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The Arctic is changing 
faster than anywhere 
else on Earth.

• temperatures are rising

• land & sea ice is melting

• permafrost is thawing

• ecosystems are changing

• people’s lives are being affected

K. Ward

1979 2022 
3

8 

12.4% per decade

Se
pt

em
be

r  
se

a 
ice

 
ex

te
nt

 (x
10

6
km

2 ) 



These changes have 
global impact.

• global sea level rise

• N. Hemisphere weather

• ocean overturning circulation

• global food sources

• climate change feedbacks

NASA 

P. Oberlander



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

• sets air-sea exchanges
• drives ocean heat flux to the surface ice pack
• controls delivery of nutrients to sunlit waters
• sets density of waters exported to the global overturning circulation
• critical to accurate models of the ocean & robust predictions of change

J. Feldschuh
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Our understanding of ocean mixing is limited by a 
scarcity of measurements.

• measuring ocean turbulence is difficult, 
time-consuming & requires specialized 
instrumentation à measurements in 
the world’s oceans remain sparse



Our understanding of ocean mixing is limited most 
by a scarcity of measurements.

• measuring ocean turbulence is difficult, 
time-consuming & requires specialized 
instrumentation à measurements in 
the world’s oceans remain sparse

• ‘direct’ measurements of ocean mixing 
in the Arctic Ocean are extremely rare
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Figure 1 | Map of the Arctic Ocean showing the bathymetry and the location of the microstructure profiler measurements. Marker shape indicates the
sea-ice conditions during those measurements (circle—open water/low ice cover, triangle—significant (>70%) ice cover). The colours refer to the
geographical location of the measurements (consistent with Figs 2 and 3). The numbers refer to transects shown in Fig. 3. Typical temperature profiles are
shown for the continental slope region (black in open water and red under sea ice) and for the central Arctic Ocean (grey) to the north of Svalbard.

break (average "⇠3⇥10�9 Wkg�1 compared with central Canada
Basin average values of <10�9 Wkg�1). Previous observations of
water-column structure in this region have revealed the absence of
thermohaline staircases over this slope, an indicator of significant
turbulent mixing at intermediate depths5. The new observations
reveal that, although the AW thermocline-averaged " seems
insensitive to sea-ice cover and bathymetry, there is significant
variation with both local topographic slope and location around the
Arctic Ocean margins.

Two sources of kinetic energy are usually implicated in driving
turbulent mixing in the ocean: wind and tide20. Recent studies
have suggested increased momentum transfer from the wind to the
ocean associated with declining seasonal sea-ice cover potentially
leading to increased mixing21–23. The results presented here provide
no evidence that the AW thermocline-averaged " is sensitive to sea-
ice conditions in locations where observations weremade in varying
ice conditions, implying that the wind is of lesser importance
in supplying energy to mixing at intermediate depths. However,
the observed longitudinal variation in transect-mean dissipation
(✏AW—obtained by averaging the profile-integrated ", for the AW
thermocline, for all profiles taken over the continental slope in
each transect) does correlate with the tidal energy dissipation rate,
Dtide (Fig. 3). This is computed as the di�erence between the
rate of work by the tide-generating force and the divergence of

the energy flux24 using tidal elevations and velocities from the
TPXO8 inverse solution25,26. On the basis of this correlation, the
observed transect-mean ✏AW accounts for 12% of the total tidal
energy dissipation rate (r=0.67). The conclusion is that the energy
supporting much of the enhanced dissipation observed along the
continental slopes, poleward of the Svalbard and Severnaya Zemlya
archipelagos, is of tidal origin. The most significant deviation
between ✏AW and Dtide is found for transect 6, in the ice-free
Canada Basin. These measurements were made in the immediate
aftermath of the unprecedented ‘GreatArcticCyclone’ of 2012where
wind forcing may be an additional contributory factor. Previous
geographically limited studies have suggested enhancedmixing near
rough topography9–14, but these new observations provide the first
circumpolar evidence for the control of AW mixing rates by the
interaction between the tide and rough topography.

At lower latitudes the cascade of energy from tides to turbulence
is facilitated by the generation of a freely propagating linear internal
tide that results from stratified tidal flow over rough topography.
However, the newmeasurements were taken poleward of the critical
latitude (74.5� N) beyond which the rotation of the Earth prohibits
freely propagating waves at the dominant semi-diurnal (M2) tidal
frequency. Consequently tidally generated internal waves at these
latitudes are thought to have properties inherent to lee waves27.
These waves have short temporal and spatial scales, related to the
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Rippeth et al. 2015
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ture pro!les alone. When compared to microstructure observations, the !nescale 
parameterization is often between a factor of 2–3 in agreement with microstructure 
estimates in open-ocean conditions [19, 59, 60, 79].

In recent years, our understanding of the geography of diapycnal mixing has 
grown due to various implementations of the !nescale parameterization, including 
strain-based estimates from pro!ling Argo #oats [78, 83] of which there are currently 
over 2000 as well as implementation of the !nescale parameterization on CTD-
LADCP pro!les of shear and strain from GO-SHIP repeat hydrography surveys [27, 
33, 58]. An updated compilation of all microstructure and !nescale inferences from 
Waterhouse et al. [76] includes !nescale inferences from strain-based estimates from 
Argo #oats as well as shear-based estimates from ship-board shear (Fig. 7). This map 
highlights the variability in diapycnal diffusivity, !, such that diapycnal diffusivity is 
related to the dissipation rate by the Osborn relation ! = γε/N2, [Osborn, 56], where 
a dissipation #ux coef!cient " is typically taken to be 0.2, although known to vary 
[Smyth et al., 65] and #2 is the depth-averaged buoyancy frequency. Additionally, 
this map demonstrates regions where elevated diapycnal diffusivity has been 
associated with more complex topography (as shown by Decloedt and Luther [9] 
and Whalen et al. [78]) as well as the usefulness of the !nescale technique.

2.2.1  Calculation from Vertical Shear

Dissipation rate can be calculated from the !nescale parameterization following 
various derivations and implementations, including Gregg [19], Polzin et al. [59], 
Gregg et al. [23], Kunze et al. [33], and Whalen et al. [78] among many others. 

Fig. 7 Diapycnal diffusivity in the upper 1000 m inferred from a compilation of microstructure 
and !nescale estimates. (Adapted from Waterhouse et al. [76])

Measuring Ocean Turbulence

• measuring ocean turbulence is difficult, 
time-consuming & requires specialized 
instrumentation à measurements in 
the world’s oceans remain sparse

• ‘direct’ measurements of ocean mixing 
in the Arctic Ocean are extremely rare

• large-scale studies of mixing using 
‘indirect’ methods have thus far largely 
excluded this region

Our understanding of ocean mixing is limited most 
by a scarcity of measurements.

updated from Waterhouse et al. 2014



Internal Waves & Turbulence — Jonathan Nash

 

WECOMA

OSU Ocean Mixing Group

PIs: Nash, Moum & Smyth

Students: Shroyer, Kelly, Kilcher,

Moulin, Kimura & Kurokawa

+ Perlin, Neeley-Brown Kreth & Moritz

Energy transfer from
global- to micro-scale

theory & hypothesis

innovative
instrumentation

process studies
(observation + model)

analysis & revised
hypothesis

new instruments &
studies

Nash / OSU Ocean Mixing Internal Waves & Turbulence

• lack of data makes it difficult to:

Our understanding of ocean mixing is limited most 
by a scarcity of measurements.

- put isolated measurements into context

- robustly characterize mean mixing rates & 
their space-time variability

- understand governing physics/dynamical 
processes responsible for setting mixing 
rates & their variability

- understand the unique Arctic Ocean 
mixing environment characterized by very 
low energy and very high stratification

OSU Mixing Group



1. provide statistical characterizations of mixing rate distributions in time 
& space over a range of scales

2. gain insight into mechanisms driving or modulating mixing rate space-
time geography

3. understand the impact of ocean mixing rate geography on large-scale 
Arctic Ocean functioning and its role in the climate system

Research Goals
to employ a variety of tools & methods to improve our
understanding of Arctic Ocean mixing rates, distributions,
mechanisms & impacts



3 Key Results For Today:
1. Highly-resolved direct measurements reveal turbulence is highly variable on 

local scales with rare outliers playing the dominant role in net mixing fluxes.

2. Indirect estimates imply turbulence is also highly variable on the pan-Arctic 
scale but shows large-scale patterns that suggest distinct mixing regimes.

3. Variable mixing rate geography can lead to important changes in the 
modelled Arctic Ocean state and Arctic exports.



Turbulence is highly variable on local scales…
Key Result 1:



Rockland Scientific International

T. Howatt*

The Turbulence-Sensing
Glider “Mike”

• 'directly’ measures turbulence via installation
of a specialized turbulent-sensing package

Key Result 1 brought to you by:



The Turbulence-Sensing
Glider “Mike”

• 'directly’ measures turbulence via installation
of a specialized turbulent-sensing package

• in 2015, made uniquely-resolved observations
of turbulence in the “quiet” Beaufort Sea

Key Result 1 brought to you by:



The Turbulence-Sensing

Glider “Mike”
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FIG. 1. (a) Map of the southeastern Beaufort Sea, showing the location of Amundsen Gulf. The glider path

is shown by the thin black line inside the black rectangle. (b) Enlarged view of the region enclosed by the black

rectangle in (a), showing the path of the glider. The start and end locations of the track are shown by the white

rectangles; four intermediate waypoints are also shown and numbered consecutively. The color on the glider’s

track-line is water Conservative Temperature along the 1026.15 kg m�3 isopycnal, indicating the location and

spatial scale of the warm-core eddy discussed in the text (Section 5c). The white star is the location of ArcticNet

mooring CA08. Bathymetry data are from IBCAO 3.0 (Jakobsson et al. 2012).
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Scheifele* et al. 2021

• 'directly’ measures turbulence via installation

of a specialized turbulent-sensing package

• in 2015, made uniquely-resolved observations

of turbulence in the “quiet” Beaufort Sea

• 11 days – 185 km track – 345 CTD & turbulent 

microstructure profiles: the densest 

turbulence sampling scheme in the western 

Arctic to date!

Key Result 1 brought to you by:



FIG. 2. (a) Arithmetic mean profile and spatial cross section of Conservative Temperature, Q. (b) Geometric

mean profile and spatial cross section of stratification, N2. For the mean profiles, alternating colored background

shading indicates the approximate depth ranges of the hydrographic layers defined in the text (PW, WH, and

AW are labelled). For the spatial sections, the horizontal axis is broken and consecutively labelled 1–4 at the

waypoints marked in Figure 1, indicating where the glider changed direction. White rectangle in (a) indicates

the mesoscale eddy discussed in the text.
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Method 1: Robotic Ocean Observing

FIG. 2. (a) Arithmetic mean profile and spatial cross section of Conservative Temperature, Q. (b) Geometric

mean profile and spatial cross section of stratification, N2. For the mean profiles, alternating colored background

shading indicates the approximate depth ranges of the hydrographic layers defined in the text (PW, WH, and

AW are labelled). For the spatial sections, the horizontal axis is broken and consecutively labelled 1–4 at the

waypoints marked in Figure 1, indicating where the glider changed direction. White rectangle in (a) indicates

the mesoscale eddy discussed in the text.

1015

1016

1017

1018

1019

1020

49
FIG. 4. Mean vertical profiles and horizontal cross sections of (a) e and (b) ReB. Waypoints are indicated

as in Figure 2. For each, the geometric mean profile is given in 25 m bins (blue) with error bars indicating

the standard error in the mean using the geometric standard deviation; for e , the arithmetic mean profile is also

given (black) with error bars indicating the 95% confidence interval based on bootstrap re-sampling. As for all

geometric mean values presented, below-detection limit values set to zero for all other calculations, are set to

the detection limit (2.0 ⇥ 10�12 W kg�1) for the calculation of the geometric mean. In both cross sections, the

white rectangle between waypoints 2 and 3 identifies the patch of enhanced turbulence discussed in the text. In

the ReB cross section, red pixels indicate where a turbulent diapycnal flux is expected; grey pixels indicate an

expected absence of turbulent diapycnal mixing. The approximate critical value Re⇤B = 10 is indicated in the ReB

mean profile by the vertical yellow line.
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Stratification, N2 (x10-4 s-2)

Turbulence Intensity, ! (W kg-1)

0

100

200

300

100

200

300

400

10 30 50 130 150 170

De
pt

h 
[m

]

Along-track distance [km]

N=22,153



Turbulence is highly variable on local scales…

5 orders of magnitude

Scheifele* et al. 2021

Key Result 1:



... rare outliers play the dominant role in net mixing fluxes.  
Key Result 1:

7% of estimates draw up the average mixing rate by 3 orders of magnitude!

Scheifele* et al. 2021



Turbulence is highly variable on the pan-Arctic scale…
Key Result 2:



the historic data record …

• 29,074 hydrographic profiles from 89 
ITPs that sampled the central Arctic 
Ocean year-round 2004 - 2019

• 3,084 hydrographic profiles collected by 
ship-based programs in Canadian Arctic 
shelf & slope waters 2002 - 2014

Access the data at:
ftp.whoi.edu/whoinet/itpdata & www.polardata.ca see Dosser et al. 2021

Key Result 2 brought to you by:

ftp://ftp.whoi.edu/whoinet/itpdata
http://www.polardata.ca/


the historic data record + a 
parameterization model

• 29,074 hydrographic profiles from 89 
ITPs that sampled the central Arctic 
Ocean year-round 2004 - 2019

• 3,084 hydrographic profiles collected by 
ship-based programs in Canadian Arctic 
shelf & slope waters 2002 - 2014

• à the finescale parameterization to 
infer turbulence intensity based on a 
model of how energy cascades from 
wave- to turbulent-scales 

M. Chanona*

Key Result 2 brought to you by:

see Polzin et al. 2014



Key Result 2:

Turbulence is highly variable on the pan-Arctic scale…

Dosser* et al. 2021



Key Result 2:

but there are large-scale patterns that give insight into different 
mixing regimes.

For more see:
EGU Abstract: EGU23-12658 M. Chanona*



Variable mixing rate geography can lead to important changes 
in the modelled Arctic Ocean state & exports.

Key Result 3:



credit: J. Epstein

Fig. 1 | Spatial map and regional distributions of IW-driven dissipation. Estimates
of ✏IW from the 128 m segment of the water column below the mixed layer and excluding
profile segments containing double-di↵usive staircase features are shown. Values spanning
the 18-year record (2002-2019) are geometrically-averaged into grid cells with a mean size of
36x36 km. The upper inset delineates profiles within each of the three regions discussed in
the text: Canada Basin (CB), Eurasian Basin (EB) and Canadian Arctic shelf (Shelf). The
lower inset shows the distribution of ✏IW estimates in each of these regions along with the
corresponding geometric mean values (dashed lines).
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experiments”

Key Result 3 brought to you by:

• use an intermediate 
complexity regional model of 
the Arctic Ocean

• prescribe a map of 
background vertical 
diffusivity with horizontal & 
vertical variations informed 
by observational estimates

• interpret in the context of 
model runs that ↑ or ↓ the 
diffusivity uniformly in space

B. O’Connor*



Variable mixing rate geography can lead to important changes in 
the modelled Arctic Ocean state & exports.

Key Result 3:

For more see:
EGU Abstract: EGU23-13560
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In OBS relative to CTRL:

- ↓ heat storage
- ↓ sea ice volume
- ↓ freshwater storage
- ↑ freshwater export to the N. Atlantic
- changing export pathways
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Summary:
1. Highly-resolved direct measurements reveal turbulence is highly variable on 

local scales with rare outliers playing the dominant role in net mixing fluxes.

2. Indirect estimates imply turbulence is also highly variable on the pan-Arctic 
scale but shows large-scale patterns that suggest distinct mixing regimes.

3. Variable mixing rate geography can lead to important changes in the 
modelled Arctic Ocean state and Arctic exports.



(Select) Implications
1. we need lots of measurements to robustly represent the central tendency & 

extreme large outlying values of turbulent metrics à sustained, autonomous 
observations are critical!

2. it is essential to consider future changes in stratification alongside changes in 
turbulent energy when making predictions of the future Arctic Ocean mixing 
environment

3. we must consider if & how extreme variability in turbulent metrics should be 
represented as a coarsely-prescribed mixing rate in models

4. varied sensitivities to regional mixing rates may have important implications for 
understanding the Arctic Ocean’s response to ongoing & future changes in the 
mixing environment as these changes may be expected to have distinct regional 
dependencies



Questions?

swaterman@eoas.ubc.ca
Image: Hakai Media


