	Wave-Driven	Dissipation

Properties	of	the	internal	wave	field	are	characterized	by:

I. the	potential	energy	density	at	internal	wave	vertical	scales
II. internal	wave	strain	spectra
III. turbulent	dissipation	rates	associated	with	internal	wave	breaking,		

estimated	via	a	finescale	parameterization	[5]

Strain is … … where the background
stratification profile, Nref , is a quadratic fit to
the observed data

Fig.	6:	…

è Internal	Wave-Driven	Diffusivity

è Internal	Wave	Energy

ratio	of	strain	variances	(observed	
to	Garret-Munk)	integrated	
over	internal	wave	scales	

latitudinal	
correction

internal	wave	field	frequency	content	
as	a	function	of	the	shear/strain	ratio

(assumed	fixed	here)
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§ Internal wave potential energy available for turbulent ocean mixing ranges across
four orders of magnitude (10-9 to 10-6m2/s2), generally increasing with stratification

§ Inferred turbulent kinetic energy dissipation and vertical diffusivity rates
associated with internal wave breaking also exhibit wide variability, with peaks
near commonly reported values of 10-9 W/kg and 10-5 m2/s respectively; the
occurrence of few large measurements may disproportionately contribute to
mixing hot spots.

§ Stratification strength (fundamentally linked to mixing rates) varies both regionally
from west to east and in depth across the Cold Halocline (CHL), Atlantic Water
(AW) Thermocline, and near the AW temperature maximum (typically around 300-
400m). The strongest barriers to mixing occur in the CHL and near the Beaufort
Sea in the western Canadian Arctic

§ Estimates of the Buoyancy Reynolds number provide insight into where local
turbulence is capable of overcoming stratification and generating relevant heat
fluxes; its distribution further cautions where diffusivity estimates are valid

The amplitude of vertical internal wave displacements,
!, is determined by identifying density fluctuations, "ʹ,
that perturb the background state, "ref (where " is the
raw, observed density profile)

Fig.	5:	Sample	! spectrum	from	the	Beaufort	Sea	on	11/6/2003,	
shown	with	95%	confidence	intervals.	Shaded	box	indicates	the	
integrated	waveband	interval	used	to	calculate	Ep.

Fig.	4:	Between	2002	and	2014,	ArcticNet	(a	Canadian	collaborative	research	network)	has	
collected	over	3000	geographically	distributed	vertical	profiles	of	ocean	temperature	and	
salinity in	the	study	region.	

Inferred vertical diffusivity values are then obtained
via the Osborn relation, where the mixing efficiency #
is taken to be 0.2 [8]

Anything else … … ?

Fig. 8: Distribution of (a) measured stratification, (b) estimated turbulent dissipation, and (c) estimated vertical
diffusivity rates for all profiles, vertically averaged over three dynamical depth ranges. Blue, red, and orange
bars represent averages across: the base of the mixed layer to the CHL temp. min, the CHL temp. min to the AW
temp. max, and the 100m thick water mass that is centered around the AW temp. max, respectively.

Fig. 9: Regionally averaged vertical profiles of the same quantities as Fig. 7. Shaded areas indicated 95%
confidence intervals

Fig. 7: Correlation between internal wave potential energy
and stratification strength. Weaker regional links are likely
predominantly driven by stratification (see Fig 9).

Fig. 10: (a) Distribution of the Buoyancy Reynolds number averaged over the AW
thermocline. The majority of data falls below the critical value that describes
when turbulent mixing can occur. (b) Locations where Rb is surpasses the critical
value of log10(20) ≈1.3

The	Buoyancy	Reynolds	number
measures	turbulent	efficiency	in	
overcoming	stratification;	mixing	
only	becomes	important	above	a	
critical	value	(here	set	to	20	[9])	

Spatial variability of AW temperature maxima, combined with stratification strength
and diffusivity estimates, provide early insight into potential mixing ‘hot-spot’
regimes; there may be greater risk of large heat fluxes toward the surface sea ice pack
during strong mixing events (e.g. winter storms) near Baffin Bay where stratification is
low and the AW heat core is warmer than in the west

Quick justification for the finescale
parameterization equation used below … …

(include ref for equation)

5. comparisons with indirect estimates of turbulence 
and mixing from a wide-spread historical data set 
suggest the variability observed is typical of the 
Canadian Arctic region more generally

Credit: Melanie Chanona



Implications for Arctic Sea Ice 5. Summary/Conclusions
• 348 CTD and Microstructure profiles in the 

Beaufort Sea, measured by a glider 

• Dissipation rate ε simultaneously from shear 
and temperature 

• Shear tends to overestimate mean dissipation 
rates in this low-turbulence regime 

• Stratification tends to dominate turbulence 

• Turbulent heat fluxes and mixing through 
pycnocline are minimal

• we	  seek	  to	  understand	  the	  capacity	  of	  the	  changing	  
Arc1c	  Ocean	  to	  mix	  warm	  subsurface	  Atlan1c-‐sourced	  
waters	  to	  sea-‐ice	  above	  

• our	  measurements	  suggest	  that	  the	  background	  
turbulent	  energy	  would	  have	  to	  increase	  by	  at	  least	  an	  
order	  of	  magnitude	  to	  drive	  a	  meaningful	  ver1cal	  heat	  
flux	  

• at	  present	  heat	  in	  the	  warm	  Atlan1c	  Water	  layer	  
seems	  rela1vely	  safely	  sequestered	  
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Credit: Benjamin Scheifele



Place within Commonwealth Science 
• Arc1c	  research	  is	  an	  interna1onal	  effort;	  a	  significant	  
player	  is	  the	  UK	  through	  the	  NERC	  Arc1c	  Research	  
Programme	  	  

• targeted	  funding	  to	  support	  UK	  researchers	  in	  
Canadian-‐funded	  projects	  in	  the	  Canadian	  Arc1c	  (the	  
UK	  &	  Canada	  Arc,c	  Partnership	  Bursaries	  Programme)	  
promotes	  collabora1on	  

• similar	  small	  grant	  programs	  to	  allow	  Commonwealth	  
scien1sts	  to	  par1cipate	  in	  already-‐funded	  projects	  has	  
poten1al	  to	  return	  large	  gains	  for	  small	  investments	  and	  
foster	  partnerships	  

• support	  of	  academic	  exchanges	  for	  students	  and	  
researchers	  also	  effec1ve	  



Place within Commonwealth Science 

• the	  UK	  &	  Australia	  provide	  excellent	  
models	  for	  the	  coordinated	  management	  
of	  autonomous	  ocean	  observing	  assets	  
for	  research	  &	  sustained	  ocean	  
monitoring	  

• the	  promo1on	  of	  the	  combined	  efforts	  
of	  Commonwealth	  na1ons	  in	  observing	  
the	  world	  ocean	  could	  showcase	  the	  
contribu1on	  &	  collabora1on	  of	  
Commonwealth	  na1ons	  in	  this	  arena	  to	  
the	  world	  

Source: Australian National Facility for Ocean Gliders (ANFOG)



Summary
• improving	  our	  understanding	  of	  ocean	  mixing	  is	  cri1cal	  to	  understanding	  ocean	  func1oning	  
and	  the	  ocean’s	  role	  in	  the	  climate	  system	  &	  our	  ability	  to	  design	  accurate	  models	  of	  ocean	  
circula1on	  and	  make	  robust	  predic1ons	  of	  climate	  change	  

• we	  are	  working	  to	  address	  the	  data	  gap	  by	  exploi1ng	  autonomous	  instrument	  plaOorms	  to	  
collect	  high-‐density,	  sta1s1cally	  significant	  measurements	  of	  mixing	  

• collec1on	  of	  an	  unprecedented	  data	  set	  of	  ocean	  mixing	  rates	  in	  the	  Canadian	  Arc1c	  reveals	  
immense	  1me-‐space	  variability	  of	  mixing	  rates	  &	  iden1fies	  mixing	  hotspots	  that	  contribute	  
dispropor1onately	  to	  the	  net	  water	  mass	  transforma1on	  in	  the	  region



Some more general take-home messages
• we	  need	  sufficient	  observa1ons	  to	  adequately	  define	  the	  sta1s1cal	  distribu1on	  of	  metrics	  of	  
ocean	  dynamics;	  especially	  important	  for	  small	  length-‐scale/short	  1me-‐scale	  processes	  

• autonomous	  plaOorms	  are	  a	  promising	  addi1on	  to	  our	  toolbox	  for	  ocean	  observing	  going	  
forward	  

• it	  is	  cri1cal	  to	  con1nue	  to	  observe	  mixing	  in	  the	  ocean	  to:	  
1. understand	  underpinning	  mechanisms	  and	  design	  physically-‐based	  parameteriza1ons	  for	  

mixing	  in	  models	  	  
2. understand	  the	  implica1ons	  of	  our	  simplified	  representa1on	  of	  mixing	  in	  models	  on	  the	  

metrics	  that	  we	  care	  about	  
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